
Volume 27 Number 9 

BULLETIN 
of the 

AMERICAN ASSOCIATION OF 
PETROLEUM GEOLOGISTS 

SEPTEMBER, 1943 

MARINE MICROORGANISMS WHICH OXIDIZE PETROLEUM 
HYDROCARBONS1 

CLAUDE E. ZOBELL,2 CARROLL W. GRANT,3 AND HERBERT F. HAAS2 

La Jolla, California 

ABSTRACT 
Bacteria are found in the sea which are capable of utilizing petroleum ether, gasoline, kerosene, 

lubricating oils, crude oils, petrolatum, paraffine wax, mineral oil, methane, pentane, hexane, decane, 
trimethylpentane, tetratriacontane, benzene, xylene, toluene, cyclohexane, anthracene, naphthalene, 
and other hydrocarbons. Sea water from the euphotic zone contains 10 to i ,000 hydrocarbon-oxidizing 
bacteria per liter, and 100 to 100,000 such bacteria have been found per gram of recent marine sedi
ments. All samples of sediments regardless of distance from land, water depth, or core depth have 
shown the presence of hydrocarbon-oxidizing bacteria. Most of the bacteria oxidize hydrocarbons only 
in the presence of free oxygen although some of them can utilize nitrate as a hydrogen acceptor. Pos
sibly some of them can activate sulphate as a hydrogen acceptor. Hydrogen sulphide in concentrations 
exceeding 0.0001 mol per liter inhibits the bacterial oxidation of petroleum hydrocarbons. 

Within certain limits long-chain hydrocarbons are oxidized more readily than those of smaller 
molecular weight, and aliphatic compounds are more susceptible to bacterial oxidation than cyclic 
or aromatic hydrocarbons. Compounds with unsaturated bonds are attacked more readily than satu 
rated compounds. Carbon dioxide, methane, organic acids, and bacterial protoplasm are among the 
products resulting from the bacterial utilization of petroleum hydrocarbons. Species of Proactinomy-
ces, Actinomyces, Pseudomonas, Micromonospora, Mycobacterium, and possibly other genera of marine 
microorganisms are able to oxidize hydrocarbons. 

Although the reaction will take place in an aqueous system, the presence of sand, silt, diatoma-
ceous earth, and other inert adsorbents accelerates the bacterial oxidation of hydrocarbons. Samples of 
crude oil added to marine sediments are rapidly destroyed under aerobic conditions. The activity of 
hydrocarbon-oxidizing bacteria, which appear to be widespread in occurrence, may account for the 
failure of certain workers to fmdpatroleum hydrocarbons in sediment samples. Similarly such bacteria 
might prevent the accumulation of detectable quantities of hydrocarbons in experiments with mixed 
cultures designed to demonstrate the transformation of organic matter into hydrocarbons. Our work 
suggests that one might expect to find oil accumulating in recent sediments or in experimental material 
only if conditions are inimical to the activity of hydrocarbon-oxidizing bacteria. 
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INTRODUCTION 

Following the isolation and description of bacteria which oxidize methane to 
carbon dioxide and water (Sohngen, 1906), the work of Giglioli and Masoni (1011, 
1917) showed that methane-oxidizing bacteria abound in manure, ditch mud, 
sewage, and other environments where methane is being produced. Bacteria 
which attack higher hydrocarbons have been found in soil by Sohngen (1913), 
Wagner (1914), Tausz and Peter (1919), Biittner (1926), Gray and Thornton 
(1928), Stone et al. (1942), and others. 

Although they may not require hydrocarbons for their growth, bacteria 
which can utilize hydrocarbons seem to occur most abundantly in oil-soaked soil 
(Baldwin, 1922; Tauson, 1929; Haas et al., 1941; Johnson et al., 1942). Hydro
carbon-oxidizing bacteria have also been found in crude oil by Lipman and 
Greenberg (1932), Tauson and Shapiro (1934), Wakengut (1936), and Bushnell 
and Haas (1941), and in storage-tank water by Thaysen (1939) and Bushnell and 
Haas (1941). Additional literature on the occurrence and activity of hydrocarbon-
oxidizing bacteria has been summarized by Hessel (1924), Tauson (1929), and 
Haas (1942). 

Judging from the extensive occurrence of hydrocarbon-oxidizing bacteria in 
other environments, one might expect to find such bacteria in the sea and par
ticularly in unconsolidated sedimentary materials. If present and functional, 
such bacteria might preclude the possibilities of finding hydrocarbons in detect
able quantities even if the hydrocarbons are being deposited or produced by the 
transformation of organic matter. Because of the important role that they may 
play in the problem of petroleum genesis, an extensive investigation is being 
made on the factors which influence the distribution and activity of hydrocarbon-
oxidizing bacteria in the sea. The following report summarizes some preliminary 
observations. 

EXPERIMENTAL METHODS 

The disappearance or emulsification of petroleum hydrocarbons, the growth 
of bacteria in mineral media containing hydrocarbons as the only source of 
energy, and the estimation of the amount of oxygen consumed or carbon dioxide 
produced are the methods most commonly used to study the activity of hydro
carbon-oxidizing bacteria. We have found oxygen consumption, occasionally sup
plemented by other methods, most suitable for obtaining information on the 
occurrence and behavior of hydrocarbon-oxidizing bacteria in the sea. 

To demonstrate the presence of hydrocarbon-oxidizing bacteria, aseptically 
collected sea water was thoroughly shaken to insure uniformity in its composition 
including its dissolved oxygen content, after which it was siphoned into 60-ml. 
glass-stoppered bottles. Then 0.1 ml. of sterile liquid hydrocarbon was intro
duced with a pipette while the bottle was being held in such a way that the hydro
carbon would be entrapped in the shoulder of the bottle until the glass stopper 
could be inserted. The dissolved oxygen content of duplicate pairs of such bottles 
was determined immediately using the Winkler technique, and the others were 
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analyzed after 10 to 20 days of incubation in a water bath at 2 2°C. Sterilized 
water was bottled in the same way to serve as a control. 

