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Bioremediation of Fossil
Fuel Contaminated Soils

Ronald M. Atlas'
University of Louisville

BIOREMEDIATION

Bioremediation involves the use of microorganisms and their biodegra-
dative capacity to remove pollutants (Atlas & Pramer 1990). The
byproducts of effective bioremediation, such as water and carbon
dioxide, are nontoxic and can be accommodated without harm to the
environment and living organisms. Using bioremediation to remove
pollutants has many advantages. This method is cheap, whereas
physical methods for decontaminating the environment are extra-
ordinarily expensive. Over $1 million a day was spent in an attempt
that was only partially successful to clean up the oiled rocks of Prince
William Sound AK using water washing and other physical means after
an Exxon tanker ran aground there. Neither government nor private
industry can afford the cost to clean up physically the nation's knowr
toxic waste sites. Therefore, a renewed interest in bioremediation has
developed (Beardsley 1989). Whereas current technologies call for
moving Urge quantities of toxic waste and its associated contaminated
soil to incinerators, bioremediation can be done on site and requires
simple equipment that is readily available. Bioremediation, though, is
not the solution for all environmental pollution problems. Like other
technologies, bioremediation has limitations.

Studies on the microbial degradation of hydrocarbons, including
determination of the effects of environmental parameters on
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biodegradation rates, elucidation of metabolic pathways and genetic
bases for hydrocarbon assimilation by microorganisms, and examination
of the effects of hydrocarbon contamination on microorganisms and
microbial communities, have been areas of intense interest and the
subjects of several reviews (Atlas 1981, 1984; Bartha 1986; CoIwelJ &
Walker 1977; Leahy & Colwell 1990; MAS 1985). Rates of biodegrada-
tion under optimal laboratory conditions have been reported to be as
high as 2,500 to 100,000 g/nr/day (Bartha & Atlas 1987). Under in situ
conditions petroleum biodegradation rates are orders of magnitude
lower. In situ natural rates have been reported in the range of 0.001 to
60 g/m3/day (Bartha & Atlas 1987). The microbial degradation of
petroleum in the environment is limited primarily by abiotic factors,
including temperature, nutrients such as nitrogen and/or phosphorus,
and oxygen (Atlas 1981, 1984; Leahy & Colwell 1990).

The biodegradation of petroleum and other hydrocarbons in the
environment is a complex process, whose quantitative and qualitative
aspects depend on the nature and amount of the oil or hydrocarbons
present, the ambient and seasonal environmental conditions, and the
composition of the indigenous microbial community (Atlas 1981; Leahy
& Colwell 1990). Microbial degradation of oil has been shown to occur
by attack on the aliphatic or light aromatic fractions of the oil.
Although some studies have reported their removal at high rates under
optimal conditions (Rontani et al 1985; Shiaris 1989), high molecular
weight aromatics, resins, and asphaltenes are generally considered to
be recalcitrant or to exhibit only very low rates of biodegradation. In
aquatic ecosystems, dispersion and emulsification of oil in slicks appear
to be prerequisites for rapid biodegradation; large masses of mousse,
tarballs, or high concentrations of oU in quiescent environments tend to
persist because of the limited surface areas available for microbial
activity. Petroleum spilled on or applied to soil is largely adsorbed to
particulate matter, decreasing its toxidty, but possibly contributing to
its persistence.

ASSESSING BIOREMEDIATION
TECHNOLOGIES

Laboratory Efficacy Testing

To demonstrate that a bioremediation technology is potentially
useful, it is important that the ability to enhance the rates of hydro-
carbon biodegradation be demonstrated under controlled conditions.
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This generally cannot be accomplished in situ and thus must be accom-
plished in laboratory experiments. Laboratory experiments demonstrate
the potential a particular treatment may have to stimulate the removal
of petroleum pollutants from a contaminated site (Bailey et al. 1973;
Chianelli et al. 1991; Venosa et al. 1991). Laboratory experiments that
closely model real environmental conditions are most likely to produce
relevant results (Bertrand et al 1983; Bragg et al. 1990; Buckley et al.
1980). In many cases this involves using samples collected in the field
that contain the indigenous microbial populations. In such experiments
it is important to include appropriate controls, such as sterile treat-
ments, to separate the effects of the abiotic weathering of oil from actual
biodegradation. Such experiments do not replace the need for field
demonstrations, but are critical for establishing the scientific credibility
of specific bioremediation strategies. They are also useful for screening
potential bioremediation treatments.

The parameters typically measured in laboratory tests of bio-
remediation efficacy include enumeration of microbial populations, rates
of microbial respiration (oxygen consumption and/or carbon dioxide
production), and rates of hydrocarbon degradation (disappearance of
individual hydrocarbons and/or total hydrocarbons). The methodolo-
gies employed in these measurements are critical. It is assumed, for
example, that bioremediation of oil pollutants will result in elevated
populations of hydrocarbon degraders. Many of the organisms that
form colonies on agar-based hydrocarbon media grow on contaminants
rather than on hydrocarbons. Therefore, confirmatory tests are needed.
In some studies isolates have been tested in liquid culture with more
rigorous criteria, such as measuring actual hydrocarbon disappearance,
to establish that particular organisms are; in fact, hydrocarbon
degraders. These tests often have shown that less than 30 percent of
the organisms that form colonies on oil agar actually are capable of
metabolizing hydrocarbons. To overcome these limitations/ methods
have been developed that utilize indicators of hydrocarbon metabolism.
For example, dyes can be used to demonstrate the actual metabolism of
aromatic hydrocarbons by specific organisms on agar plates or in liquid
culture in microtiter plates (Shiaris & Cooney 1983). Colony hybridiza-
tion procedures have also been employed to identify positively the
colony forming units with the genetic capacity for degrading specific
aromatic hydrocarbons, for example, by using gene probes for the
naphthalene catabolic genes (Sayler et al. 1985). The production of
radiolabeled carbon dioxide from radiolabeled hydrocarbon substrates
also can be used to demonstrate hydrocarbon utilization (Caparello &
LaRock 1975). Such production of ̂ COj from radiolabeled hexadecane

has been used
hydrocarbon d
determined rei
sample (Atlas

Oxyger
microbial utili-
The measurerr
contaminants ;

of oil to the e
and the input
source of car
sumption of c
carbon dioxid
has been used
carbon metab
ments are per
of such respi
metabolism 1
respiration, 1
necessity, ere
through syst
ance of hydr
or not biod
however, de
Methods tte
difficult to ii
in the extrac
of products
extract effic
is erroneou.'

