
Enhanced biodegradation of Casablanca crude oil by a microbial consortium in

presence of a rhamnolipid produced by Pseudomonas aeruginosa AT10
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Abstract

The biodegradation of oil products in the environment is often limited by their low water solubility and
dissolution rate. Rhamnolipids produced by Pseudomonas aeruginosa AT10 were investigated for their
potential to enhance bioavailability and hence the biodegradation of crude oil by a microbial consortium in
liquid medium. The characterization of the rhamnolipids produced by strain AT10 showed the effectiveness
of emulsification of complex mixtures. The addition of rhamnolipids accelerates the biodegradation of total
petroleum hydrocarbons from 32% to 61% at 10 days of incubation. Nevertheless, the enhancement of
biosurfactant addition was more noticeable in the case of the group of isoprenoids from the aliphatic fraction
and the alkylated polycyclic aromatic hydrocarbons (PHAS) from the aromatic fraction. The biodegradation
of some targeted isoprenoids increased from 16% to 70% and for some alkylated PAHs from 9% to 44%.

Introduction

Petroleum products contain thousands of indi-
vidual hydrocarbons and related compounds.
Their main components are usually sub-divided
into saturates (n- and branched-chain alkanes or
isoprenoids and cycloparaffins) and aromatics
(mono-, di-, and polynuclear aromatic compounds
containing alkyl side chains and/or fused cyclo-
paraffin rings) (Speight 1991). Hydrocarbons
constitute one of the main environmental pollu-
tants and their abundance and persistence in sev-
eral polluted environmental compartments have
been reported (Casellas et al. 1995; Fernandez
et al. 1992).

Microbial degradation is the main process of
elimination of pollutants in the environment.
Nevertheless, although most hydrocarbons are
biodegradable, rates of biodegradation in the
environment are limited due to their hydropho-

bicity and low water solubility. Thus, approaches
to enhancing the biodegradation processes often
attempt to increase the solubility of these hydro-
phobic compounds by addition of surfactants.
These products increase the aqueous dispersion of
poorly soluble compounds by many orders of
magnitude and change the affinity between
microbial cells and hydrocarbons by increasing cell
surface hydrophobicity (Barkay et al. 1999; Kanga
et al. 1997; Zhang & Miller 1994).

Taking into account the potential use in bio-
remediation technologies (Ron & Rosenberg
2002), the use of biosurfactants seems to offer
more potential than chemical surfactants, due to
their structural diversity, biodegradability and
biocompatibility relative to synthetic surfactants
(Desai & Banat 1997). The biosurfactants most
widely studied are the emulsans of Acinetobacter
spp. (Barkay et al. 1999; Foght et al. 1989) and the
group of rhamnolipids produced by Pseudomonas
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aeruginosa (Van Dyke et al. 1993; Zhang & Miller
1994).

Most studies on the influence of biosurfactants
on the microbial degradation of hydrocarbons
have been carried out on pure compounds such
octadecane (Zhang & Miller 1992), phenanthrene
(Barkay et al. 1999; Zhang et al. 1997) or fluo-
ranthene (Willunsen et al. 1998). Studies of com-
plex mixtures such crude oils are scarce (Foght
et al. 1989) but knowledge of the influence of
biosurfactants on the biodegradation of complex
mixtures brings a closer approach to real situa-
tions.

Due to the complexity of oil products, bio-
degradation caused by mixed cultures is more
effective than that caused by pure cultures (Sugi-
ura et al. 1997). First, a broader enzymatic capa-
bility can be achieved and second, the possible
formation of toxic intermediate metabolites (Cas-
ellas et al. 1998) can be counteracted by the
selection of degraders of these dead end products
formed mainly by cometabolism processes (Alex-
ander 1999).

In a previous study (Viñas et al. 2002), we de-
scribed three specialized consortia obtained in se-
lected fractions from different oil products. These
consortia presented different capabilities in the
degradation of Casablanca crude oil and one of
them, consortium AM, which was obtained by
enrichment procedures on five polycyclic aromatic
hydrocarbons (PAHs), achieved the highest per-
centage of biodegradation of the aromatic frac-
tion. Since the aromatic fraction contains the
compounds of greater interest from an environ-
mental and toxicological viewpoint, consortium
AM was chosen for further study.

Here we characterize the rhamnolipids (MAT10)
produced by Pseudomonas aeruginosa AT10 to
evaluate their effectiveness in enhancing the bio-
degradation of Casablanca crude oil by the con-
sortium AM.

