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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government nor any agency thereof, nor any of
their employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement
recommendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the United

States Government or any agency thereof.



EXECUTIVE SUMMARY

The results presented within are a summary of research activities from May 2001 until the
end of October 2001 between the Gas Technology Institute (GTI), formerly known as Institute of
Gas Technology, Department of Energy (DOE), and Federal Energy Regulatory Commission
(FERC) funds managed by the Gas Research Institute (now a component of GTI). This report
incorporates the data presented not in the previous semiannual reports. Data continues to
indicate that Chemically Accelerated Biotreatment (CAB) processes are effective for the
restoration of Manufactured Gas Plant (MGP) site wastes and petroleum/natural gas exploration
and production (E&P) sites. We developed and applied a number of modifications of
bioavailability screens procedure to evaluate the application and efficiency of CAB using risk-
based analysis, along with traditional analytical chemistry methods (SW 846, for example), for
endpoint determinations. These results will be applied to the development of environmentally
acceptable endpoints (EAE) as the indicator of CAB treatment effectiveness. CAB tests focused

on issues associated with the in-situ application mode.

During this final 6 months of the second project year, research was conducted in five
major focus areas:

* Development of mild extraction approaches to estimate bioavailable fraction of crude oil
residues in contaminated soils.

* Application of these methods to understand decreases in toxicity and increases in
sequestration of hydrocarbons over time, as well as the influence of soil properties on
these processes.

* Measurements of the abilities of various bacteria (PAH-degraders and others more
representative of typical soil bacteria) to withstand oxidative treatments (i.e. Fenton’s
reaction) which would occur in CBT.

* Experiments into the biochemical/genetic inducibility of PAH degradation by compounds

formed by the chemical oxidation of PAH.
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The overall program objective is to develop and evaluate integrated
biological/physical/chemical co-treatment strategies for the remediation of
wastes associated with the exploration and production of fossil energy. The
specific objectives of this project are: chemical accelerated biotreatment (CAB)
technology development for enhanced site remediation, application of the risk
based analyses to define and support the rationale for environmental acceptable
endpoints (EAE) for exploration and production wastes, and evaluate both the
technological technologies in conjugation for effective remediation of
hydrocarbon contaminated soils from E&P sites in the USA.

This project is part of the program of IGT/GRI in an effort to develop and
enhance the microbiological approach to the degradation of wastes present at
natural gas/petroleum production and exploration sites. It is of primary
importance to this program to develop the capability to biologically degrade all
the mobile or available fraction of the toxic or hazardous hydrocarbons present
at these sites, including the “recalcitrant” aromatic moieties, which include
those compounds containing elements other than carbon in the rings. To
achieve this goal, research efforts focuses on enhancing the growth of microbial
cultures with capabilities for biodegrading these compounds, aiding microbial
activities by sequential or concurrent chemical oxidation of recalcitrant
hydrocarbon moieties, determining the mobility and toxicity of the various
hydrocarbon components in E&P wastes, in the conducting parametric studies to
maximize detoxification of soils to meet “environmentally acceptable
endpoints,” and providing scientific and engineering supports for future
application of in-situ, landfarming, and bioslurry reactor treatment
technologies. Research efforts under the GRI project focused on evaluating the
performance of selected cultures under a variety of bioremediation conditions in
simulated “real world” and field conditions found at representative E&P sites.



Activities Experiments were conducted during this reporting period to extend the
application of solvents extractions to model bioavailability of hydrocarbon
contaminants in E&P and MGP soils.



EXPERIMENTAL

Development of Mild Extraction Approaches to Estimate Bioavailable Fraction of
Crude Oil Residuesin Contaminated Soils

In order to begin to develop a mild extraction approach which would correlate
with the bioavailability of crude oil hydrocarbons, soil (MV AB) from a chronically crude
oil-contaminated site (a wellhead area from an actively-producing field in southern
Illinois) was extracted with solvents of varying polarity. Extraction was done using a
ratio of 20 g of soil to 50 ml of solvent, with shaking for 90 minutes; soil was then
allowed to settle (approximately 60 minutes), and bulk solvent was removed by pipetting.
Remaining solvent was removed by subjecting soil to a stream of N, in a Turbovap
apparatus; this was done for a period of approximately two hours, with intermittent
mixing. Preliminary experiments using non-extracted soil showed that this process
(evaporation by exposure to an N, stream) had no significant effect on either the TPH
content of the soil, or its acute toxicity (Microtox ECsy); this is not surprising, as previous
analyses have shown the soil to be very low in those volatile components which are most
often associated with high acute toxicity (€.9. BTEX). The initial TPH content of the soil
in question has been previously determined to be approximately 15% by weight; analyses
included in this particular experiment yielded a figure of 12.8%

Solvents employed were as follows: methylene chloride (MeCl2), hexane (Hex),
ethyl acetate (EtOAc), acetone (Ace), ethanol (EtOH), acetonitrile (ACN), methanol

(MeOH), and a 1:1 mix of aqueous methanol.

Ability of Individual Bacterial Strainsto Withstand Fenton’s Reaction

Individual bacterial isolates were grown up on R2A agar plates, and suspensions
made such that each had an optical density (Agp) of 0.1. This was done to ensure that, to
the greatest extent possible, equal numbers of all bacteria were initially added to
reactions. Aqueous-phase Fenton’s reactions, to which bacteria were added, were run as
follows: Reactions (40 ml total volume) contained 100 pl of bacterial suspension, 10 mM
(final concentration) FeSOy4, and 10 mg H,0O,, and were run in mineral salts medium

which had previously been adjusted to pH 3. Samples of reaction mixtures were taken at



time-zero (immediately prior to addition of FeSO4 and H,0,) and 30 minutes after the
initiation of the reaction; these were diluted in minimal medium and plated on R2A.
Bacterial colonies were counted after 3-5 days (longer in the case of Mycobacterium

species, which tended to require 10-20 days to establish countable colonies).

Inducibility of PAH Degradation
Given that induction of PAH degradation (both low- and high-molecular-weight

compounds) has been shown to occur in several species through exposure to Salicylate,
we began by screening ten of our previously-isolated strains for this phenotype. Isolates
were pre-grown on R2A agar plates, and were then inoculated into culture tubes
containing 30 ml of LB medium. These tubes then received 50 uM quantities of either
salicylate (as the sodium salt) or glucose (control cultures). After 24 hours of growth, all
cultures were pelleted by centrifugation, rinsed once in clean LB medium, and adjusted to
the same optical density (Agoo = 0.3). Phenanthrene mineralization cultures were
inoculated using 100 pL of this material per culture; these were set up in 125-ml serum
bottles which, as has been previously described, contained NaOH-filled glass vials for the
collection of '*CO,. Each culture contained ca. 20 mg of non-labeled phenanthrene, in
addition to ~38,000 dpm of '*C-phenanthrene. Release of '*CO, was assessed after 6 and
20 hours.

