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Abstract We review the environmental role of rhamn-
olipids in terms of microbial life and activity. A large
number of previous research supports the idea that these
glycolipids mediate the uptake of hydrophobic substrates
by bacterial cells. This feature might be of highest priority
for bioremediation of spilled hydrocarbons. However,
current evidence confirms that rhamnolipids primarily play
a role in surface-associated modes of bacterial motility and
are involved in biofilm development. This might be an
explanation why no direct pattern of hydrocarbon degra-
dation was often observed after rhamnolipids supplemen-
tation. This review gives insight into the current state of
knowledge on how rhamnolipids operate in the microbial
world.

Keywords Bacterial motility - Biodegradation - Biofilm -
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Introduction
Rhamnolipids are surface-active glycolipids of microbial

origin, which have been extensively studied by numerous
scientists all over the world (Fig. 1).
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Several studies dedicated to this topic can be found,
which mainly focus on rhamnolipid biosynthesis and iso-
lation of new congeners and analytical studies concerning
their chemical structures (Goérna et al. 2011; Zgota-
Grzeskowiak and Kaczorek 2011), determination of their
physico-chemical properties, especially in terms of surface
activity, and potential applications (Maier and Soberén—
Chavez 2000; Soberon—Chavez 2004; Nitschke et al. 2005;
Soberén—Chaves et al. 2005; Abdel-Mawgoud et al. 2010).
Several important functions of these biosurfactants were
uncovered, but the reason and mechanics behind their
production still remained unclear.

Environmental microbiologists speculated that the
secretion of rhamnolipids is mainly a part of a naturally
developed mechanism for improved substrate uptake. The
potential use of biosurfactants in bioremediation of petro-
leum contamination has attracted a lot of attention (Ober-
bremer et al. 1990; Finnerty 1994). Additionally, the use of
rhamnolipids brought about several advantages compared
to synthetic surfactants (Lang and Wullbrandt 1999), such
as: low critical micelle concentration values (ranging from
75 to 150 mg/L; Wang et al. 2007, Chrzanowski et al.
2009c¢), the possibility of producing biosurfactants in situ,
low environmental burden, high biodegradability and a
high solubilization efficiency. Since the low solubility of
petroleum hydrocarbons limited their bioavailability, it was
expected that surfactant-induced solubilization would
result in an enhanced biodegradation process (Miller 1995).
In this concept, thamnolipids were supposed to play the
role of a mediator, which connected the hydrophilic micro-
organisms living in the environment with water-insoluble
hydrophobic hydrocarbons. Alternatively, the modification
of microbial cell surface properties by rhamnolipids would
also lead to an increased contact area between the cells
and carbon source (Zhang and Miller 1995). Promising
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Fig. 1 Important events and
discoveries in the field of
rhamnolipids

results were especially anticipated for polycyclic aromatic
hydrocarbons (PAH), which are considered as dangerous
and hard-to-remove environmental pollutants (Déziel et al.
1996; Makkar and Rockne 2003; Fernandez-Luquefio et al.
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2011). Although some scientists reported positive effects
after the addition of rhamnolipids (Zhang and Miller 1992),
a lack of influence or even a negative effect of biosurfac-
tant supplementation was observed just as frequently
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(Humphries et al. 1986; Falatko and Novak 1992; Owsia-
niak et al. 2009b; Chrzanowski et al. 2011).

However, the way of perceiving the role of biosurfac-
tants in the functioning of microorganisms is diametrically
changing in the light of the most recent studies concerning
this topic (Caiazza et al. 2005; Verstraeten et al. 2008).
With this in mind we will try to provide the most actual
answer to the question: why do microorganisms produce
rhamnolipids?

Rhamnolipids in bioremediation of petroleum
contaminants

Influence of rhamnolipids on the solubility
of hydrophobic hydrocarbons: initial concepts
during laboratory studies

Microbial ability to produce biosurfactants during growth
on hydrophobic substrates was very interesting for many
scientists. The bioavailability of contaminants in the nat-
ural environment is one of the key factors limiting the
progress of biodegradation processes (Volkering et al.
1998). The secretion of rhamnolipids would lead to the
solubilization of hydrophobic compounds, which in turn
contributed to a stimulation of biodegradation processes
(Hisatsuka et al. 1971). It was often considered as an
integral trait of microorganisms capable of biodegrading
petroleum hydrocarbons. That is why some researchers
directly connected the lack of genes responsible for
rhamnolipids synthesis with the inability to grow on
hydrophobic carbon sources, such as n-alkanes (Koch et al.
1991; Ochsner et al. 1994).

The ability to produce biosurfactants and change the
interfacial tension was accepted as a potential mechanism
for enhancing the transfer of hydrophobic substrates
(Boulton and Ratledge 1984; Singer and Finnerty 1984).
Solubilization of compounds from the oil phase and their
transport into the water phase would exclude diffusion as a
factor limiting the progress of biodegradation processes
(Hommel 1994). The rhamnolipids-enhanced bioremedia-
tion concept became popular and numerous attempts were
made to increase the bioavailability of hydrophobic sub-
strates by biosurfactant supplementation during biodegra-
dation tests. Zhang and Miller (1994) reported that the
addition of rhamnolipids at 300 mg/L stimulated the bio-
degradation of octadecane. In some other experiments
carried out by the same authors, rhamnolipids increased
biodegradation of hexadecane for some species and
inhibited the biodegradation of octadecane for other
(Zhang and Miller 1995). At that time it was also observed
that the addition of rhamnolipids led to a notable

enhancement of the degradation efficiency for species
which were unable to synthesize their own biosurfactant.

Due to numerous inconsistent reports regarding the
effect of rhamnolipids on biodegradation efficiency,
researchers started to thoroughly investigate not only
the interactions between rhamnolipids and contaminants,
but also the influence of this biosurfactant on the
microorganisms.

Rhamnolipid-induced changes in microbial surface
properties: parallel uptake mechanism

During their research Zhang and Miller (1994, 1995) also
observed that the addition of biosurfactants contributed to
changes in the cell surface hydrophobicity (CSH) of the
studied bacterial species. This discovery led to new insights
regarding microbial activity during the biodegradation
process. At that time, the pursuit of simple correlations
between the degrading microorganisms, rhamnolipids and
hydrophobic substrates ended and the search for a more
complex and multilevel theory started. In order to find
answers to the questions at hand, subsequent experiments
focused on investigating the influence of rhamnolipids on
the surface properties of various bacterial species in terms
of biodegradation efficiency. Numerous attempts to analyse
the complicated dependencies between biosurfactants,
microorganisms and xenobiotics were made in order to find
the optimal conditions for biodegradation (Noordman and
Janssen 2002). Based on the experimental data and analysis
of biodegradation kinetics during several experiments a
different mechanism of substrate uptake by microorgan-
isms was proposed: direct contact of microbial cells with
the hydrophobic carbon source. Changes in microbial sur-
face properties, hydrophobicity in particular, were con-
nected with the mechanism of direct substrate uptake from
the oil phase (Chrzanowski et al. 2009a). Such changes,
induced as a result of adsorption of rhamnolipids or other
surfactants on the cell surface, would make for an alter-
native method of overcoming the limiting factors in sub-
strate transport (Chrzanowski et al. 2006b, 2009b).

