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Abstract 

The microbial production of rhamnolipids has been in the focus of research for the last decades. Today, mainly heter-
ologous production systems are targeted due to the advantage of non-pathogenic hosts as well as uncoupling from 
complex quorum sensing regulatory networks compared to their natural producer Pseudomonas aeruginosa. In the 
recent past, the presence and function of a ROSE-like RNA-thermometer located in the 5′UTR of the rhamnosyltrans-
ferase genes rhlAB has been reported in wild type P. aeruginosa. In this study, the temperature-induced regulation of 
this native RNA-thermometer for heterologous rhamnolipid production was evaluated and its potential application 
for process control is discussed. For this purpose, the non-pathogenic production host P. putida KT2440 containing 
the rhlAB genes with the native P. aeruginosa 5′-UTR region was used. The system was evaluated and characterized 
regarding the effect of temperature on growth and product formation, as represented by efficiency parameters and 
yields. Experimental data suggests a major effect of temperature on specific rhamnolipid production rates. With 
maximum values of 0.23 g/(g h) at 37 °C, this constitutes a more than 60% increase compared to the production rate 
of 0.14 g/(g h) at the growth optimum of 30 °C. Interestingly however, control experiments unveiled that besides 
the regulatory effect of the RNA-thermometer, multiple metabolic effects may contribute equally to the observed 
increase in production rate. As such, this work constitutes an important step towards the utilization of temperature-
based process designs and enables the possibility for novel approaches for process control.
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Introduction
Temperature has a direct effect on fundamental bio-
logical systems, including enzyme activity and correct 
folding of proteins. In nature, bacteria experience tem-
peratures that are far from the optimum for growth, and 
more extreme temperatures can be detrimental for cells. 
While high temperatures account for denatured and mis-
folded proteins, low temperatures may cause damage 
to membranes. Consequently, bacteria have developed 

different systems to sense changes in environmental 
conditions such as temperature and induce an adapta-
tion of metabolism and gene expression. Many different 
principles of thermoregulation have been identified in 
bacteria, which can be assigned to the class of protein-, 
DNA- or RNA-thermosensors. The principle of action 
behind these strategies is the conversion of tempera-
ture signals into either transcriptional or translational 
responses. The different principles have been exten-
sively reviewed (Klinkert and Narberhaus 2009; Shapiro 
and Cowen 2012; Sengupta and Garrity 2013). Protein-
based thermosensors are a very diverse group including 
transcriptional regulators, sensor kinases, chaperones or 
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proteases (reviewed in Klinkert and Narberhaus 2009). 
Due to the inherent diversity in the underlying mecha-
nisms, protein-based thermosensors affect different cel-
lular processes such as transcription, translation, protein 
stability, signal transduction as well as proteolytic pro-
cesses. Changes in temperature are typically sensed as 
a result of conformation changes of protein structure as 
well as misfolded proteins. These thermosensors are part 
of a regulatory network, such as the production of heat 
shock proteins mediated by sigma factor 32 (RpoH) in 
Escherichia coli or the transcriptional repressor of heat-
shock genes HrcA in Bacillus subtilis (Hecker et al. 1996; 
Narberhaus 1999).

DNA thermosensors, also referred to as DNA ther-
mometer, are AT-rich sequences that alter the structure 
and bending of DNA in response to temperature. DNA 
thermometer are known to be present in promoter 
region where they can affect binding and interaction 
with regulatory proteins such as transcription factors and 
RNA polymerase resulting in temperature-dependent 
transcription (Nickerson and Achberger 1995; Katayama 
et al. 1999).

The third class of thermosensing is based on the 
temperature-dependent conformation of specific 
RNA sequences, which are termed RNA-thermom-
eter (RNAT). These sequences typically include the 
5′-untranslated region in mRNA including the ribosome 
binding site (Shine-Dalgarno sequence) and in some 
cases the start codon (Klinkert and Narberhaus 2009). 
The temperature-dependent three-dimensional struc-
ture formed by the RNA occludes ribosome binding at 
low temperatures. At higher temperatures, the structure 
destabilizes and normal translation is facilitated (Chowd-
hury et  al. 2006). The first cis-encoded temperature-
sensitive RNA sequence which regulates translation was 
discovered in 1989 (Altuvia et  al. 1989). Several exam-
ples for bacterial genes which are induced by a shift in 
temperature due to the presence of RNA-thermometer 
have been reported up to today, and many are linked to 
heat-shock and virulence associated genes (Nocker et al. 
2001; Johansson et  al. 2002; Waldminghaus et  al. 2007; 
Kortmann and Narberhaus 2012). Even though most 
RNA-thermometers have been reported to be present in 
the 5′-UTR, exceptions like the rpoH RNA-thermometer 
have been reported to include significant parts of the 
coding region in the transcript. More than 200 nucleo-
tides of the coding region of rpoH, divided into two seg-
ments, are involved in the temperature response of the 
transcript. Furthermore, the Shine-Dalgarno sequence in 
the rpoH mRNA is, unlike to the majority of described 
RNATs, not completely blocked (Morita et al. 1999). One 
of the most abundant sequences present in the 5′-UTR of 
many different bacteria controlling heat shock response 

is referred to as ROSE (repression of heat-shock gene 
expression) element (Nocker et  al. 2001; Balsiger et  al. 
2004; Wei and Murphy 2016). Besides these simplest 
single-loop conformations, RNA-thermometers with up 
to five loops have been reported (Klinkert et  al. 2012; 
Kouse et  al. 2013). RNA-thermometer, unlike ribos-
witches, do not require a ligand to function properly, 
and the temperature-dependent regulatory function is 
mediated solely by the sequence of the RNA (Chowdhury 
et  al. 2006; Serganov and Nudler 2013). For pathogenic 
bacteria, a change of environmental temperature is a 
key stimulus that may indicate infection of the host. To 
facilitate efficient growth under these conditions, and as 
defense against immune response of the host, the expres-
sion of virulence factors needs to be closely regulated. In 
many pathogenic bacteria, expression of virulence genes 
is induced at 37  °C, and the underlying mechanisms are 
often based on RNA-thermometers (Johansson et  al. 
2002; Böhme et al. 2012; Weber et al. 2014). Pseudomonas 
aeruginosa is an opportunistic human pathogen, which is 
known for infections of the respiratory tract, the eyes as 
well as the skin.

