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Soil contamination by gasoline underground storage tanks is a critical

environmental problem. The results herein show that in situ bioremediation

using indigenous soil microorganisms is the method of choice. Five sites were

selected for bioremediation based on the levels of benzene, toluene,

ethylbenzene and xylene and the amount of total petroleum hydrocarbons in the

soil. Bacteria capable of degrading these contaminants were selected from the

contaminated sites and grown in 1,200 I mass cultures. These were added to

the soil together with nutrients, water and air via PVC pipes. In the five trials

described, the concentration of contaminants fell below the limits acceptable to

the EPA within 60 days and the sites were accepted as decontaminated by the

Texas Natural Resources and Conservation Commission. Twenty bacterial

strains isolated from the contaminated soils were shown to selectively degrade

benzene and the other toxic substances. The metabolic strategies of these

bacteria were the same as those previously studied by other investigators.

These microorganisms were also able to degrade hydrocarbons in the presence

of other carbon sources such as glucose and those normally found in the soil.

Sixty percent of the organisms studied degraded methyl-ter-butyl-ether probably



by the process of co-metabolism. Previous reports claimed that this substance

was extremely resistant to bacterial attack. It was also found that 28 % of the

bacteria contained plasmids. To test the role of plasmids on degradation, a

gene probe for xyIE from the plasmid pDK189 was constructed. It was shown

that this gene, which encodes for catechol 2,3 oxygenase, was present in the

chromosome of one organism but not in the DNA of the plasmids isolated. It is

assumed that this work will serve as a basis for further research.



ACKNOWLEDGEMENT

I owe multiple debts of gratitude to more individuals and academic
institutions than those I can name here. These begin with Aracely Davila,
Director of Chemical Sciences at the Universidad Aut6noma de Chihuahua and
end with my doctoral committee in the Department of Biological Sciences at the
University of North Texas.

I am most grateful to the Universidad Aut6noma de Chihuahua for their
most generous financial support, for their continuing encouragement, and for
their generosity in granting me leave from my teaching duties. My most sincere
gratitude is owed to The Latin American Professors Program, College of Arts
and Sciences, The University of North Texas, for making my studies possible.
At a time when I was beginning to resign myself to the fact that my dreams for
the doctorate in microbiology may not be realized, I received the invitation that
made all the rest possible.

In this regard, I wish to give special thanks to Professor G. Roland Vela
Mtzquiz who not only initiated this program, but decided to take the risk of
accepting me as his graduate student. The time and dedication he spent in my
education are deeply appreciated.

To the members of my doctoral committee, Professors T. L. Beitinger, R.
C. Benjamin, S. J. Norton, M. S. Shanley and M. Acevedo I owe heartfelt
gratitude for sharing with me the accumulated experience and wisdom of their
careers in their respective sciences. I also wish to acknowledge the value of
the classes I had with Professors G. A. O'Donovan and D. A. Kunz. The
constant attention of these professors to my academic and intellectual needs
made my professional development not only a possibility but also a most
satisfying growth experience.

Finally, my studies would not have been successful without the special
love, patience and moral support provided by my husband, Jesus Reno Luna
H., and the love I have always receive from my brother Gerardo and my
parents, Ma. Cristina M. de Nevarez and Doroteo Nevarez R.

i



TABLE OF CONTENTS

Page

LIST O F TA B LES ........................................................................................ iv

LIST O F ILLUSTRATIO NS.......................................................................... v

Chapter

1. INTRO DU CTIO N ...................................................................................

1.1 Petroleum and its derivates
1.1.1 Historical background
1.1.2 Petroleum exploitation and production
1.1.3 Petroleum products

1.2 Relationship of microorganisms to petroleum
1.2.1 Development of petroleum microbiology
1.2.2 Degradation of hydrocarbons by microorganisms
1.2.3 Microorganisms involved in the degradation of petroleum

and petroleum products
1.2.4 The role of plasmids in hydrocarbon degradation

1.3 Fate of petroleum in the environment
1.3.1 Contamination of the marine environment and freshwater

by petroleum products
1.3.2 Contamination of soil by petroleum and petroleum products
1.3.3 Underground water contamination
1.3.4 Soil and water contaminated by underground storage tanks

1.4 Bioremediation
1.4.1 Bioremediation of marine oil spills
1.4.2 Bioremediation of soil and groundwater
1.4.3 Soil factors affecting biodegradation
1.4.4 The use of genetically modified organisms on bioremediation
1.4.5 Adverse effects

ii



1.5 Purpose of this project

MATERIALS AND M ETHODS...................................................................... 76

2.1 Bioremediation of sites contaminated with gasoline

2.2 Degradation of hydrocarbons by bacteria

2.3 Plasmid isolation

2.4 Relationship between plasmids and hydrocarbon degradation

R E S ULT S .................................................................................................. 107

3.1 Bioremediation of sites contaminated with gasoline

3.2 Gasoline degrading bacteria

3.3 Plasmids in hydrocarbon degrading bacteria

3.4 Relationship between plasmids and hydrocarbon degradation

D ISCU SS IO N ................. .... ........................... ... ....... 204

REFERENCES ........................................ .... .......................................... 222

iii



LIST OF TABLES

Page

1. Analytical results for site LPST 96371. 111

2. Analytical results for site LPST 96707. 117

3. Analytical results for site LPST 98596. 122

4. Analytical results for site LPST 102141. 128

5. Analytical results for site LPST 102764. 134

6. Bacterial enrichment batch cultures produced for 135

bioremediation of sites contaminated with gasoline.

7. Identification of gasoline degrading bacteria by the BiologTM 137

system.

8. Degradation of aromatic hydrocarbons from petroleum by 179

soil bacteria.

9. Degradation of BTEX-MTBE in the presence of glucose in 191

M9 gasoline medium.

10. Plasmid DNA isolation from gasoline degrading bacteria. 194

iv



LIST OF ILLUSTRATIONS

Page

1. Assimilation and dissimilation of methane and other C1 20

compounds by methylotrophs.

2. Microbial degradation of n-alkanes. 25

3. Degradation of aromatic compounds to catechol and 28

protocatechuate.

4. Degradation of catechol by meta-cleavage and ortho- 31

cleavage metabolic pathways.

5. Schematic diagram of the subsurface environment 48

and four phases of contamination from leaking underground

storage tank.

6. Bioremediation project installation. 83

7. M9 gasoline medium preparation and inoculation with 93

hydrocarbon degrading bacteria for degradation analysis.

8. LPST 96317 site description. General characteristics of the 109

site and sampling points.

9. LPST 96707 site description. General characteristics of the 115

site and sampling points.

10. LPST 98596 site description. General characteristics of the 121

site and sampling points.

v



11. Description of site and set up for landfarming and 121

bioremediation of soil. LPST 98596.

12. LPST 102141 site description. General characteristics of the 126

site and sampling points.

13. LPST 102764 site description. General characteristics of the 132

site and sampling points.

14. Analysis of gasoline volatile aromatic compounds by 139

gas chromatography of M9 + gasoline medium (Control)

and M9 + gasoline medium inoculated with Pseudomonas

resinovorans (N1 S1).

15. Analysis of gasoline volatile aromatic compounds by 141

gas chromatography of M9 + gasoline medium (Control)

and M9 + gasoline medium inoculated with Pseudomonas

putida (N5S1).

16. Analysis of gasoline volatile aromatic compounds by 143

gas chromatography of M9 + gasoline medium (Control)

and M9 + gasoline medium inoculated with Pseudomonas

putida Type Al (N4S2).

17. Analysis of gasoline volatile aromatic compounds by 145

gas chromatography of M9 + gasoline medium (Control)

and M9 + gasoline medium inoculated with Pseudomonas

fulva (N2S2).

18. Analysis of gasoline volatile aromatic compounds by 147

gas chromatography of M9 + gasoline medium (Control)

vi



and M9 + gasoline medium inoculated with Pseudomonas

putida Type Al (N5S5).

19. Analysis of gasoline volatile aromatic compounds by 149

gas chromatography of M9 + gasoline medium (Control)

and M9 + gasoline medium inoculated with Pseudomonas

putida Type Al (N8S5).

20. Analysis of gasoline volatile aromatic compounds by 151

gas chromatography of M9 + gasoline medium (Control)

and M9 + gasoline medium inoculated with Ochrobactrum

anthropi (NIS6).

21. Analysis of gasoline volatile aromatic compounds by 153

gas chromatography of M9 + gasoline medium (Control)

and M9 + gasoline medium inoculated with Pseudomonas

aeruginosa (N3S6).

22. Analysis of gasoline volatile aromatic compounds by 155

gas chromatography of M9 + gasoline medium (Control)

and M9 + gasoline medium inoculated with Pseudomonas

fulva (N1S7).

23. Analysis of gasoline volatile aromatic compounds by 157

gas chromatography of M9 + gasoline medium (Control)

and M9 + gasoline medium inoculated with Burkholderia

solanacearum (N2S7).

24. Analysis of gasoline volatile aromatic compounds by 159

gas chromatography of M9 + gasoline medium (Control)

vii



and M9 + gasoline medium inoculated with CDC Ill - I (N5S7).

25. Analysis of gasoline volatile aromatic compounds by 161

gas chromatography of M9 + gasoline medium (Control)

and M9 + gasoline medium inoculated with Pseudomonas

aeruginosa (N6S8).

26. Analysis of gasoline volatile aromatic compounds by 163

gas chromatography of M9 + gasoline medium (Control)

and M9 + gasoline medium inoculated with Pseudomonas

aeruginosa (Sc 12).

27. Analysis of gasoline volatile aromatic compounds by 165

gas chromatography of M9 + gasoline medium (Control)

and M9 + gasoline medium inoculated with Pseudomonas

aeruginosa (N2S9).

28. Analysis of gasoline volatile aromatic compounds by 167

gas chromatography of M9 + gasoline medium (Control)

and M9 + gasoline medium inoculated with Pseudomonas

putida Type Al (N2S10).

29. Analysis of gasoline volatile aromatic compounds by 169

gas chromatography of M9 + gasoline medium (Control)

and M9 + gasoline medium inoculated with Serratia

marcescens (N7S10).

30. Analysis of gasoline volatile aromatic compounds by 171

gas chromatography of M9 + gasoline medium (Control)

and M9 + gasoline medium inoculated with Bacillus sp. (SD1).

viii



31. Analysis of gasoline volatile aromatic compounds by 173

gas chromatography of M9 + gasoline medium (Control)

and M9 + gasoline medium inoculated with Acinetobacter

calcoaceticus (Sc 5).

32. Analysis of gasoline volatile aromatic compounds by 175

gas chromatography of M9 + gasoline medium (Control)

and M9 + gasoline medium inoculated with Pseudomonas

aeruginosa (Sc 7).

33. Analysis of gasoline volatile aromatic compounds by 177

gas chromatography of M9 + gasoline medium (Control)

and M9 + gasoline medium inoculated with Enterobacter

gergoviae (Sc 15).

34. Degradation of hydrocarbons by Pseudomonas putida Al 184

(N5S1) in M9 gasoline medium supplemented with

glucose.

35. Degradation of hydrocarbons by Pseudomonas fulva 186

(N2S2) in M9 gasoline medium supplemented with

glucose.

36. Degradation of hydrocarbons by Pseudomonas putida Al 188

(N2S10) in M9 gasoline medium supplemented with

glucose.

37. Isolation of plasmids from hydrocarbon degrading bacteria 195

by the alkaline lysis method.

ix



38. Isolation of plasmids from hydrocarbon degrading bacteria 197

by the method of Kado & Liu.

39. Isolation of plasmids from hydrocarbon degrading bacteria 199

by the method described by Crossa.

40. Hybridization of plasmid and chromosomal DNA from 201

hydrocarbon degrading bacteria with a radiolabeled molecular

probe obtained by using pBK189 (xyITE fragment in pUC19

vector) as template.

x



CHAPTER I

INTRODUCTION

1.1. Petroleum and its derivatives.

1.1.1 Historical background.

Origin of petroleum. Petroleum is a complex mixture of hydrocarbons,

especially olefinic and aromatic compounds. The mixture also contains a few

oxygen and sulfur containing compounds. Petroleum is found in large

quantities below the surface of the earth and is used as a starting material for

fuels and as a raw material in the chemical industry as well as in other, related

industries.

Active interest in the way in which petroleum accumulates in the earth

dates from the beginning of the nineteenth century. The first hypotheses held

that petroleum had an exclusive inorganic origin (Beerstecher, 1954). Later

ideas stated that petroleum had originated from the degradation of organic

matter, especially plants. Among the arguments supporting an organic origin

for petroleum, are the presence of optically active compounds, the presence of

1
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porphyrins of both animal and plant origin, and the odd-even distribution of n-

alkanes (Beerstecher, 1954; Robinson, 1966).

Robinson (1966) proposed that the origin of petroleum was not only

biotic, but also abiotic, and that some of the compounds present could have

resulted from the modification of organic or inorganic molecules under

hydrogenating conditions. Today's accepted ideas on the origin of petroleum

state that it is formed under the earth's surface by decomposition of organic

matter trapped in sedimentary basins. According to this hypothesis, organic

matter enters the system as biological macromolecules, such as proteins,

nucleic acids, carbohydrates, and lipids. These compounds undergo a general

degradation and polymerization process during which an addition and

subtraction of functional groups occurs (Hodgson, 1971). Hydrocarbon

compounds generated in this way travel along fractures and fissures in the

earth's crust and are finally trapped in impermeable pools and layers deep

underground. The majority of the petroleum that exists today originated by this

process (Hitchon, 1971) during the Precambrian period (Beerstecher, 1954)

some 800 million years ago.

Use of petroleum by human beings. The use of petroleum by human

beings dates to the pre-Christian era when it was used as a medicine and also

burned as a fuel for light. The earliest known use is probably in the production

of asphalt mortar. Buildings erected over 6,000 years ago in present day Iraq
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were waterproofed with asphalt mortar. It was also used as a waterproofing

agent for baths and boats, as a cement in pottery and mosaics, and as a paint

(Purdy, 1958). During these early days, asphalt was also obtained from many

different sources. Normally it was derived from petroleum but it was also found

in natural deposits in soil or water. For example, it is recorded that certain

areas of the Black Sea would seem to boil and the natives would gather in

anticipation of the asphalt that they knew would soon be appeared in large,

floating masses (Sittig, 1974).

The Bible has a number of references to petroleum. Greek and Roman

civilizations knew of the uses of petroleum as well. Oil was used as a

combustible to fight enemies, either by pouring the oil on the sea and igniting it

or by coating animals or other objects with oil and sending them burning into

their enemies' barracks and fortifications (Purdy, 1958). Pliny, the first century

Roman historian, reported the use of oil in the lamps of the temple of Jupiter

(Beerstecher, 1954).

In ancient Japan and China, wells were drilled to recover small quantities

of petroleum (Beerstecher, 1954). The use of methane as a heating gas and

petroleum for the production of light was well known in Japan some 2,000 years

ago. The gas was conducted from wells to temples and homes by bamboo

pipes and the amount regulated by the diameter of the pipes (Purdy, 1958).

In Pre-Colombian America, the Incas used asphalt as a waterproofing

agent in construction, in pottery used to preserve alcoholic beverages, and to
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embalm the dead. In North America, natives used oil as war paint, to soften

leather and for medicinal purposes (Purdy, 1958).

By the time of the Renaissance in Europe, soil surface deposits were

being gathered and distilled to obtain lubricants and medicinal products. During

the early 1800's petroleum was of little commercial interest, because whale oil

was used for illuminating oil. By the middle of the century, the whale oil supply

was substantially diminished, and scientists looked for an alternative source of

fuel for illumination purposes. The search for a better lamp fuel led to a great

demand for "rock oil" and various processes were developed for its commercial

use. The quest for greater supplies of crude oil started, and in 1859 E. L.

Drake completed the first well drilled in the United States. This event marked

the beginning of "Black Gold Fever" (Beerstecher, 1954; Purdy, 1958) and its

end is not yet in sight. The Industrial Revolution created the necessity for large

quantities of fuel to generate heat and mechanical motion (Purdy, 1958).

At the beginning of the present century, the use of petroleum as a

combustible fuel for mechanized transportation increased greatly. Important

discoveries in chemical engineering resulted in the creation of refining

processes that promoted the optimization of the use of petroleum derivatives.

The petroleum industry was able to process raw materials into new products

including gasoline, kerosene, bunker oil and many other fuels. A great variety

of volatile substances such as benzene, xylene, toluene and polycyclic

compounds gave rise to a large and varied family of commodity chemicals.
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Complex molecules, many useful as dyes were also found in crude oil and

these gave rise to a substantial dye industry in Germany which eventually

resulted in the production of the "sulfa drugs." These were the first effective

agents in the chemical control of infection in human beings. Much of the

modern plastics industry is also based on chemicals obtained from crude oil.

An important advance in the exploitation of the "black gold" was the

development of better techniques for drilling oil wells. This eventually caused

the price of petroleum to fall drastically by the late 1940s (Davis, 1967). During

World War II, the amount of fuel shipped to the war zone for American troops

was many time greater than the amount of food and other supplies

(NAVEDTRA, 1977). By this time, petroleum was used in almost every aspect

of the industrial world including consideration of its use as an agricultural

fertilizer (Baldwin, 1922; ZoBell, 1946).

1.1.2. Petroleum exploitation and production

Oil exploration. In order to find crude oil underground, geologists must

search for a sedimentary basin in which shales rich in organic material have

been buried for a sufficiently long time for petroleum to have formed.

Petroleum geologists and other explorers have many tools to assist them in

identifying potential areas for drilling. Surface mapping of sedimentary rock

beds makes possible the interpretation of subsurface features. Surface
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indicators of geologic structures exit where formations are exposed, like banks

of rivers and sides of cliffs. The surface information is supplemented with data

obtained by drilling into the crust and retrieving cores or samples of rock layers

(NAVEDTRA, 1977).

Sophisticated seismic techniques, reveal details of the structure and

interrelationship of various layers in the subsurface. The techniques include the

reflection and refraction of sound waves propagated through the earth. Such

waves are generally caused by dynamite explosions at strategic locations. The

use of the gravimeter, a sensitive instrument that measures the earth's gravity,

and the magnometer, which measures the earth's magnetic field are among the

latest technologies employed. However, the only way to prove that oil is

present is to drill a well. An oil well is usually part of an oil field, i.e., a deposit

is composed of more than one reservoir, and several reservoirs may be stacked

one above the other isolated by intervening shales and impervious rock strata.

Most of the oil that has been discovered and exploited in the world has been

found in a relatively few large reservoirs (Purdy, 1958; NAVEDTRA, 1977). The

major fields are found in Texas-Oklahoma, Saudi Arabia, Alaska, Russia, the

North Sea, Venezuela and Southern Mexico.

Drilling technology. After the site for a potential well is selected, the

drilling approach must be well planned. Most oil wells in the U.S. are drilled by

the rotary drill method described in a British patent of 1844 assigned to R.

Beart. The basic operation consists of rotating a bit against rock. The bit
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grinds or chips the rock, and the pulverized rock is continuously washed

upwards out of the drill hole by a stream of water or thin "drilling mud." The bit

on a rotary drill rig is screwed into a thick walled pipe fitted with a drill collar.

The purpose of the collar is to supply weight to the bit. This structure is

connected to the drill pipe which is supported by a derrick. Many sections of

pipes are screwed one into the other at their ends to form a "string." This is

rotated by the rotating table on the derrick floor (Purdy, 1958; NAVEDTRA

1977) and guided by tilting and otherwise affecting the direction in which the

drill moves. This process is so well understood by drillers that a drill several

thousand meters under the surface of the ground can be "slanted" and sent

hundred of meters away from the vertical line.

Often petroleum is under pressure from air, gas, water or just from the

weight of the rock and soil column above it. When a well bore is drilled into a

pressurized accumulation of oil, the oil explodes through the drill hole and up to

the earth's surface. This expansion, together with the dilution of the column of

oil by gas solubilized into the petroleum liquid, results in the "gusher" well. As

fluid withdrawal continues from the reservoir, the pressure within the reservoir

and the flow rate in the well bore decreases. When the pressure becomes

equal to the atmospheric pressure of the surface, oil ceases to flow to the

surface of its own accord. A pump must then be installed to force residual oil

out of the well in order to continue production. The production obtained in this

way is known as primary production.
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As primary production approaches its economic limit, approximately 75

percent of the crude oil in the deposit remains in the reservoir. The oil industry

has developed supplemental schemes, known as enhanced oil recovery

technology or secondary recovery, to increase the recovery of petroleum. Such

recovery, however, can only be accomplished at additional cost. This is most

often accomplished by supplying extraneous energy to the reservoir.

Secondary recovery methods usually consist of forcing water, gas, air, solvents,

or steam in the well to drive the oil from the reservoir into the well bore

(NAVEDTRA, 1977) and then to the surface. The cost may be high in that

some wells may be 1,000 to 4,000 m in depth. The price demanded for this oil

is determined by the cost and effort expended in the recovery procedure

(Purdy, 1958).

Transport. Crude oil comes from the ground, as a mixture with gases

and water. Before it can be placed in field storage tanks, the mixture is passed

through a separator which separates the oil from gas and water. The gas is

sold for commercial use, vented to the air and flared, or returned to the

producing formation through injection wells. The oil is stored in tanks until it is

transported to the refinery. Crude petroleum and petroleum products are

transported by tank cars, marine tankers, pipelines, or trucks. Choice of

transportation depends solely on economic criteria (Purdy, 1958).
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a) Tankers. This is the cheapest method of transportation. The tanker is

a ship compartmentalized and specially constructed to carry oil. The oil is

carried in the middle and forward sections of the ship. The pumps necessary

for loading and unloading operations are located near the engine room which is

in the forward part of the ship (NAVEDTRA, 1977). Ships so constructed are

capable of operating independently of shore installations and easily

distinguished from those that carry no pumping capacity. Ships of both classes

are capable of carrying more than 200,000 tons of crude oil and ply all the seas

and other water courses of the planet.

b) Pipeline. For protection, pipelines are usually laid from 40 to 90 cm

underground. Unless there is a continuous slope, oil will not flow through

pipelines without mechanical help. Pumping stations are installed at intervals

on the line. Pipes are generally 30 to 60 cm in diameter and may run for many

hundreds or thousands of kilometers. They often empty into marine oil tankers

for overseas transport or receive oil from tankers for overland transport. They

are more than just a metal tube. Pipelines are normally coated with a coal tar

base enamel in order to reduce friction, wrapped with a protective material to

reduce corrosion and provided with cathodic protection to diminish erosion.

Pipelines may be buried in concrete beds, laid on the surface of the ground, or

suspended from ground moorings. They may lie on the surface of fresh water

bodies such as lakes or rivers or laid in the ocean. In Alaska, they lie in snow

and ice formations. Pipelines may also be laid on the ocean floor with coupling
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devices on the surface making it possible for tankers to load and discharge

without having to enter port facilities (NAVEDTRA, 1977).

c) Tank cars. Tank cars are used primarily for land transportation of

finished products. A tank car is a cylindrical metal tank mounted on a rail car

underframe. The undercarriage is fit with axles and wheels that run on rails

(NAVEDTRA, 1977). Most tank cars hold up to 120,000 liters and can transport

petroleum products to every corner of the world.

1.1.3. Petroleum products.

The basic refining process is carried out in a distillation unit. Crude oil

begins to vaporize at a temperature lower than 100 0C. The first material to be

distilled from crude oil is the gasoline fraction, followed in turn by naphtha,

kerosene, and pitch (residue at bottom of distillation tower). From the different

fractions, a variety of products can be obtained, such as lubricating oils,

greases, waxes, asphalt, gasoline, jet fuel, diesel fuel, natural gas, etc. (Purdy,

1958; Goodger, 1975). Because of the scope of this work, the only petroleum

product further reviewed will be gasoline.

Gasoline. Gasoline is a mixture of the lighter liquid hydrocarbons used

chiefly as a fuel for internal combustion engines. It is produced by the

fractional distillation of petroleum, by condensation from natural gas, by thermal
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or catalytic decomposition of petroleum or its fractions, by the hydrogenation of

producer gas or coal, or by polymerization of hydrocarbons of lower molecular

weight (NAVEDTRA, 1977).

The range of temperatures in which gasoline boils and is distilled is

between 38 and 305 0C. The yield of gasoline from direct distillation of crude

oil can be up to 50 percent of the starting material, depending on the quality of

the petroleum. For use in high compression engines, gasoline must burn

evenly and completely to prevent engine "knocking" or premature firing.

"Antiknock" characteristics of gasoline determine the efficiency with which it

burns. This quality is depicted by its octane number, i.e., the ratio of short to

long hydrocarbon molecules. Any gasoline can be further improved by the

addition of such substances as tetraethyl lead, tetramethyl lead (Purdy, 1958),

tertiary butyl alcohol, ethyl ter-butyl ether or methyl ter-butyl ether (Ramirez,

1987).

Since it was demonstrated that the emission of lead from gasoline

combustion engines was dangerous to living beings, its use was severely

curtailed in most industrialized nations. Subsequent to this, research on new

ways to improve the knocking characteristics of gasoline with other additives

were intensified. Among the detrimental effects of lead in human beings is high

blood pressure and increase of cardiovascular diseases. Low levels of lead in

the blood have been shown to cause a reduction in the heme moiety of the

erythropoietic system. Other data indicate that low blood levels of lead may
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also be carcinogenic (Lippmann, 1990; Page & Chang, 1993). In children,

prenatal and early childhood exposure to lead causes problems in physical and

neurobehavioral development. Low levels of lead in the blood may also

contribute to attention defects, distractibility, and low intelligence quotient scores

(Schwartz, 1994). Low lead and unleaded gasolines were introduced in the

early 1970s as a result of increased concern with the public health.

Another problem associated with the combustion in gasoline engines is

due to incomplete combustion. After 1975, all new automobiles in the United

States were equipped with catalytic converters to reduce engine emission of

hydrocarbon pollutants. The Clean Air Act of 1990 (U. S., 1990) required oil

companies to develop cleaner gasoline, i.e., less sulfur and nitrous compounds

with a higher oxygen content for use in polluted communities throughout the

United States.

Oil companies started testing different gasoline additives that would take

the place of tetraethyl lead in the early 1990s. These included ter-butyl alcohol

(TBA), methanol and methyl ter-butyl ether (MTBE). The compound that could

best meet the octane requirements was methyl ter-butyl ether. Demand for this

product increased in an explosive manner (Ramirez, 1987) as the old tetraethyl

lead gasolines were removed from gasoline filling stations by government

action. An important factor in favor of the use of MTBE was the finding

reported by Anderson (1993) regarding the safety of its use as a gasoline

additive for internal combustion engines. In some metropolitan areas, MTBE is
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required at a concentration of approximately 12 % (v/v) of the gasoline volume

(Hartle, 1993).

