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Heterologous rhamnolipid biosynthesis  
by P. putida KT2440 on bio‑oil derived small 
organic acids and fractions
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and Rudolf Hausmann1

Abstract 

In many cases in industrial biotechnology, substrate costs make up a major part of the overall production costs. One 
strategy to achieve more cost-efficient processes in general is to exploit cheaper sources of substrate. Small organic 
acids derived from fast pyrolysis of lignocellulosic biomass represent a significant proportion of microbially accessible 
carbon in bio-oil. However, using bio-oil for microbial cultivation is a highly challenging task due to its strong adverse 
effects on microbial growth as well as its complex composition. In this study, the suitability of bio-oil as a substrate for 
industrial biotechnology was investigated with special focus on organic acids. For this purpose, using the example of 
the genetically engineered, non-pathogenic bacterium Pseudomonas putida KT2440 producing mono-rhamnolipids, 
cultivation on small organic acids derived from fast pyrolysis of lignocellulosic biomass, as well as on bio-oil fractions, 
was investigated and evaluated. As biosurfactants, rhamnolipids represent a potential bulk product of industrial bio-
technology where substitution of traditional carbon sources is of conceivable interest. Results suggest that maximum 
achievable productivities as well as substrate-to-biomass yields are in a comparable range for glucose, acetate, as well 
as the mixture of acetate, formate and propionate. Similar yields were obtained for a pretreated bio-oil fraction, which 
was used as reference real raw material, although with significantly lower titers. As such, the reported process consti-
tutes a proof-of-principle for using bio-oil as a potential cost-effective alternative carbon source in a future bio-based 
economy.
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Introduction
The establishment of alternative feedstocks as sources 
of carbon for industrial biotechnology is a key goal to 
achieve cost-efficient and economical bio-processes. A 
general competition between food and biotechnology has 
placed lignocellulosic biomass and other related carbon 
sources into the focus of attention as renewable and sus-
tainable raw materials. As such, these substrates hold a 
significant economic and ecologic potential for industrial 
biotechnology. Lignocellulosic biomass mainly consists 

of cellulose, hemicellulose, and lignin. For its utilization 
as carbon sources in biotechnological processes a prior 
degradation step is necessary. A promising degradation 
method is fast pyrolysis, which converts lignocellulosic 
biomass in the absence of oxygen into bio-oil (Fig.  1). 
Bio-oil mainly consists of water, pyrolytic sugars, small 
organic acids, phenolic compounds, alcohols, furans, 
aldehydes and ketones (Piskorz et al. 1988; Mohan et al. 
2006; Arnold et  al. 2017). Beside pyrolytic sugars, small 
organic acids such as acetic acid, formic acid and propi-
onic acid are of special interest for biotechnological pro-
cesses (Prosen et  al. 1993; Lian et  al. 2010, 2012, 2013; 
Layton et al. 2011; Linger et al. 2016).

Due to the fact that bio-oil is a complex mixture com-
posed of hundreds of compounds, microorganisms have 
to be found which are able to metabolize pyrolytic carbon 
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sources such as pyrolytic sugars and small organic acids, 
as well as tolerate inhibitory compounds present in bio-
oil. As previous studies emphasized, the Gram-negative, 
non-pathogenic and organic solvent tolerant soil bacte-
rium Pseudomonas putida KT2440 is a promising can-
didate for bioconversion of bio-oil (Khiyami et  al. 2005; 
Linger et al. 2016; Arnold et al. 2018). Furthermore, this 
strain is used as a host for heterologous gene expression 
for different biotechnological purposes (Dammeyer et al. 
2011; Wittgens et  al. 2011; Nikel and de Lorenzo 2014; 
Beuker et al. 2016a).