Material and methods

Bacterial strain and culture conditions of
rhamnolipid production

Strain AT10 (CECT 11769) was isolated from
contaminated soil samples of the ERASOL vege-
table oil refinery in Santiago de Cuba, Cuba

(Abalos et al. 2000). The strain was maintained by
fortnight cultures and preserved on cryovials at
)20 �C. (Combourg, France). From the results
obtained in a series of previous morphological and
biochemical tests the isolate was identified as
Pseudomonas aeruginosa. Strain AT10 produces
rhamnolipids, named MAT10, when grown in a
mineral medium of the following composition
(g l)1): NaNO3, 4.64; K2HPO4/KH2PO4 (ratio
2:1), 1;FeSO4Æ7H2O, 0.0074; CaCl2, 0.01;
KCl, 0.10; MgSO4Æ7H2O, 0.50; yeast extract,
0.10 and supplemented with 0.05 ml l)1 of a
trace mineral solution containing (g l)1): H3BO3,
0.26; CuSO4Æ5H2O, 0.50; MnSO4ÆH2O, 0.50;
MoNa2O4Æ2H2O, 0.06; ZnSO4Æ7H2O, 0.70. 20 g l)1

of waste free fatty acids (WFFA) from soybean oil
production, which is mainly composed of C18:1:
21% and C18:2: 43.4%, was used as the carbon
source. The strain was incubated at 30 �C and
200 rpm in a reciprocal shaker.

16SrRNA characterization of strain AT10

Total DNA of strain AT10 was isolated from late-
exponential phase cells by lysis with sodium
dodecyl sulphate (SDS)-proteinase k, and treat-
ment with CTAB (cetyltrimethylammonium bro-
mide) as described earlier (Wilson 1987).

The nucleotide sequences of the PCR product
were determined in both directions using universal
primers by a DNA sequencing kit (ABI PRISM
BigDye Terminator Cycle Sequencing Ready
Reaction Kit version 2.0; Perkin-Elmer Biosys-
tems, Foster City, CA) following the manufac-
turer’s instructions. The products of the
sequencing reactions were analyzed with a model
3700 DNA sequencer (Perkin-Elmer). The 16S
rRNA gene sequences were aligned with published
sequences from the GenBank database using
BLASTn 2.2.1 (Altschul et al. 1997), FASTA 3
(Pearson & Lipman 1988) and RDP (Maidak et al.
2000) alignment tool comparison software.
Nucleotide sequence data were submitted to the
EMBL nucleotide sequence database and are listed
under the accession number AJ549293.

Biosurfactant recovery

Rhamnolipids were recovered from the culture
supernatant: cells were removed from the culture
by centrifugation at 12,000 · g in a Kontron cen-
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trifuge (Kontron, Milano, Italy) for 30 min at
4 �C. Purification of rhamnolipids was achieved,
following a modification of the method of Reiling
(Reiling et al. 1986), by adsorption chromatogra-
phy on a polystyrene resin, Amberlite XAD2
(Sigma, St. Louis, USA). The resin (60 g) was
placed in a glass column (60 · 3 cm), yielding a
bed volume of 200 ml. The column was equili-
brated with 0.1 M phosphate buffer, pH 6.1. The
culture supernatant was acidified to pH 6.1 and
applied through a sieve placed on top of the resin
to prevent whirling up. The adsorption of the ac-
tive compounds on the resin was monitored by
measuring the surface tension (c

ST
) of the column

outlet. The saturation of the resin was terminated
when c

ST
of the effluent dropped below 40 mN/m.

Thereafter, the column was rinsed with three vol-
umes of distilled water until cST of the effluent
approached 72 mN/n, at which no free fatty acids
remained in the column. Then biosurfactants were
eluted with methanol and, finally, the solvent was
evaporated to dryness under vacuum (Büchi, Fla-
wil, Switzerland). To check the purity of the ex-
tract, that is, the absence of residual fatty acids, a
5 mg portion was resuspended in methanol and
analysed by HPLC-MS (Abalos 2001). Rhamn-
olipids were quantified as rhamnose content by a
colorimetric method, using a standard of rham-
nose (Chandrasekaran & Bemiller 1980). The
rhamnolipid content was calculated by multiplying
the rhamnose concentration by 3.0, which repre-
sents the rhamnolipid/rhamnose correlation
(Abalos et al. 2001). Rhamnolipid homologues
were quantified from the molecular proportion of
each of the pseudomolecular ions calculated by
LC-MS (Haba et al. 2003).

