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This study demonstrated the presence of hyperthermophilic organisms in the
upper Jurassic Smackover formation in Womack Hills, AL. Evidence for the presence of
these organisms was shown by the cultivation of an aerobic and an anaerobic, oildegrading hyperthermophilic culture from the cuttings of an oil well in the Jurassic
Smackover at 90˚C. Viability of microorganisms in the formation was established
through electron microscopy, by carbon dioxide production, and by protein production
during incubation in medium at 90˚C. Not only was the presence of viable
microorganisms in the reservoir established, but as a result of this study, new cultivation
methods were also developed that may prove useful in future studies of these types of
organisms.
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CHAPTER I
INTRODUCTION
As the limits of microbiology are probed in efforts to identify and characterize
novel species and products, researchers are showing an increased interest in
microorganisms that live in extreme environments. Hyperthermophiles, microorganisms
that grow above 70˚C, (19) are of particular interest because of their unique traits, such as
high enzymatic rates and the ability to withstand extreme temperatures (10, 7).
Application of these organisms by industry could provide many advantages. For
example, hyperthermophilic enzymes’ high metabolic rates hold potential for use in high
temperature fermentations. Also, studies of the physiologies of these organisms,
including byproducts, could lead to the discovery of new products for potential use in
industry and pharmaceuticals (7). In addition, because the vast majority of microbial
species are not able to survive in extreme heat, the possibility of contamination in an
industrial-hyperthermophilic system is greatly reduced.
Another advantage of hyperthermophiles is the application of hyperthermophiles
to the practice of microbial enhanced oil recovery (MEOR). Oil reservoirs that occur at
high temperatures (above 70˚C) are not suitable for the growth of mesophilic organisms
that have been involved in past MEOR studies (4) in oil reservoirs that occur at ambient
temperatures.
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Microorganisms that grow at higher temperatures are required for the application
of MEOR methods to oil reservoirs at higher temperatures. It has been shown that
hyperthermophiles are present in deep oil reservoirs at higher temperatures. (2, 20, 22,
24) The potential use of oil reservoir-residing hyperthermophiles for MEOR in oil
formations at higher temperatures should be investigated. Studies have been done on the
characterization of oil reservoir – derived hyperthermophiles (2, 12, 20, 22, and 24);
however a review of the literature disclosed no information on the application of these
organisms to MEOR.
The objective of this study was to determine if viable microorganisms exist in the
Upper Jurassic Smackover formation. A further objective was to develop new and
improved methods of cultivation to facilitate investigation of oil-degrading
hyperthermophiles and their potential uses.