The protocol of a representative experiment is summarized in Table I. The 
fact that considerably more oxygen was consumed in the bottles filled with raw 
(unsterilized) sea water treated with hydrocarbons than in sterile controls or in 
the raw sea water to which no hydrocarbon was added indicates that hydrocarbon-
oxidizing bacteria were present in the raw sea water. Oxygen consumption was 
accompanied by a marked increase in the bacterial population as shown by 
plate counts. From the plates of nutrient medium hydrocarbon-oxidizing bac
teria could be isolated. 

TABLE I 
AMOUNT OF OXYGEN CONSUMED IN RAW (UNSTERILIZED) AND STERILE SEA 

WATER IN PRESENCE OF 0.15 PER CENT OF DIFFERENT PETROLEUM 
HYDROCARBONS AFTER 20 DAYS INCUBATION AT 2 2°C. 

Initial Dissolved Dissolved Oxygen Oxygen Consumed 
Hvdrocarbon Sea Water Oxygen Content after 20 Days in 20 Days 

(Mgm./l.) (Mgm./l.) (Mgm./l.)* 
Kerosene Raw 6.46 0.14 6-32 
Kerosene Sterile 6.27 6.25 0.02 
Paraffine oil Raw 6.52 1.43 5.09 
Paraffine oil Sterile 6.20 6.16 0.04 
Crude oil Raw 6.41 0.00 6.41 
Crude oil Sterile 6.32 6.18 0.14 
Petroleum ether Raw 6.54 0.29 6.25 
Petroleum ether Sterile ft.31 6.23 0.08 
None (control) Raw 6.48 5.02 1.46 
None (control) Sterile 6.26 6.23 0.03 

* Mgm./l. (milligrams per liter) is the same as p. p. m. (parts per million). 

By use of similar experimental procedures it was found that all 60-ml. samples 
of sea water collected in the La Jolla region contain bacteria which can utilize 
kerosene, paraffine oil, crude oil (Kern County), and petroleum ether. The vertical 
distribution of hydrocarbon-oxidizing bacteria in the sea has not been studied 
yet. According to ZoBell and Anderson (1936), the bacterial population of the 
sea decreases rapidly with the depth of the water from a few hundred bacteria 
per ml. at the surface to fewer than 10 per ml. at depths exceeding 200 meters 
until the sea bottom is reached. Water from the bottom of the sea ordinarily 
contains thousands to millions of bacteria per ml., and marine sediments also 
contain large numbers of bacteria (ZoBell, 1938). 

They are most abundant in the topmost portions of cores at the mud-water 
interface where from 100 to 100,000 hydrocarbon-oxidizing bacteria have been 
demonstrated per gram of sediment (wet basis). Their abundance decreases ex
ponentially with depth reminiscent of the vertical distribution of bacteria in 
general (ZoBell and Anderson, 1936). Some have been found in the bottom of the 
longest core examined, it being about 17 feet in length. The samples were col
lected from the Channel Island region off the coast of Southern California and 
from the Gulf of California. The studies include samples collected from water 
depths as great as 12,370 feet. Large numbers of hydrocarbon-oxidizing bacteria 
have also been found in mud from Mission Bay (ZoBell and Feltham, 1942), 
Cardiff Slough, and San Diego Bay. 
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KINDS OF HYDROCARBONS ATTACKED 

Besides kerosene, paraffine oil, crude oil, and petroleum ether which were used 
in the exploratory experiments, several other petroleum products are oxidized 
by bacteria isolated from the sea. Gasoline, lubricating oils of different viscosi
ties, Shell-solvent, petrolatum, paraffine wax, and six different samples of Cali
fornia crude oils have been found to promote the multiplication and respiration 
of marine bacteria. While these substances contain impurities which might pro
mote bacterial multiplication, the disappearance of oil globules and the stoichi
ometric consumption of oxygen and the production of carbon dioxide indicate 
that the substances are utilized almost quantitatively. Several chemically pure 
hydrocarbons have been used with similar results. 

Table II shows the amount of oxygen consumed by mixed cultures of marine 
bacteria in aged sea water treated with approximately o.r per cent of different 
pure hydrocarbons. The sea water was aged for several weeks in the dark to per
mit bacteria to oxidize the organic matter normally present in recently collected 
sea water. It was inoculated with an enrichment culture of hydrocarbon-oxidiz
ing bacteria. The experiment shows that all of the hydrocarbons are attacked by 
bacteria. 

TABLE II 
OXYGEN CONSUMED BY MIXED CULTURES OF MARINE BACTERIA IN PRESENCE 

OF DIFFERENT HYDROCARBONS IN AGED SEA WATER AFTER 14 DAYS 

Hydrocarbon 

n-Hexane 
Cyclohexane 
Benzene 
Xylene 
Toluene 
Anthracene 
Naphthalene 
Pyridine 

INCUBATION AT 2 2°C. 

Initial Dissolved 
Oxygen Content 

(Mgm./l.) 
6.68 
6.71 
6.64 
6.40 
6.60 
6. fig 
6.68 
6.64 

Dissolved Oxygen 
after 14 Davs 

(Mgm./l.) 
0 .00 
6.27 
6. s 1 
0 .00 
3-48 
6. TO 
0 .00 
2.66 

Oxygen Consumed 
in 14 Davs 
(Mgm./l.) 

6.68 
0.44 
0 .13 
6.40 
3.12 
°-50 
6.68 
3-gS 

Although oxygen is consumed very slowly in the presence of cyclohexane, 
benzene, and anthracene, repeated experiments prove that these compounds are 
definitely oxidized by bacteria. There are other factors besides the chemical com
position of the various hydrocarbons such as their solubilities and dispersion in 
sea water which influence the rate at which they are utilized. As elaborated in 
succeeding pages, experiments with otherwise inert adsorbents are in progress on 
methods of providing for the comparable dispersion of hydrocarbons in aqueous 
systems. 