Water-soluble products of Fenton’s reagent oxidation of coal tar were generated
as follows: Coal tar was coated onto fine-grained sand at a rate of 2.4% (wt/wt basis). 20
grams of this material (500 mg of tar) was added to 250 ml of water, which was adjusted
to a pH of 2.8-3.2 with H,SOy, followed by addition of FeSO, (final concentration = 1.6
mM). A dilute stock of H,O, (final concentration = 1.7%) was then added dropwise (30
ml over a total of ca. 6 hours). The reaction was then allowed to proceed in the dark,
with stirring, for a total of approximately 18 hours. At the conclusion of the reaction, the
mixture was neutralized, filtered, and rinsed with 250 ml of water. The combined
aqueous phases were then acidified to a pH of approximately 1, and extracted twice with
equal volumes (500 ml) of ethyl acetate. This was then evaporated to dryness under Ny,
yielding a total of ca. 30 mg of oxidized products.



A second experiment was then conducted in which these products were added to
LB cultures of various PAH-degrading bacteria (at a concentration of 0.3 mg per 30-ml
culture); these bacteria were then collected and washed as before, and examined for
possible induction of phenanthrene mineralization (as compared to salicylate-induced
cultures and glucose-only controls). Other controls were included in which cultures were
supplemented with water-soluble organic products of non-oxidized coal tar, and of clean

(i.e. non-coal tar-coated) sand treated with Fenton’s reagent.



RESULTS

Development of Extraction Methodsto Mimic Bioavailability
The extent to which TPH was extracted from the soil was, as expected, strongly

dependent on the polarity of the solvent, as shown below.

TPH Remaining (%)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Relative Polarity of Extraction Solvent

When Microtox ECs, values were determined for each solvent-extracted soil
(following removal of solvent by evaporation), results with the four non-polar solvents
(ACN, EtOH, MeOH, MeOH/H,0) showed a very good correlation between decreasing

amounts of TPH remaining and decreases in acute toxicity:
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However, when the full range of solvents was included, the observed correlation

broke down for those four solvents which were of lowest polarity:

30000
25000
20000

15000

EC50 (mg/L)

10000

5000

0 2 4 6 8 10 12 14
TPH Remaining (%)



The likely explanation for this observation is that, in the case of the highly
hydrophobic solvents (acetone, methylene chloride, hexane, and ethyl acetate), the
interactions between the solvent and the soil organic matter were sufficiently strong as to
prohibit full removal of the solvent by evaporation. Under this scenario, residual solvent
in the soil would account for the higher-than-expected toxicities of the soils extracted
with these solvents. This seems particularly likely, given that the toxicities of soils
extracted with these solvents increased (lower ECs, values) as the polarity of the solvent
decreased. The ECsy of MV AB soil from which TPH was exhaustively extracted (by
sonication in tetrachloroethylene, as per EPA methods) was found to be 10,700 mg/L.
The same caveat applies in this case, as tetrachloroethylene was evaporated under N, after
extraction, and removal of this solvent may also have been incomplete. In fact, this ECs
value would mean that acetone-, ethanol- and methanol-extracted soils were less toxic
than soil which was completely “clean” (at least with regard to TPH); this would seem to
give further weight to the likelihood of interferences due to residual solvent.

Another observation from the above data was that very significant reductions in
toxicity (up to almost six-fold in the case of ACN-extracted soils), although relatively
little of the TPH in the soil was actually removed (approximately 15% in this case). This
implied that significant amounts of oil-derived TPH may able to remain in soil, with
relatively low toxicity; again, it must be emphasized that at least some portion of the TPH
in this soil was “aged”, as leakage of oil into the soil has taken place over the period of at

least several years.
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The same pattern was observed in soil (commercial topsoil) which was spiked
with 0.5% fresh crude oil (“sweet” Texas crude). Again, solvents of relatively higher
polarity gave a good correlation between TPH removal and toxicity reduction, while this
pattern did not hold for more-hydrophobic solvents:

Again, significant decreases in toxicity were realized with only small removals of
total hydrocarbons: Methanol-extracted soil was three-fold less toxic than the original
spiked soil, although its TPH content was only =5% lower; similarly, ethanol extraction
yielded a nearly 7-fold toxicity decrease, corresponding to a TPH reduction of 29%.
However, this may be due in part to the presence in fresh crude oil of fractions, such as
BTEX, which, although relatively minor by weight, may account for a significant portion
of the oil’s overall toxicity. Further experiments are planned to better elaborate the
differences in toxicity and in sequestration behavior, between fresh and aged crude oil,
and to elucidate the dependence of these behaviors on the hydrocarbon composition of the

oil.
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Based on the above data, ethanol was chosen as a mild extractant which was

capable of removing the majority of (apparently) bioavailable TPH, with minimal

apparent interference due to its retention in extracted soil. Using commercial topsoil as a

model soil, fresh crude oil (“sweet” Texas crude) was spiked into soil at various rates,

and ethanol extractability was assessed after a short period (12 hours). Results, along

with corresponding Microtox ECsg values, were as follows (for comparison, ECs for

clean topsoil was determined to be 9870 mg/L):

Crudeoil conc. Pre-extraction Post-extraction
(initial)
TPH conc. (%) EC50 (mg/L) TPH conc. (%) EC50 (mg/L)
1% 1.35+0.03 6159 + 789 1.22 +£0.04 12674 + 3236
2% 2.53+£0.02 2109 + 182 2.15+0.02 6391 £211
4% 4.13+0.16 1248 £ 128 3.52+0.02 6271
8% 6.10+0.11 704 £ 24 6.50+0.28 3419 + 384

Again, very slight reductions in TPH content in all cases accounted for significant
reductions in toxicity, implying that a significant fraction of the hydrocarbon was non-
bioavailable (or much less-toxic). Very significant amounts of input TPH were also, after
only 12 hours contact time with the soil, non-extractable using ethanol.

The final experiment which is currently ongoing seeks to correlate the extent and
rapidity of sequestration, as well as toxicity effects, with soil properties. Six model soils
have been obtained from grassy and wooded areas in northeastern Illinois. Textural
classification and organic carbon content have been determined for all soils, and are as

follows:
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Soil # % Sand % Silt % Clay | Textural classification | OC (%)
1 254 51.1 27.5 Clay loam-Loam 2.32
2 64.0 253 10.7 Sandy loam 5.78
3 70.8 18.1 11.1 Sandy loam 11.16
4 73.5 10.6 15.9 Sandy loam 24.28
5 40.6 33.0 26.4 Loam 3.58
6 51.8 26.3 21.9 Sandy clay loam 9.13

More detailed characterization of the soils is in progress, and will include

parameters which other authors have linked to the sequestration of hydrophobic organics;

included among these will be the soils’ relative amounts of humic acids, fulvic acids, and

humin, as well as the relative polarities of these fractions, and their aromatic/aliphatic

content. In the interest of determining the last of these parameters, GTI has recently

contracted the Western Research Institute (Laramie, WY) to conduct solid-state *C-NMR

examination of the six model soils, and expects to have this data within the next few

weeks. Soil particle micropore volumes will also be measured for each soil.

