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A model cocontaminated system was developed to determine whether a metal-complexing biosurfactant,
rhamnolipid, could reduce metal toxicity to allow enhanced organic biodegradation by a Burkholderia sp.
isolated from soil. Rhamnolipid eliminated cadmium toxicity when added at a 10-fold greater concentration
than cadmium (890 pwM), reduced toxicity when added at an equimolar concentration (89 uM), and had no
effect at a 10-fold smaller concentration (8.9 uM). The mechanism by which rhamnolipid reduces metal toxicity
may involve a combination of rhamnolipid complexation of cadmium and rhamnolipid interaction with the cell

surface to alter cadmium uptake.

Forty percent of hazardous waste sites on the U.S. Environ-
mental Protection Agency’s National Priority List are cocon-
taminated with organic and metal pollutants. Previous studies
have shown that biodegradation of organic contaminants is
often severely inhibited by toxic metals, such as cadmium (19,
20). Increasing interest in bioremediation warrants develop-
ment of strategies that can be successfully implemented in
cocontaminated sites, yet few efforts have been made to de-
velop such strategies. Effective strategies to enhance organic
biodegradation in the presence of toxic metals include reduc-
ing the bioavailable concentration of the toxic metal and re-
ducing interactions of the toxic metal with the cell.

Attempts to reduce bioavailable metal concentrations in co-
contaminated soils have included amendment with kaolinite
and montmorillonite clays (2, 3, 11), wherein reductions in
metal toxicity were observed. Recently, modified clay com-
plexes (metal-chelating ligands bound to clay particles via a
cationic surfactant) and a chelating resin (Chelex) were found
to reduce cadmium toxicity during biodegradation of naphtha-
lene by Pseudomonas putida ppo200 (14). Reductions in tox-
icity were assumed to be related to the metal-complexing char-
acteristics of both the modified clay and the resin, despite the
fact that metal chelators, such as EDTA, can alter cell surface
properties through the release of lipopolysaccharide (LPS)
(5-7, 12). Because LPS confers a considerable negative charge
upon the cell surface (18) which favors electrostatic interac-
tions with cations, removal of LPS may reduce the magnitude
of the negativity of the cell surface charge, thus reducing in-
teractions with cations, such as cadmium. The mechanism by
which metal-chelating agents reduce toxicity clearly warrants
further exploration.

We have previously studied a rhamnolipid biosurfactant pro-
duced by various Pseudomonas aeruginosa strains capable of
selectively complexing cationic metal species, such as cadmium
(Cd*"), lead (Pb**), and zinc (Zn*") (8, 17, 21, 22), increasing
the bioavailability of substrates with limited aqueous solubili-
ties (9, 24-27), and increasing cell surface hydrophobicity (1,
26). Delivery of a biosurfactant into cocontaminated sites for
in situ treatment may be more environmentally compatible and
more economical than using modified clay complexes or metal
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chelators, such as EDTA. For these reasons, the objective of
this research was to develop a model system to determine the
effect of rhamnolipid on the capability of a metal-sensitive
microorganism to degrade an organic contaminant. Naphtha-
lene was chosen as the model organic contaminant because of
its ubiquity at hazardous waste sites and its demonstrated bio-
degradability (16). Cadmium, the second most common metal
found at Superfund sites (4), was chosen as the model metal.
The biosurfactant used in this study was a monorhamnolipid
produced by P. aeruginosa 9027, prepared as previously de-
scribed (24, 25). A naphthalene-degrading bacterium was ob-
tained from an uncontaminated loamy sand (Hayhook soil) by
serial enrichment in 50 ml of mineral salts medium (MSM)
containing 15 mg of naphthalene, monobasic potassium phos-
phate (1 g/liter), dibasic sodium phosphate (1 g/liter), ammo-
nium nitrate (0.5 g/liter), ammonium sulfate (0.5 g/liter), mag-
nesium sulfate (0.2 g/liter), calcium chloride (0.02 g/liter), iron
chloride (0.002 g/liter), and manganese sulfate (0.002 g/liter).
Enrichment flasks were maintained at 23°C on a rotary shaker
at 200 rpm. Metabolic (tetrazolium redox technology; BIO-
LOG, Hayward, Calif.) and 16S ribosomal DNA sequence
analyses (23) were used to identify the naphthalene-degrader
as a Burkholderia sp. (NCBI U37342). The Burkholderia sp. was
maintained on the same media.

