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Abstract The majority of polycyclic aromatic hydrocar-
bons (PAHs) sorb strongly to soil organic matter posing a
complex barrier to biodegradation. Biosurfactants can
increase soil-sorbed PAHs desorption, solubilisation, and
dissolution into the aqueous phase, which increases the
bioavailability of PAHs for microbial metabolism. In this
study, biosurfactants, carbon sources, and metabolic path-
way inducers were tested as stimulators of microorganism
degradation. Phenanthrene served as a model PAH and
Pseudomonas putida ATCC 17484 was used as the
phenanthrene degrading microorganism for the liquid
solutions and soil used in this investigation. Bench-scale
trials demonstrated that the addition of rhamnolipid
biosurfactant increases the apparent aqueous solubility of
phenanthrene, and overall degradation by at least 20%
when combined with salicylate or glucose in liquid
solution, when compared to solutions that contained
salicylate or glucose with no biosurfactant. However,

salicylate addition, with no biosurfactant addition, in-
creased the total degradation of phenanthrene 30% more
than liquid systems with only biosurfactant addition. In soil
slurries, small amounts of biosurfactant (0.25 g/L) showed
a significant increase in total removal when only bio-
surfactant was added. In soil slurries containing salicylate,
the effects of biosurfactant additions were negligible as
there was greater than 90% removal, regardless of the
biosurfactant concentration. The results of experiments
performed in this study provide further evidence that an in
situ enhancement strategy for phenanthrene degradation
could focus on providing additional carbon substrates to
induce metabolic pathway catabolic enzyme production, if
degradation pathway intermediates are known.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are present in
many contaminated soil sites, stemming primarily from the
use of oil and petroleum derivatives. PAHs significantly
accumulate in surface and subsurface soils and an increased
concentration can result in a highly toxic environmental
site, necessitating cleanup. To effectively accelerate the
removal of PAHs from contaminated soils a greater
understanding of not only the physical processes involved,
but the physiology, biochemistry, molecular genetics, and
microbial ecology of the degrading strains of microorgan-
isms is required (Chauhan et al. 2008). Consideration of the
biotic factors such as the production of toxic or dead-end
metabolites, metabolic repression, presence of preferred
substrates, and lack of co-metabolites or inducer substrates
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are all important in optimizing the overall efficiency of the
bioremediation process (Chauhan et al. 2008). The parti-
tioning and transport processes (sorption, desorption, and
dissolution) between the soil and water phases of both
contaminants and surfactants can also affect the overall
degradation of contaminants and understanding these
processes is central to developing an effective bioremediation
strategy (Kraaij et al. 2001; Laha et al. 2009; Mulder et al.
2001; Schlebaum et al. 1999; Wang and Keller 2008; Zhou
and Zhu 2005, 2007; Zhu and Zhou 2008).

Phenanthrene is a three-ring PAH that is commonly used
in laboratory research as an ideal PAH contaminant for the
study of various aspects of microbial metabolism and
physiology (Labana et al. 2007; Woo et al. 2004b). There
are several bacterial strains that are capable of degrading
phenanthrene aerobically, and the more commonly identi-
fied strains are Pseudomonas sp., Rhodococcus sp.,
Mycobacterium flavescens, Mycobacterium sp., Flavobac-
terium sp., Beijerinckia sp., and Burkholderia cepacia
which are capable of using phenanthrene as the sole carbon
source and growth substrate (Cerniglia 1993; Chauhan et al.
2008 ; Samanta et al. 1999). Phenanthrene has two potential
degradation pathways that have been established based on
the bacteria present. Both pathways share the same
common upper route and are initiated by the double
hydroxylation of a phenanthrene ring by a dioxygenase
enzyme. After a series of steps 1-hydroxy-2-naphthoic acid
remains, and is degraded by one of the two routes termed
the lower pathways (Prabhu and Phale 2003). The lower
pathways consist of two separate routes for degradation
depending on the enzymes that are present in the bacteria.
In route one, 1-hydroxy-2-naphthoic acid is degraded via
the naphthalene pathway to salicylate and then further
metabolized via the formation of catechol or gentisic acid,
while route two uses the phthalate pathway. Both naphtha-
lene and phenanthrene share a common upper metabolic
pathway and organisms that degrade phenanthrene via route
one have the ability to degrade naphthalene, salicylate, and
catechol (Kiyohara et al. 1994; Prabhu and Phale 2003;
Samanta et al. 1999). Understanding the metabolic pro-
cesses that are involved in the degradation of phenanthrene
is important when determining how additions, such as, of
biosurfactant or salicylate will influence microbial activity,
and these processes are often not addressed in studies that
report findings due to amendment additions.

