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Abstract

High-solids (HS) and low-solids (LS) potato process effluents were tested
as substrates for surfactin production. Tests used effluents diluted 1:10,
unamended and amended with trace minerals or corn steep liquor. Heat
pretreatment was necessary for surfactin production from effluents due to
indigenous bacteria, whose spores remained after autoclaving. Surfactin
production from LS surpassed HS in all cases. Surfactin yields from LS were
66% lower than from a pure culture in an optimized potato starch medium.
LS could potentially be used without sterilization for surfactin production
for low-value applications such as environmental remediation or oil recovery.

Index Entries: Bacillus subtilis; biosurfactant; surfactin; alternate feedstock;
potato; enhanced oil recovery.

Introduction

Low aqueous solubility and dissolution rates of hydrophobic organics
limit both biodegradation and enhanced oil recovery (1–6). Degradation
rates of organic contaminants and oil recovery rates can both depend on
mass transfer into the aqueous phase (4–7). Surfactants increase the solubil-
ity and rate of transfer of organics into the aqueous phase by reducing
interfacial tension. Chemical surfactants have been shown to enhance in situ
recovery and removal of hydrocarbons, pesticides, and polychlorinated
biphenyls (4–6,8–10). Chemically synthesized surfactants, however, are
often toxic (11,12) and are frequently expensive.

Biosurfactants have many properties that differentiate them from
chemical surfactants, including biodegradability (13), which is important
in environmental and oil recovery applications (14–16). Biosurfactants have
a broader range of uses because optimum pH and salt concentration ranges
are wider. Biosurfactants have been shown to assist in removal of pollutants
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from soil (17), to lower interfacial tension (18), and to enhance the recovery
of natural resources (14–16). Surfactin, a powerful antibiotic lipopeptide
biosurfactant, has been studied extensively, and many reviews of this and
other biosurfactants are available (13,19–22). However, applications of
biosurfactants are restricted to specialty markets because of high produc-
tion costs. Cost-effective biosurfactants produced from low-cost renewable
resources, such as agricultural processing residuals, could be used for
resource recovery and environmental restoration. To do this, however,
processing costs would need to be kept to an absolute minimum by elimi-
nating expensive steps such as sterilization. Benefits would include reduc-
tion or elimination of waste streams and reduced use of toxic chemical
surfactants. Previous research at the Idaho National Engineering and
Environmental Laboratory (INEEL) has shown that production of surfactin,
a lipoprotein biosurfactant from Bacillus subtilis, is technically feasible from
purified potato starch (14,23,24). This article evaluates the use of high-
solids (HS) and low-solids (LS) potato processing waste streams for
surfactin production by B. subtilis.

Materials and Methods

Potato Substrates

Potato process waste streams were obtained from a potato process-
ing plant in southeast Idaho. Two streams were tested for surfactin pro-
duction, including an HS and an LS stream. The HS waste was diluted 1:10
by weight with distilled water in the experiments, and the LS waste was
diluted 1:10 by volume with distilled water. The waste streams were
diluted to make a workable slurry for each. Control experiments were
conducted using a purified potato starch (Sigma, St. Louis, MO), ren-
dered soluble by boiling in distilled water for 30 min. Table 1 presents
initial substrate data for the diluted potato process waste streams and the
purified potato starch control (PS).

Table 1
Substrate Characterization Data for Purified Potato Starch Control

and Potato Process Waste Streams as Used in the Experimentsa

Starch source

Purified potato 1:10 HS 1:10 LS
Carbon source (g/L) starch medium (PS) effluent effluent

Glucose 0.009 0.016 0.44
Soluble starch 4.88 4.69 14.6
Insolubles (starch + other) 0.001 16.2 6.57

aConcentrations are after autoclaving. HS and LS designations are based on the wt% of
insolubles present.
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Cultures and Maintenance of Bacterial Strains

