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ABSTRACT

This paper reviews the critical scientific
understandings that have been gained in the area of
microbiology or bioremediation, and when and where
the technology is likely to be successful, and
describes the state of commercialization of
bioremediation industry.

INTRODUCTION

Within the last several years, tremendous volume
of scientific work has been performed in biore-
mediation. The introduction of this technology in the
‘80s was promoted largely without sound scientific

basis, and therefore, never gained sufficient
credibility to warrant serious consideration by
environmental practitioners. The more recent

technical advances have shown that bioremediation
can be an efficient and cost effective technique for
remediating a variety of environmental contamination.
Laboratory and field studies have shown that
bioremediation is capable of treating conventional
gasoline, diesel and fuel oil chemical compounds, but
also more complex and difficult to treat substances
such as trichloroethylene (TCE) and polychlorinated-
biphenyls (PCBs).

With the probable exception of those directly
involved in the study of microbiology or those
professionals practicing in specialized fields such as
industrial microbiology, the critical role that
microorganisms have played in shaping this worléhas
undoubtedly been unnoticed and unappreciated. This
is certainly understandable since aside from an occas-
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ional appearance of mold on stale bread or mildew
on the shower stall walls, we don’t generally see
microorganisms or recognize them as such. And
yet, microorganisms are ubiquitous to this world.
They literally form the foundation on which all life-
form is based on this planet. Without lifeform mic-
roorganisms, life as we know it could not exist. The
vast power and influence that microorganisms have
on earth has only recently begun to be under- stood.
Lynn Margulis, a preeminent microbiologist and
proponent of symbiogenetic theory of cell evolution,
and James E. Lovelock, a British atmospheric
chemist theorized that living organisms (microbes)
have a great effect on regulating the terrestrial and
atmospheric conditions that make this planet habitable
- neither too hot or too cold, the oceans neither too
salty or too acidic. This hypothesis referred to as
Gaian is, to be sure, controversial but also profound.
When and if the hypothesis is proven, it will change
the way scientists view the accepted notion of
evolution.  And at the heart of this are the
microorganisms.

When we think of microorganisms, we conjure an
image of bacteria under a microscope, organisms
invisible to the naked eye and carrying a connotation
of uncleanness or disease. This image is only partly
true. Microorganisms have also provided tremendous
benefits to mankind such as making it possible to
produce various food products through fermentation
of carbohydrates (Saccharomyces), and making
penicillin antibiotics from fungus (penicillium) for
medicinal purposes. Although the vast potential that
the microbial world has to offer mankind remains
largely untapped today, significant progress is being
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made throughout the world toward this end.
Research is being carried-out in many countries for
application of microorganisms for agricultural,
environmental and industrial purposes. Microbial-
based products designed to clean-up oil spills, treat
certain organic pollutants in municipal and industrial

Microorganisms are classified according to many
different criteria. One method of classification is by
their requirement for carbon and energy sources.
Two of the most common sources of carbon are
organic matter and carbon dioxide. Microorganisms
that utilize carbon are called heterotrophs and those

Table A Classification By Carbon and Energy Source

Classification Carbon Source Energy Source Example of Microorganisms
Heterotrophic Organic carbon Light Sulfur bacteria

Heterotrophic Organic carbon Oxidation of organics Protozoa, fungi, bacteria
Autotrophic Carbon dioxide Light Algae, photosynthetic bacteria
Autotrophic Carbon dioxide Oxidation of reduced Nitrifying bacteria

inorganic ammonia
nitrite and sulfide

wastewater, restore nutrients to soil for crop growth,
control malodors generated in livestock operations,
treat agricultural runoff are commercially available.

STATE OF BIOREMEDIATION

What the above suggests is that microorganisms
are tremendously powerful and capable of inducing
thousands of different biochemical reactions from
decomposition of leaves to changing the earth’s
climate. Behavior of many microorganisms to
introduction of certain substrates and environmental
conditions are well documented and understood.
Some of these biochemical reactions have been
exploited for man’s benefit for centuries.
Bioremediation which is essentially a subset of a
much broader science of applied microbiology
should, therefore, not be viewed as some novel
technology with unproved capability. In fact,
bioremediation is undoubtedly the most powerful,
flexible, and low cost technology man has to counter
environmental degradation.