Besides the hydrocarbons listed in Table II, it has been found that marine 
bacteria also oxidize methane, n-pentane, pentene, n-heptane, n-octane, tri-
methylpentane, n-decane, dotriacontane (dicetyl), tetratriacontane, isoprene, and 
neoprene. Narrow cuts of paraffine waxes having melting points ranging from 
45°C. to 7S°C. have also been used. ZoBell and Grant (1942) have found marine 
bacteria which oxidize the hydrocarbons of natural and synthetic rubber. 
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It appears that, in general, aliphatic compounds are attacked by bacteria 
more readily than aromatic or cyclic compounds. Within certain limits the longer 
the chain, the more readily it is attacked by bacteria. For example, when uni
formly distributed in the water on sand grains, paraffine wax (probably C40 to 
CM) is oxidized faster by bacteria than is tetratriacontane (CM), and the latter is 
oxidized faster than n-heptane (C-) or n-hexane (C6). Also, it might be significant 
that petrolatum and lubricating oils are oxidized faster than kerosene, and kero
sene is oxidized faster than gasoline. The oxidizability also seems to be a function 
of the number of side-chains, iso-octane, or trimethylpentane, being oxidized 
faster than n-octane. Whether these generalizations will continue to maintain 
when large numbers of pure hydrocarbons have been tested under truly compara
ble conditions remains to be seen. 

Haag (1926) found that the higher the iodine number of paraffine waxes the 
more readily they were utilized by mycobacteria, thereby leading him to con
clude that unsaturated bonds in molecules are attacked preferentially. This may 
explain why paraffine wax, petrolatum, and lubricating oils are oxidized faster 
than saturated compounds such as hexane and heptane as noted. On the other 
hand impurities in the paraffine wax, petrolatum, lubricating oils, kerosene, and 
gasoline might influence the results. 

In spite of differences in the dispersion of hydrocarbons in aqueous media, 
Sohngen (1913a) noted that as a rule those having a boiling point above iSo°C. 
were assimilated more readily by soil bacteria than those having a lower-boiling 
point. Strawinski and Stone (1940) have found that hydrocarbons in the range of 
10 to 16 carbon atoms per molecule are attacked more readily than those of 
smaller weight. Tausz and Peter(i9i9) described a "Paraffine bacterium" isolated 
from soil which utilized hexadecane (CK), triacontane (C30) and tetratriacontane 
(C34) but had little or no effect on the lower paraffines, n-hexane, and n-octane, or 
on benzene or naphthalene derivatives. 

Bacterium aliphaticum (Tausz and Peter, 1919) had no effect on cyclic hydro
carbons, but it attacked all aliphatic compounds tried including n-hexane, n-
octane, dimethyloctane, n-hexadecane, triacontane, and tetratriacontane. Bad. 
aliphaticum was unable to attack hexylene but it did attack the higher olefines, 
n-caprylene and hexadecylene. Certain cultures of Tausz and Peter (1919) 
utilized cyclohexane and dimethylcyclohexane. Johnson el al. (1942) found that 
Bad. aliphaticum grew well on pentane, hexane, heptane, octane, nonane, and 
dodecane. It grew only slightly on methylcyclobexane and not at all on benzene, 
toluene, or xylene. 

According to Lantzsch (1922), Actinomyces oligocarbophUus could assimilate 
higher aliphatic hydrocarbons but not the lower ones, and it could not assimilate 
the aromatic compounds, benzene and xylene. However, it is not to be construed 
that the lower hydrocarbons are not assimilated by any bacteria because the work 
of Kaserer (1906), Stormer (1908), Miinz (1920), Aiyer (1920), and others shows 
that certain bacteria oxidize methane. Sohngen (1906) isolated and described 
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Bacillus methanicus which is now called Methanomonas methanica (Bergey et al., 
1939). Recently G. David Novelli, working in the Scripps laboratories, has 
demonstrated the presence of methane-oxidizing bacteria in marine sediments. 

Goobin (1923) described Bacterium hidium which oxidizes ethane, and an 
ethane-oxidizing bacterium, Bacillus etkanicus, is mentioned by Blau (1942). 
The methane-oxidizing bacterium of Tausz and Donath (1930) also utilizes 
ethane, propane, butane, and other hydrocarbons higher in the series more readily 
as the length of the chain increases. This latter generalization applies to most of 
the cultures observed by Tausz and Donath. They studied another bacterium 
which could utilize only those hydrocarbons having more than 16 carbon atoms 
per molecule. 

Although cyclic hydrocarbons are more refractory to bacterial attack than 
aliphatic compounds, many bacteria which utilize aromatic compounds have been 
described. Tauson (1929) described Bacterium benzoli, Bad. toluolicum, Bad. 
naphthalinicus, and Bad. phenanthrenicus which utilize benzene, toluene, xylene, 
anthracene, and phenanthracene. Bacillus hexacarbovorum, isolated from soil by 
Stormer (1908), oxidizes toluene and xylene as well as methane. The soil bacteria 
of Strawinski and Stone (1940) attack naphthalene, biphenyl, alpha-methyl-
naphthalene, tetralin, tertiary butylbenzene, decalin, n-butylbenzene, and iso-
butylbenzene, the oxidizability being in the order named. They were unable to 
develop a culture which was capable of growing on benzene or toluene. Some of 
their bacteria could grow on cetane, i-octene, and 2-octene. Tausson (1927) has 
made a special study of the bacterial oxidation of naphthalene as well as of the 
bacteria which oxidize phenanthrene (Tausson, 1928b). 

The writers have found that although toluene inhibits the growth of most 
microorganisms, including some of the hydrocarbon-oxidizing bacteria, bacteria 
occur in marine materials which grow freely in the presence of toluene. Most of 
the toluene, which is virtually insoluble in water, floats on the surface of the 
media. Oxygen consumption and an increase in the bacterial population in min
eral media containing toluene as the only energy source indicates that toluene is 
oxidized by certain marine bacteria. Toluene is not attacked as readily as many 
other kinds of hydrocarbons investigated, and the bacteria which attack it are 
less abundant in marine materials than those which attack long straight-chain 
compounds. 

Similar observations have been made on phenol. One per cent phenol kills 
most bacteria in a few minutes at room temperature and 0.1 per cent phenol 
ordinarily inhibits their growth. However, a few marine bacteria have been ob
served which multiply in the presence of 1.0 per cent phenol in peptone media. 
Some of them multiply in mineral media containing 0.1 per cent phenol as the 
only energy source. Cresol-oxidizing bacteria have also been demonstrated in 
marine materials. 

