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ABSTRACT

Bioremediation of sites contaminated with hydrophobic materials that sorb onto
the soil matrix is very difficult due to reduced microbial (bio)availability. Following
biosurfactant addition, we have measured an increase in contaminant bioavailability by
using a lux biosensor. Direct microbial bioavailabtlity was determined by using a
genetically engineered microbial bioreporter strain of Pseudomonas putida. This strain
was engineered so the lux genes, which code for light production, are transcriptionaily
fused with genes that code for contaminant degradation and are thus induced in the
presence of specific compounds. By using a bioreporter we can quantify the actual
microbial bioavailability of the contaminants and compare it to concentrations measured
by other analytical methods (e.g. gas chromatograph). It is possible that these values are
not equal to each other. Thus, bioremediation rates may not be accurately predicted if
bioavailability is not considered.
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BIOSURFACTANTS AND INCREASED BIOAVAILABILITY OF SORBED
ORGANIC CONTAMINANTS: MEASUREMENTS USING A BIOSENSOR

INTRODUCTION

Remediation of soil and groundwater contaminated with hazardous waste
substances is an ongoing activity at many sites across the U.S. Optimizing contaminant
degradation requires an understanding of the bacterial processes and organisms that
degrade these compounds. Also, the contaminant must be available to the appropriate
microbial community i.e. "bioavailable" for degradation to occur.

A primary problem with biological treatment of non-aqueous phase liquids
(NAPL's) is low solubility. Since most biodegradation takes place in the liquid phase,
contaminants present as NAPL's or sorbed to the soil matrix are usually not available for
microbial degradation. Thus, even if all other parameters are optimized, the rates of
degradation are often limited by mass transfer problems. Surfactants can potentially
increase solubilization rates and thus make these organics more amenable to
biodegradation. In addition to synthetic surfactants, biosurfactants may be useful in
increasing contaminant bioavailability. These naturally produced surfactants encompass
a larger and more diverse range of physical properties than synthetic surfactants (Cooper
and Zajic 1980; Rosenberg, 1986). The production of biosurfactant in situ could greatly
increase the contaminant bioavailability if we can determine how to stimulate the
microbes to synthesize sufficient quantities to increase rates of solubilization.

Several reports have shown that biosurfactants can increase degradation of
NAPL's. Francy et al. (1991) reported that microorganisms from a contaminated fuel spill
site produced significantly greater amounts of biosurfactants, presumably to increase
nutrient (contaminant) bioavailability. Zhang and Miller (1992) showed that a
rhamnolipid facilitated degradation by 15% over treatment without biosurfactant. We are
examining what effect the addition of low concentrations of biosurfactant, surfactant and
an oleophilic fertilizer have on increasing contaminant bioavailability.

In situ bioremediation techniques provide several substantial advantages for
removal of organics. When bioremediation proceeds to complete mineralization,
contaminants are permanently removed, rather than transferred from the subsurface to
another medium. Additionally, in contrast to bioreactors, in situ bioremediation processes
can treat the soil vadose zone, as well as the groundwater, and minimize disruption to
above-ground operations.

Previous experiments have examined the overall degradation of contaminants by
an isolate or microbial population by monitoring degradation using analytical techniques
such as gas chromatography. We have added to our analytical regime, monitoring
degradation using biosensors. This enables us to directly measure the physiology of
degrading populations as well as contaminant degradation.



METHOD AND MATERIALS

Bacteria

The biosurfactant producing isolate Pseudomonas aentginosa #9721 was obtained
from the American Type Culture Collection and was maintained on nutrient broth (Difco).
The broth was incubated for 7-30 days at 20°C on a rotary shaker and filtered (0.2 |.im
filter) to prepare a cell free suspension. The supernatant was added to the treatment vials
and the surface tension determined using a Nubuoy tensiometer. Purified biosurfactant
was not used in these experiments.

The lux biosensor was Pseudomonas putida, B-2 (Applegate et al. unpublished
data) and was maintained in Luria-Bertani (LB) medium (Maniatis et al., 1982)
supplemented with 50 mg/1 kanamycin. The culture was incubated for 12-16 hrs at room
temperature on a shaker before use in the bioavailability assay (described below).