1.2 Relationship of microorganisms and petroleum

1.2.1 Development of petroleum microbiology

The statement that microorganisms can utilize a particular substance

implies that the substance is of some value to the particular organism.

Microorganisms utilize hydrocarbons to obtain energy and carbon molecules for

their life processes including growth, maintenance and motility. Although

microbial utilization of hydrocarbons was first observed in the early 1900s, no

systematic studies were conducted until 1906. Microbial oxidation of

hydrocarbons was reported by Kaserer (1906) and S5hngen (1906),

independently. Their results on the bacterial utilization of methane were

revisited by ZoBell in 1946. By 1950, studies regarding the bacterial utilization

of petroleum hydrocarbons were well established in the microbiological literature

(Baldwin, 1922; Lipman & Greenberg, 1932; ZoBell, 1946). Because of the

increased importance of the petroleum industry, the following decades saw an

increase in the number of studies that described the relationships between

microorganisms and petroleum (Bushnell & Hass, 1941; Stone et al., 1942).
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During the 15 years between 1926 and 1941, P. D. Task (in Davis, 1967)

and his associates studied the origin of petroleum in soils and other sediments.

They studied more than 35,000 soil core samples with the idea of creating a

profile of organic matter in soil that would indicate the presence of petroleum

deposits. Task's work was sponsored by the American Petroleum Institute

(A.P.I.), A.P.I. Project 4, "General Survey of the organic matter content of

recent and ancient sediments" (Davis, 1967).

At the end of Project 4, the American Petroleum Institute promoted a

program called "Project 43", which was entitled "The transformation of organic

material into petroleum", having as its main goal the description of the role of

microorganisms and pertinent physical forces on petroleum genesis

(Beerstecher, 1954; Davis, 1967). The project was divided into three sections.

Project 43A "The role of naturally occurring biochemical agents in petroleum

genesis" was under the supervision of C. E. ZoBell at the Scripps Institution of

Oceanography. This group focused on the utilization and production of

hydrocarbons by bacteria and other microorganisms (ZoBell, 1946). Project

43B, under the direction of F. C. Whitmore at Pennsylvania State College, was

designated for the investigation of the bacteriological, chemical and physical

nature of petroleum. It also included microbiological studies centered on the

ability of bacteria to produce hydrocarbons (Stone et al., 1942). Project 43C

was concerned with the effects of radioactivity on petroleum genesis and is not

pertinent to my research.
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The work by the groups supervised by ZoBell and Stone provided the

background for the development of petroleum microbiology (ZoBell, 1946). The

group supervised by R. W. Stone developed methods for growing marine

bacteria in large quantities (up to 10,000 g of moist bacterial cells) for the

purpose of performing chemical analysis on the cells. This group also studied

the attack by soil bacteria on various petroleum fractions obtained by distillation

of crude oil. The authors observed a difference in degradation of the various

petroleum fractions. These studies showed that the low molecular weight

fractions were more susceptible to microbial attack (Stone et aL., 1940; Stone et

al., 1942) than were the higher molecular weight fractions. The group also

described the capacity of soil bacteria to utilize the different types of

hydrocarbons. They demonstrated that a Pseudomonas aeruginosa strain

isolated from soil utilized oxygen while growing on hydrocarbons thereby

indicating a respiratory metabolism (Schuman et al., 1943).

Among the main results obtained by ZoBell's group at La Jolla, were the

isolation and characterization of bacteria able to grow on hydrocarbons from

recent and ancient sediments (ZoBell, 1946) and from different depths in the

sea as well as in oil well fluids (ZoBell, 1952). This work showed that most

hydrocarbons were degraded under aerobic conditions. Hydrocarbon oxidation

also took place anaerobically when microbial cultures were presented

hydrocarbons as the energy source and nitrate or sulfate ions as proton

acceptors. These ions were reduced in the metabolic process called anaerobic
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respiration in which oxygen is obtained from, say, nitrate with the consequent

release of nitrite. It was also shown that a given organism was capable of

using certain hydrocarbons for energy and growth but not others (ZoBell, 1946).

ZoBell was the first to describe the assimilation of petroleum hydrocarbons by

sulfate-reducing bacteria such as Desulfovibrio (Novelli & ZoBell, 1944). They

also showed the production of hydrocarbon compounds by sulfate-reducing

bacteria (Jankowski & ZoBell, 1944).

One of the main objectives of this project was the investigation of

bacterial petroleum genesis. Because petroleum originates mainly in marine

sediments where hydrostatic pressure is many times higher than at sea level,

the effect of hydrostatic pressure on bacteria was investigated. Some bacteria

were found not to be injured by hydrostatic pressures equivalent to those found

at ocean depths of more than 10,000 meters. Some barophilic bacteria

obtained from the Mindanao trench off the Phillippine Islands were not able to

survive at sea level thereby giving rise to the taxon which describes obligate

barophiles. On the other hand, the metabolic activity of deep sea organisms,

i.e., obligate barophiles, was essentially the same as their sea-level

counterparts (ZoBell, 1952).

A method to measure Eh was developed to determine the oxidation-

reduction potential of marine sediments. Eh is a measure of the electromotive

potential of the system with reference to a standard half-cell (usually the

hydrogen electrode), and is a quantitative expression of the oxidizing or
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reducing potential or intensity of a given substance. The oxidation-reduction

potential of marine samples was measured, finding that highly reduced

conditions were generally found in marine sediments rich in organic matter

(ZoBell, 1946). These results supported the hypothesis of the organic genesis

of petroleum (Hogdson, 1971) since hydrogenerating reactions were feasible

under such conditions.

ZoBell (1946) summarized the findings regarding the action of

microorganisms on hydrocarbons and included the suggestion that the addition

of oil to the soil could improve soil fertility, because it would increase bacterial

populations. He also suggested that underground oil deposits could be found

by identifying the bacteria capable of using volatile hydrocarbons on the surface

of the ground. During later decades, petroleum microbiology changed in

perspective. Microorganisms were perceived as deleterious in fuel storage

facilities (Crum et a!., 1967; Crum, 1970; Vela & Crum, 1972). Other authors

continued the study of hydrocarbon formation by microorganisms (Hodson &

Darlington, 1964). Studies on the utilization of hydrocarbons by

microorganisms revealed a strong substrate specificity in different bacteria

(Perry, 1968) and even the use of such specificity as a tool in the classification

of yeasts (Scheda & Bos, 1966). In a different vein, since petroleum products

were cheap and in abundance, they were considered an economical substrate

for single-cell protein production. They were also seen as a cheap and plentiful

substrate for production of organic acids, amino acids, vitamins and antibiotics
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(Perry, 1980). Few studies were concerned with petroleum as a pollutant and

the use of microorganisms to remove it from the environment was not in the

minds of microbiological visionaries (Perry & Cerniglia, 1973).

Today, most of the work on the utilization of hydrocarbons by

microorganisms is focused on the potential of microorganisms for removing

petroleum or petroleum products which are spilled into the environment (Atlas &

Cerniglia, 1995). It is interesting to observe that, in this regard, recently

published reports are not different from those reported by ZoBell and his

coworkers in the 1940s (ZoBell, 1946).

1.2.2 Degradation of hydrocarbons by microorganisms.

The main catabolic pathways of microorganisms known to degrade

gasoline have been described (Leahy & Colwell, 1990). Microorganisms can

catabolize hydrocarbons by aerobic respiration, anaerobic respiration, or by

fermentation. Because of the variation in chemical structures, individual

petroleum products are degraded at specific rates, and by specific catabolic

enzymes (Dragun, 1988).

C, compounds. Organisms that can grow by metabolizing organic

molecules that contain one carbon atom, C, compounds, are called

methylotrophs. Obligate methylotrophs grow only at the expense of compounds
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that do not contain carbon to carbon bonds such as methane, methanol,

formaldehyde, formic acid, chloroform and carbon monoxide. Facultative

methylotrophs can grow on a variety of carbon sources including C,

compounds, but cannot use methane (Gottschalk, 1986). The first methylotroph

was described by Sohngen in 1906 (ZoBell, 1946). During growth in methane,

reducing power for the respiratory chain can be produced only by the oxidation

of methane to carbon dioxide.

Methane is first oxidized by a methane monooxygenase to methanol. In

a subsequent step, reduced nicotine amide dinucleotide (NADH) functions as

co-substrate in the reaction (Dalton, 1980) probably being eventually reduced

by Krebs cycle reactions. Methanol dehydrogenase is coupled to the reduction

of the quinone coenzyme methoxatin, an enzyme unique to the methylotrophs.

The oxidation of formaldehyde to C02 proceeds in two steps linked to the use

of nicotine amide dinucleotide (NAD+) as co-substrate. In the first step, NAD+

strips two protons from formaldehyde to form CHOH, and in the second, the

other two protons are taken to yield the CO2 molecule. These reactions are

described in Figure 1.

The anabolic metabolism of methylotrophs diverges from the catabolic

metabolism at the level of formaldehyde. Three formaldehyde fixation cycles

have been elucidated up to now: serine-isocitrate lyase pathway, ribulose-

monophosphate cycle, and xylulose-monophosphate cycle (Gottschalk, 1986).

Final products of methane assimilation pathways are also included in Figure 1.
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Figure 1. Assimilation and dissimilation of methane and other C, compounds by

methylotrophs (Adapted from Gottschalk, 1986).
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Cellular internalization of aliphatic and aromatic compounds by bacteria.

Hydrocarbon utilization is initiated by uptake into the microbial cell.

Hydrocarbons are liposoluble and as such, toxic to the vast majority of living

things. Microorganisms, on the other hand, have developed different strategies

to reduce hydrocarbon toxicity. Koronelli et al. (1993) reported a unique array

of free fatty acids in bacteria grown on n-alkanes, different from those obtained

when the same bacteria were grown in common laboratory media.

Microorganisms need an aqueous environment to carry out their

metabolic reactions. Only the hydrocarbons that are dissolved in water at the

water:oil interface can be metabolized by microorganisms. Some bacteria are

able to produce molecules in which hydrocarbons can dissolve (Gottschalk,

1986). These compounds are generally known as emulsifiers. The first

bioemulsifier was described by Rosenberg (Rosenberg, 1991), in Acinetobacter

calcoaceticus. It was named Emulsan.* The use of emulsan for removing

hydrocarbon contaminants from marine environments has been extensively

documented (Foght et al., 1989; Rosenberg, 1991) and has been used in cases

of accidental petroleum spills in the sea in Israel (Prince, 1993). In several

bacterial species, the chemical structure of the bioemulsifier has been

described as a mixture of rhamnolipids and their presence increase the rate of

degradation of n-alkanes under laboratory conditions (Zhang & Miller, 1995).

As with n-alkanes, aromatic hydrocarbon-degrading microorganisms have

to deal with the incorporation of aromatic compounds into the microbial cell.
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Although some aromatic compounds are more soluble than others, most

dissolve in water and show some degree of toxicity for human beings and other

animals. Sikkema et al. (1995) reviewed the mechanisms of membrane toxicity

by aromatic hydrocarbons and gives examples of how microorganisms

overcome its toxicity. The strategies discussed include re-ordering of lipids in

the membrane bilayer, chemical modification of lipopolysaccharides (LPS),

active excretion of aromatic compounds and increase in cell wall hydrophobicity.

Weber et al. (1994) described an increase in trans fatty acids in Pseudomonas

putida when the organism was grown on toluene. The cis/trans isomerization is

thought to be important in adaptation to the presence of toxic hydrophobic

compounds. It is thought that the change from cis to trans may affect the

hydrocarbon saturation index of the bacterial cell wall lipids.

Aliphatic hydrocarbons. The biochemistry of mineralization of aliphatic

hydrocarbons was initially studied by Foster and his coworkers at the University

of Texas in Austin in the 1960s (Kester & Foster, 1963; Perry, 1980).

Relatively few bacterial species are able to grow on ethane, propane, butane

and other hydrocarbons up to C8. However, Blevins and Perry (1972) showed

the oxidation and assimilation of three-carbon compounds by some bacteria

isolated from the soil, specially mycobacteria and nocardia. Further studies

demonstrated that more than 50 % of their strains with the capacity to grow on

hydrocarbons could use propane as a carbon source, and its use for the
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industrial production of organic compounds was suggested (Perry 1980).

Utilization of long-chain hydrocarbons is widespread among

microorganisms, and n-alkanes with 10 to 18 carbon atoms are utilized with

greater frequency and rapidity than other n-alkanes. Straight chain alkanes are

reduced compounds which contain large amounts of energy that can be

released by oxidative catabolism. The first step in catabolism results in the

oxidation of the alkane to an alcohol. Oxidative cleavage is at the carboxyl

carbon in the molecule and is catalyzed by a monooxygenase (Dalton, 1980).

The reactions take place in the cell membrane since the enzymes required are

membrane-bound. Besides the substrate to be oxidized, the reaction requires

rubredoxin as a co-substrate. Rubredoxin is an iron-containing protein that is

reduced by an NADH-dependent system. The primary alcohol formed is then

oxidized further via the corresponding aldehyde to the corresponding organic

acid by NAD* dependent dehydrogenases. Finally, the fatty acid is degraded

by (3-oxidation (Gottschalk, 1986) with the release of carbon dioxide and a fatty

acid with two less carbon atoms than the original acid. A summarized scheme

of the reactions described above is shown in Figure 2.

In Nocardia and other organisms, a subterminal attack of the

hydrocarbon chain has been found. The reaction leads to the formation of a

secondary alcohol which is dehydrogenated to the corresponding ketone, which

in turn is subjected to a secondary monooxygenase reaction. The product is an

acetyl ester that on hydrolysis yields acetate and a long-chain alcohol that is
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Figure 2. Microbial degradation of n-alkanes (Adapted from Gottschalk, 1986).
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oxidized to the corresponding carboxylic acid and further degraded by 3-

oxidation (Gottschalk, 1986). The diterminal attack on hydrocarbons is also

observed when the microorganisms are unable to discriminate between the two

ends of long-chain n-alkanes. Both terminal methyl groups are oxidized without

change in the carbon skeleton. The result of these catabolic sequences is the

production of dicarboxylic acids which can also be degraded by (-oxidation at

both ends of the molecule (Kester & Foster, 1963).

Aromatic hydrocarbons. The majority of aromatic compounds are

converted into catechol or protocatechuate by bacteria. These, then are the

starting substrates in the subsequent oxidative cleavage reactions (Stainer &

Ornston, 1973). Figure 3 shows the catabolism of many aromatic compounds

which lead to catechol and protocatechuate formation. Two types of reactions

are known to accomplish the cleavage of the aromatic ring: ortho-cleavage and

meta-cleavage. The step that diverges into ortho or meta ring cleavage

pathways is the incorporation of oxygen into the ring to unstabilize it and

produce its rupture. The enzymes involved in this first step are dioxygenases,

catechol 2-3-oxygenase and protocatechuate 3-4 dioxygenase in the ortho

pathway and catechol 2-3 oxygenase and protocatechuate 4-5 oxygenase in

the meta pathway. The crystallization, characterization and mechanism of

action for the enzymes mentioned above were first described by Hayaishi

(1966) and his colleagues (Kobayashi et al., 1964). After the first enzymatic
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reaction, the pathways diverge further. The reactions for each one of the

branches are shown in Figure 4.

In the ortho-cleavage pathway, the dioxygenase reactions result in the

conversion of the aromatic ring to a common intermediate, 4-oxoadipate enol

lactone. This compound is degraded further to yield succinate and acetyl-CoA.

The reactions of the catechol and the protocatechuate branch are catalyzed by

different sets of enzymes; there is, for instance, a catechol 1,2 dioxygenase and

a protocatechuate 3,4-dioxygenase (Stanier & Omston, 1973).

Dagley and co-workers (Dagley, 1971) found that a soil pseudomonas

contained enzyme systems that catalyzed the breakdown of catechol and

protocatechuate in a different manner. This was named the meta-pathway

because the aromatic ring was opened adjacent to the hydroxyl groups, so that

2-hydroxymuconic semialdehyde or 2-hydroxy-4-carboxymuconic semialdehyde

were formed, respectively. Pyruvate, formate, and acetaldehyde were the end

products of this metabolic pathway. These products enter the tricarboxylic acid

cycle and are finally converted to carbon dioxide and water (Dagley 1971;

Gottschalk, 1986).

Polycyclic Aromatic hydrocarbons. Although considered more recalcitrant

than other hydrocarbons, degradation or transformation of some polycyclic

aromatic hydrocarbons has been demonstrated in the laboratory (Ribbons &
Eaton, 1982). However, only naphthalene, anthracene, phenanthrene and
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Figure 3. Degradation of aromatic compounds to catechol and protocatechuate

(Adapted from Stanier & Ornston, 1973).
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Figure 4. Degradation of catechol by meta -cleavage and ortho -cleavage

metabolic pathways. (Adapted from Stanier & Ornston, 1973).
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some of their methyl analogs have been shown to support the growth of

microorganisms (Ribbons & Eaton, 1982; Foght & Westlake, 1988).

Anaerobic degradation of aromatic hydrocarbons. The degradation of

aromatic hydrocarbons in anaerobic environments has been reviewed by Berry

et al. (1987), by Evans & Fuchs (1988) and by Bertrand et al. (1989). Although

already described by ZoBell (1946), anaerobic degradation of hydrocarbons was

overlooked for many years while aerobic degradation received much attention

(Ribbons & Eaton, 1982). Today, this area of research attracts many

investigators since anaerobic degradation is believed to play an important role

in the destruction of xenobiotic substances in the environment (Berry et aL.,

1987; Bertrand et al., 1989).

Homocyclic or heterocyclic aromatic compounds can be degraded

anaerobically by reductive pathways. In these, the aromatic ring is first de-

stabilized by reduction and this is followed by the addition of an oxygen atom

from water. The ring is then broken to produce dicarboxylic acids that enter the

metabolism as Krebs cycle intermediates or as substrates for carboxylic acid B-

oxidation with the production of acetyl-CoA (Berry et aL., 1987; Evans & Fuchs,

1988). A model for the study of anaerobic photochemical degradation of

benzoate has been developed using the photosynthetic organism

Rhodopseudomonas palustris (Dagley, 1971; Evans & Fuchs, 1988). The later

gives pertinent support to the idea of reductive catabolism of aromatic rings.
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Aromatic compounds can also be metabolized by fermentation. This

process is also substrate specific but very few compounds are degraded in this

manner (Berry et al., 1987). Syntropic associations with fermentative and

methanogenic bacteria have been reported for a number of hydrocarbons. It is

thought that syntropic associations are common in anaerobic systems (Berry et

aL., 1987; Evans & Fuchs, 1988). One of the most important groups of

hydrocarbon-degrading microorganisms, the pseudomonads can use nitrate as

the electron acceptor under anaerobic conditions (Berry et al., 1987). In this

reaction, the nitrogen atom changes from an oxidation state of +5 to +3 by

accepting two electrons thereby liberating oxygen which then serves for the

oxygenation of the aromatic nucleus. Degradation of aromatic hydrocarbons

such as benzene, toluene and xylene under denitrifying conditions has also

been reported under laboratory conditions (Seyfried et aL, 1994) as well as in

situ in contaminated aquifers (Gersberg et al., 1991).

Sulfate-reducing organisms are strict anaerobes. The organisms use

reducible sulfur compounds (sulfate, sulfite, thiosulfate) as electron acceptors,

and organic carbon compounds as electron donors. Degradation of aromatic

hydrocarbons by sulfate-reducing bacteria was first reported in 1944 (Novelli &

ZoBell, 1944). Several examples of aromatic hydrocarbon degradation under

sulfate reducing conditions were reported in the literature, including the

degradation of toluene and xylene in an aquifer (Edwards et a!., 1992). The

presence of sulfate reducing bacteria has been reported from water in injection
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wells in oilfields (Rozanova & Galushko, 1989). Although not well documented,

the degradation of n-alkanes in anaerobic systems has also been suggested

(Bertrand et al., 1989).

Cometabolism. This process is defined as the metabolism of a

compound that is not used as carbon source but will be used when present as

co-substrate with one or more different compounds (Perry, 1979).

Cometabolism has been demonstrated in the degradation of cycloparaffinic

hydrocarbons (Beam & Perry, 1973; Beam & Perry 1974) and in the oxidation

of polycyclic aromatic hydrocarbons (Gibson, 1977). In methylotrophs, the

methane monooxygenase is not substrate specific, and when the cells are

provided with methane and another compound of similar structure and low

molecular weight, the later can be oxidized to the corresponding alcohol

(Dalton, 1980; Perry, 1979). Microbial oxidation of the alkyl portion of cumene

(2-phenylpropane) was also observed in cells growing in octane (Hou et al.,

1994).

1.2.3 Microorganisms involved in the degradation of petroleum and

petroleum products.

A wide range of bacteria and fungi show the ability to metabolize

hydrocarbon substrates. As early as 1946, ZoBell reported the finding of
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approximately 100 species of bacteria that were able to degrade hydrocarbons.

Although the number of species that could metabolize hydrocarbons has

increased since ZoBell's work was reported, those identified by ZoBell are still

regarded as the ones giving the highest rates of hydrocarbon degradation. The

organisms ZoBell listed included Pseudomonas, Actinomycetes, Mycobacterium,

Bacillus, Micrococcus, Corynebacterium, Vibrio, and Achromobacterium among

other bacteria. Filamentous fungi and yeasts were also listed, including

Penicillium, Botrytis, Hansenula, Torula and Torulopsis.

In a review of hydrocarbon-oxidizing bacteria by Rosenberg and Gutnick

(1981), the authors considered more than 200 species of eucaryotic and

procaryotic organisms that possessed the ability to metabolize hydrocarbons.

According to these authors, the most important hydrocarbon-degrading bacteria

in soil and water environments are primarily in the genera Pseudomonas,

Acinetobacter, Alcaligenes, Xanthomonas, and Klebsiella. Atlas and Bartha

(1972) identified Flavobacterium and Brevibacterium from a marine oil spill.

Other organisms such as Corynebacterium, Achromobacter and Arthrobacter

(Soli & Bens, 1972; Alvarez & Vogel, 1991), Mycobacterium (Blevins & Perry,

1971), and Nocardia and Micrococcus (Rosenberg & Gutnick, 1981; Dragun,

1988) have also been found to be important in the degradation of

hydrocarbons. The microorganisms found in drill mud samples from oilfields

include most of the above mentioned genera (Nnubia & Okpokwasili, 1993).
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Reports on the metabolism of aromatic compounds by bacteria of the

genus Azotobacter have also been published (Wu et al., 1987; Moreno et aL.,

1990). Two species of cyanobacteria, Microcoleus chthonoplastes and

Phormidium corium, have been reported to degrade n-alkanes in a

contaminated marine environment (Al-Hassan et al., 1994). Species of

Rhodococcus isolated form the Persian Gulf area also were highly efficient in

degrading n-alkanes (Sorkhoh et al., 1990).

In recent years a number of publications have addressed the isolation of

hydrocarbon oxidizing microorganisms from extreme environments. These

include an obligate thermophile (Phillips & Perry, 1976), several thermophilic

Bacillus species (Nazina et aL., 1993; Sorkhoh et al., 1993) and microorganisms

found in deep subsurface samples (Fredrickson et aL., 1991). Hydrocarbon

degradation is influenced by the salinity in the medium. Several studies show

that the rate of degradation decreases as salinity increases. Hydrocarbon

degrading, halotolerant organisms have been reported in both lakes and marine

strata (Ward & Brock, 1978), but when the salt concentration exceeds 20%,

growth was not observed (Matveeva et aL., 1993).

Specificity in substrate degradation is a widespread phenomenon among

hydrocarbon degrading microorganisms. Certain strains of bacteria utilize only

one or two kinds of hydrocarbons out of the many available in natural

environments (Fedorak & Westlake, 1981). Foght et al. (1990) demonstrated

specificity for the use of hexadecane and phenanthrene by bacteria isolated
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from marine and freshwater environments. No relation was found between the

source of isolation of the microorganism and the hydrocarbons degraded in

these studies.

1.2.4 The role of plasmids in hydrocarbon degradation.

The role of plasmids in hydrocarbon metabolism is well established

(Chakrabarty et al., 1973). Prior exposure of a microbial community to

hydrocarbons, either of anthropogenic or natural origin, is important in

determining the rate of subsequent hydrocarbon degradation. This kind of

adaptation is well known in microbiology and is often used for the development

of desirable populations (Thomas et al., 1989; Leahy & Colwell, 1990; van der

Meer et al., 1992). The three interrelated mechanisms by which adaptation can

occur are shown below. The same mechanisms apply whether chromosomal or

plasmid DNA bears the responsible genes.

a) Induction or repression of specific enzymes. Although difficult to

demonstrate in field experiments, induction of enzymes is a well recognized

phenomenon. It has been shown that plasmid gene expression for degradation

of n-alkanes (Chakrabarty et al., 1973) and aromatic compounds (Assinder &

Williams, 1990) can be easily demonstrated. Ogunseitan and Olson (1993)

enhanced degradation of naphthalene in soil using 2-hydroxybenzoate as

inducer for naphthalene mineralization, encoded in plasmid NAH7.
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b) Selective enrichment of organisms able to utilize the target

compounds. Selective enrichment has been widely practiced in studies of

hydrocarbon degradation in the environment (Vela & Crum, 1972; Ralston &

Vela, 1974; Leahy & Colwell, 1990) and consortia of organisms have been

established on this basis (Vela & Rainey, 1975; Vela & Nevarez, unpublished

data). Where accidental petroleum spills have occurred, selective enrichment

has been observed in nature, without human intervention (Rosenberg &

Gutnick, 1981). Diltz et al. (1992) reported that following an experimental spill

of gasoline into the soil, the total number of microorganisms decreased but

recovered their original number in the following two weeks. On the other hand,

the diversity of the microbial community decreased and never recovered,

suggesting that only those microorganisms adapted to the contaminants

prevailed.

c) Genetic changes which result in new metabolic capabilities. This

mechanism involves the selection of mutants with new metabolic capabilities

and may require more time than other adaptation mechanisms. This selective

process may account for degradation of chlorinated aromatic hydrocarbons in

nature. Such compounds are man-made, and are used as pesticides or in the

creation of new materials. As these compounds are relatively new in nature, in

general, microorganisms do not have the ability to degrade them. On the other

hand, there are reports of microorganisms that bear plasmids which carry

genes for the degradation of these compounds (Chakrabarty, 1982).
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Plasmids may play a particularly important role in genetic adaptation in

that they represent a highly mobile form of DNA which can convey genetic

information between closely related organisms. Pathways for the metabolism of

naphthalene, salicylate, camphor, octane, xylene and toluene are encoded in

plasmids in Pseudomonas spp. (Leahy and Colwell, 1990). Exposure of natural

microbial populations to oil or other hydrocarbons may give a selective

advantage to organisms capable of harboring such plasmids. This would result

in an enrichment of the plasmid frequency in the bacterial community.