B. subtilis 21332 was obtained from the American Type Culture Collec-
tion (Manassas, VA). Several generations of cells were grown in mainte-
nance broth (25), and –80°C freezer stocks were prepared as previously
described (25). Seed inocula were prepared from the freezer stocks by add-
ing one thawed tube of cells (2 mL) to 50 mL of Difco (Detroit, MI) nutrient
broth and incubating for 18–24 h at 30°C and 150 rpm. The pH 6.0 nutrient
broth (26) contained 5.0 g/L of pancreatic digest of gelatin and 3.0 g/L of beef
extract. Typical seed cultures contained 4.0 ± 0.6 × 108 cells/mL at the end of
the incubation period.

Experimental Procedures

Controls
Controls for surfactin production included abiotic and biotic controls

using purified starch as carbon source in an optimized medium. In each
case, the pH 7.0 medium (PS) contained 5.0 g/L potato starch and trace
minerals as follows: 0.396 g/L (NH4)2HPO4, 0.015 g/L FeSO4·7H2O,
0.00196 g/L MnSO4·H2O, 0.197 g/L MgSO4·7H2O, 0.0010 g/L CaCl2·2H2O,
5.678 g/L Na2HPO4, and 4.08 g/L KH2PO4. In each case, the medium was
sterilized by autoclaving at 121°C for 20 min. Abiotic purified starch
controls (A-PS) were not inoculated, whereas biotic purified starch controls
(B-PS) were inoculated to 1 vol% with B. subtilis seed inoculum (see below
for inoculation procedure).

After autoclaving of 1:10 diluted LS effluent (see below), it was
observed that indigenous spore formers in the effluent survived the auto-
claving. Since repeated autoclaving would degrade the starch and also be
uneconomical in practice, we decided to include controls with LS medium
diluted 1:10, pH 7.0, to test the effects of heat treatment on the competitive-
ness of inoculated B. subtilis with the indigenous microbes. The controls
included an “abiotic” LS effluent control (A-LS) that was autoclaved but
not inoculated with B. subtilis, and a “biotic” LS effluent control (B-LS) that
was not autoclaved but was inoculated to 1 vol% with B. subtilis seed
inoculum.

Effluents
All effluent-based media were initially adjusted to pH 7.0. The three

media containing HS effluent were prepared with 10 wt% of process HS
(wet cake as received from the potato processor) as the carbon source.
Experiments were performed using inoculated unamended HS, inoculated
HS containing trace minerals at the same levels as in PS medium (HS-M),
and inoculated HS containing corn steep liquor (CSL) at 5 vol% (HS-CSL).
The three media containing LS waste were prepared with 10 vol% of pro-
cess LS (sludge as received from the potato processor) as the carbon source.
Experiments with LS included inoculated unamended LS (LS), inoculated
LS containing trace minerals at the same levels as in PS medium (LS-M),
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and inoculated LS containing CSL added at 10 vol% (LS-CSL). Each effluent
medium was autoclaved for 20 min at 121°C before use.

The batch tests were performed in triplicate in 250-mL Erlenmeyer
flasks on a gyratory shaker at 30°C, 150 rpm, for 72 h. Each flask initially
contained 125 mL of medium and was inoculated with 1.25 mL (1 vol%) of
B. subtilis seed inoculum to begin the experiment. Homogeneous 8-mL
samples were withdrawn at approx 0, 4, 8, 12, 24, 48, and 72 h for analysis.
Five milliliters of each sample were frozen at –80°C in a tared tube for
analyses of surface tension and insolubles. The absorbance at 550 nm was
measured on the remaining 3 mL or the appropriate dilution, using the
appropriate medium blank for each. Cells were then removed by centrifu-
gation for 3 min at 5000g. The supernatant was transferred to a clean tube,
sealed, and stored at 4°C for glucose and soluble starch analyses.