Cadmium complexation. Experiments were performed to
determine the effect of the concentration of rhamnolipid on
cadmium complexation. Rhamnolipid was added at concentra-
tions of 0, 8.9, 89, and 890 uM to polypropylene beakers
containing 89 uM cadmium in 10% MSM and stirred at 150
rpm for 15 min. MSM was used at only 10% of the normal
concentration to minimize interactions between the rhamno-
lipid and salts in the medium. Concentrations of free cadmium
were determined using an ion-selective cadmium electrode
(model 94-48; Orion Research, Cambridge, Mass.). The ion-
selective electrode measures only free, uncomplexed cadmium.
An ionic strength adjuster (ISA), 5 M NaNO;, typically used in
this type of analysis, was not employed in these experiments. In
preliminary studies, it was found that the addition of ISA to
solutions containing rhamnolipid produced inaccurate mea-
surements of the amount of complexed cadmium. It is proba-
ble that the large quantities of added sodium cations were
exchanging cadmium cations from cation binding sites on the
rhamnolipid molecules. Omission of ISA in these studies was
appropriate for the following reasons. (i) The ionic strength of
all treatments was nearly identical. (ii) The electrode func-
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FIG. 1. Effect of cadmium concentration on the growth of a Burkholderia sp.
on naphthalene. Each point represents the mean protein concentration for
triplicate flasks. Error bars represent standard deviations.

tioned properly and accurately without ISA, as demonstrated
by the characteristic calibration slope obtained (Orion Re-
search, Inc. [Technical Services], personal communication). Of
the three rhamnolipid concentrations tested, the 890 pM
rhamnolipid treatment reduced the concentration of free cad-
mium to 11.2 £ 0.47 uM, while 8.9 and 89 uM concentrations
of rhamnolipid did not significantly reduce the free cadmium
concentration.

Growth on naphthalene in the presence of cadmium. Initial
experiments were performed to determine the concentration
of cadmium that is most toxic to the Burkholderia sp. In these
experiments, a cadmium nitrate (0, 0.89, 8.9, 45, 89, and 450
wM) solution was added to 125-ml Nalgene flasks containing
50 ml of MSM and 15 mg of crystalline naphthalene. Potassium
nitrate was added as necessary to equalize nitrate concentra-
tions among the flasks. All flasks were inoculated with approx-
imately 5 X 10° CFU of the Burkholderia sp. and then incu-
bated on a rotary shaker at 200 rpm and 23°C. Samples (1 ml
each) were taken periodically for protein determination by the
method of Lowry et al. (13) as a measure of naphthalene
biodegradation.

The effect of cadmium on the growth of the Burkholderia sp.
on naphthalene is shown in Fig. 1. As the cadmium concen-
tration increased, cadmium toxicity increased, resulting in a
delay or complete inhibition of growth. For example, in the
presence of 8.9 uM cadmium, the onset of exponential growth
was delayed. At 45, 89, and 450 pwM concentrations of cad-
mium, no measurable growth occurred during the 76-h exper-
iment.

Effect of rhamnolipid on growth. To determine the effect of
rhamnolipid on growth in the presence of a toxic level of
cadmium, 89 wM cadmium was added to 125-ml flasks con-
taining 10% MSM, 15 mg of crystalline naphthalene, and 0,
8.9, 89, or 890 M rhamnolipid to yield a final volume of 50 ml.
Each flask was inoculated and incubated as described above.
One-milliliter samples were removed periodically to determine
the protein content.

The effect of increasing concentrations of rhamnolipid on
naphthalene biodegradation in the presence of 89 uM cad-
mium is shown in Fig. 2. As expected, in the absence of rham-
nolipid, essentially no growth was observed. Rhamnolipid add-
ed at a 10-fold-smaller concentration than cadmium (8.9 uM
rhamnolipid versus 89 wM cadmium) also had no effect on
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growth. This was expected, since there was essentially no cad-
mium complexation at this rhamnolipid level. Rhamnolipid
added at an equimolar concentration resulted in substantial
growth, but growth was delayed. Rhamnolipid added at a 10-
fold-higher concentration (890 wM rhamnolipid; 89 wM cad-
mium) eliminated the effects of cadmium toxicity.