Mos
dures, such
Westlake 19
of the alip
separation i
most frequi
hydrocarbo
and indivu
detailed an.
tography a
the efficien-
The aroma



reclamation Atlas 17

: be accom-
emonstrate
he removal
et al 1973;
iments that
to produce
ckley et al.
in the field
xperiments
terile treat-
^">m actual
^_/or field
: credibility
r screening

asts of bio-
tfions, rates
>on dioxide
^earance of
methodolo-
•sumed, for
in elevated
misms that
ntaminants
are needed.
with more

,earance,
^tfrocarbon
} percent of
capable of

is, methods
netabolism.
'tabolism of
or in liquid
' hybridiza-
sitively the
ing specific
bes for the
oduction of
n substrates
Caparello &
hexadecane

has been used with a most probable number format to enumerate
hydrocarbon degraders with certainty that the number of organisms
determined reflects the real number of hydrocarbon degraders in the
sample (Atlas 1979).

Oxygen consumption rates have been used as a measure of
microbial utilization of hydrocarbons (Gibbs et al. 1975; Venosa 1991).
The measurement of such rates, however, may reflect the utilization of
contaminants in the sample. This is especially critical since the addition
of oil to the environment may result in the death of some organisms
and the input of organic carbon from such organisms would be a ready
source of carbon for aerobic microbial respiration. Since the con-
sumption of oxygen can produce erroneous results, the production of
carbon dioxide, particularly from radiolabeled hydrocarbon substrates,
has been used as a more definitive measure of rates of microbial hydro-
carbon metabolism (Atlas 1979; Caparello & LaRock 1975). If experi-
ments are performed using simulated field conditions, the measurement
of such respiration rates can be extrapolated to rates of hydrocarbon
metabolism likely to appear at contaminated sites. Measurements of
respiration, however, require that the system be closed. This, of
necessity, creates an artificial condition that makes simulation of flow-
through systems difficult. The actual measurement of the disappear-
ance of hydrocarbons has been considered a definitive test of whether
or not biodegradation has occurred. Interpretation of such data,
however, depends upon the actual analytical procedures employed.
Methods that measure gravimetrically the loss of hydrocarbons are
difficult to interpret. This is possibly because of the inclusion of water
in the extract, leading to underestimation of the result; the production
of products, leading to a similar underestimation; or the failure to
extract efficiently the sample so that an excessive loss of hydrocarbons
is erroneously measured.

Most studies have turned to more definitive analytical proce-
dures, such as gas chromatography and mass spectrometry (Fedorak &
Westlake 1981; Schwall & Herbes 1979). Gas chromatographic analyses
of the aliphatic fraction, often following column chromatographic
separation of this fraction from other hydrocarbon fractions, are used
most frequently. Such analyses permit the determination of specific
hydrocarbon losses so that the degradation of individual hydrocarbons
and individual classes of hydrocarbons can be determined. These
detailed analyses, particularly when performed using capillary chroma-
tography columns, allow for the inclusion of recovery standards so that
the efficiency of hydrocarbon extraction and analysis can be determined.
The aromatic hydrocarbon fraction can similarly be analyzed using
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capillary column gas chromatography. Most often these analyses are
coupled with mass spectrometry using the selected ion monitoring
mode to determine the fate of individual aromatic hydrocarbons and
classes of aromatic hydrocarbons.

The problems with such analyses, however, are that not all com-
pounds in an oil mixture cart be resolved, so a significant unresolved
hydrocarbon complex remains to be dealt with. Also, high molecular
weight polynuclear aromatic hydrocarbons are very difficult to analyze.
In some studies, high-pressure liquid chromatography has been used to
assay the biodegradation of such compounds (Heitkamp & Cerniglia
1989).

Field Evaluations

The evaluation of hydrocarbon biodegradation in situ is far more diffi-
cult than in laboratory studies. Analyses that require enclosure, such
as respiration measurements, typically are precluded from such field
evaluations. Field evaluations, therefore, have relied upon the
enumeration of hydrocarbon-degrading microorganisms and the
recovery and analysis of residual hydrocarbons. This is especially
complicated since the distribution of oil in the environment typically is
patchy; therefore, a very high number of replicate samples must be
obtained to yield statistically valid results. Even in partially enclosed
containers, the patchiness of hydrocarbon distribution requires the
analysis of multiple replicates (Haines & Atlas 1982). Movement of
macTOorganisms, such as polychaete worms, through sediments creates
zones where oxygen incorporation favors biodegradation, while adding
to the physical patchiness of the oil distribution. In open water situa-
tions, it is difficult to ascertain that appropriate sites are being
resampled, especially when time-course determinations are being made
to measure rates of hydrocarbon biodegradation.

Because of the problems with quantitation of hydrocarbon
recovery from field sites, ratios of hydrocarbons within the complex
hydrocarbon mixture have been used to assess the degree of biodegra-
dation (Atlas et ai 1981). In particular, the fact that hydrocarbon-
degrading microorganisms usually degrade pristane and phytane at
much lower rates than straight-chain alkanes has permitted the use of
pristane or phytane as internal recovery standards. These measure-
ments assume that pristane and phytane remain undegraded; therefore,
by determining the ratio of straight-chain alkanes to these highly
branched alkanes, it is possible to estimate the extent to which
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microorganisms have attacked the hydrocarbons in the petroleum mix-
ture. In situations, however, where pristane or phytane is degraded at
rates similar to straight-chain alkanes, this assumption is invalid, and
alternative internal standards, such as hopanes, are required (Atlas et
al 1981; Prince et al. 1990; Pritchard 1990).

Of equal importance to the problem of determining the appro-
priate measures to be used in assessing the effectiveness of a bio-
remediation treatment is the experimental design that includes
appropriate controls. Often in a field bioremediation situation, the
necessity for cleaning up the pollutants overshadows the need for
leaving an untreated reference site that is comparable to the site being
treated. Thus at the end of many bioremediation efforts, all areas have
been treated, leaving no basis for comparison with what would have
happened had no bioremediation treatment been employed. Given the
natural degradation capacity of the indigenous microorganisms, this
leaves in question the effectiveness of many bioremediation treatment
strategies.