The increase in biodegradation efficiency could there-
fore be caused by enhanced hydrocarbon solubilization or
modifications of the external cell structures, which in both
cases contributed to an easier contact between the cells and
the carbon source (Hommel 1994; Zhang and Miller 1994;
Kaczorek et al. 2008). This theory could be used to explain
some of the above-mentioned inconsistencies, but the
results of experiments carried out in this field were still far
from being uniform. The later work suggests that the
observed increase in the biodegradation efficiency may be
the effect of both phenomena occurring simultaneously.
Many studies confirm that direct uptake from oil phase
as well as biosurfactant-mediated solubilization of
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hydrophobic substrates in the water phase take place during
biodegradation of PAH (Bouchez et al. 1997).

In order to investigate the preferable substrate uptake
mechanism, experiments were carried out with the use of
over sixty bacterial strains isolated from soil with various
concentrations of petroleum contamination (Bouchez-Nai-
tali et al. 1999). The results obtained suggest that none of
the mechanisms seems to be dominating. Half of the strains
studied exhibited direct uptake from the oil phase, while
the other half used the mechanism based on the biosur-
factant-induced transfer enhancement. It is worth noting
that for some of the strains studied the authors observed a
lack of connection between hydrophobicity, biosurfactant
production efficiency and the type of carbon source. Very
similar results were obtained after growth on hydrophobic
hexadecane and hydrophilic glycerol. It was concluded that
the environmental conditions in the microorganisms’ nat-
ural habitat impact their specific carbon source uptake
mechanisms. Expanding the area of the hydrocarbon liquid
phase in a given environment would most likely lead to the
emergence of strains focusing on the direct uptake of
substrates from the oil phase. It has been reported that the
mass transfer rate is at its peak when the microorganisms
grow in the direct vicinity of the hydrocarbon droplet
(Johnsen et al. 2005). As for the water-rich environment, it
is generally expected that it will be dominated by hydro-
philic species. Therefore the biosurfactant-based uptake
mechanism should be more advantageous. However in
such systems the process of contaminant emulsification is
more likely than their solubilization. Many authors point
out that biosurfactants are produced by both hydrophilic
and hydrophobic strains, regardless of the carbon source
type used (Arino et al. 1996; Cooper 1984; Guerra-Santos
et al. 1984; Mata-Sandoval et al. 1999; Matsufuji et al.
1997; Parra et al. 1990), which may suggest that their role
may transcend the initially set boundaries and depend
strongly on the environmental conditions.

Evaluation of the rhamnolipids-supplemented
biodegradation theory in practice: getting closer
to environmental conditions

The number of reports suggesting that efficient biodegra-
dation processes occur without the presence of biosurfac-
tants was growing. For example, in 2004 it was observed
that the production of biosurfactants was completely
unconnected with the biodegradation efficiency of hydro-
phobic substrates such as PAH (Johnsen and Karlson
2004). This may explain why only a limited number of
experiments succeeded in finding a correlation between
cell hydrophobicity and biodegradation efficiency (Chrza-
nowski et al. 2008; Obuekwe et al. 2007, 2008). However,
at this point the studies entered a brand new environmental
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dimension. It was observed that although single strains
can serve as an easy-to-use material for model studies,
the attempts to apply the regularities observed during
laboratory studies in field conditions mostly ended in
failures, especially for the terrestrial environment (Jain
et al. 1992).

It is worth noting that no microorganism is a lone island
and that the degradation processes taking place in the
environment are carried out by specialized groups of
microorganisms called consortia or at least by mixed cul-
tures. Currently there is a limited number of studies dedi-
cated to investigating the influence of rhamnolipids or
strains capable of their production on environmental con-
sortia. However it has been reported that the addition of
microorganisms with the ability to synthesize rhamnolipids
did not affect the biodegradation of petroleum hydrocar-
bons in a terrestrial environment (Jain et al. 1992). This
was most likely caused by difficulties during the adaptation
to a new environment.

Many recent experiments showed both positive and
negative effects of biosurfactant supplementation on the
biodegradation of hydrophobic substrates by species iso-
lated from the environment (Owsianiak et al. 2009a).
Studies concerning the influence of rhamnolipids on diesel
oil biodegradation efficiency by 218 environmental con-
sortia point out that the addition of the biosurfactants
equally increased, decreased and had no effect on the
progress of degradation processes (Owsianiak et al. 2009b).
A complete lack of correlation between the cell surface
hydrophobicity and diesel oil removal rate was also
observed. Similar observations were reported in other
studies (Chrzanowski et al. 2005, 2006a). This may lead to
the conclusion that in most cases the addition of rhamn-
olipids is not a significant factor in terms of biodegradation
efficiency.

At this point alternative concepts from previous years
returned (Neu 1996). It has been concluded that biosur-
factants may play a vital role in various processes
(Chrzanowski et al. 2009¢) and enhancing the substrate
uptake mechanisms is most likely just one of the phe-
nomena observed. The next years are filled with studies
focused on analysing the function of rhamnolipids during
microbial colonization processes, biofilm development and
detachment or specific activity versus other organisms.

Rhamnolipids in bacterial cell motility

Reaching the limits: production of rhamnolipids
under different starvation conditions