Gray and Thornton (1928) found bacteria to be widely distributed in soil, 
which oxidize toluene, phenol, o-cresol, m-cresol, p-cresol, phloroglucinol, and 
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resorcinol. They found species of Micrococcus, Mycobacterium, Bacterium, Bacil
lus, and Spirillum which decompose aromatic compounds. Erikson (1941) studied 
Micromonospora species from lake mud, which utilize toluene, phenol, resorcinol, 
m-cresol, /3-naphthol, naphthalene, and paradichlorobenzene. The observation 
that certain bacteria tolerate or utilize these hydrocarbons or hydrocarbon-
derivatives is emphasized because the latter have been erroneously credited with 
preventing bacterial activity in oil deposits. 

KINDS OF MICROORGANISMS 

Most of the hydrocarbon-oxidizing microorganisms isolated from marine en
richment cultures have been proved to be species of Proactinomyces, Actinomyces, 
Pseudomonas, Micromonospora, or Mycobacterium. The writers have isolated four 
species of Proactinomyces from hydrocarbon cultures and, judging from colonial 
characteristics on plates of nutrient agar, several more species occur in marine 
materials. Proactinomyces are filamentous, mold-like bacteria which are differen
tiated from Actinomyces by the former's inability to form spores in the aerial 
mycelium. According to Umbreit (1939), many soil Proactinomyces are able to 
oxidize petroleum hydrocarbons. Five to 10 per cent of the microorganisms iso
lated from marine bottom sediments are Proactinomyces, but. tests have not been 
made yet to determine how many of them utilize hydrocarbons. 

Very few Actinomyces have been found in the sea at stations remote from the 
possibilities of terrigenous contamination, but those which have been isolated 
oxidize hydrocarbons. Hydrocarbons are oxidized by many terrestrial Actin
omyces including A. elastica and A.fascus (Sohngen and Fol, 1914), A. oligocar-
bophilus (Lantzsch, 1922), A. chromogenes alius, A. bonis, A. eppinger, and A. 
trautwein (Buttner, 1926). 

Two new species of Pseudomonas which oxidize hydrocarbons have been iso
lated from the sea. It is believed that several other marine species now under 
observation will likewise be proved to be Pseudomonas. Among the hydrocarbon 
enrichment cultures from terrestrial sources studied by Haas et al. (1941) and 
Stone et al. (1942) Pseudomonas species predominated. Bushnell and Haas (1941) 
found that Ps. aeruginosa oxidized hydrocarbons, and Johnson et al. (1942) ob
served the utilization of various petroleum hydrocarbons by Ps. fluorescens. 

Several species of Mycobacterium have been found in marine sediments, at 
least two of which can utilize hydrocarbons as the sole source of carbon and 
energy. Sohngen (1913a) found that hydrocarbons are oxidized by Mycobacterium 
album, M. lacticola, M. luteum, M. phlei, M. rubrum, and M. hyalinum. Baldwin 
(1922) isolated M. hyalinum from soil soaked with crude oil. Mycobacterium 
species were ordinarily present in the cultures isolated from oil-soaked soil by 
Haas et al. (1941). Haag (1927) found that the ability of certain species of Myco
bacterium to utilize hydrocarbons could be used to differentiate them from other 
bacteria. 

Besides the aforementioned genera, bacterial species belonging to each of the 
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following genera have been credited with the ability to oxidize petroleum hydro
carbons: Bacillus, Bacterium, Corynebacterium, Micrococcus, Sarcina, Serratia, 
and Spirillum. Certain molds are also endowed with the ability to oxidize hydro
carbons (Rahn, 1906). Hopkins and Chibnall (1932) have studied the growth of 
Aspergillus versicolor on higher paraffines, and Tauson (1929) noted the growth 
of Aspergillus flavus and a species of Penicillium on hydrocarbons. Tauson (1939) 
found that several yeasts or yeast-like organisms including species of Debaryo-
myces, Endomyces, Hansenia, Monilia, and Torolopsis could utilize petroleum 
hydrocarbons. 

These examples should suffice to show that the ability to oxidize petroleum 
hydrocarbons is very widespread among microorganisms. 

KFFECT OF OXYGF.N 

Virtually all of the results of the microbial oxidation of petroleum hydrocar
bons have been obtained with the microorganisms growing in the presence of 
free oxygen. Whether there are bacteria which can oxidize hydrocarbons under 
strictly anaerobic conditions is still unknown although there are indications that 
the reaction can take place in the presence of nitrate, sulphate,4 and possibly other 
hydrogen acceptors. 

The writers have noted the growth of bacteria and the reduction of nitrate 
in mineral media containing various hydrocarbons as the sole source of energy. 
However, this reaction is of little practical significance in source sediments be
cause, as a general rule, if there is no free oxygen in sediments, there will be no 
nitrate. In fact, nitrate ordinarily disappears before all of the free oxygen is con
sumed in marine bottom deposits. Thaysen (1939) and Bushnell and Haas (1941) 
have noted the reduction of nitrate by hydrocarbon-oxidizing bacteria. According 
to Tausson (1928) Bacterium benzoli utilized about 8 grams of benzene in 42 days 
in the presence of nitrates. 

The occurrence of sulphate-reducing bacteria in crude oil and oil-well brines 
(Bastin, 1926, Gahl and Anderson, 1928, Ginter, 1930, Bastin and Greer, 1930) 
has been interpreted by some to suggest that sulphate may provide the oxygen for 
the oxidation of petroleum hydrocarbons. Bacteria which reduce sulphate in the 
presence of manufactured gas were reported by Kegal (1940), and there is an 
anonymous (1938) report that certain kerosene-oxidizing bacteria reduce sul
phate. Seliber (1928) studied sulphate-reducing bacteria which could obtain 
their energy requirements from the decomposition of grease and olive oil. The 
oxidation of crude oil accompanied by the reduction of sulphate by Vibrio aestu-

4 Recently Dr. Haas has demonstrated repeatedly the anaerobic utilization of paraffine oil, kero
sene, decane, tetradecane, and cetane by bacteria growing in sulphate media. Ferrous iron was used 
in the media to combine with the hydrogen sulphide as fast as it was formed from the reduction of the 
sulphate. The hydrocarbon was adsorbed on ignited sand in order to make it more available to the 
anaerobic bacteria which grow at the bottom of the media. The observation has been confirmed by G. 
David Novel li. 
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ari has been reported by Maliyantz (1935) as a means of desulphurizing Russian 
crude oils, but the bacteria might have been utilizing non-hydrocarbon constit
uents of the crude oils for energy. 