One interesting example of a potential bulk products of 
white biotechnology which can be produced on lignocel-
lulose are rhamnolipid biosurfactants. Rhamnolipids are 
surface-active glycolipids which consist of one or two 
l-rhamnose units which are linked to one or two hydroxy 
fatty acids. Rhamnolipids are mainly known to be pro-
duced by the opportunistic pathogen Pseudomonas 
aeruginosa. Therefore, research in the last decade has 
addressed rhamnolipid production in nonpathogenic 
heterologous production hosts (Ochsner et al. 1995; Cha 
et  al. 2008; Wittgens et  al. 2011, 2017, 2018; Tiso et  al. 
2016).

This study describes the heterologous production of 
mono-rhamnolipids on small organic acids derived from 
fast pyrolysis of lignocellulosic biomass, as well as on bio-
oil fractions by using a genetically engineered P. putida 
KT2440 strain. Both, growth behavior of the engineered 
P. putida KT 2440 strain and its simultaneous production 

of rhamnolipids were investigated during cultivation 
experiments on acetate, formate and propionate as sole 
carbon sources, on mixtures thereof, as well as on two 
different bio-oil fractions, to evaluate the potential of 
bio-oil as an alternative carbon source for heterologous 
production of rhamnolipid biosurfactants. As such, the 
investigated system provides a proof-of-principle for 
using bio-oil as a potential cost-effective alternative car-
bon source using rhamnolipid biosurfactants as an exam-
ple for a value-added product (Fig. 1).

Materials and methods
Chemicals and standards
All chemicals used in the current study were either 
acquired from Carl Roth GmbH (Karlsruhe, Germany) 
or Sigma-Aldrich (Munich, Germany) if not mentioned 
otherwise. Mono-rhamnolipid (Rha-C10-C10) stand-
ard was obtained from Sigma-Aldrich Chemie GmbH 
(Munich, Germany) and rhamnolipid standard as mix-
ture of mono- and di-rhamnolipid from Jeneil Biotech 
Inc. (Saukville, WI, USA).

Strain and plasmid
A genetically engineered P. putida KT2440 strain carry-
ing plasmid pSynPro8oT producing mono-rhamnolipids 
was used for all cultivation experiments. The plasmid 
harbors genes rhlAB required for rhamnolipid biosynthe-
sis as well as a tetracycline selection marker (Beuker et al. 
2016a).

Media and cultivation conditions
Conditions of fast-pyrolysis, source and applied setup as 
well as obtained side-streams are described in Arnold 
et  al. (2018). Cultivations for rhamnolipid production 
were performed as described by Beuker et al. (2016b).

Pseudomonas putida KT2440 pSynPro8oT_rhlAB was 
first incubated in 25 mL LB medium (5 g/L yeast extract, 
10 g/L tryptone, 10 g/L NaCl; pH 7.0) containing tetracy-
cline (end concentration 20 mg/L) at 30 °C and 120 rpm.

Growth experiments were carried out in 500  mL baf-
fled shake flasks filled 50  mL of adapted Wilm’s KPi 
medium (Wilms et al. 2001) (6.58 g/L K2HPO4, 1.64 g/L 
KH2PO4, 5  g/L (NH4)2SO4, 0.5  g/L NH4Cl, 2  g/L 
Na2SO4, 0.5  g/L MgSO4·7H2O, 0.05  g/L Thiamin HCl, 
3  mL/L trace element solution (trace element solution: 
0.18  g/L ZnSO4·7H2O, 0.16  g/L CuSO4·5H2O, 0.1  g/L 
MnSO4·H2O, 13.9 g/L FeCl3·6H2O, 10.05 g/L EDTA Titri-
plex III, 0.18  g/L CoCl2·6H2O, 0.662  g/L CaCl2·2H2O). 
Tetracycline was added to the media to an end concen-
tration of 20  mg/L. Different concentrations of glucose, 
acetate, formate, propionate, mixtures of small organic 
acids, or pretreated bio-oil fractions [organic conden-
sate after solid phase extraction (OCSPE) and aqueous 

Fig. 1  Bio-oil in the value chain of bioeconomy from renewable 
resources towards value-added products. Envisioned path 
of conversion from lignocellulosic biomass to rhamnolipid 
biosurfactants by pyrolysis intermediate steps for decomposition
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condensate after solid phase extraction (ACSPE)] were 
added to the medium as carbon source as described pre-
viously (Arnold et  al. 2018). The main culture medium 
was inoculated with a starting optical density at 600 nm 
(OD600) of 0.1 using cells washed in 0.9% NaCl solution.

