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Abstract Rhamnolipids are biosurfactants with interesting
physico-chemical properties. However, the main obstacles
towards an economic production are low productivity, high
raw-material costs, relatively expensive downstream pro-
cessing, and a lack of understanding the rhamnolipid
production regulation in bioreactor systems. This study
shows that the sequenced Pseudomonas aeruginosa strain
PAO1 is able to produce high quantities of rhamnolipid
during 30 L batch bioreactor cultivations with sunflower oil
as sole carbon source and nitrogen limiting conditions.
Thus PAO1 could be an appropriate model for rhamnolipid
production in pilot plant bioreactor systems. In contrast to
well-established production strains, PAO1 allows
knowledge-based systems biotechnological process devel-
opment combined with the frequently used heuristic
bioengineering approach. The maximum rhamnolipid con-
centration obtained was 39 g/L after 90 h of cultivation.
The volumetric productivity of 0.43 g/Lh was comparable
with previous described production strains. The specific
rhamnolipid productivity showed a maximum between 40
and 70 h of process time of 0.088 gRL/gBDMh. At the same
time interval, a shift of the molar di- to mono-rhamnolipid
ratio from 1:1 to about 2:1 was observed. PAO1 not only
seems to be an appropriate model, but surprisingly has the
potential as a strain of choice for actual biotechnological
rhamnolipid production.
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Introduction

Glycolipids, consisting of one or two L-rhamnose moieties
and one or two β-hydroxyalkanoic acid residues, are termed
rhamnolipids (RL). Various microorganisms, mainly Pseu-
domonas aeruginosa, are able to produce rhamnolipids
(Jarvis and Johnson 1949; Manso Pajarron et al. 1993;
Häußler et al. 1998; Andrä et al. 2006; Gunther 2007).
Rhamnolipids are biosurfactants of special interest for
cosmetic, pharmaceutical and detergent manufacturers, and
already proved their potential in enhanced oil recovery
(Wang et al. 2007), bioremediation (Nguyen et al. 2008), and
biodegradation (Zhang et al. 2005). They show excellent
biodegradability, low toxicity, thus environmental friendli-
ness, and can be produced by using renewable or waste
resources (Giani et al. 1997; Rahman et al. 2002; Wei et al.
2005; Marsudi et al. 2008), while showing comparable
physico-chemical properties to synthetic surfactants (Syldatk
et al. 1985b). Rhamnolipids were first described by Jarvis
and Johnson (1949). The main rhamnolipid producing
bacteria applied are Pseudomonads, especially strains of the
species P. aeruginosa. Rhamnolipid production in P. aeru-
ginosa is quorum sensing (QS) regulated (Ochsner and
Reiser 1995). In 2000, the complete genome of P.
aeruginosa PAO1 (Stover et al. 2000), a QS model
organism, was published and thus PAO1 became the best
studied P. aeruginosa strain (Venturi 2006; Potvin et al.
2008; Williams and Camara 2009). However, today there is
still a lack of understanding the rhamnolipid regulation in
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pilot plant bioreactor systems on genetic, protein, and
metabolic level. Two main types of rhamnolipids (Fig. 1)
are typically secreted when P. aeruginosa is growing on
water immiscible substrates (Lang and Trowitzsch-Kienast
2002). The most frequently mono- and di-rhamnolipids
consist of β-hydroxydecanoic acid residues, namely α-L-
rhamnopyranosyl-3-hydroxydecanoyl-3-hydroxydecanoate
(Rha-C10-C10) and α-L-rhamnopyranosyl-(1-2)-α-L-rhamno-
pyranosyl-3-hydroxydecanoyl-3-hydroxydecanoate (Rha-
Rha-C10-C10), respectively. In a patent Giani et al. (1997)
claimed to achieve 74-112 g/L of rhamnolipids. No
verification of these claims on laboratory scale was reported
since then. Typical obstacles encountered during rhamnolipid
production include, excessive foaming, insufficient rhamno-
lipid yields, expensive raw materials and relatively high costs
for downstream processing (Banat et al. 2000). The fact that
many different strains have been used and the quantification
of rhamnolipids is mostly done by indirect carbohydrate
analysis (Chandrasekaran and BeMiller 1980), leads to
confusing comparisons in literature. Mainly heuristic
approaches of process development were used in the last
decades but according to Lee et al. (2005) up-to-date process
development should include systems biotechnological
approaches (e.g., prote-, metabol-, transcriptomics). As many
of the tools are established for PAO1, this strain should be an
appropriate model for rhamnolipid processes. The intention
of this study was to investigate whether P. aeruginosa PAO1
produces high enough quantities of rhamnolipids to be used
as a model for pilot plant scale bioreactor process develop-
ment. Additionally, the introduction of a platform batch
process for further knowledge-based systems biotechnolog-

