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Abstract 

Although the importance of bacterial activities in oil reservoirs was recognized a long time ago, our knowledge of 
the nature and diversity of bacteria growing in these ecosystems is still poor, and their metabolic activities in situ 
largely ignored. This paper reviews our current knowledge about these bacteria and emphasises the importance of 
the petrochemical and geochemical characteristics in understanding their presence in such environments. 

) 

Microbiology of oil reservoirs: concerns and 
questions 

Since the beginning of commercial oil production, 
almost 140 years ago, petroleum engineers have 
faced problems caused by micro-organisms. Sulphate- 
reducing bacteria (SRB) were rapidly recognised as 
responsible for the production of H2S, within reser- 
voirs or top facilities, which reduced oil quality, cor- 
roded steel material, and threatened workers' health 
due to its high toxicity (Cord-Ruwich et al. 1987). The 
first extensive microbiological study describing the 
widespread presence of SRB in oil-producing wells 
was published in 1926 (Bastin 1926). In his paper, 
Bastin addressed what remained for a long time an 
enigma: were these bacteria indigenous, or were they 
introduced into the reservoirs by waters descending 
from the surface, or by oil production operations? Un- 
til recently, it was considered that the deep subsurface 
was sterile, and that bacteria isolated from such en- 
vironments could only be of exogenous origin. Our 
perception of this has changed recently with the un- 
expected discovery of large and diverse populations 
of microbes possessing a range of different metabolic 
activities ilrsubEnmzeãnïüifëi=s (A-my & Haldeman 
1997). During the last decade, a body of convergent 
observations has also shown that inbigenous micro- 
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organisms inhabit aquatic as well as oil-bearing deep 
subsurface environments. This review focuses on indi- 
genous as well as exogenous bacteria in subterranean 
oil fields. 

Physico-chemical characteristics of oil reservoirs 

The possibility for living organisms to survive or 
thrive in oil field environments depends on the phys- 
ical characteristics and chemical composition of the 
ecosystem. Temperature is 'the main limiting factor 
for microbial growth in oil reservoirs. Since temper- 
ature increases with depth at a mean rate of 3°C per 
100 m (but regional geothermal gradients may be sig- 
nificantly different), deep oil reservoirs which attain 
an in situ temperature exceeding 13q-150 "C can- 
not sustain bacterial growth. This temperature range 
is considered the highest theoretical limit for growth 
due to the thermal instability of biological molecules 
(Stetter et al. 1993a). Different types of data suggest 
that the presence of indigenous bacteria in oil fields 
could be limited to a threshold temperature between 
80 and 90°C. Philippi (1977) noted that in situ oil bio- 
degradation was never observed in reservoirs whose 
temperature exceeded 82°C. Analysis of a set of 87 
water samples 
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reservoirs showed that fatty acid concentrations were 
maximum at a temperature of 80°C in the reservoir 
(Fisher 1987; Barth 1991). This indicated that max- 
imum biodegradation occurs below 80°C, and that 
thermal decarboxylation occurs above this temperat- 
ure. In a microbiological study, hyperthermophilic 
bacteria could not be isolated from 100 oil field wa- 
ter samples whose reservoir temperatures were higher 
than 82°C (Bernard et al. 1992; Magot, unpubl.). 
Hyperthermophilic micro-organisms growing at tem- 
peratures as high as 103°C have been isolated from 
some reservoirs, but the authors suggested that they 
represented exogenous bacteria resulting from sea- 
water injections (Stetter et al. 1993b; Grassia et al. 

Salinity and pH of formation waters can also limit 
bacterial activity. The salinity ranges from almost 
fresh to salt-saturated water, and pH generally from 
5 to 8. However, the pH measured at atmospheric 
pressure does not necessarily reflect the actual in situ 
pH, as it is influenced by dissolution of gasses under 
high pressure. The in situ pH is usually in the range 
3-7. This physical characteristic has to be taken into 
consideration when designing culture media, or in- 
terpreting the potential indigenous nature of bacteria 
recovered from deep subsurface samples. 

The pressure within oil reservoirs (up to 500 atm) 
is not considered to preclude the development of bac- 
teria in situ although it can influence their physiolo- 
gical or metabolic properties. 

The availability of electron donors and accept- 
ors governs the type of bacterial metabolic activities 
within oil field environments. The oil industry un- 
dertakes routine chemical analyses of oil fields hence 
a wide body of data are available; nevertheless crit- 
ical data (e.g., nitrogen and phosphorus availability) 
necessary for understanding microbial metabolism is 
not routinely performed thereby thwarting our abil- 
ity to understand microbial processes in situ. Since 
oil fields are deep subterranean environments and are 
generally isolated from the surface waters, their redox 
potentials are very low and some electron accept- 
ors are most generally absent: in particular oxygen, 
nitrate and ferric iron. Stratal waters generally con- 
tain sulphate at various concentrations and carbonate, 
factors which have led to the assumption that the major 
metabolic processes occurring in such ecosystems are 
sulphate reduction, methanogenesis, acetogenesis and 
fermentation. 