Analytical Methods
Cell Numbers

Cell numbers in serial dilutions of a stationary phase seed culture
were determined using direct count techniques. The absorbances at 550 nm
of these dilutions were then measured. A linear relationship between cell
number and the absorbances at 550 nm was derived using linear regression
and used to estimate cell numbers in actively growing culture samples.
After the initial absorbance measurement, each actively growing culture
sample dilution was then filtered through a 0.22-µm membrane, and its
absorbance was measured again to provide the blank for its respective
reading.

Substrate Concentrations
GLUCOSE

Glucose was measured using a YSI Model 2700 Glucose Analyzer
(Yellow Springs Instrument, Yellow Springs, OH). Samples were first cen-
trifuged for 3 min at 5000g to remove cells and particulates.
SOLUBLE STARCH

Soluble starch was estimated using the phenol-sulfuric acid assay for
total carbohydrates (27). Soluble starch, assumed to be linear, was esti-
mated from the total reducing carbohydrate concentration and the glucose
concentration as follows:

Soluble Starch (g/L) = [Total Carbohydrates (g/L) –
Glucose (g/L)] × (162 g/mol)/(180 g/mol)

The ratio 162/180 accounts for the loss of one water molecule per
glucose molecule as free glucose is polymerized to starch.
INSOLUBLES

The 5-mL frozen samples were thawed, mixed, and centrifuged for
8 min at 5000g. The supernatant was used for surface tension measurement,
and the pellet (containing starch particles, cells, and other solids) was refro-



Biosurfactants from Potato Waste 921

Applied Biochemistry and Biotechnology Vol. 84–86, 2000

zen at –80°C and lyophilized to dryness. The estimated weight of cells in
each sample was then subtracted from the pellet weight, assuming an
average per-cell mass (28) of 10–12 g/cell. The estimate for insolubles (starch
plus other solids) was calculated by difference, recognizing that small
amounts of water-soluble solids would also have carried over from water
entrained in the insolubles.

SURFACE TENSION

Surface tensions were measured by video image analysis of inverted
pendant drops as previously described (29). All measurements were made
on cell- and solid-free supernatants obtained by centrifugation.

SURFACTIN ISOLATION AND CRITICAL MICELLE CONCENTRATION

Surfactin was isolated by precipitation (30), except that the crude
powder was not washed with methylene chloride or filtered. The pH of the
cell-free supernatant was adjusted to 2.0 by addition of concentrated HCl,
precipitating the surfactin. The precipitate was collected by centrifugation,
resuspended in nanopure water, and its pH adjusted to 7.0. The suspension
was then frozen at –80°C and quantitatively lyophilized to dryness. The
crude lyophilized powder was then used to estimate the Critical Micelle
Concentration (CMC), in nanopure water, as previously described (31,32).

FOURIER TRANSFORM INFRARED SPECTROSCOPY

To confirm the presence of surfactin in the cultures, Fourier Transform
Infrared Spectroscopy (FTIR) spectra of purified surfactin (Sigma; cat. no.
S3523) and the crude precipitate from an LS culture were measured using
a Nicolet (Madison, WI) Magna 750 FT-IR spectrophotometer equipped
with an MCT-B (HgCdTe midband) detector. Transmission FTIR spectra of
the pellets were averaged from 50 scans measured from 4000 to 400 cm–1

with 4-cm–1 resolution. A KBr background spectrum was subtracted from
each spectrum. Measurements were performed on KBr wafers containing
2.5 wt% of pure surfactin or 3.8 wt% of crude precipitate in KBr, respectively.

Results

Cell Growth

No growth was seen in A-PS controls. Cell numbers in the B-PS control
lagged behind those in B-HS and B-LS cultures regardless of additions.
The B-PS control exhibited a 4- to 8-h lag, a characteristic not seen in either
the HS or LS cultures. The B-LS control began with a much higher initial cell
number than the other media, whereas the A-LS control started with a
substantial initial cell count even though it had been autoclaved. All cul-
tures were in late log phase at 12 h, and stationary phase was reached by
24 h. Table 2 presents specific growth rates for all media.