Analytical methods
Cell growth was monitored by measuring the optical 
density at λ = 600  nm (OD600) using a spectrophotom-
eter (UV-3100 PC, VWR GmbH, Darmstadt, Germany). 
Consumption of glucose and acetate was determined 
from the supernatant samples using d-glucose, respec-
tively acetate assay kits (Enztech yellow line, R-Biopharm 
AG, Darmstadt, Germany) following the manufacturers’ 
instructions. Rhamnolipid determination was performed 
as described previously (Horlamus et al. 2019). All graph-
ical and regression analysis for production rates and yield 
coefficients was performed using scientific graphing and 
data analysis software (SigmaPlot 13.0, Systat Software 
Inc., San Jose, CA). If applicable, four parameter logis-
tic fits for biomass and rhamnolipid concentration were 
used for calculation (Henkel et al. 2014).

Results
Cultivations of the recombinant strain P. putida KT2440 
pSynPro8oT_rhlAB were performed on glucose, ace-
tate, and mixtures of small organic acids mainly present 
in bio-oil (Fig. 2). During the time course of cultivation 
biomass formation, substrate consumption, rhamnolipid 
production, as well as specific growth rate (Fig.  2—bot-
tom graph) was investigated for (a) 10  g/L glucose, (b) 
5 g/L acetate, and (c) 5 g/L acetate + 1 g/L formate + 1 g/L 
propionate (AFP). Similar growth rates of approximately 
0.4  h−1 were achieved and rhamnolipid production was 
detected in all three cultivation experiments, although 

with different titers. For further insight into production 
capacity, yields and potential inhibitory effects additional 
cultivations were performed at different concentrations 
of organic acids and mixtures thereof (Table 1). 

To compare acetate with glucose different acetate con-
centrations from 1 to 10 g/L were applied. The maximum 
concentration range was chosen depending on typical 
concentrations in bio-oil resulting from different applied 
raw material and pyrolysis process conditions. An acetate 
concentration of 10 g/L approximately corresponds to a 
1:10 dilution of average bio-oil composition, which, due 
to its very high viscosity and inhibitory components, is 
a reasonable working dilution. Results from cultivations 
up to 5  g/L acetate revealed that similar growth rates 
(µ = 0.38–0.52  h−1) and yields (YX|S = 0.21–0.24 and 
YP|X = 0.57–0.76) were reached when compared to culti-
vations on glucose from this study (µ = 0.38, YX|S = 0.26, 
YP|X = 0.61) as well as data from literature (Table  1). 
While growth rate is significantly reduced to 0.15 h−1 at 
acetate concentrations of 10 g/L, results suggest that an 
inhibitory effect on growth might not necessarily cor-
relate with an inhibition of rhamnolipid biosynthesis 
which, at a similar yield coefficient YP|X of 0.72 compared 
to 0.62, reaches a similar titer above 250  mg/L, both at 
5  g/L and 10  g/L acetate. When using acetate as a sole 
source of carbon, a decrease in biomass can be observed 
at a certain biomass concentration reducing biomass 
from 0.8 g/L below 0.5 g/L (Fig. 2b).

Cultivations with formate as sole source of carbon 
revealed that with the applied system no metabolization 
of formate was observed. To further assess its inhibitory 
effect, formate was further used simultaneously with 
acetate and acetate plus propionate (AP), respectively. A 
concentration of 1 g/L formate was chosen, which corre-
sponds to a 1:10 dilution of average bio-oil composition. 

Fig. 2  Time-course of biomass, substrate (glucose or acetate) and mono-rhamnolipid concentration during cultivation of P. putida KT2440 carrying 
plasmid pSynPro8oT_rhlAB on a 10 g/L glucose, b 5 g/L acetate and on c a mixture of small organic acids [5 g/L acetate + 1 g/L formate + 1 g/L 
propionate (= AFP)] as sole carbon source. Data is presented along with respective specific growth rates
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At the applied concentration, formate does not seem to 
have a negative effect on either growth or product forma-
tion (Table 1).