In the case of substrate limitation, two scenarios are likely
to occur: microorganisms either develop new mechanisms
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for gaining substrates which were previously unavailable,
or they migrate from their current position in search of
better life conditions. Based on the concept of limited
accessibility, it was initially considered that rhamnolipids
are mainly used to enhance the bioavailability of potential
hydrophobic carbon sources for hydrophilic microorgan-
isms (Arino et al. 2008). However the secretion of
products with a high molecular mass in order to obtain
substrates with a low molecular mass seems to be
unfounded in terms of cellular energy balance. The
average molecular mass of rhamnolipids is at 650 g/mol
whereas the average molecular mass of potential sub-
strates, for instance octadecane, is at 254 g/mol. In field
conditions it is also highly doubtful that the rhamnolipids
will simply ‘fetch’ a octadecane droplet to the cell upon
secretion. Moreover, several studies focused on evaluating
the bioavailability of hydrocarbons in surfactant-supple-
mented samples suggest that compounds entrapped in
micelles are not accessible for microorganisms. This fact
was mainly proven for non-ionic surfactants (Dai et al.
2010; Wang 2011), however recently similar results have
been reported for rhamnolipids (Chrzanowski et al. 2011;
Zeng et al. 2011). It is more plausible that the presence of
biosurfactants may lead to flushing out potential carbon
sources from the vicinity of the cells. This simple fact
may suggest that the possibility of microorganisms pro-
ducing rhamnolipids for the sole purpose of obtaining
carbon sources is rather low. Besides, in a heavily
petroleum-contaminated environment which is rich in
hydrocarbons, the depletion of nutrients is considered to
be a far more important issue (Prince 2005). That is why
often an initially rapid growth of hydrocarbon degraders
is followed by a drop of biodegradation efficiency due to
depletion of nitrogen and phosphorus sources at the
contaminated site. This corresponds well with the early
discoveries concerning the overproduction of rhamnoli-
pids, which occurred mainly during nutrient limitation
conditions. It was reported that the most effective pro-
duction is reached when a limitation of nitrogen takes
place (Guerra-Santos et al. 1986; Mulligan and Gibbs
1989; Desai and Banat 1997). In the stationary phase of
growth, when the nitrogen sources are depleted, an
accumulation of rhamnolipids in the growth medium
occurs (Manresa et al. 1991). The overproduction of
rhamnolipids was also observed under phosphorus limi-
tation conditions (Mulligan et al. 1989). Taking this into
account, perhaps it is more plausible that thamnolipids are
involved in the enhancement of microbial motility as
means to relocate to nitrogen- and phosphorus-rich
niches? Recent studies concerning cell motility provide
strong evidence supporting this thesis (Tremblay et al.
2007; Verstraeten et al. 2008) (Fig. 2).

Basics behind bacterial motility: contribution
of rhamnolipids

Studies concerning P. aeruginosa showed that bacterial
cells are capable of three motility types: swimming with
the help of flagella, twitching, which relies on type IV pili
and most recently discovered multicellular swarming
(Kohler et al. 2000; Déziel et al. 2003).

P. aeruginosa cells possess a singular polar flagellum,
which allows them to swim in an aqueous environment.
The flagella along with a chemoreceptor-based sensory
system are used by the bacteria to rapidly respond to sig-
nals from the environment (Taguchi et al. 1997).

Twitching with the help of type IV pili is a surface
motility (Whitchurch et al. 1991; Darzins 1994). It is
considered that twitching occurs as a consequence of
stretching and shrinking of the pili, which sets the cells in
motion. The synthesis and formation of pili is controlled by
many genes and the exact environmental conditions lead-
ing to their expression are still unknown (Hobbs et al.
1993). The pili are an important element of the cell
structure, participating in virulence activity and attachment
to abiotic surfaces (Hahn 1997; O’Toole and Kolter 1998).

However the newly-discovered swarming seems to be
most complicated motility type. It is a form of an organized
surface movement, which relies on cell elongation, pres-
ence of an adequate number of tendrils and cell-to-cell
contact (Fraser and Hughes 1999). This phenomenon,
which is exclusive for multicellular systems, embraces both
cell integration and detachment i.e. during the colonization
of a new environment. This type of motility is also con-
sidered by many researchers to be an integral part of pro-
cesses such as formation of bacterial biofilms and
infections caused by pathogenic microorganisms (Sharma
and Anand 2002). Swarming cells are usually elongated
and possess numerous tendrils. It was also suggested that
some P. aeruginosa cells also need the type IV pili and
rhamnolipids to successfully swarm (Kohler et al. 2000).
The authors also concluded that initiating the swarming
motility is tightly bound with nitrogen availability in the
environment. Not only does this element influence the
production of rhamnolipids, but it is also an important
factor during the synthesis of pili (Goldflam and Rowe
1983; Ishimoto and Lory 1989). In a nitrogen-rich envi-
ronment, the expression of genes responsible for the syn-
thesis of pili is limited, which would also inactivate the
swarming motility. Sensory-based decision-making system
along with cell communication would play a crucial role in
detecting environmental limiting factors and propagating
proper responses — such as inducing rhamnolipid synthesis
in a nutrient-deprived environment, which would allow the
microorganisms to migrate into a new, nutrient-rich niche.
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Fig. 2 Conceptual pathway
covering the studied topics
concerning rhamnolipids
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Rhamnolipids-based model for modulation of bacterial
motility: chemotactic attractant-repellent system
regulating swarming

The experiments carried out by Caiazza et al. (2005) and
crucial results presented by Tremblay et al. (2007) pro-
vided unquestionable evidence regarding the connection
between the presence of rhamnolipids and swarming
motility. The first team of researchers suggested that
rhamnolipids are responsible for the inhibition of cell
motility, while the precursor compounds for their synthesis,
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3-(3-hydroxyalkanoyloxy) alkanoic acids (HAAs), play the
role of wetting agents. However, the studies performed by
Tremblay et al. (2007) led to completely different con-
clusions, which were mostly caused by purity differences.
The first team used a crude extract, which was a mixture of
monorhamnolipids, dirhamnolipids and HAAs, while the
second team investigated the influence of each separate
component upon isolation and thorough purification. This
allowed for obtaining very interesting results, which
reported a chemotaxis-based system with two competitive
effects induced by dirhamnolipids and HAAs. The authors
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concluded that dirhamnolipids serve as attractants which
are recognized by bacterial swarmers and HAAs play the
role of strong repellents. Both compounds also contribute
to tendril formation, with dirhamnolipids promoting and
HAAs inhibiting the process. Monorhamnolipids mainly
act as wetting agents responsible for enhancing the trans-
port by decreasing surface tension and do not play a major
role in modulating swarming motility. Based on the
experiments concerning diffusion kinetics, the authors
developed a model describing the chemotactic stimulation
of cell motility at regulatory level. According to this con-
cept, dithamnolipids spread much faster, which enables
cell attraction. The authors also state that HAAs are a much
stronger signal for the bacterial cells, therefore their pres-
ence, even at relatively low levels, might have caused the
crude extract used by Caiazza et al. (2005) to exhibit
swarming motility inhibition. The fact that the dirhamn-
olipids/HAA chemotactic system does not influence
swimming motility was another major discovery. This led
to a conclusion that cell motility type is not only connected
with cell morphology, but also with various regulatory
mechanisms.