The potential electron donors include COZ, Hz of 
geochemical or bacterial origin, and numerous organic 
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molecules. Organic acids are present, but not in all oil 
reservoirs, and concentrations higher than 20 mM have 
been recorded (Barth 1991; Barth & Riis 1992). Acet- 
ate is the most abundant, but benzoate, butyrate, form- 
ate, and propionate are also commonly detected. More 
complex organic acids known under the generic name 
of 'naphtenic acids' are also present in many crudes, 
at concentrations up to 100 mM. Among the thou- 
sands of organic molecules found in crude oil, several 
chemical families have been shown to be degradable 
under anaerobic conditions: the degradation of n- 
alkanes, homocyclic aromatic compounds commonly 
referred to as BTEX, polycyclic aromatic compounds, 
nitrogen and sulphur heterocyclics (Grbic-Galic 1990; 
Aeckersberg et al. 1991; Ruetter et al. 1994; Krum- 
holz et al. 1996) has been reported, but samples 
from which these bacteria were isolated were collec- 
ted from top facilities and may represent exogenous 
organisms. Connan et al. (1996) showed that in vitro 
anaerobic biodegradation of crude oil by an indige- 
nous bacterial community reproduced biodegradation 
effects which have been recorded under natural condi- 
tions. Resins and asphaltenes are important fractions 
of crude oil whose composition has been partly elu- 
cidated. These fractions are composed of thousands of 
complex hydrocarbons which can contain heteroatoms 
of nitrogen, sulphur and oxygen. Although generally 
ignored, they are an abundant potential source Óf elec- 
tron donors for anaerobic metabolism. Their presence 
could explain the observation that diverse groups of 
strict anaerobes can grow with crude oil as a sole 
carbon and energy source without any modification 
of the alkanes or light aromatic compounds (Magot, 
unpubl.). 

The availability of nitrogen sources in oil fields 
has not been extensively studied. If nitrogen gas is 
present, then it could be assimilated by nitrogen- 
fixing micro-organisms. Nitrogen is also available in 
nitrogen heterocyclic compounds. The availability of 
phosphorus in oil fields has not been studied. 

Sample recovery: influence on the interpretation 
of microbiological data 

Problems associated with oil reservoir sample recov- 
ery have been recently reviewed by McInerney & 
Sublette (1997). For economical reasons, wellhead 
sampling is the only way of collecting samples from 
petroleum reservoirs and hence sources of contamina- 
tion are numerous and maximum care has to be taken 
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to interpret data from microbiological analyses. A 
different and potentially important source of contam- 
ination of oil reservoirs is waterflooding, i.e., reservoir 
repressurization by water injection into the oil-bearing 
stratum. Whatever the source of water injection (sea- 
water, river water, or even formation water), exogen- 
ous bacteria can penetrate the formation under study 
and be recovered at producing wells. Even in non- 
waterflooded reservoirs, which are considered the best 
models to study indigenous bacteria, drilling, well 
equipment operations, and damaged (leaking) tubings 
or casings, may be other sources of contamination. 
The carbon steel of the well-tubing itself can create 
a specific ecosystem since cathodically produced hy- 

’ drogen can be used as an electron’donor; Magot et al. 
(1993) described the localised development of SRB in 
well tubings, resulting in the so-called ‘well souring’ 
phenomenon. 

When the in situ temperature or salinity of the oil 
field under study is high, a careful examination of the 
physiological properties of recovered bacteria can be 
of great help in understanding their possible indigen- 
ous nature. On the other hand, it is often very difficult 
to discriminate contaminants from the indigenous flora 
for low salinity-low temperature oil fields. In this case, 
the presence of aerobic bacteria is generally an in- 
dicator of contamination from any of the above-listed 
sources. 

Microorganisms from oil reservoirs 

A wide variety of bacteria have been isolated from, or 
have been detected in oil field samples by molecular 
techniques. Aerobic, facultatively anaerobic (Adkins 
et al. 1992; Nazina et al. 1993; Zvyagintseva et al. 
1995; Voordouw et al. 1996; Telang et al. 1997), 
and microaerophilic microorganisms belonging to the 
genera Campylobactei; Oceanospirillum and Thiomic- 
rospira (Voordouw et al. 1996; Telang et al. 1997) 
have been detected in oil field samples. However, their 
in situ activities have never been reported as signi- 
ficant. The lack of details on sample recovery, and 
possible entry of surface water resulting from wa- 
ter injection or local geological characteristics, often 
make the interpretation of the presence of aerobic bac- 
teria in such anaerobic ecosystems quite difficult. The 
use of the term ‘indigenous’ for microorganisms that 
were known to have been introduced into the reservoir 
by waterflooding is also often confusing (Matz et al. 
1992). 

Available data suggest that only strict anaerobes 
can be considered as truly indigenous to oil reservoirs. 
This consideration is strengthened by the physiolo- 
gical characteristics of some of the isolated species 
that, when reported, were shown to be closely adapted 
to the in situ conditions (e.g., Bernard et al, 1992). 
The presence of closely related bacteria in remote oil 
fields (Grassia et al. 1996; Magot 1996) also supports 
the existence of a widespread anaerobic biosphere in 
oil reservoirs. Nevertheless, our current knowledge of 
the microbial ecology of oil fields is still largely insuf- 
ficient for us to confidently exclude oxygen-respiring 
bacteria as exogenous contaminants of oil fields. 

Based on the above backdrop, we summarise be- 
low our current knowledge on the presence’of strict 
anaerobes in oil reservoirs. 

Sulphate-reducing bacteria 

Because of their detrimental effects, SRB have been 
the most commonly studied bacterial group from oil 
field waters. A distinction is generally made between 
mesophilic SRB, which are merely involved in corro- 
sion processes of top facilities, and thermophilic SRB, 
mainly responsible for in situ reservoir souring. 

Mesophilic SRB 

The most frequently isolated mesophilic SRB from 
oil field production waters belong to the genus Des- 
ulfovibrio (Table 1). Desulfovibrio longus and D. 
vietnamensis are considered halotolerant, whereas D. 
gabonensis is seen as a moderate halophile requiring 
5-6% NaCl for optimal growth. The three species 
are incomplete oxidizers and use a limited range of 
substrates which include hydrogen, lactate, and pyr- 
uvate. In an extensive study of SRB from oil fields, 21 
strains isolated from 15 production waters by Tardy- 
Jacquenod et al. (1996a) were identified as Desulfo- 
vibrio species based on 16s rRNA gene sequence 
analysis (Magot, unpubl.). Some of these strains were 
identified as representatives of recently described spe- 
cies that have so far been isolated from oil reservoir 
waters only, or were published as new species: D. 
longus (Magot et al. 1992), D. gabonensis (Tardy- 
Jacquenod et al. 1996b) or D. vietnamensis (Nga et al. 
1996). Other strains were identified as representatives 
of species isolated from ecosystems not related to pet- 
roleum reservoirs and these included D. desulfuricans, 
D. oxyclinae (Krekeler et al. 1997) and D. Zongreachii 
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Table 1. Mesophilic and thermophilic sulphate-reducing bacteria isolated from oil fields 