A biostimulation strategy can enhance the intrinsic
biodegradation rate of target compounds by the addition
of one or more known pathway intermediate catabolites.
These are usually produced by the bacteria when mineral-
izing a contaminant and they stimulate growth, enzymatic
expression, and ultimately increase the biodegradation of
PAHs (Cho et al. 2006; Ogunseitan and Olson 1993). Most
information about PAH metabolism has been derived from

the study of naphthalene catabolic plasmids in Pseudomo-
nas putida G7 (Yen and Serdar 1988). The naphthalene
(upper pathway) and salicylate (lower pathway) degrada-
tion genes located in the NAH7 catabolic plasmid in
Pseudomonas sp. are regulated by salicylate induction of
both operons (Eaton and Chapman 1992; Platt et al. 1995).
Salicylate is the third intermediate formed in the degrada-
tion of naphthalene and it is also an intermediate formed in
the degradation of phenanthrene for bacteria that degrade
phenanthrene via the naphthalene pathway. A number of
studies have used salicylate as a pathway inducer to
enhance initial rates of naphthalene and phenanthrene
removal (Basu et al. 2009; Chen and Aitken 1999; Lee et
al. 2005, 2003; Powell et al. 2008; Woo et al. 2004a). Chen
and Aitken (1999) showed that salicylate addition greatly
enhanced removal of fluoranthene, pyrene, benz[a]anthra-
cene, chrysene, and benzo[a]pyrene, all of which are high
molecular weight PAHs that the strain Pseudomonas
saccharophila P15 could not use as a sole carbon for
growth. This showed that high molecular weight PAH
metabolism by this organism is induced by salicylate. Lee
et al. (2005) saw phenanthrene degradation rates 3.5-fold
higher with B. cepacia PM07 compared to the rates
achieved without salicylate addition in aqueous solutions.
They also saw a decrease in phenanthrene removal with the
addition of glucose (Lee et al. 2005). Basu et al. (2009)
determined that P. putida CSV86 preferentially utilized
aromatics over glucose and co-metabolized them with
organic acids, indicating that intermediate metabolites
enhance the mineralization rate of PAHs more effectively
than additional carbon sources (Basu et al. 2009). In other
studies, Cho et al. (2006) saw up to a 12-fold increase in
the degradation of target chemicals per equivalent cell
mass with the addition of various intermediate metabolites
into solution. Woo et al. (2004a) saw up to a threefold
increase in phenanthrene degradation using salicylate in
soil water systems; however, addition of triton X-100
exhibited inhibitory effects towards total phenanthrene
mineralization.

Other substances such as 1-hydroxy-2-naphthoate, cate-
chol, and pyruvate have also shown their potential as
effective pathway inducers to enhance in situ bioremedia-
tion (Basu et al. 2009; Cho et al. 2006). However
synergistic effects of multiple amendment additions includ-
ing pathway inducers, and comparisons between effective
amendments have been narrowly studied. This can help
determine both the optimal enhancement strategy, and
determine what processes are rate-limiting in a given
system depending on what amendment, or combination of
amendments, improve the overall biodegradation of a given
contaminant. Most research involving pathway inducers
performed the experiments in the presence of surfactant to
ensure the phenanthrene was completely soluble. There are
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also limited studies available that document the applicability
of salicylate and additional amendments in enhancing
degradation in soil–water systems, where the contaminant is
sorbed to soil organic matter, posing an added complexity to
understanding the processes that are responsible for a
successful enhancement strategy.