Ecological Effects Testing

In addition to demonstrating efficacy, it is essential to demonstrate that
bioremediation treatments do not produce any untoward ecological
effects (Colwell 1971; Doe & Wells 1978; aBrien & Dixon 1976). The
focus of ecological effects testing of bioremediation has been on the
direct toxicity of chemical additives, such as fertilizers, to indigenous
organisms. Standardized toxicologies! tests are used to determine the
acute toxicities of chemicals. Chronic toxicities and sublet ha I effects
may also be determined. Generally toxicity tests are run using a
bivalve larvae, such as oyster larvae, and a fish, such as rainbow trout.
Sometimes regionally important species, such as salmon or herring, are
included. Additionally, tests are run to assess effects on algal growth
rates to determine what levels of fertilizer application will stimulate oil
biodegradation without causing algal blooms. No test protocols have
been developed and implemented for testing the potential pathogenicity
of seed cultures. Concerns have been voiced that seed cultures could
cause disease among humans or plant and animal populations. These
concerns have been put aside when indigenous microbes—to which
these populations are naturally exposed—are employed.
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APPROACHES TO ENHANCING
MICROBIAL DEGRADATION

The microbial degradation of petroleum in aquatic and soil environ-
ments is limited primarily by nutrients/ such as nitrogen and phos-
phorus, and oxygen availability. The initial steps in the biodegradation
of hydrocarbons by bacteria and fungi involve the oxidation of the sub-
strate by oxygenases for which molecular oxygen is required (Atlas
1984). Aerobic conditions are/ therefore, necessary for this route of
microbial oxidation of hydrocarbons in the environment. Conditions of
oxygen limitation normally do not exist in the upper levels of the water
column in marine and freshwater environments (Cooney 1984;
Floodgate 1984). The availability of oxygen in soils, sediments/ and
aquifers is often limited depending on the type of soil and whether the
soil is waterlogged (Bossert & Bartha 1984; Jamison et al 1975; von
Wedel et al. 1988). Anaerobic degradation of petroleum hydrocarbons
by microorganisms also occurs (Grbic-Gallic & Vogel 1987; Vogel &
Grbic-Gallic 1986; Ward & Brock 1978; Zeyer et al. 1986), The rates of
anaerobic hydrocarbon biodegradation/ however, are very low, and its
ecological significance appears to be minor (Atlas 1981; Bailey et al.
1973; Bossert & Bartha 1984; Cooney 1984; Floodgate 1984; Jamison et
al. 1975; Ward et al. 1980).

Several investigators have reported that concentrations of avail-
able nitrogen and phosphorus in seawater are severely limiting to
microbial hydrocarbon degradation (Atlas & Bartha 1972; Bartha &
Atlas 1973; Floodgate 1973/ 1979; Gunkel 1967; LePetit & Barthelemy
1968; LePetit & N'Guyen 1976). Other investigators (Kinney et al. 1969),
however, have reached the opposite conclusion: i.e., that nitrogen and
phosphorus are not limiting in seawater. The difference in results is
paradoxical and appears to be based on whether the studies are aimed
at assessing the biodegradation of hydrocarbons within an oil slick or
the biodegradation of soluble hydrocarbons. In an oil slick/ a mass of
carbon is available for microbial growth within a limited area. Since
microorganisms require nitrogen and phosphorus for incorporation into
biomass, the availability of these nutrients within the same area as the
hydrocarbons is critical. When considering soluble hydrocarbons/ nitro-
gen and phosphorus are probably not limiting since the solubility of the
hydrocarbons is so low as to preclude establishment of an unfavorable
C/N or C/P ratio. Investigators considering the fate of low-level
discharges of hydrocarbons (soluble hydrocarbons), thus/ have properly
concluded that available nutrient concentrations are adequate to
support hydrocarbon biodegradation.
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Oxygenation to Enhance Oil Biodegradation

Biodegradation of petroleum hydrocarbons at rapid rates requires
molecular oxygen. Under anaerobic conditions, hydrocarbons are not
biodegraded in the environment at rates that can be used to remediate
polluted sites. Therefore, for effective petroleum biodegradation, it is
necessary to ensure an available supply of oxygen (Floodgate 1973;
ZoBell 1973). The use of forced aeration and nutrient supplementation
to stimulate the biodegradation of gasoline in groundwater has been
reported by Jamison et al (1975, 1976). This study was conducted on
a groundwater supply that had been contaminated with gasoline fol-
lowing a pipeline break. The reservoir was found to contain micro-
organisms capable of growth on the hydrocarbons that are found in
gasoline as the sole carbon source. It was the conditions for growth
and metabolism of oil that were found to be limiting. Ammonium sul-
fate (58 metric tons), monosodium phosphate, and disodium phosphate
(29 metric tons) were added to the groundwater. Air was also pumped
into the groundwater with a small compressor. This treatment
increased the number of hydrocarbon-utilizing microorganisms, and
gasoline was degraded. It was estimated that 2 x 10s L of gasoline
were removed by stimulated degradation and that the use of forced
aeration and nitrogen and phosphorus addition significantly reduced
the time necessary to remove the spilled gasoline from this ground-
water reservoir. A patent was issued to Raymond (1974) for reclama-
tion of hydrocarbon-contaminated groundwater using stimulated
microbial degradation.

To overcome oxygen limitation, hydrogen peroxide may be
added in appropriate and stabilized formulations (API 1987). The
decomposition of hydrogen peroxide releases oxygen that can support
aerobic microbial utilization of hydrocarbons. At concentrations that
are too high, however, hydrogen peroxide is toxic to microorganisms
and will actually lower rates of microbial hydrocarbon biodegradation.
Also, hydrogen peroxide typically is not stable and decomposes rapidly
upon addition to contaminated environments. Nevertheless, this treat-
ment has been used effectively to stimulate microbial degradation of
environmental hydrocarbon contaminants.

Berwanger and Barker (1988) investigated in situ biorestoration
involving stimulating aerobic biodegradation in a contaminated
anaerobic, methane-saturated groundwater situation using hydrogen
peroxide as an oxygen source. Batch biodegradation experiments were
conducted with groundwater and core samples obtained from a
Canadian landfill. Hydrogen peroxide, added at a nontoxic level.
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provided oxygen that promoted the rapid biodegradation of benzene,
toluene, ethyl benzene, and Q-, m-, and p-xylene. In winter of 1983,
Frankenberger et al (1989) found a flow of approximately 4,000 L of
diesel fuel along an asphalt parking lot of a commercial establishment
toward a surface drain near an open creek. Investigations led to the
discovery of a leaking underground diesel fuel storage tank. Hydro-
carbon quantities ranged up to 1,500 mg/kg of soil. A laboratory study
indicated fairly high numbers of hydrocarbon-oxidizing organisms rela-
tive to glucose-utilizing microorganisms. Bioreclamation was initiated
in April 1984 by injecting nutrients (nitrogen and phosphorus) and
hydrogen peroxide and terminated in October 1984 upon detection of
no hydrocarbons (< 1 mg/kg). A verification boring within the vicinity
of the contaminated plume confirmed that residual contamination had
reached background levels.