Indirect evidence of the role of plasmids in adaptation to hydrocarbon

metabolism has been provided by studies in which a greater frequency or

multiplicity of plasmids was observed among bacterial isolates from

hydrocarbon contaminated environments than in isolates from uncontaminated

sites (Leahy et al., 1990). To confirm the participation of plasmids in the

genetic adaptation of a microbial community, further studies are necessary to

identify all of the functions that are encoded by plasmid DNAs in the indigenous

bacteria from environments contaminated with hydrocarbons (Leahy and

Colwell, 1990).

TOL plasmids. Williams and Murray (1974) reported a catabolic plasmid

(PWWO) in Pseudomonas putida, strain mt-2, that encoded for degradation of

m and p toluene. The authors also suggested the existence of an ortho-

cleavage pathway for benzoate degradation which was induced by benzoate,
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but this was located on the bacterial chromosome. In addition, they reported

finding a plasmid-borne meta-cleavage pathway for the degradation of

methylbenzoate which was lost when the host organism was grown on media

containing benzoate (Williams & Murray, 1974). A number of other TOL

plasmids were described using the same selective enrichment strategy

(Duggleby et al., 1977; Kunz & Chapman, 1981; Assinder & Williams, 1990).

Sarand et al. (1993) described two segregant derivatives from the TOL plasmid

which had lost the ability to grow in toluene, but not in benzoate.

The TOL plasmids are self-transmissible and have a broad range of

hosts. Conjugation of TOL::Tn401 into Escherichia coli was successful, but

TOL genes were not expressed in this species (Benson & Shapiro, 1978). This

plasmid contains two or more operons which encode enzymes required for the

degradation of methylbenzene and 1,2,4-trimethylbenzene. The TOL plasmid,

pWWO, carries genes for the upper pathway operon which encodes for the

enzymes required in the oxidation of methylbenzenes to methylbenzoates, while

the lower pathway or meta operon, encodes for the enzymes involved in the

degradation of methylbenzoates to pyruvate, acetaldehyde and acetate via

methylcatechol (Assinder & Williams, 1990).

Genes in the catabolic plasmid NAH7 from Pseudomonas spp. encoding

enzymes for the degradation of naphthalene were homologous as demonstrated

by hybridization with TOL plasmid genes. Genes in plasmid pVl150, that confer

the ability to degrade phenols and cresols in Pseudomonas spp, were also
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closely related to the TOL meta operon genes (van der Meer, 1992). A new

catabolic degradative plasmid called TOM which bears the pathway for

degradation of toluene by ortho hydroxylation has been described recently.

This was a revealing report in that it was generally believed that ortho pathway

oxygenases were found only in the chromosome (Shields et al., 1995).

OCT plasmid. Chakrabarty et al. (1973) were the first to report

oxygenation of n-octane and n-octanol dependent on the presence of an

extrachromosomal element (plasmid) in Pseudomonas oleovorans. The authors

named the plasmid OCT. Metabolic regulation experiments demonstrated that

the activity of the OCT plasmid was inducible by octane and repressed by

octanol. As demonstrated by elliminating the plasmid from the bacterial cell

(curing experiments), when the plasmid was eliminated the bacterial

chromosome contained the genes necessary for the oxidation of octanol but

these genes were repressed by octane (Chakrabarty et al., 1973). The plasmid

can be transmitted by conjugation with other Pseudomonas species at low

frequency, including Rhodopseudomonas sphaeroides. The latter, however, is

unstable (Lee et al., 1993).
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1.3 Fate of petroleum in the environment.

1.3.1 Contamination of the marine environment and freshwater by

petroleum products.

Oil contamination of marine environments has been reported since the

beginning of the century. No special attention was given to this practice until

recently since the amounts of oil involved were comparatively small. However,

incidents such as the Torrey Canyon oil spill of 1967, the first oil spill to be

regarded as an important, catastrophic event, put a new emphasis on the

problem of contamination of the ocean. In 1969, the Santa Barbara Channel

incident also aroused the attention and concern of the public to massive

pollution (Sittig, 1974). Other spills during the 1970's included the Amoco Cadiz,

with a release of 230,000 tons of crude oil in France and the burning of the

Ixtoc I well in Mexico with a consequent release of more than 475,000 tons of

crude oil into the Gulf of Mexico (Payne & Phillips, 1985).

However, the Exxon Valdez spill in Prince William Sound, Alaska

attracted more attention than any other although it was only 200,000 tons of

crude oil. It was also the most closely studied and is to this day regarded as

the event which brought the entire history of oil pollution of the oceans to public

attention (Atlas, 1991; Lindstrom et al., 1991; Pritchard, 1991; Prince, 1993;

Krahn et al., 1993). In 1990, the deliberate release of crude oil in the Arabian
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Gulf by warring factions during the Persian Gulf War, left the region with a

serious pollution problem (Al-Hassan et al., 1994; Sorkhoh et al., 1993).

Although big oil spills capture much of the public attention, they are not the only

source of petroleum contamination in the marine environment.

Small spills are responsible for a large amount of marine petroleum

contamination (Gunster et al., 1993). As an example of this, it must be stated

that while the Exxon Valdez attracted world wide attention and reaction, there

were 8,700 other spills during the same year most of which were virtually

ignored by the mass media.

When oil is spilled in the sea, a number of natural processes take place

simultaneously. These lead to the removal of oil from the sea surface and the

eventual accommodation of sea life to oil. The processes are evaporation,

emulsification, dispersion, sedimentation, photooxidation and biodegradation.

All proceed simultaneously but little is known of the interactions and dynamics

of the individual reactions. They are collectively called weathering (Sittig, 1974;

Mackay, 1987). The rate at which oil degrades naturally depends on the

temperature of the sea, prevailing winds, tides, ocean currents and wave

motion. The organic load of the water and the nature of inorganic constituents

are also of major importance (Butt et aL., 1986; Amund & Akangbou, 1993).

The first observable reaction following a spill of oil into the open sea is

the tendency of the oil to spread into a thin layer or slick, over the water's

surface. The more volatile fractions evaporate readily and are lost within the
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first few hours. This make the remaining oil a heavier, more dense substance

which forms a water-in-oil emulsion that is very stable. Such emulsions are

popularly called "chocolate mousse," and due to their consistency, can remain

unchanged in the sea for several weeks (Payne & Phillips, 1985). Other

reactions such as solution and dispersion are responsible for the incorporation

of some petroleum fractions into ocean water. Photooxidation is the process

whereby petroleum fractions are oxidized by ultraviolet radiation from sunlight.

Photooxidation accounts for part of the hydrocarbons naturally degraded in the

sea after an oil spill. It is more effective on the water surface and occurs most

rapidly when the oil is spread as a thin film. Microbial oxidation can also occur

and competes with photooxidation. Finally, all compounds that do not dissolve,

settle to the bottom of the sea where they represent a danger to the ecosystem

(Butt et al., 1986). Although most of the knowledge on the physical and

chemical behavior of oil in water has been acquired from marine environments,

much of the information obtained also applies to freshwater bodies such as

rivers and lakes (Mackay, 1987).

Because of the large number of accidental oil spills which have occurred

in the last 20 years, research on the effects of petroleum products in the

environment has accelerated considerably (Atlas, 1981; Leahy & Colwell, 1990;

Atlas, 1991; Atlas & Bartha, 1992; Prince, 1993; Atlas 1995). Most of this work

has focused on the effects of marine crude oil spills on marine biota, primarily

because of the focus of public attention. The specter of oil-covered otters,
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water fowl and fish gasping for oxygen are commonplace in contemporary news

media around the world. Physiological studies on animals exposed to oil spills,

and the effect of oil on wildlife have been extensively studied (Lipscomb et al.,

1993; Duffy et al., 1994). Among the effects associated with exposure to crude

oil are histopathologic lesions in sea otters corresponding to interstitial

pulmonary emphysema, hepatic necrosis and hepatic and renal lipidosis

(Lipscomb et al., 1993).

1.3.2 Contamination of soil by petroleum and petroleum products

Oil and its derivatives are more harmful and persistent in environments

where the rates of photolysis and evaporation are minimal. Soil is such an

environment relative to the open sea. Other environments where photolysis

and evaporation are minimal include underground water, aquatic sediments and

almost all muds (Mackay, 1988).

When petroleum or petroleum products are spilled, they infiltrate through

the soil and migrate both vertically and horizontally. The vertical movement is

due to gravity and the horizontal movement is due to capillarity (EPA, 1988).

One of the main concerns with soil contamination by petroleum products, is the

spillage of crude oil, gasoline, diesel fuel, heating oil, tars, asphalt and

lubricating oils from underground storage tanks or overt disposal (EPA 1988;

Peterec, 1988) for any of many reasons. When petroleum products, such as
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gasoline migrate in the soil, they can be found as contaminants in four different

phases (Figure 5):

1. the vapor phase in the unsaturated zone,

2. as free-floating material on subsurface water,

3. dissolved in groundwater, and

4. adsorbed to soil particles (EPA, 1988).

When gasoline migrates through the soil, it occupies a space about twice

its volume. There are two approaches to study the physical interactions of

petroleum and petroleum products in the subsurface: the bulk properties of the

oil phase in the soil matrix and the partition coefficient of each component in

air, water or soil.

a) The bulk properties of the oil phase in the soil matrix. Petroleum

tends to drain through the unsaturated zone in the soil, replacing the air and

moisture is present in the soil. The rate of migration is controlled primarily by

the mixture viscosity, porosity of the soil and the specific permeability of the soil

matrix. The amount of water and the wetting characteristics of the oil-air-water-

soil system also influence the rate of migration. Except for chlorinated solvents

and bitumens, all other petroleum derivatives are less dense than water and

float on the surface of underground waters (EPA, 1988; Mackay, 1988).

Also, petroleum components are adsorbed to soil particles, retarding the

rate of migration through the soil. The sorbed contaminants remain unchanged

and become long-term sources of contamination for water and air. Evidence
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Figure 5. Schematic diagram of the subsurface environment and four phases

of contamination from a leaking underground storage tank (Adapted from EPA,

1988).



LL

0

C3

0
Hn

0

0

z
0

rr

- .

00LU

H- - - - +

z
0
N

.J

-
sno

"b

4U

46
{i

jIII

4

0
0

LU
z
0
N

LU

Hc

=LU

, *w

410

*4 r**
a,,i *

-.. * ,

*ii,4.W...
*u

* e z

. LO -

III

LU

H

LU
Hr

49

LU
z
0
GI?

0

Inz
0
cr.

C,

LU

z
CD

z
LUM

Wj

LU

z
0

0-

m
z

LU

z

J

cr.

LU

H

z
00

W

cic
LL Q

ti..J



50

indicates that hydrocarbon sorption also involves organic matter in the soil (Li

& Gupta, 1994). Since clays have lower sorption capacity, they may contain

less hydrocarbons than do a commensurate volume of organic matter (Mackay,

1988; Zytner, 1994).

b) Air, water and soil partition coefficients for each component. The

estimation of partition coefficients for each oil component with respect to air and

water phases can be used to determine the amount of compounds found in the

air:gasoline and the water:gasoline phases. Such data can also be used to

estimate oil component migration through the soil. The rate of migration for

individual hydrocarbons has been studied extensively and information is

available on the behavior of selected compounds in a particular type of soil.

However, contaminants are usually not pure compounds but rather mixtures

such as gasoline. The rate of migration and sorption to different types of soil-

hydrocarbon mixtures have received less attention. Of particular interest has

been the study of mixtures of volatile and soluble hydrocarbons found in

gasoline, specifically benzene, toluene, ethylbenzene and xylene (BTEX) since

these enter water used by human beings (Li & Gupta, 1994; Zytner, 1994).

1.3.3 Underground water contamination

Petroleum and petroleum products, such as gasoline, migrate through

the soil until they reach the water table. The direction and rate of migration are
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as a vector determined by soil composition, amount of water and air, and by the

chemical composition of the petroleum product. When the migrating "plume" of

gasoline reaches groundwater, it forms a layer on top of the water. Because of

the hydrostatic pressure, gasoline spreads laterally in all directions but

predominantly in the direction of groundwater flow. Migration is also influenced

by soil permeability. At the interphase of the water and gasoline mixture, some

components of the gasoline dissolve in the water thereby changing the nature

of the mixture. The concentration of specific components in the aqueous phase

depends on

1. the solubility of each of the hydrocarbons,

2. the rate of transfer from the non-aqueous phase to the aqueous phase,

3. the total contact area and

4. the effective contact time (Dracos, 1987; Ptacek et al., 1987).

Once in the aqueous phase, factors that determine the rate of movement

of the hydrocarbons are advection and simple dispersion. Advection is the

result of the bulk motion of the fluid phase with respect to the matrix in which it

is held. As a result of this movement, the contaminant plume migrates at a

velocity commensurate with that of the groundwater flow. Dispersion is the

process that causes mixing and occurs both in the direction of water flow and in

directions transverse to the water flow. As in the unsaturated zone, sorption of

hydrocarbons to soil particles produces retardation of contaminant migration

(Ptacek et al., 1987; EPA 1988).
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Even though gasoline has low solubility in water, some of its components

are quite soluble. As a result of this, benzene and toluene are included in the

EPA list of priority pollutants. While the solubility of benzene is 1,740 mg ['

and toluene 554 mg [' in water, permissible limits in drinking water for both are

2 g ['. This means that even small quantities of gasoline can render large

amounts of underground water dangerous for human consumption (Ptacek et

a!., 1987; EPA, 1988; TWO, 1990; Li & Gupta, 1994). Considering that

gasoline contains 1 to 2 % (v/v) of benzene, one liter of gasoline would have

the potential to contaminate approximately 4 x 103 cubic meters (m 3) of

groundwater (Ptacek et al., 1987; Mackay, 1988). Volatile aromatic

hydrocarbons such as benzene and toluene are known to be extremely toxic

(EPA, 1988). Benzene is carcinogenic and embryotoxic in many animals (Cox

& Ricci, 1992) and myelotoxigenic and leukemogenic in human beings

(Kolachana et al., 1993). Benzene is detoxified in the liver by cytochrome P450

to several phenolic compounds that accumulate in bone marrow. There,

myeloperoxidase further metabolizes the phenolic compounds to free radicals.

The active oxygen produced by this reaction may damage DNA producing

aberrations in chromosomes (Snyder et al., 1993).

Toluene inhalation produces neurobehavioral disorders (Shen et al.,

1992) and auditory sensitivity loss in animals (Johnson, 1992). Most of the

work described above is the result of animal experiments using chemically pure

benzene and toluene. It is hypothesized that the effects of long exposure to
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gasoline vapors would be approximately the same. The effects of exposure to

gasoline vapors and gasoline in drinking water have been investigated. Wolff

(1992) suggested a direct relation between car ownership and leukemia due to

exposure to benzene vapors from gasoline.

1.3.4 Soil and groundwater contaminated by underground storage tanks.

Statement of the problem. Although no one knows exactly how many

underground storage tanks leak gasoline and other petroleum products into the

soil in the United States, conservative estimates give a number of more than

250,000 (Atlas & Cerniglia, 1995). Corrosion is considered the principal cause

of leakage (Henry,, 1988) from metal tanks, but other factors such as faulty

construction and faulty installation contribute to the problem. Tanks constructed

and installed prior to 1988 were not expected to remain leak-free for more than

a few years and as expected, create the greatest part of the soil contamination

problem. Ultimately, the problem is not the leakage itself but rather the fact that

the gasoline travels through the soil and reaches water used for drinking

purposes (Mackay, 1988).

National regulatory policies. A number of regulatory issues are

associated with the remediation of contaminated soil and water. These include

definition of what is considered contaminated soil or water, what constitutes
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minimum permissible levels of contamination, and acceptable methods by which

soils and water may be treated. Petroleum products are not listed as

hazardous wastes under the Resource Conservation and Recovery Act (RCRA)

of 1976 (U.S., 1976). They are also excluded from the Comprehensive

Environmental Response Compensation and Liability Act (CERCLA) of 1980

(U.S., 1980). However, key chemical constituents of petroleum products, such

as benzene, toluene and the three isomers, ortho, meta and para, of xylene are

designated as Class 1 hazardous substances under RCRA and CERCLA. Thus

any soil or water containing these petroleum components can be considered a

hazardous material (EPA, 1988; Kostecki et al., 1988).

Because of the magnitude of the problem, the Congress of the United

States, by the Hazardous and Solid Waste Amendment of 1984 to the RCRA

(U. S., 1976), conceded to the EPA the responsibility for regulation of

underground storage tanks containing petroleum products and other hazardous

substances. Sources of contamination that are regulated under Subtitle C of

the Hazardous Waste Management Act are an exemption to EPA hegemony

(O'Brien, 1988). These regulations can be summarized as follows:

1. installation of tanks that are not protected against leakage caused by

corrosion or structural defects for the life of the tank is prohibited;

2. tanks must be compatible with the material stored;

3. owners of underground storage tanks must notify a designated authority

in the state where the tanks are located, and



55

4. the seller of the stored product must notify the tank owner of the EPA

provisions if he or she is not already aware of them (Henry, 1988).

The EPA program was started in 1988 and is based on such pre-

requisites and regulations. It is the objective of the United States government

to establish standards for determining soil contamination and to evaluate

procedures and results of decontamination efforts (EPA, 1988).

Texas regulatory policies. In 1989, the State of Texas approved House

Bill 1588 on "petroleum storage tank remediation" under the supervision of the

Texas Water Commission (TWC), now Texas Natural Resources Conservation

Commission (TNRCC). The bill was meant to halt soil and water contamination

with petroleum products by establishing parameters that halt contamination and

enhance the development of technologies for cleaning soils and waters already

contaminated. Use of contaminated land is prohibited until it has been

decontaminated (TWC, 1990). According to this law, all contaminated soil must

be cleaned or confined to a hazardous waste landfill areas.

1.4 Bioremediation

Bioremediation can be defined as any process that uses living organisms

or their enzymes to enhance the rate or extent of pollutant destruction or to

prevent pollution through appropriate treatment (Atlas, 1995). Bioremediation is
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a viable component of hazardous waste management technology (EPA, 1988).

The laws that define and prescribe bioremediation also include chemicals

collectively known as xenobiotics. These chemicals may accumulate in the

environment at levels that can be detrimental to human health. Xenobiotics are

compounds that are either not found naturally in the environment because they

are synthetic, or they were usually present only in small quantities, but human

activities of recent origin have resulted in significant increases. Examples of

the former are insecticides, pesticides (Nyer, 1993) and plastics, which were

designed to resist biodegradation in the environment. The latter includes

hydrocarbons, substituted hydrocarbons and lead from tetraethyl lead in

gasoline. The lesson learned from the accumulation of dichloro diphenyl

tricholorethane (DDT) in animal tissues has radically changed the view

regarding the synthesis of new chemicals for use in environmental applications.

Today, the trend is to produce biodegradable substances and to avoid non-

biodegradable ones (Nichols, 1992; Atlas, 1995).

To date, the selection of bioremediation as a treatment option has been

limited in frequency and scope. The main reason is that bioremediation

competes with other treatment technologies such as physical entrapment or

encapsulation, incineration, pump and treat systems, air venting and other

engineering solutions, depending on the type and site of contamination.

Selection of treatment technologies is based on criteria of effectiveness,

implementability, and cost (EPA, 1988; Fiorenza et al., 1991).
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The major disadvantage of bioremediation is the time-consuming

optimization of several variables (Frankenberger, 1992). Among its major

advantages are its simplicity of maintenance, its applicability to large areas,

cost effectiveness, and most important, ability to eliminate the contaminant from

the environment. The main virtue of bioremediation lies in the fact that the

contaminant is not simply moved from one location to another or changed from

one form to another but that contaminants are destroyed and, generally,

converted to carbon dioxide and water. In the case of air-striping or activated

carbon absorption technologies (Frankenberger, 1992) contaminants are simply

transferred from the soil into the air without detoxification. In many cases,

bioremediation has been found to be effective under laboratory conditions, but

with few exceptions (Ralston & Vela, 1974), the translation of the process to

field operations has often encountered difficulties or failed completely (Gibson &

Sayler, 1992; Frankenberger, 1992).

In April of 1991, the EPA sponsored a meeting to evaluate

bioremediation solutions to environmental problems. As a result of this

meeting, the report, Summary Report: High Priority Research on Bioremediation

(Nichols, 1992), set the framework for future research in the field. The

proposed research was designed to address four main areas:

1. determining the factors that govern the accessibility of pollutants for

bioremediation and devising ways to increase their accessibility;

2. improving the design of bioremediation processes;
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3. overcoming problems associated with moving the procedure from the

laboratory to field operations; and

4. development of innovative bioremediation strategies and processes.

The result of research in the above areas should expand the utility and

scope of using bioremediation to clean up contaminated soils, surface waters

and aquifers (Nichols, 1992). Degradation of hydrocarbons by natural

populations of microorganisms in soil and water represents one of the primary

mechanisms by which petroleum and other hydrocarbon pollutants are

eliminated from the environment naturally (Leahy & Colwell, 1990). As a result

of the research presented here, it is recommended that indigenous bacteria

rather than genetically engineered organisms be used to prevent potential

adverse ecological effects. Since extraneous microorganisms are not added to

an already damaged ecosystem (Atlas et al., 1990), further disturbances can be

avoided.

1.4.1 Bioremediation of marine oil spills.

The environmental application of hydrocarbon biodegradation technology

became a focus of study in the late 1960s and early 1970s, largely through

projects supported by the United States Office of Naval Research (ONR) (Atlas

& Cerniglia, 1995). Research projects designed to examine the biodegradation

of oil under model environmental conditions as well as the presence of
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hydrocarbon degrading microorganisms in potentially problematic sites (Roubal

& Atlas, 1978) were carried out in several laboratories. In addition, many

recent studies on oil spills have increased our understanding of natural

hydrocarbon biodegradation in marine environments (Atlas & Cerniglia, 1995).

The Amoco Cadiz spill of 1978, the IXTOC I accident of 1979, the Exxon

Valdez spill in 1989 and the Persian Gulf oil spill in 1991 have demonstrated

that natural biodegradation processes are not the same in all locations. In each

of these spills, "mousse" formation, and natural degradation of specific fractions

of gasoline were different (Prince, 1993). Results of many experiments on

hydrocarbon degradation in marine environments have been reviewed by

several authors (Leahy & Colwell, 1990; Atlas 1991; Atlas & Bartha, 1992;

Nichols, 1992; Prince, 1993; Atlas, 1995; Atlas & Cerniglia 1995). These

studies showed that biodegradation is influenced by environmental factors such

as temperature and the presence of essential nutrients, as well as the

adaptation of indigenous bacteria to the presence of hydrocarbons.

The use of bioremediation in marine spills has focused on the addition of

nutrients, the use of chemical or biological surfactants, and/or the addition of

bacteria to the marine environment. The addition of nutrients in the form of

fertilizers represents a real challenge because even great amounts of fertilizer

dispersed in the sea will be rapidly diluted in the water column without a net

effect on the chemical constitution of the sea water. Several investigators have

offered alternatives. Among these are the addition of an oleophilic nitrogen and
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phosphorous fertilizer, a slow-release fertilizer microemulsion, and even an

urea-formaldehyde polymer with an accompanying inoculum of oil degrading

bacteria specifically selected to grow using the polymer as its nitrogen source

(Pritchard, 1991; Atlas & Bartha, 1992; Prince, 1993).

The efficiency of natural surfactants (Zajic & Supplisson, 1972;

Rosenberg, 1991; Falatko & Novak, 1992) has promoted the search for

chemically synthesized surfactants that will stimulate biodegradation (Janiyani et

al., 1993; Prince, 1993). Seeding of bacteria in contaminated ocean sites has

yielded mixed results. In some cases it appeared to be beneficial while in

others it made little or no difference (Venosa et al., 1991; Atlas & Bartha, 1992;

Leahy & Colwell, 1990).

In the 1989 Alaskan oil spill in Prince William Sound, bioremediation

proved to be an effective, relatively nonintrusive technique to degrade oil and its

by-products in environmentally sensitive areas (Nichols, 1992). The joint

experiment of EPA, Exxon Oil Co. and the Alaskan Department of

Environmental Conservation demonstrated that fertilizer application was an

effective means to enhance the activity of oil degrading bacteria in surface and

sub-surface conditions with minimal environmental impact (Lindstrom et al.,

1991; Pritchard, 1991). However, similar experiments in Galveston Bay, Texas

in August of 1990 and in Seal Beach, California in November of 1990 showed

no significant differences in oil degradation rates between fertilizer-treated and

untreated seashore plots. These results suggest that bioremediation is not
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appropriate for all oil spills (Nichols, 1992), and experimental evaluations are

necessary in each case.

1.4.2 Bioremediation of soil and groundwater.

Although working with the same biological principles applied to marine oil

spill bioremediation of petroleum hydrocarbons, the problems faced in soils and

groundwater have different requirements. The addition of fertilizers and the use

of autochthonous soil bacteria to degrade contaminant petroleum hydrocarbons

in the soil represents a very different situation. While marine applications are

seen by many as an exercise in futility (Vela, personal communication) in the

soil environment, the situation is totally different. Soil application results in a

meaningful increase in nutrients and in the building up of bacterial populations.

Raymond et al. (1976) first studied the "spontaneous" degradation rates of

different crude oils in different soils. This work was followed by many others

which demonstrated the feasibility of the procedure (Peterec, 1988).

Bioremediation has been applied extensively to soils contaminated with

petroleum products from leaking underground storage tanks (Peterec, 1988),

and also to aquifers contaminated from the same source (Ward & Thomas,

1988). Successful in situ bioremediation of contaminated aquifers has been

extensively reported (Wilson & Ward, 1987; Ward & Thomas, 1988; Alvarez &

Vogel, 1991). As stated above, bioremediation has to compete with other
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available waste management technologies, such as chemical fixation (Rahnama

& Arnold, 1993), air stripping, pump and treat systems, burial in hazardous

waste landfills or incineration (Peterec, 1988). The use of bioremediation

appears now to be on the rise. Bioremediation has been successfully applied

either as the only treatment (Aggarwal & Hinchee, 1991) or as part of a

comprehensive remediation program (Peterec, 1988).