Amendments including rhamnolipid biosurfactant, glu-
cose, and salicylate, were used in this study to compare and
identify what strategies could be most beneficial to
enhancing biodegradation. Phenanthrene served as a model
PAH and P. putida ATCC 17484 was used as the
naphthalene and phenanthrene degrading microorganism
for the liquid solutions and soil slurries used in this
investigation. Amendments were designed to increase
contaminant bioavailability, act as a metabolic pathway
inducer, and enhance microbial degrading activity. To fully
understand the interactions between biodegradation,
amendments, organic matter, and soil, each process was
isolated and independently evaluated in liquid cultures
and soil slurries to determine the specific processes that
are responsible and can be used for enhanced in situ
biodegradation.

Materials and methods

Chemicals and biosurfactant

HPLC-grade acetonitrile, hexane, and acetone were pur-
chased through Biolab New Zealand and supplied by
Mallinckrodt Baker. Naphthalene technical crystals were
obtained from B.D.H., London, England and from Ajax
Finechem, Auckland, New Zealand. Salicylic acid crystals
were from B.D.H., London, England. Phenanthrene crystals
were >96% purity HPLC-grade and were supplied by
Sigma Aldrich. Biosurfactant was purchased from Jeneil
Biosurfactant Co., LLC Saukville, Wisconsin, USA. The
biosurfactant is a glycolipid produced by Pseudomonas
aeruginosa with the trademark name JBR 425. Biosurfac-
tant stock solution contained a 25% solution of Rhamno-
lipids Rha-C10-C10 (termed R1 or RLL) with the molecular
formula C26H48O9 and Rha-Rha-C10-C10 (termed R2 or
RRLL) with the molecular formula C32H58O13.

Bacteria, media, and cultivation procedure

The microorganism used in this study was obtained from
the American Type Culture Collection (ATCC). P. putida
ATCC 17484 was purchased through Cryosite Distribution
in Australia. This isolate is chemoheterotropic, and is from
biotype B which is cited to degrade naphthalene. P. putida
is a gram-negative rod-shaped flagellated bacterium. For
shorter storage periods, nutrient agar plates inoculated with

bacteria cultures were kept at 4 °C and were re-streaked
onto fresh agar every 2 weeks from a single colony.

All experiments, unless otherwise noted, were carried
out using DifcoTM Bushnell-Hass Broth (BHB) as the
nutrient supply. It contains no carbon source, but provides
the trace elements magnesium sulfate (0.2 g/L), calcium
chloride (0.02 g/L) monopotassium phosphate (1.0 g/L),
diammonium hydrogen phosphate (1.0 g/L), potassium
nitrate (1.0 g/L), and ferric chloride (0.05 g/L). BHB uses
monopotassium and diammonium hydrogen phosphate to
buffer the growth media, in an initial pH of 7.0 at 25 °C.
BHB was mixed by dissolving 3.27 g in 1 L and
autoclaving for 15 min at 121 °C according to manufac-
turer’s instructions. Other solutes that were used include
glucose (glucosa 1-hidrato) and sodium chloride reagent
grade, both supplied by Panreac and Scharlav, Spain.

The liquid cultures used to inoculate all aqueous phases
and soil slurries were prepared by transferring a single
bacteria colony from a previously cultivated plate, to 125-
or 250-mL Erlenmeyer flasks with 50–100 mL of sterilized
medium. Flasks were then placed on a rotary shaker at
200 rpm and maintained at 25–30 °C overnight (12–20 h)
until the bacteria reached an OD600 of 1.0 to 2.0, indicating
that they had reached their late exponential growth phase
based on previously established growth curves. Standard
inoculant growth media were a BHB broth with glucose
as per minimal media of 2 g/L. After overnight growth,
bacteria were transferred to sterile centrifuge tubes and
spun at 4,000×g for 5 min, the supernatant was then
poured off, and cells were re-suspended in 0.85% saline
(w/v) at room temperature. This process was repeated
before trials were performed to remove residual broth or
carbon sources. Finally, cells were concentrated to an
OD600 of 2.0 and used as the inoculant for the degradation
trials.

The plate count method was used routinely in all
experiments as a means of enumeration of the viable
bacteria present. This method involved performing serial
dilutions and plating the dilution series to obtain a dilution
of 10–100 colony-forming units (cfu), which then can be
accurately enumerated visually. Optical density (OD) at
600 nm was also used as an indicator of cell density in
solution. A standard curve for OD600 and the density of
cells per milliliter was constructed to calibrate the absor-
bance value and obtain comparisons between readings.