The LS media gave higher initial growth rates and a higher cell num-
ber at stationary phase than the other media. The addition of mineral salts
to HS slightly increased cell growth, whereas addition to LS slightly



922 Thompson, Fox, and Bala

Applied Biochemistry and Biotechnology Vol. 84–86, 2000

decreased growth rates; the final cell number in each case was the same as
that seen with unamended media, on the order of 109 cells/mL.

Substrates

Table 3 presents time courses of the carbohydrates in the B-PS, B-LS,
LS, and HS cultures; included are glucose, soluble starch, and estimated
insolubles. There were few qualitative differences in the time courses in
the amended cultures; all differences correspond with slightly higher
growth rates.

Glucose

B-PS controls contained essentially no free initial glucose. LS cultures
contained about 0.5 g/L of initial glucose, except for the LS-CSL culture,
which contained nearly 2 g/L of glucose from added CSL. HS cultures
contained very little free glucose, with the exception of the HS-CSL culture.
Glucose accumulation in all biotic cultures began near the onset of station-
ary phase, with the exception of CSL-amended cultures. In these cultures,
glucose remained constant and decreased to near zero at 72 h.

Soluble Starch

B-PS controls initially contained all soluble starch. LS cultures con-
tained about 14 g/L of initial soluble starch. The LS-CSL culture showed a
calculated value of soluble starch of 22 g/L, indicating 9 g/L of reducing

Table 2
Specific Growth Rates During Log Phase Growtha

 Culture Inoculated Medium
mediumb Autoclaved with B. subtilis addition µ (h–1)

A-PS Yes No Control 0.000
B-PS Yes Yes Control 0.100
A-LS Yes No None 0.085
B-LS No Yes None 0.418
HS Yes Yes None 0.272
HS-M Yes Yes Minerals 0.341
HS-CSL Yes Yes CSL 0.436
LS Yes Yes None 0.447
LS-M Yes Yes Minerals 0.406
LS-CSL Yes Yes CSL 0.529

aLog phase ended in the 8- to 12-h range. Growth rates (µ [h–1]) shown are for total
bacteria in the cultures. The A-LS rate (autoclaved) is thus for indigenous bacteria from
spores, and the unautoclaved B-LS rate is for inoculated B. subtilis and indigenous bacteria.
PS media are pure cultures of B. subtilis, and all others are autoclaved, inoculated cultures.

bA-PS, Abiotic purified starch control; B-PS, biotic purified starch control; A-LS, “abiotic”
LS effluent control; B-LS, “biotic” LS effluent control; HS, HS effluent medium; HS-M, HS
medium with minerals added; HS-CSL, HS medium with CSL added; LS, LS effluent
medium; LS-M, LS medium with minerals added; and LS-CSL, LS medium with CSL added.
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sugars was added in the CSL (added to 10 vol%). HS cultures initially
contained 4 to 5 g/L of soluble starch. The HS-CSL culture showed a calcu-
lated value of soluble starch of 7.5 g/L, indicating 4 g/L of reducing sugars
was added in the CSL (5 vol%). Finally, the B-LS control contained about
the same initial level of soluble starch as the other LS media.

Soluble starch consumption in the B-PS control indicates that glucose
accumulation after the onset of stationary phase was due to starch degra-
dation. Soluble starch stayed essentially constant as cell numbers increased,
and then dropped quickly to zero. HS media showed similar trends in all
cases, except that the soluble starch concentration did not drop completely
to zero over the course of the 72 h. LS media exhibited similar trends.
All CSL-amended media deviated from these trends, presumably because
of the large amount of free glucose and nonglucose reducing sugars added
in the CSL.