Influence of rhamnolipids during biofilm formation,
maturation and detachment

The more the merrier: thamnolipids in development
and maintenance of bacterial biofilms

Many microorganisms are capable of existing in two dia-
metrically different modes: planktonic and in a form of
multicellular communities, attached to various surfaces in a
form of biofilms. However, among all the currently known
microbes, the species which exist purely in planktonic
mode are rather rare. In most cases this growth mode is just
an intermediate step between cell detachment from mature
biofilms and colonization of new niches (Costerton et al.
1999). The fact that microorganisms prefer living in bio-
films situated on the interfacial boundary rather than
struggling against all difficulties by themselves has been
well known (Meadows 1971). The researches carried out
report that growth in biofilms brings about several advan-
tages like increased resistance to antibiotics (Costerton
et al. 1999; Stewart 2002) and production of defensive
substances (Friedman and Kolter 2004). Many researchers
also suggest that the biofilm structure enhances the meta-
bolic cooperation between the cells (Shapiro 1998) and
intensifies both intracellular communication and horizontal
gene transfer processes (Hausner and Wuertz 1999; Parsek
and Greenberg 2000), which leads to increased genetic
diversity and as a consequence improves the survival odds
for microorganisms.

Based on the experiments performed and thorough
investigation, a general concept describing the respective
steps of bacterial biofilm formation was developed
(O’Toole and Kolter 1998; Sauer et al. 2002). Upon
attachment to solid or liquid surfaces, the microorganisms
form a cellular monolayer covering a given area. The
monolayer grows and transforms into a mature biofilm
through cell growth and aggregation. Initially only micro-
colonies emerge, which afterwards form macrocolonies
safely growing in a matrix created by exopolysaccharides
and other extracellular polymeric compounds (Espinosa-
Urgel et al. 2000; Girén et al. 2002; Myszka et al. 2007,
Czaczyk et al. 2008; Myszka and Czaczyk 2009). Mutual
efforts of the microbial community communicating
through quorum-sensing were also described (Parsek and
Greenberg 2000). It was also pointed out that no complex
structures were observed in biofilms created by mutants
unable to communicate with other cells. Successive studies
confirm that rhamnolipids play an important role during the
first steps of biofilm creation, during cell attachment and
when microcolonies emerge (Lequette and Greenberg
2005; Pamp and Tolker-Nielsen 2007).

However, the influence of rhamnolipids on the devel-
opment of bacterial biofilms went beyond the primary
stages. Experiments investigating the ability of P. aeru-
ginosa cells to efficiently colonize body implants and live
tissue provided evidence that some microorganisms tend to
form biofilms with a strictly defined structure in an envi-
ronment with a high nutrient circulation (O’Toole et al.
2000; Davey and O’Toole 2000). Bacterial cells are
embedded in a matrix created from extracellular secretions
and afterwards several colonies are created, forming fila-
ments and growing mushroom-like tendrils into the sur-
rounding environment, which are divided by transport
channels. The formation and retaining of such a structure is
crucial in terms of nutrient, oxygen and metabolite trans-
portation (O’Toole et al. 2000). The results obtained by
Davey et al. (2003) suggest that rhamnolipids are respon-
sible for maintaining the transport channels and directly
influence biofilm structure. Furthermore they are responsi-
ble for the before-mentioned changes in the mature biofilm
structure, namely the creation of mushroom-like filaments
(Pamp and Tolker-Nielsen 2007). It was also concluded that
rhamnolipids may be used to exclude other, invasive spe-
cies from the biofilm structure (Espinosa-Urgel 2003). Such
a strategy allows the microbial community to maintain its
uniform structure and exclusiveness over a given niche.

When things get tight: involvement of rhamnolipids
in cell detachment and ‘central hollowing’

Even though the advantages of living in a biofilm are
apparent, there are also several limitations and disadvantages
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which must be considered. The sole process of creating the
matrix is undoubtedly an exhausting process and distur-
bances in distribution through transport channels may
potentially lead to growth limitations and decrease the bio-
synthesis efficiency (Hassett et al. 1999). Nutrient exhaus-
tion is most likely the worst-case scenario for bacterial cells
living in a biofilm. Such a limiting factor would be a serious
problem for cells entrapped in a biopolymer matrix
(Whiteley et al. 2001). Therefore a mechanism which would
allow the cells with limited motility to shift into planktonic
mode is needed, as this would provide them with an ‘emer-
gency exit’ in times of trouble. This process, called ‘cell
detachment’, has been the topic of many studies during the
last decade. As opposed to cell flushing, where bacterial cells
are physically removed from the environment through the
activity of strong hydrodynamic forces, the process of self-
induced separation is caused by unfriendly environmental
conditions (Stoodley et al. 2002; Thormann et al. 2005). The
ability to freely shift from one growth mode to another allows
the microorganisms to effectively and rapidly adapt to
changes in their environment (Déziel et al. 2001). Cell
detachment is also a key factor in terms of pathogenic
activity, where the separation leads to the emergence of
mobile cells and cell agglomerates, which successively
colonize tissues and spread the infection. Numerous clinical
cases initiated by cells detached from mature biofilms have
been discovered and described (Bergmans et al. 1998; Parsek
and Singh 2003). Many researchers consider the cell
detachment process to be complicated, because various dif-
ferent separation mechanisms were observed even among a
single strain.

After investigating several P. aeruginosa biofilms, it
was observed that detachment may involve single cells,
bacterial agglomerates or even whole colonies (Stoodley
et al. 2001). In favorable conditions only a limited number
of cells detach from natural biofilms. On rare occasions a
bigger bacterial cluster may separate after a relatively long
growth period. This kinds of occurrences exhibit a high
variety in terms of time, biofilm area from which they
detach and separation mechanism. The formation of
internal cavities in a mature biofilm was very interesting, as
it distorted its structure and caused a major release of
bacterial cells. This process is called ‘central hollowing’
(Sauer et al. 2002; Hunt et al. 2004). Numerous researchers
focused on analysing changes induced throughout biofilm
during rapid and violent environmental changes, which
allowed for a determination of several factors initiating
biofilm detachment (Webb et al. 2003; Hunt et al. 2004,
Thormann et al. 2005). At that time several studies also
reported the influence of rhamnolipids on biofilm fractur-
ing and distortion (Schooling et al. 2004; Irie et al. 2005).

A clear connection was found when a P. aeruginosa
strain exhibiting a tendency to spontaneously detach cells
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from the biofilm was isolated (Boles et al. 2004, 2005).
This unique feat enabled the authors to concentrate purely
on the separation mechanisms. The authors speculated that
several mechanisms occur simultaneously during biofilm
detachment: the biodegradation of the biopolymer matrix is
followed by severe physiological shifts and changes in
motility patterns which would allow the cells to quickly
assume the planktonic growth mode. It was concluded that
the presence of biosurfactants was needed to maintain the
ability to excessively detach bacterial cells and led to an
intensification of physiological changes towards the
planktonic phenotype. These results were affirmed not only
for the studied isolate, but also for biofilms formed by wild
strains. Based on several observations, it was proposed that
the signals responsible for invoking ‘central hollowing’
were strongest inside the biofilm structure, which would
cause the activation of separation mechanisms (Allison
et al. 1998). Two significant factors involved in the initi-
ation of this process were determined: accumulation of
substances which serve as separation signals (such as
metabolic end products) and nutrient deficiency (Hunt et al.
2004). It is worth noticing that both of these factors
influence the expression of genes responsible for rhamn-
olipid biosynthesis.