Species Salinity (%) Temperature ("C) Complete References 
Range Optimum Range Optimum oxidizer 

Archaeoglobus fulgidus 0.02-3 2 60-85 76 + Beeder et al. (1994) 
Desiilfacinum infemum 0-5 1 40-65 60 i. Rees et al. (1995) 
Desulfobacter vibrioformis 1-5 ND 5-38 33 + Lien and Bieder (1997) 
Desialfobacteriicm cetonicum u p t o 5  1 20-37 30-35 + Galushko & Rozanova (1991) 
Desiilfomicrobium apsheronum 0-8 ND 4-40 25-30 - Rozanova et al. (1988) 
'Desulfotomaculum halophihim'a 1-14 4-6 30-40 35 - Tardy-Jacquenod et al. (1998) 
Desulfotomaculum kuznetsovii 0-3 O 50-85 60-65 + Nazina et al. (1988) 
Desulfotomaculum nigrificans upto4 1 40-70 60 - Nazina & Rozanova (1978) 
Desulfotomaculum thermocisternum Up to 5 0,3-1,2 41-75 62 - Nilsen et al. (1996b) 
Desulfovibrio gabonensis 1-17 5-6 1 5 4 0  30 - Tardy-Jacquenod et al. (1996b) 
Desialfovibrio longus 0-8 2 10-40 35 - Magot et al. (1992) 
Desulfovibrio vietnamensis 0-10 5 12-45 37 ' - Nga et al. (1996) 
Thermodesirlfobacteri'um mobile ND ND 45-85 65 - Rozanova & Pivovarova (1988) 
Thermodesulforhabdus norvegicus 0-5.6 1.6 44-74 60 + Beeder et al. (1995) 

nTaxonomic validation is pending. 

(Redbum & Patel 1994). The remaining strains rep- 
resented as yet undescribed new species which are 
phylogenetically related to known taxa. This example 
also illustrates how difficult it is to assess the indi- 
genous nature of mesophilic SRB in oil production 
waters. The indigenous characteristic can nevertheless 
sometimes be clearly excluded, as in the case of D. 
longus (Magot et al. 1992), and the new Desulfotom- 
acltlum species D. halophilum (Tardy-Jacquenod et al. 
1998) which are both mesophiles but were isolated 
from high-temperature reservoir wellhead samples. 

Desulfomicrobium apsheronum (Rozanova et al. 
1988), a halotolerant SRB isolated from stratal wa- 
ters in the Apsheron peninsula, tolerates up to 8% 
NaCl for growth and oxidizes lactate to acetate in- 
completely. It grows autotrophically and hence can 
be easily distinguished from the three Desulfovibrio 
species described above. Members of the genus Des- 
ulfobacter have been identified by oligonucleotide 
probes in oil field environments (Telang et al. 1997), 
and Desulfobacter vibrioformis has been isolated re- 
cently from a water-oil separation system (Lien & 
Beeder 1997). It is a moderate halophilic microor- 
ganism that shows optimal growth between 1 and 5% 
NaCl. Acetate is the only carbon and energy source 
used in dissimilatory sulphate reduction. Desiilfobac- 
terium cetonicum, which was isolated from a flooded 
oil stratum, displays the unusual ability to oxidize 
ketones (Galushko & Rozanova 1991). 

In  situ studies using molecular techniques have re- 
cently been used to study SRB microflora. Voordouw 
et al. (1992) used reverse sample genome probing 
on 56 samples taken from seven oil fields and de- 
termined the presence of two distinct communities of 
SRB. Ten out of the 34 species detected were unique 
to fresh water and 18 to the saline oil field environ- 
ments while only six microorganisms were cultured 
from both communities. Cord-Ruwisch et al. (1987) 
also indicated that salt had a strong selective effect 
on SRB growth. 16s rRNA gene studies from several 
different oil fields by Voordouw et al. (1996) indic- 
ated that all the Gram-negative SRB detected belonged 
either to the family Desulfobacteriaceae or the family 
Desulfovibrionaceae. 

Thermophilic SRBs 

It is has been well documented that thermophilic 
Desulfotomaciilum species are present in oil field en- 
vironments (Rozanova & Nazina 1979; Rosnes et al. 
1991; Christensen et al. 1992; Nilsen et al. 1996b). 
Desulfotomnculum kuznetsovii which was initially 
isolated from an underground thermal mineral wa- 
ter ecosystem (Nazina et al. 1988) was subsequently 
recovered from two wellhead samples taken from non- 
waterflooded oil fields in the Paris Basin (Magot, 
unpubl.). Desulfotomaciilum thermocisternum, which 
grows optimally at 62"C, was isolated below the sea 
floor of the Norwegian sector of the North Sea. It 
incompletely oxidizes a wide range of substrates in- 
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cluding lactate, ethanol, butanol, and carboxylic acids 
(C3 to C10 and C14 to C17) in the presence of sulphate 
(Nilsen et al. 1996b). An incomplete lactate and alco- 
hol oxidizer with a growth temperature range between 
40 and 70°C has been recovered from an oil sample 
originating from Western Siberia and named as a new 
subspecies of Desulfotomaculum nigrijkans, D. nigri- 
$cans subsp. salinus (Nazina & Rozanova 1978). Al- 
though members of the genus Desulfotomaculum were 
not detected using enrichment cultures, their presence 
in the Gullfaks oil field in the North Sea was shown 
using genus specific fluorescent antibodies produced 