Insolubles
In all cases the correction applied to the lyophilized dry weight to

subtract the cells was negligible. The B-PS control initially contained no
insoluble starch, although a measurable amount of insoluble material (after
subtraction of cell mass) remained in samples after freezing. HS media
contained an estimated 16 to 17 g/L of insolubles, and addition of 5 vol% CSL

Table 3
Time Courses of Starch-Related Substrates

for B-PS, B-LS, and HS and LS Effluent Mediaa

Concentration (g/L)

Culture medium 0 h 4 h 8 h 12 h 24 h 48 h 72 h

Glucose
B-PS 0.009 0.003 0.005 0.002 0.005 0.379 0.452
B-LS 1.29 1.15 0.945 0.267 0.251 0.223 0.045
HS 0.0160 0.0010 0.0093 0.0090 0.161 0.398 0.260
LS 0.440 0.442 0.473 0.543 1.80 1.19 0.0330

Soluble starch
B-PS 4.88 4.67 4.83 4.63 4.40 0 0
B-LS 18.9 18.4 21.6 14.7 6.14 10.4 6.25
HS 4.69 4.65 5.30 4.64 4.04 3.46 3.62
LS 14.6 14.4 14.5 15.4 9.64 0 0

Estimated
insolubles

B-PS 0.001 2.67 3.00 0.598 1.35 0.268 1.01
B-LS 12.2 6.59 6.00 6.51 6.34 3.92 4.52
HS 16.2 6.78 6.18 5.89 4.96 4.22 3.45
LS 6.57 4.10 3.63 3.56 4.42 3.27 4.12
aAll media except B-LS were autoclaved before use. Differences in B-LS and LS media at

time zero are attributed to this and to variations in process effluent composition from month
to month. Refer to Table 2 for abbreviations.
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added another 18 to 19 g/L of insolubles. LS media initially contained
about 7 g/L of insolubles, and addition of 10 vol% CSL increased the
insolubles content of the medium to 35 g/L. This value is similar to that
from the HS-CSL medium, indicating either that there was incomplete
mixing of the CSL before addition to the diluted HS effluent or that the
sampling of those flasks was not homogeneous.

The HS and HS-M cultures also showed some degradation of insoluble
starch over the course of the reaction. The insolubles dropped to about
5 g/L about 8–12 h into the experiments. Similar results were observed
with LS and LS-M media. The amount of insolubles left on entering station-
ary phase in the LS media essentially matched that seen in HS media, sug-
gesting that the remaining solid may not be starch or that it may be starch
that is difficult for the cells to degrade.

Fourier Transform Infrared Spectroscopy

Figure 1 shows the FTIR spectra of purified commercial surfactin and
the LS crude precipitate. It is clear from these spectra that the biosurfactant
produced was surfactin. The FTIR spectrum of the crude precipitate was
not as sharp as that of the purified surfactin because of impurities.

Surface Tension

Table 4 presents the surface tensions of the cultures at 0, 24, and 72 h,
along with crude surfactin yields and CMCs. Surfactant was produced only

Fig. 1. Transmission FTIR spectra of purified commercial surfactin (Sigma) and the
crude precipitate from the LS experiment. ppt., precipitate.
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Fig. 2. Time courses of measured culture parameters for the LS culture.
(�) Soluble starch; (�) insoluble starch; (∆) glucose; (�) cells/mL; (�) surface tension.

when B. subtilis was added to the cultures, and in the effluent media only
when the media were autoclaved before use. The addition of trace minerals
to the potato process effluents had little effect on surfactin production.
The addition of CSL lowered surfactin production for both effluents. LS efflu-
ent was clearly a better substrate for surfactin production than HS effluent.
The optimized B-PS control, however, produced an estimated threefold
more surfactin per gram of carbohydrate carbon consumed than did the
LS, at 0.0156 vs 0.050 g/g. These yields were estimated from the carbo-
hydrate consumption data in Table 3, amounts recovered of crude precipi-
tates, and the ratios of the pure surfactin Critical Micelle Concentrations
(0.025 g/L) (19) and crude precipitate Critical Micelle Concentrations (Table 4).
Note that changes in insolubles concentrations were presumed to be from
starch hydrolysis for the purpose of these calculations. Adding PS medium
levels of minerals to the LS to produce the LS-M medium increased this
yield to only 0.062 g/g. Adding CSL decreased surfactin yield.