ical and bioengineering approaches, rather than heuristics,
was pursued.

Materials and methods

Chemicals

Sunflower oil (Bellasan®, Aldi Süd, Rastatt, Germany) was
of food grade. The di-rhamnolipid (Rha-Rha-C10-C10)
standard was a gift from former Hoechst AG (Hoechst,
Germany) and the mono-rhamnolipid (Rha-C10-C10) stan-
dard for high performance liquid chromatography (HPLC)
analysis was prepared as described before by Trummler et
al. (2003). For rhamnolipid derivatization triethylamine and
4-bromophenacylbromide were used (Sigma-Aldrich
Laborchemikalien GmbH, Seelze, Germany) like described
by Schenk et al. (1995). Other chemicals were from Carl
Roth GmbH (Karlsruhe, Germany). All chemicals were of
analytical grade.

Microorganism

The bacterial strain P. aeruginosa PAO1 (Holloway et al.
1979; Stover et al. 2000) was used for all experiments
described below. The strain P. aeruginosa PAO1 was kindly
provided by Frank Rosenau, Forschungszentrum Jülich
(Jülich, Germany). Glycerol stocks were prepared of a
culture in Lysogeny Broth (Bertani 1951) from the expo-
nential growth phase and stored at −80 °C until needed.

Culture methods

Media

Lysogeny broth (LB) was used for pre-cultivation step one.
For the seed culture, a nitrogen-limited medium consisting
of 125 g/L sunflower oil and a Ca-free mineral salt solution
with 1.5 g/L NaNO3, 0.05 g/L MgSO4×7 H2O, 0.1 g/L
KCl, containing a 0.1 M sodium phosphate buffer at pH
6.5, was used. A total of 1 mL/L of trace element solution
was added. The trace element solution contained 2.0 g/L
sodium citrate×2 H2O, 0.28 g/L FeCl3×6 H2O, 1.4 g/L
ZnSO4×7 H2O, 1.2 g/L CoCl2×6 H2O, 1.2 g/L CuSO4×5
H2O, and 0.8 g/L MnSO4 x H2O.

Nitrogen-limited production medium consisted of a Ca-
free mineral salt solution with 15.0 g/L NaNO3, 0.5 g/L
MgSO4×7 H2O, 1.0 g/L KCl and as a phosphate source
0.3 g/L K2HPO4. As sole carbon source sunflower oil with
a starting concentration of 250 g/L was used and 1 mL/L of
the above mentioned trace element solution was added.
Mineral salt solutions, phosphate sources, and sunflower oil

Fig. 1 Generalized structures of mono-rhamnolipids and di-
rhamnolipids, m;n ¼ 4� 8
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were autoclaved separately for all experiments. Trace
elements were filter-sterilized through a 0.22 μm membrane
filter (Carl Roth GmbH, Karlsruhe, Germany). Production
medium was adjusted to pH 6.5 and controlled during
cultivation using 4 M NaOH or 4 M H3PO4, respectively.

Preparation of seed culture

All shake flask cultures were incubated in a shake incubator
chamber (Multitron II, HT Infors, Bottmingen, Switzer-
land). First 25 mL of LB in a 100-mL baffled shake flask
were inoculated with a total volume of 100 μL from the
glycerol stock solution of P. aeruginosa PAO1 and
incubated for 24 h at 37 °C, 120 rpm. Seed cultures
containing 200 mL medium were cultivated in a 1-L baffled
shake flask and inoculated using a total of 5 mL from the
24-h LB culture. This culture was incubated for at least
24 h at 37 °C, 120 rpm. The seed culture was used to
inoculate with a resulting OD580 of 0.06 in the aqueous
phase at the start of the bioreactor cultivation.