Nutriation to Enhance Oil Biodegradation

Land farm ing. Much interest has developed in the disposal of oily
wastes by soil cultivation. Soil microorganisms have a high capacity for
degrading petroleum hydrocarbons (Bossert & Bartha 1984). Several
investigators have examined the feasibility of using landfarming for the
removal of oily wastes (Bartha & Bossert 1984; Dibble & Bartha 1979a,b;
Francke & Clark 1974; Gudin & Syratt 1975; Huddleston & Cresswell
1976; Jones & Greenfield 1991; Kincannon 1972; Lehtomake & Niemela
1975; Maunder & Waid 1973,1975; Odu 1978; Raymond et al. 1976a,b).
There have been some reports on mobilization of oil into the soil
column (Verstraete et al. 1975), but in most cases little evidence has
been found for significant downward leaching of oil (Dibble & Bartha
1979a,b; Raymond et al. 1976a,b).

Cook & Westlake (1974) reported a series of studies in which
northern crude oils were spilled on soils in northern Alberta, Canada.
The biodegradation of several different oils was examined. Oil bio-
degradation was found to be stimulated by application of nitrogen and
phosphorus fertilizer. This conclusion was based on observed increases
in microbial numbers and chromatographic analysis of the residual oil.
For soil application many nitrogen- and phosphorus-containing fertil-
izers are available (Dotson et al. 1971) that can be tilled into the soil.
The best fertilizers for soil application are forms of readily useable
nitrogen and phosphorus and slow-release forms that provide a contin-
uous supply of nutrients that are not leached from the oil-soil interface.
Kincannon (1972) reported that biodegradation rates of heavy oily
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wastes in soils were as high as 21 L/m2/month. The addition of
nitroeen and phosphorus fertilizer resulted in a doubling of the oil
biodeejadation rate to 16 kg/m3/month. Fertilizer was added before
the oil and rototilled into the soil. It was recommended that monthly
Juierminations of nitrogen and phosphorus levels in the soil and
periodic fertilizer application when necessary would optimize the
degradation process. Neither leaching of oil nor applied fertilizer into
the sou column was observed. The cost of soil disposal of oily wastes
v, i3 estimated at $0.02/per liter.

VVang and Bartha (1990) recently studied the effects of bio-
rcmcoiation on residues of fuel spills in soil (2.3 mL cm3 of }et fuel,
seating oil, and diesel oil). Persistence and toxicity of the fuel increased
in the order of jet fuel < heating oil < diesel oil. Bioremediation treat-
ment (fertilizer application plus tilling) strongly decreased fuel persis-
tence and toxicity and increased microbial activity as compared to
contaminated but untreated soil. Good correbtions were found among
fuel residue decline, microbial activity, and toxicity reduction. These
find ings indicate that bioremediation treatment can restore fuel spill
contaminated soils in 4 to 6 weeks to a degree that can support plant
cover. Recovery of the soil is complete in 20 weeks.

VVang et al. (1990) continued their studies on bioremediation
t rea tment to remove the polycyclic aromatic hydrocarbon (PAH) com-
ponents of diesel oil in soil. Bioremediation treatment, while increasing
the rate of total hydrocarbon degradation, had an even greater effect on
PAH persistence, almost completely eliminating these compounds in
12 weeks. Without bioremediation, 12.5 to 32.5 percent of the higher
weight PAH was still present at 12 weeks. After substantial initial
mutagenicity and toxicity, the contaminated soil approached the back-
ground level of uncontaminated soil after 12 weeks of bioremediation.
Detoxification was complete in 20 weeks.

Marine Oil Spills. The spill of more than 4 x 107 L of crude oil from
the oil tanker Exxon Valdez in Prince William Sound AK on March 24,
1989 (Hagar 1989), as well as smaller spills in Texas, Rhode Island, and
the Delaware Bay (Anon. 1989), has focused attention on the problem
of hydrocarbon contamination in marine and estuarine environments
and the potential use of bioremediation to remove petroleum pollutants.
The ability of environmental modification to stimulate microbial degra-
dation of oil in marine ecosystems by indigenous microorganisms has
been demonstrated in several cases. Atlas and Bartha (1973) developed
an oleophilic nitrogen and phosphorus fertilizer that Atlas (1975), Atlas
and Busdosh (1976), and Atlas and Schofield (1975) tested for its ability
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to stimulate petroleum degradation by indigenous microorganisms in
several environments. This oleophilic fertilizer, paraffinized urea and
octyl phosphate, has been tested in near-shore areas off the coast of
New Jersey, in Prudhoe Bay, and in several ponds near Barrow AK,
including in situ as well as in vitro experiments in each case. Each site
included a naturally occurring microbial population that was capable
of petroleum biodegradation when this oleophilic fertilizer was added
to the oil, and in each case, the addition of oleophilic fertilizer
stimulated biodegradative losses. The amount of stimulation varied for
different crude oils tested, but oil degradation generally was 30 to
40 percent higher in oleophilic-fertilized oil slicks than in unfertilized
slicks. Application of oleophilic fertilizer was not found to lead to
undesirable algal blooms or to produce effects toxic to invertebrate
bioassay organisms. Dibble and Bartha (1976) found additional stimula-
tion with some crude oils when oleophilic iron and ferric octoate were
added along with nitrogen and phosphorus. Greater stimulation was
observed in nonpolluted than in polluted near-shore waters. Addition
of oleophilic iron is likely to result in even greater stimulation of
petroleum biodegradation in open ocean areas where iron concentra-
tions are particularly low.

The Exxon Valdez spill formed the basis for a major study on
bioremediation and the largest application of this emerging technology
(Pritchard 1990; Pritchard & Costa 1991). the initial approach to the
clean-up of the oil spilled from the Exxon Valdez was physical. Washing
of oiled shorelines with high-pressure water was expensive, and cleaned
shorelines became reoiled, forcing recleaning. Bioremediation, there-
fore, was considered as a method to augment other clean-up
procedures. The VS. EPA and Exxon entered into an agreement to
explore the feasibility of using bioremediation. This historic effort
considered a variety of approaches to optimizing microbial degradation
of oil. The project focused on determining whether nutrient
augmentation could stimulate rates of biodegradation. Three types of
nutrient supplementation were considered: water soluble (23:2 N:P
garden fertilizer fomulation); slow release (isobutylenediurea); and
oleophilic (Inipol EAP 22 = oleic acid, urea, lauryl phosphate) (Chianelli
et al 1991; Safferman 1991; Tabak et al 1991). Each was tested in
laboratory simulations and in field demonstration plots to show the
efficacy of nutrient supplementation. Consideration was also given to
potential adverse ecological effects, particularly eutrophication from
algal blooms and toxicity to fish and invertebrates. Application rates
were adjusted to minimize undesirable ecological impact Using a
sprinkler system periodically to apply the water-soluble fertilizer at low
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tide stimulated rates of biodegradation without causing excessive algal
growth. The application of the oleophilic fertilizer produced very
dramatic results, stimulating biodegradation so that the surfaces of the
oil-blackened rocks on the shoreline turned white and were essentially
oil-free within 10 days after treatment. The use of Inipol and
Customblen was approved for shoreline treatment and was used as a
major part of the clean-up effort. A joint Exxon-U.S. EPA-Alaska
monitoring effort followed the effectiveness of the bioremediation
treatment, which was estimated to increase the rates of biodegradation
at least threefold (Chianelli et al. 1991; Prince et al 1990).