Growth rates were reduced to approximately 50% 
(µ = 0.16–0.25  h−1) compared to acetate when using 
propionate in different concentrations as sole carbon 
source. An adverse effect on rhamnolipid biosynthe-
sis was observed at propionate concentration between 
3 and 5 g/L (Table 1). Despite comparably high biomass 
production on 10  g/L propionate with a maximal bio-
mass of 2.57 g/L, the maximal rhamnolipid concentration 
was reduced from 212.3  mg/L for 5  g/L propionate to 
93.7 mg/L for 10 g/L propionate. Propionate was further 
studied as an additional carbon source with acetate and 
acetate plus formate (AF), respectively. The concentra-
tion of 1  g/L propionate was applied, which also corre-
sponds approximately the concentration of a 1:10 diluted 
average bio-oil composition. Results suggest that, in the 
applied concentrations, propionate, comparable to for-
mate, has no negative effect on growth and product for-
mation (Table 1).

Growth and rhamnolipid production was also possible 
on mixtures of small organic acids with a corresponding 
concentration of a 1:10 diluted average bio-oil composi-
tion. Formate and propionate had no observable negative 
effect on either growth or rhamnolipid formation.

Furthermore, growth and rhamnolipid production was 
investigated using pretreated bio-oil fractions as sole car-
bon sources. The bio-oil fractions OCSPE and ACSPE were 

added in three different concentrations of acetate up to 
5 g/L adjusted as described by Arnold et al. (2018). While 
growth was detectable on OCSPE with concentrations 
of up to 3  g/L (Fig.  3), a significant inhibitory effect on 
growth is already observed at this concentration, result-
ing in a reduction of specific growth rate from 0.39 h−1 
to almost half the value of 0.20 h−1. In contrast, no bio-
mass formation was observed when ACSPE was used 
as sole carbon source. To reach a final concentration of 
acetate of 3 g/L in OCSPE, an approximate 1:35 dilution of 
average bio-oil would be required. This is a significantly 
higher dilution compared to application of artificial sub-
strate mixtures, however, is explained by a high number 
and amount of inhibitory and unknown components in 
bio-oil. Compared to cultivations on acetate this further 
shows an inhibitory effect on rhamnolipid biosynthesis, 
where addition of 3 g/L acetate in OCSPE does not signifi-
cantly increase rhamnolipid titers of 72.5 mg/L observed 
at 1 g/L acetate in OCSPE.

Discussion
In summary, the results suggest that acetate represents 
a potentially suitable carbon source for rhamnolipid 
production. In direct comparison to rhamnolipid pro-
duction obtained with the same strain and genetic con-
struct on glucose as a sole source of carbon from this 
study as well as previous studies (Beuker et  al. 2016a, 
b), both maximum specific rhamnolipid production 
rate as well as average production rate are generally in 

Fig. 3  Time-course of biomass (filled circles), acetate (empty circles) and mono-rhamnolipid concentration (bars) during cultivation of P. putida 
KT2440 carrying plasmid pSynPro8oT_rhlAB on organic condensate of bio-oil pyrolysis process after solid phase extraction (OCSPE) containing 3 g/L 
acetate
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a similar range between approx. 45–75  mg/(g  h) and 
25–45  mg/(g  h) (Table  1). It should be noted however 
that while maximum specific rhamnolipid produc-
tion rates on glucose and low concentrations of acetate 
are highly similar [71.9  mg/(g  h) on glucose versus 
74.8 mg/(g h) on 1 g/L acetate], this is not the case for 
average production rates, which are approx. half in the 
study used for comparison with the same biological 
system (18–24 mg/(g h) versus 42 mg/(g h). This is due 
to the fact that Beuker et al. (2016a, b) developed a fed-
batch process over 3  days which was aimed for high-
titer production, and thus not optimized for average or 
maximum production rates. For reference, high-yield 
processes with P. aeruginosa using plant or vegetable oil 
are further used for comparison. Obtained titers of up 
to 38 g/L as well as maximum production rates of up to 
190 mg/(g h) are significantly higher than for both glu-
cose as well as organic acids. Average production rates, 
on the other hand, are on average lower for P. aerugi-
nosa using plant or vegetable oil. This is due to the fact 
that quorum sensing has a major effect on rhamnolipid 
biosynthesis in wild-type P. aeruginosa thus signifi-
cantly restricting the window of time during cultivation 
where rhamnolipid production is observed. However, 
comparing rhamnolipid production of P. aeruginosa on 
glucose, similar ranges are observed for average pro-
duction rates up to 54 mg/(g h) compared to P. putida 
KT2440.