CHAPTER II
LITERATURE REVIEW

Hyperthermophiles
Hyperthermophiles are defined as microorganisms that reproduce and grow at
temperatures above 70˚C (21). There are both bacterial and archael hyperthermophiles,
but the vast majority are archael. The archael hyperthermophiles fall under three major
groups. Crenarchaeota includes species that grow at the highest known temperatures.
Korarchaeota includes the species thought to be the oldest living organisms and species
discovered from hot springs. Euryarchaeota includes the methanogenic and halophilic
species (16).
Heat stability of hyperthermophilic cells is accomplished in many ways. A good
example of how heat stability is accomplished is the hyperthermophile Methanopyrus
kandleri. This microorganism’s membranes contain an unsaturated form of side chain
(geranylgeniol) that allows the membranes to function at higher temperatures. The
genomic structures is protected by a reverse gyrase that positively super coils. Common
to all hyperthermophiles is the presence of thermoprotectants and high ionic strengths
that prevent chemical damage from high temperatures. Metal binding, salt-binding posttranslation modifications also contribute to heat stability of hyperthermophiles (15, 16).
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Microbialy Enhanced Oil Recovery
Conventional means of oil recovery generally involves two phases or methods.
When a well is drilled, oil flows out due to pressure followed by pumping. This is known
as primary recovery. Once primary recovery is no longer effective in recovering oil,
methods such as water, CO2, and polymer flooding of the wells may be employed. These
methods are known as secondary recovery methods. When production using secondary
recovery methods becomes uneconomical, the well is then plugged and abandoned.
Additional methods for oil recovery are sought because only an estimated third of the
original oil present is recovered by these conventional methods. A third or tertiary phase
of oil recovery is now being employed in some fields. One of these methods, referred to
as Microbial or Microbially Enhanced Oil Recovery is a tertiary method for oil recovery
and is defined by Momeni and Yen as the “use of microorganisms and their metabolic
products to stimulate oil production in certain candidate reservoirs” (18). Some examples
of this use of microorganisms and their metabolic products include the following: acids
produced by microorganisms can create holes in reservoir bedrock which can enhance
porosity, microbial growth in the form of biomass and polymers can block cavities and
redirect water injection profiles, microorganisms can attach to oil molecules and cause
emulsification of the oil, microbial gas production can replace lost pressure and reduce
viscosity of the oil (18). Researchers have used MEOR to improve secondary water
flooding processes thereby recovering additional oil. This has been shown to result in
significant amounts of additional oil being recovered in tests that have been conducted at
ambient temperatures (3, 9).
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The Presence of Hyperthermophiles in Oil Reservoirs
Researchers characterized hyperthermophilic archael species of North Sea and
Alaskan oil reservoirs in 1993 (22). They reported large numbers of organisms associated
with the production fluids of several reservoirs at 3,000 m below the North Sea and
Alaskan North Slope that grew at 85˚ and 102˚ C. Characterization studies revealed oildegrading capabilities as well as possible conversion of crude oil which was previously
unreported at such temperatures (22). In 1996, workers reported their findings from a
wide-range survey of 36 oil reservoirs from various countries. Many different types of
thermophiles and some hyperthermophiles were isolated, characterized, and organized
into groups based on the salinity of the production water from which they were isolated.
This study portrayed a highly populated deep biosphere (12). Further studies of the
microbiology of high temperature oil formations were done in 2000 using culture based
and molecular methodology (20). Researchers compiled 16S rRNA gene libraries of the
hyperthermophiles they isolated from high temperature oil reservoirs in California. They
found that large numbers of sulfur-utilizing and methane-producing thermophiles and
hyperthermophiles were present (20). Other researchers characterized hyperthermophiles
isolated from the Kubiki Oil Reservoir in Niigata, Japan (2). Evidence was found of
adaptation of the hyperthermophiles to the oil reservoir by developing the capacity to
survive in low nutrient conditions. In 2003, microchip analyses were done in order to
characterize thermophiles and hyperthermophiles in a high temperature reservoir in
Western Siberia, Russia (2). Oligonucleotide microchip analyses of the formation waters
revealed the presence of organisms that were not found through culture and that were
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previously thought not be in this habitat. These findings implied that these
hyperthermophilic members of the Aquificales, Desulfurococcus, and Thermus genera
may be more common than previously thought (2).
Hyperthermophiles in Relationship to Oil Reservoirs and MEOR
Review of the literature reveals that there is little information available on this
subject. One study was found that described the chemical and microbial attributes of the
oil and water produced for the Liaohe Oil Field at 66˚C in China (19). A variety of
thermophilic microorganisms were found that produced byproducts that could be
employed in mesophilic MEOR applications (19). The Liaohe oil field study addresses
only a thermophilic situation. No other literature was found with any mention of actual
studies involving thermophilic or hyperthermophilic organisms and MEOR.