Pseudomonas aeruginosa furthermore is known for 
the production of rhamnolipid biosurfactants, which 
are glycolipids consisting of a (hydroxyalkanoyloxy)alka-
noic acid (HAA) hydrophobic fatty acid tail and a hydro-
philic head of one or two rhamnose molecules. While 
the expression of virulence associated genes as well as 
genes involved in rhamnolipid biosynthesis is under con-
trol of a complex quorum sensing dependent regulatory 
network, the effect of RNA-thermometers is not well-
understood. The presence of an RNA-thermometer in 
the rhlAB operon coding for the rhamnosyltransferase 
complex required for rhamnolipid biosynthesis, was 
first predicted in silico in the past (Waldminghaus et al. 
2007), and first experimental evidence of its function 
was recently provided by Grosso-Becerra et  al. (2014). 
Expression of rhlA was shown to be increased at 37  °C, 
which is reported to be caused by a ROSE-like element in 
the 5′-UTR. At temperatures ≤ 30 °C, an inhibitory loop 
structure blocks rhlA translation, which subsequently 
results in a polar effect of rhlB transcription that is initi-
ated at the rhlA promotor (Grosso-Becerra et al. 2014).

The microbial production of rhamnolipids has been 
in the focus of research for the last decades. As green 
alternatives to petrochemically derived surfactants, 
rhamnolipids have gained more and more attention 
over the last decades. The relevance of rhamnolipids 
as products of industrial biotechnology is furthermore 
emphasized by patents from the last years as well as the 
recent commercialization by Evonik Industries (Schaf-
fer et  al. 2011; Schilling et  al. 2013; Evonik Industries 
2016). In current research, heterologous production 
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systems are targeted due to the advantage of non-
pathogenic hosts as well as uncoupling from complex 
quorum sensing regulatory networks compared to their 
natural producer Pseudomonas aeruginosa.

Even though the structure and function of the native 
RNA-thermometer from P. aeruginosa PAO1 has been 
reported in the past, its potential has not yet been 
evaluated for application in process development and 
heterologous production processes. Using temperature 
as a physical inductor poses advantages over chemical 
inducers used today. Changing temperature is regarded 
as more cost efficient as opposed to adding chemi-
cal inducers (e.g. IPTG). Furthermore, the risk of con-
tamination can be avoided when simply changing the 
temperature compared to the addition of a chemical 
inducer to a closed system, which may be beneficial 
for process validation, such as in the pharmaceutical 
environment.

In this study, the temperature response and poten-
tial application for process control of this native RNA-
thermometer for heterologous rhamnolipid production 
was evaluated. The plasmid-based system contained 
the rhlAB genes with the native P. aeruginosa 5′-UTR 
region and RNA-thermometer sequence under control 
of a synthetic promoter as described previously (Beu-
ker et  al. 2016b) (Fig.  1). The system was evaluated 
and characterized regarding the effect of temperature 
on growth and product formation, as represented by 
efficiency parameters and yields. As such, this work 
constitutes a fundamental step toward establishing 
temperature-based process design and control.

Materials and methods
Chemicals and reference substances
All chemicals used in the current study were purchased 
from Carl Roth GmbH (Karlsruhe, Germany) if not stated 
otherwise. All chemicals for analytic procedures were 
of analytical/MS grade. The di-rhamnolipid (Rha-Rha-
C10-C10) standard for HPTLC analysis was a gift from 
former Hoechst AG (Frankfurt-Hoechst, Germany). The 
mono-rhamnolipid (Rha-C10-C10) standard was obtained 
from Sigma-Aldrich Laborchemikalien GmbH (Seelze, 
Germany). Rhamnolipid derivatization was performed 
as described by Schenk et  al. (1995), and for this pur-
pose, 4-bromophenacylbromide and triethylamine were 
obtained from Sigma-Aldrich Laborchemikalien GmbH 
(Seelze, Germany).

Microorganism and plasmids
Pseudomonas  putida KT2440 with plasmid 
pSynPro8oT_rhlAB producing mono-rham-
nolipids was used as described previously 
(Beuker et  al. 2016b). As control with no RNA-ther-
mometer effect, plasmid pSynPro8oT_rhlAB-oT which 
carries the RNA-thermometer sequence inactivated 
by randomization was constructed. The pBBR1MCS-3 
based plasmid pSynPro8oT_rhlAB was extracted from 
Pseudomonas  putida KT2440 pSynPro8oT_rhlAB. The 
template plasmid pSynPro8oT_rhlAB was modified in 
a polymerase chain reaction using a Q5 High-Fidelity 
Polymerase (NEB, Ipswitch, MA, USA), the forward 
primer  5′  TGA CTT CAA TTG TTC TGG TTA GTA 
ATG CTA TGA GTG AAC GGG GGC TGA AGT TGG 
GAG GTG TGA AAT GCG GC 3′ and the reverse primer 