Soil contamination and extraction

Soil was obtained from a laboratory supply (original
location unknown) that was approximately 90% well-
graded sand (<2 mm) and 10% silt, with an organic content
of 2.15% determined using the loss on ignition test method
ASTM D2974-87. Soil was sterilized by autoclaving at

Appl Microbiol Biotechnol (2010) 86:1563–1571 1565



120 °C in 100 g batches three times, after which the soil
samples were plated on nutrient agar plates to ensure
continued sterility. One kilogram of sterile dry soil was
placed in 1-L shot bottles and spiked with 500 mg of
phenanthrene dissolved in approximately 500 mL of
acetone to achieve a final soil contamination of 500 mg/kg.
The soil was shaken vigorously for 5 min to promote
homogeneous distribution of phenanthrene in the soil. The
amount of acetone added was sufficient to completely saturate
the soil. Acetone was then evaporated by allowing the
sample to rest for 3 days at 30 °C under a fume hood.
The contaminated soil was aged between 2 weeks and
1 month before each experiment, with no losses due to
volatilization detected.

Phenanthrene extraction used two grams of soil with
10 mL of solvent [soil:solvent ratio of 1:5 (w/v)] in 10 mL
glass tubes with Teflon-lined screw caps. Acetone was
added to the sample which was disrupted by vortexing for
2 min and phenanthrene extracted for 1 h in a Sonic Bath
(Sonicator Instrument Corporation N.Y Model SC-120). The
contents in the tube were mixed overnight on a horizontal
shaker table at room temperature between 22–27 °C. Samples
were centrifuged for 10 min at 4,000 rpm, and 1 mL of
supernatant collected with a glass syringe. This liquid was
filtered through a 0.2 μm polytetrafluoroethene (PTFE)
filter into 2 mL amber vials with PTFE-lined screw caps.
These were analyzed for phenanthrene concentration by
high-performance liquid chromatography (HPLC). Two
grams of the same soil were weighed and placed into a
furnace at 104 °C for 1 h to determine the dry weight.
Results presented are on a dry weight basis. Moisture
content in the soil did not appear to change the extraction
results.

Experimental procedures

Degradation trials in liquid media were conducted in 10 mL
sterilized glass tubes with Teflon-lined screw caps. Naph-
thalene, phenanthrene, and salicylic acid were first dis-
solved in acetone, and added to the sterile glass tubes, and
the acetone was allowed to evaporate prior to the addition
of the liquid media. Two milliliters of sterile liquid media
containing BHB as the nutrient source to which glucose or
biosurfactant (depending on the test conditions) had been
added were left to equilibrate overnight. Tubes were then
inoculated with a 1 to 100 dilution (20 μL in 2 mL, total
volume of 2.02 mL) from harvested cell suspensions. The
samples were incubated at 28 °C on a shaker table at
200 rpm, and every 24 h, three tubes for each trial were
removed and examined. Live cell numbers were determi-
nation by drawing off 10 μL from each sample and using
the serial dilution plate count method. Phenanthrene or
naphthalene concentration was determined by solvent

extraction through the addition of 2 mL of hexane to each
tube and vortexing for 2 min. Samples were then allowed to
stand for 1 h until the water and hexane phases separated
and then samples were centrifuged at 2,000 rpm for 10 min.
One milliliter of the supernatant was drawn off and placed
in an amber 2-mL vial with PTFE-lined screw cap for
determination of total phenanthrene or naphthalene concen-
tration by HPLC analysis. All tests were conducted in
triplicate with uninoculated controls to monitor the volatil-
ization losses of contaminates, total recovery of contami-
nant, and ensure that sterility was maintained throughout
the experiment.

Degradation trials in soil slurries were conducted in
125-mL Erlenmeyer flasks which were capped with tinfoil
during the experiments. Five grams of 500 mg/kg phenan-
threne contaminated soil were added to the flasks along with
50 mL of liquid media for a soil to water ratio of 1:10. Flasks
were inoculated with a 1 to 100 dilution (0.5 mL in 50 mL)
from the harvested cell suspensions to achieve a cell
density of 1×107 cells/mL of liquid or 1×108 cells/g of
soil. On days 4, 7, and 10, samples were collected from
the flasks to determine the amount of phenanthrene in
solution and number of live bacteria. Determination of cell
number was accomplished by drawing off 10 μL and
using the serial dilution plate count method. Phenanthrene
in suspension was determined by drawing off 1 mL of
liquid from each flask into 2 mL amber HPLC vials. One
milliliter of acetone was added to stop degradation
activity, and bring all phenanthrene into the soluble phase
for detection by HPLC. Four uninoculated controls were
also run with the experiment to determine the recovery
efficiency of the soil extraction, to determine the amount
of phenanthrene in the solution phase during each
sampling period, to ensure sterility, and to serve as a base
of comparison for the results.