While the results confirm that rhamnolipid biosyn-
thesis is possible using bio-oil derived carbon sources, 
for competitiveness on an economic level, several fac-
tors would have to be addressed. These factors include 
modification of the biocatalyst towards higher rham-
nolipid productivity, increased metabolic spectrum to 
metabolize additional components in bio-oil or by engi-
neering for higher tolerance towards inhibitory compo-
nents. Furthermore, considering the high amount of 
different substances with potentially inhibitory thresh-
old concentrations, a fed-batch process with continu-
ous addition of substrate may not be feasible due to 
accumulation of potentially inhibiting or unmetabo-
lized components. Therefore, appropriate techniques 
for establishing a bioprocess may include investiga-
tion of bioreactor systems with biomass retention and 
flow-through system of medium such as membrane 
bioreactor constructions, biofilm reactors or perfusion 
bioreactor systems. In addition, a modification of the 
applied plasmid-based expression system containing 
rhamnolipid biosynthesis genes may lead to increased 
productivity. These modifications may include stud-
ies on promoter activity or stable genomic integration. 
Furthermore, additional renewable sources of acetate 
or acetate-containing side-streams such as wastewater 

from cellulose manufacturing (pyroligneous acid) are 
interesting targets for future investigation.

In this study, it was shown that acetate represents a 
potentially suitable substrate for biotechnological pro-
duction of rhamnolipids. Results show that maximum 
achievable productivities, as well as substrate-to-bio-
mass yields are in a similar range compared to glucose. 
Furthermore, bio-oil was used in this study as an exam-
ple for a renewable source of acetate to investigate its 
application as an alternative substrate for rhamnolipid 
production. Owing to its very high viscosity as well as 
complex composition of inhibitory components, bio-oil 
has to be pretreated and diluted before application for 
rhamnolipid production. Cultivations with pretreated 
bio-oil fractions resulted in lower titers with an onset 
of inhibitory affects at much lower concentrations 
than for acetate. However, even though bio-oil repre-
sents a challenging substrate for rhamnolipid produc-
tion, it should be noted that maximum production 
rates of approximately half of different reference pro-
cesses could be observed. As such, the reported process 
constitutes a proof-of-principle for using bio-oil as a 
potential cost-effective alternative carbon source in a 
future bio-based economy.

Abbreviations
OCSPE: organic condensate after solid phase extraction; ACSPE: aqueous con-
densate after solid phase extraction; RL: rhamnolipid; AF: acetate + formate; 
AP: acetate + propionate; AFP: acetate + formate + propionate.

Acknowledgements
The authors would like to thank Nicolaus Dahmen from the Institute of 
Catalysis Research and Technology, Karlsruhe Institute of Technology (KIT), 
Eggenstein-Leopoldshafen, Germany for providing bio-oil fractions.

Authors’ contributions
SA planned and executed the experiments, collected data, created the graphs 
and drafted the manuscript. MH designed and planned the experiments, 
created the graphs and drafted the manuscript. JW performed part of the 
experiments and collected and evaluated corresponding data. AW and FR 
generated the plasmid pSynPro8_rhlAB and contributed to interpretation of 
the experiment. RH substantially contributed to conception and design of the 
conducted experiments. All authors read and approved the final manuscript.