Toluene and Surfactants

Analytical grade toluene was obtained from Sigma. A toluene-saturated water
solution was prepared and added to the soil slurries at a final concentration of 0.125 ppm.
The surfactant Tween 80 (Sigma) was added to the solutions at a final concentration <
0.03%. The oleophilic fertilizer was also handled as a water saturated solution and 25
jal/10 ml was added to the treatment vials.

Soil Slurries

Soil was collected from the A horizon at the Walker Branch Watershed on the Oak
Ridge National Laboratory reservation, Oak Ridge, TN. The soil was dried and processed
through a 3 mm sieve. These soils have been well characterized with regard to moisture
content, particle size, organic content, and other pertinent parameters (Jardine et al.,
1989).

One gram of soil was mixed with 10 ml of a salts solution, NATE medium (Little
et al., 1988) in an ashed 40 ml EPA vial capped with a teflon lined septa. The vials were
incubated inverted on a rotary shaker to achieve a homogeneous mixture and to allow the
contaminants to partition between the soil-bound and free states. Toluene and surfactant
compounds were added at various intervals (Table 1).

Bioavailabilitv Assay

The light emitted by the bioreporter strain was measured using an ATP Photometer
(Turner Designs, Calif)- The bioluminescence assay was performed by adding 1 ml of
B-2 (ca. 18 hrs old) to 1 ml of the treatment supernatant from the 40 ml EPA vials
described above. The initial treatment concentration was 0.125 ppm toluene, however the
dilution of supernatant and B-2 resulted in exposure of the bacteria to 0.0625 ppm
toluene. This mixture was continuously shaken in a 15 ml EPA vial and at 1 hr intervals
100 \x\ was withdrawn and the luminescence measured on the photometer. The ATP
photometer gives a readout in relative light units ranging from 0 to 9,999 LU. Values
greater than 9,999 LU were recorded as off-scale (os). These individual values can be
compared to noninduced and induced controls.



Table 1. Experimental Design for Aqueous and Soil Slurries (n = 2). The first
two components were added simultaneously and allowed to equilibrate for 48-72
h Those components in italics were added to the treatment vials after 72 h.

1
2
3
4
5

Aqueous

NATE
NATE +
NATE +
NATE +
NATE +

Tol*
Tol -
Tol -
Tol -

Biosurf**
Twn***
O. Fen****

6
7
8
9

10

Soil

Soil
Soil
Soil
Soil
Soil

Slurries

+ Tol
+ Tol -
+ Tol -
+ Tol -

Biosurf
Twn

O. Fen.

*Tol -Toluene (0.125 ppm)
**Biosurf - Biosurfactant (cell free suspension)
***Twn - Tween (<0.03 %)
****O. Fert. - Oleophilic Fertilizer

RESULTS

The B-2 bioreporter, with its inducible reporter fused to the toluene dioxygenase
mediated degradation pathway, provides us with a measure of the genetic expression of
the Pseudomonas catabolic genes following induction (Fig. 1). It is evident that soil,
biosurfactant, Tween or fertilizer alone are not capable of inducing these organisms (Fig
2). Only after the addition of toluene was light detected - an indication that toluene was
being metabolized.

When using soil slurries it was necessary to standardize numerous design
parameters to obtain reproducible results. (1) The age of the bioreporter B-2 needed to
be held constant in order to compare assays from different days. We determined that 12-
18 h old B-2 was optimal. (2) The volume of B-2 added to the volume of treatment
supernatant was most efficient at a 1:1 or 1:2 ratio. (3) Large soil particles dampened the
amount of light detected by the photometer. Prior to the bioluminescence assay the EPA
vials were removed from the shaker and allowed to settle for 15-30 min after which time
1 rnl of supernatant was withdrawn with a syringe. It was necessary to centrifuge soils
containing clays. (4) Treatments were best run in triplicate or greater numbers of
replicates since the individual light readings can have rather high variabilities.