Figure 2 presents time courses of all parameters for the LS culture.
It is clear that the initial production of surfactin in the cultures was growth
associated, because the minimum surface tension occurred near the onset
of stationary phase. Once the Critical Micelle Concentration was reached,
further increases in surfactin concentration would not result in lowered
surface tension. In Fig. 2, the Critical Micelle Concentration of the crude
precipitate was reached at the point of attainment of minimum surface
tension. The final concentration (3600 ppm) listed in Table 4 was measured
at 72 h. Thus, it is not possible to attribute surfactin production in excess of
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the Critical Micelle Concentration to growth or stationary phase, although
production in late growth phase has been shown in the literature (24,30,32).

Discussion

B. subtilis 21332 grew on all three potato substrates, regardless of
additions of exogenous nutrients. Growth rates were higher in all HS- and
LS-based media vs the B-PS control, and LS slightly outperformed the HS
medium with respect to cell growth. Growth rates were marginally higher
with added nutrients. However, the higher growth did not translate into
lower surface tensions. In fact, the addition of CSL had a detrimental effect
on surfactin production, whereas the addition of trace minerals had no
effect on surface tensions. It is possible that the higher rates of growth seen
in the LS media were due to higher initial amounts of free glucose present
and to growth of contaminating indigenous bacteria. Indeed, LS media had
an initial free glucose concentration of 0.44 g/L and outgrew the control.
However, the HS media also outgrew the purified starch control but
had only a little more free glucose in the medium than did the PS control.
The addition of CSL did not affect the growth rates as much as expected.

Through the first 4–12 h of culture, the cells grown on each medium
(except B-PS, which had a lag phase) were in log phase growth. It has been
reported that the onset of surfactin production is in the mid-to-late log
phase (24,30,32), which we observed here. The growth rates on each
medium would be expected to correspond to higher substrate utilization
rates, and stationary phase would be expected to be reached near the time
of substrate depletion. The final surfactant concentrations at 72 h were in
all cases well in excess of their Critical Micelle Concentrations, whereas the
minimum surface tensions were reached (which indicates that the Critical
Micelle Concentrations were reached) near the onset of stationary phase.
Thus, the bulk of the surfactant was produced in the late log phase or
stationary phase. In all cases, most of the soluble starch degradation
occurred during the stationary phase, whereas insoluble starch was
degraded during the log phase. Glucose levels increased early in the sta-
tionary phase and declined after the soluble starch was depleted. This sug-
gests that the free glucose content of the medium limited both early cell
growth and later surfactin production. This behavior is illustrated for the
LS culture in Fig. 2.

It is clear from the substrate utilization data that B. subtilis can express
its α-amylase in these media. In all three media, B. subtilis was able to
solubilize efficiently the insoluble starch and hydrolyze soluble starch to
free glucose. The CSL-amended media deviated from this, perhaps because
of the high initial concentration of free reducing sugars added in the CSL.
Given this, it is likely that amylase production was inhibited by the carbo-
hydrates added in the CSL. This was demonstrated in the experiments,
since the CSL-amended media for both HS and LS exhibited higher initial
growth rates than the other media (Table 2), but lacked the late glucose
accumulation characteristic of amylolytic activity (data not shown).
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These tests show that if the medium is first heat treated by autoclav-
ing, the B. subtilis inoculum can compete, to some extent, for resources with
germinating spores that survive, and produce surfactin. However, the
spores that survive the heat treatment can germinate and grow substan-
tially. This is clearly demonstrated by comparing the surfactin yields per
gram of carbohydrate carbon consumed. When the B. subtilis cells were
allowed to grow to high cell numbers on LS medium, surfactin was pro-
duced and the pH of the culture remained near 7.0 (data not shown). How-
ever, in the absence of added B. subtilis, when indigenous cells began to
grow, the pH of the culture quickly dropped to 4.0 to 5.0 (data not shown),
even 1 d after heat treatment. Without heating the medium to kill vegeta-
tive indigenous cells, the B. subtilis inoculum could not compete with the
indigenous microbes. It is probable that the indigenous cells growing along-
side B. subtilis consumed extra carbohydrate carbon and decreased the
yields. This is shown by the B-LS culture, which was not autoclaved but was
inoculated with B. subtilis.