Composition of rhamnolipids MAT10

LC-MS. Rhamnolipid mixtures were separated
and identified by liquid chromatography coupled
to mass spectrometry using a Waters 2690 sepa-
ration module (Waters, Milford, MA). The sam-
ples were injected (100 ll) into a Hypersil C8 WP-
300 (5 lm) 150 · 4.6 mm column (Teknokroma,
Sant Cugat, Spain). The LC flow-rate was
1 ml min)1. An acetonitrile-water gradient was
used starting with 30% of acetonitrile for 4 min,
followed by a ramp of 30–100% acetonitrile for
40 min, standby for 5 min and then a return to
initial conditions. Post-column addition of acetone

at 200 ll min)1 was performed using a Phoenix 20
(Carlo Erba, Italy) because an enhancement of the
sensitivity for rhamnolipids was observed. The LC
effluent and acetone were mixed in a tee (Valco)
and split (1/50) before entering the mass spec-
trometer. MS was performed with a single quad-
rupole mass spectrometer, VG Platform II
(Micromass, Manchester, UK), equipped with a
pneumatically assisted electrospray (ES) source.
The negative ion mode was used. Full scan data
were obtained by scanning from m/z 100 to 750 in
the centroid mode using a scan duration of 2.0 s
and an inter-scan time of 0.2 s. The working
conditions for ES were as follows: dry nitrogen
was heated to 80 �C and introduced into the cap-
illary region at a flow-rate of 400 l h)1. The cap-
illary was held at a potential of )3.5 kV. The
extraction voltage was held at )75 V. Samples
were prepared by diluting in methanol 10 mg/ml
of each rhamnolipid mixture, MAT10.

Physicochemical characteristics of MAT10

Equilibrium surface tension (cST), interfacial ten-
sion (cIT) and cmc were measured at 25 �C by the
Wilhelmy plaque technique with a Krüss K12
tensiometer. The instrument had been calibrated
against Milli-Q-4 ultrapure distilled water (Milli-
pore). Solutions with various concentrations of
surfactants were obtained by successive dilutions
of a concentrated sample (2 · 103 mg l)1) pre-
pared by weight in Millipore ultrapure water. To
reach the equilibrium, all sample solutions had
been aged in appropriate cells at room tempera-
ture (25 �C). The platinum plate and all the
glassware used were cleaned in a chromic mixture.
The cmc was calculated from the plots values of
surface tension versus log surfactant concentration
after equilibrium, at 25 �C. The pC20 is a param-
eter that indicates the efficiency of the performance
of a surfactant. It is the amount of surfactant
(mg l)1) needed to decrease the surface tension of
distilled water by 20 mN/m units.

Determination of the hydrophilic–hydrophobic
balance (HLB)

The HLB scale (ranging from 0 to 20) is a measure
of the relative contribution of the hydrophilic and
lipophilic regions of the molecule, calculated from
the structure of the molecule. It is quantified

251



according to an empirical formula that calculates
the group contribution (group numbers) to the
HLB number, such that the HLB was obtained
from the following equation: HLB ¼ 7 +S (HLB
hydrophilic groups)-S (HLB hydrophobic groups).
The group numbers assigned by Adamson for the
glycolipid structure of MAT10 are: HLB for car-
boxylic groups, 2.1; glycosidic rings, 0.5; acyl
groups, )0.47 (Adamson & Gast 1997).

Emulsions

Emulsions were prepared by weight of the com-
ponents up to 1 g as follows: the required con-
centrations of MAT10 were weighed in glass tubes,
mixed with the required amount of the hydro-
phobic component and vortexed for 1 min until
complete dissolution of the paste. Then deionized
water was added slowly (up to 1 g), and the tube
was stoppered and mixed vigorously for 1 min.
The shaking time and vortex speed were the same
in all cases. Emulsions were allowed to settle at
constant temperature for 24 or 48 h before the
emulsion was measured and visually inspected.
The degree of emulsification (E%) is the percent-
age of the height (cm) of the emulsion versus the
total height (cm).