Production of rhamnolipids using P. aeruginosa PAO1
in 30 L bioreactor scale

A 42-L stirred tank, with a nominal capacity of 30 L, was used
for all cultivations (Biostat® Cplus, Sartorius Stedim Biotech,
Göttingen, Germany). The bioreactor was equipped with an
integrated process control system for temperature, pH, pO2,
airflow and foam level regulation (MFCS/win 2.1, Sartorius
BBI, Göttingen, Germany). The foaming was controlled by a
modified foam breaker in the headspace of the bioreactor,
which was automatically activated when the foam level
reached the 35 L scale of the bioreactor (approximately 15 L
of foam). Stirrer speed was set fix at 400 rpm, temperature at
37 °C and dissolved oxygen was set at minimum 5% and
controlled by variation of the aeration rates between 0.1 L/
(L min) and 3.3 L/(L min), related to the aqueous phase of
the production medium (15 L). For the cultivation, 19 L of
the production medium was used. The trace element solution
was added at cultivation times of 0, 20, 40, 70, and 120 h, as
described before (Giani et al. 1997). Exhaust gas was
continuously analyzed (EGAS-L gas analyzer, Sartorius
BBI, Göttingen, Germany). The cultivation was performed
as a triplicate. Online parameters (exhaust gas, pH control,
etc.) were monitored for 165 h.

Analytical methods

Sampling and processing

Samples were taken for offline analysis of biodrymass
(BDM), sunflower oil and RL concentrations. Therefore, the

culture suspension was mixed vigorously with n-hexane 1:1
(v/v) and centrifuged (4,600 g, 4 °C, 30 min) for separation
of cells, aqueous and n-hexane phase. The n-hexane phase
was used for gravimetric determination of sunflower oil
concentrations, after evaporation of n-hexane. It was
confirmed by HPLC (cf. below), that no rhamnolipids were
extracted by the n-hexane extraction step. The cell pellet was
washed once in 0.9% NaCl solution (4,600 g, 4 °C, 30 min),
dried till constant weight and BDM was quantified gravimet-
rically. An aliquot of the aqueous phase was acidified with
85% phosphoric acid 1:100 (v/v) to adjust a pH of about 2-3,
leading to precipitation of the rhamnolipids. Rhamnolipids
were extracted twice with ethyl acetate 1:1.25 (v/v).
Appropriate amounts of ethyl acetate extracts were evapo-
rated and used for rhamnolipid quantification by HPLC as
described below. Offline analysis was continued till 100 h of
process time for all triplicates and till 165 h for one of the
cultivations.

Data analysis

Bacterial growth was fitted using a logistic equation
(BDMfit) with four parameters in a scientific data analysis
and graphing software (Sigma Plot 9.0, Systat, San Jose,
USA). The used equation was:

yðxÞ ¼ y0 þ a

1þ x
x0

� �b ð1Þ

The four parameters are the following: y0 indicates the
BDMinoc after inoculation; a indicates the maximum
additional BDMadd produced in addition to BDMinoc

(BDMmax ¼ aþ y0); x0 indicates the process time when 1/
2BDMadd is reached. The fourth parameter b in the four-
parameter equation is a shape parameter and difficult to
explain biologically (Erkmen and Alben 2002). Derivation
of the fitting was used for determination of, specific (μfit)
and maximum (μfit,max), growth rates.

HPLC-UV/vis quantification of rhamnolipids

Rhamnolipid standard solutions of 1 g/L in 0.1 M sodium
buffer solution pH 6.5 were used for calibration. Phenacyl
esters of rhamnolipids for HPLC analysis were obtained as
described before by Schenk et al. (1995) with minor
changes. The analysis was performed with a standard
HPLC device (Agilent 1100 Series, Agilent, Waldbronn,
Germany) equipped with a 15 cm reverse phase column
(Supelcosil® LC-18, Supelco, Deisenhofen, Germany) at
30 °C. Mobile phase solutions were solution A with 5%
methanol and solution B with 95% methanol in ultrapure
water, respectively. To achieve separation, a gradient of
solution B from 80% to 100% was used according to the
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following protocol: from t=0 to t=17 min increase of solution
B from 80% to 100%. Holding 100% solution B up to t=
25 min and decrease to 80% solution B until t=30 min.
Holding 80% solution B for 5 min more to equilibrate. The
flow rate was 0.4 mL/min and rhamnolipids were monitored
at 254 nm. Retention times were (21.5±0.1) min for Rha-
Rha-C10-C10 and (22.2±0.1) min for Rha-C10-C10.