MICROORGANISMS

Microorganisms may be either a plant or an
animal and be broadly classified as eucaryotes or
procaryotes. Eucaryotes have nuclei and are either
multicellular with extensive differentiation of cells
and tissues (e.g., seed plants, vertebrates) or
unicellular with little or no differentiation of tissues
(e.g., algae, fungi, protozoa). Procaryotes are
celluar like eucaryotes but have no defined nuclei
(e.g., bactcria, methanogens, halophiles).
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that use carbon dioxide are called autotrophs.
Autotrophic synthesis is a reductive process requiring
net energy input, thus having a lower growth rate
than heterotrophs. Energy required for synthesis is
provided by either sunlight or chemical oxidation
reaction. Microorganisms that use light as energy
source are phototrophic. Those that use energy
derived from chemical oxidation are chemotrophic.
Both phototrophic and chemotrophic organisms may
be either heterotrophic or autotrophic. This method
of classification may be summarized as shown in
Table A above.

In terms of bioremediation, the two most
important classes of microorganisms are bacteria and
fungi. Bacteria are single celled procaryotes, and
reproduce by binary fission or sexually or by
budding.  Although there are many species of
bacteria, their general form can be grouped into three
general categories: spherical, cylindrical, and helical.
Bacteria vary widely in size. Representative sizes are
0.5 to 1.0 mm in diameter for spherical, 0.5 to 1.0
mm in width by 1.5 to 3.0 mm in length for
cylindrical, and 6 to 15 mm in length for helical.
Most bacteria consist of an outer cell wall, a cell
membrane, an inner cytoplasm containing ribonucleic
acid (RNA) which serves to synthesize proteins, and
a nuclear area, also within the cytoplasm, containing
deoxyribonucleic acid (DNA) which carries the
genetic code necessary for reproduction. Bacteria
may also be classified according to the temperature
range in which they thrive best; psychrophillic (-10 to
30°C), mesophillic (20 to 50°C), and thermophillic
(35 to 75°C). Bacteria growth is influenced by pH,
optimum range being 6.5 to 7.5. Rarely do bacteria
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cometabolism has shown great promise for its wide
capability to degrade most chlorinated aliphatic
hydrocarbons such as carbon tetrachloride,
trichloroethylene, tetrachloroethene, and 1,I-
dichloroethane. Since much of the groundwater
contamination in this country is caused by chlorinated
aliphatic hydrocarbons, the urgency to learn and
apply this process is paramount. Based on the
mounting evidence of the capability of anaerobic
cometabolism process to biodegrade chemicals,
heretofore believed to be recalcitrant, there are calls
for implementation of this type of bioremediation on
a larger or even full scale.

In cometabollic reactions, the microorganisms do
not obtain nutrient or energy from transformation of
the contaminant organic compounds. The
microoragnisms rely on other primary substrates
which may have to be externally provided for nutrient
and energy. The degradation is accomplished by the
enzymes produced by the microbes to degrade the
primary substrate, which by chance happens to be
also capable of transforming the contaminant organic

process, the initial reaction may result in transformed
products which are not degraded further due to
absence of another reactive enzymes. Occurrence of
this interruption in the degradative pathway may
result in accumulation of an intermediate product that
is more toxic than the original chemical compound.

In cometabolism, providing a consortia of
interacting communitiecs of microorganisms is
important. It is possible for the cometabolic product
of one microorganisms to be used as growth substrate
by another microorganism, or cometabolized by
another microorganism present in the microbial
population. If this is the case, a consortia or
interacting communities of microbial species, is
needed to fully mineralize the contaminant since one
species will supply the enzymes to degrade the
metabolic product of a different species. Thus,
cometabolism may represent a single step in the
complete mineralization process for a given
contaminant.