The selected hydrophobic components assayed
were: benzene, 0.31 g; toluene, 0.31 g; all supplied
by Panreac (Barcelona, Spain), n-alkanes, 0.31 g
supplied by Petresa, Madrid, Spain); Kerosene
Jetta-1 0.31 and 0.75 g; lubricating oil 0.31 g
supplied by Campsa (Barcelona, Spain); Casa-
blanca crude oil 0.5 and 0.15 g was kindly supplied
by Dr. J. Grimalt (CID, CSIC, Barcelona).

The ternary phase diagram was drawn from the
emulsion behaviour of a series of emulsions (see
above) prepared with different proportions of the
components assayed. The ternary phase diagram is
represented as an equilateral triangle. Each side is
divided into 100 parts to correspond to the
percentage composition. The composition of
the system at any point can be obtained by
measuring the perpendicular distances to the three
sides (Atwood & Florence 1983). In this study
the combinations of the three components ranged
between (w/w): MAT10 2–20%; Casablanca
crude oil 5–80%; deionized water 10–95%. The
maximum concentrations of solubilisate forming
a clear emulsion were determined by visual
inspection.

Consortium AM

Subsequent enrichment cultures were established
in mineral medium and a mixture of 5 PAHs with
three and four aromatic rings: fluorene, phenan-
threne, anthracene, pyrene, and fluoranthene. The
consortium are maintaining by twice-weekly
transfers in fresh medium for 5 years. Consortium
AM causes the complete depletion of phenan-
threne, fluorene, pyrene and anthracene in 6 days,
while 90% of fluoranthene is removed in 9 days at
a final concentration of 0.02% each component
(Figure 1) (Viñas et al. 2002).

Casablanca crude-oil and culture media

Casablanca is a crude oil from the Tarragona
Basin (Spanish Mediterranean off-shore). The
composition analysis performed according to the
methods described in Viñas et al. (2002) can be
observed in Table 1.

The mineral medium used throughout this
study contained (per liter): K2HPO4Æ3H2O, 4.25 g;
NaH2PO4ÆH2O, 1.00 g; NH4Cl, 2.00 g; MgSO4Æ
7H2O, 0.20 g; FeSO4Æ7H2O, 0.012 g; MnSO4ÆH2O,
0.003 g; ZnSO4Æ7H2O 0.003 g; CoSO4Æ7H2O,
0.001 g; nitrilotriacetic acid, 0.10 g. The medium
was sterilized before the addition of the crude oil.
The oil was placed in an air-tight closed vial,
sterilized at 121 �C for 20 min and added to the
mineral medium at a final concentration of 0.5%
(v/v).

Biodegradation of crude oil by consortium AM with
and without rhamnolipids

The influence of addition of rhamnolipids pro-
duced by strain AT10 was evaluated on replicated
batch cultures in 250 ml Erlenmeyer flasks con-
taining 50 ml of mineral medium described above
with 0.5% of Casablanca crude oil. One milliliter
of cellular suspension of the consortium AM
grown in mineral medium with 5PAHs, corre-
sponding to 1.9 · 108 MPN (most probable
number) of microorganisms ml)1, was used as
inoculum. Two sets of cultures were studied: cul-
tures of consortium AM without rhamnolipids
(hereafter AM) and cultures of AM with rhamn-
olipids MAT10 (hereafter AMRLs). The final con-
centration of the rhamnolipids MAT10 in the
medium was 500 mg l)1. Replicated samples and
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their corresponding controls were incubated up to
20 days in a reciprocal shaker (200 rpm, 25 �C).

Crude oil analysis

The residual crude oil from cultures and controls
was extracted with dichloromethane (5 · 10 ml)
by liquid–liquid extraction in duplicate samples.
Before extraction, a-androstane was added to each
flask as internal standard. The extracts were dried
over Na2SO4 and concentrated in a vacuum rotary
evaporator and dried under gentle nitrogen stream
and analyzed as follows:

(i) Column chromatography. All the extracts
were fractioned according to Aceves et al.
(1988). Each extract was resuspended in 1 ml of
dichloromethane and loaded in a glass column
(30 · 1 cm i.d.) filled with 10 g each of 5%
water-deactivated alumina (70–230 mesh,
Merck). Total petroleum hydrocarbon fraction
(TPH) was obtained by eluting with 100 ml of
dichloromethane.