CHAPTER III
MATERIALS AND METHODS

Source of Organisms
Organisms originated from cuttings obtained from a well in South Alabama from
a 90ºC formation at 11,000 feet below the surface.
Source of Oil Used
Crude oil used in this study was obtained from North Blowhorn Creek (23) and
was used as the carbon source for growth. (Oil from Womack oil field was not available
for use at that time.)
Liquid Growth Media
A mineral salts medium (MSM) base was used that consisted of 1g KNO3, 0.38g
K2HPO4, 0.2g MgSO4·7H2O, and 0.05g FeCl3·6 H2O per liter of distilled water. The pH
was adjusted to 7 with a 10% HCl (v/v) solution. Crude oil was filter-sterilized with a
0.22 µm Teflon filter (Fisher Scientific) and served as the carbon source. The atmosphere
of the vial was an anaerobic mixture of 5% hydrogen and 95% nitrogen (Airgas). One ml
of 1% CO2 (Airgas) also was added to the vials.
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Solid Growth Media
A mineral salts medium base (MSM) was used that consisted of 1g KNO3, 0.38g
K2HPO4, 0.2g MgSO4·7H2O, and 0.05g FeCl3·6 H2O per liter of distilled water. The pH
was adjusted to 7 with a 10% HCl (v/v) solution. The MSM was saturated with crude oil
by adding oil to the MSM and stirring for one h. The mixture was placed in a Kimax
globe funnel with stopcock (Fisher Scientific) to allow the excess oil to float to the
surface. The solid medium was made by first adding 7ml of a 5:1 (molar ratio)
CaCl2/NaCl solution and 10ml of a Na2WO4 stock solution to 983 ml of distilled water.
While stirring, 15g of Phytagel gelling agent (Sigma) were added to the liquid. The
medium was boiled, autoclaved, dispensed in 5ml aliquots in small glass petri dishes, and
placed in an anaerobic glove bag overnight after solidification to allow for the diffusion
of oxygen from the medium. Plates were stacked in aluminum soda cans. The tops of the
cans were cut off and vents measuring approximately 0.5 in. were cut down the sides.
The cans with the plates were placed in mason jars. The jars were closed and placed in
the 90˚C oven.
Anaerobic Glove Bag
An anaerobic glove bag (Coy Laboratory Products International, Model AALL-3)
was employed to prepare enrichments and make transfers. The atmosphere of the bag
consisted of a gas mixture of 5% hydrogen and 95% nitrogen (Airgas).
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Culture Vessels
Three different types of culture vessels were employed: 40 ml I-Chem vials with
mini-inert tops, 70ml Wheaton vials, and 10ml Wheaton vials. The Wheaton vials were
stoppered with butyl rubber stoppers and crimp-sealed with aluminum seals. All vessels
and tops were obtained from Fisher Scientific.
Temperature
In deciding a temperature range for testing, several factors were considered. The
definition of a hyperthermophile is an organism that grows at temperatures above 70˚C.
Also, facilities were not available to hold aqueous medium in a liquid phase above 100˚C
since this requires an incubator that operates under pressure. In addition, the origin of the
cuttings is an oil well at 90˚C. Taking these factors into account, 90˚C became the
temperature of focus.
Incubators
Originally the culture vessels were placed in Mason jars in drying ovens at 90˚C.
Later, when the culture vessels were changed to 70ml Wheaton vials, the vials were
placed in cans of sand (to reduce fluctuations in temperatures) and the cans were placed
in the drying ovens. The cans employed were 1-gallon tin paint buckets that contained a
quart size Mason jar, which was surrounded by sand, (hereafter referred to as sand cans)
(see Figure1).
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Figure 1. Sand Can incubation system.

The final incubation method was to place culture vessels in pans of sand in the
drying oven. The pans (hereafter referred to as sand pans) were ceramic-coated metal
pans filled with sand into which the 10 ml Wheaton vials were buried up the neck (see
Figure 2).
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Figure 2. Sand Pan incubation system.