In a first experiment with the six soils, crude oil was spiked into each at the 2%

rate, and ethanol extractability and acute toxicity are being tracked over time. The

“initial” toxicity datapoint for this experiment (12 hours after spiking of oil) is currently

available; data thus far are as follows:

Soil # BasdlineECs; | ECsoW/ail (2%) ECso Ratio
(Basdline/Oil)

1 4890 + 430 515 9.67

2 7906 + 854 1109 7.13

3 14035 + 375 1966 7.14

4 24290 + 370 5843 416

5 11484 + 785 14.63

1556
6 7863 + 1509 6037 1.30
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The ratio of a soil’s baseline (“clean””) EC50 to its EC50 after spiking with oil
provides an index of the toxicity of the oil in that particular soil; the higher the ratio, the
greater the increase in toxicity when oil is added. When these ratios are plotted for each
soil, in comparison with the organic matter contents of the soil, the following correlation

becomes apparent (at least for this initial time point):

16
14

12
10 ] *

L 2
0 I I I I I
0 5 10 15 20 25 30

Soil OC content

EC50 ratio - clean vs. 2% crude
(00]

It appears that soils with higher organic matter contents are less impacted by crude
oil (in terms of toxicity increases) than are soils with lower OC content. This
phenomenon has been observed many times in the case of herbicide toxicity to plants; in
fact, it was studies of this nature which first led to the notion of sequestration of
hydrophobic pollutants taking place through physicochemical interactions with soil
organic matter. It is not immediately clear as of yet the extent to which this phenomenon
has been previously described for crude oil hydrocarbons. Further datapoints (over the
span of months) will be taken in order to demonstrate sequestration and/or toxicity

reductions over time, and to further assess their dependence on soil composition. Also,
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this experiment will also be conducted with “aged” oil (extracted from MV AB), which
does not contain any appreciable BTEX fraction; this will be done to better understand

the behavior of the aliphatic fraction of the oil taken independently.

Ability of Individual Bacterial Strainsto Withstand Fenton’s Reaction

The extent to which various bacterial species and strains are capable of surviving

aqueous-phase Fenton’s reactions is shown below:

Bacteria #of trials % Survival
Acidovorax sp. 1 8.5
Bacillus simplex** 1 98.1
Burkholderia 1 1 0.2
Burkholderia 2 2 25+ 13
Burkholderia 3 1 0
Mycobacterium austroafricanum 2 85+ 13
Mycobacterium phlei 1 61
Pseudomonas 2 2 5+5
Pseudomonas aeruginosa R75** 1 0.5
Pseudomonas fluorescens R111** 1 0
Rhodococcus sp. 3 11+10
Sphingomonas 1 1 0.3
Sphingomonas 4 1 0
Sphingomonas 8 1 0

** |ndicates non-PAH-degrading strain included as a representative of general soil
bacteria.

There is no clear pattern for survivability of oxidative conditions (presence of
hydroxyl radical generated through Fenton’s reaction) across PAH degraders vs. non-
degraders. The ability of Bacillus simplex to withstand -OH is probably related to

endospore formation, as opposed to any other biochemical characteristic; we are currently
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in the process of obtaining non-sporulating Bacillus strains (B. subtilis) in order to verify
this. Apart from B. simplex, the only isolates which have shown the ability to consistently
withstand Fenton’s reaction conditions are Mycobacteria (Mycobacterium
austroafricanum and Mycobacterium phlei). We believe this to be due to the presence in
this genus of an extensive, waxy hydrophobic outer coat; one other Mycobacterium

(Mycobacterium sp. PYR-1) is also being evaluated to better determine the distribution

across the genus of the ability to withstand -OH.

Inducibility of PAH Degradation
Ten strains (5 Sphingomonas, 3 Pseudomonas, one each of Burkholderia and

Acidovorax) were tested for induction of phenanthrene mineralization by salicylate.

Results (dpm of '*CO, generated after 6 hours) indicated that there was evidence for

higher phenanthrene mineralization following exposure to salicylate in three of these

isolates:
Control (Glucose) | Salicylate-induced R (SG)

Acidovorax 3851 £310 3151 £400 0.82+0.17
Burkholderia 1 288 + 131 138 +42 0.48 £0.36
Pseudomonas 1 273 £ 63 209+0 0.77+£0.18
Pseudomonas 2 105+ 1 188 + 54 1.79+0.53
Pseudomonas 5 379 £ 197 172 £30 0.45+0.32
Sphingomonas 1 149 £ 18 143+ 15 0.96 +0.22
Sphingomonas 2 204 +7 391 +£44 1.92 £0.28
Sphingomonas 3 180+ 12 319+ 89 1.77 £ 0.61
Sphingomonas 5 197+ 18 251+ 72 1.27+0.48
Sphingomonas 12 354+5 412 +36 1.16 £0.12

Thus, these three strains (Pseudomonas 2, Sphingomonas 2 and 3) are being

examined, in ongoing experiments, to determine if their capability to mineralize
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phenanthrene in increased through prior exposure to intermediate products generated by
Fenton’s reagent treatment of coal tar. Thus far, an initial experiment in this direction has
failed to show any induction of PAH (phenanthrene) mineralization due to pre-exposure
to oxidized coal tar products. However, this may be due to the fact that possible
individual inducer compounds may be present at insufficient levels in the overall product
mixture to stimulate degradation at the addition rates which have so far been tested.
Further experiments are seen as necessary to clarify this possibility, as is the chemical
characterization of the oxidized coal tar products (which is underway using GC/MS). If
induction of PAH degradation in one or more bacterial strains by intermediate products of
chemical oxidation of coal tar can be shown, we expect to conduct further experiments as

follows:

0 Parallel experiments examining strains which showed no evidence of salicylate
induction — this would be of interest because several of our strains show little to
no ability to grow on salicylate, which may explain the lack of inducibility. A
pool of oxidized PAH intermediates may contain one or more compounds which
would be inducers, even for this group of bacteria.