(ii) GC–FID: Biodegradation of saturated
compound of TPH fractions were verified by
Gas Chromatography with Flame Ionisation
Detector (GC–FID). A Gas chromatograph
Termoquest Trace 2000 was used. Compounds
were separated on a capillary column DB5
(25 m by 0.32 mm [i.d.] 0.25-lm film thick-
ness). The column temperature was held
at 35 �C for 2 min and then programmed to
310 �C at a rate of 4 �C min)1. This final tem-
perature was held for 10 min. The detector
and inlet temperature were set at 320 �C
and 290 �C respectively. The Helium flow
was 1.1 ml min)1 and injection volume was
1 ll.
(iii) GC–MS–SIM: Biodegradation of aromatic
compounds of TPH fractions were verified by
Gas Chromatography coupled to Mass Spec-
trometer operating in selected ion monitoring
mode (GC–MS–SIM). Gas chromatography/
mass spectrometry analyses were performed
with a Hewlett Packard 5890 series II gas
chromatograph with a 5989A mass selective
detector. Compounds were separated on a HP-
5 capillary column (25 m by 0.32 mm [i.d.])
with 0.25-lm film thickness and helium used as
a carrier gas (10 psi). The column temperature
was held at 35 �C for 2 min and then pro-
grammed to 310 �C at a rate of 4 �C min-1. This
final temperature was held for 10 min. Injector
and transfer line temperatures were set at
280 �C, and analyzer was set at 300 �C. The

Figure 1. Degradation of a mixture of PAHs by consortium AM. The concentration of fluorene (d culture, s control), phenanthrene

(n culture, h control), anthracene (m culture, n control), fluoranthene (. culture, , control) and pyrene (¤ culture, ) control) was

determined by HPLC analyses of organic extracts.

Table 1. Characteristics of Casablanca crude oil

Saturates (F1) 57%a

Monocyclic aromatics (F2) 11%

Polycyclic aromatics (F3) 15%

Polars (crude oil–F1–F2–F3) 17%

n-C17/pristane 0.76

aData obtained from gravimetric analyses.
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injection was in splitless mode keeping the split
valve closed for 30 s.
The targets for analysis were naphthalene,

phenanthrene and their alkyl derivatives C1–C4;
fluorene, dibenzothiophene and their alkyl deriv-
atives C1–C3; and fluoranthene, pyrene and
chrysene. To determine the biodegradation of each
analyte, the corresponding reconstructed ion
chromatograms were obtained and the areas of the
compounds in cultures and in controls were com-
pared.

Results and discussion

Taxonomical characterization of strain AT10

BLAST and FASTA systems showed similarity of
99.18% to Pseudomonas aeruginosa AL98

(AJ249451) a strain degrader of natural rubber
(Linos et al. 2000) and 99.18% to Pseudomonas
aeruginosa 42A2 NCBIMB 40045 (AJ309500).
High RDP match was found (0.90) in both cases.

Composition of MAT10

Frequently, biosurfactants are accumulated in the
culture medium as a family of different compo-
nents. In the case of rhamnolipids, homologues
differ in the number of rhamnose molecules as well

as in the length and composition of the alkyl chain
(Dèziel et al. 1999). Rhamnolipids MAT10 were
obtained by cultivating the strain P. aeruginosa
AT10 in an aerated submerged culture, purified
and analysed by HPLC-MS as described elsewhere
(Abalos 2001). Figure 2 shows the kinetics of the
accumulation of the different components during
the incubation. The behaviour of a particular
biosurfactant varies with the composition of the
mixture. The biosurfactant MAT10 chosen corre-
sponds to the mixture obtained after 96 h of cul-
tivation. It was characterized by HPLC-MS
(Abalos et al. 2001) as being composed of eight
different rhamnolipid molecules in the following
proportion (% w/w): Rha-C8:2 (11.83); Rha-C10-
C12:1(6.43); Rha-Rha-C10-C12:1 (11.35�); Rha-C10-
C10 (28.90); Rha-Rha-C10-C10 (21.37); Rha-C12:2

(4.67); Rha-C10-C12 (2.61,); Rha-Rha-C10-C12

(12.81).