Gas Chromatography
Gas chromatography was performed using a Fisher Gas Partitioner Model 1200
gas chromatograph with dual columns and dual detectors. Carrier gas was helium at a
flow rate of 35ml/min. Column 1 was a 20’x1/8’’ aluminum column packed with 37.5%
DC-200/500 mesh chromosorb P-AW. Column 2 was a 6’x3/16’’ aluminum column
packed with 60/80 mesh molecular sieve, 13x. The temperature of the columns was
100˚C. The temperature of the injector was 65˚C.
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Electron Micrograph
The electron micrograph employed for this study is a Carl Zeiss SMT Inc.
(formerly Leo Electron Microscopy, Inc. [formerly Leica {formerly Cambridge}])
Stereoscan 360 Scanning Electron Microscope (probably best referred to as Cambridge
S360 SEM) with a guaranteed resolution of 25 A, an accelerating voltage of 0.2 to 40 kV,
and a magnification range of 10 to 500,000 X.
Preliminary Work
Other workers in our laboratory set up the original enrichment cultures. The
workers used oil obtained from the Womack oil field (4). Simulated production water
(10g CaCl2, 2.71g MgCl2, 4.57g BaCl2, 1.84g Na2SO4, 147g NaCl, and 50L distilled
water) rather than distilled water was used to make MSM. The cuttings were crushed into
powder and chips under N2. The crushed cuttings were placed in vials containing 7ml
MSM, 7 ml distilled water, and 5ml of Womack oil. Enrichments were prepared under
anaerobic conditions in the glove bag. Enrichments were placed in Mason jars containing
the same atmosphere of the glove bag and sealed. The jars were incubated at 90˚C in a
drying oven for approximately one year.
Inventory of Enrichment Cultures at 90˚C
At the outset, an inventory of all oil cultures in the 90˚C oven was made and 7 jars
of known and unknown origin were randomly labeled 1 through 7. Each jar contained 4-6
vials with Mininert® tops. Acid-fast and Gram stains were performed on samples from
some of the vials but no clear conclusions as to the presence of cells could be made due
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to the minute size of the objects seen under the light microscope. A transfer of each vial
was made in the hope of isolating a pure culture through subculture followed by dilution
to extinction. The materials used to make the transfer were a 1ml inoculum, 1ml Womack
oil, 7ml MSM made with distilled water, and 7ml distilled water. All transfer
components were put into the glove bag overnight to remove dissolved oxygen prior to
use. Transfers were made in the glove bag and were left overnight with the tops loose in
the glove bag. The tops were tightened the following day and the transfers were put into
jars with new seals. The jars were closed in the glove bag and taken to the 90˚C oven for
incubation.
Cultivation Methods
Over a period of approximately five months, the transfers were periodically
examined microscopically using a simple stain with crystal violet and a negative stain
with filtered nigrosin in attempts to find growth. If growth was seen, the culture was
transferred to fresh medium in attempts to isolate a pure culture of the organism. Several
samples were examined at the Mississippi State University Electron Microscope Center
(EM Center). The culture vessels were changed to Wheaton vials that were closed with
butyl rubber stoppers and crimp-sealed with aluminum seals. After a time, the oil was
filtered first through a 0.45 µm Teflon filter, and later with a 0.22µm Teflon filter.
Effect of pH
For the investigation of pH effect, four pH values (4, 5, 6, and 7) were tested. This
experiment was performed in triplicate using three transfer cultures. Culture 2B was an
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aerobic culture and transfers were set up aerobically at the bench. Cultures 3B and 4B
were anaerobic cultures and were set up under anaerobic conditions in the glove bag.
Growth was to be indicated by the production of CO2.
Protein Analysis
Three transfer cultures, 2A, 3B, and 7E, were chosen from the original transfer set
and set up both aerobically and anaerobically. Ten ml vials containing the following: 0.5
ml inoculum, 0.1ml 0.22µm filtered North Blowhorn Creek oil, 0.1 ml CO2, and 4.5 ml
MSM were used and the transfers were carried out in the glove bag. The transfers were
incubated in sand pans at 90˚C. A protein assay was performed on the samples after 11 d
of incubation using the Lowry Method (17). The samples were heated in NaOH for 1 h
prior to the assay to aid in the rupturing of the cell walls.
EM Photography
Two samples, one anaerobic, and one aerobic, were also taken to the EM Center
to look for growth. The samples were prepared for viewing using the second fixation
technique of the EM Center (see Appendix).
A Heat Stable, Solid Medium for Growth
Researchers have been successful cultivating hyperthermophiles in liquid media
(2, 11, 12, 14, 20, 24). This type of growth medium is versatile; liquid media can be used
in ovens, incubators, oil baths, or heating blocks at high temperatures. However, a solid
medium is most commonly used for obtaining pure cultures through the isolation of
colonies grown on solid plates of media (13). In order to achieve pure cultures of
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hyperthermophiles in this manner, a heat stable, solid medium is required. The cultivation
techniques that are presently used to cultivate microorganisms on solid media at ambient
temperatures do not work at high temperatures because the solidification component,
agar, liquefies at higher temperatures. An alternative, heat-stable medium must be
developed in order to isolate pure cultures (21). Researchers have been successful
cultivating some types of hyperthermophiles on solid media (11, 12, and 21). In an
attempt to isolate oil-degrading hyperthermophiles, work was done to develop a medium
that would remain solid at 90˚C and support the growth of oil-degrading
hyperthermophiles cultivated from crude oil.