0 Experiments to determine the range of PAHs for which induction of degradation

(mineralization) can occur.
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Paper Published in Proceedings of GTI’s Site Remediation Technologies &
Environmental Management in the Utility Industry. December 2-6. 2001

ENVIRONMENTAL RISK REDUCTION AFTER APPLICATION OF
CHEMICALLY ACCELERATED BIOTREATMENT TO HYDROCARBON-
CONTAMINATED SOILSUNDER WATER-SATURATED AND
UNSATURATED CONDITIONS

J. Robert Paterek, William Bogan, Lisa Lahner, and Vesna Trbovic, GTI and Nancy
Comstock, National Energy Technology Laboratory, US EPA

Abstract

Our laboratory is studying various forms and factors of chemically accelerated
biotreatment (CAB) for hydrocarbons contaminated soils, i.e. polynuclear aromatic
hydrocarbons; benzene, ethylbenzene, toluene, and xylenes (BTEX); and aliphatic
moieties. As the biodegradation capacity of the contaminated soils is the decisive
parameter in the CAB technology, we are investigating the effects of delivering nutrients
(nitrogen and phosphorus moieties) to soils under simulated in-situ conditions to
maximize biodegradation. Nitrogen and phosphorus containing compounds that are gases
under expected field conditions are a major research area. In order to determine
effectiveness of these additions it was necessary to first identify candidate soil that is
suitably nutrient-limited. Slurry-phase bioreactors were the method to assess nutrient
effects on contaminant degradation under “ideal” conditions, i.€. in systems where issues
such as nutrient and contaminant bioavailability are minimized. In order to determine
whether the Microtox® solid-phase test would be suitable for assessing the potential
toxicity of the E&P soils to be used in remediation experiments and in determinations of
environmentally acceptable endpoints, this assay was investigated. All procedures were
followed according to manufacturer’s instructions, and clean coarse sand (the same sand
used to dilute the soil for column experiments) was used as a control. Solid-phase
Microtox® analyses proved to be applicable to the experimental systems under study. In
addition, soil moisture content (a,) was evaluated in both the nutrient study and the

Microtox® evaluation.
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Keywords
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chemically accelerated biotreatment.

Introduction

Gas and oil exploration and production (E&P) activities are conducted in 33 U.S.
states under a wide variety of environmental and operational conditions. The pipeline
transmission and distribution of natural gas and petroleum involves all 50 states. On the
exploration and production sites, there are an excess of 800,000 wells producing gas and
oil with 30,000 new wells completed annually (based on 1991 surveys). Add this number
to the 500,000 abandoned wells and a major potential environmental liability is indicated.
The research reported is part of a DOE/FERC project that targets waste pits that can be
remediated on-site or in-situ, as well as soil contaminated by accidental release of
petroleum and natural gas-associated organic wastes from pipelines or during transport.
Based on GTI’s experience with a form of Chemically-Accelerated Biotreatment (CAB)
for the remediation of Manufactured Gas Plants (MGP-REM), use of these technologies
at E&P sites could save the industry an estimated $150 Million to $200 Million over the
next ten years.

The most common contaminants associated with E&P sites are:

= hydrocarbons associated with the natural gas condensates, such as benzene,
toluene, ethyl benzene, and the xylenes which are commonly designated as

BTEX;

= polynuclear aromatic hydrocarbons (PAHs) from the formation's natural gas
deposits (liquid or solids under the conditions of pressure and temperature in

many reservoirs);

= PAHs associated with the drilling materials;
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= fuel oil and diesel fuel that is often a component of the drilling materials;

= heavy metals, such as arsenic, barium, cadmium, chromium, lead, mercury,

selenium, silver, and zinc;
= biocides and scale/corrosion inhibitors; and

= organic and inorganic sulfur compounds (mercaptans and hydrogen sulfide,

respectively).

The technology under development, i.e. CAB to mitigate possible contaminated
sites, combines two powerful and complimentary remedial techniques: 1) chemical
oxidative treatment using Fenton’s Reagent (hydrogen peroxide and iron salts); and 2)
biological treatment, primarily using native aerobic microorganisms (Paterek et al., 1994,
Srivastava et al. 1994). This integrated process generates environmentally benign
products including carbon dioxide (CO,), inorganic salts, biomass, and water. A

schematic illustration of the CAB Process is presented in the Figure 1.

Carbon
Dioxide
_ pH 3 _ pH7 Biological
Contaminated. emmy Chemical ey Treatment
Soil, Sediment Treatment Aerobic Degradation
or Sludge A H
Clean Sail,

Sediment or Sludge

Figure 1: Schematic diagram of the CAB process
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Application of CAB to E&P sites and other gas industry sites (Paterek et al. 1993)
with treatment endpoints based on risk, bioavailability and EAEs (Harkey et al. 1997)
utilizes engineered systems to supply microbe-stimulating materials and pretreatment

chemicals to:

= encourage the growth and activity of targeted microorganisms,
* minimize mass-transfer problems, and

= optimize environmental conditions for degradation and detoxification

reactions.

These systems must be effective to decrease the time required to destroy or
detoxify the contaminants (Grey et al. 2000), thus decreasing the overall liability of the
gas/petroleum industry partner that is responsible for the site, as well as his cleanup costs.
The technology must also be efficient enough to meet or surpass the regulatory
requirements. This technology will also be more reliable that the existing technologies of
landfilling, landfarming, and composting. Cost reduction will be realized by shortening
the treatment time, due to the option of applying the in-situ mode of the CAB process.
The use of low-cost and industrially available chemicals will eliminate excavation,

transport, and land use costs.

Materialsand Methods

Determination of Nutrient Limitations in E&P Soils

As a first step towards determining the ability of gaseous nutrient sources to
support degradation of oil-derived aliphatic hydrocarbons in petroleum-contaminated
E&P soils, it was necessary to first identify a candidate soil that is suitably nutrient-
limited. This was accomplished through the use of slurry-phase cultures, as we have used
throughout this reseach to assess nutrient effects on contaminant degradation under
“ideal” conditions, i.e. in systems where issues such as nutrient and contaminant

bioavailability were minimized.
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Homogenized soil samples (500 mg) were mixed with 50 ml sterile media (0.1ml
Wolfe’s Vitamins (2 mg-1" biotin, 2 mg-1” folic acid, 10 mg-1" pyridoxine HCL, 5 mg-1
'thiamine HCI, 5 mg-1" riboflavin, 5 mg-1" nicotinic acid, 5 mg-1" pantothenic acid, 0.1
mg'1"' cyanocobalamine, 5 mg-1" p-aminobenzoic acid, 5 mg-1”" thioctic acid), 0.1ml
Trace Minerals (100 mg-1™ ZnSO4, 300 mg-1" H;BO3, 300 mg:1" CoCl, 10 mg:1" CuCl)
and 0.8 ml N- & P-free (pH 7.2) Winogradsky medium (62.5 g'I"' MgSO47H,0, 31.25
g1 NaCl, 1.25 g1 FeSO4, 1.25 g'I"' MnSOy) per 100 ml of sterile deionized water) in
125-ml serum bottles. Cultures were incubated at room temperature (approx. 25 °C), with
constant shaking at 170 rpm.