Although it is suggested by the data, whether surfactin yields from LS
effluent would increase to the level seen with PS medium if the indigenous
cells and their spores were completely killed before inoculation with B. subtilis
is not clear. It is improbable that cells growing at <25% of the rate seen in the
LS culture (compare to the A-LS control in Table 2) could consume enough
carbon to lower the surfactin yield by 66%. The addition of B-PS control levels
of minerals to the LS effluent only slightly increased the yields from LS efflu-
ent, indicating a near-constant drain on the carbohydrate pool. This may
indicate that the added minerals were consumed by the contaminating bac-
teria rather than by B. subtilis, or that there was simply no effect on the growth
of either. This will be an important consideration because the value of the lost
surfactin production could potentially be outstripped by the cost of complete
sterilization of the medium, depending on the end use.

Conclusion

LS potato process effluents offer promise as carbon and nutrient
sources for surfactin production by B. subtilis. The addition of CSL not only
inhibited starch hydrolysis but also greatly lowered surfactin production.
The addition of minerals to the medium had little effect on surfactin pro-
duction from LS or HS potato process waste. The HS waste stream did not
work as well for surfactin production and is not recommended for a
surfactin production substrate. Heat treatment to kill vegetative indigenous
cells was necessary to achieve surfactin production from both LS and HS
effluents. However, the use of the effluents without complete sterilization,
thereby allowing contaminating bacteria to remain, reduced the surfactin
yield from the starch by 66% or more. Depending on the economics and the
end use of the surfactin, complete sterilization may be unnecessary or
economical.



Biosurfactants from Potato Waste 929

Applied Biochemistry and Biotechnology Vol. 84–86, 2000

Acknowledgments

We wish to thank Rick Scott for performing the surface tension
measurements and Robert V. Fox for performing the FTIR measurements.
This work was supported by the U.S. Department of Energy, Assistant
Secretary for Fossil Energy, Office of Fossil Energy, under contract number
DE-AC07-99ID13727.

References

1. Boldrin, B., Tiehm, A., and Fritzsche, C. (1993), Appl. Environ. Microbiol. 59, 1927–1930.
2. Stucki, G. and Alexander, M. (1987), Appl. Environ. Microbiol. 53, 292–297.
3. Thomas, J. M., Yordy, J. R., Amador, J. A., and Alexander, M. (1986), Appl. Environ.

Microbiol. 52, 290–296.
4. Miller, D. J., von Halasz, S.-P., Schmidt, M., Holst, A., and Pusch, G. (1991), J. Pet. Sci.

Eng. 6, 63–72.
5. Falls, A. H., Thigpen, D. R., Nelson, R. C., Ciaston, J. W., Lawson, J. B., Good, P. A.,

Ueber, R. C., and Shahin, G. T. (1994), SPERE 9, 217–223.
6. Khan, S. A., Pope, G. A., and Trangenstein, J. A. (1996), Trans. Porous Media 24, 35–79.
7. Volkering, F., Breure, A. M., Sterkenburg, A., and Van Andel, J. G. (1992), Appl.