The successful practice of bioremediation requires the execution of a

series of procedures from a team of environmental engineers, chemists,

microbiologists, and geologists. The success of the project depends on the

fulfillment of the following essential steps:

1. site characterization

2. initial bioassessment testing

3. detailed laboratory testing, pilot testing and design

4. hydrologic modeling

5. excavation and installation of dispersal system, addition of nutrients,

oxygen, water and bacteria

6. process monitoring and testing

7. final testing and closure

8. reporting and management

Some of the steps are sequential, and some overlap. There is no

standard bioremediation procedure and decisions must be made at individual

sites according to prevailing criteria (King et al., 1992).
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The initial site characterization must include visual inspection of the site,

geological characterization, chemical analysis to determine the extent of

contamination, and hydrologic assessment of impact on groundwater. If

groundwater exits in the area, the initial characterization must include

hydrogeological studies on flow rate, soil permeability, and diffusion of nutrients.

If the initial characterization suggests that bioremediation is a practical solution,

a bench-scale feasibility study is essential (King et al., 1992).

The feasibility study should include a physicochemical analysis of the soil

including pH, nitrogen and phosphorous content, soil moisture and water

holding capacity, analysis of soil interactions with nutrients as well as the ability

of the autochthonous microflora to degrade the contaminants (Frankenberger,

1992). The assessment of the microbial diversity at the site is one of the most

important factors in determining the need for adding hydrocarbon-degrading

microorganisms or to simply enhance the existent microflora. In most cases,

autochthonous microorganisms are already adapted to the contaminants

present in the site and there is no need to add exogenous microorganisms.

Ridgway et al. (1990) studied the ecology, taxonomy and catabolic activity of

bacteria from a contaminated aquifer, and found that a high proportion of the

normal flora was able to degrade simple substituted aromatic compounds,

specially toluene. These results clearly demonstrate the adaptability of the

microbial community under natural, undisturbed conditions.
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If the feasibility study reveals no adverse factors for bioremediation, the

system may be installed and if all other considerations are favorable, started.

In general, the bioremediation project can include the addition of nutrients

(Dibble & Bartha, 1979), surfactants (Janiyani et al., 1993), oxygen (Vesper et

al., 1994) and even the addition of alternative electron acceptors such as nitrate

and sulfate. Addition of exogenous bacteria or augmentation of native

populations (Comeau et aL., 1993) is almost always indicated since native

populations are generally small. As an alternative method, the soil or

groundwater can be removed from the site and treated in bioreactors (Mueller

et al., 1993; Gray et al., 1994) before returning it to the site. Monitoring of

contaminant levels must be continued until it is assured that no new material is

entering the treated site. Once the hydrocarbon concentrations are below

permissible limits, a proposal is submitted to the appropriate authorities to

evaluate the site for the purpose of terminating the project (TWC, 1990).

1.4.3 Soil factors affecting biodegradation.

A number of soil factors affect biodegradation. The manipulation of

these factors is advantageous to neutralize the effects of Liebig's law of the

minimum. This law states that the rate of a biological process such as growth

or metabolism is limited by the essential factor present at the lowest

concentration. The response to the addition of this factor is not necessarily
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linear (Dragun, 1988) primarily due to the fact that a given concentration most

be present to assure availability to each individual entity where the reaction will

occur. Among the physical and chemical factors that affect the biodegradation

of hydrocarbons in soil and groundwater are temperature, pH, soil type, water

holding capacity, soil porosity and salinity. These characteristics are not easily

modified in field situations and it is impossible to predict field results from

laboratory findings. Oxygen and nutrient concentrations, on the other hand, are

variables that can be modified experimentally under field conditions to assure

that sufficient quantities are present to support microbial growth. Foght and

Westlake (1987) reviewed the environmental factors affecting degradation of

hydrocarbons in groundwater and freshwater bodies and found that they were

essentially the same as those that apply to soils.

a) Oxygen availability. The initial step in the catabolism of aliphatic,

cyclic and aromatic hydrocarbons by bacteria and fungi involves oxidation of the

substrate molecule by oxygenases utilizing molecular oxygen. Aerobic

conditions must be assured for microbial oxidation of hydrocarbons to proceed

in any environment (Leahy & Colwell, 1990). Organisms capable of degrading

hydrocarbons anaerobically do so at very low rates of activity when compared

to the aerobic process. The availability of oxygen in soils is dependent on the

rate of aeration, ambient pressure, soil type, soil organic content and ambient

temperature. Other factors which affect microbial oxygen consumption include
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the presence of other substrates and the presence of other, non-hydrocarbon

utilizing organisms, which compete for oxygen.

Hydrocarbon vapors can be degraded by microorganisms in the

unsaturated zone of the contaminated site (Figure 5), where oxygen is present

in adequate concentrations (Kampbell & Wilson, 1991). In the lower part of the

unsaturated zone and in the saturated zone of groundwater, however, oxygen

concentration has been identified as the rate-limiting variable in petroleum

biodegradation (von Wedel et al., 1988). Because of the limiting solubility of

oxygen in water, hydrogen peroxide is commonly used as the oxygen source.

However, the rate of peroxide decomposition is generally much greater than the

rate of utilization of nascent oxygen by microorganisms resulting in the rapid

depletion and loss of oxygen.

No clear evidence of the advantage of using hydrogen peroxide in

bioremediation has been provided (Aggarwal et al., 1991). Research has

focused on the use of solid oxygen sources, like sodium percarbonate or

calcium percarbonate, that can deliver oxygen to a specific area and release it

slowly. Vesper et al. (1994) suggested the use of encapsulated sodium

percarbonate for this purpose and Bess and Murray (1995) used calcium

peroxide for the same purpose. Another alternative to enhance soil aeration

and biodegradation, proposed by Ju et al. (1993) is the pulverization and direct

aereation of soils.
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b) Nutrient concentration. The release of hydrocarbons into the soil often

produces excessively high carbon to nitrogen and carbon to phosphorus ratios

or both. These are unfavorable for microbial growth (Atlas, 1981) and may

even inhibit growth. The acceleration of the biodegradation of crude oil or

gasoline in soil and ground water may be brought about by the addition of urea-

phosphate, N-P-K (Nitrogen, Phosphorus and Potassium) fertilizers and

ammonium and phosphate salts (Dibble & Bartha, 1979). Other investigators

observed that the increase in biodegradation rate was deferred for up to one

year (Raymond et al., 1976). These seemingly contradictory results can be

attributed to the variable and complex composition of soils and to other factors

such as nitrogen reserves and the presence of nitrogen fixing bacteria (Leahy &

Colwell, 1990).

c) Availability of substrate for biodegradation. Even when soil or

groundwater are contaminated with hydrocarbons, these molecules may not be

available for bacterial degradation. The use of surfactants in oceans and

freshwater has been widely recognized (Rosenberg, 1991), but its use in soil

remediation is experimental (Peters et a!., 1992). Janiyani et a!. (1993)

reported an increase in soluble chemical oxygen demand when the synthetic

surfactant polyoxyethylene sorbitan monooleate (Tween-80) was used to

solubilize hydrocarbons from oil sludge. Bury and Miller (1993) demonstrated

an increase in n-decane and n-tetradecane degradation by pure bacterial
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cultures when biodegradable surfactants were present. One of the main

concerns with the use of surfactants in bioremediation, is that they might

accumulate in the environment and become contaminants themselves (Peters

et a!., 1992).

1.4.4. The use of genetically modified organisms on bioremediation.

The release into the environment of genetically modified microorganisms

to be used for bioremediation has raised concerns regarding the associated

potential risks. This in turn has led to legislation aimed at regulating the

environmental release of genetically engineered microorganisms. The law

requires that specific studies on the ecology and environmental impact of

genetically modified microorganisms be conducted before approval for release

is granted (Prosser, 1994). Current research in the area of environmental

biotechnology for hazardous waste biodegradation has as its main objectives

the development and improvement of strains used for this purpose. Also, the

development and improvement of monitoring methods and the analysis of

environmental and ecological effects brought about by the treatment (Sayler,

1991).

Environmental risk assessment of genetically modified microorganisms is

more complicated than the traditional environmental risk assessment of

contaminants with respect to human health. The risks associated with
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environmental release of genetically modified microorganisms requires

knowledge of microbial survival, growth, activity and dispersal within the

environment as well as the persistence of recombinant DNA in the environment

and its transference to indigenous microorganisms (Trevors et al., 1994). The

information required can not be obtained using only traditional microbiological

techniques such as plate counts or microscopic methods. This is due, among

other factors, to the probable conversion of the released microorganisms into

viable but non-cultivable cells (Prosser, 1994). These problems are not new to

microbial ecologists who have always found difficulties in obtaining data such as

accurate microbial population numbers, microbial growth rates in nature and

transference of genetic material among microbial communities (Stotzky et al.,

1990; Molin, 1992). New methodologies on microbial ecology have been

developed to overcome the above mentioned problems, including the use of

immunological methods, nucleic acid probes and molecular markers (Sayler,

1991; Prosser, 1994).

Immunological methods applied to environmental studies have been

substantially improved by the use of monoclonal antibodies and flow cytometry

(Prosser, 1994). Nucleic acid probing and the use of the polymerase chain

reaction (PCR) have opened new avenues in microbial ecology. The main

difficulty of using PCR in microbial ecology applications was the need for a DNA

extraction method from environmental samples. There are some recent reports

that have described successful methods to extract DNA from soil, and they



70

have been used to identify native microbial populations with hydrocarbon

degrading capacity (Berthelet & Greer, 1995; Joshi & Walia, 1995).

Creation of molecular markers refers to the intentional introduction of

genes conferring distinctive phenotypic properties to certain microorganisms.

These phenotypic characteristics enable the researchers to keep track of the

marked organisms after introduction into the environment. Molecular markers

have been used more often than other monitoring techniques in risks

assessment studies of genetically modified microorganisms released into the

environment. Antibiotic resistance, resistance to heavy metals, expression of

IacZY and xyIE genes and genes encoding for bioluminescence are also among

the most used molecular markers (Prosser, 1994; Trevors et al., 1994).

Results have demonstrated that bacteria introduced into the environment

can persist for several months. An indigenous, non genetically modified

Pseudomonas spp was introduced into a contaminated aquifer and its survival

and degradation activity were followed. At the same time, microcosm studies

were conducted with a genetically modified derivative from the same organism.

Results from both experiments suggests that microorganisms can remain viable

and biochemically active for long periods of time in the environment, if adequate

survival conditions such as oxygenation exist (Krumme et al., 1994). Effective

degradation of soil contaminants has also been demonstrated (Doyle et al.,

1991) by introducing genetically engineered microorganisms, and their

persistence in the rizhosphere has been monitored (Prosser, 1994). In other
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cases, the introduction of genetically modified microorganisms did not increase

the rate of soil contaminant degradation. This may have been due to predation

by protozoa, non availability of contaminants to the bacterial cell, or toxicity of

contaminants to the genetically modified microorganism (Trevors et al., 1994).

Studies designed to evaluate in situ transfer of plasmids in natural

environments to estimate the potential distribution of modified genetic material

from genetically manipulated microorganisms into indigenous microbial

populations have also been carried out (Stotzky et a!., 1990; Lilley et al., 1994).

The first U.S. patent for a genetically modified microorganism was

obtained by Chakrabarty (1974) for a Pseudomonas spp with the ability to

degrade low molecular weight petroleum hydrocarbons. The organism has

never been used in an actual situation (Byrne, 1989). During the Alaskan

accident, the low molecular weight hydrocarbons evaporated during the first

days after the spill and no real advantage would had been obtained by seeding

the site with a bacteria capable of using such molecules (Prince, 1993).

Current knowledge on microbial physiology, supports the notion that

microorganisms evolve new and desired pathways by themselves (van der

Meer et al., 1992). Up to now, no genetically modified microorganisms have

been developed to degrade chemicals for which a natural degradative microbial

counterpart does not already exist. The efforts have focused on developing

microbial strains with increased and expanded ranges of biodegradative activity

and with a superior process control (Sayler, 1991; Lee et al., 1995).
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Genetically engineered microorganisms have been found to be useful for

degradation of chlorinated and multiple substituted aromatic compounds (Doyle

et al., 1991; Krumme et al., 1994), but no real advantage has been observed by

their use in degradation of petroleum hydrocarbons. Under natural or controlled

conditions, degradation of hydrocarbons is controlled most often by a variety of

physical and chemical parameters such as temperature, pH, humidity and

substrate availability, and not by the presence or absence of laboratory

produced microorganisms (van der Meer et al., 1992). In cases where

adaptation is too slow, the addition of a variety of microbial strains carrying the

desired genes and/or parts of necessary pathways may speed up the process.

Such "direct evolution" has proved to be successful in laboratory experiments

(van der Meer et al., 1992).

1.4.5 Adverse effects.

As with all new technologies, there are genuine concerns with the use of

microorganisms for the degradation of environmental contaminants and

xenobiotics. One of the main concerns lies with the possibility that

microorganisms may not degrade contaminants completely to carbon dioxide

and water, but rather metabolize them to compounds that can be even more

toxic that the original ones. Such new compounds could persist and

accumulate in the environment. The final products of the degradation process



73

must be known to understand the transport, fate and toxicity of chemical

products that result from biodegradation (Nichols, 1992). Even when laboratory

studies show that such is not the case, results under field conditions may be

different.

The degradation of alkylphenol ethoxylates, used as nonionic surfactants,

is an example of this phenomenon. The ethylene glycol residues of the

molecule can be removed by bacterial enzymes leaving an alkyl-substituted

phenol which is considerably more toxic than the original pollutant (Dagley,

1987) as an end product of the reaction. It has been demonstrated that the

greater the complexity of the hydrocarbon structure, the slower the rate of

degradation and the greater the likelihood of accumulating partially oxidized

intermediary metabolites which may be toxic (Atlas & Cerniglia, 1995).

1.5 Purpose of this project

Until now, bioremediation research has been empirical. Only selected

substrates, predetermined nutrient concentrations and oxygen added in excess,

have been studied as key variables (Wilson & Ward, 1987). Bioremediation

studies of gasoline contaminated soil and groundwater under these conditions

guarantee the well being of the ecosystem.

On the other hand, there are numerous studies on microorganisms that

were originally isolated from contaminated environments. When
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microorganisms are adapted to the laboratory for long periods of time, they do

not really represent the microorganisms present in situ in soil communities.

Few studies have been conducted using both approaches and investigating

bioremediation in situ. Closed gasoline filling stations with soil contaminated by

gasoline and diesel hydrocarbons from leaking underground storage tanks are

an excellent model for the study and development of bioremediation. The sites

are of an adequate size and volume to establish the bioremediation system and

to analyze microbial ecology. Besides the interest on the biochemical process

of microbial degradation of hydrocarbons and its genetic control, the

development of a system to be used in cleaning contaminated gas station areas

can be seen as contribution to environmental remediation.

The present project has as its objectives the development and testing of

a bioremediation system using indigenous soil bacteria. It will include the

addition of nutrients, a distribution system to assure aeration and uniform

distribution of nutrients along with bacteria from enrichment cultures. The

bacteria to be added will contain a large populations of hydrocarbon degrading

organisms. At the same time, the hydrocarbon degradation capacity of

indigenous bacteria will be determined and measured in the laboratory. The

role of plasmids in degradative process will be studied and related to the overall

process.

My working hypothesis is that there are bacteria with metabolic pathways

capable of degrading specific components of gasoline in situ in contaminated
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soils. This is based in that observation that petroleum does not persist in

nature once it is exposed to soil bacteria under aerobic conditions.

Disappearance of oil from the environment is spontaneous even if the rate of

disappearance is quite slow.

It is also the purpose of this work to demonstrate that essential genes for

gasoline degradation can be found on the bacterial genome and not only on

plasmids. This is based on the observation that degradation of phenols is not

related to the presence of plasmids in autochthonous bacteria (Vela & Rainey,

1975).



CHAPTER II

MATERIALS AND METHODS

2.1 Bioremediation of sites contaminated with gasoline.

Initial soil cultures. Twenty soil samples were collected and pooled from

contaminated gasoline underground storage tank sites. Samples of the mixture

were used as inoculum for a medium made of tap water, nitrogen and

phosphorous (plant fertilizer) but without added carbon. A mixture of solid

fertilizer N:P:K 35:0:0 and N:P:K 18:46:0 was originally used, but later changed

to liquid fertilizer because of convenience in dosing.

The liquid fertilizer was a mixture of ammonium polyphosphate solution

(total nitrogen 10-11 % as N, total phosphorous 34-37 % as P205) (Texasgulf

Chemicals Co., Raleigh, NC) and urea ammonium nitrate solution (45 %

ammonium nitrate, 35% urea, 20% water) (Will-gro Fertilizer, Pryor, OK). The

final concentrations of nitrogen and phosphate were 0.03 % and 0.01 %,

respectively (Fertilizer Medium).

The sole carbon source was a 1:1 (v/v) gasoline-diesel fuel mixture

which was supplied as a vapor in an air current. The culture was made aerobic

76
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to apply further selective pressure on the autochthonous aerobic microflora.

This was called the primary enrichment culture.

Bacterial counts. The total number of aerobic organisms and the number

of hydrocarbon-degrading organisms was determined by making a ten-fold

dilution series of 10 g of soil and inoculating plates by the spread plate

technique. Nutrient Agar (Difco, Detroit, MI) was used to determine the total

number of aerobic bacteria in the soil. For determination of hydrocarbon-

degrading bacteria, M9 agar without carbon source was used. The composition

of M9 agar in one liter of distilled water was as follows: dibasic sodium

phosphate (Na2HPO4) 6 g; monobasic potassium phosphate (KH2PO4), 3 g;

sodium chloride (NaCI) 0.5 g; ammonium chloride (NH4CI) 1 g; agar,

bacteriological grade, 15 g. After autoclaving, 2 ml of a 1 M sterile solution of

magnesium sulfate (MgSO4 7H20) and 0.1 ml of a 1 M sterile solution on

calcium chloride (CaCl2) were added. The plates were incubated at 26 *C in an

aerobic atmosphere saturated with vapor from a gasoline-diesel 1:1 fuel (v/v)

mixture.

Stock cultures. Colonies from the plates used to count populations in the

primary enrichment culture were isolated, purified, and made into stock cultures.

Special interest was given to plates used for the enumeration of hydrocarbon-

degrading bacteria. Once the bacterial strains were obtained in pure culture,
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they were placed in 9 ml of M9 broth to which 0.1 % (v:v) gasoline-diesel fuel

mixture was added and incubated with agitation at 26 0C. Those that grew well

after three to four weeks were selected and subcultured for further study.

From the strains isolated, twenty different bacteria were obtained. They

were maintained as stock cultures on nutrient agar slants (Difco, Detroit, MI)

and tested for growth and hydrocarbon utilization every three months.

Subcultures were maintained at -80 0C using 40 % glycerol as the cryoprotector

to preserve plasmid content and the ability to utilize hydrocarbons as the sole

source of carbon. A working culture of each organism was also prepared and

maintained at -20 0C.

Identification of bacterial strains using the BiologTM System . Following

the manufacturer's instructions, unknown bacterial strains were grown in plates

of Tryptose Soy Agar (TSA) with 5 % sheep blood (Difco, Detroit, MI), and

incubated at 26 0C for 12 to 18 h. Isolated colonies were removed from the

agar plate by rolling a sterile cotton swab over the colonies rather than sliding

across them. Bacteria were diluted in a tube containing 18 to 20 ml sterile

normal saline (0.85 % NaCI). The cotton swab was immersed in the saline and

twirled against the side of the tube, and the tube gently shaken to obtain a

uniform suspension.

The inoculum density was adjusted within the range given by the turbidity

standards supplied by BiologTM. Optical density for standards and samples was
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read in a spectrophotometer (Shimadzu Spectronic UV-210, Bauch & Lomb

Co., Rochester, NY) at 490 nm. Turbidity standards were performed for every

organism tested. Reference standards were approximately 0.130 O.D. for the

low and 0.160 O.D. for the high limit. If the bacterial suspension was outside

this range, the number of cells was adjusted by adding either bacterial cells or

sterile saline solution. Once the suspensions were adjusted, 150 l of

suspension were added to each of the 96 wells in pre-warmed Biolog GNTM

Microplates. The plates were labeled and incubated at 26 *C for 24 h. A small

tray with distilled water was included in the incubator as a source of moisture.

The reactions were determined at 4 and 24 h. Positive reactions were

indicated by a color change (purple) in the given well while negative wells

showed no change. A faint purple color was recorded as borderline. The data

were analyzed with the MicroLogTM computer program and identification

interpreted according to this program.

Master Bacterial Mixture. The master bacterial mixture was made up of

10 isolated strains which had shown the ability to degrade hydrocarbons and

which were obtained from different contaminated sites. All were pure cultures

and were mixed in equal proportions in terms of number of cells.

A working culture of the master bacterial mixture was prepared by adding

10 strains of bacteria to 11l of M9 broth supplemented with 0.1 % (v:v) of the

gasoline-diesel fuel mixture. The culture was allowed to incubate for 10 days
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with agitation. Then, samples were transferred to Nutrient Agar plates and

incubated at 26 0C. The different bacterial strains were identified by colonial

morphology. The master bacterial mixture represented a stable community of

compatible microorganisms, and was maintained in M9 salts medium with the

fuel mixture as carbon source. Ten ml of this culture were added to a 20 I

carboy for the preparation of mass cultures.

Mass cultures. Cultures were prepared in eight 20 I carboys, each

containing Fertilizer Medium, approximately 100 g of soil from the contaminated

site to be treated, and air saturated with the fuel mixture using a sparger. The

soil was added to provide autochthonous organisms and soil nutrients and

minerals. Twenty-four hours later, 10 ml of the master bacterial mixture were

added to each 20 I carboy and exposed to the air saturated with fuel mixture.

When the number of hydrocarbon-degrading organisms reached approximately

30 % of the total aerobic population, as determined by bacterial plate counts,

the culture was considered ready to use. Once the cultures were ready, 1 ml of

gasoline-diesel fuel mixture was added to each carboy and the air supply turned

off.

The isolation procedure and maintenance conditions made it unlikely that

pathogenic organisms would be present in the mass cultures. All cultures to be

released to the environment were tested for the presence of respiratory

pathogens (Streptococcus), skin pathogens (Staphylococcus aureus), and
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enteric pathogens (coliform bacteria). Unless all tests were negative for

indications of pathogenic organisms, cultures were not released in the

environment. Every culture prepared in the laboratory was identified with a

serial number, date, and culture history, including the results of tests for

pathogenic organisms.

The 160 I of the mass culture were added to a tank containing 1,200 I of

Fertilizer Medium. A stream of air saturated with a gasoline-diesel fuel mixture

was used to agitate the culture and the organisms allowed to grow for three to

five days.

Bioremediation sites. The field work was done in conjunction with

NorTex Environmental Inc., Denton, Texas. The bioremediation work was

contracted by NorTex while all microbiological work was performed as part of

this project. The sites selected for treatment were gasoline stations located in

the North Texas area which had been closed because of excessive soil

contamination. The work consisted of removing underground storage tanks,

visual examination for the presence of gasoline, oil or diesel fuel in the ground

and determination of the extent of soil contamination. The extent of

contamination was determined by performing chemical analyses on samples of

soil assumed to encompass the total volume of contaminated soil. These

analyses accurately described the three dimensional "plume" of soil

contamination. Chemical analyses were performed according to the demands
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of the Texas Water Commission, now Texas Natural Resources Conservation

Commission and included quantification of benzene, toluene, xylenes and

ethylbenzene (BTEX) and the total petroleum hydrocarbons (TPH). Figure 6

shows the preparation of the cavity and provisions for addition of bacteria,

nutrients, water and air. All contaminated soils was excavated to loosen the

soil to facilitate distribution of microorganisms and introduction of nutrients and

air. Excavation included sloping of the floor from all walls to create an ultimate

central collection basin, called the sump. A recovery well was fitted with poly

vinyl chloride (PVC) pipe in the sump area to facilitate removal of water

samples for subsequent testing.

The initial backfill was accomplished by returning the contaminated soil in

a layer not to exceed 75 cm. Bacteria were mixed with the soil as it was

returned to the prepared pit. After irrigating and smoothing the soil, a layer of

10 to 15 cm in depth of clean gravel, 2-3 cm average size, was added and

spread uniformally over the soil. A 10-cm diameter PVC lateral distribution pipe

with uniformly distributed 1 cm perforations was installed on the surface of the

gravel as a means of introducing nutrients, air and additional bacteria when

needed. Contaminated soil, gravel and PVC pipe, were layered alternatively in

this manner until the entire tankhold was filled to within 35 cm of the surface

(Figure 6). The 10-cm PVC lateral distribution pipes installed on the surface of

the gravel layers were connected to vertical 10 cm (non perforated) pipes which

rose to the surface and connected to a manifold used for injecting nutrients, air
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Figure 6. Bioremediation project installation.
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and bacteria. Since gravel and PVC pipe filled the space formerly occupied by

the tank, no soil was left out of the cavity when the process was finished.

As the effluent percolated throughout the soil, it collected in the sump

and a submerged pump transferred it to the surface. This effluent was

transferred to a separator and subsequently to the 1,200 I bacterial culture tank

again for recycling. The frequency of removal of material from the sump was

determined by the rate of collection of the water in the sump. Samples of water

were removed periodically and tested for BTEX and TPH.

Testing the efficiency of treatment. Representative samples were

collected from various levels of the contaminated soil. These were analyzed for

BTEX and TPH. The nutrient solution was reconstituted, new bacteria added

and air input continued until chemical analyses showed that the levels of

combined BTEX were 30 mg kg" of soil and TPH lower than 100 mg kg"' of

soil. Samples were collected every 30 days to observe the progress of the

process. Due to the confinement of the treatment site and the self-eliminating

aspect of the culture into the soil (absence of nutrients and air), no routine tests

were deemed necessary to confirm the disappearance of the added bacteria.

Closing the cavity. Once chemical analyses were satisfactory, the

system was disassembled. All PVC access pipes were easily removed by

pulling them up with a back hoe. It was assumed that the gravel layers would
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not cause future problems, and were left in place. All other equipment was

mobile and easily transported from the site.