Microbial Seeding to
Enhance Oil Biodegradation

Seeding involves the introduction of microorganisms into the natural
environment for the purpose of increasing the rate or extent, or both,
of biodegradation of pollutants. The rationale for this approach is that
indigenous microbial populations may not be capable of degrading the
wide range of potential substrates present in such complex mixtures as
petroleum. However, the premises that the microorganisms naturally
present in an environment subjected to contamination with oil would
be incapable of extensively degrading petroleum and that added micro-
organisms would be able to do a superior job should be examined care-
fully. The criteria to be met by effective seed organisms include ability
to degrade most petroleum components, genetic stability, viability
during storage, rapid growth following storage, a high degree of
enzymatic activity and growth In the environment, ability to compete
with indigenous microorganisms, nonpathogenicity, and inability to
produce toxic metabolites (Atlas 1977).

Some individuals have proposed that hydrocarbon-degrading
microorganisms and their enzymatic capabilities may be critical limiting
factors in the rates of hydrocarbon biodegradation (Atlas 1977). Clearly,
there is an adaptive process following the introduction of oil into the
environment, and if metabolically active hydrocarbon utilizers, capable
of utilizing hydrocarbons in the petroleum pollutant, could be added
quickly, the lag period before the indigenous population could respond
would be reduced. Even if these organisms were subsequently replaced
by competition with indigenous hydrocarbon utilizers, there might be
some benefit to such seeding operations. However, if freeze-dried or
otherwise metabolically inactive organisms were to be added or if delay
were necessary to culture such organisms, the benefit of reducing the
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lag period before the onset of rapid hydrocarbon degradation might be
negated. Additionally, there is the problem of finding microorganisms
with the right metabolic capabilities to augment the activities of the
indigenous populations, and the problem of adding microorganisms
that could survive and favorably compete with the indigenous
organisms.

Terrestrial ecosystems differ from aquatic ecosystems in that
soils contain higher concentrations of organic and inorganic matter and,
generally, larger numbers of microorganisms and have more variable
physical and chemical conditions (Bossert & Bartha 1984). The
microbial community of soils usually includes a significant
hydrocarbon-utilizing component, which readily increases in response
to hydrocarbon contamination (Atlas et al. 1980; Jensen 1975; Llanos &
Kjoller 1976; Pinholt et al, 1979). The presence of indigenous microbial
populations highly adapted to a particular soil environment would be
expected to influence negatively the ability of seed microorganisms to
complete successfully and survive; for this reason, soils are not widely,
considered to be amenable to improvements in rates of biodegradation
through seeding alone (Atlas 1977; Bossert & Bartha 1984). Other
potential problems associated with the inoculation of soils, as reviewed
by Goldstein et al. (1985), include inadequate (i.e., extremely low)
concentrations of the chemical of interest, the presence of inhibitory
substances, predation, preferential metabolism of competing organic
substrates, and insufficient movement of the seed organisms within the
soil.

Many investigators have suggested that complex mixtures of
hydrocarbon degraders would be necessary to degrade effectively all of
the hydrocarbons in a complex petroleum mixture. Others have
attempted to isolate organisms, which could be stockpiled for use in
case of an oil spill or in the treatment of oily wastes, that are
particularly effective at degrading hydrocarbons. In particular, some
investigators have sought organisms capable of degrading specific com-
ponents within an oil that usually are only slowly degraded. For
example, some investigators have sought organisms that specifically
degrade four-ring aromatic hydrocarbons, which are among the more
resistant compounds found in petroleum (Heitkamp & Cerniglia 1989).

Microbial seeding of petroleum-contaminated aquatic environ-
ments has been attempted, with mixed results. Tagger et al, (1983)
observed no increase in petroleum degradation in seawater inoculated
with a mixed culture of hydrocarbon-degrading bacteria. Atlas and
Busdosh (1976) reported increased degradation of oil in a saline Arctic
pond after inoculation with an oil-degrading Pseudomonas sp., but no
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improvement in a freshwater pond. Horowitz and Atlas (1980) found
that greater losses of oil in seawater in an open flow-through system
occurred when octadecane-coated bacteria were applied 2 weeks after
the addition of an oleophilic fertilizer to the system, than when the
fertilizer alone was added. In the same study, no significant increases
in the loss of gasoline from freshwater sediment were produced by
seeding. Venosa et al. (1991) found several commercial cultures
ineffective at degrading oil but that a few had some potential; field
studies, however, could not demonstrate effectiveness of microbial
seeding over the biodegradation capacities of indigenous marine
microorganisms.

Mixed cultures have been most commonly used as inocula for
seeding because of the relative ease with which microorganisms with
different and complementary hydrocarbon-degrading capabilities can
be isolated. A special culture collection was begun as a depository for
hydrocarbon-utilizing microorganisms (Cobet 1974). Several commer-
cial enterprises began to market microorganism preparations for
removing petroleum pollutants. Commercial mixtures of microorgan-
isms are being marketing for use in degrading oil in waste treatment
lagoons. These commercial microbial seed mixtures are also intended
for use in other situations for the removal of oil pollutants. The
applicability of seeding-selected bacteria and fungi to oil spills has been
patented by Azarowicz (1973). The literature supplied with seed bio-
remediation products is often the only information available about
them. The full claims of their effectiveness remain to be proven.

Biotreatment of the Mega Borg spill off the Texas coast consisted
of applying a seed culture with a secret catalyst produced by Alpha
Corporation to the oil at sea (Mangan 1990). Claims were made that
the treatment was successful at completely removing the oil (Mauro
1990a, b), but the effectiveness of the Alpha seeding to stimulate bio-
degradation has not been verified, nor has the effectiveness of the
culture been confirmed by the US. EPA in laboratory tests (Fox 1991).

Another approach has been to engineer microorganisms
genetically with the capacity to degrade a wide range of hydrocarbons.
The potential for creating, through genetic manipulation, microbial
strains able to degrade a variety of different types of hydrocarbons has
been demonstrated by Friello et al. (1976). They successfully produced
a multiplasmid-containing Pseudomonas strain capable of oxidizing
aliphatic, aromatic, terpenic, and polyaromatic hydrocarbons. The
genetic information for at least some enzymes involved in alkane and
simple aromatic hydrocarbon transformation occurs on plasmids
(Chakrabarty 1974; Chakrabarty et al 1973; Dunn & Gunsalus 1973).