It was also suggested that another mechanism enabling
‘central hollowing’ may exist (Boles et al. 2005). Based on
the experiments carried out, it was concluded that cells
involved in the creation of biofilm exhibit different sus-
ceptibility to factors initiating separation, depending in
their position. Trials performed with the use of externally
added rhamnolipids and sodium dodecylbenzenesulphonate
confirmed that the centre of the biofilm is much more
susceptible to detachment processes compared to biofilm
peripheries. The authors propose that the observed differ-
ences may be a consequence of several factors, such as
starving conditions, biopolymer matrix structure, compo-
sition of local adhesive compounds or other phenotypic
differences among the cells. The existence of populations
involving cells with different properties within a single
biofilm would also explain the presence of transport
channels. Rhamnolipids secreted by peripheral bacteria
would induce the separation of cells from the biofilm
centre, creating transfer channels, which in turn allow for a
regulation of nutrient transportation throughout the whole
biofilm. However the authors point out that both environ-
mentally induced and different susceptibility mechanisms
may occur simultaneously.

Two sides of rhamnolipids united: combining cell
motility and biofilm formation

Therefore not only do rhamnolipids stimulate the coordi-
nated movement of multicellular structures, but they also
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play a major role during the regulation of cell detachment
in a mature biofilm. During the stationary growth mode
these biosurfactants may act as a protective agent against
microbial intruders of leucocytes and in the planktonic
mode they enhance pathogenic activity. After an analysis
of the ‘central hollowing’ phenomenon and a thorough
observation of the ‘cell detachment’ process it is easy to
find several similarities between these two occurrences. In
the previously mentioned experiment Tremblay et al.
(2007) suggested that swarming motility needs a well
organized and multicellular structure, therefore it may be
akin to processes taking place during the emergence and
maturing of bacterial biofilms. It was reported that the
formation of mushroom-like filaments on the surface of
mature biofilms is a direct consequence of bacterial
motility (Pamp and Tolker-Nielsen 2007). However at the
moment it is hard to determine which type of motility is
involved, as rhamnolipids may induce twitching as well as
swarming. The authors conclude that because of a broad
range of potential possibilities, there must be a system
regulating the actual role of rhamnolipids, which is based
on expression and activation of adequate genes at a given
moment. The detailed analysis of genes involved in the
biosynthesis of rhamnolipids allowed the discovery of a
complex network of connections between all the above-
mentioned phenomena and several other factors.

Genetic mechanisms regulating the role rhamnolipids

Genetic evidence for diversity of roles of rhamnolipids:
connections and regulation mechanisms

P. aeruginosa cells showed that the biosynthesis of
rhamnolipids is controlled by three genes: rhiA, rhiB i rhiC
(Sober6n—Chaves et al. 2005) and a quorum-sensing-based
regulatory mechanism (Sauer et al. 2002). It was discov-
ered that the first two genes responsible for the synthesis
are encoded by the rh/AB operon induced by RhIR. RAIA is
responsible for the synthesis of precursor compounds:
HAAs (Déziel et al. 2003). The rhlB gene is connected
with rhamnosyltransferase, which catalyses the transfer of
L-rhamnose deoxythymidine diphosphate (dTDP-L-rham-
nose) molecules on HAA, thus forming monorhamnolipids
(Ochsner et al. 1994). The last of the genes is most likely
encoded by an operon located in the vicinity of the PA1131
gene. Several researchers speculate that this gene encodes a
protein which is yet unknown and is also induced by RhIR
(Roberts et al. 1967). RhIC is responsible for catalysing the
addition of another rhamnose molecule, which yields dir-
hamnolipids (Rahim et al. 2001). A similar system with
homologous genes was detected in other species capable of
producing rhamnolipids (Dubeau et al. 2009).

The regulation of rhamnolipid biosynthesis is a complex
and multilevel process. The expression of rhlAB depends
on the sigma factor ¢° and quorum-sensing-based regula-
tors: RhIR and LasR (transcriptional regulatory proteins)
(Verstraeten et al. 2008). RhIR activity is induced by the
presence of N-acylhomoserine lactones (acyl-HSL)
(Ochsner and Reiser 1995). Signaling compounds, such as
acyl-HSL may be accumulated inside the biofilm structure.
The overproduction of rhamnolipids observed by many
researchers during nutrient limitation conditions proves
that the activation of rlhAB gene is connected with star-
vation signals. After studying various P. aeruginosa
strains, a new regulatory system at posttranscriptional level
based on the activity of an RNA-binding protein RsmA
was discovered (Heurlier et al. 2004). RsmA exhibits
positive control over swarming motility and virulence,
however it affects biofilm formation processes in a nega-
tive manner. Inactivation of quorum-sensing-based systems
and limitation of polysaccharide production occurs as a
consequence of N-acyl-HSL level regulation. Two regula-
tory RNAs control the RsmA activity: RsmY and RsmZ.
The detailed studies concerning this regulatory system led
to discovery of two sensor kinases, RetS (which serves as
an exopolysaccharide and type III secretion regulator) and
LadS (lost adherence regulator). During experiments con-
cerning the inactivations of RetS in P. aeruginosa cells, it
was observed that such mutants displayed an increased
tendency to form biofilms, while the ability to swarm was
completely inactivated (Goodman et al. 2004, Ventre et al.
2006).

Very interesting results were also obtained during
experiments with mutants lacking genes responsible for
rhamnolipid synthesis. Inactivation of the rhlA gene caused
an inhibition of swarming motility and reduced twitching
motility, although it did not influence the ability of the cells
to swim (Kohler et al. 2000; Pamp and Tolker-Nielsen
2007). P. aeruginosa cells, which were unable to produce
rhamnolipids, were more susceptible to phagocytosis and
exhibited inhibited virulence (Van Gennip et al. 2009). It
was pointed out that the inactivation of the same gene is
connected with significant changes in the biofilm structure
(Davey et al. 2003). The mutants were unable to form
mushroom-like filaments, which are a characteristic trait of
mature biofilms. Other researchers suggest that the distur-
bance in rhlAB gene expression is also connected with
changes in cell detachment processes (Boles et al. 2005).
Inactivation of genes responsible for rhamnolipid synthesis
caused an inhibition of separation processes. However
neither the external addition of rhamnolipids nor reacti-
vation of gene expression allowed for a complete restart of
the cell detachment processes. Separation from the biofilm
seems to be strictly connected with rhamnolipid overpro-
duction, biosynthesis of enzymes degrading the biopolymer
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Fig. 3 Decision-making system
for bacterial life mode

c-diGMP
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Other possibile factors:
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- Enhanced motility;
- Cell detachment;

- Increased virulence;

matrix and increased migration activity, which overall
leads to a recovery of planktonic cell type phenotypic
traits. These results may suggest the existence of a global
regulatory factor, which coordinates cell activity during
choices between a mobile and stationary lifestyle through
rhamnolipid biosynthesis.