Determination of Aromatic Volatile Gasoline Hydrocarbons. EPA Method

8020. This method is recommended by the EPA (EPA, 1986) for the

determination of the concentrations of various volatile organic compounds.

Sample preparation and extraction for chromatographic analysis was done by

the purge and trap procedure (EPA method 5030), which is recommended for

most volatile organic compounds that have a boiling point below 200 C and are

either insoluble or slightly soluble in water. In the purge and trap process,

helium is bubbled through the contaminated material (soil or water) at room

temperature. The volatile components are efficiently transferred from the

aqueous phase to the vapor phase. The vapor is swept through a sorbent

column where the volatile components are adsorbed. After purging of all

organics from the soil or water sample is completed, the sorbent column is

heated and backflushed with helium to desorb the components onto a gas

chromatographic column. For gas chromatographic analysis, EPA Method 8020

was used. The method provides instructions for the chromatographic detection

of aromatic volatile compounds.

Chromatographic equipment. A Hewlett Packard 5890 Series II Gas

Chromatograph (0.1. Analytical, College Station, TX) equipped with photo
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ionization and flame ionization detectors was used. The chromatograph was

complemented with a Multiple Purging Module (MPM-16, 0.1. Analytical, College

Station, TX) and a Sample Concentrator (4560 Sample concentrator, 0.1.

Analytical, College Station, TX). The chromatographic output was analyzed

using a Hewlett Packard Integrator (HP3396 Series II Integrator, 0.1. Analytical,

College Station, TX).

A capillary column equivalent to that recommended by EPA for the

method was used. The column was denominated Phase BTEX-5 (Restex, Co.,

St. Marys, PN). Helium was used as the carrier gas, since oxygen and

hydrogen were used to operate the flame ionization detector. Carrier gas flow

rate was maintained at 40 ml min'. Temperature program sequences were as

follows: 35 *C isothermal for 1 min, then increases of 10 *C min' to 200 *C and

held at the final temperature for 2 min. Detector and injection port

temperatures were held at 200 *C. The total time for each run was 11.50 min.

Once the equipment was assembled and tested, a calibration curve for

each of the test compounds was established. Aromatic volatile compounds

analyzed by this method were methyl-ter-butyl ether (MTBE), benzene, toluene,

ethyl benzene, o-xylene, m-xylene and p- xylene (Aldrich Chemical Co.,

Milwaukee, WI). The column resolved all compounds except m and p xylene

isomers since they have the same retention time. Concentrations used to

prepare the calibration curve were 0.06, 0.09, 0.12, 0.15, and 0.18 mg of each

component per I of water. The calibration curve was performed using 5 ml of a
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reference standard containing all the BTEX components at the above described

concentrations and treated as a regular water sample.

For the purge-and-trap procedure, helium was used as carrier gas at a

flow rate of 40 ml min'. Purging was held at room temperature for 12 min.

Once the purging procedure was finished, analytes were desorbed by

increasing the trap temperature to 180 C for 4 min. During this time, the

carrier gas introduced the volatile compounds to the chromatographic column,

and the program started. Once desorbing was finished, the trap was baked by

increasing and maintaining the temperature at 200 *C for 10 min. At the end of

each "run" the temperature was returned to ambient before the next analysis.

Water analyses. Water analysis was carried out using 5 ml of sample or

an appropriate dilution thereof. This sample was placed in the purging module

and the purging procedure was run as described above. Purged volatile

organics were introduced into the gas chromatograph and the gas

chromatograph program run as described above.

Soil analyses. Five g of a representative soil sample were weighted and

placed in a test tube and inserted into the purging module together with 5 ml of

reagent grade water. A controlled heat device (Multiple Heater Controller,

MHC-16, 0.1. Analytical, College Station, TX) was placed around the tube

containing the sample and the temperature held at 40 *C during purging. The
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rest of the analysis, including purge and trap and chromatographic conditions

were the same as those used for water analyses.

Determination of Total Petroleum Hydrocarbons. EPA Method 418.1.

The EPA Method 418.1 (EPA, 1986) is recommended for determination of total

petroleum hydrocarbons. The method depends on extracting lipids from water

or soil with fluorocarbon-113 (1,1,2-trichloro-1,2,2-trifluoroethane). Extractable

lipids were measured by infrared spectroscopy at a wavelength of 2930 cm'.

The method for total petroleum hydrocarbons measures only mineral oils

whereas the method recommended for oil and grease measures biodegradable

animal greases and vegetable oils along with non-degradable mineral oils.

Water analyses. For determination of total petroleum hydrocarbons in

water, approximately 1 I of water was transported to the laboratory in an ice

bath. The sample volume was measured and the pH adjusted to less than 2.0

with concentrated hydrochloric acid (Fisher, Pittsburgh, PA). The sample was

transferred to a 2-1 separatory funnel with TeflonTM stopcock and 30 ml of

fluorocarbon 113 were added to the separatory funnel. Hydrocarbons were

extracted by shaking vigorously for 2 min, allowing the phases to separate and

collecting the organic phase in a 100 ml volumetric flask. The extraction

procedure was repeated twice and the freon added to the volumetric flask.

Freon 113 was added to complete the volume of 100 ml at 25 0C. Water was
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removed from the extract by adding approximately 5 g of silica gel (60-200

mesh Fisher, Pittsburgh, PA) to the pooled freon. The suspension was mixed

for 5 min with a magnetic stirring bar. The silica gel was allowed to settle and

part of the sample transferred to a quartz spectrophotometer cuvette.

Absorbance was determined at 2930 cm' in an infrared spectrophotometer

(Infrared Spectrophotometer Mod 1330, Perkin Elmer, Oak Brook, IL).

The concentration of lipid substances was determined by comparing the

sample absorbance with a reference standard using pure solvents to calibrate

the instrument. A mixture of iso-octane, n-hexadecane and chlorobenzene

were used as reference standards as recommended in EPA Method 418.1.

Soil analyses. The extraction procedure for soil samples was different.

From a representative pooled sample, 30 g were weighed and placed in a 250

ml beaker. Anhydrous sodium sulfate (Fisher, Pittsburgh, PA) was added and

mixed with the sample to absorb moisture. Once the sample was of a

powdered consistency, 100 ml of fluorocarbon 113 was added and mixed. The

mixture was sonicated (Braun-Sonic 2000, B.Braun Inc., Allentown, PA) at

10,000 cps and 1 watt of forward power for 3 min. The supernatant was filtered

through No. 1 Whatman filter paper (Whatman Paper Ltd., Maidstone, KY) and

collected in a 500 ml evaporation flask. The extraction procedure was repeated

twice and the extracts pooled in the evaporation flask. The extract was

evaporated in a water bath at 90 0C. The extract was concentrated to
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approximately 80 to 90 ml, filtered through an anhydrous sodium sulfate column

and collected in a 100-ml volumetric flask. Solvent was added to complete the

volume and the hydrocarbon concentration determined as stated above.

2.2. Degradation of hydrocarbons by bacteria.

Degradation of aromatic compounds by bacteria. Bacterial strains were

grown in M9 medium without carbon source and also in M9 medium with

gasoline. M9-gasoline medium was prepared as follows: in a sterile 900-ml

narrow mouth bottle with TeflonTM lined cap, 500 ml sterile M9 medium without

carbon source were placed. Ten to 20 ml of sterile (filtered) gasoline were

added and the mixture vigorously shaken at room temperature before allowing

the mixture to sit for 24 h. After this time, the gasoline phase was aseptically

removed and replaced with 10 to 20 ml of sterile gasoline. This was allowed to

stand for another 24 h period at room temperature and again the gasoline

phase was removed. The medium was then allowed to sit for 48 h to allow

volatile compounds to equilibrate. It was then dispersed aseptically in 10 ml

aliquots into 40 ml sampling bottles which were then closed with TeflonTM lined

caps. In dispensing the medium, care was taken to obtain all aliquots from the

middle of the bottle volume so that all aliquots would contain only those

compounds dissolved in water and not from gasoline droplets floating on the

surface of the medium (Figure 7).
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Bacteria were grown on Nutrient Agar for 24 h and resuspended in M9

broth without carbon source to a final concentration of approximately 1 x 108

cells mr1 as determined by comparison with tube No. 1 of McFarland's

nephelometer series. From this suspension, 1 ml was added to each of the

following media bottles: one bottle with M9 medium without carbon to serve as

negative control and from two to eight bottles with M9 gasoline medium

(Moreno, 1986). Three to 5 bottles with M9 gasoline medium were incubated

simultaneously to serve as substrate controls. All bottles were incubated at 26

*C with agitation (250 rpm) for five days. After this time, chromatographic

analysis was performed to determine the concentration of aromatic volatile

hydrocarbons (Figure 7).

Analyses of BTEX hydrocarbons were carried out using a 0.1 ml aliquot

of culture or control medium. It was transferred to 4.9 ml of reagent grade

water in a gas-tight syringe (Hamilton Co., Reno, NE) and rapidly mixed. The

mixture was placed in the purging apparatus and the determination of

hydrocarbons performed as described above (EPA Method 8020, EPA 1986).

The concentration of volatile hydrocarbons was calculated from the reference

curves previously constructed taking into account all dilution factors.

Kinetics of aromatic compound degradation. Three bacterial strains were

selected to study the degradation of BTEX compounds alone and in the

presence of another carbon source. The microorganisms were grown in the
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Figure 7. M9 gasoline medium preparation and inoculation with hydrocarbon

degrading bacteria for degradation analysis.
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same manner as previously described including test and control flasks. In

addition, a series of flasks of M9 gasoline medium to which was added 0.5%

glucose were inoculated and incubated. The experiment was performed as a

time series study, and two replicates from each type of medium were analyzed

by gas chromatography. An aerobic bacterial count was made on each culture

to ascertain bacterial growth.

2.3 Plasmid isolation

Three different methods for rapid plasmid isolation were used to

determine the presence of plasmids on the bacterial isolates used in these

studies. The purpose of using more than one analytical method was to

increase the probability of detecting plasmids. Since the organisms were

natural isolates, the number of plasmids present or their size was not known.

The following plasmids were used as controls to test the efficiency of the

methods to isolate plasmid DNA: pDK1 (TOL plasmid, encoding toluene

degradation) from Pseudomonas putida strain PAW15 (Kunz & Chapman,

1981); pMO1896 from Pseudomas aeruginosa strain PA011 (Holloway et al.,

1994) and pBK189 (pUC19 vector with an insert from the pDK1 plasmid with

xyFT and xyIE genes) from E. coli (Baker, 1992). Reagents were purchased

from Sigma Chemical Co., unless otherwise indicated.
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Modified Kado & Liu Method. Plasmid DNA was obtained following the

method described by Kado & Liu (1981). Cells were inoculated into 5 ml of

Luria Broth (Sambrook et al., 1989) and incubated at 26 C overnight with

shaking (250 rpm). When the absorbance reached a value of 0.8 at 600 nm

the cells were collected by centrifugation for 5 min at 10,000 x g. The cells

were resuspended in 100 gI of E buffer (40 mM Tris acetate adjusted to pH 7.9

with glacial acetic acid and 2 mM of EDTA) and 200 I of lysing buffer [3 %

sodium dodecyl sulfate (SDS) and 50 mM Tris, adjusted to pH 12.6 with 2 N

NaOH] added and mixed thoroughly. The solution was incubated in a water

bath for 20 min at 55-65 *C to obtain complete lysis and release of

chromosomal DNA. Two volumes (600 pI) of phenol:chloroform 1:1 (v:v)

(molecular grade reagents) were added and the mixture was shaken briefly and

centrifuged for 30 s to break the emulsion. Avoiding the precipitate at the

interface, the upper aqueous layer was transferred to a new tube, and 100 I of

3 M sodium acetate were added. The DNA was precipitated by adding 800 l

of cold 95 % ethanol, incubating the mixture at -20 C for 5 min and centrifuging

at 2 *C for 15 min. The precipitated DNA (pellet) was vacuum dried and

resuspended in 50 l of TE buffer (10 mM Tris-HCI pH 8.0, 1 mM EDTA) and

1 l RNase was added (10 mg ml' of heat-treated enzyme in 10.0 mM Tris

pH 8.0 and 1.0 mM EDTA).

From the final solution, 17 l of sample and 5 pl of loading buffer

(0.25 % bromocresol purple in 50 % glycerol, 0.05 M Tris-acetate, pH 7.9) were
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resolved in 1.0 % agarose gel by electrophoresis, using buffer E as the running

buffer. The agarose gel was prepared by dissolving 1 g agarose in 100 ml

Buffer E. Gel size was 11 cm X 14 cm and the total voltage used was 40 V for

14 h at room temperature.

Alkaline Lysis - Analytical Scale. The alkaline lysis method was

performed as described by Sambrook et al. (1989). Cells were inoculated into

5 ml of Luria broth and incubated overnight with shaking (250 rpm). Three ml

of the culture were centrifuged (5 min, 10,000 x g) and the cells collected. The

remainder of the culture was stored at 4 0C. The cell pellet was resuspended in

100 I of ice-cold Solution A (50.0 mM glucose, 10.0 mM EDTA, 25.0 mM Tris-

HCI pH 8.0, 6.0 mg ml-' lysozyme). The tube was allowed to sit for 5 min at

room temperature with the top of the tube open. After this, 200 I of freshly

prepared Solution B (0.2 N NaOH, 1.0 % SDS) were added, the tube was

closed and the contents mixed by inverting the tube rapidly two or three times.

The tube was then stored in an ice bath for 5 min. At the end of this time,

150 sI of an ice-cold solution of potassium acetate (6.0 ml 5 M potassium

acetate, 1.15 ml glacial acetic acid and 2.85 ml of distilled water at a pH of

approximately 4.8) were added. The tube was closed and the content mixed by

inverting rapidly two or three times. The tube was then incubated in an ice bath

for 5 more min.
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The microfuge tube was centrifuge for 5 min at 10,000 x g at 4 C and

the supernatant transferred to a fresh tube. An equal volume (450 l) of

phenol:chloroform 1:1 (v:v) was added to the supernatant and mixed with the

vortex agitator. After centrifuging at 10,000 x g for 2 min in a microfuge

centrifuge, the upper aqueous phase was transferred to a fresh tube. Two

volumes of 100 % ethanol were added and mixed with the vortex agitator. The

tube was left at room temperature for 2 min and centrifuged at 10,000 x g for

10 min. The supernatant was removed and the tube was left in an inverted

position on a paper towel to allow all of the fluid to drain away. The DNA pellet

was washed by adding 1 ml of 70 % ethanol. The pellet was then vacuum

dried and resuspended in 30 l of TE with RNase A (10.0 mM Tris, pH 8.0,

1.0 mM EDTA, 25.0 g ml' heat-treated RNase A). The isolated DNA solution

was stored at -20 C until needed.

Isolation of large plasmids. Lysis in Solution. For the lysis in solution

method, the method described by Crossa (1994) was used. Cells were grown

overnight in 3.0 ml of Luria Broth with agitation (250 rpm). The cells were

harvested by centrifugation at approximately 1,500 x g for 10 min and

resuspended in 2 ml of TE buffer, centrifuged, and again resuspended in 40 l

of TE buffer. The cell suspension was transferred to a 1.5 ml centrifuge tube

and 0.6 ml lysis buffer (4 % SDS in TE buffer, pH 12.4) was added. The

suspension was mixed well, but vigorous agitation or the use of mechanical
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mixing devices was avoided. The suspension was then incubated at 37 *C for

20 min to achieve full lysis of the cells. The solution was neutralized by adding

30 pl of 2.0 M Tris-HCI (pH 7.0). The tube was repeatedly inverted gently until

a change in viscosity was noted.

The chromosomal DNA was precipitated by adding 240 1 of 5 M NaCI.

This step was performed immediately after neutralization. For complete

removal of the chromosomal DNA, the tube was incubated in an ice bath for

4 h. After this time, the suspension was centrifuged in a microcentrifuge

(10,000 x g) for 10 min to sediment debris, and the supernatant fluid was

poured into another 1.5 ml centrifuge tube. To precipitate plasmid DNA, 550 1

of iso-propanol were added to the supernatant fluid. After mixing, the tube was

allowed to sit at -20 C for 30 min. The tube was then centrifuged for 3 min in

a microcentrifuge (10,000 x g), the supernatant fluid discarded, and the tube

inverted on a paper towel.

The pellet was resuspended in 100 p1 of 0.01 M Tris (pH 8.0) and 200 p1

of phenol:chloroform 1:1 (v:v) (phenol:chloroform mixture saturated with 0.01 M

Tris-HCI, pH 8.0). The tube was centrifuged for 30 s in a microcentrifuge

(10,000 x g) to separate the aqueous phase from the phenol:chloroform phase

and the upper aqueous phase was removed. The plasmid DNA was

precipitated with 2 volumes of ice-cold 95 % ethanol and the DNA pellet

vacuum dried and then resuspended in 30 l of TE buffer with RNAse A. The

DNA was allowed to dissolve overnight at 4 *C.
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Electrophoresis analysis of DNA samples. Horizontal aqarose gel

electrophoresis. The equipment for electrophoresis was custom made (Dr. R.

C. Benjamin, University of North Texas, Denton, TX). Horizontal agarose gels

(11 cm x 15 cm) were commonly utilized to determine the plasmid content of

isolated bacterial strains, and for preparative gels for southern blot and

hybridization. A 1.0 % agarose gel was utilized for plasmid and chromosomal

DNA detection and identification. The agarose gel was made by adding 1.0 g

of agarose to 100 ml of 1X TBE buffer (0.089 M Tris, pH 8.0, 0.089 M boric

acid and 0.002 M EDTA) and boiling for 2 min in a microwave oven. Plasmid

preparations obtained by the Kado and Liu method were analyzed in agarose

gels prepared as described above. From plasmid preparations obtained by the

alkaline lysis method (Sambrook et al., 1989) and by the lysis in solution

method (Crossa, 1994), a sample of 10 pl was placed in a new microfuge tube

and 2.5 l of 5X agarose gel electrophoresis loading buffer (0.25 %

bromophenol blue, 0.25 % xylene cyanol and 30 % glycerol in distilled water)

were added and mixed by "flicking" the tube several times. The tube content

was recollected to the bottom of the microfuge tube by brief centrifugation. The

tube was heated to 60 *C for 5 min and the solution loaded onto 1 % agarose

gel. Gel size was 11 cm x 14 cm and well sizes were 15 mm x 4 mm x 2 mm.

The running buffer was 1X TBE. Horizontal agarose gels were placed in the

electrophoresis chamber at 40 V (approximately 20 mA) for approximately 14 h,

unless otherwise stated.
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Observation of DNA bands. The bands were stained with ethidium

bromide staining solution (0.5 il ml' in water) following electrophoresis.

Occasionally, ethidium bromide was added to the 5X loading buffer to a final

concentration of 1 mg ml"'. These gels could be immediately inspected for

band separation with a hand held UV lamp (UVP Model UVL-56, longwave 366

nm, UVP Inc., San Gabriel, CA) even during the running of the gel. To obtain a

permanent record, the gel was placed on a transilluminator (Fotodyne, Inc.,

New Berlin, WI) and photographed using a Polaroid system with red filter

(Polaroid Camera, Polaroid Co., Cambridge, MA). An instant polaroid picture

was made at f 4.5 PolaroidTM Film Type 55 Professional positive-negative 4 x 5

inches to obtain a positive and a negative photo of the gel.

2.4 Relationship between plasmid isolation and hydrocarbon degradation.

Isolation of chromosomal DNA. Chromosomal DNA was obtained by the

method described by Berns (1965). Bacterial cells from 50 ml of a stationary

phase culture (approximately 400 Klett units) were harvested by centrifugation.

The cell pellet was washed with 30 ml of TE buffer (50 mM Tris-HCI, pH 8.0

and 20 mM EDTA). Cells were resuspended in 5 ml of buffer and mixed with 1

ml of Pronase (5 mg m"' in water) and 0.1 ml of 10 % SDS (aqueous solution).

The suspension was transferred to a 50 ml siliconized glass centrifuge tube and

incubated at 37 *C for 4 h. After incubation, the cell lysate was extracted four
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times with equal volumes of phenol (saturated with 50 mM Tris-HCI pH 8.0 and

1 mM EDTA). The preparation was extracted with 15 ml of diethyl ether and

transferred to a dialysis tube. It was then dialyzed against three changes of 1I

each one of TE buffer, each of 4 h and at a temperature of 4 0C. The dialyzed

DNA was transferred form the dialysis tube to a siliconized test tube and 1/100

volume of heat-treated RNase A was added (1 mg m[' in TE buffer). The

absorbance of the solution was measured in a quartz cuvette at 260 and

280 nm to determine the concentration of DNA and contaminant of protein,

respectively.

Construction of radioactive DNA probe. As a preliminary characterization

of plasmids found in hydrocabron degrading bacterial strains, a molecular probe

was used to hybridize with plasmid and chromosomal DNA preparations. A

plasmid containing the pUC19 vector and xyITE (from TOL pDK1) as an insert

was used as the template for the radiolabeled probe. The gene xyIE encodes

catechol-2-3-dioxigenase (C230), an enzyme that catalyzes the committed step

for the lower meta pathway. The presence of the aromatic degradation

pathway in a bacterial strain can be the result of encoding by either the

bacterial chromosome or by degradative plasmids (Assinder & Williams, 1990).

The molecular probe was designated to indicate the presence of the meta

cleavage pathway for the degradation of aromatic hydrocarbons and whether

this was encoded by plasmid DNA or by the bacterial chromosome.
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To prepare the radiolabeled DNA probe, a commercial kit was used

(Prime-a-Gene TM Labeling System, Promega, Madison, WI). The system

required a linear double-stranded DNA template. The solution (containing

2.3 gg gl'' of pure plasmid DNA) was cut with EcoRI restriction enzyme to

linearize the plasmid (New England Biolabs, Beverly, MA). For the restriction

enzyme reaction, 2 I of plasmid DNA solution, 2 I of 10X buffer [final buffer

concentration: 100 mM Tris-HCI, pH 7.5 at 37 0C, 50 mM NaCl, 5 mM

magnesium chloride, 0.15 % Triton x-100, 0.1 mg m1' bovine serum albumin

(New England Biolabs, Beverly, MA)], 1.5 I of EcoRl enzyme, and 14.5 I of

distilled water were mixed. The reaction mixture was incubated at 37 C for 60

min, and the enzymatic reaction verified by agarose minigel electrophoresis (gel

size 5 cm x 11 cm, 0.7 % agarose in TBE, running conditions 80 V for 60 min).

Once the DNA was cut, it was purified to eliminate the enzyme. Purified

DNA was concentrated by ethanol precipitation. A 1/10 volume of 3 M aqueous

sodium acetate was added to the sample and mixed well. Immediately, 3

volumes of ice-cold ethanol were added and again mixed well. The solution

was centrifuged at 10,000 x g for 15 min at 4 C and the supernatant gently

poured off. To wash the DNA pellet, 500 I of 70 % ethanol were added and

the tube inverted once. The solution was centrifuged again at 10,000 x g at

4 0C for 5 min and the supernatant poured off. The pellet was vacuum dried

and resuspended in 30 pl of TE buffer. The optimal concentration of DNA was

25 ng in a final reaction volume of 50 gI. The EcoRI-restricted pUC19-xyTE
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DNA was dissolved in TE buffer at a concentration of 7.25 ng jff' and

denatured by heating the tube at 95-100 C for 2 min. The tube was

immediately chilled in an ice bath. The reaction was carried out as follows:

Place 26 p1 of nuclease free water, 10 pl of 5X priming buffer (prepared reagent

included in the Prime-a-GeneTM kit), 2 l of unlabeled deoxinucleotides (dNTPs),

4 pl of denatured DNA template (prepared as stated above) and 2 p1 of bovine

serum albumin in a microfuge tube sitting in an ice bath. The tube was then

immersed in a boiling water bath for 2 min, centrifuged for 10 s at 10,000 x g,

and 5 l of radioactive [a-32P]dNTP added together with 1 sl of DNA

polymerase I, large (Klenow) fragment. The completed reaction mixture was

incubated at room temperature for 60-120 min and the reaction was terminated

by heating at 95-100 C for 2 min and subsequently chilling in an ice bath. The

DNA was purified using a microfuge column with affinity for DNA to separate

the DNA probe from the rest of the reaction mixture (Spin BindTM, FMC

Bioproducts, Rockland, ME). The microfuge tube was centrifugated at 900 x g

for 10 min, the column inverted and the purified probe recollected by

centrifugation (1,000 x g for 3 min). A scintillation count was made on the final

solution to obtain the specific radioactivity of the probe. The probe was

immediately used for hybridization.

Southern Blotting and Hybridization. Hybridization procedure was

performed according to the FBI Method (Benjamin et al., 1994). The isolated
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plasmid DNA, EcoRi-digested chromosomal DNA, and controls, including pDK1,

pMO1896, and pBK189 were all subjected to gel electrophoresis using 40 V for

approximately 14 h at room temperature. The gel tray was placed in a plastic

box containing 0.4 M NaOH and gently rocked for 30 min. Filter paper and

paper towels were cut to fit the gel size. Nylon membrane to be used for this

procedure (BiodyneTM, Gibco BRL, Gaithersburg, MD) was soaked in a solution

of NaOH and NaCl (0.5 M NaOH, 0.5 M NaCI) for 15 min. A sponge and two

pieces of filter paper were soaked in the same solution and the gel (well-side

down) placed on top of the sponge and presoaked membrane carefully placed

onto the gel with the label to the well end. A glass pipette was rolled over the

membrane to remove air bubbles. Dry filter paper placed next to the

membrane followed by a stack of paper towels and finally a heavy weight

placed on top of the stack. The DNA transfer was allowed to proceed for 3 h

(changing paper towels every hour) at room temperature. Sufficient NaOH,

NaCl solution was kept in contact with the sponge, to maintain moisture but not

to reach the gel level. Paper towels and filter paper were removed when the

DNA transfer was completed and the membrane washed once with 30 ml of 0.2

M Tris HCI at pH 7.5 and once with 2X SSC (0.3 M NaCl, 0.03 M sodium

citrate, pH 7.0) for 15 min with gentle shaking. The membrane was then

blotted on filter paper to remove any remaining buffer. The DNA was fixed to

the nylon by exposing the membrane to a UV radiation (254 nm) lamp (UVP

model UVL-56 shortwave UV, 254 nm UVP Inc, San Gabriel, CA) for 3 min.
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Hybridization. Twenty-five ml of hybridization solution [80 ml 50 %

polyethyleneglycol, 20 ml 20X SSPE (1X SSPE buffer was 0.18 M NaCl, 0.01 M

sodium phosphate, 0.001 M EDTA, pH 7.7), and 276 ml 10% SDS] were placed

in an hybridization tube and warmed to 60 C0. The membrane was placed in

the hybridization solution and prehybridized for 30 min. The probe mixture was

then denatured by heating at 100 *C for 5 min with 100 I of 0.2 N NaOH and

added immediately to the hybridization solution in the tube. The tube was

sealed and the membrane left in the DNA hybridizing solution for 12 to 16 h at

60 *C. At the end of this time, the membrane was carefully removed and

washed in a mixture of 2X SSC and 0.1 % SDS for 15 min at room

temperature. This solution was discarded and the membrane washed again in

a new batch of 2X SSC and 0.1 % SDS at room temperature for a further

15 min. A final high stringency wash was performed at 60 C using 0.1X SSC

and 0.1 % SDS for 10 min. The membrane was lightly blotted on filter paper,

placed in a plastic envelope and placed in a folder with an intensifying screen.