Fig. 1 Comparison of DNA sequences of the rhlAB operon with a ROSE-like element RNA-thermometer located in the 5′UTR of native (a) and 
heterologous (b) rhamnolipid production hosts P. aeruginosa PAO1 and Pseudomonas putida KT2440 pSynpro8oT_rhlAB (Beuker et al. 2016b)
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5′  TGA TGT CAA TTG GTC CAT TTG GTT AAT 
TCA TGT ATG ATC GAG ATA GGC TGA TAA ACT 
CAG CGG CCA TCC GC 3′. The primers were designed 
to contain a 5′ overhang of 6  bp, a MfeI restriction site 
to produce sticky ends facilitating later religation with 
T4 DNA Ligase of the linearized vector containing the 
randomized sequence. The randomized sequence is of 
equal length like the to be exchanged RNAT. The plas-
mid containing the randomized sequence instead of the 
RNAT was transformed into electro competent Pseu-
domonas  putida KT2440 wild type cells. Electro com-
petent Pseudomonas  putida KT2440 wt were prepared 
according to Choi et  al. (2006). The solution contain-
ing the PCR product (NoRNAT) was desalted using a 
0.025  µm nitrocellulose membrane. Electroporation of 
electro competent cells was performed using an elec-
troporation device (Eporator, Eppendorf AG, Hamburg, 
Germany) with voltage set to 2.5 kV. After transformation 
cells were transferred to 1 mL LB-Medium and incubated 
for 3  h at 30  °C and 120  rpm. Consequently, cells were 
plated on LB-Agar containing 20  mg/L Tetracycline as 
selection marker and incubated overnight at 30 °C. After 
streaking on LB-Agar containing 20  mg/L Tetracycline 
an isolated single colony was selected for preparation of 
glycerol stocks, cultivation and sequence confirmation of 
Pseudomonas putida KT2440 pSynPro8oT_rhlAB-oT.

Media preparation
All growth media (LB, ModR, SupM) were prepared as 
described by Beuker et al. (2016a).

Cultivation conditions
All shake flasks were inoculated in a shake incubator 
(New Brunswick™/Innova® 44, chamber, Eppendorf 
AG, Hamburg, Germany) at 120 rpm and a temperature 
between 26 and 40  °C, as indicated for each individual 
experiment. First precultures were prepared by inocu-
lating 25 mL LB medium in a 250 mL baffled shake flask 
with 50 µL from a glycerol stock solution of P.  putida 
KT2440 pSynPro8oT_rhlAB and pSynPro8oT_rhlAB-oT 
and incubation at 30 °C for 24 h. From these first precul-
tures, grown for 24 h, seed cultures were prepared for all 
preformed experiments in shake flasks as described by 
Beuker et  al. (2016a). For each seed culture, grown for 
15 h, 1 mL of the first preculture was used to inoculate 
100 mL SupM medium in 1 L shake flasks. The main cul-
ture in ModR medium was inoculated with the second 
preculture to an  OD600 of 0.3.

Sampling and sample processing
Sample processing was performed as described by 
Beuker et  al. (2016a). For extraction of rhamnolip-
ids, culture supernatant was acidified 1:100 (v/v) with 

phosphoric acid and extracted twice with 1.25:1 (v/v) 
ethyl acetate, pooled and evaporated in a vacuum cen-
trifuge at 40  °C for 40  min and 10  mbar (RVC 2-25 
Cdplus, Martin Christ Gefriertrocknungsanlagen 
GmbH, Osterode am Harz, Germany).

HPTLC for quantification of rhamnolipids
Rhamnolipid detection was performed as described by 
Schenk et  al. (1995) with modifications for a protocol 
suitable for HPTLC (Horlamus et al. 2018). Evaporated 
rhamnolipid samples were dissolved in acetonitrile and 
derivatized for 90 min at 1400 rpm and 60 °C using a 1:1 
mixture of 135 mM bromphenacylbromid and 67.5 mM 
tri-ethyl-ammonium/-amin as described by Cooper and 
Anders (1974). If Rhamnolipid concentrations above 
2  g/L were to be expected samples were diluted prior 
to derivatization. Measurements of derivatized samples 
were performed on silica gel 60 HPTLC plates with flu-
orescence marker  F254 (Merck, Darmstadt, Germany). 
A HPTLC system for quantitative analysis (CAMAG 
Chemie-Erzeugnisse & Adsorptionstechnik AG, Mut-
tenz, Switzerland) was used. Samples were applied with 
the Automatic TLC Sampler 4 (ATS 4). Development 
of plates was performed with the automatic Develop-
ing Chamber 2 (ADC 2) equipped with a 20 cm × 10 cm 
twin-trough chamber. After development, plates were 
analyzed using the TLC Scanner 4. The HPTLC system 
is controlled via an HPTLC imaging and data analy-
sis software (winCATS 1.4.7.2018 software, CAMAG, 
Muttenz, Switzerland). For sample application the fill-
ing speed of the syringe was adjusted to 15 µL/s and 
dosage speed to 150 nL/s. In between sample applica-
tion the syringe was rinsed with methanol. Band width 
was adjusted to 6  mm and application start was at 
15  mm from the left and 8  mm from the lower edge. 
Mobile phase for plate development was composed 
of 30:5:2.5:1 isopropyl acetate:ethanol:water:acetic 
acid. Tank saturation was adjusted to 5  min and dry-
ing with an air stream was carried out for 5 min after-
wards. A deuterium (D2) lamp with slit dimensions of 
3  mm × 0.3  mm was used for scanning. Scanning was 
performed at 263 nm at which wavelength bromphen-
acyl-derivatized rhamnolipid congeners absorb. Data 
resolution and scanning speed were set to 1  nm/step 
and 100 nm/s respectively.

Enzymatic assays
The concentration of glucose was detected from the cul-
ture supernatant of samples using glucose enzymatic 
assay kits (R-Biopharm AG, Darmstadt, Germany), 
according to the manufacturers’ instructions.
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Software for graphical analysis, regression and replicates
Regression analysis of measured data was performed 
using scientific graphing and data analysis software 
(SigmaPlot, Systat Software Inc., San Jose, CA). Spe-
cific rhamnolipid production rates and growth rates 
were calculated using a four-parameter logistic fit 
for biomass and rhamnolipid concentration (Henkel 
et  al. 2014). All data was obtained as duplicates from 
at least two independent biological experiments, and 
measurement results are presented as mean ± standard 
deviation.

