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Abstract A role of thamnolipid biosurfactant to enhance the
biodegradation of hydrocarbons is known to be enhancing
bacterial cell surface hydrophobicity (CSH) and adhesion of
cells to hydrocarbons. Assumptions regarding the mechanism
for thamnolipid in changing CSH of Gram-negative bacteria
are thamnolipid-induced release of lipopolysaccharide (LPS)
from the cell’s outer membrane and adsorption/orientation of
rhamnolipid on the cell surface. In this study, the relation
between cell-wall LPS or rhamnolipid content and CSH of a
Pseudomonas aeruginosa bacterium subjected to thamnolipid
treatment was investigated to add insights to the mechanism.
Results showed that the initial CSH was determined by the
type of substrate the cells grow on and the stage of growth. For
glucose-grown cells with low initial CSH and high LPS
content, thamnolipid sorption in cell wall had no discernable
effect on CSH. For cells grown on glycerol with medium
initial CSH and low LPS content, thamnolipid sorption in-
creased CSH of exponential-phase cells but decreased that of
stationary-phase cells. For hexadecane-grown cells with high
initial CSH and high LPS content, thamnolipid sorption
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decreased CSH of both exponential-phase and stationary-
phase cells. The results indicated that CSH has a better corre-
lation to the content of thamnolipid in the cell wall than to the
content of LPS in the presence of rhamnolipid treatment and
that rhamnolipid adsorption may be an important mechanism
for rhamnolipid to alter CSH of P. aeruginosa.

Keywords Cell surface hydrophobicity - Monorhamnolipid -
Lipopolysaccharide - Adsorption - Pseudomonas aeruginosa

Introduction

The soil and groundwater contamination owing to petroleum
hydrocarbon extraction (Zeng et al. 2013b), pesticide utiliza-
tion (Zeng et al. 2013a), and heavy metal accumulation (Xu
et al. 2012; Tang et al. 2014) has been an important environ-
mental and health issue. With soil and groundwater resources
deteriorating fast, bioremediation technology has attracted the
attention of the world for its safety, economy, and high eco-
logical compatibility.

Cell surface hydrophobicity (CSH) is an important proper-
ty of microorganism, which affects the efficiency of various
bioprocesses, such as cell-to-cell interaction and adherence of
bacteria to hydrophobic organic compounds. Thus, it is rec-
ognized as one of the crucial factors in determining microbial
adhesion to bioremediation interfaces (Liu et al. 2003, 2004;
van Loosdrecht et al. 1987). It was reported that there was a
significantly high correlation between CSH and bacteria ca-
pability for organic contaminant degradation (Abbasnezhad
etal. 2011; Obuekwe et al. 2009; Zhang et al. 2010). As a cell
surface property, CSH can be determined by cell-surface-
associated compounds (Hazen et al. 1990; Norman et al.
2002; Park and So 2000). In the case of Gram-negative
bacteria such as Pseudomonas aeruginosa, the cell surface is
the outer membrane (OM).

@ Springer



10232

Appl Microbiol Biotechnol (2014) 98:10231-10241

OM consists of an inner leaflet of a complex of phospho-
lipids, an outer leaflet of lipopolysaccharide (LPS), and pro-
teins inserted in the lipid bilayer (Chen and Zhu 2005). LPS
has a typical structure consisting of lipid A tail, core oligosac-
charide containing 2-keto-3-deoxyoctonic (KDO), and O-
antigen from inside to outside (Al-Tahhan et al. 2000;
Yokota and Fujii 2007). OM is susceptible to the outer cir-
cumstances and can be easily modified by some chemical
agents and biosurfactants including rhamnolipid (Chen and
Zhu 2005; Gray and Wilkinson 1965; Sotirova et al. 2009).