Once design operations were optimized it was observed that biosurfactant, Tween
and fertilizer additions to aqueous suspensions of toluene increased the contaminant
bioavailability as measured by increased light emission. Cells exposed to 0.075 ppm
toluene peaked at about 1,600 LU while toluene supplemented with biosurfactant reached
3,800 LU, Tween 8,000 LU and fertilizer 9,000 LU.
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Figure 1. Light production after induction with different concentrations of toluene
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Figure 2. Light emission from non-induced controls with soil and with either
biosurfactant (BioS), Tween or oleophilic fertilizer (OF).

Toluene added to soil slurries (0.125 ppm) resulted in lower light levels, and
suggested that the majority of the toluene was sorbed to the soil matrix. In three
replicates the maximum light emission only reached ca. 1,000 LU (Fig. 3). The addition
of fertilizer increased the light emission to ca. 1,800 LU. However, preliminary evidence
suggests that the addition of surfactant to soil slurries prior to toluene addition
approximately doubled the toluene bioavailability
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Figure 3. Light emission of (A) replicate soil samples induced by toluene and (B) soil
samples induced by toluene with addition of biosurfactant (BioS), Tween, or oleophilic
fertilizer (OF).

DISCUSSION

Using a bioreporter enabled us to monitor/measure the physiological activity of the
contaminant degrading organism. This isolate, P. putida B-2, is a recombinant
microorganism that contains the lux genes of Vibrio fischeri. The lux genes are under
control of expression by the promoter of the Tod operon, upstream from tod F from the
Tod pathway in Pseudomonas putida Fl (Mann et al. 1991). When the bacteria come into
contact with toluene the lux genes are expressed, and the bacteria produce visible light
This light can be detected and quantified using sensitive photomultiplier equipment. The
amount of light corresponds directly to the amount of substrate being metabolized. The
B-2 strain also contains the intact catabolic pathway, allowing the strain to both degrade



appropriate substrates and report on their presence by emitting light. Burlage et al.
(1990), have used a naphthalene bioluminescence organism to examine catabolic activity
in aqueous cultures. Heitzer et al. (1992) and King et al. (1990) were able to detect
naphthalene in contaminated soil slurries.

The addition of surfactant compounds at the critical micelle concentration (CMC)
may be appropriate for soil washing technologies where the contaminants partition into
the hydrophobic center of a micelle (Abdul et al., 1990). However, this high surfactant
concentration may be inappropriate for in situ bioremediation. The desdrption of the
contaminant from the soil matrix into the micelle may sequester the compound into an
environment that is equally unavailable to degradation. However, surfactants added at
low concentrations may facilitate biodegradation with minimal surfactant induced
desorption (Aronstein et al., 1991; Aronstein and Alexander, 1992). These experiments
have shown that bioavailability can be increased by adding the surfactants at levels less
than the CMC. We have found that the decreased light emission with increasing
surfactant concentration suggests non-bioavailability or toxicity (data not shown).

The addition of surfactant to soil slurries prior to toluene addition suggests that
sorption of the toluene may be reduced, thereby leaving more toluene available to
biodegradation. This information is supported by preliminary evidence that indicates
higher light levels 4,000 LU if pretreated with surfactants versus 2,000 LU without
pretreatment. Preliminary GC (headspace) analyses did not provide any conclusive
evidence that more toiuene is in the aqueous phase versus the headspace. We are
currently extracting the aqueous phase to determine how much toluene may be either free
in solution or "locked" within a micelle. This information will be compared to soil
extract values.

Surfactant use in soil washing technologies has been proposed by numerous
investigators. However, surfactants may play another role in pump and treat regimes. It
may be important to introduce surfactants into an uncontaminated region ahead of the
contaminant plume. Then, as the contaminants are pumped to the surface for remediation
the surfactants have the potential to minimize adsorption to the soil matrix.

A remediation program may benefit by using/introducing biosurfactant synthesizing
bacteria as part of in situ remediation. Under these conditions it would be advantageous
to introduce microorganisms previously isolated from the subsurface over those isolated
from surface soils, plants or animals in order to increase the likelihood of survival or
persistence in situ. Successful use of these bacteria will rely on knowing the conditions
necessary to stimulate biosurfactant production in situ.
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