Software for parameter optimization, modeling 
and simulation
All parameter fitting and simulation for temperature-
dependency models, as described in “Results” sec-
tion, was performed in MATLAB (The MathWorks, 
Natick, MA, USA). For parameter optimization, the 
Nelder-Mead numerical algorithm implemented in 
the embedded functions “fmincon” and “fminsearch” 
by minimizing the error of simulation data and meas-
ured data according to a least-square error function 
was applied. To visualize and describe temperature 
dependency of rhamnolipid production rates, a modi-
fied Ratkowsky model according to Zwietering et  al. 
(1991; Ratkowsky et  al. 1983) was used to derive a fit-
ting curve.

For the maximum specific growth rate µmax, a fitting 
curve was derived using a model proposed by Roels 
et al. (1983).

Results
To visualize the effect of temperature on rhamnolipid 
production and growth, a first experiment was per-
formed comparing cultivations at 30  °C (growth opti-
mum, Fig. 2a) and 37 °C (suggested induction, Fig. 2b). 
There was no apparent lag phase detected in either cul-
tivation, but a significantly lower biomass concentra-
tion was achieved at 37 °C of 0.6 g/L, while 3 g/L were 
obtained at 30 °C. Even though significantly lower bio-
mass concentrations (approx. 1/5th) were produced at 
37  °C, the maximum rhamnolipid concentration was 
only slightly lower when comparing 30 °C (1.2 g/L) and 
37 °C (0.9 g/L). Visualization of this effect is further sup-
ported by plotting of specific rhamnolipid production 
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rates over the course of cultivation (Fig.  2c) for 30  °C 
and 37 °C, which reveals approx. 60% increased specific 
rhamnolipid productivity from 0.14  g/(g  h) to 0.23  g/
(g h).

This temperature-dependency of rhamnolipid produc-
tion (Fig.  2) was further investigated at temperatures 
between 26 and 40 °C and is shown in Fig. 3. As a fitting 
curve for the maximum specific rhamnolipid produc-
tion rate, a modified Ratkowsky model (Eq.  1) accord-
ing to Zwietering et al. (1991) was used, as described in 
“Materials and methods”. The productivity increased in a 
linear way until a maximum of 0.23 g/(g h) was reached, 
which, according to the model with parameter fitting 
performed for the obtained data, is slightly above 36  °C 
or, when comparing experimental data, 0.24  g/(g  h) at 
37 °C. At temperatures above 37 °C, rhamnolipid produc-
tivity decreased rapidly. When comparing the average sp. 
productivity to the maximum sp. productivity, the aver-
age productivity was unaffected and constant at a value 
of approximately 0.05  g/(g  h) at temperatures between 
26  °C and approximately 35  °C. At temperatures above 
35 °C however, the average productivity increased nearly 
threefold to values of 0.14 g/(g h).

Rhamnolipid-per-glucose yields  (YP|S) and total rham-
nolipid-per-biomass yields  (YP|X) are shown for different 
temperatures in Fig. 4a. There was no apparent correla-
tion of rhamnolipid-per-glucose yield and temperature 
and  YP|S stayed almost constant at values of 0.06–0.08 g/g 
over the entire investigated temperature range. The 
total rhamnolipid-per-biomass yield was also almost 
unaffected by temperature between 26  °C and approxi-
mately 35 °C. At temperatures above 35 °C however,  YP|X 
reached values of up to 0.75  g/g at 38.5  °C, which were 
approximately 2.5-fold increased when comparing to  YP|X 
at lower temperatures. At 40  °C however, this highest 
value decreased significantly to approx. 0.4 g/g (Fig. 4a).

In addition to rhamnolipid production rates and 
yields, growth rates and substrate-to-biomass were fur-
thermore investigated for all cultivations (Fig.  4b). Data 
reveals that the optimum temperature for growth was at 
approximately 30–32  °C. The maximum specific growth 
rate µmax = 0.7–0.8 1/h was determined by a fitting curve 
of a temperature dependent equation (Eq.  2) according 
to Roels et  al. (1983). While glucose-to-biomass yields 
 (YX|S) were relatively constant at values of 0.35–0.40 g/g 
at the growth optimum and temperatures below, there 
was a decrease in yield at temperatures above 32  °C to 
below 0.2 g/g (Fig. 4b).

As a control, a plasmid with inactivated RNAT was 
used to determine the increase in specific rhamnolipid 
production rate by performing comparing cultivations 
with both constructs (Fig.  5). For P. putida KT2440 
pSynpro8oT_rhlAB, an average increase in specific 
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productivity of approx. 36% was measured when com-
paring cultivations at 30  °C and 37  °C, respectively 
(see also Fig.  3). For cultivations of P. putida KT2440 
including the plasmid with randomized and inactivated 

RNA-thermometer (open conformation) at 30  °C and 
37  °C, an average increase in specific rhamnolipid pro-
duction rate of approx. 23% was detected.