>*
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The use of such a strain as an inoculum during seeding would preclude
the problems associated with competition between strains in a mixed
culture. However, there is considerable controversy surrounding the
release of such genetically engineered microorganisms into the environ-
ment, and field testing of these organisms must therefore be delayed
until the issues of safety, containment, and potential for ecological
damage are resolved (Sussman et al. 1988). A hydrocarbon-degrading
pseudomonad was engineered by Chakrabarty and was the organism
that the U.S. Supreme Court in a landmark decision ruled could be
patented (Anon. 1975). The organism engineered by Chakrabarty is
capable of degrading a number of low molecular weight aromatic
hydrocarbons, but does not degrade the higher molecular weight
persistent polynuclear aroma tics, and thus has not been used in the
bioremediation of oil spills.

Given the current regulatory framework for the deliberate
release of genetically engineered microorganisms, it is unlikely that any
such organism would gain the necessary regulatory approval in time to
be of much use in treating an oil spill. Such organisms, however, could
be useful in enclosed oily waste treatment systems that could be used
to replace land/arming as an option for disposing of such residual oils.

SUMMARY

Microorganisms clearly have the potential for degrading a substantial
portion of, but not all, the components of an oil that may pollute the
environment Demonstrating the effectiveness of bioremediation
generally involves laboratory tests to show potential and field tests to
confirm applicability. The rates of microbial hydrocarbon degradation
can be enhanced several fold which forms the basis for bioremediation
of oil polluted environments. Methods that overcome environmental
limitations have proven most effective. These methods include
oxygenation and nutriation. For the most part seeding with microbial
cultures has produced ambiguous results.

REFERENCES
Anon. Sri. News 1975, pp 108,180.
Anon. Oil Gas J. 1989, 87, 22.
API (American Petroleum Institute), field Study of Enhanced Subsurface Biodtgradation

of Hydrocarbons using Hydrogen Peroxide as an Oxygen Source; API Publ. 4448;
American Petroleum Institute: Washington DC, 1987.

****-



Bioredamation

rould preclude
ns in a mixed
rrounding the
:o the environ-
•re be delayed
for ecological
ion-degrading
the organism

-iled could be
ikrabarty is

rght aromatic
?cular weight
n used in the

he deliberate
ikely that any
>val in time to
iwever, could
ould be used
residual oils.

substantial
> pollute the
^remediation
field tests to
degradation
iremediation
ivironmental
ods include
•th microbial

• Biodegradation
vPI Publ. 4448;

Atlas 29

Atlas, R. M. In Proceedings of the First Intersect. Congress, International Association of
Microbiological Studies; Science Council of Japan: Tokyo, 1975.

Atlas, R. M. Crif. Rev. Microbiol. 1977,5, 371-386.
Atlas, R. M. Measurement of Hydrocarbon Biodegradation Potentials and Enumeration of

Hydrocarbon-Utilizing Microorganisms Using Carbon-14 Hydrocarbon-Sftiked Crude
Oil; special technical report From American Society for Testing and Materials:
Philadelphia, PA, 1979.

Atlas, R. M. Microbial Rev, 1981, 45,180-209.
Atlas, R. M., Ed.; Petroleum Microbiology; Macmillan: New York, 1984.
Atlas, R. M.; Bartha, R. Biotechnol Bioeng. 1972, 14, 309-317.
Atlas, R. M.; Bartha, R. Environ, Sri. Technol. 1973, 7,538-541.
Atlas, R. M.; Boehn, P. D.; Calder, J. A. Est. Coastal and Shelf Science 1981,12,598-608.
Atlas, R. M.; Busdosh, M. In Proceedings of the Third International Biodegradation

Symposium; Sharpley, J. M.; Kaplan, A. M., Eds.; Applied Science: London,
1976; pp 79-86.

Atlas, R. M.; Schofield, E. A. In Proceedings: Impact of the Use of Microorganisms on the
Aquatic Environment; Bourquin, A. W.; Ahern, D. G.; Meyers, S. P., Eds.; EPA
660-3-75-001; U5. Environmental Protection Agency: Corvallis, OR, 1975;
pp 183-198.

Atlas, R. M.; Pramer, D. ASM News 1990, 56, 7.
Atlas, R. M.; Sexstone, A.; Custin, P.; Miller, O.; Linkins, P.; Everett, K. In Proceedings

of the Fourth International Biodeterioration Symposium; Oxley, T. A.; Becker, G.;
Allsop, D., Eds.; Pitman: London, 1980; pp 21-28.

Azarowicz, R. M. US. Patent 3 769 164,1973.
Bailey, N.J.L.; Jobson, A. M.; Rogers, M. A. Chem. Ceol. 1973, 11, 203-221.
Bartha, R. Microb. Ecol. 1986,12,155-172.
Bartha, R.; Atlas, R. M. In The Microbial Degradation of Oil Pollutants; Aheam, D. G.;

Meyers, S. P., Eds.; Publication No. LSU-SG-73-01; Center for Wetland
Resources; Louisiana State University: Baton Rouge, 1973; pp 147-152.

Bartha, R.; Alias, R. M. In Long-Term Environmental Effects of Offshore Oil and Gas
Development; Boesch, D. F.; Rabalais, N. N-, Eds.; Elsevier Applied Science:
New York, 1987; pp 287-341.

Bartha, R.; Bossert, I. In Petroleum Microbiology; Atlas, R. M., Ed.;
Macmillan: New York, 1984; pp 553-578.

Beardsley, T. Sri. Amer. 1989, 261(3), 43.
Bertrand, J. C; Rambeloarisoa, E.; Rontani, J. R; Guisti, G.; Mattel, G. Biotechnol. Lett.

1983, 5, 567-572.
Berwanger, D. J.; Barker, J. F. Wat. Pottut. Res. /. Can. 1988, 23(3), 460-475.
Bossert, I.; Bartha, R. In Petroleum Microbiology; Atlas, R. M., Ed.; Macmillan: New York,

1984; pp 434-476.
Brag&. J- R-; Roffall, J. C.; McMiWen, S. Column Flow Studies of Bioremediation in Prince

William Sound; Exxon Production Research Company: Houston, TX, 1990.
Buckley, E. N.; Pfaender, F. K.; Kylber, K. L; Ferguson, R. L. In Proceedings of a Sympo-

sium on Preliminary Results from the September 1979 RESEARCHER/PIERCE
IXTOC-l Cruise; National Oceanic and Atmospheric Administration: Boulder,
CO, 1980.