In the exploratory experiments conducted by McCoy and Keyte (1934), they 
observed the bacterial oxidation of crude oil in a sulphate medium under anaero
bic conditions. According to Beckman (1926) bacteria from oil-soaked soil grew 
under both aerobic and anaerobic conditions in a petroleum distillate having a 
boiling point of 232°C. Baier (1937) envisions sulphate-reducing bacteria growing 
in the oil-water interface of petroleum deposits where the bacteria might be able 
to obtain their energy from the oxidation of crude-oil constituents and their oxy
gen requirements from sulphate, but he admits conclusive evidence is lacking. 

In characterizing oil-field waters, Smith (1931) points out that, with few ex
ceptions, waters associated with oil contain little or no sulphate, which he at
tributes to sulphate reduction. However, this fails to prove that bacteria are re
sponsible for the reduction of the sulphate, and even if they are, fatty acids and 
other non-hydrocarbon organic constituents may have served as an energy 
source. Baars (1930) found that while sulphate-reducing bacteria might utilize 
certain constituents of crude oil, neither Vibrio desulfuricans nor V. riibent-
schickii could utilize pure hydrocarbons. None of a limited number of hydrocar
bons was utilized by Vibrio aestuari, the marine sulphate-reducer studied by Rit-
tenberg (1941). 

The writers have many cultures incubating under different conditions in an 
effort to ascertain if bacteria exist which can obtain their oxygen requirements 
from sulphate for the oxidation of petroleum hydrocarbons. Both Bacterium ali-
phaticum and Vibrio desulfuricans produce a slight turbidity in sulphate media 
enriched with either paraffine oil, kerosene, n-hexane, or cyclohexane in an anaero
bic environment, but there has been no production of sulphide to indicate sul
phate reduction.4 

It does not seem probable that sulphate can be reduced by hydrocarbon-
oxidizing bacteria since, as is elaborated later, hydrogen sulphide is inhibitory. 
However, the sulphate might be reduced without hydrogen sulphide accumulat
ing in toxic concentrations, the sulphide might be precipitated from solution by-
heavy metals, or sulphate might be reduced to free sulphur. Conclusions must be 
withheld until experimental results are available on many more cultures investi
gated under conditions designed to simulate those which might occur in nature. 

Unquestionably free oxygen promotes the activity of the hydrocarbon-oxidiz
ing bacteria which we have isolated from the sea, although the oxygen tension 
does not seem to be important provided some free oxygen is present. The bacteria 
begin to grow with equal facility at any oxygen tension tested from a partial 
oxygen pressure of 12 to 408 mm. of mercury. When only a little oxygen is pres
ent, it is quickly consumed after which bacterial multiplication is retarded or 
stops. If the medium is saturated with oxygen, the hydrocarbon-oxidizing bac-
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teria continue to multiply until all of the oxygen is consumed. This confirms the 
observations of ZoBell (1940) on the effect of oxygen tension on the rate of oxi
dation of organic mat ter by marine aerobes. 

EFFECT OF SULPHIDE 

The use of enrichment cultures of sulphate-reducing bacteria containing hy
drogen sulphide inhibited the oxidation of hydrocarbons by known hydrocarbon 
oxidizers even under aerobic conditions. This has been at t r ibuted to the inhibiting 
effect of sulphide which is indicated by the data in Table I I I . Concentrations of 
sodium sulphide ranging from M/1000 to M/100,000 were added to sea water 
inoculated with a mixed culture of hydrocarbon-oxidizing bacteria and treated 
with 0.1 per cent paraffine oil. The oxygen content of the water was determined 
at the beginning of the experiment and again after different periods of incubation 
in a water bath at 2 2°C. 

TABLE III 
OXYGEN CONSUMED IN 21 DAYS AT 22°C. BY MARINE BACTERTA IN SEA WATER 

ENRICHED WITH O.I PER CENT or PARAFFINE OIL AND TREATED 
WITH DIFFERENT CONCENTRATIONS OF SODIUM SULPHIDE 

Amount of Sodium Initial Dissolved Dissolved Oxygen Oxygen Consumed 
Sulphide Added Oxvgen Content after 21 Days in 21 Davs 

(Mols./l) (Mgrn./l.) (Mgm./l.) {Mgm./l.) 
None (control) 6.84 0.03 6.81 
0.000,01 7.10 0 .88 6.02 
0.000,1 7.08 4 .73 2.35 
0.001 3 .26 3 - i 2 o. 14 

From the data in Table I I I it may be observed that there was no bacterial 
activity in the sea water containing M/1000 sodium sulphide, and M/100,000 
sodium sulphide was definitely inhibitory. I t has been established that the toxic 
effect is due to the sulphide ion and not to changes in the hydrogen-ion concentra
tion caused by the addition of sodium sulphide. I t was necessary to make the 
water slightly acid in reaction (pH 6.5) by the addition of hydrochloric acid to 
prevent the sulphide from combining with oxygen. Under these conditions most 
of the sulphide occurred as hydrogen sulphide. Controls showed that a p H as 
low as 6.0 does not inhibit marine hydrocarbon-oxidizing bacteria. Hydrogen 
sulphide is not compatible with oxygen in an alkaline medium. 

Whether or not sulphide will be proved to inhibit the oxidation of hydrocar
bons under various conditions remains to be seen. According to Elvehjem et al. 
(1941) hydrogen sulphide in concentrations as low as M/2500 inhibits the activ
ity of some oxidases although other oxidases are affected little or not at all. They 
report tha t certain oxidases are also inhibited by cyanide, azide, carbon monoxide, 
fluoride, arsenite, selenitc, heavy metals, hydroxylamine, and other compounds. 
Johnson et al. (1942) noted that the bacterial oxidation of octane and nonane 
was inhibited by 0.000,08 M. cyanide or by 0.25 M. urethane. 