Desulfacinum infernum, Thermodesulforhabdus 
nowegicus and Thermodesulfobacterium mobile are 
other thermophilic SRB isolated from North Sea oil 
reservoirs. In contrast to the Desulfotomaculum spe- 
cies, D. infernum (Rees et al. 1995) and T. nowe- 
gicus (Beeder et al. 1995) are complete oxidizers. 
D. infernum is a Gram-negative organism that is a 
member of the delta subdivision of the class Pro- 
teobacteria. It uses acetate, butyrate, palmitate, and 
alcohols and grows optimally at 60°C. T. nowegicus 
is also a member the delta subdivision of Proteo- 
bacteria and like D. infernum oxidises acetate, bu- 
tyrate and palmitate. Thermodesulfobacterium mobile 
(previously named as Desulfovibrio thermophilus (Ro- 
zanova & Khudyakova 1974; Rozanova & Pivovarova 
1988)) and Z continune (Zeikus et al. 1983) are the 
most thermophilic sulphate-reducing microorganisms. 
They have an upper temperature limit for growth of 
82°C and are members of the third deepest phylogen- 
etic branch of the domain Bacteria. I: mobile was 
isolated from a North Sea oil reservoir (Christensen 
et al. 1992) and I: commune from a continental oil 
reservoir located in the East Paris Basin (L‘Haridon et 
al. 1995). Members of both species are rod-shaped and 
utilize Hz, formate, lactate and pyruvate as electron 
donors for sulphate reduction. Strains of both species 
have also been isolated from other non-waterflooded 
reservoirs in the Paris Basin (Magot, unpubl.). 

In the domain Archaea, sulphate-reducing bacteria 
are only represented by hyperthermophilic members 
of the genus Archaeoglobus. Archaeoglobus fulgidus 
was isolated from hot oil field waters in the Norwe- 
gian sector of the North Sea (Beeder et al. 1994). A. 
fulgidus, ‘A. lithotrophicus’ and A. profundus have 
also been found in reservoir fluid from the Thistle 
platform in the East Shetland Basin of the North Sea 
(Stetter et al. 1993b). As DNA/DNA hybridization 
studies have revealed genomic similarities between 
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6 against these microorganisms (Nilsen et al. 1996a). 

these species and those isolated from submarine hot 
vents, it has been speculated that their presence most 
probably resulted from seawater entering the reservoir 
or perhaps from other anthropogenic contaminations. 
However, other more recent reports on the microbi- 
ology of a continental oil reservoir and a marine oil 
reservoir have suggested that such hyperthermophiles 
are indigenous to oil fields and may be widespread 
deep in the crust of the earth &’Haridon et al. 1995). In 
contrast to A. fulgidus Z, the type species, A. fulgidus 
strain 7324, which was isolated from a North Sea oil 
reservoir, has a lower optimum growth temperature 
(76°C) and cannot grow autotrophically on Hz+COz. 
It grows on lactate and pyruvate as carbon and energy 
sources. Growth on ’valerate has only been observed 
when hydrogen is present (Beeder et al. 1994). 

It is clear from what has been said above that con- 
taminating and/or indigenous sulphate-reducing bac- 
teria represent an important microbial community of 
petroleum reservoirs which thrive over a wide range 
of salinities and temperatures and are perhaps ubi- 
quitous to the oil ecosystem. Interestingly, Hz, COZ, 
acetate, propionate, butyrate, and other short-chain 
organic acids, from C5 to C7, are often found in 
oil field waters with acetate concentration being the 
highest. Molecular hydrogen is also found and can 
be produced from either geothermal reactions or from 
thermophilic microbial fermentations. Because of the 
availability of organic compounds (C2 to C7 organic 
acids), hydrogen and COZ in the oil-water interface, 
growth of hydrogenotrophic SRB requiring acetate as 
carbon source could most probably occur. Beeder et al. 
(1994) have suggested that hydrogen is important for 
the growth of Archaeoglobusfulgidus strain 7324 on 
valerate in oil field water. In addition, many of the ther- 
mophilic SRB described above are known to perform 
dissimilatory reduction of sulphate in the presence of 
acetate and/or butyrate. The possibility that SRB can 
also use different components of crude oil in situ has 
been discussed above. 

’ 

Methanogenic bacteria 

Methanogenesis has only recently been reported from 
deep oil-bearing strata (Belyaev & Ivanov 1983; 
Ivanov et al. 1983; Connan et al. 1996). Isolation 
of methanogens has been successful from slightly to 
highly saline oil well waters at mesophilic temperat- 
ures (Table 2). Thermophilic, but not hyperthermo- 
philic, strains have also been isolated from hot oil 
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Table 2. Mesophilic and thermophilic methanogens isolated from oil reservoirs 

Species Optimum Temperature (OC) Substrates used References 
NaCl (%) Range Optimum Methylamines Acetate Hydrogen 

Methanobacterium bryantii 0-2 25-40 37 

Methanobacterium ivanovii 0.09 10-55 45 

Methanobacterium thermoaggregans 2-4 40-70 60 
Methanobacterium thermoalcaliphilum 0-2 30-80 65 

Methanobacterium themoautrophicum 0-30 40-70 60 
‘Methanocalculus halotolerans’ 5 25-45 38 
Methanococcus thermolithotrophiciis 1.4-2.4 17-62 60 

‘Metharioplanus petrolearitis’ 1-3 28-43 31 
Methanohalophiltis euhalobiiis 6 10-50 28-37 

Methanosarcina inazei 0.1-2 10-50 37 

Methanosarcina siciliae 2.4-3.6 20-50 40 

Davydova-Charakhch’ yan 
et al. (1992a) 
Belyaev et al. (1983); 
Borzenkov et al. (1997) 
Ng et al. (1989) 
Davydova-Charakhch’ yan 
et al. (1992a) 
Ollivier &Magot, unpubl. 
Ollivier et al (1998) 
Nilsen & Torsvik (1996) 
Obraztsova et al. (1988) 
Ollivier et al. (1997) 
Obraztsova et al. (1987); 
Borzenkov et al. (1997) 
Ni & Boone (1991) 

reservoirs. It is generally regarded that the combina- 
tion of both high temperature and high salinity in oil 
fields drastically reduce microbial populations, includ- 
ing those of methanogens. Thermophilic moderately 
halophilic anaerobes have not yet been reported from 
oil reservoirs or from any other deep subsurface en- 
vironments, but it is likely that anaerobes with such 
traits are present since a new bacterium, Halothermo- 
thrix oreni, which fits this physiology precisely, has 
been isolated from a terrestrial hypersaline ecosystem 
(Cayo1 et al. 1994). 