In contrast to the conclusions of Malakul et al. (14), these
results cannot be explained by cadmium complexation alone.
Only 890 uM rhamnolipid significantly reduced the bioavail-
able cadmium concentration (to 11.2 = 0.47 wM). This level of
cadmium should be inhibitory to the Burkholderia sp., which is
sensitive to as little as 8.9 wM cadmium (Fig. 1). In addition, 89
M rhamnolipid did not significantly reduce the concentration
of bioavailable cadmium and should therefore completely in-
hibit growth (Fig. 1). The inability of the complexation data to
completely explain the reductions in cadmium toxicity sug-
gested that an additional mechanism(s) of toxicity reduction
was involved. Several possibilities were considered and are
discussed in the following sections.

Utilization of naphthalene and rhamnolipid as carbon
sources. Growth studies with 890 uM rhamnolipid in MSM
showed that the Burkholderia sp. did not grow on rhamnolipid
as a sole source of carbon and energy (data not shown). The
effect of rhamnolipid (0, 8.9, 89, or 890 wM) on the growth of
the degrader on naphthalene in the absence of cadmium was
also investigated. While the growth rates were similar in the
absence and presence of rhamnolipid, a decrease in the lag
period and an increase in the cell yield were associated with
greater concentrations of rhamnolipid (data not shown). This
was likely due to rthamnolipid increasing the bioavailability of
naphthalene, as has been shown previously for octadecane,
hexadecane, and phenanthrene (9, 24-27). Thus, rhamnolipid
had a stimulative effect on degradation of naphthalene by the
Burkholderia sp. in both the presence and absence of cadmium.

To further differentiate whether the effects of rhamnolipid
are to reduce cadmium toxicity or to enhance naphthalene
bioavailability, the effect of rhamnolipid on the biodegradation
of glucose (a substrate with high bioavailability) in the pres-
ence of cadmium was determined. In this experiment, condi-
tions were identical to those described above, except that glu-
cose (300 mg/liter) rather than naphthalene was used as the
sole source of carbon and energy. Rhamnolipid mitigated cad-
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FIG. 2. Effect of the rhamnolipid (Rhl) concentration on the growth of a
Burkholderia sp. on naphthalene in the presence of 89 WM cadmium. Each point
represents the mean protein concentration for triplicate flasks. Error bars rep-
resent standard deviations.
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mium toxicity during biodegradation of glucose in a manner
similar to that observed for naphthalene (data not shown).
This suggests that the effect of rhamnolipid in systems contain-
ing cadmium is to reduce cadmium toxicity and that enhanced
bioavailability may be a secondary effect that plays a minor role
in changing the lag period or the cell yield.

Effect of rhamnolipid on LPS release. In addition to increas-
ing organic solubility and complexing metals, rhamnolipid has
recently been shown to increase cell surface hydrophobicity in
P. aeruginosa by inducing the release of LPS from the outer cell
membrane (1). We hypothesized that rhamnolipid would sim-
ilarly cause a loss of LPS from the Burkholderia sp. used in this
study. In this case, the uptake of cadmium would be reduced
due to an overall reduction in the negative charge on the cell
surface that decreases the interaction of the cationic cadmium
form (Cd**) with the cell surface. It is also possible that re-
leased LPS molecules could bind cationic cadmium via charged
functional groups, such as 2-keto-3-deoxyoctonic acid. To test
this hypothesis, the release of LPS was measured using sodium
dodecyl sulfate-polyacrylamide gel electrophoresis analysis.
Cells were grown in 10% MSM containing 300 mg of naphtha-
lene/liter for 48 h, adjusted to an optical density at 600 nm of
1.0, and then centrifuged at 12,100 X g for 10 min and resus-
pended in 0, 8.9, 89, or 890 uM rhamnolipid in 10% MSM.
Each suspension was vortexed and incubated on a rotary
shaker (200 rpm) at 25°C for 24 h. Cell suspensions were then
centrifuged, and the supernatants were removed and con-
centrated to 10X by lyophilization and resuspension in ster-
ile double-distilled water. Each concentrated supernatant
preparation (10 pl) was electrophoresed on a 4% stacker
and 12.5% vertical resolving gel (16 by 18 by 0.15 cm) against
1 and 10 pg of P. aeruginosa serotype 10 LPS (Sigma, St. Louis,
Mo.) for comparison. Two hundred volts were applied until the
samples had migrated approximately 14 cm. Gels were run at
4°C in a Tris-Tricine running buffer (Bio-Rad, Hercules, Cal-
if.). LPS were visualized by silver staining (10), and the density
of LPS bands was analyzed using the SpotDenso feature of
Alphalmager Software (Alpha Innotech, San Leandro, Calif.).