Characterization and emulsification properties of
MAT10

The product MAT10 was a yellowish-semisolid,
very soluble in alkaline solutions, methanol, tri-
chloromethane, ethylacetate and ether, slowly
soluble in water and insoluble in hexane. The
rhamnolipids MAT10 reduce the surface tension
(c

ST
), up to 26.8 mN/m and the interfacial tension

(c
IT
) against hexadecane to 1 mN/m. The critical

micellar concentration of MAT10 (CMC) was
150 mg l)1. The pC20 found was 2.63 mg/ml this
parameter indicates the efficiency of a surfactant;
it is the concentration required to reduce 20 mN/
cm the surface tension of the bulk phase. As an
indication of the emulsification behaviour, the
HLB value calculated for the rhamnolipids pro-
duced by strain AT10 was 10.07, since at the
higher end of the scale (10–20) the surfactants are
hydrophilic and act as solubilizing agents o/w,
whereas oil-soluble surfactants with low HLB
values act as w/o emulsifiers (Florence & Atwood
1998), MAT10 will form o/w emulsions. However,
multiple emulsions (o/w/o) with crude oil were
also observed, which may be due to the complex
composition of the MAT10. According to Clayton
et al. (1992) a surfactant with an overall HLB in
the range 9–11 will generally yield the best dis-
persion of oil droplets in the water phase. Table 2
shows the degree of emulsification caused by
MAT10 with different hydrophobic compounds.
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Figure 2. Time course of rhamnolipid homologues accumula-

tion in a submerged culture of P. aeruginosa AT10 incubated in

aerated mineral medium with free fatty acids from soybean at

30 �C followed by HPLC-MS (see Material and methods). Rha-

C8:2 (d); Rha-C10-C12:1(r); Rha-Rha-C10-C12:1 ()); Rha-C10-
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MAT10 was very effective with complex mixtures.
Although Casablanca oil and kerosene were par-
tially emulsified when 5% of MAT10 was added,
complete emulsification of Casablanca crude oil,

mineral oil or kerosene, was achieved when 15%
of MAT10 was added to the mixture (Table 2). The
emulsions were stable after 168 h. In the case of n-
alkanes or toluene 75% of emulsification was ob-
serve.

To examine the solubilization behaviour of
Casablanca crude oil in the multicomponent bio-
surfactant solutions (MAT10), the diagram of the
ternary phase (Figure 3) is indicated when two of
the components are immiscible. Solubility data are
expressed as a solubility (emulsification) versus
concentration to describe the effect of varying all
three components of the system (Florence & At-
wood 1998). Figure 3 shows the different equilib-
rium phases obtained after mixing different
quantities of the components (MAT10:Casablanca
crude oil:water) in the required proportions (see
Material and methods). The shaded area of
the phase diagram corresponds to the emulsifica-
tion range. The degree of emulsification was
assayed within the range of 5–20% of MAT10,
and depended on the proportion of the compo-
nents. When the proportion of the components
was 20:70:10; 20:60:20 or 20:20:60, (those pro-
portions are represented along the line of 20% of
rhamnolipids, in Figure 3) the degree of emulsifi-
cation was 70–73% . Hundred percent of emulsi-
fication was found when the proportion was
10:70:20 or 10:40:50, whereas the 10:80:10 or
10:50:40 mixture gave an emulsification of 80.6%
and 60% respectively. Seventy percent emulsifica-
tion was observed when MAT10 was 5%, in the
proportions 5:45:50 and 5:35:65, whereas 60% of
emulsification was found when the proportion was
5:15:80.

From the result found we conclude that MAT10,
is a good emulsifier, since up to 80% of crude oil
could be emulsified. MAT10 added in a proportion
1:10:89 (MAT10:Casablanca crude oil:water) was
used to enhance the biodegradation of Casablanca
crude oil in cultures of the bacterial consortium
AM.

Microscopy observations (Figure 3) indicated
that the emulsions were oil in water in oil (o/w/o).
These multiple emulsions may be due to the pro-
portions of the rhamnolipid molecules in MAT10

which influence the surface-active properties of the
biosurfactant mixture and affect the micelle
structure. The presence of micelles increases the
apparent solubility, facilitating the uptake of the
oil into the cell. This process, in combination with

Figure 3. Phases diagram of the ternary system oil–rhamnoli-

pids-water. The shaded zone correspond to the compositions

oil–rhamnolipids-water studied. All compositions formed mul-

tiple emulsions o/w/o (microscopic view). 100% of each com-

ponent corresponded to the vertex of the triangle. (a) 20:60:20;

(b) 20:20:60; (c) 10:80:10 (d) 10:70:20; (e) 10:40:50; (f) 5:15:80;

(g) 5:45:50.