The fact that there are substances which inhibit the bacterial oxidation of 
hydrocarbons suggests that there may be marine environments where hydro-
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carbons are not attacked by bacteria although such bacteria appear to be widely 
distributed. On the sea floor one might expect to find significant concentrations 
of sulphide, carbon monoxide, heavy metals, and maybe other oxidase inhibitors. 
A detailed study of substances or conditions which inhibit the bacterial oxidation 
of hydrocarbons is contemplated. 

EFFECT OF SURFACE 

Most petroleum hydrocarbons are virtually insoluble in water. Consequently 
they must be attacked by bacteria primarily at the oil-water interface. Anything 
which tends to increase the dispersion of hydrocarbons in an aqueous system 
should accelerate their utilization. This has been demonstrated with paraffine 
wax. When 0.1 gram of wax in one small cube was placed in a bottle of inoculated 
sea water, 0.32 mgm./l . of oxygen was consumed in 10 days, but when the same 
quanti ty of wax was introduced in the form of thin shavings, 1.47 mgm./l . of 
oxygen was consumed during the same period. When 0.1 gram of paraffine wax 
was dispersed in the water by mixing 20 grams of ignited sand with molten wax, 
all of the oxygen (7.46 mgm./l.) was utilized in 10 days. 

Attempts have been made to disperse other kinds of petroleum hydrocarbons 
with the use of biologically inert substances including ignited marine sediment, 
sand, bentonite, asbestos fibers, and infusorial earth. Table IV illustrates the 
effect of a sample of marine sediment (a red clay from the Pacific) on the bac
terial oxidation of various hydrocarbons. Approximately 20 grams of the sediment 
(ignited to destroy oxidizable organic matter) were measured into each of several 
160-ml. glass-stoppered bottles. Into each bottle 0.1 gram of the hydrocarbon 
was introduced, and after mixing thoroughly with the dry sediment by shaking, 
the bottles were filled with inoculated sea water. The results of the experiment 
are summarized in Table IV. 

TABLE IV 
AMOUNT OF OXYGEN CONSUMED IN 10 DAYS BY BACTERIA IN AGED SEA WATER, 

P A R T OF W H I C H H A D B E E N T R E A T E D WITH D I F F E R E N T P E T R O L E U M H Y D R O 

CARBONS, WITH AND WITHOUT ADDITION OF IGNITED MARINE SEDIMENT 

llydroca, 

None (con 

rbon 

trol) 
None (control) 
Kerosene 
Kerosene 
Gasoline 
Gasoline 
Benzene 
Benzene 
Crude oil 
Crude oil 

Treatment 

None 
Sediment 
None 
Sediment 
None 
Sediment 
None 
Sediment 
None 
Sediment 

Initial Dissolved 
Oxygen Content 

(Mgm./l.) 
6.83 
6.65 
6.78 
6.70 
6.84 
6.74 
6.82 
6.71 
6.87 
6.74 

Dissolved Oxygon 
after 10 Days 

(Mgm./l.) 
6.51 
6.13 
2-34 
0 . 0 0 

5 • 29 
0 . 0 3 

6.36 
1.94 
4 •5 (> 
0 . 0 0 

Oxygen Consumed 
in 10 Davs 
(Mgm./L) 

0 . 3 2 

0 . 5 2 

4.44 
6.70 
'•55 
6.7r 
0.46 
4-97 
2 - 3 t 

6.74 

I t may be observed that with each hydrocarbon tested apppreciably more 
oxygen was consumed by bacteria when the bottles were part ly filled with ignited 
sediment. Since the sediment itself was not oxidizable as shown by the controls 
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to which no hydrocarbon was added, it is concluded that the more rapid utiliza
tion of the hydrocarbons is due to their greater availability to bacteria on the 
surface of the particles of sediment on which the hydrocarbons are adsorbed. 
Sohngen (1913b) noted that silica or iron oxide stimulated the oxidation of pe
troleum by Mycobacterium album, Mycobacterium rubrum, and Micrococcus paraf-
finae. Greig-Smith (1914) found that coating kieselguhr with paraffine accelerated 
its utilization by Bacillus prodigiosus and soil bacteria. 

Crude oil is oxidized much more rapidly when mixed with marine mud than 
in sea water, which is partly attributable to the greater dispersion of the oil in 
mud and its more intimate contact with bacteria. As much as one gram of Kern 
County crude oil is quantitatively oxidized in 40 days at 2 2°C. when mixed with 
100 grams of marine mud in a thin layer under aerobic conditions. The bacterial 
oxidizability of other samples of crude oil is being investigated in different kinds 
of sedimentary materials and simulated environments. Tauson and Shapiro 
(1934) found that 45 per cent of Emba crude oil introduced into cultures of 
bacteria isolated from oil wells was oxidized in seven months and the reaction was 
still continuing. 

TEMPERATURE REQUIREMENTS 

Most of the experimental work has been conducted at 2 2°C, although there 
are some hydrocarbon-oxidizing bacteria which are active at temperatures as 
low as o°C, and others are active at temperatures as high as 55°C. No attempt 
has been made to grow hydrocarbon-oxidizing bacteria at higher or at lower tem
peratures. Most of the bacteria isolated from the sea will grow at o° to 4°C. but 
very few of them tolerate temperatures exceeding 3o°C. (ZoBell and Conn, 1940). 
This is not surprising when one considers that they have come from an environ
ment having a temperature ranging from 30 to 2o°C. There must be other places 
in nature to find hydrocarbon-oxidizing bacteria which tolerate- higher tempera
tures than those which occur in the sea. 

Those bacteria which will tolerate the higher temperatures are much more 
active than at lower temperatures. For example, seven times as much paraffine 
wax was oxidized at 55° by a given culture as at 22°C. Although there are rela
tively few species of marine bacteria which grow at temperatures as high as 55°C, 
according to Morrison and Tanner (1922), bacteria are quile widely distributed 
elsewhere in nature which grow at temperatures ranging from 450 to 85°C. 