In order to assess the degree of N- and P-limitation on PAH degradation inherent
in each soil, "*C-hexadecane mineralization was measured in cultures of each of two
crude oil-contaminated wellhead soils which received no supplemental N or P, N only (as
NH4Cl), P only (as KH,POy,), or both N and P. CO, traps were made by wrapping
stainless steel wire around the necks of 12 x 32 mm borosilicate glass autosampler vials
and pushing the wire through 20-mm Teflon silicone-lined septa. These assemblies were
placed in the serum bottles, which were then crimped with aluminum seals. Syringes
were used to inject 1 ml of 0.5M NaOH into each CO, trap. Periodically, the CO,-
containing NaOH solution was withdrawn from the traps, mixed with 5 ml of Ultima
Gold® high-flashpoint LSC cocktail solution (Packard, Meriden, CT), and counted in a
liquid scintillation counter (Packard Model 2200CA Tri-Carb). Fresh NaOH was then
added to the CO, traps. Cultures containing '*C- hexadecane typically received ca.
60,000-80,000 dpm of labeled hexadecane in 20 ul of methanol.

Six combinations were then investigated for nitrogen (N) and phosphorus (P)
supplementation: NH,Cl/KH,PO4; N,O/KH,PO4; NH4Cl/TEP; NH4Cl/TBP; N,O/TEP
and N,O/TBP. Within each condition, duplicate cultures were employed. In all cases,
addition of N and P sources was normalized on a molar basis to provide 9.2 mM N and

3.7 mM P. When N,O was used, it was added by injection to sealed bottles.

Toxicity Determinations with Microtox® Solid-Phase Test

In order to determine whether the Microtox® solid-phase test would be suitable

for assessing the potential toxicity of the E&P soils to be used in solid-state remediation
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experiments and in determinations of environmentally acceptable endpoints, this assay
was run on one of the oil-contaminated soils (AB). Microtox® Solid-Phase assays,
marketed as test kits by Azur Environmental, Carlsbad, California, will be used to obtain
soil toxicity data. In these tests, toxicity is determined by a decrease in metabolism, and
thus a decrease in light output, which can be sensed by a modified spectrophotometer.
Microtox® software then calculates the ECso and 95% confidence intervals from
replicates of each sample analyzed. Microtox" Solid-Phase tests was used to determine
baseline toxicity in the soil samples selected for study. The manufacturer’s protocols were

used for all Microtox® tests. Coarse sand was used as a control.
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Results And Discussion

Determination of Nutrient Limitations in E&P Soils

The extent of hexadecane mineralization in soil-slurry bioreactors containing
indigenous microbes from the two oil-contaminated E&P soils are shown in Figure 2
below. Both of the two soils tested evidenced very significant limitations for nitrogen;
this was most notable in soil AB, in which the amount of 10, released through
hexadecane mineralization was approximately 17-fold higher in N-supplemented
conditions versus those with no nutrient addition. Similar patterns were seen in soil C,
although the degree of stimulation by supplemental N was not as high as in soil AB. The
other notable difference between the two soils was in the significance of the phosphorus
limitation: While soil AB supported significantly higher mineralization when both N and
P were added (vs. N only), the two conditions behaved virtually identically in soil C.
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Figure 2 — Effects of N and P addition on mineralization of hexadecane by microbes
indigenous to oil-contaminated E&P soils. Graph A = Soil AB; Graph B = Soil C

Thus, it can be concluded that, in terms of degradation of oil-related
hydrocarbons, the microbes in soil AB are strongly limited by their available N supply,
and, when N is added in sufficient levels, a significant P limitation also becomes
apparent. In contrast, soil C contained sufficient P supplies that N alone was the limiting
factor for hydrocarbon degradation. Given that the goal of the experiments undertaken

here was to evaluate potential gaseous N and P sources for their effects on hydrocarbon
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remediation, soil AB was selected for further work, due to the fact that it was found to be
limited for both nutrients.

The ability of the indigenous microbes in soil AB to mineralize hexadecane was
then investigated under different conditions of nitrogen and phosphorus supplementation.

The results of this experiment are shown in Figure 3 below.
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Figure 3 — Ability of gaseous N and P compounds to overcome nutrient limitations and
support hexadecane mineralization by indigenous microbes in soil AB.

These results clearly show that use of TEP as an alternative to inorganic
phosphate to support remediation of aliphatic hydrocarbons is quite feasible in this soil.
Mineralization of hexadecane with TEP as a phosphorus source was nearly equal to that
with KH,PO,4. TBP supported considerably less hexadecane mineralization, and use of
N,O as a source of N was found to be extremely deleterious to the performance of the
microorganisms in this soil. Other tests with soils with PAHs as the target for
biodegradation indicated the opposite effect. Environmental conditions of the treatment
regime, such as aw, pH, application of chemical oxidants, i.e. Fenton’s reagent impact the
effectiveness. These factors can be determined and incorporated into the treatment

technology.
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Conclusions

These results support our previous observation that each soil and its associated
microorganisms is unique. Due to the unique features of these soils and there response to
nutrient stimulation, each soil with its comittent contaminants must be evaluated to
determine the most effective treatment parameters to met or exceed the treatment
endpoints. These endpoints can be determined using traditional analytical methods or

risk or toxicity associated techniques, such as solid-phase Microtox®.
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Abstract

We have isolated, identified, and characterized of a new strain of Mycobacterium
austroafricanum, obtained from manufactured gas plant (MGP) site soil, which we have
designated GTI-23. This strain is capable of mineralizing the polycyclic aromatic
hydrocarbons (PAHs) fluoranthene and pyrene in liquid culture. It is also capable of
degrading, but not mineralizing, fluorene and benzo[a]pyrene (although the extent of
degradation of the latter of these is relatively minor). Extensive and rapid mineralization
of pyrene by GTI-23 was also observed in pyrene-amended soil. When grown in liquid
culture, GTI-23 was also found to be capable of growing on and mineralizing two
aliphatic hydrocarbons (dodecane and hexadecane). Taken together, these findings
indicate that this isolate of M. austroafricanum may be useful for bioremediation of soils
and sediments contaminated with complex mixtures of aromatic and aliphatic

hydrocarbons.

Introduction

Bioremediation has long been proposed and applied as a treatment technology for
the decontamination of hydrocarbon-contaminated soils. Many different bacteria are
known which are capable of degrading, and in many cases, completely mineralizing,
various individual xenobiotic compounds. For example, in the case of polycyclic
aromatic hydrocarbons (PAH), numerous bacteria are known which are capable of
catabolizing various PAH as sole sources of carbon and energy, making them good
candidate species for site-remediation applications. The ability to degrade low molecular
weight PAH compounds, such as naphthalene and phenanthrene, is widespread, and
numerous researchers have identified bacteria capable of utilizing these compounds for
growth (Cerniglia 1992; Sutherland et al 1995). Growth on PAH containing four fused
aromatic rings (€.g. chrysene, fluoranthene, pyrene, benz[a]anthracene) is somewhat more
rare, although organisms are known which can utilize each of these as growth substrates
(Heitkamp et al 1988a & b; Churchill et al 1999; Schneider et al 1996; Mueller et al
1990; Boldrin et al 1993; Bastiaens et al 2000, Walter et al 1991, Bouchez et al 1997,
Juhasz et al 1997; Caldini et al 1995; Weissenfels et al 1991; Vila et al 2001). Currently,
very few bacteria have been reported to be capable of growth using solely PAH with five
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or more benzene rings (Juhasz et al 1997), although some cases have been reported in
which bacteria co-metabolize five-ring PAHs during growth on simpler substrates (Chen
and Aitken 1999; Schneider et al 1996).