CHAPTER IV
RESULTS AND DISCUSSION
Cultivation Methods
Initial attempts to cultivate microorganisms over the first five months were
unsuccessful. The transfers made from the original enrichments failed to show any
evidence of growth via staining and viewing under the light microscope. It was thought
that the cells might be too small since some material was seen but could not be definitely
identified as microorganisms. Staining with ninhydrin, which stains living material blue,
was also unsuccessful because the material was too small to decipher color.
Microorganisms could be present, yet undetectable under the light microscope in the
form of ultramicrobacteria (UMBs). UMBs are sometimes referred to as dwarf cells and
filterable bacteria. These cells are viable but measure less than 0.3 µm. If UMBs were
present in the enrichments, it is not unexpected not to see anything at first using the light
microscope because a cell of 0.3 um in length or smaller is at the limit of visibility using
the light microscope. Studies have found these microorganisms to be present in soil and
aquatic biospheres. It is thought that normal cells will shrink to ultra micro-size in
stressful situations such as decreased nutrient availability (8). If hyperthermophiles were
present when the oil reservoirs were forming, then it would seem plausible that over time,
as certain essential nutrients such as nitrogen or phosphate became unavailable, these
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organisms could shrink down to UMB size. In addition, if organisms were present in
UMB form in the enrichments, it may also be that it may take a long time before they are
resuscitated and begin to metabolize in the new environment. Another explanation why
the cells may not be visible could be that the conditions for growth such as pH, OR
potential, osmotic pressure, too many or too little nutrients, or wrong temperature were
employed. Still another factor could be that the organisms present might simply have
extremely long generation times.
An investigation of the assumed lack of growth was made and major changes
were made in the culture conditions employed. It was decided that the vials should be
insulated because the fluctuating temperature of the drying ovens could be affecting
growth of organisms. An insulating sand can was developed for use in the oven (see
Figure 1). Some of the later experiments required a number of vials so a new incubation
system had to be developed to accommodate the large number of vials in the relatively
small drying oven being used for incubation. Smaller vials (10ml) were used to save
space. Sand pans, which were based on the idea of the sand cans, were developed to
insulate the smaller vials in an upright position (Butyl rubber soaks up the oil floating
atop the samples so the vials must be kept upright.) (see Figure 2).
Also, the Mininert® vials failed to maintain the anaerobic atmosphere at the high
temperature. The plastic components that made up the Mininert® top and its valves
became brittle and cracked under constant exposure to the heat of the drying ovens. A
new top closure was needed in place of the Mininert® tops. Thus, the culture vessels
were changed to Wheaton vials that were closed with butyl rubber septa and crimp-sealed