Microbiol. Biotechnol. 36, 548–552.
8. Abdul, A. S., Gibson, T. L., and Rai, D. N. (1990), Ground Water 28, 920–926.
9. Ang, C. C. and Abdul, A. S. (1991), Ground Water Monitoring Rev. 11, 121–127.

10. Ellis, W. D., Payne, J. R., and McNab, G. D. (1985), EPA/600/S2-85/129, United States
Environmental Protection Agency, Office of Research and Development, Washing-
ton, DC.

11. Rudolph, P. (1989), in Aquatic Toxicity Data Base, Federal Environmental Agency,
Berlin.

12. Schröder, H. F. (1993), J. Chromatog. 647, 219–234.
13. Georgiou, G., Lin, S. C., and Sharma, M. M. (1992), Bio/Technol. 10, 60–65.
14. Polman, J. K., Bala, G. A., and St. Clair, P. L. (1995), Appl. Biochem. Biotechnol. 51/52,

511–518.
15. Singer, M. E. (1985), Int. Biores. J. 1, 22–38.
16. Rocha, C. and Infante, C. (1997), Appl. Microbiol. Biotechnol. 47, 615–619.
17. Van Dyke, M. I., Gulley, S. L., Lee, H., and Trevore, J. T. (1993), J. Ind. Microbiol. 11,

163–170.
18. Zajic, J. E. and Seffens, W. (1984), CRC Crit. Rev. Biotechnol. 1, 87–107.
19. Rosenberg, E. (1986), CRC Crit. Rev. Biotechnol. 3(3), 109–132.
20. Peypoux, F., Bonmatin, J. M., and Wallach, J. (1999), Appl. Microbiol. Biotechnol. 51,

553–563.
21. Vater, J. (1986), Prog. Colloid Polym. Sci. 72, 12–18.
22. Lin, S.-C. (1996), J. Chem. Technol. Biotechnol. 66, 109–120.
23. Thomas, C. P., Duvall, M. L., Robertson, E. P., Barrett, K. B., and Bala, G. A. (1993),

SPERE 8, 285–291.
24. Fox, S. L., Brehm, M. A., Robertson, E. P., Jackson, J. D., Thomas, C. P., and Bala, G. A.

(1993), Dev. Petrol. Sci. 39, 143–150.
25. Gherna, P. and Pienta, P., eds. (1989), in American Type Culture Collection Catalogue of

Bacteria and Phages, 17th ed., American Type Culture Collection, Rockville, MD,
p. 403.

26. Atlas, R. M. (1993), in Handbook of Microbiological Media, Parks, L. C., ed., CRC Press,
Boca Raton, FL, p. 672.

27. Daniels, L., Hanson, R. S., and Phillips, J. A. (1994), in Methods for General and Molecu-
lar Bacteriology, Gerhardt, P., Murray, R. G. E., Wood, W. A., and Krieg, N. R., eds.,
American Society for Microbiology, Washington, DC, pp. 518, 519.



930 Thompson, Fox, and Bala

Applied Biochemistry and Biotechnology Vol. 84–86, 2000

28. Bailey, J. E. and Ollis, D. F. (1986), in Biochemical Engineering Fundamentals, 2nd ed.,
Verma, K. and Martin, eds., McGraw-Hill, New York, p. 5.

29. Herd, M. D., Lassahn, G. D., Thomas, C. P., Bala, G. A., and Eastman, S. L. (1992),
in Proceedings of the DOE Eighth Symposium on Enhanced Oil Recovery, SPE/DOE 24206,
Society of Petroleum Engineers, Inc., Tulsa, OK.

30. Cooper, D. G., McDonald, C. R., Duff, S. J. B., and Kosaric, N. (1981), Appl. Environ.
Microbiol. 42, 408–412.

31. Gerson, D. F. and Zajic, J. E. (1979), Process Biochem. 14, 20–29.
32. Sheppard, J. D. and Mulligan, C. N. (1987), Appl. Microbiol. Biotechnol. 27, 110–116.