Caparello, D. M.; LaRock, P. A. Microb. Ecol. 1975, 2, 28-42.
Chakrabarty, A. M. U.S. Patent 3 813 316,1974; 922.
Chakrabarty, A. M.; Chou, G.; Gunsalus, L C. Proc. Noll Acad. Set. USA 1973, 70,1137.



30 In Situ Bioreclanwtion

Chianelli, R. R.; Aczel, T.; Bare, R. E.; George, G. N.; Cenowitz, M. W.; Crossman, M. J.;
Haith, C E.; Kaiser, F. J.; Lessard, R. R.; Uotta, R.; Mastracchio, R. L.;
Minak-Bemero, V.; Prince, R. C; Robbins, W. K.; Stiefel, E. I.; Wilkinson, J. J.;
Hi nton, S. M. In Proceedings of the 1991 International OH Spill Conference; San
Diego, CA, 1991; pp 549-̂ 558.

Cobet, A. B. Hydrocarbonoclastic Repository, in Progress Report Abstracts; Microbiology
Program, Office of Naval Research: Arlington, VA, 1974; p 131.

Col well, E. B., Ed.; The Ecological Effects of Oil Pollution on Littoral Communities; Applied
Science: London, 1971.

Colwell, R. R.; Walker, J. D. Crit. Rev. Microbiol. 1977, S, 423-445.
Cook, F. D.; Westlake, D.W.S. Information Canada 1974; Cat. No. R72-12774.
Cooney, J. J. In Petroleum Microbiology, Atlas, R. M., Ed.; Macmillan: New York, 1984.
Dibble, J. T.; Bartha, R. Appl. Environ. Microbiol. 1976, 31, 544-̂ 550.
Dibble, J. T.; Bartha, R. Soil Sci. 1979a, 128, 56-60.
Dibble, J. T.; Bartha, R. Appl. Environ. Microbiol. 1979b, 37, 729-739.
Doe, K. G.; Wells, P. G. In Chemical Dispersants for the Control of Oil Spills; McCarthy,

L T., Jr.; Lindblom, G. P.; Walter, H. F., Eds.; American Society for Testing and
Materials: Philadelphia, PA, 1978.

Dotson, G. K.; Dean, R. B.; Cooke, W. B.; Kenner, B. A. In Proceedings of the 5th
International Water Pollution Research Conference; Pergamon Press: New York,
1971.

Dunn, N. W.; Gunsalus, I. C J. Bacterial. 1973, 114, 974.
Fedorak, P. M.; Westlake, D.W.S. Can. J. Microbiol. 1981, 27, 432-443.
Floodgate, G. D. In The Microbial Degradation of Oil Pollutants; Ahearn, D. G.; Meyers,

S. P., Eds.; Publ. No. LSU-SC-73-01; Center for Wetland Resources; Louisiana
State University: Baton Rouge, 1973.

Floodgate, C. D. In Proceedings of Workshop, Microbial Degradation of Pollutants in Marine
Environments; Bourquin, A. W.; Pritchard, P. H., Eds.; EPA-66019-79-012;
Environmental Research Laboratory: Gulf Breeze, FL, 1979.

Floodgate, G. In Petroleum Microbiology; Atlas, R. M., Ed.; Macmillan: New York, 1984;
pp 355-398.

Fox, J. E. Bio/Technology 1991, 9, 14.
Franeke, H. C.; Qark, F. E. "Disposal of Oil Wastes by Microbial Assimilation"; Report

Y-1934; US. Atomic Energy Commission: Washington, DC, 1974.
Frankenberger, W. T., Jr.; Emerson, K. D.; Turner, D. W. Environ. Manage. 1989,13(3),

325-331
Friello, D. A.; Mylroie, J. R.; Chakrabarty, A. M. In Proceedings of the Third International

Biodegradation Symposium; Sharpley, J. M.; Kaplan, A. M., Eds.; Applied
Science Publications: London, 1976.

Gibbs, C F.; Pugh, K. B.; Andrews, A. R. Proc. R. Soc. London Ser. B. 1975, 188,83-94.
Goldstein, R. M.; Mallory, L. M.; Alexander, M, Appl Environ. Microbiol. 1985, 50,

977-983.
Grbtt-GallU, D.; Vogel, T. M. Appl. Environ. Microbiol. 1987, 53, 254-260.
Gudin, C.; Syratt, W. J. Environ. Pollut. 1975, 8,107-112.
Cunkel, W. Htlgol Wist. Meeresunters. 1967, 15, 210-224.
Hagar, R. Oil Cos J. 1989, 57, 26-27.
Haines, J. R.; Atlas, R. M. Mar. Environ. Res. 198* 7, 91-102.
Heitkamp, M. A.; Cerniglia, C. E. Appl. Environ. Microbiol. 1989, 55,1968-1973.



Atlas 31

Horowitz, A.; Atlas, R. M. In Proceedings of the Fourth International Biodeterioration
Symposium; Oxley, T. A.; Becker, G.; AIlsopp, D., Eds.; Pitman: London, 1980;
pp 15-20.

Huddleston, R. L.; Cresswell, L. W. In Proceedings of the 1975 Engineering Foundation
Conference: The Role of Microorganisms in the Recovery of Oil; American Institute
of Chemical Engineers; Washington, DC, 1976.

Jamison, V. M.; Raymond, R. L; Hudson, J. CX, Jr. Dev. Ind. Microtriol. 1975,16,305-312.
Jamison, V. M.; Raymond, R. L.; Hudson, J. O. In Proceedings of the Third International

Biodegradation Symposium; Sharpley, J. M.; Kaplan, A. M., Eds.; Applied Science
Publishers: London, 1976; pp 187-196.

Jensen, V. Oikos 1975, 26, 152-158.
Jones, M. A.; Creenfield, J. H. In Proceedings of the 2991 International Oil Spill Conference;

sponsored by the United States Coast Guard, American Petroleum Institute,
and U.S. Environmental Protection Agency: San Diego, CA, 1991; pp 533-540.

Kincannon, C. B. Oily.Waste Disposal by Soil Cultivation Process; EPA R2-72-100; VS.
Environmental Protection Agency: Washington, DC, 1972.

Kinney, P. J.; Button, D. K.; Schell, D. M. In Proceedings of 1969 Joint Conference on
Prevention and Control of Oil Spills; American Petroleum Institute: Washington,
DC, 1969.