The gel in Fig. 3 shows a background level of LPS release in
cells not treated with rhamnolipid (lane 4). LPS release in-
creased with increasing concentrations of added rhamnolipid
(lanes 5 to 7). Based on a densitometric analysis of the bands,
8.9 uM rhamnolipid increased LPS release over background
levels by a factor of 1.3, 89 wM rhamnolipid increased release
by a factor of 1.5, and 890 uM rhamnolipid doubled release. As
shown in the control lanes, rhamnolipid was not stained (lane
3), while protein, represented by bovine serum albumin (BSA),
was stained (lane 2). Since protein is a significant component
of the outer membrane, it is reasonable to assume that a re-
lease of LPS may be accompanied by a release of LPS-associ-
ated proteins. For this reason, the bands from the samples
(lanes 4 to 7) may represent both protein and LPS; however,
previous work (10) has shown that only LPS molecules migrate
to the bottom of the gel. The results presented here support
this finding: BSA (lane 2) failed to migrate one-half of the
length of the gel, while LPS standards from P. aeruginosa
serotype 10 (lanes 8 and 9) migrated nearly the entire length of
the gel. As such, the bands near the bottom of the gel from
supernatants of Burkholderia sp. (lanes 4 to 7) represent LPS.

Summary. This appears to be the first report of the use of a
biosurfactant to reduce metal toxicity during the biodegrada-
tion of an organic contaminant in a cocontaminated system. In
the model cocontaminated system studied herein, reductions
in cadmium toxicity were observed for 89 and 890 uM rham-
nolipid treatments. At an 890 wM concentration of rhamno-
lipid, both metal complexation and increased LPS release were
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FIG. 3. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of con-
centrated (10X) supernatants of suspensions of a Burkholderia sp. The gel was
stained using a silver-staining procedure for LPS. Lanes: 1, buffer; 2, 5 pg of
BSA; 3, 4485.6 pg (890 M) of rhamnolipid; 4, supernatant of the Burkholderia
sp. treated only with MSM; 5, supernatant of the Burkholderia sp. treated with 8.9
M rhamnolipid; 6, supernatant of the Burkholderia sp. treated with 89 uM
rhamnolipid; 7, supernatant of the Burkholderia sp. treated with 890 pM rham-
nolipid; 8, 1 pg of P. aeruginosa serotype 10 LPS; 9, 10 pg of P. aeruginosa
serotype 10 LPS. The gel was imaged and the band density (integrated density
value) was determined using the SpotDenso function of Alphalmager (Alpha
Innotech, San Leandro, Calif.).

observed. In this system, naphthalene biodegradation occurred
at normal rates. At 89 pM rhamnolipid, very little cadmium
complexation was measured, but LPS release increased. In this
case, naphthalene degradation occurred, but with a longer lag
period and at a slower rate. At 8.9 uM rhamnolipid, no cad-
mium complexation occurred, and only a slight amount of LPS
was released. In this case, no naphthalene degradation oc-
curred. These data suggest that rhamnolipid reduces cadmium-
induced inhibition of naphthalene degradation through a com-
bination of cadmium complexation and release of LPS from
the cell. This is in contrast to previous work with modified clay
complexes and chelating resins that focused solely on metal
complexation to reduce metal toxicity (14). The fact that
rhamnolipid reduced cadmium toxicity during biodegradation
of both naphthalene (a substrate with limited aqueous solubil-
ity) and glucose (a substrate with essentially unlimited aqueous
solubility) suggests that the ability of rhamnolipid to increase
substrate bioavailability does not play an important role in
reducing cadmium toxicity. Finally, this research demonstrates
that rhamnolipid can induce the release of LPS from bacteria
of a gram-negative genus (Burkholderia) that does not produce
rhamnolipid. This suggests that rhamnolipid may be able to
reduce metal toxicity to microbial consortia in cocontaminated
soils through a combination of metal complexation and cell
surface alteration, resulting in enhanced rates of bioremedia-
tion. This has been verified for two cocontaminated soil sys-
tems (15).
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