Rhamnolipid, a kind of biosurfactant with a low critical
micelle concentration (CMC), is usually used to stimulate the
biodegradation of hydrophobic organic compounds as the
substrates (Fu et al. 2007; Kaczorek et al. 2008; Liu et al.
2008; Guangming et al. 2005). In these processes,
rhamnolipid often exhibited a role to change bacterial CSH,
which was supposed to be one of the reasons for degradation
enhancement (Prabhu and Phale 2003; Zeng et al. 2011;
Zhang and Miller 1994). For Gram-negative bacteria, loss of
LPS in OM in the presence of rhamnolipid is a possible
mechanism for rhamnolipid to enhance CSH. Al-Tahhan
et al. (2000) found that LPS released to a culture medium in
the presence of rhamnolipid resulted in higher cell
hydrophobicity and enhanced hexadecane degradation for
P aeruginosa ATCC 9027. Chen and Zhu (2005) found a
more hydrophobic surface of P. aeruginosa cell after
rhamnolipid-induced release of LPS from the cell surface
and a subsequent enhancement of accumulation of hydropho-
bic hydrocarbons on the cell surface. In addition, the influence
of thamnolipid on LPS release was different for strains. In the
study of Al-Tahhan et al. (2000), P. aeruginosa ATCC 27853
released more than 25 % of its LPS in the presence of
rhamnolipid, while P. aeruginosa ATCC 9027, with a similar
improvement of CSH to P. aeruginosa ATCC 27853, released
only 3.3 to 14 %. Another potential mechanism responsible
for the CSH alteration by rhamnolipid is the adsorption or
fusion of rhamnolipid on the cell surface. Yuan et al. (2007)
found that the adsorption of rhamnolipid on cells of a
P, aeruginosa strain turned the cell surface to be more hydro-
phobic, enhancing the adherence of cells onto hydrophobic
surfaces. Studies of Zhong et al. (2007, 2008) showed that the
adsorption of rhamnolipid changed CSH of P. aeruginosa as
well as some other microorganisms at different growth phases,
in which orientation of rhamnolipid monomers on the cell
surface and micelle deposition were supposed to account for
the changes at low and high rhamnolipid concentrations,
respectively.

In this study, monorhamnolipid biosurfactant was used to
treat cells of a P aeruginosa bacterium and the time-course
change of CSH, cell-wall LPS content, and cell-wall
rhamnolipid content were examined. The bacterium was
grown on three different types of substrate to exponential
phase or stationary phase to obtain cells with different initial
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CSHs. Considering that rhamnolipid may penetrate to the
inside of cells, for accuracy of the results, the cell-wall content
of LPS and rhamnolipid was measured directly after breaking
and lysis of cells rather than by measuring the change of LPS
or rhamnolipid concentration in culture medium. The objec-
tive is to identify the role of rhamnolipid that is prior in
modifying CSH for Gram-negative bacteria.

Materials and methods
Microorganism and chemicals

P aeruginosa ATCC 9027 was obtained from the American
Type Culture Collection. The culture was maintained at 4 °C
on peptone agar slants and transferred monthly. It was acti-
vated at 30 °C before use. Highly purified LPS used as the
standard for LPS analysis was extracted from P. aeruginosa
10 and was purchased from Sigma-Aldrich (St. Louis, MO).
Bromoacetophenone (>99 %) and tricthylamine (>98 %) for
rhamnolipid analysis were from Sigma-Aldrich (St. Louis,
MO). Other reagents were of analytical grade. The water used
throughout the experiments was produced by Labconco
WaterPro PS (Kansas, USA) with initial resistivity higher than
182 M cm .

Rhamnolipid production, purification, and characterization

Rhamnolipid was produced by P. aeruginosa ATCC 9027
using the method described by Zhang and Miller (1992).
Then, it was separated and purified by the method of Zhong
et al. (2007). The component analysis of the purified
rhamnolipid was performed by high-performance liquid
chromatography-mass spectroscopy (HPLC-MS) (Zhong
etal. 2007). The CMC of the purified rhamnolipid in a mineral
salt medium (MSM) was measured by the dependence of
MSM surface tension on the rhamnolipid concentration, and
the data were analyzed using the method of Yuan et al. (2007).
MSM was composed of 0.5 % NH4CL, 0.5 % Na,HPO,,
0.25 % KH,PO,, and 0.05 % MgSO, - TH,0, with a pH of 6.8.