Fig. 2 Time course of biomass concentration (circles), rhamnolipid concentration (triangles) and glucose concentration (squares) during 
shaking flask cultivation of Pseudomonas putida KT2440 pSynpro8oT_rhlAB on ModR medium with 10 g/L glucose at 30 °C (a) and 37 °C (b), and 
corresponding course of specific rhamnolipid production rate (c)
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Discussion
When comparing the time courses of biomass concentra-
tion during cultivations at 30  °C to 37  °C, final biomass 
at 37  °C was significantly lower while the final rham-
nolipid concentration remained nearly comparable to 

what was obtained at 30 °C (Fig. 2a, b). Therefore, it can 
be reasoned that a higher biomass specific productivity 
was reached at 37  °C. After calculating specific produc-
tivity over time using data from continuous curve fits 
(Fig. 2c), a similarly shaped time course of productivities 

Fig. 3 Maximum (circles) and average (triangles) specific rhamnolipid production rates at different cultivation temperatures. Maximum specific 
rhamnolipid production rates as a function of temperature was described using the empirical modified Ratkowsky equation (Eq. 1) (Ratkowsky et al. 
1983; Zwietering et al. 1991), with parameter fitting performed for the obtained data (black line)

Fig. 4 Effect of temperature on rhamnolipid-per-glucose yields  (YP|S) and rhamnolipid-per-biomass yields  (YP|X) (a) as well as effect of temperature 
on maximum specific growth rate µmax and substrate-to-biomass yields  (YX|S) (b). Maximum specific growth rate as a function of temperature was 
described using an equation proposed by Roels et al. (1983) (Eq. 2) with parameter fitting performed for the obtained data (dashed line)
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was observed, and the main difference between 30 °C and 
37 °C was the overall extension and height (Fig. 2c). This 
suggests that indeed, specific production rates are higher 
at a cultivation temperature of 37  °C instead of being 
attributed to other phenomena such as increased dura-
tion of the productive phase.

As a next step, the temperature-dependency of rham-
nolipid production was investigated in a range between 
26 and 40 °C (Fig. 3). An almost linear increase of rham-
nolipid productivity between 26 °C until the optimum at 
37–38 °C could be observed in the recorded temperature 
range of 26–40 °C. Assuming rhamnosyltransferase con-
centration and rhamnolipid production rate to be pro-
portional in the absence of limitations, this correlation 
mirrors what is known on RNA-thermometers regulation 
behavior. It is reported that the RNA loop typically never 
completely prevents translation but shows a gradually 
increasing temperature-response profile when thermal 
energy is introduced into the system because of the desta-
bilizing effect of elevated temperatures on the inhibitory 
loop structure (Chowdhury et al. 2006; Rinnenthal et al. 
2010). After reaching the optimal rhamnolipid produc-
tion temperature, productivities rapidly decrease when 
temperatures are further increased. This may be due to 
different effects elevated temperatures can have on bacte-
ria. Furthermore, possible indirect effects on rhamnolipid 
formation have to be considered, which are due to altered 
bacterial metabolism resulting in a decreased precursor 
concentration causing a bottleneck for rhamnolipid pro-
duction. Rhamnolipid synthesis itself may be negatively 
affected by temperatures above the optimal production 
temperature by defective or altered function or substrate 
binding capacity of RhlA respectively RhlB towards the 
precursors HAA and dTDP-rhamnose.

When comparing how the average specific rhamnolipid 
production rate is effected by cultivation temperature 
(Fig.  3), interestingly, an increase is only detected once 
temperature of highest rhamnolipid production is sur-
passed. The average specific rhamnolipid production rate 
may represent an important target parameter for opti-
mization for evaluation of the total productivity of the 
process. It is important to note, however, that the aver-
age specific rhamnolipid production rate is calculated 
from shake-flask with a defined and limited cultivation 
time. In contrast this may not be the case for optimized 
prolonged processes with a fed-batch design for instance. 
Total rhamnolipid yield per biomass or glucose moreover 
represent important target optimization parameters for 
bulk chemical production processes. In terms of devel-
opment of an economical process, it should be noted 
that observed increase in rhamnolipid yield per biomass 
(Fig.  4a) correlates with the maximum specific produc-
tion rate (Fig.  3). This would generally allow for a pro-
cess design with both increased as well as more efficient 
rhamnolipid production.

To determine what proportion of the observed effect 
of increase in rhamnolipid production can be attributed 
to a regulatory effect, control experiments using a plas-
mid with randomized, inactive sequence of the RNA-
thermometer (open conformation) were performed. The 
increase in specific rhamnolipid production rate com-
paring cultivations of 30 °C to 37 °C of P. putida KT2440 
pSynpro8oT_rhlAB with functional RNAT was quantified 
to be approx. 36% (Fig. 5, see also Fig. 3). This increase 
may be assigned to two different (overlapping) effects. 
First a regulatory effect caused by the inhibitory struc-
ture of the RNAT and second by multiple (overlapping) 
metabolic effects. When assuming no regulatory effect 
by the RNA-thermometer, the increase for the control 
strain (with inactivated RNAT) would be expected to be 
approx. equal to the increase in specific rhamnolipid pro-
duction rate of the strain with functional RNAT. Meta-
bolic effects would then solely cause this increase. When 
assuming no overlapping metabolic effects, and increases 
in production rate were assumed to be fully attributed to 
the RNA-thermometer regulation, the increase in spe-
cific rhamnolipid production rate of the control strain 
should be close to 0% due to an inactivated RNAT.

Interestingly, control experiments unveiled that besides 
the regulatory effect (‘RE’, Fig. 5) of the RNA-thermom-
eter, a major part of the increase in specific rhamnolipid 
production rate is not due to regulation of the RNA-
thermometer. The average increase in specific produc-
tion rate with the control plasmid of around 23% can 
be attributed to metabolic effects (‘ME’, Fig.  5). How-
ever, these results confirm the action of the employed 
ROSE-like temperature-sensitive regulatory element in 

Fig. 5 Comparison of increase in specific rhamnolipid production 
rate of Pseudomonas putida KT2440 pSynpro8oT_rhlAB and control 
plasmid with inactivated RNA-thermometer at 30 °C and 37 °C 
respectively. Average differences in production rate calculated from 
individual biological data are shown with derived metabolic effect 
(ME) and regulatory (RE) effect
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a heterologous host, as results obtained with the RNAT 
plasmid lead to a higher average increase of 36% (Fig. 5).