The washed and prepared membrane was flattened and placed in contact with

a sheet of x-ray film (Kodak Scientific Imaging Film, X-OMAT AR 8TM x 10 in.

Eastman Kodak Co, Rochester, NY) and exposed for 24 to 72 h in the -70 C

freezer. After exposure, the film was developed using automatic equipment (Al-

Pro 100, using developer and fixer from Allied Photo Products Co. Inc.,

Norcross, GA).



CHAPTER III

RESULTS

3.1 Bioremediation of sites contaminated with gasoline.

Five sites, closed gasoline filling stations, were selected according to

parameters set by the Texas Natural Resources Conservation Commission,

TNRCC (TWC, 1990) and the Environmental Protection Agency, EPA (EPA,

1988), with respect to hydrocarbon content of the soil and favorable likelihood

of bioremediation. The sites were prepared as stated in Materials and Methods

and treated accordingly. A description of each site and the results obtained are

detailed below (Adapted from files at NorTex Environmental Co. Denton, Texas,

unpublished records).

LPST 96371 (1-35 and State School Roads, Denton, Texas)

Site description. The site was a gasoline station that had been closed

for approximately one year. During the heavy spring rains, gasoline was

observed seeping from a concrete slab in the pipe ditch area near the

underground tanks. On May 14, 1990 removal of the tank system began. At

107
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that time, water had accumulated in the tankhold and free gasoline was floating

on the surface. The cause of the leakage appeared to be small holes in two of

the storage tanks. Three tanks were removed and initial assessment of the

degree of contamination was started. No groundwater was encountered to a

depth of 4 m. It was determined that the permeability of the soil was moderate

and that contaminant migration was expected to be limited to the immediate

area. Laboratory results supported the geological analysis indicating that

contamination was confined to the tank and pipe ditch area (Figure 8, Table 1).

Geological analyses. The site is located on the Gasil series, soil type 37,

which consists of deep, loamy soils that formed in loamy material interbedded

with sandstones. Slopes range from 1 to 8 percent. Typically, Gasil soil has a

neutral-brown, fine sandy loam surface layer about 18 cm thick and underlying

this, a yellowish-brown clay to sandy loam to strong brown, brown and red clay

loam. Gasil soils are well drained, with slow runoff, have moderate

permeability, and have a high water holding capacity.

Remediation plan. Bioreclamation was the recommended procedure for

controlling and resolving the contamination at the site. Initial investigations

were favorable, as contamination appeared to be confined to the property.

There was no groundwater contamination involved, but contamination levels

exceeded sanitary landfill minima.

The bacterial counts on native soils showed a total aerobic count of

6.65 x 108 cfu g1 on Nutrient Agar and 1.5 x 107 cfu g' hydrocarbon degrading
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Figure 8. LPST 96371 site description. General characteristics of the site and

sampling points. Not drawn to scale.
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Table 1. Analytical results for site LPST 96371 (1-35 and State School Road, Denton,
T d b,-r% ermhr li i ur n8 All measurements in ma I1.
1

1 Ben = benzene; t Tol = toluene;; Ethylben = ethylbenzene; S AyI = xyienebt_ = li +
q TPH = Total petroleum hydrocarbons; # four samples combined; * two samples combined.

IX). Samplin points orrepOnvi w t ymw osIzj iiu * . ....... g ... 

SAMPLE Ben Tol t I Ethylben X I BTEX TPH

Date: 5/25/1990. Initial site assessment. Lab log No. 27192_(Anachem Inc.).

1 Tankhold 0.42 2.5 15.0 121.0 138.92 1920.0

walls # _ _ _ _ _

2 Tankhold 1.4 8.8 8.3 46.0 64.5 2080.0

floor

3 Pump <0.1 <0.1 0.34 2.2 2.74 6080.0

Islands *

4 Pipe 0.20 1.20 2.2 40.0 43.6 4640.0

Ditch

5 Waste oil 4.9 10.0 77.0 135.0 226.9 6720.0

tank ____ _ _ _ _ _ _ ___

6 Pump <0.1 <0.1 <0.1 7.1 <7.4 4800.0

Island _ _ _ _ _ _ _______ ___

7 Pump <0.1 <0.1 <0.1 <0.1 <0.4 3520.0

Island

8 Waste oil 0.14 0.74 0.14 2.3 3.37 6640.0

tank

Date: 6/25/1990._Samples from borings. Lab Log No. 27345 Anachem Inc.)

1B <0.1 < 0.1 < 0.1 < 0.1 < 0.4 24.0

2B 0.54 3.17 2.86 3.88 10.45 72.0

3B <0.1 <0.1 <0.1 <0.1 <0.4 <10.0

4B 0.56 1.99 10.7 2.13 15.38 72.0

5B 0.27 4.02 0.62 0.48 5.39 40.0

Date: 10/22/1990. Samples from the bioremediation site. Samples were taken from
several locations and at different depths. Lab Log No. 28175 (Anachem Inc.)

1 7' 0.40 0.70 3.3 13.0 17.4 84.0

1 12' <0.1 0.59 0.3 1.8 2.79 60.0

2 7' <0.1 <0.1 <0.1 0.51 <0.81 52.0

2 12' <0.1 < 0.1 < 0.1 < 0.1 < 0.4 <10.0

3 12' <0.1 <0.1 <0.1 <0.1 <0.4 <10.0

4 7' 0.19 1.1 6.2 33.0 40.49 920.0

4 12' <0.1 <0.1 0.61 2.1 <2.91 96.0

5 12' <0.1 < 0.1 <0.1 < 0.1 <0.4 <10.0

8 5' <0.1 < 0.1 <0.1 < 0.1 < 0.4 < 10.0

Date: 11/27/1990. Final analysis for site closure. Samples were taken from different
dephts. Lab log No. 28419(AnachemInc.)
1 6' <0.1 <0.1 <0.1 <0.1 <0.4 12.0

112' <0.1 <0.1 <0.1 <0.1 <0.4 16.0

2 6' 0.25 0.49 1.6 1.1 3.44 24.0

2 12' <0.1 <0.1 <0.1 <0.1 <0.4 12.0

4 6' 1.5 3.1 13.0 36.0 53.6 336.0

4 12' 0.13 0.57 1.4 3.1 5.2 224.0
-.- _. -,t a..V-- ---r' .. ir....T V-++)o
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bacteria. These were cultured on M9 Agar without carbon source, incubated in

air saturated with gasoline-diesel fuel vapor. Samples from the site were used

to prepare enrichment cultures as stated in Materials and Methods (Table 6).

After preparing the site for bioremediation, the mass culture of selected

bacteria was applied. Bacteria were added on August 23, 1990 and the

process monitored until October 1990. For final closure of the site, soil

samples were collected on November 1990 from three locations within the

bioremediation area: each location included composite soil samples from 0 to

1.8 m, and 2 to 3.6 m in depth. Analytical results are described in Table 1. No

groundwater was encountered during the entire remediation operation. It was, in

fact, necessary to add water with an above ground sprinkler system in addition

to periodic addition of water in the lower levels via the vertical PVC access

pipes. No fluids were recovered and there was no groundwater encountered

nor was there evidence that groundwater was present within the strata pertinent

to the bioremediation project.

LPST 96707 (Foundry, Gainesville, Texas)

Site description. The underground storage tank system consisted of one

3,780 I steel tank containing diesel fuel and one pump located in the immediate

tankhold area. This had been used for fuel distribution to company vehicles for

approximately 20 years. No repairs had been made to the system during its

service life. All the inventory records available offered no suggestion of lost
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fuel. Visual inspection of the tank revealed no obvious leaks. Petroleum odors

were observed during excavation and persisted after the tank was removed

from the premises. No water was encountered and no phase-separated

hydrocarbon-water mixture was observed. Soil samples were collected and

analyzed for BTEX and TPH. Test results from the initial sampling revealed

high levels of hydrocarbon contamination. Additional excavation to enlarge the

containment pit to twice its original size was carried out. Additional samples

including sidewalls, floor and stockpiled soil were collected and analyzed.

Laboratory results showed that contamination persisted and the excavation was

enlarged. Excavation beyond the original boundaries was carried out to

completely remove contaminated soil (Figure 9, Table 2).

Geological analyses. The geologic outcropping at the Gainesville

Foundry corresponded to the Denton clay formation. A complete section of

Denton clay consists of 9.1-18.2 m of brownish-yellow clay with numerous thin

sandstone beds. Soils that form the Denton clay are rich, black, waxy soils,

and typically produce an upland prairie physiographic region. The soil at the

site is formed on a 1 to 5 percent slope and classified as Mabank fine sandy

loam. The Mabank soil is poorly drained, available water capacity is medium,

and permeability and runoff are slow. In a typical soil profile, the surface layer

of the Mabank is a fine sandy loam and consists of moderate acidic, grayish

brown fine sandy loam to a depth of approximately 18 cm. At depths of 18 to

50 cm, the soil is slightly acidic, and consists of dark gray clay with yellowish
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brown mottling. Between 50 to 61 cm, the soil becomes mildly alkaline and

consists predominantly of gray clay. Finally, from 61 to 150 cm, the soil is

moderately alkaline and consists of grayish brown clay.

Remediation plan. The remediation plan included preparation of the

tankhold area using the procedure described in the Materials and Methods

section. Before the authorization to proceed with bioreclamation was granted,

the installation of a distribution and testing system was required. This had to

be installed before returning the excavated contaminated soil to the tankhold for

in situ bioremediation. At the same time, soil samples were collected from each

layer of soil, as indicated in Table 2.

Plate counts of the native soils showed total aerobic counts of 1.37 x 107

cfu g' (Nutrient Agar) and the number of hydrocarbon degrading bacteria was

2.5 x 106 cfu g (M9 Agar without carbon source and incubated with air

saturated with gasoline-diesel fuel mixture). Samples from the site were used

to prepare enrichment cultures as stated in the Materials and Methods (Table

6). Enrichment culture were prepared and propagated into the 1,200 I tank.

The bacterial culture was introduced on August 26, 1991. Bacterial counts and

conditions remained as expected and did not change for the duration of the

bioremediation process. Another series of samples from the site was obtained

on December 6, 1991. Degradation of soil contaminants to acceptable limits

was verified by laboratory analysis (Table 2) and the project site was approved

for permanent closing.



115

Figure 9. LPST 96707 site description. General characteristics of the site and

sampling points. Not drawn to scale.
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Table 2. Analytical results from site LPST 96707 (Gainesville Foundry, Gainesville,
TX.. Sampling points correspond to symbols in Fiqure 9. All measurements in m [I.

SAMPLE Ben Tolt Ethylben$ Xyl$ BTEXf TPH

Date: 6/25/1990. Site assessment. Tank removal and analysis from initial excavation. Lab
log 27346 Anachem, lnc.)
1 0.55 16.0 18.0 80.0 114.55 944

2 0.96 4.8 12.0 30.0 47.76 84

3 0.17 1.0 0.79 3.0 4.96 256

4 113.0 167.0 183.0 438.0 901.0 9120

Date: 10/14/1990. First over excavation. Lab log No. 28325 (Anachem Inc.)
5 0.13 0.52 0.3 0.52 1.47 830

6 <0.1 0.48 <0.1 <0.1 < 0.78 36

7 < 0.1 0.52 0.29 2.2 < 3.11 170

8 <0.1 0.5 <0.1 0.21 < 0.91 210

9 < 0.1 0.5 0.13 < 0.1 < 0.83 200

10 <0.1 0.51 <0.1 <0.1 < 0.81 24

11 < 0.1 0.57 0.14 0.25 < 1.06 32

Date: 12/11/1990. Second over excavation. Lab log No. 28573 (Anachem Inc.)
12 0.76 0.71 1.1 1.5 4.07 2100

13 <0.1 <0.1 <0.1 <0.1 <0.4 220

14 <0.1 <0.1 <0.1 0.6 <0.9 96

15 <0.1 <0.1 0.7 <0.1 < 1.0 110

Date: 02/02/1991. Third over excavation. Only TPH was determined. Lab log. No. 10248-
10252 (ERMI).
16 --- --- --- --- --- 123

17 --- --- --- --- --- 53

18 --- --- --- --- --- 89

19 --- --- --- --- --- 30

Ben = benzene; t Tol = toluene; t Ethylben = ethylbenzene; Xyl = xylene; f BTEX = total of 1, t, 1, ;
TPH = Total petroleum hydrocarbons.
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Table 2. Continued.

SAMPLE Ben Tol t Ethylben $ Xyl IBTEXJ f TPH
Date: 06/24/1991. Sample collections during backfill of contaminated soil to the tankhold area
for bioremediation. Only TPH was determined. Lab log No. 30223 (Anachem, Inc.).

14 E. Floor --- --- --- --- --- 440
15 W. Floor --- --- --- --- --- 20
14 Midlayer --- --- --- --- --- 1200
East

15 Midlayer --- --- --- --- --- 120
West

15 Top West --- --- --- --- --- 320

14 TopEast --- --- --- --- --- <10
Date: 11/08/1991. Analysis for final closure. Samples were collected from the same vicinities
as of those samples collected on 06/24/91. Only TPH was determined. Lab log 31864
(Anachem Inc.).

14 East Floor --- --- --- --- --- 24
15 West --- --- --- --- --- 20
Floor
14 Midlayer --- --- --- --- --- 20
East
15 Midlayer --- --- --- --- --- 24
West

15 Top West --- --- --- --- --- 28

14 Top East --- --- --- --- --- 60

Date: 12/6/1991. Further samples from the bioremediation site were collected from different
levels in the bioremediation site. Lab log 32098 and 32181 (Anachem Inc.).

14 Eastside < 0.1 < 0.1 < 0.1 1.1 < 4.1 16
(S)
15 Westside < 0.1 < 0.1 0.38 7.5 < 8.08 12
(s)
14 Eastside < 0.05 < 0.05 < 0.05 < 0.05 < 0.20 < 0.5
(W)

15 Westside < 0.05 < 0.05 < 0.05 < 0.05 < 0.20 < 0.5

W)

Ben = benzene; t Tol = toluene; t Ethylben = ethylbenzene; Xyl = xylene; f BTEX = total of , t, , ;
TPH = Total petroleum hydrocarbons; (W) = water; (S) = soil.
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LPST 98596 (Bridgeport, Texas)

Site description. The underground storage tank system consisted of one

3,780 I tank, one 7,560 I tank and two suction pumps. The system had been

out of service for approximately three years. The entire system had been

removed thus abating any future fuel leakage from the tanks. The tanks and

piping were inspected upon removal and no holes or perforations were noted in

either tanks, pumps or piping. Laboratory results showed that the

contamination plume in the soil was confined to the immediate tankhold area

and the soil under a building located on site. Laboratory analyses for BTEX

contaminants were all within acceptable range, but that TPH values were well

over limits. No phase separated hydrocarbons were encountered, and

groundwater evaluations showed that the contamination plume was well

contained in the site.

Geological analyses. The top soil in the city of Bridgeport, Texas was

formed from weathered, Paluxy sands and clays. Interbedded soft sandstones

and weathered clays occur to depths of 24 to 30 m, under which consolidated

sandstones of the Paluxy and Glen Rose formations can be found. The

principle water-bearing layers are permeable sandstones within the Paluxy

Formation 7.3 to 16.7 m below the surface as determined from water wells

drilled within a half mile radius of the site. The local water table flows South

63* East with a gradient of approximately 120. Channel gravel within the unit

also forms underground conduits of groundwater. The upper limit of the water
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table is marked by yellow-brown and red oxidized clay layers as near to the

surface as 6.7 m and as deep as 15.2 m. Clay beds below water-sands exhibit

a light gray color. Locally, dense impermeable clays may form minor

aquacludes resulting in semi-artesian conditions down gradient. Recharge from

an annual rainfall of 71 cm to 82 cm, and hydrostatic pressure from Lake

Bridgeport add to the water table. The local discharge point is the West Fork of

the Trinity River system at a point west and south of the town of Bridgeport.

Remediation plan. Options for decontamination included aeration-

landfarming and bioremediation. Initial BTEX and TPH analysis on soil samples

were performed as well as native bacterial counts. Microbiological analyses

showed a population of 1.7 x 1 o5 cfu g' of total aerobic bacteria, and 1.4 x 104

cfu g' of hydrocarbon degrading bacteria. Results from BTEX and TPH

analyses are shown in Table 3. The north area of the tankhold could not be

further excavated because of the building adjacent to this wall. Further

excavation of the tankhold pit in the area of the north wall would impeach the

foundation support and cause substantial damage to the building. It was

therefore recommended that the north wall be left intact. In the interest of

minimal exposure to the building, in-situ bioreclamation was considered suitable

for this area. Composite samples of soil taken from the area indicated high

levels of TPH (Figure 10). Emphasis was made on backfilling the tankhold area

as soon as possible with non-contaminated soil to avert structural damage to

the building.
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Table 3. Analytical results for site LPST 98596 (Bridgeport, TX.). All measurements in
mr 1 i
Ir g .

SAMPLE Ben Tot 1Ethylben $ Xyl @ BTEX f TPH

Date: 2/22/1991. Initial site assessment. Samples were taken from tankhold and over
excavation area. Sampling points correspond to Figure 10. Lab log No. 1781 (Talem Inc.)
1 W. Wall 0.92 1.1 < 0.1 4.0 < 6.03 2300

2 S. Wall 1.7 < 0.1 2.6 4.0 < 7.4 3400

3 S. Wall 1.4 5.5 2.5 6.1 15.5 150

4E.Wall <0.5 <0.1 <0.1 3.0 < 3.7 130

5 N. Wall <0.5 <0.1 <0.1 3.0 < 3.7 30

6 N. Wall < 0.5 2.2 2.6 4.2 < 9.5 5700

7 Under 1st. < 0.5 8.8 4.0 12.0 < 25.3 3300
tank ____ ____ _____

8 Under2nd. 0.90 1.1 < 0.1 3.0 < 5.1 < 20
tank
9 Floor < 0.5 < 0.1 1.9 4.4 < 6.9 4000

10 Floor < 0.5 < 0.1 1.6 6.0 < 8.2 6800
11 W wall < 0.1 < 0.1 0.15 < 0.3 < 0.7 3600
ovr-x
12 NW <0.1 <0.1 0.12 <0.3 < 0.6 1800
corner
13 .wall < 0.1 < 0.1 0.13 < 0.3 < 0.6 5500
ovr-x

14 NE ovr-x <0.1 <0.1 2.7 8.3 <11.2 3800

Floor ovr-x <0.1 <0.1 <0.1 <0.3 < 0.6 920

Date: 5/19/1991 Soil and water samples taken from monitoring wells. Sampling points
correspond to Figure 11. Lab Log. 12543-12554 (ERMIL
MW1 5' (S) <0.1 <0.1 0.14 <0.1 <0.44 <25

MW1 9'-11' 0.24 0.13 0.28 0.15 0.80 < 25

(S)

MW25'(S) <0.1 <0.1 0.38 <0.1 <0.68 <25

MW2 9'-11' < 0.1 < 0.1 0.16 < 0.1 < 0.46 96

(S)
MW411'-13' <0.1 <0.1 <0.1 <0.1 <0.4 25
(S)

MW39'-11' <0.1 <0.1 <0.1 <0.1 <0.4 <25
(S)

MW3 12.5' < 0.1 < 0.1 < 0.1 < 0.1 < 0.4 < 25

(S)

MW1 (W) <0.01 <0.01 <0.01 <0.01 <0.04 <1.0

MW2 (W) <0.01 <0.01 <0.01 <0.01 <0.04 <1.0

MW3 (W) <0.01 0.013 < 0.01 0.011 0.024 < 1.0

MW4 (W) <0.01 <0.01 <0.01 <0.01 <0.04 <1.0

Ben = benzene; t Tol = toluene; t Ethylben = ethylbenzene; Xyl = xylene; f BTEX = total of 1, t, 4, ;
TPH = Total petroleum hydrocarbons.
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Table 3. Continued
SAMPLE Ben Tolt 1Ethylben $ Xyl G BTEX f TPH

Date: 8/10/1991. Over excavation. Samples were taken from tankhold and over excavation
area. Sampling points correspond to Figure 10. Lab log No. 30762 (ANACHEM In.

312 1233.8 1300

313 9.07 1320

314 4.63 320

315 4.04 1100

316 49.36 1800

317 22.98 20

Date: 12/9/1991. Samples from stockpiles. Sampling points correspond to Figure 11. Lab
log No. 16632/1 6643 (ERMI).
SP 1 <0.1 <0.1 <0.1 <0.1 <0.4 335
SP2 <0.1 <0.1 <0.1 <0.1 <0.4 308
SP 3 <0.1 <0.1 <0.1 <0.1 <0.4 < 25
SP4 <0.1 <0.1 <0.1 <0.1 <0.4 611
SP <0.1 <0.1 <0.1 <0.1 <0.4 1686
SP 6 <0.1 <0.1 <0.1 <0.1 <0.4 597
SP7 <0.1 <0.1 <0.1 <0.1 <0.4 2141
SP 8 <0.1 <0.1 <0.1 <0.1 <0.4 3431
SP 9 <0.1 <0.1 <0.1 <0.1 <0.4 < 25
SP 10 <0.1 <0.1 <0.1 <0.1 <0.4 < 25
SP 11 <0.1 <0.1 <0.1 <0.1 <0.4 < 25
SP 12 <0.1 <0.1 <0.1 <0.1 <0.4 < 25
Date: 5/5/1992. Analysis for final closure. Only TPH was determined. Samples from
stockpiles. Sampling points correspond to Figure 11. Lab log 33743 (ANACHEM Inc.)
SP 1 --- --- --- --- --- < 10

SP 2 __ _ --- --- --- --- < 10

SP 5___- --- --- --- --- 28

SP 7 --- --- --- --- --- 32

SP 8 --- --- --- --- --- < 10

Date: 06/19/1992. Analysis for final closure. Samples from stockpiles. Sampling points
correspond to Figure 11. Lab log. 34282 (ANACHEM Inc.
SP 11 < 0.1 0.2 <0.1 <0.1 <0.5 28
SP 12 <0.1 <0.1 <0.1 <0.1 <0.4 24
SP 13 <0.1 <0.1 <0.1 <0.1 <0.4 20
Date: 7/2/1992. Analysis for final closure. Samples from stockpiles. Sampling points
correspond to Figure 11. Lab log. 34434 (ANACHEM nc..
SP 21 <0.1 <0.1 <0.1 <0.1 <0.4 60
SP22 <0.1 <0.1 <0.1 <0.1 <0.4 48
SP 23 <0.1 <0.1 <0.1 <0.1 <0.4 40
SP24 <0.1 <0.1 <0.1 <0.1 <0.4 56
Ben = benzene; t Tol = toluene; $ Ethylben = ethylbenzene; Xyl = xylene; f BTEX = total of , t, t, ;

i TPH = Total petroleum hydrocarbons; (W)= water; (S)=soil.
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The soil that was taken from the tankhold and under the building, was

treated by landfarming (Figure 11). The soil was distributed over a large area,

bacterial enrichment culture and nutrients added, and the soil turned over once

every five days. The area underneath the building was prepared for in-situ

bioremediation and the process was performed as stated in Materials and

Methods. Bacterial enrichment cultures were prepared (Table 6) and added in

August of 1991 and the process monitored until July 1992 when final samples

were taken from the tankhold site and soil stockpiles. Contaminant levels were

shown to be below permissible limits (Table 3) and the site approved by the

TWC for permanent closure.

LPST 102141 (Wise County Electric Coop, Decatur, Texas.)

Site description. The Wise County Electric Coop operation serves as a

rural electric supply and maintenance utility for the Decatur, Texas area. The

underground storage system was used to supply a fleet of maintenance trucks

and other vehicles for many years. On October 11, 1991, two 7,560 I

underground storage tanks containing diesel fuel and unleaded gasoline were

removed. In the process of removing the tanks elevated levels of TPH and

BTEX were discovered in soil samples. The date of the underground tank

installation was unknown and the cause of contamination was assumed to be

overfilling spills during the many years of service since no holes or other

damage in the storage tanks was discovered. There was no free, pooled fuel
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or contaminated groundwater encountered. During November of 1991, over

excavation was performed on the tankhold in order to define the plume of

contamination of the soil (Figure 12, Table 4).

Geological analyses. The subject site rests upon Brackett-Aledo

complex soil with 5 to 20 % slopes. The complex consists of 40 % Brackett,

25 % Aledo, and 35 % closely similar soils and rock outcrops. Typically the

complex is moderately alkaline, moderately permeable, has low water capacity,

rapid runoff, and severe hazard of erosion. From 0 to 15 cm, it is a brown,

gravely loam. Below this level there is a weathered light-gray and pale-yellow

limestone loam grading into hard limestone rock that is coarsely fractured and

interbedded with clay.

Remediation plan. Contaminated soil ranged from less than 10 to

1,800 mg Kg' of TPH in soil. Based on analyses of pooled samples,

approximately 20 % of the excavated soil exceeded sanitary landfill limits.

Therefore, two options were available for remediation:

Option I - Disposal at a hazardous waste landfill

Option II - In situ bioremediation.

Cost comparisons indicated bioreclamation to be most cost effective with

the additional benefit of an on-site final solution. As part of the initial site

assessment, bacterial counts were determined. Total bacterial counts of

aerobic organisms on native soils were 4.8 x 105 cfu g (Nutrient Agar) and the

hydrocarbon degrading bacterial population was 1.1 x 105 cfu g' (M9 Agar
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Figure 12. LPST 102141 site description. General characteristics of the site

and sampling points. Not drawn to scale.
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Table 4. Analytical results from LPST 102141 (Wise County Electric Coop. Decatur,
TX.). Sampling points correspond to symbols described in Figure 12. All measurements
in mg ['.