Quest for the Holy Grail: in search of the ultimate
global regulator

It was concluded that the before-mentioned RsmA is one of
such global regulatory factors (Verstraeten et al. 2008). It
influences cell living mode by stimulating swarming
motility and activating pathogenic behavior, while inhibit-
ing biofilm formation processes. Another major regulator,
which was recently discovered, is c-di-GMP—an intracel-
lular signaling molecule (Jenal and Malone 2006; Wolfe
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and Visick 2008). In accordance with environmental sig-
nals, which directly influence the concentration of c-di-
GMP, the cells display various changes in behavior.
Increased c-di-GMP biosynthesis contributes to an
enhanced stability of multicellular agglomerates and redu-
ces both cell motility and pathogenic activity. Currently 38
proteins have been discovered in P. aeruginosa cells which
may function as sensory molecules and regulate the local
and global concentration of c-di-GMP. Studies carried out
with the use of P. aeruginosa PA14 strain led to the dis-
covery of three significant enzymes regulating the aspects
of motility and tendency to form bacterial biofilms: SadC,
BifA and SadB (Verstraeten et al. 2008). SadC is a digu-
anylate cyclase responsible for the synthesis of c-di-GMP,
most likely as a response to signals indicating cell-surface
contact or shifts in medium viscosity (Merritt et al. 2007).
BifA is a phosphoesterase, which allows for c-di-GMP



World J Microbiol Biotechnol (2012) 28:401-419

411

regulation and signal intensity control (Kuchma et al. 2005).
Finally, SadB is most likely involved in transferring the
signal to pel and psi loci, where the genes regulating exo-
polysaccharide synthesis and flagellar functions are located.
Interestingly, the results obtained by Hickman and Har-
wood (2008) also point out that the main regulator for
expression of genes involved in flagellar function modula-
tion (FleQ) is capable of repressing the pel genes through
changes in c-di-GMP concentration.

Two loci were discovered in P. aeruginosa cells which
are responsible for expression level control and activity of
GGDEF-domain and EAL-domain proteins (c-di-GMP
concentration regulators). These two loci are wsp and
sadSRA. Numerous studies dedicated to this field suggest
that both signal conveying systems influence cellular
behavior as a response to changing environmental factors.
Disturbances in the range of wsp loci cause increased cell
aggregation and changes in cell morphology, as well as
inhibited twitching and swimming motility (Hickman et al.
2005). The correct activity of the second system based on
the sadSRA loci is required for a proper progress of biofilm
maturation processes (Kulasekara et al. 2005; Kuchma
et al. 2007). Through regulation of the c-di-GMP level,
these two systems control cell motility, exopolysaccharide
secretion and biofilm formation, which makes them a
trigger between the mobile and stationary life modes.

Recent experiments conducted in order to find other key
elements suggest that several other potential regulators
may exist. Factors such as the regulatory protein AlgR,
autotransporter esterase EstA and iron limitation were

found to play a crucial role in modulating microbial
behavior and decision-making processes (Morici et al.
2007; Wilhelm et al. 2007; Glick et al. 2010) (Fig. 3).

Simultaneously, these studies provide evidence that
rhamnolipids are a vital part of the system, which hold
reign over the domain of microorganisms. Since the
mechanisms regulating the morphological changes occur
not only for a single cell, but also for whole colonies, many
recent studies are focused on investigating the complex
interactions between environmental conditions, regulatory
signal compounds and responses of the microbial
community.

Summary

The results of several independent experiments have con-
tributed to a better understanding of the multiple roles that
rhamnolipids may play in the life of microorganisms. The
specific biosurfactant function seems to be connected with
environmental conditions and corresponding regulatory
systems. The range of rhamnolipid functions covers solu-
bilization, modification of surface properties, stimulation
of bacterial motility, formation and disruption of biofilms,
virulence and anti-microbial activity (Table 1).

The reason why microorganisms produce rhamnolipids
seems to be a diverse topic. Although the wide range of
functions covered by these compounds was initially the
cause of some scientific inconsistencies, it may now be
considered as a complex, yet uniform fusion of the

Table 1 Overview of studies focused on rhamnolipids and their main conclusions (the last 20 years)

Category Year Outline Main conclusions Reference
Bioremediation 1990 Influence of rhamnolipids on the Rhamnolipids increased the biodegradation Oberbremer
biodegradation of a hydrocarbon mixture efficiency and were degraded afterwards et al. (1990)
Bioremediation 1991 Biodegradation of hexadecane by mutants The inability to utilize hexadecane was observed Koch et al.
unable to produce rhamnolipids for mutants unable to produce rhamnolipids; (1991)
Addition of rhamnolipids restored the ability to
grow on alkanes
Bioremediation 1992 Impact of biosurfactants produced by Biosurfactants produced during growth on Falatko and
microorganisms on the solubilization and glucose and vegetable oil inhibited Novak
biodegradation of petroleum hydrocarbons biodegradation processes; The influence of (1992)
biosurfactants may be limited due to possible
sorption in soil
Bioremediation 1992  Influence of biosurfactants or biosurfactant-  The presence of the biosurfactant increased the  Jain et al.
producing microorganisms addition on the biodegradacion efficiency of some (1992)
biodegradation of hydrocarbons in soil hydrocarbons, while the presence of producing
microorganisms had no effect
Bioremediation 1992  Effect of rhamnolipids addition on dispersion The presence of rhamnolipids enhanced the Zhang and
and biodegradation of octadecane dispersion of octadecane and increased its Miller
biodegradation efficiency (1992)
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Table 1 continued

Category Year Outline Main conclusions Reference

Bioremediation 1994  Influence of rhamnolipids on cell surface The presence of rhamnolipids increased the cell ~Zhang and
hydrophobicity of bacterial cells during surface hydrophobicity of slow degrading Miller
octadecane biodegradation species; Initial inhibition of octadecane (1994)

biodegradation observed at low concentrations
of rhamnolipids

Bioremediation 1995 Dirhamnolipids in the acid and methyl ester ~ The methyl ester form was more effective for Zhang and
form were used to increase the degradation increasing the degradation efficiency; The Miller
of hexadecane or octadecane influence of rhamnolipids was dependant on (1995)
the initial cell surface hydrophobocity
Bioremediation 1999  Mechanisms of hexadecane uptake related to  Half of the isolated strains utilized direct Bouchez-
the rhamnolipids-biosynthesis interfacial uptake mechanism. The other half Naitali et al.