Borzenkov et al. (1997) demonstrated that meth- 
anogenesis decreased with an increase in salinity in a 
study of the Bondyuzhskoe oil field in Tatarstan. In 
addition, the concentration of methylamine, a meth- 
anogenic substrate, increased with the mineralization 
of stratal waters suggesting that methylotrophic meth- 
anogens are also present in subterrestrial saline eco- 
systems, a situation which is analogous to that repor- 
ted for terrestrial saline and hypersaline environments 
(Ollivier et al. 1994). The methylotrophic Methano- 
coccoides euhalobius (renamed Methanohalophilus 
euhalobius) has been isolated from an exploratory 
well stratal sample which had a salinity of 140 gA 
(Obraztsova et al. 1988; Davidova et al. 1997). Meth- 
anosarcinn siciliae HI350, isolated from an oil well 
at High Island in the Gulf of Mexico (Ni & Boone 
1991; Ni et al. 1994), is a slightly halophilic methano- 
gen which uses methanol, methylamines and dimethyl 

sulphide as substrates. Another moderately halophilic 
methanogen, which also uses methanol and trimethyl- 
amine, has been isolated from an Alsacian oil field 
(France) containing about 90 gA NaCl (Ollivier et al. 
1998). In addition to the coccoid methanogens cited 
above, the presence of a methylotrophic rod-shaped 
bacterium, strain GF 283, growing optimally in the 
presence of 15% NaCl, has been reported from the 
Bondyuzhskoe oil field (Borzenkov et al. 1997). How- 
ever, no further taxonomical description of this strain 
is available. 

Despite evidence of methanogenesis from acetate 
enrichment cultures initiated from oil field waters, un- 
der mesophilic and thermophilic conditions (Belyaev 
et al. 1983; Nilsen & Torsvik 1996), only one aceto- 
clastic methanogen, Methanosarcina mazei strain 47, 
has been isolated (Obraztsova et al. 1987). It used 
acetate, methanol and methylamines, but not H2+C02 
for growth. Experiments conducted in North Sea oil 
reservoirs indicated that methane was produced in en- 
richments cultures with acetate as the substrate at 60, 
80 and 92°C (Nilsen & Torsvik 1996). However, no 
pure acetoclastic methanogenic culture could be re- 
covered from such enrichments. A similar result was 
observed by Davidova-Charakhch’yan et al. (1992a) 
from acetate enriched media inoculated with waters 
from high-temperature formations in the Mykhpai 
field (Western Siberia). In both cases, the authors 
suggested that acetate could have been degraded in- 
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directly by a syntrophic coculture rather than directly 
by acetoclastic methanogens. The presence of acetate 
oxidizers acting syntrophically with hydrogenotrophic 
methanogenic or sulphate-reducing bacteria can be 
expected in oil field waters. 

Hydrogenotrophic mesophilic or thermophilic 
methanogens are common inhabitants of slightly sa- 
line stratal waters. They are generally rod-shaped 
bacteria with the exception of Methanococcus ther- 
molithotrophicus, isolated from a North Sea oil field 
reservoir (Nilsen & Torsvik 1996), ‘Methanoplanus 
petrolearius’ (Ollivier et al. 1997) and ‘Methano- 
calculus halotolerans’ (Ollivier et al. 1998), which 
produce irregularly disc-shaped cells. Rod-shaped 
methanogens found in oil reservoir fluids include 
Methanobacterium themzoautmphicum (Ivanov et al. 
1983), M. bryantii (Davidova-Charakhch’yan et al. 
1992a), M. ivanovii (Belyaev et al. 1983), and 
phenotypic variants of Methanobacterium themzoag- 
gregans (Ng et al. 1989) and M. themzoalcaliphilum 
(Davidova-Charakhch’yan et al. 1992a). All these 
micro-organisms share a common feature in the use of 
hydrogen, which is most probably their primary source 
of energy in oil fields. 

The isolation of a novel halotolerant member of 
Methanobacterium themzoaggregans from the high 
temperature and moderately saline San Miguelito oil 
field provides evidence that virgin oil reservoirs can 
contain an in situ methanogenic population (Ng et al. 
1989). The hydrogenotroph, Methanocalculus halo- 
tolerans grows in a salinity range of 0-12% NaCl, 
which is the highest salinity reported to date for any 
hydrogenotrophic methanogen (Ollivier et al. 1998). 
This is interesting as the highest NaCl concentration 
supporting hydrogen oxidation via methanogenesis in 
terrestrial ecosystems has been reported to be only 9% 
NaCl (Oremland & King 1989; Ollivier et al. 1994). 
This suggests that M. halotolerans is most probably 
indigenous to the subterranean oil field environment. 
Methanococcus euhalobius showed a strict depend- 
ence on calcium for growth, a feature not found in 
any other methanogen. This physiological trait was 
attributed to the development of this methanogen in 
stratal brines with a high calcium content from where 
it originated and therefore is an indigenous character- 
istic of this micro-organism adapted to its environment 
(Borzenkov et al. 1997). 