Many contaminated sites are characterized by the presence of complex mixtures
of pollutants. For example, creosotes and the coal tars from which they are derived
typically comprise a wide range of aromatic hydrocarbons, aliphatics, heterocyclic (N-, S-
and O-containing) compounds, phenols and amines (Rhodes 1951; Nestler 1974;
Nishioka et al 1986). Crude and refined oils present a similar situation; for example, a
typical fuel oil (#2) consists of 45% cycloalkanes, 30% linear (straight-chain and
branched) aliphatics, and 25% aromatics (Arvin et al 1988). It is, therefore, clear that the
success of bioremediation approaches to soil treatment will hinge in part on the ability of
bacteria (either versatile single strains or consortia in which multiple members can be
simultaneously maintained) to degrade all of the components of complex hydrocarbon
mixtures.

Members of the genus Mycobacterium may be particularly well-suited to this role.
Mycobacteria, for example, are well known to possess extremely lipophilic cell surfaces
(Rehmann et al 1988), which may make them better suited to the direct uptake (Bouchez-
Naitali et al 1999) of highly hydrophobic hydrocarbons, including high-molecular-weight
PAHs (Kelley and Cerniglia 1995; Schneider et al., 1996) and highly branched aliphatic
hydrocarbons (Berekaa and Steinbiichel 2000; Solano-Serena et al., 2000).  This paper
presents an initial characterization of a newly-isolated strain (GTI-23) of Mycobacterium
austroafricanum, which is capable of growth on, and/or degradation of, various PAHs
(with up to 5 fused rings), as well as straight-chain aliphatic hydrocarbons (decane,

dodecane, and hexadecane).

Methods and M aterials

Chemicals
Fluorene (98%), phenanthrene (98%), and pyrene were obtained from Aldrich

Chemical Co., Inc. (Milwaukee, WI). Fluoranthene (Practical grade) was obtained from
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Eastman Organic Chemicals (Rochester, N.Y.). Benzo[a]pyrene (98%), n-decane
(99%+), n-dodecane (99%), n-hexadecane (99%+), and gelrite gellan gum were from
Sigma Chemical Co. (St. Louis, MO), as were the following '*C-radiochemicals: 7-'*C-
benzo[a]pyrene (26.6 mCi/mmol), 9-'*C-fluorene (14.2 mCi/mmol), 4,5,9,10-'*C-pyrene
(58.7 mCi/mmol), 1-"*C-dodecane (4.1 mCi/mmol), and 1-'*C-hexadecane (2.2
mCi/mmol). 3-'*C-fluoranthene (45 mCi/mmol) was from Moravek Biochemicals (Brea,

CA).

Isolation, Identification, and Characterization

A small amount of homogenized soil (~1 g), obtained from a former manufactured
gas plant site in lowa, was reconstituted with 25 ml of sterile deionized water and serial
10-fold dilutions were made; appropriate dilutions (from 10 through 10®) were spread
onto gel plates (1.0 g KNO3, 0.38 g K,HPOy, 0.2 g MgSO47H,0, 0.05 g FeCl; 6H,0,
17.0 g gelrite gellan gum (Sigma Chemical Co., St. Louis, MO) per liter of distilled
water, pH 7.0). Pyrene was then sublimated onto the plates (Alley and Brown 1999),
which were then incubated at 30 °C. A clearing zone was observed around a smooth,
yellowish colony within approximately 8-10 days.

This colony was further subcultured until cellular and colonial morphologies were
uniform. Both pyrene- and phenanthrene-sublimated plates were employed during this
procedure; the latter was occasionally used due to the fact that growth of the isolate was
more rapid on these plates (generally requiring 2-3 days or less). Culture purity was
assessed microscopically, and by streaking onto R2A agar (Difco Products, Detroit, MI).
Once an axenic culture was obtained, it was identified by sequencing of 16s rRNA gene
(MIDI Labs, Newark, DE). The resultant sequence was matched using the GenBank
database. Fatty acid determinations were done (MIDI Labs) using bacteria grown on R2A
agar plates.

Hydrophobicity of the isolate was determined according to the “BATH” (bacterial
adhesion to hydrocarbons) method, as described by Bouchez-Naitali et al (1999). Briefly,
cultures were grown in medium (YPS for Mycobacterium strains, MSM for other
isolates), supplemented with crystalline phenanthrene. When cultures became visibly

turbid, cells were collected by centrifugation, washed once, and resuspended in phosphate
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buffer. Cell suspensions were adjusted to a uniform Agg value (0.1 —0.2), and 100 pl of
hexadecane was added to 2-ml aliquots of cell suspension. Cells and hexadecane were
extensively mixed (vortexed for 2 minutes); the hexadecane layer was then given 60
minutes to partition away from the aqueous phase. Agop measurements of the remaining
aqueous layer were taken; hydrophobicity is expressed as the ratio of this value to the

mnitial Agoo.

Liquid-Culture Studies

Two primary growth media were employed in this work. The media used in
studies assessing the ability of GTI-23 to grow on hydrocarbons as sole sources of carbon
and energy was the previously-described (Bogan et al 2001) mineral salts medium
(MSM). The second medium, used for studies of co-metabolism and mineralization
studies, was the Mycobacterium mineral salts medium, supplemented with peptone, yeast
extract and soluble starch (each at 250 mg-1-1), as described by Kelley and Cerniglia
(1995).

Studies examining growth of GTI-23 on alkanes were conducted in 96-well
microplates, which contained 150 ul of MSM and 5 pl of liquid hydrocarbon. Growth
was monitored (Aggo) in an automated microplate reader (Dynex Technologies, Chantilly,
VA). Liquid-culture experiments on degradation and mineralization of individual PAHs
and alkanes were conducted in YPS medium (50 ml) in sealed serum bottles with NaOH
traps as previously described (Bogan et al 2001). In the cases of PAHs, 20 mg were
added to each bottle as previously described (Mueller et al 1990); for alkanes, 10 pl of
liquid hydrocarbon was added to each bottle. Experiments were typically run for 3-4
weeks; photodegradation of PAH (Miller et al 1988) was avoided by wrapping bottles in
aluminum foil.