Analytical methods

HPLC equipped with a Dionex P580 pump, Dionex ASI-
100 Automated Sample Injector, Dionex UVD340S UV
detector and a Phenomenex C18 Column (150×4.6 mm),
was used for the detection of naphthalene and phenan-
threne. HPLC analysis was performed isocratically with a
mobile phase of 30% water and 70% acetonitrile at a flow
rate of 1.5 mL/min to elute the column, using a sample
injection volume of 10 μL. The optimal UV detection
wavelengths were found to be 220 and 250 nm for
naphthalene and phenanthrene, respectively; these wave-
lengths gave the greatest response height and area, and
allowed for detection limits below 0.01 mg/L for phenan-
threne and 0.1 mg/L for naphthalene. Chromeleon Client
Version 6.80 by Dionex Corporation was used for data
collection and analysis.
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Results

Phenanthrene degradation in liquid cultures

Phenanthrene degradation took place in all systems over a
46-h period, with the addition of BHB broth and/or
biosurfactant (1.0 g/L), salicylate (100 mg/L), and glucose
(100 mg/L; Fig. 1). Increased removal of phenanthrene
occurred in systems which contained salicylate, showing a
3.5-fold increase in removal compared to no amendment
addition. Glucose addition showed a 1.8-fold increase in
removal compared to no amendment addition. The addition
of biosurfactant enhanced the amount of degradation in all
systems with 1.5- to 2.6-fold increase in phenanthrene
removal versus equivalent systems with no biosurfactant
addition.

Bacterial uptake of solubilized compounds is hypothe-
sized to be influenced by biosurfactants, as the uptake of
biosurfactant-solubilized molecules has been found to be
faster than the uptake of dissolved (i.e., monodispersed)
molecules (Johnsen et al. 2005). Biosurfactants linearly
increased the solubility of phenanthrene from 1.1 mg/L to
14.4 mg/L at a biosurfactant concentration ranging from the
CMC of 63 mg/L to 1.0 g/L; with the CMC calculated
following the method presented by (Wang and Keller 2008;
Zhu et al. 2003). Results in Fig. 1 indicate P. putida
degradation occurs faster in the presence of biosurfactant.
However, salicylate addition, with no biosurfactant addi-
tion, increased the total degradation of phenanthrene 30%
more than system with only biosurfactant addition. Glucose
was shown to improve phenanthrene degradation which is
attributed to the presence of an additional carbon source
that can increase bacteria activity in the system due to a
readily available carbon source. Phenanthrene removal was
enhanced nearly twofold due to salicylate addition com-
pared to the glucose system; therefore, it can be assumed

that it is not just the increased bacterial activity due to the
presence of an additional carbon source that is responsible
for the increased removal in the salicylate systems. This
indicates a greater amount of phenanthrene degradation
could be achieved through amendments that specifically
cause metabolic pathway induction, when compared to the
amount degraded due to increased solubility by the
biosurfactant addition, or increased growth by additional
carbon substrates.

Salicylate enhanced the rate of degradation in the first
22 h, although this rate was not sustained, and decreased
considerably from 2.2 to 0.88 mg/h in the following 24 h
(Fig. 1). The addition of biosurfactant increased initial
degradation rates, and sustained relatively higher degrada-
tion rates over the 46 h period compared to systems without
biosurfactant. Determining the length of time over which
apparent enhancement strategies influence the system has
important implications for the design of in situ treatment
strategies. Powell et al. (2008) determined that the rate at
which a carbon source is made available or the instanta-
neous concentration in the medium (spike addition versus
continuous addition) considerably changes the outcomes
achieved. Therefore, it is important to determine what
method works best for a particular system when evaluating
remediation strategies. Salicylate offers the best initial and
total phenanthrene removal, and biosurfactant augmented
these results and could offer benefit over a longer period of
time. There also appears to be a benefit to using multiple
amendments, both a biosurfactant and proper metabolic
intermediates to enhance in situ remediation strategies.