was capable of producing rhamnolipids, which (1999)
contributed mostly to a surfactant-mediated

inferfacial uptake. Pure surfactant-mediated
solubilization mechanism was rare among the

isolates
Bioremediation 2000 Comparison of hexadecane biodegradation Increased biodegradation efficiency was Beal and
efficiency carried out with the use of observed for the rhamnolipid producer; the Betts
rhamnolipid producing and biosurfactant- biosurfactant increased the concentration of (2000)
deficient P. aeruginosa strains hexadecane in the water medium; In both cases
the cell hydrophobicity increased
Bioremediation 2000 Effect of rhamnolipids on cellular surface Rhamnolipids caused an overall loss in cellular ~ Al-Tahhan
properties fatty acid content due to release of et al. (2000)
lipopolysaccharide from the outer membrane
Bioremediation 2002 Influence of rhamnolipids on biodegradation = Rhamnolipids stimulated the uptake of Noordman
of hydrophobic compounds hydrocarbons for some strains and had no and Janssen
by P. aeruginosa strains effect on others; Different uptake mechanisms (2002)
were suggested, which may be energy-
dependant
Bioremediation 2006  Effect of rhamnolipids on cell hydrophobicity =~ The addition of rhamnolipids contributed to a Chrzanowski
and biodegradation efficiency for yeast and general decrease of cell surface hydrophobicity et al. 2006b
bacteria and increase of hexadecane biodegradation
efficiency
Bioremediation 2008 Influence of a rhamnolipid-producing The presence of rhamnolipid-producers Arino et al.
P. aeruginosa strain on the biodegradation enhanced the PAH biodegradation efficiency, (2008)
of PAHs by a bacterial community however the presence of rhamnolipids

inhibited the growth of some species; The
biosurfactants induced changes in cell surface

properties
Bioremediation 2008 Influence of rhamnolipids on surface Rhamnolipids increased the cell surface Kaczorek
properties and biodegradation potential hydrophobicity of the studied strains, which in et al. (2008)
of yeast and bacteria turn resulted in enhanced biodegradation of
hydrocarbons
Bioremediation 2009 Rhamnolipids decrease the toxicity Rhamnolipid micelles entrapped chlorophenol Chrzanowski
of chlorinated phenols molecules decreasing their bioavailability and et al.
acute toxicity (2009¢)
Bioremediation 2009 Effect of rhamnolipids on the biodegradation The presence of the biosurfactant influenced the ~Owsianiak
of diesel and diesel-biodiesel blends stability of fuel emulsions; rhamnolipids et al.
carried out by a microbial consortium enhanced the biodegradation efficiency only of (2009a)
the blends with a low diesel content
Bioremediation 2009 Rhamnolipid-mediated biodegradation The influence of rhamnolipids on the Owsianiak
of diesel oil by soil isolated microbial biodegradation efficiency of the microbial et al.
consortia consortia included facilitation, inhibition and (2009b)

no effect at all; No correlation between the
microbial cell surface hydrophobicity and
degradation was found
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Table 1 continued

Category Year Outline Main conclusions Reference

Bioremediation 2011 Effect of rhamnolipids on the biodegradation Interactions between rhamnolipids and Chrzanowski
of a model hydrocarbon rich effluent co- chlorophenols contributed to a decreased et al. (2011)
contaminated with chlorophenols toxicity; Possible absorption of chlorophenols

on the surface of surfactant aggregates

Microbial biofilms 2003  Connection between production of Rhamnolipids are used to maintain non- Davey et al.

rhamnolipids and biofilm architecture colonized channels throughout the whole (2003)
biofilm; The production is regulated through
intercellular interaction and communication

Microbial biofilms 2003 Rhamnolipids as biosurfactants maintaining ~ Rhamnolipids might also be a part of a defensive  Espinosa-
the fluid channels in mature biofilms mechanism, which prevents other Urgel

microorganisms from colonizing the channels (2003)

Microbial biofilms 2004 Involvement of rhamnolipids in biofilm The addition of rhamnolipids to freshly Schooling

maintenance and cell detachment inoculated substrata inhibited biofilm et al. (2004)
formation; Inflicting changes in the system
regulating rhamnolipid biosynthesis resulted in
increased biofilm formation trends

Microbial biofilms 2005 Rhamnolipids influence on cell detachment Rhamnolipids were required for cell detachment Boles et al.

in P. aeruginosa biofilms in mature biofilms; the biosurfactant-based (2005)
mechanism involved the creation of cavities in
the centre of the biofilm structure

Microbial biofilms 2005 Influence of rhamnolipids produced by Rhamnolipids dispersed Bordetella Irie et al.

P. aeruginosa on biofilms of other Bronchiseptica biofilms (2005)
microbial species

Microbial biofilms 2005 Production of rhamnolipids in bacterial Synthesis of rhamnolipids is an essential part of Lequette and
biofilms biofilm maturation and the formation of Greenberg

‘mushroom-like’ structures (2005)

Microbial biofilms 2007 Influence of rhamnolipids on the formation, = Rhamnolipids promoted formation of Pamp and
development and maturation of bacterial microcolonies during the initial steps and Tolker-
biofilms facilitated migration-dependant structural Nielsen

development in the latter stages (2007)

Microbial motility 2000 Regulation of swarming motility Mutants with the inability to produce Kohler et al.
in P. aeruginosa cells rhamnolipids (rhl gene deficiency) were unable (2000)

to successfully swarm;

Microbial motility 2003  Genetic expression of genes encoding the The expression of rhlA was required for Déziel et al.
rhamnolipid biosynthesis ability influence swarming motility; the use of ammonium as a (2003)
swarming motility nitrogen source decreased rhlA expression and

inhibited swarming

Microbial motility 2005 Influence of rhamnolipids on swarming Microbial group behavior is connected with the  Caiazza et al.
motility patterns production and presence of rhamnolipids (2005)

Microbial motility 2007 Influence of rhamnolipid congeners on A chemotactic attractant — repellent system was  Tremblay
swarming motility discovered with dirhamnolipids as attractants, et al. (2007)

hydroxyalkanoyloxy alkanoic acids as
repelants and monorhamnolipids as wetting
agents; the system only influenced swarming
cells and not swimming cells