18
with aluminum seals. The rubber septum allowed for going in and out of the vials with
needles and the rubber was found to maintain the anaerobic atmosphere in the vials. Once
the temperature and atmosphere issues were resolved, a new potential problem arose. A
possible source for contamination of the cultures was discovered. The crude oil added to
the vials was not sterile and might contain UMBs. Filtering of the oil was first performed
with a 0.45 µm Teflon filter, which is the conventional-size filter for sterilization of a
liquid. However, after considering the information on the size of a UMB, the filter size
was reduced to 0.22µm. After these adjustments were made, cells were seen when the
transfers were stained.
Effect of pH
Analysis of CO2 production in the vials of the pH experimental units showed
similar patterns for the 4 pHs indicating that the starting pHs of the vials did not have a
significant effect. After 34 d, it was found that the pH of all the vials including the
control vials was ~ 5. Therefore, it was concluded that the initial pH had no effect on
growth. The final pH of 5 suggests that the microorganisms may have adjusted to pH 5.
Although a small amount of CO2 was produced in all three cultures, aerobic Culture 2B
initially showed more CO2 production than the anaerobic cultures 3B and 4B. This could
be because of oxygen in the aerobic vials. The presence of oxygen may have catalyzed a
non-cellular reaction for the production of CO2. As time went on, aerobic Culture 2B
displayed a loss in CO2. It is known that the tops did not leak, for if they did, then the
other cultures would likewise have shown a loss of CO2. The conclusion is drawn that
CO2 was consumed in the aerobic Culture 2B vial. The loss of CO2 in the aerobic vials
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was interpreted as aerobic microbial consumption. It should also be noted that at pH 7,
anaerobic culture 3B showed a more than three-fold increase in CO2 suggesting anaerobic
microbial activity (see Figures 3, 4, 5, 6).
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Figure 3. Amount of CO2 produced by cultures in pH 4 medium.
Aerobic Culture 2B is denoted by a , Anaerobic Culture 3B is denoted by a , and
Anaerobic Culture 4B is denoted by a .
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Figure 4. Amount of CO2 produced by cultures in pH 5 medium.
Aerobic Culture 2B is denoted by a , Anaerobic Culture 3B is denoted by a , and
Anaerobic Culture 4B is denoted by a .
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Figure 5. Amount of CO2 produced by cultures in pH 6 medium.
Aerobic Culture 2B is denoted by a , Anaerobic Culture 3B is denoted by a , and
Anaerobic Culture 4B is denoted by a .

23
pH 7

Amount of carbon dioxide in vial (ul)

150

125

100

75

50

25

0
0

2

4

6

8

10

12

14

16

18

20

22

24

26

28

30

Time (d)

Figure 6. Amount of CO2 produced by cultures in pH 7 medium.
Aerobic Culture 2B is denoted by a , Anaerobic Culture 3B is denoted by a , and
Anaerobic Culture 4B is denoted by a .

In this experiment, growth was monitored via CO2 production using a gas
chromatograph. As may be seen, all cultures produced CO2 (see Figures 3, 4, 5, and 6)
and the aerobic cultures also demonstrated CO2 utilization.
Protein Analysis
It was decided that a protein assay might yield additional information regarding
biological growth and differences between the aerobic and anaerobic set up. In the
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protein assay results, the anaerobic samples showed greater concentrations of proteins
than did the aerobic samples (see Table 1).

Table 1. Absorbencies for Aerobic and Anaerobic Samples and Controls
Sample

Absorbency (590 nm)

Absorbency (590 nm)

Aerobic:

Anaerobic:

2A

0.068

0.071

3B

0.061

0.107

7E

0.096

0.099

This information when paired with the data from the pH experiment (see Figures
3, 4, 5, and 6) gives further evidence that organisms are present and growing in the
culture vessels. The pH data show a greater production of CO2 by the aerobic than by the
two anaerobic cultures. This might initially suggest higher numbers of aerobes but
protein analyses seems to indicate the opposite. The results of the protein analyses when
paired with the data from the pH experiment seem to suggest greater metabolic activity
by the aerobes, which is normally the case. The presence of anaerobes is significant in
terms of MEOR application, since the oil formations are all anaerobic. The presence of
both aerobes and anaerobes are significant in terms of a potential source of
hyperthermophiles for potential exploitation by industry.
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While it may seem strange to find aerobic organisms in the strictly anaerobic
environment of a deep oil reservoir, Azadpour demonstrated that 10% of the cultures she
recovered from oil reservoirs were strict aerobes (1).
EM Photography
Two samples, one anaerobic, and one aerobic, were examined for growth using
the electron microscope. Growth was seen in the anaerobic sample in the form of rods
measuring just under a micron in length. The cells were attached to molecules presumed
to be oil. Very few cells were isolated and it is thought that these cells were pulled from
oil molecules during the fixation process that includes many centrifuging and mixing
steps (see Figures 7, 8, and 9).
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Figure 7. Picture of rods attached to oil molecule from anaerobic sample 3B at 6,300X.
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Figure 8. Rare, large grouping of cells in anaerobic sample 3B at 5,220X.
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Figure 9. Close up of rod in anaerobic sample 3B at 47,800X.