SALINITY REQUIREMENTS 

Sea water having a salinity of about 3.4 per cent has been used for the cul
tivation of the hydrocarbon-oxidizing bacteria. Some of the marine bacteria con
tinue to grow even when sea water is diluted as much as 1:10 with distilled water, 
and most of the hydrocarbon-oxidizing bacteria isolated from the soil grow in 
very dilute salt solutions. Although only a small percentage of the bacteria iso
lated from terrestrial or fresh-water sources are able to grow in sea water (Zo
Bell, 1941), species of Mycobacterium, Pseudomonas, Proactinomyces, and other 
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microorganisms isolated (by Haas) from mid-continental soil, fresh-water wells, 
sedimentation ponds in oil fields, and "water bottoms" of petroleum-storage 
tanks have the ability to utilize hydrocarbons in sea-water media. 

Marine hydrocarbon-oxidizing bacteria are active in sea water to which 12 
to 15 per cent sodium chloride has been added. This represents a four- to five-fold 
increase in the sodium chloride content of the sea water, sodium chloride being 
the principal constituent of sea salt. Similar increases in some of the other con
stituents are not tolerated as well, and it is still unknown if the bacteria are func
tional in concentrated brines. Studies on the specific salinity requirements of 
hydrocarbon-oxidizing bacteria are in progress. 

The optimum pH for the activity of hydrocarbon-oxidizing bacteria is be
tween 7.5 and 8.0, but they continue to grow until the medium becomes as acid 
as pH 6.0 or as alkaline as pH 10. 

OXIDATION PRODUCTS 

Little is known concerning the intermediate and end products resulting from 
the bacterial oxidation of petroleum hydrocarbons under different conditions. 
We have noted acid production, the formation of carbon dioxide and, in some 
cases, methane from the oxidation of paraffine oil and higher petroleum hydro
carbons in sea-water media. The lowered pH may be due to carbonic acid from 
carbon dioxide. Johnson et at. (1942) report that the ratio of carbon dioxide pro
duced to oxygen consumed ranges from 0.47 to 0.63, according to the hydrocar
bon undergoing oxidation. This is in agreement with the findings of Stone and 
co-workers (1942) who give a mean value of 0.65 for the bacterial dissimilation 
of light oils. They suggest that organic acids may result from the fermentation of 
hydrocarbons but give no specific information on this point. Hopkins and Chib-
nall (1932) report that the intermediate products of metabolism of Aspergillus 
versicolor oxidizing higher paraffines are probably ketones or polyketones, and 
that further oxidation results in the production of shorter fatty acids. 

Haas (1942) found no appreciable quantities of intermediate products resulting 
from the microbial oxidation of petroleum hydrocarbons although in one experi
ment a substance behaving like isopropyl alcohol was detected. He interprets the 
COi'.O-i ratio as indicating that hydrocarbons are more or less completely oxi
dized to carbon dioxide and water. However, he did find evidence that small 
amounts of oil-soluble acids were formed. Besides traces of acetic acid and lactic 
acid, Thaysen (1940) noted the formation of methane, acetaldehyde, and ethane 
from the bacterial decomposition of kerosene. Hydrogen as well as methane pro
duction has also been reported (anonymous, 1938) from the bacterial decom
position of kerosene. Most of the 17 species of hydrocarbon-oxidizing bacteria 
studied by Sohngen (1913a) produced organic acids as intermediate products. 

In a series of experiments designed to test the quantitative assimilation of 
hydrocarbons, the writers introduced enough n-hexane in glass-stoppered bottles 
of aged sea water with ignited marine sediment to give 2.0 mgm./l. The oxygen 
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content and the bacterial populations of pairs of bottles were determined after 
different periods of incubation at 2 2°C. The bacterial population reached a maxi
mum on the fifth day and oxidation appeared to be complete between the fifth 
and the tenth day. At this time it was found that after subtracting values for 
the controls, the hexane had accounted for the consumption of 5.16 mgm. of 
oxygen. Since the complete oxidation of 2 mgm. of hexane to carbon dioxide and 
water would require 7.26 mgm. of oxygen, at first thought this might be taken to 
indicate that only 71 per cent of the hexane was utilized. However, direct micro
scopic counts showed that 14.3Xio9 bacterial cells were formed per liter. Es
timating these cells to contain an average of 25X10"""12 mgm. of carbon each, it 
follows that 0.36 mgm., or 22 per cent, of the carbon of the hexane was converted 
into bacterial protoplasm. Similar results have been obtained with tetratria-
contane. 

DISCUSSION 

It is apparent that microorganisms capable of oxidizing petroleum hydrocar
bons are rather widespread in sea water and marine sediments as well as on the 
land. Though not dependent upon hydrocarbons for their multiplication, hydro
carbon-oxidizing bacteria are generally most abundant in oil- or gas-soaked soils. 
Whereas ordinary soil may contain only a few hundred hydrocarbon-oxidizing 
bacteria per gram, Haas (1942) has analyzed crude-oil-soaked soil from Texas, 
Louisiana, and Kansas which contained from a million to 49 million such bac
teria per gram. Similarly Baldwin (1922), Tauson (1929), Johnson et al. (1942), 
and others have noted that oil- or gas-soaked soil or water which has been in con
tact with oil, such as sedimentation ponds or the water bottoms of oil-storage 
tanks, is the best place to look for hydrocarbon-oxidizing bacteria. 

Since, as might be expected, hydrocarbon-oxidizing bacteria are most abun
dant around oil deposits, the large number of such bacteria found in some samples 
of marine sediments may indicate the presence of petroleum hydrocarbons. This 
possibility is being investigated. A method of prospecting for subterranean pe
troleum deposits has been proposed by Blau (1942) in which oxidation products 
formed in the surface soil by hydrocarbon-oxidizing bacteria are detected colori-
metrically. The method presupposes that volatile hydrocarbons escaping from 
oil pools are oxidized by soil bacteria in the presence of atmospheric oxygen. 
Harper (1939) found increased bacterial populations around leaking natural-gas 
mains. Similar observations were made by Schollenberg (1930). Sanderson's 
(1942) method of geomicrobiological prospecting is based upon the ability of 
certain bacteria to utilize volatile hydrocarbons escaping from subterranean de
posits. 