Leahy, J. G.; Colwell, R. R. Microbiol, Rev. 1990,54(3), 305-̂ 15.
Lehtomake, M.; Niemela, S. Ambio 1975, 4, 126-129.
LePetit, J.; Barthelemy, M. H. Ann. Inst. Pasteur Paris 1968, 114, 149-158.
LePetit, J.; N'Guyen, M.-H. Can. J. Microbiol. 1976, 22, 1364-1373.
Llanos, C; Kjoller, A. Oikos 1976, 27, 377-382.
Mangan, K. S. Chron. of Higher Education 1990, 37(3), A5-A9.
Maunder, B. R.; Waid, J. S. In Proceedings of the Pollution Research Conference, 20-21 June

1973, Wairakei, New Zealand, Information series no. 97; New Zealand Depart-
ment of Scientific and Industrial Research: Wellington,,1973.

Maunder, B. R.; Waid, J. S. In Proceedings of the Third International Biodegradation
Symposium, 17-23 August; University of Rhode Island: Kingston, 1975; XXV-5.

Mauro, C. Combating Oil Spills Along the Texas Coast: A Report on the Effects of
Bioremediation; paper presented at the Bioremediation Symposium, Oct. 9,
Lamar University, Beaumont, TX, 1990a.

Mauro, G. Mega Borg Spill off the Texas Coast: An Open Water Bioremediation Test; paper
presented at the Bioremediation Symposium, Oct. 9, Lamar University,
Beaumont, TX, 1990b.

NAS (National Academy of Sciences). Oil in the Sea-Inputs, Fates, and Effects; National
Academy Press: Washington, DC, 1985.

aBrien, P. Y.; Dixon, P. S. Br. Physol. J. 1976,12,115-142.
Odu, C.T.I. Environ. Pollut. 1978, 25, 235-240.
Pinholt, Y.; Struwe, S.; Kjoller, A. Holarct. Ecol. 1979, 2,195-200.
Prince, R.; Clark, J. R.; Lindstrom, J. E. Bioremediation Monitoring Program; joint report

of Exxon, the US. EPA, and the Alaskan Dept. of Environmental Conservation,
Anchorage, AK, 1990.

Pritchard, H. P. Presented at the 199th National Meeting of the American Chemical
Society, Boston, MA, 22-27 April 1990; Abstract Environment 154.

Pritchard, H. P.; Costa, C. F. Env. Sci. Technoi 1991, in press.
Raymond, R. L. U.S. Patent 3 846 290,1974.
Raymond, R. L.; Hudson, J. O.; Jamison, V. W. Appl. Environ. Microbiol. 1976a, 32,

522-535.

-v
M «S:• v»'
•*i

^i



32 In Situ Bioredamation

Raymond, R. L.; Jamison, V. W.; Hudson, J. O. In Water—3976; American Institute of
Chemical Engineers: New York, 1976b.

Rontani, J. F.; Bosser-Joulak, F.; Rambeloarisoa, E.; Bertrand, J. C.; GiusH,
G.; Faure, R. Chemosphere 1985, 34, 1413-1422.

Safferman, S. L In Proceedings of the 3993 International OS Spill Conference; sponsored by
the United States Coast Guard, American Petroleum Institute, and VS.
Environmental Protection Agency: San Diego, CA, 1991; pp 571-S76.

Sayter, G. S.; Shields, M. S.; Tedford, E. T.; Breen, A.; Hooper, S. W.; Sirotkin, K. M.;
Davis, J. W. Appl Environ. Microbiol. 1985, 49,1295-1303.

Schwall, L. R.; Herbes, S. E. In Methodology for Biomass Determinations and Microbial
Activities in Sediments; Litchfield, C. D.; Seyried, P. L., Eds.; American Society
for Testing and Materials: Philadelphia, PA, 1979.

Shiaris, M. P. Appl. Environ. Microbiol. 1989, 55,1391-1399.
Shiaris, M. P.; Cooney, J. J. Appl. Environ. Microbiol. 1983, 45, 706-710.
Sussman, M.; Collins, C. H.; Skinner, F. A.; Stewart-Tull, D. E., Eds. Release of

Genetically-Engineered Microorganisms; Academic: London, 1988.
Tabak, H. H.; Haines, J. R.; Venosa, A. D.; Glaser, J. A.; Desai, S.; Nisamaneepong, W.

In Proceedings for the 3993 International Oil Spill Conference; sponsored by the
United States Coast Guard, American Petroleum Institute, and VS. Environ*
mental Protection Agency: San Diego, CA, 1991; pp 583-590.

Tagger, S.; Bianchi, A.; Julliard, M.; LePetit, J.; Roux, B. Mar. Bio. (Berlin) 1983, 78,
13-20.

Venosa, A. Protocol for Testing Bioremediation Products Against Weathered Alaskan Crude
Oil; paper presented at the Bioremediation: Fundamentals and Effective
Applications Symposium, 22 February, Lamar University, Beaumont, TX, 1991.

Venosa, A. D.; Haines, J. R.; Nisamaneepong, W.; Govind, R.; Pradhan, S.; Siddique, B.
In Proceedings of the 1991 International Oil Spill Conference; sponsored* by the
United States Coast Guard, American Petroleum Institute, and U.S. Environ-
mental Protection Agency: San Diego, CA, 1991; pp 563-570.

Verstraete, W.; Vanlooke, R.; deBorger, R.; Verlinde, A. In Proceedings of the Third
International Btodegradation Symposium; Sharpley, }. M.; Kaplan, A. M., Eds.;
Applied Science: London, 1975; pp 98-111

Vogel, T. M; GrbU-Callit D. Appl. Environ. Microbiol. 1986, 52, 200-202.
von Wedel, R. J.; Mosquers, J. F.; Goldsmith, C D.; Hater, G. R.; Wong, A.; Fox, T. A.;

Hunt, W. T.; Paules, M. S.; Quires, J. M.; Wiegan, J. W. Water Sci. Technol
1988, 20,501-503.

Wang, X.; Bartha, R. Soil Biol. Biochem. 1990, 22(4), 501-506.
Wang, X.; Yu, X.; Bartha, R. Environ. Sci. Technol. 1990, 24(7), 1086-1089.
Ward, D. M.; Brock, T. D. Ceomicrobiol. J. 1978, 3,1-9.
Ward, D.; Atlas, R. M.; Boehm, P. D.; Calder, J. A. Ambio 1980, 9, 277-283.
Zeyer, J.; Kuhn, E P.; Schwarzenbach, R. O. Appl. Environ. Microbiol. 1986,52,944-947.
ZoBell, C. E. In The Microbial Degradation of Oil Pollutants; Aheam, D. G.; Meyers, S. P.,

Eds.; Publ. No. LSU-SC-73-01; Center for Wetland Resources; Louisiana State
University: Baton Rouge, 1973.

"""L. *t-""''* **•