Cell growth, surface hydrophobicity, and LPS content

P aeruginosa ATCC 9027 was enriched in Kay’s minimal
medium (Warren et al. 1960) with gyratory agitation at 37 °C
and 200 rpm. After 24 h, the enriched culture was inoculated
at the ratio of 2.5 % (v/v) into 100 ml MSM containing 2.5 %
glucose, glycerol, or hexadecane as the sole carbon source.
Then, this inoculated culture medium in a 500-ml Erlenmeyer
flask was cultivated on gyratory agitation at 200 rpm and
37 °C. For certain time intervals, the culture medium was
sampled to determine cell growth, CSH, and LPS content.
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Bacterial optical density at 600 nm (ODgoo) was used to
show cell growth. Culture medium sample was centrifuged at
6,000 x g for 10 min. The precipitated cells were washed twice
with MSM and then resuspended in MSM with a volume
equal to the sample. Then, ODgq of the cell suspension was
determined by the Shimadzu UV-2552 spectrophotometer.
After ODg(o determination, the cell suspension was further
used for CSH determination using a modified bacterial adhe-
sion to hydrocarbon (BATH) method as described by Zhong
et al. (2007).

Because LPS exists only in the outer membrane of Gram-
negative bacteria (Hancock and Nikaido 1978), LPS was
extracted using whole-cell lysis described by Inzana and
Pichichero (1984), but with some modifications. Firstly, in
order to remove all the interfering substances, the pellet was
washed twice with phosphate-buffered saline (PBS) which,
pH of 7.2, was composed of 0.02 % KCI, 0.02 % KH,PO,,
0.8 % NaCl, and 0.216 % Na,HPO,-7H,0, and each time,
cells were separated by centrifugation.Washed cells were
then suspended in PBS to give ODgoy of 1.0. A certain
volume of cell suspension was centrifuged at 14,000x g for
10 min, and the supernatant was discarded. To extract LPS,
0.3 ml of distilled water and an equal volume of 90 %
phenol were added to the cell pellet. Then, the mixture
was heated at 68 °C for 15 min with vigorous stirring,
quickly chilled to 10 °C, and centrifuged at 6,800xg for
15 min. The supernatant was removed carefully with a
pipette, and the phenol phase at the bottom was mixed with
0.2 ml of distilled water for a repetition of LPS extraction.
The supernatants from the two phenol-water extractions
were combined in a centrifuge tube, added with 0.1 ml of
20 % NaCl and 6 ml of 95 % ethanol, and then placed at
—20 °C overnight to precipitate LPS. The LPS precipitate
and the aqueous phases were separated by centrifugation at
2,000xg for 10 min. Then, 0.1 ml of 0.5 M NaCl and 1 ml
of 95 % ethanol were added to the solid phase, and LPS
precipitation at —20 °C was repeated. Finally, distilled water
was added to the precipitate to form 0.1 ml of sample. The
LPS concentration in the sample was measured by the
thiobarbituric acid assay of KDO (Al-Tahhan et al. 2000)
and then converted to cellular LPS content in micrograms
per milliliter of cell suspension with ODgg of 1.0 in MSM.

Treatment on P. aeruginosa ATCC 9027 with rhamnolipid

Exponential-phase cells (20 h grown on glucose, 24 h grown
on glycerol, or 10 days grown on hexadecane based on growth
curves) and stationary-phase cells (36 h grown on glucose,
42 h grown on glycerol, or 30 days grown on hexadecane
based on growth curves) of P. aeruginosa ATCC 9027 were
used for rhamnolipid treatment test. Cells were centrifuged at
6,000x g for 10 min, washed with MSM, and resuspended in
MSM to obtain ODggo of 1.0. Rhamnolipid was supplied to

the flask containing 15 ml of cell suspensions to a final
concentration 0, 50, or 500 uM. Then, the cells were incubat-
ed at 37 °C with gyratory agitation at 200 rpm. After 10, 60, or
240 min, CSH, LPS content, and cell-wall rhamnolipid con-
tent were determined.