Table B contains a summary of chlorinated

compound.  For this reason, cometabolism is aliphatic hydrocarbons that have been shown to be
sometimes described as “fortuitous metabolism” degraded by cometabolism.
cometabolic.
Table B - Potential For Degradation of

Chlorinated Hydrocarbons Through Cometabolism
Chemical Aerobic Anaerobic Degraded
Compound Potential Potential Product
Carbon tetrachloride E A Chloroform
Chloroform D C Methylene chloride
Methylene chloride B S
1,1,1-Trichloroethane D A 1,1-Dichloroethane
1,1-Dichlorocthane D C Chloroethane
1,2-Dichlorocthane D D Chloroethane
Chloroethane C - e
Tetrachloroethenc E B Trichloroethene
Trichloroethene C B trans-1,2-Dichloroethene
trans-1,2-Dichlorocthene B C Vinyl chloride
1,1-Dichloroethene D C Vinyl chloride
Vinyl chloride A D e

Degree of potential for degradation: A=Excellent, B=Good, C=Fair, D=Some, E=Small
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FACTORS TO CONSIDER FOR
BIOREMEDIATION

Borrowing on decades of experience in municipal
and industrial wastewater treatment as well as other
forms of pollution control systems, the above-ground
portion of an ex-situ bioremediation system can be
designed with a high degree of confidence.
Unfortunately, for the in-situ system, the state-of-the-
art is still rather embryonic and industry-wide design
standards and such have not evolved. Nevertheless,
it is believed "that there is enough scientific data
available in research papers and other publications
today to enable one to design a bioremediation system
which will function as intended. Discussed below are
some of the important factors that must be evaluated
for an in-situ system in addition to considerations of
information such as magnitude and extent of
contaminants, geology, hydrogeology, and
geochemistry.

1. Oxygen Availability

Availability of oxygen in the contaminated media
will generally determine whether the degradation
process will be aerobic or anaerobic. The exception
is if the xenobiotic contaminant is degradable only by
obligate anaerobic bacteria (molecular oxygen is toxic
to obligate anaerobes). In such cases, anaerobic
condition will have to be artificially created. Oxygen
is the preferred terminal electron acceptor because it
offers the largest change in free energy per electron
transfer in oxidation/reduction reactions. For acrobic
microbes, constant supply of oxygen is necessary for
growth, as lack of oxygen can become a limiting
factor. The maintenance of oxygen rich environment
for microbial growth can be one of the major cost
items for bioremediation. Oxygen may be supplied
by atmospheric oxygen (air) as is done in bioventing,
or by use of oxygen supplying compounds (e.g.,
peroxides). To date vast majority of bioremediation
application have been based on aerobic reactions.

2. Redox Potential

The redox potential can be viewed as a measure
of the electron density of an environment, or a
measure of the tendency to donate electrons. In
reducing environments, such as a flooded soil, the
electron density is high, the tendency to donate
electron is strong. In contrast, in oxidizing
environments, such as well-aerated soil, the electron
density is low and the tendency to accept electrons is
strong.  The redox potential determines which
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terminal electron acceptor will be preferentially
utilized. As indicated above, microorganisms will
use the electron acceptor which results in the largest
energy release. Electron acceptors commonly used
in microbial respiration, listed in order of maximum
to minimum release of energy are molecular oxygen,
nitrate, manganese(IV), Fe(Ill), sulfate, and carbon
dioxide. Nitrate and sulfate, although known to
behave as electron acceptors, are generally too low in
concentration in native soils to support significant
amount of oxidation. As oxygen is consumed in
degradation of organic material, anoxic conditions
will prevail and alternative electron acceptors will
preferentially be used in order listed above. During
this process, different microorganisms may dominate
at each type of electron acceptors. In bioremediation,
it may be necessary to supply specific electron
acceptors in order to maintain the growth and
dominance of the desired microorganisms.

3. Soil Moisture Content

Moisture is a basic necessity for microbial life.
Soil moisture content affects the oxygen content of
the soil, thus determining the prevalence of aerobic
or anaerobic microorganisms and the inherent
degradative pathway. In unsaturated soil, each
species may function optimally at a specific moisture
content. For example, fungi are resistant to drier
conditions and thrive in much less moisture condition
than most microbial species. In saturated conditions,
water serves as an important transport medium for
nutrients and contact medium for microorganisms and
the contaminant chemicals. Contaminants are
generally most biodegradable when solubilized in soil
water.

4. pH

Microbial growth can be significantly influenced
by the pH. Every species of microorganisms exhibits
a pH level at which the population growth is
maximized. Most bacteria prefer a pH range of 5 to
9. Fungi are more tolerant of acidic environment and
thrive best at pH levels below 5. The pH of the
media immediately surrounding the microorganisms
is affected by a number of factors including the
chemical make-up of the soil, vegetation, climate,
regional geology, and the microbes themselves. The
pH can be lowered by sulfur containing compounds
or raised by crushed limestone or other lime
materials.