As temperature has a broad effect on bacterial metab-
olism and regulation, different hypothesis may provide 
an explanation for this observed behavior. Firstly, it 
should be mentioned that RNA-thermometers are gen-
erally reported to display a comparably high degree of 
“leakiness” and inefficiency when inhibiting translation 
(Chowdhury et  al. 2003), which could result in a leve-
ling out of differences in production rates. Furthermore, 
temperature has an effect on plasmid replication and 
copy numbers, and therefore also on the number of gene 
copies present per bacterial cell. Along with effects of 
increasing temperature on plasmid replication, there are 
furthermore physical effects that need to be considered, 
such as a shift in oxygen solubility and therefore avail-
ability comparing cultivation temperatures of 30  °C and 
37 °C.

Altogether, in this study, the RNA-thermometer effect 
of a ROSE-like regulatory element could be confirmed in 
the heterologous host P. putida KT2440. Findings from 
this study along with quantitative data from compari-
son of efficiency parameters and yields provides a basis 
of how temperature effects rhamnolipid production 
and growth. A high potential for using temperature to 
design and control a process for rhamnolipid production 
is revealed by the observed strong increase in produc-
tion rate of up to 60%. Interestingly however, regulation 
of translation due the RNA-thermometer does not seem 
to play the major part in the observed effect. As tem-
perature effects a wide range of biological and physical 
properties, it is difficult to attribute to what extent each 
individual effect constitutes a part in this effect. Future 
work could include molecular data such as transcriptome 
and metabolome data, which would allow insight into 
bottlenecks, existing effects and limitations during pro-
tein biosynthesis. Furthermore, a variety of regulatory 
RNAT structures are available and may be exploited for 
process design and control in future studies. RNAT con-
sist of a comparably straightforward structure and mech-
anism. Therefore, attempts have been made to provide 
guidelines for in silico design, experimental benchmark-
ing and optimization of synthetic thermosensitive nucleic 
acids, a procedure that takes only 2–3 weeks claimed by 
Neupert et  al. (2008). In 2017, a toolbox was presented 
to design RNA-thermometers that offer various tempera-
ture responses. The RNATs were designed by Sen et  al. 
(2017) to differ in sensitivity and threshold. The design 
of the RNAT toolbox for various temperature responses 
was based on thermodynamic calculations like minimum 
free energy structures or melting profiles, as well as on 
experimental activity benchmarking in  vitro. A wide 
range of structures has been found and evaluated to give 

a varying temperature response within a range between 
29 and 37  °C. In  the here presented study, even though 
individual effects are not yet clear, a proof-of-concept for 
a straightforward method to efficiently increase rham-
nolipid production levels is presented. As such, this work 
constitutes an important step towards the utilization of 
temperature-based process designs and enables the pos-
sibility for novel approaches for process control.

Abbreviations
RNAT: RNA-thermometer; ROSE: repression of heat shock gene expression (ele-
ment); RL: rhamnolipid; UTR : untranslated region; HPTLC: high-performance 
thin layer chromatography; HAA: (hydroxyalkanoyloxy)alkanoic acid.

Acknowledgements
The authors would like thank Dr. Frank Rosenau and Dr. Andreas Wittgens 
(Institute for Pharmaceutical Biotechnology, Ulm University, Germany) for con-
structive scientific discussion and for providing the initial plasmid pSynPro8.

Authors’ contributions
PN planned and executed the experiments, collected data, created the graphs 
and drafted the manuscript. CT, SM and SS performed part of the experiments 
and collected and evaluated corresponding data. LL and RH contributed to 
evaluation of the data, design of the experiments and scientific discussion. MH 
substantially contributed to conception and design of the conducted experi-
ments, interpretation of the results and drafting of the manuscript. All authors 
read and approved the final manuscript.

Funding
This work was partially funded by the Fachagentur Nachwachsende Rohstoffe 
e.V. (Funding Code 22004513). PN is a member of the “BBW ForWerts” graduate 
program and receives a scholarship within the frame of the Baden-Wuerttem-
berg Landesgraduiertenfoerderung (LGF) awarded by the Ministry of Science, 
Research and the Arts (MWK) of Baden-Württemberg, Germany.

Availability of data and materials
All discussed 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.

Received: 5 August 2019   Accepted: 17 September 2019

References
Altuvia S, Kornitzer D, Teff D, Oppenheim AB (1989) Alternative mRNA struc-

tures of the cIII gene of bacteriophage λ determine the rate of its transla-
tion initiation. J Mol Biol 210:265–280. https ://doi.org/10.1016/0022-
2836(89)90329 -X

Balsiger S, Ragaz C, Baron C, Narberhaus F (2004) Replicon-specific regula-
tion of small heat shock genes in Agrobacterium tumefaciens. J Bacteriol 
186:6824–6829. https ://doi.org/10.1128/JB.186.20.6824-6829.2004

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

Beuker J, Steier A, Wittgens A, Rosenau F, Henkel M, Hausmann R (2016b) Inte-
grated foam fractionation for heterologous rhamnolipid production with 

https://doi.org/10.1016/0022-2836(89)90329-X
https://doi.org/10.1016/0022-2836(89)90329-X
https://doi.org/10.1128/JB.186.20.6824-6829.2004
https://doi.org/10.1186/s13568-016-0298-5


Page 10 of 10Noll et al. AMB Expr           (2019) 9:154 

recombinant Pseudomonas putida in a bioreactor. AMB Express 6:1–10. 
https ://doi.org/10.1186/s1356 8-016-0183-2