CSH and LPS were measured using the methods described
in “Cell growth, surface hydrophobicity, and LPS content.”
The quantitative analysis of rhamnolipid content in cell wall
was based on 6 ml of cell suspensions (ODggp=1.0) in this
experiment. First, the cell wall of P. aeruginosa ATCC 9027
was separated by the method of ultrasound and centrifugation
as described by Weinberg et al. (1983). The cell-wall pellets
were collected and resuspended in 2 ml MSM. To adjust the
pH to 12.0, 10 % NaOH was added, and then, the temperature
of the water bath was kept at 100 °C for 1 min for the lysis of
the cell-wall pellets. After that, the suspension was adjusted to
a pH of about 2.0 by 2 M HCIl. Rhamnolipid was then
extracted by 2 ml ethyl acetate; 1.7-ml phase of the ethyl
acetate was collected and air-evaporated at 60 °C. The residual
rhamnolipid was dissolved in 1 ml of acetonitrile solution
containing 8 mM 2-bromoacetophenone and 4 mM
triethylamine, and the mixture was then allowed to react at
80 °C for 1 h (Zhong et al. 2007). The content of derivatized
rhamnolipid was determined by HPLC using the method of
Mata-Sandoval et al. (1999) with some modifications de-
scribed by Zhong et al. (2007). The measured concentration
was converted to adsorbed rhamnolipid content in micro-
grams per milliliter of cell suspension with ODgqy of 1.0 in
MSM.

Results
Characterization of the rhamnolipid

The result of HPLC-MS analysis on the purified
rhamnolipid is shown in Fig. 1. P. aeruginosa ATCC
9027 produces only monorhamnolipid under the cultiva-
tion condition in this experiment. The monorhamnolipid
mixture consists of RhaC;yC;y, RhaC;yC;5, RhaCgC,,
and RhaC,(C;,-H, with the approximate molar ratio of
70:13:10:7 based on the peak area of the species in the
chromatograph. The abbreviation Rha,C,C.(-H,,) desig-
nates the individual component with x as the number of
rhamnose groups, y and z as the carbon atom number of
each aliphatic chain in the lipid moieties, and w/2 as the
number of unsaturated bonds in lipid moieties. The
CMC of the monorhamnolipid in MSM was determined
to be 83 uM or 42.1 mg/L based on the dependence of
MSM surface tension on rhamnolipid concentration, and
the data were analyzed by the method of Yuan et al.
(2007).
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Fig. 2 Growth (filled circles),
CSH (open squares), and LPS
(open triangles) of P. aeruginosa
ATCC 9027 when grown on
glucose (a), glycerol (b), and
hexadecane (¢). For LPS, ug/mL
represented the cellular LPS
content in micrograms per
milliliter of cell suspension with
ODggp of 1.0 in MSM, and the
data of 0 h referred to the sample
in Kay’s minimal medium at 24 h
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Cell growth and cell surface hydrophobicity

Figure 2 shows the cell growth in the culture with different
carbon sources and the related CSH and cell surface LPS
content. Cells exhibited a fast growth in a period of 32 h with
glucose or glycerol as the substrate (Fig. 2a, b). When cells
grow from the middle exponential phase to stationary phase on
either glucose or glycerol, CSH decreases first and then be-
comes stable. Totally, CSH is higher for cells grown on glycerol
than those on glucose. Cellular LPS content increases from the
middle exponential phase to stationary phase, and totally, it is
lower for cells grown on glycerol than those on glucose. For
these two substrates, change of CSH appears to have a good
reverse correlation with that of cellular LPS content.

The features of cell growth and the related change of CSH
are different when hexadecane was used as the substrate.
Totally, CSH increases along with cell growth during the
whole cultivation period, reaching a final high level of
BATH rate of 80 % (Fig. 2¢). The cell-growing phase can be

divided into three stages with incremental growth rate from
stage 1 to stage 3 in order of time. At the beginning of each
stage, almost a rapid increase of CSH is observed. This result
shows the importance of CSH on bacterial growth under
water-immiscible organic substrate. The cellular LPS content
also increases during the whole growth period, and the LPS
content level is comparable to that of cells grown on glucose.
Because LPS is the cell’s outer membrane structure supposed
to cause cell surface hydrophilic (Nikaido 1976; Al-Tahhan
et al. 2000), a similar trend in the change of cellular LPS and
CSH when cells were grown on hexadecane indicates that cell
surface LPS may not be the sole structure determining CSH.