29
A Solid Medium for Growth
In trying to prepare a solid medium for incubation at 90°C using Phytagel®, it
took a considerable amount of time to find the right concentration of materials for a
smooth, solid medium. If too many ions were added, cracks formed in the medium. If too
few ions were added, the medium was too soft for streaking. It is also imperative at high
temperatures to have the plates in a closed system because of rapid water loss, which will
also cause cracking because loss of water results in higher concentration of ions. After
many attempts, a recipe was developed for a solid medium that remained solid for
approximately one month at temperatures up to 85˚C; however no growth was ever seen
after inoculation with enrichment cultures. This suggests that the medium composition
was not conducive for colony development. Even if a solid medium is nutritionally the
same as the liquid medium, it has been shown that some microorganisms will not grow
on a solid medium with the same nutrient content as the liquid medium (6).
It also should be mentioned that an Eppendorf Thermostat Plus unit (Brinkmann)
was also employed in addition to the ovens as a heating unit option for the solid medium.
The machine, although advertised as a continuous heating unit, held temperature for
approximately two weeks then shorted out. Upon repair, the unit held constant
temperature for another two weeks then shorted out. The author does not recommend
employment of this equipment for use as a continuous heating source

CHAPTER V
CONCLUSIONS

The motivation for carrying out this study was as a part of a United States
Department of Energy funded project to evaluate a new MEOR technology for the same
type of reservoir as the Upper Jurassic Smackover formation. The method involves
microbial conversion of ethanol to acetic acid for the purpose of increasing porosity and
permeability of the reservoir. In order to use this technology, in situ microorganisms must
be present that will convert ethanol to acetic acid at the temperature of the reservoir 90˚C. The object of this study was to determine if viable microorganisms exist in the
Upper Jurassic Smackover formation.
The methods of cultivation developed in this study were successful in cultivating
both aerobic and anaerobic hyperthermophiles thus showing that such microorganisms
are indeed present. Any organisms present in the transfer cultures would be
hyperthermophilic because after a number of transfers it would seem unlikely that any
mesophilic organisms would remain. Thus, the transfers provided mathematical
elimination of mesophiles through series of dilutions. In addition, because the medium
used was sterile, the microorganisms could only have come from the original inoculum.
At first, no cells were observed under the light microscope. In all probability the
cells were always present in the form of UMBs. As discussed earlier, it is thought that
normal cells will shrink to ultra micro-size in stressful situations such as decreased
30
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nutrient availability and in the presence of nutrients these cells will grow to a larger size.
Thus, when exposed to a nutrient rich environment, the cells grew to a larger size.
A further objective was to develop new and improved methods of cultivation to
facilitate investigation of oil-degrading hyperthermophiles and their potential uses. This
study demonstrates the use of new methodology for the culture of oil-degrading
hyperthermophiles, which may enable further investigations of these organisms. Further
investigations of hyperthermophiles and their physiologies could lead to many
advantages for industries including the oil industry through the application of these
organisms to MEOR technologies like the technology that prompted this study.
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APPENDIX
SUGGESTED GENERAL PROTOCOL #2, CULTURES AND BIOFILMS
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Suggested General Protocol #2, Cultures/Biofilms

Pre-1. Rinse in phosphate-buffered saline (PBS) without magnesium and calcium for 10
min, two changes, five min each. {If necessary}
1. In laboratory fume hood, fix specimens in 2.5% glutaraldehyde in 0.1 M potassium
phosphate buffer, at room temperature, for two h.
Rinse in buffer (0.1 M phosphate, pH 7.2) for one h, changes at 15-min intervals.
2. Osmicate specimens in 2% OsO4 in 0.1 M phosphate buffer (pH 7.2) at room
temperature for ~ two h.
3. Rinse specimens in buffer, three changes, five min each.
4. Dehydrate in ethanol, 10 min per step: 35%, 50%, 70%, and 95%.
5. Continue dehydration: 100% for one h, changes at min intervals.
6. Change to HMDS (hexamethyldisilazane), two changes, 10 min each.
7. Air-dry specimens.
8. Store dried specimens in desiccating cabinet.
9. Attach specimens to clean aluminum stubs with either carbon tape or silver paste.
10. Sputter coat stubs with gold-palladium in Polaron E5100 sputter coater for one min.
11. Examine and photograph coated specimens in SEM.