Table 2. Emulsification (%) of hydrophobic substrates with

rhamnolipids MAT10

Substrate MAT10: Substrate:H2O
*E24

(%)

*E168

(%)

Benzene 15 31 54 – –

Toluene 15 31 54 77 30

n-alkanesa 15 31 54 75 –

Lubricating oilb 15 31 54 100 100

Kerosenc 15 31 54 100 100

5 75 20 50 50

Casablanca oil 15 31 54 100 100

5 15 80 60 60

a n-alkanes (%): C12 : 0.9; C13: 97.8; C14: 0.9.
b composition (%): total paraffins: 18; total naphtenes: 60.4;

total aromatics: 8.1; thiophenes: 3.5.
c Jetta-1, Campsa, Spain.
dE24 and E186 emulsion measured at 24 and 168 h respectively.
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the direct contact of the soluble hydrophobic
compounds, may have significant influence on
bacterial growth and degradation of organic
compounds present in each phase (Selkelky &
Shreve 1999).

Biodegradation of the Casablanca crude oil by
consortium AM with and without MAT10

The biodegradation activity of consortium AM
corresponding to TPH fraction of Casablanca
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crude oil was 32.9% and 61.86% at 10 and 20 days
of incubation respectively (Table 3). Most of this
percentage corresponds to n-alkanes (Figure 4).
Cultures with rhamnolipid (AMRLs) achieved
60.6% and 71% biodegradation of the TPH frac-
tion at 10 and 20 days of incubation, but in this
case major biodegradation of isoprenoids or
branched-chain alkanes was achieved (Figure 4).
The degradation observed for some chosen tar-
geted isoprenoids including pristane and phytane
(Table 3) showed that consortium AM degraded
16.25% in 20 days, whereas the addition of MAT10

increased the percentage of biodegradation of this
group of compounds to 70%, indicating that the
solubilization of these complex hydrophobic
compounds was effective.

While the n-alkanes are the most biodegradable
components of the saturated fraction of petroleum
products, the group of isoprenoids are more re-
calcitrant. This has been attributed to the bran-
ched chemical structure (Britton 1984) or to a
repressed action of n-alkanes present (Morgan &
Watkinson 1994). Nevertheless, an important
characteristic to take into account is their ex-
tremely low water solubility, which limits their
availability to biodegrading microorganisms. The
results obtained with consortium AM in the pres-
ence and absence of rhamnolipids indicate that the
low degradability of isoprenoids obtained by

consortium AM without MAT10 was due mainly to
their low availability.

The reconstructed ion chromatograms for tar-
geted compounds from the aromatic fraction
(Table 4) demonstrated that at 10 days of incu-
bation the addition of rhamnolipids increased the
biodegradation of all selected compounds. Con-
sortium AM presented a preferential degradation
of parental PAHs in detriment to their branched
derivatives. Naphthalene and its methyl and di-
methyl derivatives were biodegraded only 11–
13.7% and the more branched tri- and tetramethyl

Table 3. Percentage (%) of biodegradation of targeted iso-

prenoids by microbial consortia AM and microbial consortia

with biosurfactant (AMRLs)

Molecule AM AMRLs AM AMRLs

10 days 10 days 20 days 20 days

Farnesane 19.8 82.2 49.5 85.7

IP16a 20.86 70.1 28.89 82.3

norpristane 13.08 54.3 14.42 88.7

Pristane 1.44 0 5.11 58.1

Phytane 0.94 9.1 0 39

Totalb 10.16 37.14 16.25 70

Totalc 32.9 60.63 61.86 71

a 2,6,10-trimethyltridecane.
b Total biodegradation of isoprenoids was calculated by

comparing the sum of all GC-FID isoprenoid area in cultures

and controls.
c Total biodegradation of TPH fraction was calculated by

comparing the sum of all resolved peaks in GC-FID

chromatograms in cultures and controls.