Effect of thamnolipid treatment and relation between CSH,
cellular LPS, and adsorbed rhamnolipid

A method of short-term monorhamnolipid treatment on the
P, aeruginosa cells in the absence of any carbon source was
used to examine the role of rhamnolipid in altering CSH of

Fig. 3 CSH, LPS, and adsorbed
monoRL of P. aeruginosa ATCC
9027 exponential-phase (a) and
stationary-phase (b) cells grown
on glucose after monoRL
addition. For LPS, p1g/mL
represented the cellular LPS
content in micrograms per
milliliter of cell suspension with
ODggp of 1.0 in MSM. For
monoRL adsorption, pg/mL
represented the amount of

CSH (%)

monoRL in cell walls of the same
amount of bacteria. Filled circles
indicate no monoRL; open
triangles, 50 pM monoRL; and
open squares, 500 uM monoRL

LPS (ug/mL)

MonoRL (ug/mL)

@ Springer

T T T T
120 180 240 0 60 120 180 240

Time (min) Time (min)



Appl Microbiol Biotechnol (2014) 98:10231-10241

10237

P aeruginosa ATCC 9027. During this 4-h course of treat-
ment, the growth of cells is minimal due to lack of carbon
source (the obtained cells were centrifuged and washed twice
with MSM, and P. aeruginosa ATCC 9027 does not use the
added rhamnolipid as the carbon source for growth), which is
demonstrated by the minimal change of ODg of the culture
before and after the 4-h period (data not shown). The reason
for not examining the effect of thamnolipid in a cell-growth
manner is to avoid any side effects that may arise from
reproduction activity of growing cell. Because the LPS regen-
eration and penetration of rhamnolipid to the inside of cells
occur in living cells and also the cells of P. aeruginosa ATCC
9027 can produce rhamnolipid, it may not be precise to
determine the cellular LPS and adsorbed rhamnolipid content
by measuring LPS and rhamnolipid concentration in the cul-
ture medium. Thus, the content of cellular LPS and adsorbed
rhamnolipid was measured directly by the cell extraction
method (see “Materials and methods” for details). The effect
of rhamnolipid treatment on CSH, cellular LPS content, and

adsorbed rhamnolipid content for exponential-phase and
stationary-phase cells grown on the three substrates of glu-
cose, glycerol, and hexadecane is shown in Figs. 3, 4, and 5.

Change of CSH upon the rhamnolipid treatment occurred
mainly in the first 10 min of contact and depends on both the
carbon source the cells grew on and the stage of growth. For
glucose-grown cells with low initial CSH, the change is
limited whether the cells are in the exponential or stationary
growth stage. For glycerol-grown cells with medium initial
CSH, CSH decreases for exponential cells and increases for
stationary cells. For hexadecane-grown cells with high initial
CSH, CSH decreases for both exponential and stationary cells
and the decrease was most significant for stationary cells
treated with 500 uM rhamnolipid.

Rhamnolipid can induce loss of LPS from the cell surface
of P aeruginosa, which is supposed to be the reason for
increased CSH of the cells in the presence of rhamnolipid
(Al-Tahhan et al. 2000). In our experiment, the glucose-grown
exponential-phase cells, glucose-grown stationary-phase

Fig. 4 CSH, LPS, and adsorbed 6
monoRL of P. aeruginosa ATCC
9027 exponential-phase (a) and

stationary-phase (b) cells grown

on glycerol after monoRL 40+
addition. For LPS, p1g/mL .
represented the cellular LPS 301
content in micrograms per
milliliter of cell suspension with 204 5
ODggp of 1.0 in MSM. For
monoRL adsorption, pg/mL 10
represented the amount of G----0