Phenanthrene degradation in soil slurries

Phenanthrene degradation occurred in the combined aque-
ous phase and suspended organic matter in soil slurries
containing biosurfactant (0, 0.25, 0.5, 1.0 g/L), salicylate
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(100 mg/L), and glucose (100 mg/L) inoculated with P.
putida (Fig. 2). Both natural organic matter and biosurfac-
tants appear to increase the apparent aqueous solubility of
phenanthrene as the concentration in the control flasks
averaged 32 mg/L with no biosurfactant present. This
increased to 38 mg/L in the presence of 1 g/L biosurfactant.
The results presented in (Fig. 2) represent both the aqueous
solubility and the phenanthrene concentration in the
suspended organic matter. Filtered samples taken during
the first sampling period from the control flasks showed
1.24, 3.01, 6.27, 6.88 mg/L of phenanthrene for 0, 0.5, 1.0,
5.0 g/L biosurfactant concentrations, respectively. This
correlated well with the values from the phenanthrene
desorption results (data not presented). The total phenan-
threne concentrations (Fig. 2) are a result of the enhanced
solubility due to the addition of biosurfactant, in addition to
approximately 32 mg/L of phenanthrene that was present in
the suspended organic matter and dissolved organic matter
as shown from the control flasks with no biosurfactant
addition. Similar results were obtained by Cho et al. (2002)
where the apparent solubility of phenanthrene and other
PAHs was accounted for by the sum of the phenanthrene
solubility in natural organic matter solution plus the
solubility in a non-ionic surfactant solution. Roskam and
Comans (2009) also observed PAH levels in solution that
were up to an order of magnitude higher in batch tests
versus column tests due to the large dissolved organic
carbon molecules that were generated by more vigorous
mixing.

The amount of phenanthrene present in solution was
constant over sampling periods of 4, 7, and 10 days.
Equilibrium existed between the concentration of phenan-
threne being degraded by the bacteria, and the rate of
phenanthrene desorption from the soil to the aqueous phase.
There were 5.6, 2.3, 1.5, and 1.7 mg/L of phenanthrene
present in the systems which contained solely biosurfactant
at 0, 0.25, 1, and 5 g/L, respectively. As the amount of
biosurfactant increased, the amount of phenanthrene in
solution initially decreased, signifying increased microbial
degradation due to the addition of biosurfactant. However,
further addition of biosurfactant to 5 g/L did not improve
degradation and showed lesser removal than systems with
0.25 or 1 g/L. Biosurfactant at low concentrations also
appeared to enhance degradation in systems with glucose,
as the average concentration of phenanthrene in solution
decreased from 2.5 mg/L with no biosurfactant present, to
0.5 mg/L in 5 g/L biosurfactant solution. There was one- to
fourfold less phenanthrene present in solution in flasks
which contained salicylate, regardless of the amount of
biosurfactant present in comparison to flasks with the same
amount of biosurfactant but no salicylate addition. Bio-
surfactant had little effect on systems with salicylate, as
average amounts of phenanthrene were 0.4 mg/L in all
salicylate systems. There was a fourfold increase in the
concentration of phenanthrene in the 5 g/L biosurfactant
and salicylate system, compared to the system with no
biosurfactant. Biosurfactant improved the amount of re-
moval when glucose was present, but the effects were less
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significant when compared to the system with no bio-
surfactant and only glucose, with removals increasing by
1.6-, 1.9-, and 1.6-fold with the addition of 0.25, 1.0, and
5.0 g/L of biosurfactant, respectively.

Mass balance calculations were performed to determine
total phenanthrene remaining, including both phenanthrene
in the soil and aqueous phase, after 10 days of incubation.
The greatest phenanthrene removal was in systems that
contained salicylate with greater than 90% phenanthrene
removal achieved in all instances. There was also a
significant decrease in the concentration of phenanthrene
remaining due to the addition of biosurfactant with 86, 90,
and 91% removal due to the addition of 0.25, 1.0, and
5.0 g/L of biosurfactant, respectively, compared to 68%
removal when no biosurfactant was added. With glucose,
there was just as significant total removal as total removal
was 86%, 91%, 92%, and 91% for 0, 0.25, 1.0, and 5.0 g/L
of biosurfactant, respectively. With salicylate, the effects of
biosurfactant were almost nonexistent as the total removal
was 93% due to the presence of 0.25 g/L biosurfactant, and
there was no improvement or a decrease in total removal
when 1.0 and 5.0 g/L biosurfactant were added.