Funding
This work was supported by a grant (Az.:33-7533-10-5/75A) from the Ministry 
of Science, Research and the Arts of Baden-Württemberg, Germany as part of 
Bioeconomy Research Program Baden-Württemberg.

Availability of data and materials
All obtained data have been included into the manuscript. Please turn to the 
corresponding author for all other requests.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.



Page 7 of 7Arnold et al. AMB Expr            (2019) 9:80 

Author details
1 Department of Bioprocess Engineering (150k), Institute of Food Science 
and Biotechnology, University of Hohenheim, Fruwirthstr. 12, 70599 Stutt-
gart, Germany. 2 Institute for Pharmaceutical Biotechnology, Ulm University, 
Albert‑Einstein‑Allee 11, 89081 Ulm, Germany. 3 Ulm Center for Peptide 
Pharmaceuticals (U‑PEP), Ulm University, Albert‑Einstein‑Allee 11, 89081 Ulm, 
Germany. 4 Department Synthesis of Macromolecules, Max-Planck-Institute 
for Polymer Research Mainz, Ackermannweg 10, 55128 Mainz, Germany. 

Received: 7 April 2019   Accepted: 25 May 2019

References
Arnold S, Moss K, Henkel M, Hausmann R (2017) Biotechnological perspectives 

of pyrolysis oil for a bio-based economy. Trends Biotechnol 35(10):925–
936. https​://doi.org/10.1016/j.tibte​ch.2017.06.003

Arnold S, Moss K, Dahmen N, Henkel M, Hausmann R (2018) Pretreatment 
strategies for microbial valorization of bio-oil fractions produced by fast 
pyrolysis of ash-rich lignocellulosic biomass. GCB Bioenergy 11(1):181–
190. https​://doi.org/10.1111/gcbb.12544​

Beuker J, Steier A, Wittgens A, Rosenau F, Henkel M, Hausmann R (2016a) 
Integrated foam fractionation for heterologous rhamnolipid production 
with recombinant Pseudomonas putida in a bioreactor. AMB Express 6:11. 
https​://doi.org/10.1186/s1356​8-016-0183-2

Beuker J, Barth T, Steier A, Wittgens A, Rosenau F, Henkel M, Hausmann R 
(2016b) High titer heterologous rhamnolipid production. AMB Express 
6:124. https​://doi.org/10.1186/s1356​8-016-0298-5

Cha M, Lee N, Kim M, Kim M, Lee S (2008) Heterologous production of 
Pseudomonas aeruginosa EMS1 biosurfactant in Pseudomonas putida. 
Bioresour Technol 99(7):2192–2199. https​://doi.org/10.1016/j.biort​
ech.2007.05.035

Dammeyer T, Steinwand M, Kruger SC, Dubel S, Hust M, Timmis KN (2011) 
Efficient production of soluble recombinant single chain Fv fragments by 
a Pseudomonas putida strain KT2440 cell factory. Microb Cell Fact 10:11. 
https​://doi.org/10.1186/1475-2859-10-11

Henkel M, Schmidberger A, Vogelbacher M, Kühnert C, Beuker J, Bernard T, 
Schwartz T, Syldatk C, Hausmann R (2014) Kinetic modeling of rham-
nolipid production by Pseudomonas aeruginosa PAO1 including cell 
density-dependent regulation. Appl Microbiol Biotechnol 98(16):7013–
7025. https​://doi.org/10.1007/s0025​3-014-5750-3

Henkel M, Müller MM, Hörmann B, Syldatk C, Hausmann R (2016) Microbial 
rhamnolipids. In: Grunwald P (ed) Handbook of carbohydrate-modifying 
biocatalysts. Pan stanford series on biocatalysis, vol 2. Pan Stanford, 
Singapore, pp 697–738