SAMPLE Ben Tol t Ethylben $ Xy @ BTEXJ f TPH

Date: 10/16/1991 . Initial site assessment. Lab log No. 31512 (Anachem Inc.)

1 N. Floor < 0.1 < 0.1 < 0.1 < 0.1 < 0.4 <10
2 S. Floor < 0.1 < 0.1 < 0.1 0.46 < 0.76 <10
3 E. Wall < 0.1 < 0.1 < 0.1 3.0 < 3.3 160
6.5'

4 E. Wall < 0.1 0.31 0.75 25 < 26.16 620
5.0'

5 N. Wall <0.1 <0.1 <0.1 <0.1 < 0.4 <10
6S. Wall <0.1 <0.1 <0.1 <0.1 < 0.4 <10
7 W Wall < 0.1 < 0.1 < 0.1 < 0.1 < 0.4 < 10

Date: 11/08/1991 Tankhold over excavation and analysis of soil from stockpile. Lab log.
No. 31793 (Anachem Inc.)

8 < 0.1 < 0.1 < 0.1 < 0.1 < 0.4 12
Stockpile
9 < 0.1 < 0.1 < 0.1 < 0.1 < 0.4 400
Stockpile

10 < 0.1 7.3 8.6 81.0 < 97.0 1800
Stockpile

11 <0.1 <0.11 <0.1 <0.1 < 0.41 40
Stockpile
12 < 0.1 13.0 7.5 65.0 <85.6 656
Stockpile

13 < 0.1 < 0.1 < 0.1 < 0.1 < 0.4 12
Stockpile

14 <0.1 <0.1 <0.1 <0.1 <0.4 120
E. Wall 5'

Date: 06/19/1992. Final analysis for site closure. Lab log 34281 (Anachem Inc.)

Tankhold < 0.1 < 0.1 < 0.1 < 0.1 | <0.4 12
combined

Date: 07/02/1992. Final analysis for site closure. Lab log 34435 (Anachem Inc.)

Tankhold < 0.1 < 0.1 < 0.1 < 0.1 < 0.4 40.0
combined

Ben = benzene; t Tol = toluene; t Ethylben = ethylbenzene; Xyl = xylene; f BTEX = total of , t, , ;
I TPH = Total petroleum hydrocarbons.
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without carbon source and incubated with air saturated with gasoline-diesel fuel

mixture). Samples from the site were used to prepare enrichment cultures

(Table 6).

After preparing the site for bioremediation and selecting the bacterial

cultures to be employed, bioremediation was performed as stated in the

Materials and Methods. Bacteria were added in April of 1992 and the process

monitored until June of 1992. In June and July of 1992, final samples taken

from the tankhold site showed that contaminant levels were below permissible

limits (Figure 12, Table 4). The site was declared clean by the TWC and the

project closed.

LPST 102764 (1100 Stemons Freeway, Denton, Tx.)

Site description. On April 15, 1992, four tanks were removed from a

closed gasoline station, This was done under the supervision of the Denton Fire

Marshall's Office, Denton, Texas. The system consisted of two 15,120 I steel

tanks, one 22,680 I steel tank with submerged pumps and leak detectors, one

2,079 1 waste oil tank, and three single product dispensers. No defects were

observed in the fuel tanks or pertinent piping. The waste oil tank had

numerous holes as a result of corrosion, since the system was 22 years old.

High contamination levels were found in the native soil beneath the tankhold

floor by the southwest wall of the tankhold, by the pump island, and around the

waste oil tank. No groundwater was encountered and no phase-separated
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hydrocarbon layer was observed. Over-excavation was performed to identify

the extent of the contamination. Laboratory results showed that high

contamination levels remained in the soil around the pump island area, the

waste oil tankhold and the southwest wall of the tankhold. The waste oil tank

had the highest TPH levels ranging from 19,000 to 37,000 mg Kg". Laboratory

results from tests on soils obtained from a second over-excavation showed

acceptable contamination levels by the pump island area and in the tankhold.

Three soil borings were made around the waste oil tankhold and analysis

showed that these soil samples were all acceptable. A boring in the middle of

the waste oil tank area was made to determine the vertical extent of

contamination (Figure 13, Table 5).

Potential receptors of contamination included a water line and a natural

gas line running along the north end of the site. The potential for contaminant

migration through these conduits was low since groundwater was not involved

in the area. Over-excavation and soil borings verified the extent of

contamination and showed it was limited to the vicinity of the two tankholds and

the pump island.

Geological analyses. The soil type consists of the Birome-Rayex-Urban

land complex. These soils are well drained, gently sloping with moderate to

slow permeability. Available water capacity is low. They are located on

uplands, usually as convex ridges. The two dominant types of soils, Birome

and Rayex each make up to 20 to 30 % of the complex while urban land makes
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up 20 to 80 %. The upper 20 cm of Birome soils consists of brown and neutral

fine sandy loams. There is clay and sandy clay to a depth of 79 cm. From 79

cm to 150 cm, it is fractured sandstone interbedded with red and yellowish-red

shady clay. The upper layer of Rayex soils is brown, fine sandy loam with

gravel, sandstone fragments, and ironstone. The soil is red clay to 38 cm, and

yellowish red fractured sandstone interbedded with red and yellowish red, light

gray clay to 89 cm.

Remediation plan. Bioremediation was recommended as the most

practical and cost/time efficient procedure in consideration of the prohibitive

cost of disposal of all contaminated soil to a hazardous waste landfill.

As part of the initial site assessment for bioremediation, bacterial counts

were done. Total aerobic bacterial count was of 4.2 x 105 cfu g, and

hydrocarbon-degrading count was of 9.0 x 104 cfu g1. Soil samples were

collected and used to prepare the enrichment cultures as previously explained

(Table 6). The site was prepared for bioremediation and the procedure was

performed according to methodology described in Materials and Methods. A

polyethylene liner was installed at the bottom of the tankhold before

contaminated soil was replaced to avoid runoff of contaminants to lower soil

levels where soil was known to be free of contaminants. Bacterial cultures

were added in June of 1992 and the process was monitored until August of

1992. Representative samples were collected from various levels of the

bioreclamation area and found to be within acceptable limits of contamination.



132

Figure 13. LPST 102764 site description. General characteristics of the site

and sampling points. Not drawn to scale.
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Table 5. Analytical results for site LPST 102764 (Stemons Fwy. Denton, TX). Sampling
points correspond to symbols in Figure 13. All measurements in mg [-.

SAMPLE Ben Tol t Ethylben $ XyI BTEX f TPH
Date: 04/20/1992. Initial site assessment. Lab log. 33572. (Anachem Inc.).
1 < 0.1 0.55 0.22 13.0 < 13.87 340
2 <0.1 <0.1 <0.1 <0.1 <0.4 < 10
3 0.11 0.21 4.6 12.0 16.92 32
4 <0.1 <0.1 <0.1 <0.1 <0.4 < 10
5 1.5 21.0 16.0 35.0 73.5 260
6 <0.1 <0.1 0.12 1.4 < 1.72 40
7 <0.1 <0.1 <0.1 1.3 < 1.6 500
Date: 04/24/1992. Initial site assessment. Analysis of vent lines and Waste Oil tank site.
Lab log 33611 (Anachem Inc.)
Vent lines < 0.1 <0.1 < 0.1 _<0.1 3 <0.4 [ 16
Date: 04/29/1992. First over excavation and initial analysis of waste oil tankpit. Only TPH
was determined in soil samples from the waste oil tankpit. Lab lo 33682 (Anachem Inc.)
8 5.7 5.3 28.0 85.0 171.7 290
9 1.2 2.9 6.5 18.0 28.60 250
10 4.2 14.0 23.0 66.0 107.20 470
11 --- -- --- --- 21,000
12 --- --- --- -- --- 37,000

13 -_- --- --- --- --- 19,000

14 --- --- --- -- _ 22,000

15 0.29 1.4 2.6 24.0 28.29 290
16 <0.1 <0.1 <0.1 <0.1 <0.4 12
Date: 05/8/1992. Second over excavation of the tankhold and over excavation of pump
island. Lab log. 33891 (Anachem Inc.).
17 <0.1 <0.1 <0.1 <1 _0.4_<~10

18 <0.1 <0.1 <0.1 <0.1 <0.4 < 10
19 <0.1 <0.1 <0.1 <0.1 <0.4 <10
Date: 05/22/1992. Soil analysis from borings to determine extent of contamination. Lab log
33963. (Anachem Inc.).
B-1 <0.1 <0.1 <0.1 <0.1 <0.4 <10
B-2 <0.1 <0.1 <0.1 <0.1 <0.4 <10
B-3 <0.1 <0.1 <0.1 <0.1 <0.4 < 10
Date: 08/12/1992. Soil analysis for final closure. A sample was taken from the center of the
waste oil tank, and from the center of the tankhold. Lab log 9208119. (Anachem Inc.).
Center < 0.1 0.53 0.11 0.83 < 1.57 688
Wasteoil _____ ____ ______

center of <0.1 <0.1 <0.1 <0.1 <0.4 32.0
Tankhold

Ben = benzene; t Tol = toluene; t Ethylben = ethylbenzene; Xyl = xylene; f BTEX = total of , t, t, ;
TPH = Total petroleum hydrocarbons.

jan
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Table 6. Bacterial enrichment batch cultures produced for bioremediation of
sites contaminated with gasoline fuel. Soil samples from the sites were pooled
and used as inoculum for the primary enrichment cultures using Fertilizer
Medium for nutrients and gasoline-diesel fuel mixture as carbon source. A 10 ml
aliquot of the Master Bacterial Culture was added to each flask.

No. Batch Used in Amount TAC I Hydrocarbon Pathogens
Project produced + degrading i

No. 1 LPST 96371 160 1.34x109 1.0x108 Negative

No. 2 LPST 96371 160 6X1 010 6.6x109 Negative

10-90-01 LPST 96371 160 1X101 5X109 Negative

08-91-01 LPST 96707 80 1.3x107 6.7x106 Negative

08-91-02 LPST 96707 80 4.9x107  2.52x107  Negative

03-92-01 LPST 98596 120 3.38x109 7.3x108 Negative

03-92-02 LPST 98596 120 1.16x109  5.5x108  Negative

04-92-01 LPST 102141 240 4.53x109  2.7x109  Negative

05-92-01 LPST 1021411 240 2.3x108  8.0x107  Negative

06-92-01 LPST 102764 240 <1.0xl10O <1.Ox10 1 Negative

08-91-01 LPST 102764 240 1x104 >1.0X103 Negative

eters ot mass culture produced in the batch. Total aerobic count in the primary

enrichment culture using the dilution method with spread plate technique and Nutrient
Agar. Hydrocarbon degrading bacteria count in the primary enrichment culture.
Dilution method with spread plate technique was used and inoculated in M-9 Agar
without carbon source. The plates were incubated in an atmosphere saturated with
gasoline-diesel fuel mixture. Test for pathogenic organisms. Pathogenic coliforms
(EMB Agar), Staphylococcus aureus (Salt Manitol Agar), Streptococcus pyogenes (Blood
Agar).
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The site was declared clean and the project closed in August 1992 (Figure 13,

Table 5).

3.2 Gasoline degrading bacteria

Identification of bacterial strains using the BioloqTM System. A total of

163 bacterial strains were isolated in pure culture for their ability to grow in M9-

gasoline medium as the only carbon source. Twenty of these were selected for

further study. An initial characterization demonstrated that 19 of the 20 isolates

were Gram negative aerobic rods, and one (Bacillus sp., SD1) was a Gram

positive, aerobic, sporulating rod. The Gram positive organism was identified

only to the genus level, while the rest were identified using the BiologTM System

for the identification of Gram negative organisms (GN plate).

With the BiologTM System, it was possible to identify 11 out of the 19

isolates to the species level while 8 were identified to the genus level (Table 7).

The system employs the principle of the metabolic activity similarity index.

Identity was established with an index value of 0.500 or more. When the

similarity indices were lower than 0.500, but the top candidates were of the

same genus and the sum of their similarity index was 0.500 or higher, then it

was considered a positive identification but only to the genus level (Table 7).
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Table 7. Identification of gasoline degrading bacteria by the BiologTM system.

Strain SpeciesIdentification Similarity index Compounds degraded
NSi1 Pseudomonas resinovorans 0.683 m, p xylene

N5S1 Pseudomonas putida 0.402 MTBE, m, p xylene

N4S2 Pseudomonas putida type Al 0.713 MTBE, toluene,
ethylbenzene, o, m, p
xylene

N2S2 Pseudomonas tuIva 0.339 MTBE, benzene, toluene,
ethylbenzene, m, p
xylene

N5S5 Pseudomonas putida type Al 0.661 toluene, m, p xylene

N8S5 Pseudomonas putida Al 0.530 toluene, o, m, p, xylene

Ni S6 Ochrobactrum anthropi 0.726 MTBE

6 Pseudomonas aeruginosa 0.414 benzene

N1S7 Pseudomonas f va 0.479 MTBE, benzene, toluene,
m, p xyl

N27 Burkholderia solanacearum B 0.420 - -

N5S7 CDC Group II - I 0.484 benzene

N6S8 Pseudomonas aeruginosa 0.903 Ethylbenzene

N2S9 Pseudomonas aeruginosa 0.738 MTBE

N2S10 Pseudomonas putida type Al 0.466 MTBE, benzene, toluene,
ethylbenzene, o, m, p,
xylene

N7S10 Serratia marcescens 0.770 MTBE, benzene, toluene

SID 1 acillus sp. MTBE

SC 5 Acinetobacter calcoaceticus 0.787 MTBE
by alc.

Sc 7 Pseudomonas aeruginosa 0.860 MTBE, toluene,
ethylbenzene

Sc 12 Pseudomonas putida type A1 0.362 tol, m, p xylene

Sc 15 Enterobacter gergoviae 0.573 MTBE, o, m, p, xylene
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Aromatic hydrocarbon degradation profiles. For each of the 20

microorganisms in the collection, a profile of hydrocarbon degradation was

generated by measuring the decrease in the concentration of specific

hydrocarbons after incubation for 5 days. The concentration of volatile aromatic

compounds was determined chromatographically. The decrease in

concentration in a given culture when compared to pertinent controls was

assumed to be due to compound degradation by the organism tested. The test

and control tubes were handled simultaneously and identically. The results

were analyzed statistically using Students' t test to demonstrate statistically

significant differences (a=0.05) between controls and test cultures.

Of the 20 organisms studied, Burkholderia solanacearum (N2S7) was not

able to degrade the compounds studied and I assumed it used other,

unidentified substance(s) from the fuel mixture since it grew well under test

conditions. The rest of the isolates were able to significantly reduce

significantly the concentration of at least one of the test compounds. A

significant decrease in toluene levels was obtained with nine of the isolates, six

degraded benzene, 10 degraded one or more xylene isomers, five degraded

ethyl benzene, and 12 significantly reduced methyl-ter-butyl ether levels. Eight

of the isolates reduced only one of the compounds, while the rest were able to

reduce at least two. Three organisms were capable of diminishing the

concentration of at least five of the BTEX compounds. These data are shown

in Figures 14 to 33 and in Table 8.
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Figure 14. Analysis of gasoline volatile aromatic compounds by gas

chromatography of M9 + gasoline medium (Control) and M9 + gasoline

medium inoculated with Pseudomonas resinovorans (N1 Si). Bottles were

incubated at 26 0C with agitation for five days before analysis.
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Figure 15. Analysis of gasoline volatile aromatic compounds by gas

chromatography of M9 + gasoline medium (Control) and M9 + gasoline medium

inoculated with Pseudomonas putida (N5S1). Bottles were incubated at 26 *C

with agitation for five days before analysis.
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Figure 16. Analysis of gasoline volatile aromatic compounds by gas

chromatography of M9 + gasoline medium (Control) and M9 + gasoline

medium inoculated with Pseudomonas putida Type Al (N4S2). Bottles were

incubated at 26 *C with agitation for five days before analysis.
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Figure 17. Analysis of gasoline volatile aromatic compounds by gas

chromatography of M9 + gasoline medium (Control) and M9 + gasoline medium

inoculated with Pseudomonas fulva (N2S2). Bottles were incubated at 26 0C

with agitation for five days before analysis.
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Figure 18. Analysis of gasoline volatile aromatic compounds by gas

chromatography of M9 + gasoline medium (Control) and M9 + gasoline medium

inoculated with Pseudomonas putida Type Al (N5S5). Bottles were incubated

at 26 0C with agitation for five days before analysis.
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Figure 19. Analysis of gasoline volatile aromatic compounds by gas

chromatography of M9 + gasoline medium (Control) and M9 + gasoline medium

inoculated with Pseudomonas putida Type Al (N8S5). Bottles were incubated

at 26 *C with agitation for five days before analysis.
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Figure 20. Analysis of gasoline volatile aromatic compounds by gas

chromatography of M9 + gasoline medium (Control) and M9 + gasoline medium

inoculated with Ochrobactrum anthropi (NiS6). Bottles were incubated at 26 *C

with agitation for five days before analysis.
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Figure 21. Analysis of gasoline volatile aromatic compounds by gas

chromatography of M9 + gasoline medium (Control) and M9 + gasoline medium

inoculated with Pseudomonas aeruginosa (N3S6). Bottles were incubated at

26 0C with agitation for five days before analysis.
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Figure 22. Analysis of gasoline volatile aromatic compounds by gas

chromatography of M9 + gasoline medium (Control) and M9 + gasoline medium

inoculated with Pseudomonas fulva (NiS7). Bottles were incubated at 26 C

with agitation for five days before analysis.
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Figure 23. Analysis of gasoline volatile aromatic compounds by gas

chromatography of M9 + gasoline medium (Control) and M9 + gasoline

medium inoculated with Burkholderia solanacearum B (N2S7). Bottles were

incubated at 26 0C with agitation for five days before analysis.
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Figure 24. Analysis of gasoline volatile aromatic compounds by gas

chromatography of M9 + gasoline medium (Control) and M9 + gasoline medium

inoculated with CDC Group Ill-I (N5S7). Bottles were incubated at 26 0C with

agitation for five days before analysis.



160

CONTROL

MTBE

BEN

TOL

EBEN
m_ - m, p XYL

o XYL

CDC Group III -1 (N5 37)

MTBE

C_ - BEN

TOL

EBEN

X Lm, p XYL

-I

+MIII '

a Arqpm rm



161

Figure 25. Analysis of gasoline volatile aromatic compounds by gas

chromatography of M9 + gasoline medium (Control) and M9 + gasoline medium

inoculated with Pseudomonas aeruginosa (N6S8). Bottles were incubated at

26 *C with agitation for five days before analysis.
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Figure 26. Analysis of gasoline volatile aromatic compounds by gas

chromatography of M9 + gasoline medium (Control) and M9 + gasoline medium

inoculated with Pseudomonas aeruginosa (Sc 12). Bottles were incubated at

26 *C with agitation for five days before analysis.
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Figure 27. Analysis of gasoline volatile aromatic compounds by gas

chromatography of M9 + gasoline medium (Control) and M9 + gasoline medium

inoculated with Pseudomonas aeruginosa (N2S9). Bottles were incubated at

26 C with agitation for five days before analysis.
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Figure 28. Analysis of gasoline volatile aromatic compounds by gas

chromatography of M9 + gasoline medium (Control) and M9 + gasoline

medium inoculated with Pseudomonas putida Type Al (N2S10). Bottles were

incubated at 26 0C with agitation for five days before analysis.
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Figure 29. Analysis of gasoline volatile aromatic compounds by gas

chromatography of M9 + gasoline medium (Control) and M9 + gasoline medium

inoculated with Serratia marcescens (N7S1 0). Bottles were incubated at 26 *C

with agitation for five days before analysis.
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Figure 30. Analysis of gasoline volatile aromatic compounds by gas

chromatography of M9 + gasoline medium (Control) and M9 + gasoline medium

inoculated with Bacillus spp. (SD 1). Bottles were incubated at 26 0C with

agitation for five days before analysis.
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Figure 31. Analysis of gasoline volatile aromatic compounds by gas

chromatography of M9 + gasoline medium (Control) and M9 + gasoline medium

inoculated with Acinetobacter calcoaceticus (Sc 5). Bottles were incubated at

26 0C with agitation for five days before analysis.
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Figure 32. Analysis of gasoline volatile aromatic compounds by gas

chromatography of M9 + gasoline medium (Control) and M9 + gasoline

medium inoculated with Pseudomonas aeruginosa (Sc 7). Bottles were

incubated at 26 *C with agitation for five days before analysis.
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Figure 33. Analysis of gasoline volatile aromatic compounds by gas

chromatography of M9 + gasoline medium (Control) and M9 + gasoline medium

inoculated with Enterobacter gergoviae (Sc 15). Bottles were incubated at

26 *C with agitation for five days before analysis.
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The number of replicates varied depending on the organism and the

extent of compound utilization. For the controls, an average of five replicates

was studied for each organism. In general, the variation of analytical results

required that more than two replicates be performed for each organism. In

three cases (bacteria), the extent of utilization was such that only two replicates

were necessary to demonstrate compound utilization. In other cases, e.g.,

Burkholderia solanacearum (N2S7), no immediate result could be discerned

when the chromatographs were compared, and ten replicates were performed

to confirm that this organism does not metabolize BTEX compounds.

Kinetics of aromatic compound degradation. Three organisms,

Pseudomonas putida Al (N5S1), Pseudomonas fulva (N2S2) and

Pseudomonas putida Al (N2S10) were selected to study compound

degradation in the presence of another carbon source (glucose in this

experiments) and also the effect of time on the degradation of both. The

results demonstrate that these organisms were able to utilize aromatic

compounds from gasoline even in the presence of another carbon substrate

such as glucose, and that the compounds were degraded more rapidly in the

absence of glucose. Organism N2S10 was able to degrade m and p xylene in

24 h, both with and without glucose. In the case of organism N5S1, the

degradation of toluene was increased in the presence of glucose. Results are

shown in Figures 34 to 36.
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Figure 34. Degradation of hydrocarbons by Pseudomonas putida Al (N5S1) in

M9 gasoline medium and M9 gasoline medium supplemented with glucose.

Organisms were grown in M9 gasoline medium with or without 0.5 % glucose.

Independent samples were analyzed at days 1, 2 and 4 for both, control and

experimental groups. The data are the arithmetic mean of two replicates for the

experimental groups and three replicates for the control group.
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Figure 35. Degradation of hydrocarbons by Pseudomonas fulva (N2S2) in M9

gasoline medium and M9 gasoline medium supplemented with glucose.

Organisms were grown in M9 gasoline medium with or without 0.5 % glucose.

Independent samples were analyzed at days 1, 2 and 4 for both, the control

and the experimental groups. The data are the arithmetic mean of two

replicates for the experimental groups and three replicates for the control group.
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Figure 36. Degradation of hydrocarbons by Pseudomonas putida Al (N2S10)

in M9 gasoline medium and M9 gasoline medium supplemented with glucose.

Organisms were grown in M9 gasoline medium with or without 0.5 % glucose.

Independent samples were analyzed at days 1, 2 and 4 for both, the control

and the experimental groups. The data are the arithmetic mean of two

replicates for the experimental groups and three replicates for the control group.
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Data from four days of incubation were analyzed by one-way analysis of

variance (ANOVA) to statistically analyze the difference between treatments. It

was assumed that variation among treatments would be large enough by day 4

to demonstrate statistically significant differences. Results of these statistical

analyses are shown in Table 9. For organism N5S1, o xylene was the only

compound that was not statistically different in the treatment groups. In the

case of organism N2S2, m and p xylene were not significantly reduced.

Organism N2S10 significantly reduced all compounds when growing on either

M9 gasoline medium or M9 gasoline medium supplemented with glucose.

The results were interpreted with caution. It should be noted that there

were only two replicates of each case (organism/compound column, Table 9)

for the treatment groups and three replicates for the control group.

Consequently conclusions from this experiment are tentative but they support

the main hypothesis, i.e., hydrocarbons can be degraded by bacteria in the

presence of other substrates.

3.3 Plasmids in hydrocarbon-utilizing bacteria.

It was necessary to use more than one analytical method for detection of

plasmids in bacteria. The number and size of plasmids expected were

unknown because the bacteria were isolated from the environment and there

was no way of predicting their presence or their size. Catabolic plasmids are
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Table 9. Degradation of BTEX-MTBE in the presence of glucose in M9 gasoline
medium. Measurements were performed after 4 days of incubation and are in
mg l'.
Organism/Compound CONTROL M9 + M9+ Glucose F TEST

Gasoline + Gasoline
N5S1/MTBE 163.22tA 136.76 B 129.86 B F=40.74 *

p=0.0022
N5S1/Benzene 17.94 A 16.63 B 14.82 C F=79.15 *

p=0.0006
N5S1/Toluene 28.00 A 14.82 B 13.27 B F=44.72 *

p=0.0018
N5S1/Ethylbenzene 1.22 A 1.04 B 1.18 A F=29.17 *

p=0.0041
N5S1/m, p Xylene 5.01 A 0.76 B 0.26 B F=378.02 *

__________P=0.0001

N5S1Io xylene 3.19 2.4 3.00 F=1 1.82
p=0.021

N2S2/MTBE 163.22 A 148.31 B 136.70 C F=136.46 *
p=0.0002

N2S2/Benzene 17.94 A 17.58 A 15.49 B F=69.07 *
p=0.0008

N2S2/Toluene 28.00 A 25.86 B 22.86 C F=40.20 *
p=0.0022

N2S2/Ethylbenzene 1.22 A 0.05 B 0.05 B F=3334.9 *
__________p=0.0001

N2S2/m, p Xylene 5.01 4.7 5.03 F=0.44
p=0.6714

N2S2/o Xylene 3.19 A 2.9 B 2.90 B F=36.36 *
p=0.0027

N2S10/MTBE 163.22 A 131.11 C 146.00 B F=256.09 *
p=0.0001

N2S10/Benzene 17.94 A 14.43 B 5.34 C F=1168.7 *
p=0.0001

N2S10/Toluene 28.00 A 5.52 B 0.05 C F=5493.1 *
p=0.0001

N2S10/Ethylbenzene 1.22 A 0.77 B 0.05 C F=111.30 *
p=0.0003

N2S10/m, p Xylene 5.01 A 0.05 B 0.05 B F=973.16 *
p=0.0001

N2S10/o Xylene 3.19 A 2.72 B 2.59 B F=96.39 *
p=0.0004

Arithmetic mean ot two rp icates for the experiment a nroui andi thr n o r
v..."~ ~ ~ ~ p e v.- V%'V1 11-1icl ,v ,l l1 C a1 e a fsor the controlgroup. Letters correspond to statistically significantly different means established by Tukey'smeans analysis (a=0.05) following a significant one-way ANOVA. Probability associated withANOVA F test for each group. * The treatment groups are significantly different (a=0.05).