Total live cell counts over the 10-day experimental
period represent both the cell concentration in the aqueous
phase and cells that could have been attached to the
suspended organic matter, as solution was drawn off from
each flask and filtering to remove suspended soil matter
prior to serial dilutions was not performed. The same level
of active growth near 1×107 to 1×108 cfu/mL occurred in
all samples with no biosurfactant. This suggests salicylate
improved degradation through means other than increases
in quantities of live cells. All live cell counts were in the
range of 1×108 to 1×109 cfu/mL with biosurfactant and
glucose present, with live cell counts showing growth
nearly an order of magnitude (colony-forming units per
milliliter) larger due to the addition of biosurfactant at all
concentrations when compared to no biosurfactant addition
but with glucose present. Biosurfactant caused no signifi-
cant change on the amount of colony-forming units per
milliliter in systems with salicylate with a live cell
concentration near 1×108 cfu/mL. These results support a
hypothesis by Johnsen et al. (2005) that PAH-degrading
populations in soil are mostly non-growing, and cells are in
a pseudo-stationary phase where transient growth only
replaces decaying and washed out cells in accordance with
the habitat’s mass transfer-controlled carrying capacity.

Discussion

The growth characteristics of P. putida in soil slurries with
glucose correspond to the trends observed in the concen-
tration of phenanthrene remaining in the aqueous phase

(Fig. 2). There was more growth present in glucose systems
as biosurfactant concentrations increased from 0 to 5 g/L,
and this corresponds to the lower amount of phenanthrene
present in aqueous solution for the same increase in
biosurfactant concentration. There was roughly the equiv-
alent phenanthrene concentration in all systems with
salicylate regardless of the amount of biosurfactant present,
and this corresponds to the equivalent live cell concentra-
tion of between 5×107 and 1×108. Powell et al. (2008)
observed a similar trend where salicylate-degrading bacteria
increased in abundance substantially after enrichment by
continuous addition of salicylate in batch cultures but did
not increase in abundance in response to the spike addition.
However, Powell et al. (2008) suggested that enrichment
with salicylate can select for naphthalene-degrading bacte-
ria, but does not select for organisms responsible for
degrading PAHs of higher molecular weight, as phenan-
threne and benzo[a]pyrene degradation where not en-
hanced. This result may actually depend on the strain of
bacteria present and the metabolic pathway that exists in the
bacteria, as it has been observed in this research that
salicylate can enhance phenanthrene degradation in cultures
that are capable of phenanthrene degradation using the
naphthalene degradation lower pathway. The ability to
induce the metabolism or co-metabolism of a target
compound can be a sufficient bioremediation strategy.
However, information about the metabolic pathways inter-
mediates that induce the catabolic enzymes being utilized
by the bacteria is required.

Research by Grimm and Harwood (1997) with P. putida
G7 and strain NCIB 9816-4 indicated that salicylate, the
compound that directly induces naphthalene degradation in
the naphthalene dioxygenase operon, was also an inducer of
naphthalene chemotaxis. This gene along with the naph-
thalene degrading genes is encoded in the NAH7 plasmid.
Chemotaxis enhances the ability of motile bacteria, such as
P. putida ATCC 17484, to locate and degrade organic
compounds. It is probable that this process can be used by
bacteria to move towards phenanthrene, as a common
metabolic pathway exists in the NAH7 plasmid for the
degradation of both naphthalene and phenanthrene in P.
putida. The improved phenanthrene removal observed in
systems with salicylate did not show a relative increase in
live cell concentration (colony-forming units per milliliter),
however increases in phenanthrene degradation were
observed. This can be explained both by the induction of
chemotactic behavior and the induction of increased
enzymatic activity in the bacteria due to salicylate addition.
Chemotactic responses require a concentration gradient of
the attractant for a response to occur, and the greater the
concentration gradient the more effective a chemotactic
response could be in enhancing the degradation of the
contaminant (Samanta et al. 2002). The strain of P. putida