Results

Triplicate production of rhamnolipids in a 30 L bioreactor
system

The cultivation of P. aeruginosa PAO1 in a 30 L bioreactor
system was performed three times. Logistic growth of the
bacterial culture was determined (Fig. 2). A logistic equation
with four parameters was used to fit the bacterial growth
(BDMfit, Eq. 1). The maintained parameters were the
following: BDMinoc was 0.65 g/L; BDMadd was 15.63 g/L;
time (1/2BDMadd) was 31.41 h and the shape factor b was
−2.68. Thus, BDMmax was 16.28 g/L. After 24 h of
cultivation rhamnolipid concentrations of 0.65 g/L were
quantified. Rhamnolipid production continued up to 90 h of
cultivation and reached a maximum of approximately 39 g/
L. No further increase of the total rhamnolipid concentration
(cRL) was observed from 90 h of process time. After 40-45 h
of cultivation, the mechanical foam control was activated
automatically due to excessive foaming. Visually, the foam
was uncongested at the beginning while getting more and
more compact with progress of the cultivation, leading to a
heterogeneously composed broth of a 35 L dense airy
emulsion at the end of the process. The sunflower oil was not

degraded completely by the microorganisms resulting in a
resting concentration of about 50 g/L. Although BDM and
rhamnolipid concentration were stable after 90 h, still a small
decrease of sunflower oil was observed.

From the BDMfit results, the specific growth rate (μfit)
lapse was determined. Figure 3 shows values for specific
growth (μcalc), based on the measured data, together with μfit
and the specific rhamnolipid productivity (PRL). The relative-
ly high standard deviations derive from the error propagation
of the BDM, t, and cRL data of Fig. 2. The maximum specific
growth rate (μfit,max) determined by the deviation was
0.133 h−1 at 11 h of cultivation. This reflects a minimum
cell division (td) time of 5.21 h. The maximum rhamnolipid
production was not growth related, what is in accordance to
literature data and a typical behavior of secondary metabolites
(Sobéron-Chávez et al. 2005). The maximum of the PRL was
calculated for between 40 and 70 h of cultivation (max. PRL=
0.088 gRL/gBDMh) in the transition towards stationary phase.
However, small quantities of rhamnolipid were already
produced in the early growth phase. The production process
was finished after 90 h and all below calculated rates are
therefore related to this process length. A volumetric
productivity (PV) of 0.43 g/Lh, which is comparable with
the best-reported productivities (Table 1), was achieved. The
overall specific productivity per final BDM was 2.4 gRL/
gBDMh, the product yield per consumed sunflower oil (YP/S)
was 0.23 gRL/goil and in total 8.17 gRL/h were produced.

Molar ratio of di-rhamnolipid to mono-rhamnolipid

Figure 4a shows the molar di-rhmanolipid (Rha-Rha-C10-
C10)/mono-rhamnolipid (Rha-C10-C10) ratio over the time
course of the cultivations. While starting at about 1:1 the
molar di- to mono-rhamnolipid ratio shifts towards 1.5:1
during the phase of maximum rhamnolipid productivity

Fig. 2 Production of rhamnolipids with P. aeruginosa PAO1 in a 30 L
pilot plant bioreactor with sunflower oil as sole carbon source.
Measured biodrymass (BDM, square), rhamnolipid (cRL, circle), and
sunflower oil (triangle) concentrations are given as averages of
cultivation triplicates. The dashed line represents a logistic fitting of
the biodrymass concentration (BDMfit) based on Eq. 1

Fig. 3 Calculated averaged specific growth rate (μcalc, blank square)
and rhamnolipid productivities (PRL, filled square) of a triplicate
cultivation of P. aeruginosa PAO1 in a 30 L pilot plant bioreactor
using sunflower oil as sole carbon source. Dashed line represents the
μfit course derived from the logistic fitting in (Fig. 2)
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between 40 and 70 h of cultivation. In later stages, even a
ratio close to 2:1 was observed. After 90 h of cultivation, the
total rhamnolipid concentration stayed on a level of about
60 mM. Rha-C10-C10 decreased about 3-4 mM, while Rha-
Rha-C10-C10 showed an increase of a similar amount
(Fig. 4b), respectively.