Analyses of fluorene- and benzo[a]pyrene-supplemented cultures were conducted
as follows. Cultures were acidified (pH ~ 0.5) with concentrated H,SOj, and disrupted in
a sonicator bath for ca. 3 minutes. Cultures were extracted twice with ethyl acetate (50
ml), which was then pooled. Aliquots of the remaining aqueous phase and the organic-
extractable fractions were subjected to scintillation counting to determine the distribution

of radioactivity between the two phases. To further characterize the organic-soluble
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fraction, ethyl acetate was evaporated (to dryness) under N,. Following dissolution in
acetonitrile (1 ml), the organic-soluble material was subjected to reverse-phase HPLC
analysis as previously described (Bogan et al 2001), with fractions (1-minute intervals) of

the HPLC eluent collected for quantitation of "*C.

Pyrene Mineralization in Soil

A commercial potting soil was screened, and allowed to air-dry. This material
was then weighed into flasks (60 g/flask), and spiked with pyrene and '*C-pyrene
(dissolved in 20 ml methylene chloride), such that the final soil pyrene concentration was
100 ppm, with a total of 150,000 dpm of '*C-pyrene per flask. After evaporation of
solvent (approximately 48 hours), these were then adjusted to a moisture content of ca.
25%, and inoculated with an MSM suspension of M. austroafricanum GTI-23 (1 ml per
flask of a suspension with Agyo ~ 2.7). Flasks were attached to a constant air flow (ca. 25
ml/min); air exiting the microcosms was flushed through CO, traps containing 20 ml of
0.5 M NaOH. Every 2-4 days, NaOH in the traps was replaced, and 5 ml was added to 15
ml of scintillation cocktail and subjected to liquid scintillation counting. Water was

periodically (every 1-2 days) added to microcosms to replace evaporative losses.

Results

Identification and Morphology

Searches of the GenBank database using the sequence data determined for the 16s
rRNA gene of the GTI-23 isolate resulted in a 100% match to Mycobacterium
austroafricanum. GTI-23 was found to be a gram-positive rod, typically in the range of
0.6 x 1.5 pm, which is in good agreement with the dimensions (0.5 pm x 2-6 pm)
recognized for M. austroafricanum (Sneath et al 1989). The fatty acid profile of GTI-23

is given in Table 1.
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Hydrophobicity

Strain GTI-23 was considerably more hydrophobic than various strains of PAH-
degrading soil bacteria (Acidovorax, Burkholderia, Pseudomonas, and Sohingomonas)
which we have previously isolated. Of the tested strains, only one Sphingomonas (GTI-8)
was at all close to GTI-23 in net hydrophobicity; Mycobacterium sp. strain PYR-1
(obtained from Dr. C. Cerniglia) had approximately the same hydrophobicity value as
GTI-23 (52% vs. 48%) when both were cultured on phenanthrene-supplemented YPS

medium.

Degradation of PAH and Alkanes

Mycobacterium austroafricanum GTI-23 was originally recognized by, and

chosen for, its ability to degrade phenanthrene, sublimated onto minimal agar (gelrite)
medium as sole sources of carbon and energy. It was also found, in liquid culture, to be
capable of mineralizing pyrene and fluoranthene, as shown in Figure 1. Release of '*C
from labeled pyrene was rapid, and totaled essentially 100%, implying (because of the
distribution of the label across four positions within the molecule) near-complete
mineralization. Mineralization of fluoranthene displayed a slight lag (5-7 days), and
leveled off after approximately 60% of the input radioactivity had been released as '*CO,.

No release of '*CO, was observed from either fluorene or benzo[a]pyrene at these
same initial concentrations. Essentially all of the input radioactivity was recovered at the
conclusion of the experiment; for both compounds, the vast majority (>95%) remained in
the organic-soluble fraction. However, analysis of these fractions by reverse-phase HPLC
indicated that extensive transformation of fluorene had, in fact, occurred (Figure 2a); the
products thus formed were somewhat more polar than fluorene, and may have been 9-
fluorenone and/or 9-hydroxyfluorene. These compounds have previously been reported
as dead-end products of fungal oxidation of fluorene (Bogan et al 1996), and as isolable,
accumulated intermediates in bacterial fluorene metabolism (Grifoll et al 1994; Casellas
et al 1997). Figure 2b shows reverse-phase HPLC analysis of the ethyl acetate-
extractable products of M. austroafricanum cultures which contained '*C-

benzo[a]pyrene. The starting material, when analyzed the same way, was found to be
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97% radiochemically pure, with the only significant impurity (2-3% of total label) eluting
at approximately 18 minutes. In the M. austroafricanum-inoculated cultures,
approximately 16-20% of the starting material was converted to more-polar products.
One major product (ca. 8% of input label) had a slightly lower retention time than
benzo[a]pyrene (24 minutes VS. 26-27 ), and was most likely a mono-hydroxylated
metabolite; whereas the second (7-8 % of input label, 18 min. RT) may have been a
dihydrodiol. Approximately 5% of the input label was recovered in more-polar fractions.

Strain GTI-23 was found to be capable of growth on both decane and hexadecane
(Figure 3), and of mineralization of hexadecane and dodecane (Figure 4). Growth on
both of these began to level off after approximately 20 days, a figure which coincided
well with the leveling-off of '*CO, liberation in the mineralization experiment.

When inoculated into pyrene-spiked soil, GTI-23 was capable of extensively
mineralizing '*C-pyrene, as is shown in Figure 5. As in liquid culture, the onset of
mineralization is rapid, with no significant lag time, and persists for several weeks of
incubation time. Mock-inoculated (MSM, no GTI-23) microcosms released insignificant
levels (<1,000 dpm) of '*CO, over this time frame, indicating (as expected) that no

pyrene-degrading microorganisms were present in the absence of inoculation.

Discussion

The ability to catabolize PAHs with more than three fused benzene rings is
relatively rare among bacteria, particularly when compared to the ability to grow on
lower-molecular-weight polycyclic aromatics. To date, growth on pyrene has been
observed in some species of Rhodococcus (Walter et al 1991; Bouchez et al 1997) and
strains of Burkholderia cepacia (Juhasz et al 1997); additionally, cometabolism of pyrene
has been observed in Pseudomonas saccharophila (Chen and Aitken 1999). However,
the ability to grow on high-molecular-weight PAH substrates may be most widespread in
the genus Mycobacterium, where this result has been reported for several different species
and strains (Heitkamp et al 1988b; Churchill et al 1999; Schneider et al 1996; Boldrin et
al 1993; Bastiaens et al 2000; Vila et al 2001). At least one of these, Mycobacterium
PYR-1 (Kelley and Cerniglia 1995; Rafii et al 1992) is, based on recently-published
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evolutionary distance trees (Solano-Serena et al 2000), very closely related to M.
austroafricanum.