Production 1991 Rhamnolipids production kinetics under Production of rhamnolipids started at the end of Manresa et al.
different nitrogen regimes the exponential phase and the beginning of the (1991)

stationary phase, when nitrogen levels were
low; Rhamnolipid yield increased with the
increasing level of nitrogen

Production 1996  Production of rhamnolipids by Higher production yield obtained during growth  Arino et al.
P. aeruginosa strains grown of different on glycerol compared to cultivation on (1996)

carbon sources

hydrophobic carbon sources; Cell
hydrophobicity decreased during growth on
both glycerol and hexadecane; Production of
rhamnolipid was stimulated by nitrogen
limitation
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Table 1 continued

Category Year Outline Main conclusions Reference
Production 1997  Rhamnolipids yield influenced by the type Highest rhamnolipids yield achieved during Matsufuji
of carbon source used cultivation on ethanol under nitrogen limitation et al. (1997)
conditions
Production 2007  Secretion of rhamnolipids during growth Rhamnolipids were produced under iron- Déziel et al.
on polycyclic aromatic hydrocarbons limitation conditions on both naphthalene and (1996)
phenanthrene
Production 2007  Production of rhamnolipids with the use The genes responsible for the ability to produce Wang et al.
of genetically modified organisms rhamnolipids were successfully transferred and (2007)
the properties of the biosurfactant were
maintained
Production 2008 Biodegradation potential and rhamnolipids Higher biodegradation observed for the variant ~ Obuekwe
production of hydrophilic and hydrophobic with higher cell hydrophobicity; The et al. (2008)
P. aeruginosa strain variants production of rhamnolipids was exhibited only
by the hydrophilic variant
Production 2011 Influence of rhamnolipids on cell surface Comparable profile of rhamnolipid congeners Goérna et al.
properties obtained during growth on hydrophobic (2011)
(hexadecane) or hydrophilic (glucose)
substrates
Protective agents 2003  Anti-microbial activity of rhamnolipids Rhamnolipids exhibited anti-microbial activity Haba et al.
against several bacterial and fungal species (2003)
Protective agents 2010 Rhamnolipids as insecticidal agents Dirhamnolipids exhibited considerable Kim et al.
insecticidal activity against Myzus persicae (2011)
Regulation 1994  Isolation of the rhIR gene responsible RhIR-deficient mutants were unable to produce  Ochsner et al.
for the ability to produce rhamnolipids rhamnolipids. The gene was responsible for the (1994)
restoration of rhamnolipid biosynthesis and
ability to grow on hexadecane
Regulation 1995 Substances serving as regulators for the RhIR was discovered as a regulatory protein for =~ Ochsner and
biosynthesis of rhamnolipids rhamnolipid biosynthesis; the system was Reiser
in P. aeruginosa induced by the presence of N-acyl-homoserine (1995)
lactones and was also connected with the
synthesis of elastase
Regulation 2001 Regulation of rhamnolipid synthesis The gene rhlC encoding rhamnosyltransferase Rahim et al.
in P. aeruginosa cells responsible for the synthesis of dirhamnolipids (2001)
was discovered
Regulation 2004  Impact of a regulatory protein RsmA RsmA controlled niche colonizing behavior, Heurlier et al.
on the functioning of P. aeruginosa cells such as swarming motility, rhamnolipid (2004)
biosynthesis and lipase activity; rsmZ, a
regulatory RNA, was discovered as a regulator
with antagonizing effects
Regulation 2007 AlgR as a protein regulating rhamnolipid AlgR, a protein connected with virulence, Morici et al.
biosynthesis during biofilm formation repressed the quorum-sensing system (2007)
regulating rhamnolipid biosynthesis during
biofilm growth and was found to be involved in
bacterial motility shifts
Regulation 2007 Influence of autotransporter protein EstA on  Overexpression of EstA contributed to an Wilhelm
rhamnolipid production and cellular life increased production of rhamnolipids and et al. (2007)
mode influenced both bacterial motility and the
ability to form bacterial biofilms
Regulation 2009  Production of rhamnolipid and the regulation = The regulatory system responsible for Dubeau et al.
mechanisms in Burkholderia thailandensis biosynthesis of rhamnolipids was discovered; (2009)
the obtained rhamnolipid congeners were
different in terms of structure and composition
compared to P. aeruginosa biosurfactants
Regulation 2010  Effect of iron limitation on rhamnolipid Iron limitation contributed to changes in the Glick et al.
biosynthesis and shifts in bacterial life timing of rhamnolipid expression, which were (2010)

mode

shifted to the initial stages of biofilm
formation; The shift resulted in increased
bacterial surface motility
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Table 1 continued
Category Year Outline Main conclusions Reference
Virulence 2009 Influence of rhamnolipids produced by Rhamnolipids caused necrotic death of Van Gennip
P. aeruginosa biofilms on polymorphonuclear leukocytes and were et al. (2009)
polymorphonuclear leukocytes suggested as key protective agents
of P. aeruginosa biofilms
Review 1996  Biosynthesis, genetic regulation, production  — Desai and
and growth conditions Banat
(1997)
Review 1996 Biosynthesis, functions and influence on - Neu (1996)
bacterial adhesion
Review 1999  Biosynthesis, genetic regulation, properties, - Lang and
production conditions and applications Woullbrandt
(1999)
Review 2000 Biosynthesis, genetic regulation and - Maier and
applications Soberén—
Chavez
(2000)
Review 2003 Influence of synthetic surfactants and - Makkar and
biosurfactants on the degradation efficiency Rockne
of several hydrocarbons (2003)
Review 2005  Structures, biosynthesis and production - Nitschke
conditions et al. (2005)
Review 2005 Genetic regulation, environmental and - Soberon—
growth conditions and influence on cell Chavez
lifestyle et al. (2005)
Review 2010 Influence of rhamnolipids on microbial - Verstraeten
motility, virulence and biofilm formation et al. (2008)
processes; Regulation of bacterial behavior
as a response to various environmental
conditions
Review 2010 Role of rhamnolipids as anti-microbial agents — Vatsa et al.
and immunity stimulators; anti-microbial (2010)
effect against numerous microorganisms
and potential applications
Review 2010 Producers, structures, biosynthesis, growth - Abdel-
conditions and potential applications Mawgoud
et al. (2010)
Review 2011 Influence of rhamnolipids on biodegradation — Fernandez-
of PAHs, potential producers and Luqueiio

rhamnolipid types

etal. (2011)

combined efforts of many scientists over several decades.
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In the light of the most recent studies, rhamnolipids should
be regarded as a multifunctional part of a mechanism
which controls the fundamental elements of microbial life.
The details behind this mechanism are becoming more and
more apparent with each successive scientific report.
Future studies, focused on gaining a better understanding
of the principles of microbial world, will surely bring about
several new potential applications for rhamnolipids.
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