Horlamus F, Wittgens A, Noll P, Michler J, Müller I, Weggenmann F, Oellig C, 
Rosenau F, Henkel M, Hausmann R (2019) One-step bioconversion of 
hemicellulose polymers to rhamnolipids with Cellvibrio japonicus: a 
proof-of-concept for a potential host strain in future bioeconomy. GCB 
Bioenergy 11(1):260–268. https​://doi.org/10.1111/gcbb.12542​

Khiyami MA, Pometto AL, Brown RC (2005) Detoxification of corn stover and 
corn starch pyrolysis liquors by Pseudomonas putida and Streptomyces 
setonii suspended cells and plastic compost support biofilms. J Agric 
Food Chem 53(8):2978–2987. https​://doi.org/10.1021/jf048​224e

Layton DS, Ajjarapu A, Choi DW, Jarboe LR (2011) Engineering ethanolo-
genic Escherichia coli for levoglucosan utilization. Bioresour Technol 
102(17):8318–8322. https​://doi.org/10.1016/j.biort​ech.2011.06.011

Lian J, Chen S, Zhou S, Wang Z, O’Fallon J, Li CZ, Garcia-Perez M (2010) 
Separation, hydrolysis and fermentation of pyrolytic sugars to produce 
ethanol and lipids. Bioresour Technol 101(24):9688–9699. https​://doi.
org/10.1016/j.biort​ech.2010.07.071

Lian J, Garcia-Perez M, Coates R, Wu H, Chen S (2012) Yeast fermentation of 
carboxylic acids obtained from pyrolytic aqueous phases for lipid produc-
tion. Bioresour Technol 118:177–186. https​://doi.org/10.1016/j.biort​
ech.2012.05.010

Lian J, Garcia-Perez M, Chen S (2013) Fermentation of levoglucosan with ole-
aginous yeasts for lipid production. Bioresour Technol 133:183–189. https​
://doi.org/10.1016/j.biort​ech.2013.01.031

Linger JG, Hobdey SE, Franden MA, Fulk EM, Beckham GT (2016) Conversion 
of levoglucosan and cellobiosan by Pseudomonas putida KT2440. Metab 
Eng Commun 3:24–29. https​://doi.org/10.1016/j.meten​o.2016.01.005

Mohan D, Pittman CU, Steele PH (2006) Pyrolysis of wood/biomass for bio-oil: 
a critical review. Energy Fuels 20(3):848–889. https​://doi.org/10.1021/
ef050​2397

Müller MM, Hormann B, Kugel M, Syldatk C, Hausmann R (2011) Evaluation 
of rhamnolipid production capacity of Pseudomonas aeruginosa PAO1 
in comparison to the rhamnolipid over-producer strains DSM 7108 
and DSM 2874. Appl Microbiol Biotechnol 89(3):585–592. https​://doi.
org/10.1007/s0025​3-010-2901-z

Nikel PI, de Lorenzo V (2014) Robustness of Pseudomonas putida KT2440 as a 
host for ethanol biosynthesis. N Biotechnol 31(6):562–571. https​://doi.
org/10.1016/j.nbt.2014.02.006

Ochsner UA, Reiser J, Fiechter A, Witholt B (1995) Production of Pseudomonas 
aeruginosa rhamnolipid biosurfactants in heterologous hosts. Appl 
Environ Microbiol 61(9):3503–3506

Piskorz J, Scott DS, Radlein D (1988) Composition of oils obtained by fast 
pyrolysis of different woods. In: Pyrolysis oils from biomass (ACS Sympo-
sium Series), vol 376. American Chemical Society, pp 167–178

Prosen EM, Radlein D, Piskorz J, Scott DS, Legge RL (1993) Microbial utilization 
of levoglucosan in wood pyrolysate as a carbon and energy source. Bio-
technol Bioeng 42(4):538–541. https​://doi.org/10.1002/bit.26042​0419

Tiso T, Sabelhaus P, Behrens B, Wittgens A, Rosenau F, Hayen H, Blank LM (2016) 
Creating metabolic demand as an engineering strategy in Pseudomonas 
putida—rhamnolipid synthesis as an example. Metab Eng Commun 
3:234–244. https​://doi.org/10.1016/j.meten​o.2016.08.002