Appl Microbiol Biotechnol (2010) 86:1563–1571 1569



used in this research is capable of attaching to solid surfaces
such as soil or solid-phase PAHs and using the nutrients
and contaminants directly, indicating that solubility en-
hancement of phenanthrene is only one of the mechanisms
available to enhance the degradation rate (Dean et al. 2001).
Since biosurfactant did not enhance the degradation of
phenanthrene in the presence of salicylate in the soil
slurries, this could be due to the increased mass transfer
of phenanthrene into the aqueous phase which decreased
the concentration gradient. This would negatively impact
the advantage of chemotactic responses as concentration
gradients in the soil slurry systems were decreased due to
biosurfactant addition. The result of chemotactic attraction
can lead to an increase in phenanthrene bioavailability due
to bacteria migrating towards high concentrations and result
in the observed biodegradation rate increasing. Similar
results demonstrating the chemotactic response have been
obtained in diffusion-limited systems with naphthalene
(Marx and Aitken 2000; Ortega-Calvo et al. 2003). The
positive chemotaxis of P. putida towards naphthalene due
to the metabolic induction by salicylate is most likely
extended to the degradation of phenanthrene, as this may
account for the increased removal that is achieved with
salicylate addition. The ability to foster chemotaxis phe-
nomenon via metabolic influences could be important to
enhance in situ bioremediation.

Results from soil slurry tests are similar to results
obtained in aqueous tests presented earlier with the
exception of systems containing salicylate. A greater
amount of phenanthrene degradation could be achieved
through amendments that specifically induce metabolic
pathway induction, when compared to increased solubility
brought about by the addition of biosurfactant, or increased
growth brought about by additional carbon substrates. The
rate of mass transfer to microbial cells relative to the
intrinsic substrate utilization capacity of the microbial cells
must also be considered because it determines the bioavail-
ability of the contaminant (Wick et al. 2001). As a result,
limited bioavailability occurs when the environment is
unable to deliver the substrate at the rate consumable by the
microbial biomass. Biosurfactant addition showed im-
proved phenanthrene removal when compared to the
system with no amendments. Increasing biosurfactant
addition from 0.25 to 5 g/L did not produce a large benefit
for the 20-fold increase in quantity applied. In this study,
small amounts of biosurfactant (0.25 g/L) showed a
significant increase in total removal when only biosurfac-
tant was added, or with the addition of glucose to soil
slurries. Larger amounts of surfactant addition (5 g/L)
showed no improvement in biodegradation of phenan-
threne, attaining the same or a decrease in removal when
compared to systems with a smaller amount of biosurfac-
tant added. Therefore, the addition of smaller amounts of

biosurfactants could have sufficed to increase the bioavail-
ability of phenanthrene, and additional biosurfactant was
not needed as bioavailability may not have been the
limiting step, and other amendments were more beneficial
to further enhance the overall degradation. The overall
results after 10 days showed nearly complete phenanthrene
removal in most systems; therefore, it is not possible to
determine the rate at which specific amendments enhanced
the biodegradation in soil slurries. This information would
be important to assess the overall efficiency of each
amendment, as some systems could have achieved the
quantity of phenanthrene removal observed in a shorter
time frame than the 10-day results studied. The selection of
both surfactant and bacteria interaction in soil systems has
to be optimized to create a successful enhancement strategy.

The results of this research indicate that a sound
understanding of the microbial processes that occur, aid in
determining the most efficient strategy to enhance the in
situ biodegradation process. There appears to be a benefit to
using multiple amendments, both a biosurfactant and proper
metabolic intermediates to enhance degradation in liquid
cultures. However, in soil slurries, it appears that metabolic
intermediates alone were most beneficial for enhancing the
total amount of degradation, and biosurfactants were also
beneficial but only in those systems that did not contain
metabolic pathway inducers. A better understanding of
metabolic pathways and inducers for degradation of higher-
ringed PAHs for more bacterial strains in the environment
will result in the identification of rate-limiting steps in the
process. This will help future researchers target specific
enhancement strategies to make in situ biodegradation more
reliable and efficient.
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