Among the PAH-degrading Mycobacteria, some are also known to degrade
aliphatic hydrocarbons. Solano-Serena et al (2000) reported that Mycobacterium
austroafricanum strain IFP2173, originally isolated from gasoline-contaminated
groundwater, was able to degrade some monoaromatics (€.g. toluene, m- and p-xylene),
as well as a wide range of straight-chain and branched alkanes. They did not, however,
examine degradation of polycyclic aromatics. Several other strains which were identified
as Mycobacteria were able to degrade and grow on alkanes (dodecane and hexadecane) as
well as 3- and 4-ring PAHs (phenanthrene, fluoranthene, pyrene), although the authors
(Lloyd-Jones and Hunter 1997) suggested that some of these strains might actually belong
to a new genus, rather than Mycobacterium. Growth substrates of Mycobacterium strain
AP-1 included phenanthrene, fluoranthene, pyrene and hexadecane (Vila et al 2001). In
addition to our findings with GTI-23, we have also observed mineralization (in YPS
medium) of dodecane and hexadecane by Mycobacterium strain PYR-1 (data not shown),
further extending within the genus Mycobacterium the ability to degrade both of these
contaminant classes.

To our knowledge, GTI-23 is the first strain which has been reported to degrade
both aliphatics and PAHs with five benzene rings (benzo[a]pyrene). Inasmuch as this
latter compound is among the most hazardous individual PAHs (Smucker 2000), this
finding has some significance. Also, in contrast to the studies described above, the
results reported herein provide clear evidence of GTI-23’s ability to survive and degrade
PAH in a soil system. Failure of inoculated bacteria to persist in soil is a frequent
impediment to successful bioremediation (Van Dyke and Prosser 2000). Further
examination of strain GTI-23 is underway, with a goal of better delineating its ability to
survive, compete, and function in soil environments under various conditions.

The relative rarity of bacterial species capable of growth on PAHs containing four
or more fused rings is most likely due to the difficulties inherent in uptake of highly
hydrophobic compounds of this nature. This is generally accomplished through

specialized adaptations, such as lipid-rich outer cell walls and/or production of
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biosurfactants (Bouchez-Naitali et al 1999; Bastiaens et al 2000). Based on our results,
M. austroafricanum GTI-23, as well as the closely-related Mycobacterium sp. PYR-1, are
considerably more hydrophobic than any of the other PAH-degrading soil bacteria which
we tested. The precise nature of the adaptations which allow uptake of high molecular
weight PAH compounds by M. austroafricanum GTI-23 is the subject of ongoing
investigations in this laboratory, as is the possible use of this strain as an inoculum for

soil remediation.
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Component % of Total
14:0 3.20
15:0 0.97
16:1 w9c 1.70
16:1 wéc 13.78
16:0 34.63
8-Me-16:0 + 10-Me-16:0 1.09
17:1 w8¢ 0.87
17:0 0.60
18:2 w6,9¢ 0.51
18:1 w9c 26.94
18:0 2.66
10-Me18:0 12.39
20:0 0.67

Table 1 —Fatty acid profile of Mycobacterium austroafricanum strain GTI-23.
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Culture
| solate Medium Age Hydrophobicity

Acidovorax temperans GTI-19  [MSM/phenanthrene |1 day 3%
Burkholderia sp. GTI-3 MSM/phenanthrene |6 days 15%
Pseudomonas viridiflava GTI-5 |MSM/phenanthrene |6 days 4%
Sphingomonas sp. GTI-7 MSM/phenanthrene |2 days 15%
Sphingomonas sp. GTI-8 MSM/phenanthrene |6 days 26%
Sphingomonas sp. GTI-10 MSM/phenanthrene |6 days 0%
Sphingomonas sp. GTI-11 MSM/phenanthrene |6 days 18%
Sphingomonas subarctica GTI-12 [MSM/phenanthrene |2 days 0%
Mycobacterium austroafricanum

GTI-23 YPS/phenanthrene |6 days 48%
Mycobacterium sp. PYR-1 YPS/phenanthrene |6 days 52%

Table 2 — Hydrophobicity of M. austroafricanum GTI-23, in comparison with

various other PAH-degrading isolates.
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Figure 1 — Mineralization of fluoranthene and pyrene (Initial = 20 mg/50 ml) by
Mycobacterium austroafricanum GTI-23 grown in YPS medium. Data are means of

duplicate cultures, with 95% confidence limits.

Figure 2 — Reverse-phase HPLC profiles of ethyl acetate-soluble radioactivity
derived from M. austroafricanum cultures supplemented with fluorene or

benzo[a]pyrene.

Figure 3 — Growth of M. austroafricanum GTI-23 in MSM supplemented with
either decane or hexadecane. Data are means of triplicate cultures, with 95% confidence

limits.

Figure 4 — Mineralization (in YPS liquid cultures, n=2) of '*C-dodecane and
hexadecane by GTI-23.

Figure 5 — Mineralization of '*C-pyrene (Initial = 100 ppm; 150,000 dpm) in non-

sterile soil microcosm (n=3) by M. austroafricanum GTI-23.
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Risk-Based Site Management
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o Risk Assessment Using Innovative
:
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Consortium Engineering

“Manipulating microbial consortia, which
have so far been treated as black boxes,
for constructing more efficient
biotechnological processes...”

- K. Watanabe

Basics of Consortium Engineering

o Microbial Population Structure
o Function and Activities of these
Populations

o Controlling or Forcing Function
Engineering
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Microbial Consortia Are
Complex in Space and Time
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Consortium Engineering

o Encourage the growth and activity
of targeted microorganisms

o Minimize mass-transfer problems

o Optimize environmental conditions
for degradation and detoxification
reactions
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Effects of N and P Addition on
Hexadecane Mineralization by Indigenous
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Effects of N and P Addition on
Hexadecane Mineralization by Indigenous

Microorganisms
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Ability of Gaseous N and P Compounds to
Overcome Nutrient Limitations and
Support Hexadecane Mineralization

—e—NHACILKI2P 04
—W—KH2P 04 &N20
—a—NHICI&TEP
—m—NH4CIETBP
——N20 & TEP

Percentage of Hexadecane Mineralized

Time (Days)

In-situ Chemically-accelerated Biodegradation
Gaseous Nutrients Summary

*Gaseous nutrients can replace waterflood to deliver microbial
nutrients

-Decrease cost in material and operations
-Minimizes moving contaminants off-site or into groundwater

*Gaseous nutrients can stimulate selectively members of the

microbial community

-Large-ring PAHs (usually toxic or carcinogenic)-degrading
bacteria enhanced in number and activity

-Bacteria that degrade low-ring number PAHs (usually considered
non-toxic) are less enriched

*Gaseous nutrients can allow more air into soil or nutrients can
be added to air sparging stream (oxygen of biodegradation)

-Increase rate and extent of removal to toxic PAHs

-Reduces risk from contaminants
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Various Bacterial Species Ability to Resist
the Effect of Fenton’s Treatment
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Inducibility of PAH Degradation

Control i R (S/G)
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Burkholderia 1 288 + 131 138 +42 0.48+0.36
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