Böhme K, Steinmann R, Kortmann J, Seekircher S, Heroven AK, Berger E, 
Pisano F, Thiermann T, Wolf-Watz H, Narberhaus F, Dersch P (2012) 
Concerted actions of a thermo-labile regulator and a unique intergenic 
RNA thermosensor control Yersinia virulence. PLoS Pathog. https ://doi.
org/10.1371/journ al.ppat.10025 18

Choi KH, Kumar A, Schweizer HP (2006) A 10-min method for preparation of 
highly electrocompetent Pseudomonas aeruginosa cells: application for 
DNA fragment transfer between chromosomes and plasmid transforma-
tion. J Microbiol Methods 64:391–397. https ://doi.org/10.1016/j.mimet 
.2005.06.001

Chowdhury S, Ragaz C, Kreuger E, Narberhaus F (2003) Temperature-
controlled structural alterations of an RNA thermometer. J Biol Chem 
278:47915–47921. https ://doi.org/10.1074/jbc.M3068 74200 

Chowdhury S, Maris C, Allain FHT, Narberhaus F (2006) Molecular basis for 
temperature sensing by an RNA thermometer. EMBO J 25:2487–2497. 
https ://doi.org/10.1038/sj.emboj .76011 28

Cooper MJ, Anders MW (1974) Determination of long chain fatty acids as 
2-naphthacyl esters by high pressure liquid chromatography and mass 
spectrometry. Anal Chem 46:1849–1852. https ://doi.org/10.1021/ac603 
48a03 5

Evonik Industries (2016) Evonik commercializes biosurfactants. Press 
release:https ://corpo rate.evoni k.com/media /press attac hment s/c483/
n6027 6/a2898 6.pdf. Accessed 21 Jun 2016

Grosso-Becerra MV, Croda-Garcia G, Merino E, Servin-Gonzalez L, Mojica-Espi-
nosa R, Soberon-Chavez G (2014) Regulation of Pseudomonas aeruginosa 
virulence factors by two novel RNA thermometers. Proc Natl Acad Sci 
USA 111:15562–15567. https ://doi.org/10.1073/pnas.14025 36111 

Hecker M, Schumann W, Volker U (1996) Heat-shock and general stress 
response in Bacillus subtilis.: DISCOVER: all subjects. Mol Microbiol 
19:417–428

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 98:7013–7025. 
https ://doi.org/10.1007/s0025 3-014-5750-3

Horlamus F, Wittgens A, Noll P, Michler J, Müller I, Weggenmann F, Oellig C, 
Rosenau F, Henkel M, Hausmann R (2018) 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. https ://doi.org/10.1111/gcbb.12542 

Johansson J, Mandin P, Adriana R, Chiaruttini C, Springer M, Cossart P (2002) 
An RNA thermosensor controls expression of virulence genes in Listeria 
monocytogenes. Cell 110:551–561. https ://doi.org/10.1016/S0092 
-8674(02)00905 -4

Katayama S, Matsushita O, Jung CM, Minami J, Okabe A (1999) Promoter 
upstream bent DNA activates the transcription of the Clostridium perfrin-
gens phospholipase C gene in a low temperature-dependent manner. 
EMBO J 18:3442–3450. https ://doi.org/10.1093/emboj /18.12.3442

Klinkert B, Narberhaus F (2009) Microbial thermosensors. Cell Mol Life Sci 
66:2661–2676. https ://doi.org/10.1007/s0001 8-009-0041-3

Klinkert B, Cimdins A, Gaubig LC, Roßmanith J, Aschke-Sonnenborn U, 
Narberhaus F (2012) Thermogenetic tools to monitor temperature-
dependent gene expression in bacteria. J Biotechnol 160:55–63. https ://
doi.org/10.1016/j.jbiot ec.2012.01.007

Kortmann J, Narberhaus F (2012) Bacterial RNA thermometers: molecu-
lar zippers and switches. Nat Rev Microbiol 10:255–265. https ://doi.
org/10.1038/nrmic ro273 0

Kouse AB, Righetti F, Kortmann J, Narberhaus F, Murphy ER (2013) RNA-medi-
ated thermoregulation of iron-acquisition genes in Shigella dysenteriae 
and pathogenic Escherichia coli. PLoS ONE. https ://doi.org/10.1371/journ 
al.pone.00637 81

Morita M, Kanemori M, Yanagi H, Yura T (1999) Heat-induced synthesis of σ 
32 in Escherichia coli: structural and functional dissection of rpoH mRNA 
secondary structure. J Bacteriol 181:401–410

Narberhaus F (1999) Negative regulation of bacterial heat shock genes. Mol 
Microbiol 31:1–8. https ://doi.org/10.1046/j.1365-2958.1999.01166 .x

Neupert J, Karcher D, Bock R (2008) Design of simple synthetic RNA thermom-
eters for temperature-controlled gene expression in Escherichia coli. 
Nucleic Acids Res 36:1–9. https ://doi.org/10.1093/nar/gkn54 5

Nickerson C, Achberger E (1995) Role of curved DNA in binding of Escherichia 
coli RNA polymerase to promoters. J Bacteriol 177:5756–5761. https ://doi.
org/10.1128/jb.177.20.5756-5761.1995

Nocker A, Hausherr T, Balsiger S, Krstulovic NP, Hennecke H, Narberhaus F 
(2001) A mRNA-based thermosensor controls expression of rhizobial heat 
shock genes. Nucleic Acids Res 29:4800–4807. https ://doi.org/10.1093/
nar/29.23.4800

Roels J (1983) Energetics and kinetics in biotechnology. Elsevier Biomedical 
Press. ISBN 0444804420

Ratkowsky DA, Lowry RK, McMeekin TA, Stokes AN, Chandler RE (1983) Model 
for bacterial culture growth rate throughout the entire biokinetic tem-
perature range. J Bacteriol 154:1222–1226