50 -

CSH (%)

monoRL in cell walls of the same 0
amount of bacteria. Details are 5.
described in the legend of Fig. 3
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Fig. 5 CSH, LPS, and adsorbed
monoRL of P. aeruginosa ATCC
9027 exponential-phase (a) and
stationary-phase (b) cells grown
on hexadecane after monoRL

addition. For LPS, pg/mL S 604, AR
represented the cellular LPS (3/:) ) -
content in micrograms per O 40 ‘

milliliter of cell suspension with
OD600 of 1.0 in MSM. For

100
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20

monoRL adsorption, pg/mL
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amount of bacteria. Details are
described in the legend of Fig. 3
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cells, and hexadecane-grown exponential-phase cells exhibit
loss of cellular LPS content during the early stage of
rhamnolipid treatment; however, the rhamnolipid treatment
does not cause a discernable higher decrease of cellular LPS
content at the higher concentration of rhamnolipid (500 uM).
No strong relation between the change of CSH and change of
cellular LPS content was observed.

For all the six groups of cells, the initial rhamnolipid
content in the cell wall is higher than 0 mg/L because
P aeruginosa ATCC 9027 produces cell-wall-associated
rhamnolipid during growth. The content of cell-wall-
associated rhamnolipid is close between log-phase and
stationary-phase cells, and basically, it did not increase during
the 4-h treatment without addition of extra rhamnolipid. When
extra thamnolipid was added, adsorption of rhamnolipid to the
cell wall was observed during the first hour of treatment and
the adsorption is faster for exponential-phase cells than for
stationary-phase cells. After 10 min or 1 h, the cell-wall
rhamnolipid content decreases, which may be a physiological
response of the cells to the adsorption, as P. aeruginosa

@ Springer

Time (min) Time (min)

bacterium is found to be able to release rhamnolipid actively
upon rhamnolipid treatment (Zhong et al. 2007).

Given that the trends of change of CSH and adsorbed
rhamnolipid appear related, the data of CSH and cell-wall
rhamnolipid content for all the six groups of cells at each time
point during thamnolipid treatment are put together with the
expectation of establishing a direct relation between
rhamnolipid adsorption and CSH. The data of CSH and cel-
lular LPS content are also plotted for comparison. As shown
in Fig. 6a, when all the six groups of cells are considered
together, there is a wide distribution of CSH whether the
cellular LPS is low or high, and the trend that CSH decreased
with increasing cellular LPS content is not obvious. The result
indicates that the change of cellular LPS content has a limited
impact on CSH in the case of this study and cellular LPS may
not be the sole factor determining CSH.

Rhamnolipid adsorption shows an impact on CSH which is
dependent on the type of cells (Fig. 6b). For glucose-grown
cells with low initial CSH, whether the cells are from the
exponential phase or stationary phase, CSH is inert to the
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Fig. 6 Relationship between CSH of P. aeruginosa ATCC 9027 and LPS
content (a), and monoRL adsorbed in cell wall (b). For LPS, pug/mL
represented the cellular LPS content in micrograms per milliliter of cell
suspension with ODgg of 1.0 in MSM. For monoRL adsorption, pg/mL
represented the amount of monoRL in cell walls of the same amount of
bacteria. Open squares indicate exponential-phase cells grown on glu-
cose; filled squares, stationary-phase cells grown on glucose; open
triangles, exponential-phase cells grown on glycerol; filled triangles,
stationary-phase cells grown on glycerol; open circles, exponential-
phase cells grown on hexadecane; and filled circles, stationary-phase cells
grown on hexadecane

change of cell-wall rhamnolipid content. For glycerol-grown
cells with medium initial CSH, rhamnolipid sorption increases
CSH of exponential-phase cells but decreases that of
stationary-phase cells. For hexadecane-grown cells with high
initial CSH, rhamnolipid adsorption decreases CSH of both
exponential-phase and stationary-phase cells. That is, the re-
sponse of CSH to adsorption of rhamnolipid is specific to both
the type of carbon source and growth stage of the cells.