As indicated above, biologically or abiotically gen- 
erated hydrogen may be an important energy source 
for methanogens in oil field environments. In addi- 
tion, acetate, which has been found to accumulate to 

concentrations of up to 20 mM in North Sea oil reser- 
voirs (Barth & Riis 1992) may be an important source 
of energy for these microorganisms which could be 
used directly or by indirect syntrophic associations. 
The specific presence of methylotrophic methanogens 
in saline and hypersaline oil field waters indicate the 
possible presence of methylated compounds, espe- 
cially methylamines, in oil field waters. It has been 
suggested that these compounds originate from the 
breakdown of osmoregulatory amines in terrestrial hy- 
persaline environments (Ollivier et al. 1994), and this 
suggestion can also be extended to the subsurface 
saline oil field environment. 

Fermentative bacteria 

Mesophilic; thermophilic, and hyperthermophilic fer- 
mentative bacteria also constitute an important micro- 
bial community of the oil field environment (Table 3). 

Mesophilic fennentative bacteria 

Although halophilic anaerobes have been previously 
isolated from oil-water injection filters (Rengpipat et 
al. 1988)’ the fist  characterization of an haloanaer- 
obe from oil brines was reported by Gevertz et al. 
(1991). The isolate grew optimally at 2.5% but did 
not grow above 10% NaCl. A further five moderate 
halophiles isolated from the hypersaline brines of the 
Southeast Vassar Vertz Sand Unit (Bhupathiraju et 
al. 1991, 1993) produced acids, solvents; and gases 
from carbohydrates. These are interesting metabolites 
for potential microbial enhancement of oil recovery 
(MEOR). 

Characterized haloanaerobes isolated from oil field 
brines mainly belong to the genus Haloanaerobium, 
order Haloanaerobiales, and these include H. acet- 
oethylicum (formerly named Halobacteroides aceto- 
ethylicus) (Rengpipat et al. 1988; Pate1 et al. 1995; 
Rainey et al. 1995), ‘H. congolense’ (Ravot et al. 
1997) and H. salsugo (Bhupathiraju et al: 1994). The 
three species are heterotrophic moderate halophiles 
which grow optimally with 10% NaCl. ‘Haloanaer- 
obium congolense’ differs from H. acetoethylicum and 
H. salsugo in the range of substrates used and in pro- 
duction of acetate and not ethanol from carbohydrate 
fermentation. 

A free-living moderately halophilic spirochete, 
‘Spirochaeta smaragdinae’ , was isolated from an 
African offshore oil field in the Congo (Magot et al. 
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Table 3. Characterized fermentative bacteria isolated from oil reservoirs 

Species NaCl (a) Temperature Reduction of sulfur References 
compounds 

Range Optimum Range Optimum So ,520; 

Acetoanaerobium romashkovii ND ND 30-60 37 ND ND Davydova-Charakhch’ yan 

Anaerobaculunt thermoterrenum 0-2 1 28-60 55 + +  Rees et al. (1997) 
Dethiosulfovibrio peptidovorans 1-10 3 2045  42 + +  Magot et al. (1997b) 
Geotoga petraea 0.5-10 3 30-55 50- + ND Davey et al. (1993) 
Geotoga subterranea 0.5-10 4 30-60 45 + ND Davey et al. (1993) 
Haloanaerobium acetoethylicitm 6-20 10 15-45 34 ND ND Rengipat et al. (1988) 
Haloanaerobium congolense 4-24 10 20-45 42 + +  Ravot et al. (1997) 
Haloanaerobium salsugo 6-24 9 22-51 40 N D N D  Bhupathiraju et al. (1994) 
Petrotoga miothenna 0.5-10 3 35-65 55 + N D  Davey et al. (1993) 
Spirochaeta smaragdinae 1-10 5 ’ 20-40 37 + +  ’Magot et al. (1997a) 
Thermoanaerobacter brockii 0 4 . 5  ND 37-75 55-60 + + Cayo1 et al. (1995) 
Thermotoga elfii 0-2.4 1.2 50-72 66 - +  Ravot et al. (1995a) 
Thermotoga hypogea 0-1.5 0-0.2 56-90 70-75 - + Fardeau et al. (1997) 
Thennotoga subterranea 0-2.4 1-2 50-75 70 - +  Jeanthon et al. (1995) 

et al. (1992b) 

1997a). It is the only member of this genus which 
has been isolated from the deep subsurface. From the 
same oil field, a dominant, slightly halophilic vibri- 
oid, designated Dethiosulfovibrio peptidovorans, was 
isolated (Magot et al. 1997b). Its physiological and 
phylogenetic traits are unique amongst oil field fer- 
mentative isolates as it used protein extracts such as 
peptones and amino acids, but was unable to fer- 
ment sugars. Acetate, isobutyrate, isovalerate, and 
2-methylbutyrate were the only organic acids detec- 
ted from peptone fermentation. The bacterium was 
also found to actively corrode iron when reducing 
thiosulphate to sulphide. 

Cloning and sequencing of PCR-amplified 16s 
rRNA genes of oil field microbial communities re- 
vealed the presence of a limited number of anaerobes 
belonging to the genera Clostridium, Eubacterium and 
Synergistes (Voordouw et al. 1996). Isolation and 
phenotypic characteristics of these strains have not yet 
been reported. 

Davydova-Charakhch’ yan et al. (1992b) isolated 
a new acetogenic anaerobe, Acetoanaerobium ro- 
mashkovii, from formation waters of oil fields in 
Tataria and western Siberia. This bacterium grows on 
H2+C02 as sole carbon and energy sources, and also 
uses different C1 compounds, amino-acids and sugars. 