According to the literature reviewed by Seyer (1933) and Chibnall et al. 
(1934), heptane, pentadecane, hexadecane, eicosane, heneicosane, docosane, trico-
sane, pentacosane, hexacosane, heptacosane, octacosane, nonacosane, triacon-
tane, pentratriacontane, and other hydrocarbons occur naturally in certain 
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plants and insects which have been examined. In view of the widespread occur
rence of petroleum hydrocarbons in the waxes produced by plants, Dean Whit-
more at Pennsylvania State College proposed that it may not be a question of how 
hydrocarbons are formed but rather a question of what has happened to all of the hy
drocarbons which have been produced by plants throughout the geological ages. Per
haps the hydrocarbons have been destroyed by microorganisms in all except 
certain environments where conditions are not suitable to the activity of hydro
carbon-oxidizing bacteria. Conditions inimical to the activity of such bacteria 
may be prerequisite to the accumulation of petroleum hydrocarbons in recent 
sediments. McCoy and Keyte (1934) and others recognize that hydrocarbon-
oxidizing bacteria might destroy or prevent the accumulation of crude oil. 

Preliminary observations reported in the foregoing pages suggest that in the 
absence of free oxygen or in the presence of hydrogen sulphide certain hydro
carbon-oxidizing bacteria may not be active. The demonstrated toxicity of sul
phide may be of special significance in light of the belief of many geologists that 
the richest deposition of source material takes place in euxinic muds which are 
foul with hydrogen sulphide. Crude oil itself is commonly rich in hydrogen 
sulphide. Besides hydrogen sulphide and low oxidation-reduction potentials, 
there may be other influences in certain places on the sea floor such as the pres
ence of carbon monoxide, certain heavy metals or other oxidase inhibitors which 
protect petroleum hydrocarbons from bacterial oxidation. It. would be in such 
environments where one might expect to find hydrocarbons accumulating. 

The activity of hydrocarbon-oxidizing microorganisms may help to explain 
why Trask (1932) and others have failed to find petroleum hydrocarbons in recent 
sediments. Even if hydrocarbons were in the sediments in situ, they might be 
destroyed rapidly by the increased bacterial activity and altered environmental 
conditions which accompany the collection and storage of sediment samples. 
ZoBell (1938) has shown that following the collection of marine muds, the bac
terial population may increase tenfold in a few days when stored at o° to 4°C, 
and at higher storage temperatures the increased bacterial activity is propor
tionately greater. Moreover, if the samples are exposed to air or oxygenated 
water, there are marked changes in the oxidation-reduction potential, hydrogen 
sulphide content and other properties of the mud. 

Methane was the only hydrocarbon found by Thayer (1931) from the fermen
tation of fatty acids by mixed cultures of bacteria in marine mud, river mud, sea 
water, and tapwater. Though the writers have no reason to believe that higher 
hydrocarbons were produced from fatty acids in Thayer's experiments, it is 
conceivable some might have been produced and then destroyed by hydrocarbon-
oxidizing bacteria, although Thayer (1936) recognizes that certain bacteria 
utilize hydrocarbons. Be this as it may, it is now apparent that the activities of 
such bacteria must be taken into account when examining either field or experi
mental material for petroleum hydrocarbons. In the analysis of 17,4°° lbs. of gas 
resulting from the anaerobic decomposition of sewage sludge Rawn, Banta, and 
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Pomeroy (1939) detected the presence of 0.04 per cent ethane, 0.01 per cent pro
pane and butane, 0.07 per cent pentane and higher hydrocarbons and 0.001 
per cent butadiene along with 67 per cent methane, 32 per cent carbon dioxide, 
0.03 per cent carbon monoxide, 0.02 per cent hydrogen and 0.004 per cent hydro
gen sulphide. 

The observations of Thaysen (1940) and Haas (1942) suggest that bacteria 
which utilize hydrocarbons might be instrumental in causing undesirable changes 
in petroleum products stored over water. Thaysen isolated bacteria from the 
water under kerosene- and gasoline-storage tanks, which decomposed these pe
troleum products with the formation of methane and possibly ethane. When 
combined with air these gases could form explosive mixtures which might account 
for "spontaneous" oil fires. An anonymous (1938) report ascribes the explosion 
of a kerosene tank to the production of methane and hydrogen by the bacterial 
decomposition of kerosene in the storage water. The theory is advanced in the 
report that the bacteria obtained their oxygen from sulphate because sulphate-
reducing bacteria were found in the storage water. 

Haas (1942) speculates that the discoloration of refinery products and some
times the formation of gummy substances might be attributable to the activity of 
hydrocarbon-oxidizing bacteria. He points out that the activity of such bacteria 
also accounts for the deterioration of paraffine-coated underground cables and 
for the rapid disappearance of petroleum products which pollute fields and water
ways. 

CONCLUSIONS 

Bacteria are widely distributed in sea water and marine mud which are able 
to oxidize crude oil, petroleum-refinery products, and many pure hydrocarbons. 
Several species of bacteria representing five or more genera are endowed with this 
ability. The hydrocarbon-oxidizing bacteria grow best in the presence of free 
oxygen, but some of them may be able to obtain their oxygen requirements from 
nitrate, sulphate or other compounds. Hydrogen sulphide inhibits the activity of 
aerobic bacteria. 

Petroleum hydrocarbons are oxidized more rapidly when dispersed on the sur
faces of sand grains, asbestos fibers, diatomaceous earth, or other inert particu
late materials. When mixed with 100 grams of marine sediment, as much as one 
gram of crude oil might be destroyed in 40 days at 2 2°C. The bacteria grow best 
at temperatures ranging from 20° to 3o°C, although some of them oxidize hydro
carbons at temperatures as low as o° or as high as 55°C. They grow throughout 
a wide range of salinity and from pH 6.0 to 10. 

All of the bacteria produce carbon dioxide and bacterial protoplasm when 
they utilize hydrocarbons. Methane, organic acids, ketones, aldehydes, and al
cohols have been reported as intermediate products. 

It is believed that the presence of large numbers of hydrocarbon-oxidizing 
bacteria in marine sediments may indicate the presence of proto-petroleum. 



MICROORGANISMS AND PETROLEUM HYDROCARBONS 1191 

However, petroleum hydrocarbons probably will not accumulate in detectable 
quantities in environments where conditions are favorable for the activity of the 
bacteria. The failure of various workers to find petroleum hydrocarbons in recent 
sediments may be due to the increased activity of hydrocarbon-oxidizing bacteria 
following the collection, transportation, and storage of the samples. 
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