Discussion

Cell surface hydrophobicity is considered to be one of the key
factors in affecting the efficiency of various bioprocesses
(Feng et al. 2013). In the case of a Gram-negative bacterium
such as P. aeruginosa, cell surface properties like CSH result

from the unique chemical structure of the outer membrane
which is primarily composed of LPS. The O-antigen, the part
of LPS extending out to the environment, consists of sugars
and is hydrophilic. However, the LPS mutants with no O-
antigen or LPS loss from the outer membrane is assumed to be
able to cause a more hydrophobic cell surface due to the
exposure of the hydrophobic fatty acid tails of LPS or phos-
pholipid in the outer membrane. (Nikaido 1976; Al-Tahhan
etal. 2000). Other structures, e.g., OM protein, rhamnolipid as
a product associating with cell wall, and even substrate
adsorbed to the cell surface, may also play a role (Feng et al.
2013; Masuoka and Hazen 1997; Hazen et al. 1986).

In the study of Al-Tahhan et al. (2000), a good relation
between the increase of CSH and the amount of LPS released
to the culture medium was observed for P. aeruginosa ATCC
9027 growing on either glucose or hexadecane in the presence
of rhamnolipid. Such a relation between the cellular LPS
content and CSH, however, was not established in this study
(Fig. 6a). The information on the increase of LPS quantity in
the culture medium may not be enough to indicate the de-
crease of content of the cellular LPS which should be the one
directly related to CSH if there is such a relation. There could
be the possibility that LPS in cell-wall, during cell
growth, is replenished through the synthesis of LPS rather
than being constantly lost because of releasing to the medium.
It should also be noted that the concentration of rhamnolipid
used in their cell growth experiment is 6 mM, which is more
than an order higher than that used in our experiment
(0.5 mM). This high concentration of rhamnolipid could
probably induce much heavier loss of LPS from the cell
surface, which may truly pose a strong effect in enhancing
cell surface hydrophobicity.

The results of Fig. 6b show that CSH responded to the
adsorption of thamnolipid and the response is specific to both
the type of carbon source and growth stage of the cells. This
specificity is assumed to result from the difference in the
modes of orientation of monoRL molecules adsorbed to the
cell surface. Rhamnolipid may adsorb to the cell surface
through interaction between rhamnosyl or carboxyl groups
and polar structures on the cell surface by electrostatic, dipo-
lar, hydrogen bonding, or short-term forces (e.g., O-antigen of
LPS) (Paria and Khilar 2004), turning the bacterial surface
more hydrophobic. The adsorption may also be driven by van
der Waals and hydrophobic forces between rhamnolipid hy-
drophobic tail and cell surface nonpolar structures (e.g., lipids
and some proteins), and this means that the orientation of
rhamnolipid molecule would be inverted with the polar head
exposed to the external environment, causing the reduction of
CSH (Goéma et al. 2011; Zhang and Miller 1994). The ratio
between quantities of these polar and nonpolar structures may
be a function to the type of carbon source and the growth
stage. Thus, the cells exhibit disparity in CSH after growth on
different substrates for different time periods, and the pattern
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that CSH changes upon rhamnolipid adsorption varies be-
tween cell groups.

In conclusion, the study used the cells of a P. aeruginosa
bacterium treated with rhamnolipid to examine the roles of
low-concentration rhamnolipid biosurfactant in the modifica-
tion of cell surface hydrophobicity. The cellular LPS and cell-
wall-associated rhamnolipid were extracted and measured to
establish the relations between them and CSH.The results
showed that the effect of rhamnolipid adsorption in cell wall
on CSH change precedes that of rhamnolipid-induced remov-
al of LPS when rhamnolipid concentration is up to 0.5
mM.The way on how CSH changes, however, depends on
the type of substrate the cells grow on and the growth stage,
hypothetically as a result of the variation of interaction be-
tween the rhamnolipid molecule and cell surface structures
and the pattern of orientation of the rhamnolipid molecule on
the cell surface. The study added new information to the
mechanism on how biosurfactants alter cell surface hydropho-
bicity of hydrocarbon-degrading microorganism and on the
methodology to control cell surface hydrophobicity with
biosurfactant, which should be of importance for applications
of biosurfactants in the biodegradation of water-immiscible
organic contaminants and bioremediation of sites contaminat-
ed with organic compounds.
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