Thermophilic fermentative bacteria 

Thermophilic fermentative bacteria have been isolated 
with a much greater frequency than the mesophilic 
fermenters; this is a reflection of the high temper- 
ature characteristics of most oil fields. Thermophilic 
anaerobes, in general, have also been the most widely 
studied, mainly because of the industrial potential of 
their thermostable enzymes. An increased interest has 
been kindled because of the isolation of hyperther- 
mophilic microorganisms with growth temperatures 
of 103°C from hot oil field reservoirs (Stetter et al. 
1993b). These authors provided evidence of the pres- 
ence of Thermotoga strains in oil fields and, soon after, 
isolation of Thermotoga elJiì (Ravot et al. 1995a), 
Thennotoga subterranea (Jeanthon et al. 1995), and 
Thermotoga hypogea (Fardeau et al. 1997) from such 
ecosystems was reported. Interestingly, in contrast to 
the previously described species of the genus Ther- 
motoga, none of the new oil field isolates reduced 
elemental sulphur to sulphide, but instead reduced 
thiosulphate to sulphide. This latter reductive process 
was thereafter shown to be a feature shared by other 
members of the order Thermotogales (Ravot et al. 
1995b). Though i? elJiì and i? subterranea were found 
to be inhibited by elemental sulphur, sulphur reducing 
Thermotoga-like isolates have been reported to exist 
in oil field waters. This suggests that both sulphur- 
and thiosulphate-reducing members of the order Ther- 
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motogales inhabit oil field environments (Ravot et al. 
1995b). On the basis on their salinity range for growth, 
T. elJii, T. hypogea and T. subterranea were proposed 
to represent a new ecological group within the genus 
Thernzotoga originating from the subsurface and ad- 
apted to levels of salinity intermediate between those 
of marine and terrestrial species. All of these species 
producedacetate as the major volatile fatty acid and L- 
alanine from glucose metabolism. The production of 
L-alanine from sugar fermentation by members of the 
order Thermotogales has been interpreted as a possible 
remnant ancestral metabolism (Ravot et al. 1996). 

of micro-organisms belonging to the genera Geotoga 
and Petrotoga of the order Thermotogales, from Ok- 
lahoma and Texas petroleum reservoirs, and three 
new species, namely Geotoga petraea, G. subterranea 
and Petrotoga miothemta were characterized. Mem- 
bers of all three species are moderately thermophilic 
heterotrophs which grow over a broad range of salt 
concentrations (0.5-10%). 

Studying various hot oil reservoirs of the world, 
Grassia et al. (1996) provided evidence of the im- 
portance of microorganisms that were morphologic- 
ally and physiologically related to other members of 
the order Thermotogales, namely Fewidobacterium, 
Geotoga, Petrotoga, Thermotoga, and Thermosipho 
strains. However, physiological characterization of 
Fewidobacterium or Thermosipho isolates from oil 
field environments has not been reported to date. 

Members of the family Thermoanaerobiaceae, 
which include the genera Thermoanaerobacter and 
Thennoanaerobacterium, have been recovered fre- 
quently from hot and slightly saline reservoirs (Gras- 
sia et al. 1996). Members of the genus Thermoan- 
aerobacter reduce thiosulphate to sulphide whereas 
those of the genus Themzoanaerobacterium reduce 
thiosulphate to elemental sulphur. Formal charac- 
terization of Tlzermoanaerobacterium isolates from 
oil fields has not been reported. A strain from a 
French hot continental oil reservoir was found to be 
identical to Thermoanaerobacter thermohydrosulfu- 
ricus (L'Haridon et al. 1995). Several other strains 
isolated from French and African oil fields have been 
recognized as a new subspecies of Thermoanaerobac- 
ter brockii, T. brockii subsp. lactiethylicus (Cayo1 et 
al. 1995). Beside carbohydrates, the latter used hydo- 
gen as electron donor in the presence of thiosulphate 
(Fardeau et al. 1993). In addition, thiosulphate re- 
duction significantly improved peptide and amino acid 
consumption (Faudon et al. 1995). 

L 

* Davey et al. (1993) were first to report the presence 

O 

Anaerobaculum themoterrenuin was isolated from 
production fluid from the Redwash oil field in Utah 
(Rees et al. 1997). It grew optimally at 55°C not only 
on sugars, but also on organic acids such as citrate, 
fumarate and tartrate. Both sulphur and thiosulphate 
were used as electron acceptors. 

Recent work has provided evidence on the occur- 
rence of hyperthermophilic fermentative Archaea in 
hot oil terrestrial and marine reservoirs (Stetter et al. 
1993b; L'Haridon et al. 1995). Based on DNA-DNA 
hybridization studies, Thermococcus celer, l? littoralis 
and a new species of the genus Pyrococcus, 'l? litho- 
trophicus', were identified. The latter was shown to 
grow at temperatures up to 102OC, whereas Xhermo- 
coccus isolates grew at an incubation temperature of 
85°C. For members of all these species, growth is gen- 
erally observed on peptides or yeast extract and they 
al l  share the property of reducing elemental sulphur to 
sulphide (Stetter et al. 1993b). 

The intriguing ability to -reduce thiosulphate to 
sulphide is shared by a large number of fermentative 
bacteria from the petroleum reservoirs cited above. 
The involvement of thiosulphate-, non-sulphate- 
reducing bacteria in some specific cases of microbial 
corrosion of top facilities has also been demonstrated 
(Crolet & Magot 1996; Magot et al. 1997b). However, 
the presence of thiosulphate in oil reservoirs has not 
been adequately investigated, and further studies will 
need to be done in order to understand the significance, 
if any, of microbial thiosulphate metabolism in situ. 

Iron-reducing bacteria 

Mesophilic iron-reducing bacteria have been detected 
in oil field fluids and identified as Shewanella putre: 
faciens (formerly Alteromonas putrefuciens) (Semple 
& Westlake 1987; Nazina et al. 1995). This bac- 
terium can also reduce elemental sulphur, sulphite 
and thiosulphate into sulphide (Moser & Nealson 
1996), and uses HZ or formate as electron donor with 
iron oxyhydroxide as an electron acceptor (Nealson 
& Saffarini 1994). The first thermophilic Mn- and 
Fe-reducing bacterium, Deferribacter thermophilus, 
has recently been isolated from production waters of 
the waterflooded Beatrice oil field in the North Sea 
(Greene et al. 1997). In the presence of iron, man- 
ganese, and nitrate as electron acceptors, it can use 
yeast extract, peptone, Casamino acids, tryptone, hy- 
drogen and numerous organic acids including acetate, 
lactate and valerate as energy sources. Although these 
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results indicate that the oil field environment could be 
a novel niche in the terrestrial subsurface for isolating 
new iron- and manganese-reducing bacteria, it is dif- 
ficult to predict whether this type of metabolism can 
occur in situ as the presence of ferric iron or man- 
ganese oxides in oil fields has not been investigated 
and is an analogous situation to that described for 
thiosulphate (see above). 