Table 4. Percentage (%) of biodegradation of targeted PAHs by

microbial consortia AM and microbial consortia with biosur-

factant (AMRLs)

Molecule AM AMRLs AM AMRLs

10 days 10 days 20 days 20 days

Naphthalene

(Naph)

11.5 100 100 100

C1-Naph 13.77 100 100 100

C2-Naph 11.06 89.5 100 100

C3-Naph 0 66.8 87 95.49

C4-Naph 0 0 11 17

Fluorene (Fl) 0.18 100 100 100

C1-Fl 0 75.8 87 89

C2-Fl 0 0 18 14.63

C3-Fl 0 0 9 44.33

Phenanthrene

(Phe)

36.09 100 100 100

C1-Phe 0 100 96 100

C2-Phe 0 28.8 48 56.38

C3-Phe 0.3 4.8 20 38.95

Dibenzothio-

phene (DBT)

ND ND ND

C1-DBT 0.49 86.9 75 81.04

C2-DBT 0.88 18.7 40 47.78

C3-DBT 8.46 8.8 29 34.59

Pyrene (Py) ND ND ND ND

C1-Py 0 8.3 0 35.35

C1-C4 represent carbon numbers of the alkyl groups in

alkylated PAHs. Compounds Naph, C1-Naph, C2-Naph, C3-

Naph, C4-Naph, Fl, C1-Fl, C2-Fl, C3-Fl, C1-DBT, C2-DBT,

C3-DBT, Phe, C1-Phe, C2-Phe, C3-Phe and C4-Phe were

characterized by the signals at m/z 128, 142, 156, 170, 184, 166,

180, 194, 208, 198, 212, 226, 178, 192, 206, 220 and 234,

respectively. DBT was characterized by the signals at m/z

139+152. The percentage of biodegradation was calculated by

comparing in cultures and controls the areas shown by the

targeted compounds in reconstructed ion chromatograms.
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derivatives were not degraded. The presence of a
methyl substituent in a PAH renders the molecule
more resistant to microbial metabolism and bio-
degradation decreases with an increase in carbon
atoms in the side chain (Solanas et al. 1984;
Sugiura et al. 1997).

In contrast to the behaviour of consortium AM
alone, AMRL cultures showed a complete removal
of dimethyl naphthalene, a depletion of 89.5% of
trimethyl naphthalene and a removal of 66.8% of
trimethyl naphthalene. Taking into account that
the aqueous solubilities of the substituted naph-
thalenes decrease with an increase in methyl sub-
stitution (Verschueren 1977) it seems that the
addition of rhamnolipids enhanced solubilization
of these less water-insoluble compounds. In this
respect, Kanga et al. (1997) described that a gly-
colipid biosurfactant presented a greater solubili-
zation potential of high branched naphthalenes
than synthetic surfactants because they formed a
large micellar volume which can better accom-
modate these higher molecular weight substituted
derivatives. Taking these results into account, an
increment of quantities solubilized and therefore
available to the microorganisms may allow a more
rapid depletion of these branched PAHs.

At 20 days of incubation, the biodegradation
of the aromatic fraction for both types of culture,
AM and AMRLs, showed similar results. Never-
theless, the removal of some higher branched
PAHs such trimethylfluorene or trimethylphe-
nanthrene increased when rhamnolipids were
present and only AMRL cultures can degrade
methylpyrene (35.35%). As described for methyl-
naphthalenes, the solubility of other alkylated
PAHs also decreases with an increase in methyl
substitution (Verschueren 1997).

These results have a great interest from an
environmental point of view. While parental
polycyclic aromatic hydrocarbons (PAHs) have
acutely toxic effects and can present mutagenic,
teratogenic or carcinogenic properties (Interna-
tional Association of Research Chemists 1983)
their alkylderivatives can have even more serious
consequences for public health. Alkylated PAHs
are the main group of compounds within the
mutagenic, lower molecular weight fraction of
PAH in energy-related materials (Griest et al.
1979). Also, fluorene, phenanthrene and anthra-
cene, have been found to be inactive as mutagens
in the Ames assay, while methylated derivatives of

these compounds are mutagenic toward S. ty-
phimurium TA 100 (LaVoie et al. 1979).

The results obtained have potential applica-
tions in the bioremediation of contaminated sites
by accelerating the biodegradation rates of these
more hydrophobic pollutants. The research is an
on-going effort to study the application of
rhamnolipids of strain AT10 in bioremediation of
hydrocarbons contaminated soils.

Conclusions

Rhamnolipids from strain AT10 of Pseudomonas
aeruginosa enhanced the biodegradation of
Casablanca crude oil by a microbial consortium.
An increase in biodegradation rate of total petro-
leum hydrocarbons was achieved when rhamnoli-
pids were present. However, rhamnolipids were
particularly effective in stimulating the biodegra-
dation of the group of isoprenoids from the
aliphatic fraction and on the alkylated polycyclic
aromatic hydrocarbons from the aromatic frac-
tion.
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