Wilms B, Hauck A, Reuss M, Syldatk C, Mattes R, Siemann M, Altenbuchner J 
(2001) High cell-density fermentation for production of L-N-carbamo-
ylase using an expression system based on the Escherichia coli rhaBAD 
promoter. Biotechnol Bioeng 73(2):95–103. https​://doi.org/10.1002/
bit.1041

Wittgens A, Tiso T, Arndt TT, Wenk P, Hemmerich J, Müller C, Wichmann R, Küp-
per B, Zwick M, Wilhelm S, Hausmann R, Syldatk C, Rosenau F, Blank LM 
(2011) Growth independent rhamnolipid production from glucose using 
the non-pathogenic Pseudomonas putida KT2440. Microb Cell Fact 10:80. 
https​://doi.org/10.1186/1475-2859-10-80

Wittgens A, Kovacic F, Müller MM, Gerlitzki M, Santiago-Schübel B, Hofmann D, 
Tiso T, Blank LM, Henkel M, Hausmann R, Syldatk C, Wilhelm S, Rosenau F 
(2017) Novel insights into biosynthesis and uptake of rhamnolipids and 
their precursors. Appl Microbiol Biotechnol 101:2865–2878. https​://doi.
org/10.1007/s0025​3-016-8041-3

Wittgens A, Santiago-Schuebel B, Henkel M, Tiso T, Blank LM, Hausmann 
R, Hofmann D, Wilhelm S, Jaeger KE, Rosenau F (2018) Heterologous 
production of long-chain rhamnolipids from Burkholderia glumae in 
Pseudomonas putida—a step forward to tailor-made rhamnolipids. Appl 
Microbiol Biotechnol 102:1229–1239. https​://doi.org/10.1007/s0025​
3-017-8702-x

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.tibtech.2017.06.003
https://doi.org/10.1111/gcbb.12544
https://doi.org/10.1186/s13568-016-0183-2
https://doi.org/10.1186/s13568-016-0298-5
https://doi.org/10.1016/j.biortech.2007.05.035
https://doi.org/10.1016/j.biortech.2007.05.035
https://doi.org/10.1186/1475-2859-10-11
https://doi.org/10.1007/s00253-014-5750-3
https://doi.org/10.1111/gcbb.12542
https://doi.org/10.1021/jf048224e
https://doi.org/10.1016/j.biortech.2011.06.011
https://doi.org/10.1016/j.biortech.2010.07.071
https://doi.org/10.1016/j.biortech.2010.07.071
https://doi.org/10.1016/j.biortech.2012.05.010
https://doi.org/10.1016/j.biortech.2012.05.010
https://doi.org/10.1016/j.biortech.2013.01.031
https://doi.org/10.1016/j.biortech.2013.01.031
https://doi.org/10.1016/j.meteno.2016.01.005
https://doi.org/10.1021/ef0502397
https://doi.org/10.1021/ef0502397
https://doi.org/10.1007/s00253-010-2901-z
https://doi.org/10.1007/s00253-010-2901-z
https://doi.org/10.1016/j.nbt.2014.02.006
https://doi.org/10.1016/j.nbt.2014.02.006
https://doi.org/10.1002/bit.260420419
https://doi.org/10.1016/j.meteno.2016.08.002
https://doi.org/10.1002/bit.1041
https://doi.org/10.1002/bit.1041
https://doi.org/10.1186/1475-2859-10-80
https://doi.org/10.1007/s00253-016-8041-3
https://doi.org/10.1007/s00253-016-8041-3
https://doi.org/10.1007/s00253-017-8702-x
https://doi.org/10.1007/s00253-017-8702-x

	Heterologous rhamnolipid biosynthesis by P. putida KT2440 on bio-oil derived small organic acids and fractions
	Abstract 
	Introduction
	Materials and methods
	Chemicals and standards
	Strain and plasmid
	Media and cultivation conditions
	Analytical methods

	Results
	Discussion
	Acknowledgements
	References