Conclusions 

The main paradox of petroleum microbiology is prob- 
ably that, although microbiological studies of oil reser- 
voirs waters started early in this century, it is still' 
considered to be in its infancy. A glance at the biblio- 
graphy cited in this review indicates that the detailed 
characterisation of oil field bacteria was undertaken 
not much more than a decade ago. As a consequence, 
very little is known about the microbial diversity in 
these ecosystems, and almost nothing about the in situ 
activities of these communities. 

To develop our knowledge of these very specific 
ecosystems, an interdisciplinary approach, between 
specialists involved in petroleum exploration and pro- 
duction (geologists, geochemists, chemists, reservoir 
engineers) and microbiologists is needed. It is obvi- 
ous that such collaboration will greatly improve our 
knowledge of the deep subsurface living world and 
hence that of the entire biosphere. Progress in under- 
standing microbial metabolisms occurring in the deep 
underground will also greatly benefit the oil industry, 
a few examples can be briefly mentioned. 

The economical impact of reservoir souring (bio- 
logical in situ production of H2S) in oil production is 
considerable. Its mechanism is only partially under- 
stood: SRB are obviously involved, and waterflooding 
is thought to bring otherwise limiting nutrients into 
the reservoir. Microbiological studies to determine the 
presence or absence of indigenous SRB, and the quan- 
tification of the available and limiting nutrients prior to 
water injection, could help in the design of prevention 
measures against field souring. 

In situ microbial enhanced oil recovery, i.e., the 
use of bacterial activities to extract more oil from oil 
fields, is an old idea about which a general consensus 
has not been reached in the oil industry. Although hun- 
dreds of field trials have been done (for a review, see 
Premuzic & Woodhead 1993), including a number of 
successful ones, it is still not clear whether indigen- 
ous bacteria may be more useful than injected ones. 

It is still poorly understood what type of metabolism 
has to be stimulated to achieve the best efficiency, or 
even if the positive results obtained in the past can be 
attributed to bacterial activity. In close collaboration 
with the petroleum industry, a MEOR field trial should 
include chemical, geochemical, geological and micro- 
bial studies. The data obtained would make a rational 
choice of the bacterial and metabolic targets during the 
experiment possible, and allow the design of labor- 
atory experiments and the construction of numerical 
models. Collection of the largest set of parameters be- 
fore and after the start of the MEOR process, including 
microbiological data, should also contribute to a better 
understanding of the mechanisms involved. 

Despite the fact that numerous observations 
strengthened the hypothesis of indigenous microbial 
life within oil field waters, we currently do not know if 
these microbial communities are restricted (and there- 
fore specific) in the subterrestrial environment to the 
oil field ecosystem. If this were the case, it would be 
a major breakthrough into the most strategic activity 
in the oil industry, i.e., oil exploration. To recognize 
the hypothetical tracer character of specific bacteria or 
bacterial communities, microbiological investigations 
have to be extended to a very large set of oil reservoirs 
of different characteristics (salinity and temperature), 
and to be compared to that of other deep subsurface 
environments from which oil is absent. The use of the 
most recent molecular techniques applied to microbial 
ecology (e.g., nucleic acid probes, gene amplification, 
cloning and sequencing of 16s rRNA), which have too 
rarely been used so far, would help to constitute such 
an extremely important set of data. 

Note added to proof 

Several descriptions of bacteria from oil reservoirs, 
which improve our knowledge of the biodiversity of 
these ecosystems, have been published after the pre- 
paration of this review. They are briefly summarized 
below. 

Desiilfobiilbus rhnbdoformis, a sulphate-reducing, 
propionate-oxidizing bacterium, has been isolated 
from a water-oil separation system on a North Sea oil 
platform (Lien et al. 1998a). Evidence of anaerobic 
oxidation of o-xylene and m-xylene by novel sulphate- 
reducing bacteria isolated from enrichment cultures 
originating from the water phase of North Sea oil tank 
has been reported by Harms et al. (1999). Lien et 
al. (1998b) isolated Petrotoga mobilis, a thermophilic 
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sulphur- and thiosulphate-reducing heterotroph, from 
a North Sea oil reservoir water sample. Milekhina et 
al. (1998) reported that aerobic Rhodococcus species 
are the main representatives of hydrocarbon-oxidizing 
microbial communities of waterflooded oil fields in 
Tatarstan. It can reasonably be hypothesized that these 
bacteria have been introduced in the reservoir by wa- 
ter injection, as well as Marinobacter aquaeolei, a 
halophilic aerobe, able to grow anaerobically in the 

producing well (Huu et al. 1999). This strain has been 
reported to oxidize hydrocarbons aerobically. Indirect 

chaea has been reported from an upper Devonian oil 
field in Tatarstan, but evidence for its ability to grow 
under in situ conditions needs further investigation 
(Zvyagintseva et al. 1998). 

Leu et al. (1998) investigated four thermo- 
philic enrichment cultures from three different oil 
fields samples using 16s rDNA sequence analysis. 
They found sulphate-reducing Desulfotomaculum- re- 
lated sequences in all samples, and Clostridium-, 
Desulfomicrobium- and Thennoanaerobacter-related 
sequences from a sandstone core. 

8 presence of nitrate and isolated from a Vietnamese oil- 

evidence for the presence of a halophilic aerobic Ar- t 

' 
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