Exhaust gas analysis

During the cultivations, oxygen and carbon dioxide partial
pressures were analyzed in the exhaust gas and recorded by

the process control system. Figure 5a shows the calculated
oxygen uptake rate (OUR) and carbon evolution rate (CER)
which increased during the logistic growth phase. Both
showed a distinct peak within the time interval of maximum
rhamnolipid production. The specific OUR and CER
(Fig. 5b) per BDM were calculated with the BDMfit results
from the logistic fitting described above (Fig. 2) by
dividing OUR and CER through BDMfit, respectively.
The specific rates showed a maximum in the growth phase
but also allowed to distinguish a small peak during the max.
PRL. The respective CER/OUR ratios (respiratory quotient
or RQ) allowed that four different phases of microbial
metabolism could be distinguished (Fig. 5c). The relatively
high standard deviations are due to error propagation of
averaged exhaust gas data. Higher RQs of about 0.66-0.76
were observed at the growth phase (I), the second phase (II)
was characterized by lower RQs of 0.6. The third phase
(III) showed RQs of between 0.63 and 0.66 decreasing to a
phase (IV) with average RQs of 0.62.

Discussion

It was shown that PAO1 has the potential to produce
rhamnolipids in high enough quantities to match with well-
established production strains like DSM 2874 (Syldatk et
al. 1985a, b; Matulovic 1987; Trummler et al. 2003), DSM
7107 and DSM 7108 (Giani et al. 1997). Inquiries with
PAO1 aiming to overproduce rhamnolipids were mostly
restricted to shake flask (Wang et al. 2007) or small
bioreactor scale, and did not surpass 2.2 g/L (Ochsner et
al. 1994, 1995; Ochsner and Reiser 1995; Rahim et al.
2001). Although intensive research was done on QS
regulation (Dockery and Leener 2001; Chen et al. 2004;
Wagner et al. 2006; Williams and Camara 2009), the
rhamnolipid production was studied and optimized with
mostly heuristic approaches during the last decades. In
comparison to shake flask experiments, the rhamnolipid
concentrations in bioreactor experiments are up to 100-fold

Fig. 4 Investigation of the molar variation of mono-rhamnolipid
(Rha-C10-C10) and di-rhamnolipid (Rha-Rha-C10-C10) derived from
three 30 L bioreactor cultivations of P. aeruginosa PAO1 with
sunflower oil as sole carbon source. a Lapse of molar ratios Rha-
Rha-C10-C10: Rha-C10-C10 (di-RL:mono-RL (blank square)). b
Course of averaged rhamnolipid concentrations for Rha-C10-C10

(blank circle) and Rha-Rha-C10-C10 (filled circle)

Table 1 Representative literature values for batch and fed-batch bioreactor cultivations of P. aeruginosa strains with vegetable oil as sole carbon source