Rinnenthal J, Klinkert B, Narberhaus F, Schwalbe H (2010) Direct observation of 
the temperature-induced melting process of the Salmonella fourU RNA 
thermometer at base-pair resolution. Nucleic Acids Res 38:3834–3847. 
https ://doi.org/10.1093/nar/gkq12 4

Schenk T, Schuphan I, Schmidt B (1995) High-performance liquid chromato-
graphic determination of the rhamnolipids produced by Pseudomonas 
aeruginosa. J Chromatogr A 693:7–13. https ://doi.org/10.1016/0021-
9673(94)01127 -Z

Schaffer S, Wessel M, Thiessenhusen A, Stein N (2011) Cells and method for 
producing rhamnolipids. EU patent EP2598646B1, 20 Jul 2011

Schilling M, Rueterming M, Dahl V, Cabirol F (2013) Process for the isolation of 
rhamnolipids. EU patent EP2735605B1, 29 Oct 2013

Sen S, Apurva D, Satija R, Siegal D, Murray RM (2017) Design of a toolbox of 
RNA thermometers. ACS Synth Biol 6:1461–1470. https ://doi.org/10.1021/
acssy nbio.6b003 01

Sengupta P, Garrity P (2013) Sensing temperature. Curr Biol 23:R304–R307. 
https ://doi.org/10.1016/j.cub.2013.03.009

Serganov A, Nudler E (2013) A decade of riboswitches. Cell 152:17–24. https ://
doi.org/10.1016/j.cell.2012.12.024

Shapiro RS, Cowen LE (2012) Thermal control of microbial development and 
virulence: molecular mechanisms of microbial temperature sensing. MBio 
3:1–6. https ://doi.org/10.1128/mbio.00238 -12

Waldminghaus T, Gaubig LC, Narberhaus F (2007) Genome-wide bioinformatic 
prediction and experimental evaluation of potential RNA thermom-
eters. Mol Genet Genomics 278:555–564. https ://doi.org/10.1007/s0043 
8-007-0272-7

Weber GG, Kortmann J, Narberhaus F, Klose KE (2014) RNA thermometer 
controls temperature-dependent virulence factor expression in Vibrio 
cholerae. Proc Natl Acad Sci 111:14241–14246. https ://doi.org/10.1073/
pnas.14115 70111 

Wei Y, Murphy ER (2016) Temperature-dependent regulation of bacte-
rial gene expression by RNA thermometers. Nucleic Acid. https ://doi.
org/10.5772/61968 

Zwietering MH, de Koos JT, Hasenack BE, de Witt JC, van’t Riet K (1991) 
Modeling of bacterial growth as a function of temperature. Appl Environ 
Microbiol 57:1094–1101

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

https://doi.org/10.1186/s13568-016-0183-2
https://doi.org/10.1371/journal.ppat.1002518
https://doi.org/10.1371/journal.ppat.1002518
https://doi.org/10.1016/j.mimet.2005.06.001
https://doi.org/10.1016/j.mimet.2005.06.001
https://doi.org/10.1074/jbc.M306874200
https://doi.org/10.1038/sj.emboj.7601128
https://doi.org/10.1021/ac60348a035
https://doi.org/10.1021/ac60348a035
https://corporate.evonik.com/media/pressattachments/c483/n60276/a28986.pdf
https://corporate.evonik.com/media/pressattachments/c483/n60276/a28986.pdf
https://doi.org/10.1073/pnas.1402536111
https://doi.org/10.1007/s00253-014-5750-3
https://doi.org/10.1111/gcbb.12542
https://doi.org/10.1016/S0092-8674(02)00905-4
https://doi.org/10.1016/S0092-8674(02)00905-4
https://doi.org/10.1093/emboj/18.12.3442
https://doi.org/10.1007/s00018-009-0041-3
https://doi.org/10.1016/j.jbiotec.2012.01.007
https://doi.org/10.1016/j.jbiotec.2012.01.007
https://doi.org/10.1038/nrmicro2730
https://doi.org/10.1038/nrmicro2730
https://doi.org/10.1371/journal.pone.0063781
https://doi.org/10.1371/journal.pone.0063781
https://doi.org/10.1046/j.1365-2958.1999.01166.x
https://doi.org/10.1093/nar/gkn545
https://doi.org/10.1128/jb.177.20.5756-5761.1995
https://doi.org/10.1128/jb.177.20.5756-5761.1995
https://doi.org/10.1093/nar/29.23.4800
https://doi.org/10.1093/nar/29.23.4800
https://doi.org/10.1093/nar/gkq124
https://doi.org/10.1016/0021-9673(94)01127-Z
https://doi.org/10.1016/0021-9673(94)01127-Z
https://doi.org/10.1021/acssynbio.6b00301
https://doi.org/10.1021/acssynbio.6b00301
https://doi.org/10.1016/j.cub.2013.03.009
https://doi.org/10.1016/j.cell.2012.12.024
https://doi.org/10.1016/j.cell.2012.12.024
https://doi.org/10.1128/mbio.00238-12
https://doi.org/10.1007/s00438-007-0272-7
https://doi.org/10.1007/s00438-007-0272-7
https://doi.org/10.1073/pnas.1411570111
https://doi.org/10.1073/pnas.1411570111
https://doi.org/10.5772/61968
https://doi.org/10.5772/61968

	Evaluating temperature-induced regulation of a ROSE-like RNA-thermometer for heterologous rhamnolipid production in Pseudomonas putida KT2440
	Abstract 
	Introduction
	Materials and methods
	Chemicals and reference substances
	Microorganism and plasmids
	Media preparation
	Cultivation conditions
	Sampling and sample processing
	HPTLC for quantification of rhamnolipids
	Enzymatic assays
	Software for graphical analysis, regression and replicates
	Software for parameter optimization, modeling and simulation

	Results
	Discussion
	Acknowledgements
	References