192

usually larger than 100 Kd. The results obtained from these studies are shown

in Table 10. In six of the twenty organisms studied, at least one plasmid was

isolated by at least one of the analytical methods used. Relative size was

described by comparing the plasmid band to the chromosomal residual band

that migrated at the 27 Kd band size. No molecular weights were calculated

because the plasmid preparations were not linearized and the quantity of

plasmid DNA recovered was inadequate. Control organisms were included to

test the efficiency of the test, but not as molecular size markers.

With the alkaline lysis method (Sambrook, 1989), plasmids were

detected in four organisms. The organisms were Pseudomonas resinovorans

(N1 S1), Ochrobactrum anthropi (N1 S6), Burkholderia solanacearum (N2S7),

and Acinetobacter calcoaceticus (Sc5) (Figure 37, Table 10). Good recovery

was observed with the control organisms as seen in Figure 37 lanes 12, 13, 26

and 27. Three of the organisms that showed a single plasmid band yielded

plasmids with a relative size greater than 27 Kd. Organism Sc5 yielded three

plasmid bands, one of which was smaller than 27 Kd and two larger than

27 Kd. No further studies were carried out with these plasmids. It is not known

if the three bands corresponded to different concamers of the same plasmid or

to two or three different plasmids. The plasmid present in organism N2S7

could be demonstrated only with the alkaline lysis method.

When alkaline lysis was combined with incubation at high temperature

(60 0C) to destroy chromosomal DNA (Kado & Liu, 1981), four organisms were
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found to have at least one plasmid. These were N1 S1, NiS6, Sc5 and Sc15

(Enterobacter gergoviae). Using this method, recovery was poor in both the

test organisms and the controls Pseudomonas putida PAW15 (pDK1) and

Pseudomonas aeruginosa PAO11 (pMO1896) (Figure 38, Table 10). Since this

method destroyed chromosomal DNA better than the others, it is possible that

large plasmids may have precipitated with cell debris or were trapped in the

chromosomal DNA. Strain Sc5 showed three bands with the alkaline lysis

method but only one band, smaller than 27 Kd, with the method of Kado & Liu.

It must be noted, however, that strains N1 S1, Ni1S6 and Sc15 bore plasmids

larger than 27 Kd.

Plasmids were found in five of the twenty organisms studied by the

method described by Crossa (1994). Organisms N1S1, N1S6, SD1 (Bacillus

spp), Sc5, and Sc15 were shown to possess plasmids (Figure 39, Table 10).

Only one plasmid band was observed in strain Sc5 and it was smaller than 27

Kd. Only one band, larger than 27 Kd was observed in the other four strains.

The Crossa method was the only method that revealed a plasmid in strain SD1,

the only gram positive organism studied.

3.4 Relationship between plasmid isolation and hydrocarbon degradation.

The meta cleavage pathway is one of the pathways for degradation of

simple aromatic hydrocarbons such as toluene and xylene. The genes for the



194

Table 10. Plasmid DNA isolation from gasoline degrading bacteria.
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Figure 37. Isolation of plasmids from hydrocarbon degrading bacteria by the

alkaline lysis method (Sambrook et al., 1989).
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Figure 38. Isolation of plasmids from hydrocarbon degrading bacteria by the

method of Kado & Liu (1981).
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Figure 39. Isolation of plasmids from hydrocarbon degrading bacteria by the

method described by Crossa (1994).
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Figure 40. Hybridization of plasmid and chromosomal DNA from hydrocarbon

degrading bacteria with a radiolabeled molecular probe obtained by using

pBK189 (xyFTE fragment in pUC19 vector) as template.
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enzymes involved are contained in catabolic plasmids. The pathway is

organized in two operons, the upper operon contains the information for

enzymes involved in the reactions that lead to the formation of catechol from

different substrates. The lower pathway contains the information for the

enzymes responsible for cleavage of the aromatic ring and subsequent

degradation to succinate and acetyl-CoA.

The first enzyme of the lower pathways is catechol 2,3 oxygenase,

encoded in the TOL plasmid by the xyIE gene. A radiolabeled genetic probe

was produced using pBK189 (xylE - pUC19 vector) plasmid as the template

(Baker, 1992). Plasmid and chromosomal preparations were resolved by

electrophoresis and transferred to nitrocellulose membranes for hybridization

with the radiolabeled probe as stated in Materials and Methods.

A good hybridization signal was obtained with the hybridization control

(pBK189 plasmid preparation). None of the plasmids showed hybridization with

the probe, but a positive hybridization was observed with the chromosomal DNA

preparation from the organism designated NiS1 (Figure 40, Table 10).



CHAPTER IV

DISCUSSION

The data presented here agree with findings discussed by Nichols

(1992). Microbial metabolism is an effective method for the degradation of

petroleum-based contaminants in the environment. The use of microorganisms

to remove hydrocarbons from contaminated soil is more effective than other

technologies, such as air stripping, activated carbon absorption, encapsulation

and incineration (EPA, 1988; Frankenberger, 1992). The major advantage of

bioremediation is that contaminants are finally converted into carbon dioxide

and water, instead of transferred from one place to other (Atlas, 1995) in the

environment.

The application of specially selected bacteria to contaminated soils is an

outgrowth of the work of bacteriologists such as Sergei Winodgradsky and

Martinus Beijerinck who came to understand that all natural substances had to

be mineralized in the unending cycles of matter on earth. The work presented

here began with the idea that bacteria capable of utilizing hydrocarbons as

sources of carbon and energy must be found in nature in the places where

hydrocarbons exist. This work was based on the idea that specific organisms

204
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will degrade specific hydrocarbons (Table 7) in a given environment.

Furthermore, I assumed that if many organisms are combined in a culture, all

the hydrocarbons will be degraded. The data in Tables 1 through 5 show that

this assumption is supported by my data. For this reason, soil from the

contaminated site was included in all laboratory cultures (Table 6). These were

then returned to the environment from which they had been taken, to degrade

the resident hydrocarbons. The results presented here confirm Winodgradsky's

ideas and my hypothesis worked as predicted. A large number, 163, of

bacteria from contaminated sites were capable of utilizing hydrocarbons both in

flask cultures and in their natural environment.

It must be noted that the organisms present in the contaminated soil

exist at the survival level. This explains the uniformly small populations, 1 x 104

to 1 x 105 cfu g1 , of organisms in the soil (see under site descriptions). These

probably exist in colonies on soil particles and come in contact with soil

hydrocarbons only sparingly. Such populations can be augmented by

laboratory grown organisms sprayed uniformly on soil particles. Addition of

nutrients, air and large amounts of water will undoubtedly result in large

populations. The results reported here indicate that these assumptions are

correct. On the other hand, studies conducted on the ecology of undisturbed

contaminated sites (Thomas et al., 1989; Diltz et al., 1992) or on the

spontaneous biodegradation in undisturbed soils show that degradation rates

are extremely small (Aggarwal & Hinchee, 1991). Waiting for decontamination
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to take place by natural processes and at natural rates, does not meet the

demands of modern society (Song & Bartha, 1990; Song et al., 1990).

One of the goals of the present project was to develop and to

standardize a system that could be used in the remediation of contaminated soil

from filling stations where gasoline, diesel fuel and automotive oil had been

spilled. Gasoline service stations can be used as an excellent models to

establish a standardized bioremediation system because they are field units of

small size that can be easily manipulated. Also, leaking underground storage

tanks in gasoline stations represent a primary contamination source for soil and

groundwater in most advanced societies in the world. The standardization of a

system that can be used with minimal modifications in most cases will be a

valuable resource in controlling the environmental problem at hand.

The bioremediation system proposed in this work was used in five

contaminated gasoline service stations in the North Texas area. The system

needed minimal monitoring and minimal complex equipment. Progress of the

bioremediation process was easily assessed by simple chemical analyses.

Bacteria and nutrients were easily available and no complex genetic

engineering of metabolic processes was deemed necessary. The fact that

laboratory findings could be transferred to field sites indicate that the underlying

assumptions were reasonable and applicable to the objectives of my research.

It is probable that the same reasoning and criteria can be applied to other

situations under other conditions.
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A standardized system based on the findings reported here would

include the following elements:

1. isolation of microorganisms that can degrade the contaminants from the

contaminated site,

2. preparation of mass cultures to be added to the contaminated site,

3. use of soil from the contaminated site in the mass cultures,

4. identification of contaminated soil by chemical analyses,

5. selection of organisms that can act as a consortium, to degrade all the

contaminants present,

6. breaking up of the soil mass,

7. provide "galleries", gravel layers, for distribution of organisms, nutrients,

air and water,

8. monitoring the progress of degradation and making adjustments as

required.

This, proposed system differs from others in that it utilizes bacteria

selected from and capable of living in the contaminated environment. In

addition, laboratory cultures and mass cultures reflect the conditions of the

environment since soil nutrients and other factors from the contaminated site

are included as major components of such cultures.

One of the major benefits of the proposed procedure resides in the fact

that it will cause no significant alterations in the environments to be treated.

Since all the microorganisms employed are native to the soil, the microbiology
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of the site will not be changed. It has been demonstrated that when the

contaminants are degraded, hydrocarbon-degrading populations will return to

their original levels (Atlas, 1995). No genetically engineered organisms are

added and, consequently, no doubts will be raised regarding their effect on the

environment.

The chemical makeup of the treated site will not be changed since no

exotic substances are added to the soil. The only chemicals added were

nitrogen, phosphorous and potassium, which were obtained as commercial

household fertilizer and used in the same concentrations as those used by any

responsible householder. The only change made to the site was the several

layers of gravel left buried in the ground and some of the PVC pipes which

could not be removed. The surface was dressed and, generally, left in a better

condition than that in which it existed at the beginning. The total environmental

impact can only be regarded as positive and as an improvement from all points

of view.

An alternative to the production of enrichment cultures of bacteria taken

from the site to be treated was to buy commercially produced mixed bacterial

cultures with known (advertized) abilities to degrade hydrocarbons. A number

of such products is on the market at the present time. They are used by

commercial concerns dedicated to the bioremediation of contaminated soils and

waters. It appears that these are generally self-promoting products since only

limited scientific microbiological evaluation has been conducted. Venosa et al.



209

(1991) reported an evaluation of a limited number of commercial microbial

inocula prescribed for remediation of oil spills in marine environments. The

evaluation was performed using samples from a oil spill. Only two out of ten

products demonstrated an increase in hydrocarbon degradation. The authors

suggested that the increase in degradation observed could have been due to

indigenous bacteria which took advantage of the nutrients supplied in the

commercial preparations and not to the presence of the commercial bacteria.

With the currently available information, the use of commercial inocula for

hydrocarbon biodegradation is at best of doubtful value, and at worse, of no

value at all.

Although the use of genetically engineered microorganisms has been

suggested for environmental degradation of petroleum contaminants, there is no

theoretical rationale for their use. I consider the use of genetically engineered

microorganisms unnecessary because there are abundant naturally occurring

microorganisms with ample ability to degrade hydrocarbons as shown in this

work. In my view, it appears fruitless to take genes from one organism and put

them in another when the first could have been used just as well. This is

especially true when the second organism is then placed in an environment in

which it may not grow well or even survive. In addition, since there appears to

be no shortage of genes for enzymes to degrade petroleum hydrocarbons,

there is little need for making new ones. The major point of this project is to

demonstrate that microorganisms in nature, operating in situ is probably the
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optimal system for petroleum degradation. This notion is borne out by the

observation that the first patent for a genetically modified microorganism was

obtained for a microorganism able to degrade low molecular weight

hydrocarbons (Chakrabarty, 1974). It is especially noteworthy that this strain

has never been used in field experiments (Byrne, 1989).

Recent reports on bioremediation of contaminated aquifers have focused

on the growth of microorganisms under denitrifying or sulfate reducing

conditions, with the suggestion that microorganisms with an anaerobic

respiration or anaerobic metabolism can be used to degrade hydrocarbons in

the environment (Gersberg et al., 1991). The majority of studies on anaerobic

biodegradation of aromatic compounds from petroleum have been performed

under controlled laboratory conditions (Seyfried et al., 1994). The results are

important because they serve to elucidate the anaerobic metabolic pathways

used by microorganisms, but because of the complexity of anaerobic systems

in nature, extrapolation of laboratory findings to natural environments is

somewhat difficult.

One of the principal problems is the evaluation of hydrocarbon

degradation in anaerobic environments. The sequential utilization of ' 4C-labeled

toluene and p, m and o xylene by a consortium of microorganisms under

sulfate-reducing conditions was demonstrated (Edwards et al., 1992), but the

authors reported no degradation of benzene and ethylbenzene. These results

indicate that the approach is possible, but has severe limitations. Oxygen was
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supplied from a compressed air source. The use of hydrogen peroxide or a

solid source of oxygen was not considered a reasonable alternative on

theoretical grounds. In addition, previous studies have shown no increased

efficiency in hydrocarbon degradation with the addition of hydrogen peroxide

(Aggarwal et al., 1991). Compressed air supplied by a simple air distribution

system was sufficient to satisfy the needs of our bioremediation project.

Degradation of specific gasoline components, benzene, toluene,

ethylbenzene and the three isomers of xylene, by specific organisms had not

been previously reported. The results given by bacterial strains isolated from

contaminated sites are shown in Table 7 and in Table 8. These data show that

of 20 organisms selected from a collection of 163 isolates, 10 (50 %) had the

ability to degrade one or more of the three isomers of xylene. Of these, 4 were

able to degrade all three isomers and 6 the meta and para isomers. From

these data, it seems reasonable to assume that degradation of the meta and

para isomers occurs by the same metabolic pathway whereas the ortho isomer

must involve a different enzyme or enzyme system. All organisms capable of

degrading the ortho isomer of xylene also degraded the para and meta isomers

but the ability to degrade para and meta is not accompanied by the ability to

degrade ortho. No references were found in the literature regarding the isomer

specificity described here.

Ten (50 %) of the 20 isolates studied degraded toluene. The presence

of plasmids, TOL or other catabolic plasmid was not a criterion for this ability.
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These data are similar to the results from other unpublished studies performed

in this laboratory. Organisms able to grow in toluene as the only source of

carbon and energy can also grow on the meta and para isomers of xylene

(Ribbons & Eaton, 1982). The ortho isomer of xylene is considered more

resistant to degradation and usually remains in culture media after toluene and

the other two isomers have been degraded (Ribbons & Eaton, 1982). Except

for Serratia marcescens (N7S10), whenever toluene was degraded, two of the

three isomers of xylene were also degraded. On the other hand, Pseudomonas

resinovorans (N1 Si) and Pseudomonas putida Al (N5S1) were capable of

degrading the meta and para isomers of xylene but not toluene (Table 8). It is

left for further studies to determine the metabolic pathways used by these

organism and to compare them with the pathways used for degradation of

toluene and the three isomers of xylene described by Assinder and Williams

(1990). It is the my suggestion that mutations or novel branched pathways may

be found in these organisms.

Benzene degradation requires the oxidation of a double bond in the

aromatic ring and the incorporation of molecular oxygen to produce catechol.

Not many organisms have this enzyme system hence, benzene is considered a

recalcitrant molecule of low molecular weight (Ribbons & Eaton, 1982). Of the

20 organisms studied only six were capable of degrading benzene.

Surprisingly, Pseudomonas aeruginosa (N3S6) and the organism identified as

CDC Group II-I (N5S7) degraded benzene exclusively but not the other compounds.
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Degradation of ethylbenzene by Pseudomonas putida was first described

by Gibson et al. (1973) who showed that the compound was degraded by the

meta-cleavage pathway. Ethylbenzene was significantly reduced by five out of

the twenty organisms studied in this investigation. Pseudomonas aeruginosa

(N6S8), while able to degrade ethylbenzene, failed to degrade the other BTEX

compounds. The other four bacteria, Pseudomonas putida Al (N4S2),

Pseudomonas fulva (N2S2), Pseudomonas putida Al (N2S10) and

Pseudomonas aeruginosa (Sc7), were able to degrade toluene together with

ethylbenzene and other compounds. This suggests a common pathway

between toluene and ethylbenzene degradation in these organisms.

The data in Tables 7 and 8 show that 13 out of the 20 organisms studied

were able to metabolize methyl-ter-butyl ether (MTBE), albeit to a small extent,

in a period of five days. It is probable that longer term incubations would have

resulted in degradation of larger quantities. In the United States and much of

the rest of the world, MTBE is now a substitute for tetraethyl lead as an "anti-

knocking" agent in gasoline. In some areas in the United States, local or

federal legislation requires 12 to 15 % (v:v) of MTBE in gasoline in an attempt

to reduce pollution (Hartle, 1993; Moolenar et aL., 1994). The use of large

quantities of MTBE in the absence of studies on the effect of the combustion

products of this substance on human populations appears to me to be

imprudent. However, it must be noted that comparisons of MTBE with other

fuel additives such as ethyl alcohol and ter-butyl-alcohol (TBA) were carried out.
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These studies showed that MTBE was more efficient as an anti-knock

compound and also less dangerous to the environment after combustion

(Ramirez, 1987; Anderson, 1993). During the first years of use, no public

health problems were associated with this substance, nor were reactions

detrimental to the environment were reported. When the additive was first used

in gasoline in Alaska, however, a series of health complaints were reported by a

large number of residents (Anderson, 1993; Constantini, 1993; Holden, 1994;

Moolenar et al., 1994). However, after thorough evaluation by EPA it was

stated that MTBE was safe as a gasoline additive (Anderson, 1993). Such

findings are, to a certain extent, impeached by risk assessment studies (Hartle,

1993) in the public health and toxicity to animals (Constantini, 1993).

A number of natural compounds that are not readily used as carbon

sources by native bacterial populations are considered resistant to biological

degradation even when they are slowly eliminated from the environment by

microorganisms. The most probable mechanism of their utilization in nature is

cometabolism. Beam & Perry (1973; 1974) demonstrated that cometabolism

was one of the mechanisms used by soil bacteria to degrade cycloparaffinic

hydrocarbons, like cyclopentane and cyclohexane. Because of the large

number of isolates from my collection that were able to reduce the amount of

MTBE, I suggest that the decrease in MTBE concentrations was due to

cometabolism. Therefore, this decrease would depend on the degradation of

other hydrocarbons, rather than the use of MTBE as the sole source of carbon
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and energy. In the case of Ochrobactrum anthropi (Ni1S6), Pseudomonas

aeruginosa (N3S9), Bacillus spp (SD1) and Acinetobacter calcoaceticus (Sc5), it

must be assumed that the accompanying substrates for cometabolism were

substances in the gasoline which were not detected by my analytical methods.

Figures 20, 27 and 31 strongly indicate this possibility. On the other hand, Mo

et al. (1995) recently reported the isolation of bacteria capable of using MTBE

as sole carbon source in aerobic metabolism. The decrease in the

concentration of MTBE shown in Table 8 does not assure that the compound

was completely oxidized to carbon dioxide and water. Partial degradation and

accumulation of other compounds is possible.

Although the major criteria in these studies was the degradation of BTEX

substances, organisms that grew well on media containing gasoline or gasoline-

diesel fuel mixture were not discarded, because it was assumed that they were

able to use aliphatic hydrocarbons or other non identified hydrocarbons in the

hydrocarbon substrate. Field studies conducted in a separate study during a

time of 90 or more days showed that all the compounds were removed from

soil contaminated with gasoline. When the organisms studied were mixed with

other soil bacteria, the consortium was effective in removing all the petroleum

contaminants which could be measured by the analytical methods employed.

The bacterial isolates employed in these studies were characterized by

the BiologTM system. Even though the system has a large database for

identification of environmental isolates, some of the 20 selected bacterial strains
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obtained were not identified to the species level. Most organisms were

identified only to the genus level. This finding suggests that the bacteria

important in petroleum removal from the soil have not been adequately studied

to date. The bacteria isolated for this work will be characterized by me in

subsequent work. This further study will include the ability to metabolize

specific components of gasoline and other petroleum products.

Laboratory studies generally do not resemble the natural habitat of

organisms isolated from nature. Bacteriological media that have been used for

the last 100 years are designated to produce maximal growth rather than to

provide a habitat resembling the natural environment. Microbiological laboratory

media normally provide the organism excessive amounts of nutrients for growth

and other factors normally not found in nature. Microbial ecologists have

cautioned that the approach used for the last century to study soil

microorganisms might yield spurious results (Gonzalez-Lopez & Vela, 1981).

Efforts to understand microorganisms in their natural environment have

increased in recent years. Examples of these efforts are provided by the work

of Moreno (1986), Wu et al. (1987) and Moreno et al. (1990). Recent reports

on viable but non cultivable bacteria (Roszak & Colwell, 1987) also support this

contention.

When analyzing the substrate controls for determination of volatile

aromatic hydrocarbons (BTEX), the experimental error was large and the

number of replicates needed to be increased. The average number of
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replicates for substrate controls was five. For some of the organisms tested, up

to ten replicates were performed. The Students' t test for independent samples

used to determine hydrocarbon degradation proved to be effective in identifying

individual bacterial strains even when the variability in the data was large (Table

8). With this system, even a decrease of only 10 % of the hydrocarbon in the

culture medium could be detected.

When the degradation profiles of aromatic hydrocarbons by pure cultures

were analyzed, differences in substrate utilization by different microbial strains

were observed. Specificity of substrate utilization by different bacteria was

demonstrated by several authors (Foght et al., 1989; Ridgway et al., 1990). I

found that not all the microorganisms were able to degrade the low molecular

weight volatile aromatic hydrocarbons encountered i the contaminated soils.

Degradation of specific aromatic hydrocarbons by bacteria was

performed in laboratory cultures with gasoline as the source of such substrates.

In nature, such hydrocarbons will be mixed with other, unknown carbon sources

in the environment. A limited study was performed to show that hydrocarbons

could be degraded by Pseudomonas putida (N5S1), Pseudomonas putida

(N2S1 0) and Pseudomonas fulva (N2S2) in the presence of glucose. These

results are shown in Figures 34, 35 and 36. Glucose was selected because it

is a substrate normally metabolized by most bacteria including those tested in

this study. Furthermore, the data generated here show that hydrocarbon

degradation was enhanced when the growth medium was supplemented with
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glucose. Such results could have been due to the increase in the number of

bacteria in the culture due to metabolism of glucose and not necessarily to an

enhanced ability to degrade hydrocarbons.

Another part of my work concerned catabolic plasmids in bacteria

isolated from the contaminated sites and the role of these in hydrocarbon

degradation. The role of plasmids in bacterial adaptation to stressed

environments has been described previously (Leahy & Colwell, 1990). The

literature describing catabolic plasmids bearing information for degradation of

aliphatic and aromatic hydrocarbons is extensive (Chakrabarty, 1973; Assinder

& Williams, 1990; Boronin, 1992). Plasmids bearing genes for hydrocarbon

degradation were found in bacteria isolated from petroleum contaminated sites

(Leahy & Colwell, 1990). On the other hand, the role of plasmids on

degradation of hydrocarbons in natural environments has not been

unambiguous (Leahy et al., 1990).

In general, investigators looking for catabolic plasmids select and study

only those isolates that contain plasmids. The proportion of microorganisms in

contaminated sites which contain catabolic plasmids as opposed to those that

do not has not been adequately determined. The results of determinations

reported here showed that only 6 out of the 20 (30%) organisms capable of

degrading hydrocarbons contained plasmids. Using the method recommended

by Crossa (1994), plasmid DNA was isolated form 5 out of the 6 plasmid

bearing organisms. This method was the only one capable of detecting a
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plasmid in the Gram positive organism of Bacillus sp. (SD1). While this result

shows similar characteristics, i.e., hydrocarbon degradation and presence of

plasmids, it does not follow that one is the result of the other. That is, the

observation that plasmids are present does not demonstrate that the genes

contained in the plasmid are responsible for the degradation capacity.

A genetic probe for the gene encoding catechol 2,3 oxygenase was

obtained to resolve this quandary. This was the logical step in examining the

degradation of low molecular weight constituents of gasoline. Assinder and

Williams (1990) showed that plasmids bear the genes for the meta pathway

while the ortho pathway is located on the bacterial chromosome. Shields et al.

(1995) recently described a plasmid containing genes for the ortho pathway.

My results showed that none of the plasmid preparations hybridized with the

probe. On the other hand, one of the chromosomal preparations, organism

Ni S1, gave positive hybridization with the probe (Figure 40, Table 10).

Because additional probes were not tested, plasmids other than the TOL

plasmid pDK1 cannot be excluded from association with hydrocarbon

degradation. It may be that the positive hybridization observed could be due to

a plasmid integrated in the chromosome of Pseudomonas resinovorans (N1Si).

In conclusion, the work presented here can be used to attest to the

following:

First, it is possible to bioremediate soil contaminated with petroleum fuels

using enrichment cultures of indigenous microorganisms and adding common,
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household fertilizer as the source of nitrogen and phosphorus. Oxygen can be

supplied as compressed air to support aerobic metabolism. The impact of the

treatment on the environment can be negligible and, certainly, an improvement

over the preexisting condition.

Second, pure cultures of bacteria isolated from contaminated sites show

specific degradation of specific volatile aromatic hydrocarbons present in

gasoline. Bacterial strains were able to degrade one or more compounds of

gasoline but no single organism was capable of degrading all the BTEX

chemicals. There was no genus or species relationship to BTEX chemicals

oxidized among the bacteria examined.

Third, MTBE was significantly reduced in the culture medium by a large

percentage of the isolates studied (60 %). The most probable mechanism for

utilization by the isolates studied was cometabolism.

Fourth, hydrocarbon degradation by selected strains is possible under

laboratory conditions even in the presence of another carbon source. When the

microorganisms were grown in M9 gasoline medium supplemented with

glucose, the rate and amount of degradation was increased.

Fifth, plasmids were isolated in a relatively small proportion of bacterial

strains (approximately 28 %) examined. Of the plasmids isolated, none

hybridized with a molecular probe for xyITE, a gene form the TOL plasmid

encoding for catechol 2, 3 oxygenase. Positive hybridization was obtained with

the chromosomal preparation of strain N1Si. The data presented demonstrate
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that the catabolic genes for the degradation of hydrocarbons are not only

located in plasmid DNA, but may also be located on the bacterial chromosome.
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