5. Nutrient Supply
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The chemical composition of microbial cell drives
its nutritional needs. Since most microorganisms
have similar chemical composition, the ratio of
nutritional requirements are also similar from species
to species. Over 90% of the dry weight of cell is
composed of following elements; carbon, oxygen,
nitrogen, and hydrogen. Other necessary nutrients
making-up the majority of remaining 10 % are
phosphorus, ~ potassium, sulfur, calcium and
magnesium. Trace nutrients required include iron,
manganese, boron, molybdenum, copper, zing,
chlorine, sodium, vanadium, and silicon. When
nutrient addition is required, it is most often nitrogen.
In bioremediation of carbon rich contaminants such as
petroleum based products, both nitrogen and
phosphorus may both be limiting.  Maximum
microbial growth rate is achieved when the
concentration of the contaminant is limiting and not
the nutrients. In order to ensure that the nutrients are
not limiting growth, the ratio of carbon to nitrogen
should be in the range of 20:1 to 25:1, and carbon to
phosphorus ratio of 100:1 to 120:1. The added
nutrients must be in a biologically usable form such
as ammonium salts and polyphosphate salts.

6. Temperature

Temperature affects degradation rates by altering
cellular growth and metabolic activity and by altering
the environmental physical properties. Each
microbial species has a specific temperature range at
which its growth rate is maximized. Most
microorganisms fall into the class of mesophiles or
those that grow best at the temperature range of 20
degrees C to 45 degrees C. Microorganisms that
thrive at higher range of temperature are called
thermophiles (optimum at above 45 degrees C), and
those at lower temperature, psychrophiles (optimum
at below 20 degrees C). Thermophiles are commonly
found in biodegradation process for anaerobic
digestion of sewage sludge or for composting of
organic materials. All microbial activities essentially
stop at temperature below O degrees C. This is an
important  consideration  for application of
bioremediation in the colder regions. For example,
in Minnesota, the soil temperature of the top 5 cm
will range from -9.4 to -1.1 degrees C in the winter.

SOURCES OF MICROORGANISMS

Microorganisms for bioremediation are supplied
by three basic sources; indigenous, cultured, and
genetically engineered microorganisms. A brief
description of these sources are provided in this
section.
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1. Indigenous

Indigenous microorganisms are those found at the
site of contamination. They are natural, or
indigenous to the area. If contamination is old, the
microorganisms may have even made genetic
adaptations to the contaminated area. More often
than not, the indigenous microorganisms must be
provided with nutrients and other growth factors in
order to stimulate the growth of microbial population
to a level at which measurable contaminant
degradation takes place. Indigenous microorganisms
are inherently adapted to the specific contaminated
environment, and are presumed to co-exist with other
microbial species. Although present, if the
indigenous microorganisms can mnot aid in the
degradation of the contaminant, it is of no use.
Therefore, simply having indigenous microbes may
not be enough.

2. Cultured

At some sites, microorganisms capable of
degrading contaminants are totally absent. In such
cases, externally cultured or inoculant
microorganisms may be used. Cultured
microorganisms consists of a single species or
multiple genera and species of naturally occurring
microbes. For contamination that can be used as a
primary substrate by microorganisms such as
petroleum hydrocarbons the variety of species
contained in the culture may not be important. A
single species of microbes can potentially consume all
of the contaminants as a substrate to satisfy its energy
and carbon needs. In such a scenario, the organic
contaminants are often completely mineralized. A
culture intended for degradation of petroleum
hydrocarbons may be intentionally made up of
specific species extracted from oil well fields and tar
pits located in many different locations.  For
contaminants that can only be degraded through the
co-metabolic process, the microorganism culture
should consist of many different species since one
specie may transform the chemical only one step
along the degradation pathway.

3. Genetically Engineered Organisms

Genetically engineered microorganisms are those
that have been genetically altered in a laboratory and
cultured. The genetic alteration may have been
designed to induce the microorganism to degrade a
specific chemical compound. At present, the use of
genetically engineered ~microorganisms in the
environment is strictly controlled by the