P. aeruginosa strain Vegetable oil (g/L) Process type (scale) RLmax
a (g/L) Process time (h) PV

b (g/Lh) Reference

DSM 2659 Corn oil (84) Fed-batch (7.5 L) 34 107 0.52 Hembach 1994

DSM 2874 Rapeseed (198) Fed-batch (2 L) 45 321 0.14 Trummler et al. 2003

DSM 7107 Soybean (125) Batch (30 m³) 78 166 0.47 Giani et al. 1997

DSM 7108 Soybean (163) Batch (300 L) 112 267 0.42 Giani et al. 1997

DSM 7108 Soybean (163) Fed-batch (18.5 m³) 95 216 0.44 Giani et al. 1997

PAO1 Sunflower (250) Batch (30 L) 39 90 0.43 This study

UI 29791 Corn oil (75) Batch (14 L) 46 192 0.24 Linhardt et al. 1989

aMaximum rhamnolipid concentration
b Volumetric productivity
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higher. A main finding under the investigated experimental
set-up was that P. aeruginosa PAO1 produces high
quantities of rhamnolipids in batch culture of up to 39 g/L
with a PVof 0.43 g/Lh. Additionally, the OUR and the CER
could directly be associated with PRL, both showing peaks
between 40 and 60 h of process time. Thus exhaust gas
analysis will allow online observation and could support
future investigations and development of rhamnolipid
production. The complete sequenced and annotated genome
of PAO1 (Stover et al. 2000) gives the possibility to use the
up-to-date systems biotechnological tools like microarray,
mass spectrometric, and in-silico modeling techniques.
Basic research groups working in the field of QS regulation
have already established many of these technologies for
PAO1 (Wagner et al. 2003; Nouwens et al. 2003; Wagner et
al. 2004). During PAO1 experiments, it was possible to

distinguish different process stages (Fig. 5) by exhaust gas
analysis, which now could be investigated by the help of
process analytical technologies like transcriptome, pro-
teome, and metabolome analysis. Comparative experiments
of PAO1 wild-type and already available mutant strains
should lead to new insights about rhamnolipid production
in bioreactor cultivations. Among the main issues must be
the regulation of rhamnolipid production, oil degradation,
lipase activity, assimilation of substrate, and rhamnolipid
feed-back, which all leads to a characteristic, nearly
Gaussian distribution, of the specific productivity in the
pilot plant bioreactor system (Fig. 3).

The analysis of the single rhamnolipids by HPLC instead
of the commonly used total or indirect quantification
(Chandrasekaran and BeMiller 1980; Pinzon and Ju 2009)
lead to important results like the transition from mono- to
di-rhamnolipids (Fig. 4a), the difference in final mono- and
di-rhamnolipid concentrations and the potential extracellu-
lar conversion of Rha-C10-C10 to Rha-Rha-C10-C10

(Fig. 4b). These findings indicate a more complex
rhamnolipid mechanism of regulation then thought before
(Sullivan 1998). The importance of sigma and other
transcriptional factors has already been discussed (Rahim
et al. 2001; Medina et al. 2003; Potvin et al. 2008) for
rhamnolipid regulation. However, their characteristic devo-
lution during batch cultivation should reveal important
information about the regulation on genetic level.

After 40 h of cultivation mostly di-rhamnolipids were
synthesized, leading to nearly four times more L-rhamnose
incorporated in di-rhamnolipids than in mono-rhamnolipids
(1 mol di-rhamnolipid equals 2 mol of L-rhamnose). There
was still enough L-rhamnose for this step of synthesis
catalyzed by RhlC (Rahim et al. 2001), or rhamnosyltrans-
ferase II, while the production pathway towards Rha-C10-C10

must have been limited or suppressed somewhere. Addition-
al metabolome analyzes could show whether there is a
limitation in the respective precursor pools for rhamnolipid
production. Such information on genomic and metabolomic
level should give the possibility to integrate the findings in a
systems bio(techno)logic network (Wagner et al. 2004; Wang
et al. 2006).

The present results suggest PAO1 being used as a model
organism also for the biotechnological production of
rhamnolipids. Advantages would be an enhancement of
the comparability of experimental results throughout dif-
ferent laboratories and the possibility of closer cooperation
between engineering and basic research groups. New
insights will be applicable to the established high produc-
tion strains like DSM 7107, DSM 7108 and DSM 2874.
After all, it has to be mentioned that the established batch
cultivation was not optimized, thus leaving space for higher
productivities and yields with PAO1 in future studies.
PAO1 not only seems to be an appropriate model, but

Fig. 5 Results of exhaust gas analysis for the cultivation of P.
aeruginosa PAO1 with sunflower oil as the sole carbon source. a
OUR (straight) and CER (dashed) courses; b BDM related spec. OUR
(straight) and spec. CER (dashed) courses; c respective respiratory
quotients (RQ=CER/OUR). Indicated phases are: I—maximum
growth, II—maximum PRL, III—end of growth and decrease of
rhamnolipid production, and IV—stationary phase
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surprisingly has the potential as a strain of choice for actual
biotechnological rhamnolipid production. With further
research and application of culture and process develop-
ment strategies, and additional incorporation of exhaust gas
analysis into an advanced process control, economic
rhamnolipid production should be in not-so-distant future.
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