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Background: Nonribosomal peptide synthases (NRPS) can synthesize functionally diverse bioactive pep-
tides by incorporating nonproteinogenic amino acids, offering a rich source of new drug leads. The bac-
terium Escherichia coli is a well-characterized production host and a promising candidate for the
synthesis of nonribosomal peptides, but only limited bioprocess engineering has been reported for such
molecules. We therefore developed a medium and optimized process parameters using the design of
experiments (DoE) approach.
Results: We found that glycerol is not suitable as a carbon source for rhabdopeptide production, at least
for the NRPS used for this study. Alternative carbon sources from the tricarboxylic acid cycle achieved
much higher yields. DoE was used to optimize the pH and temperature in a stirred-tank reactor, revealing
that optimal growth and optimal production required substantially different conditions.
Conclusions: We developed a chemically defined adapted M9 mediummatching the performance of com-
plex medium (lysogeny broth) in terms of product concentration. The maximum yield in the reactor
under optimized conditions was 126 mg L-1, representing a 31-fold increase compared to the first
shaking-flask experiments with M9 medium and glycerol as the carbon source. Conditions that promoted
cell growth tended to inhibit NRPS productivity. The challenge was therefore to find a compromise
between these factors as the basis for further process development.
How to cite: Oestreich AM, Suli LI, Gerlach D. et al. Media development and process parameter optimiza-
tion using statistical experimental designs for the production of nonribosomal peptides in Escherichia coli.
Electron J Biotechnol 2021;52. https://doi.org/10.1016/j.ejbt.2021.05.001
� 2021 Pontificia Universidad Católica de Valparaíso. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Multidrug-resistant microbes pose an increasing threat to
healthcare systems due to the indiscriminate use of antibiotics,
creating a demand for new antimicrobial drugs with novel mecha-
nisms of action [1]. One promising approach is the use of nonribo-
somal peptides, which are microbial secondary metabolites
produced by modular enzyme complexes known as nonribosomal
peptide synthases (NRPS) [2,3]. Many nonribosomal peptides are
bioactive, with pharmacological properties that include antibiotic,
immunosuppressive and cytotoxic activities [4,5,6,7,8,9,10,11]. The
ability of NRPS to utilize a variety of substrates, including nonpro-
teinogenic amino acids [6,12], produces a range of nonribosomal
peptides with remarkable structural diversity, representing an evo-
lutionary advantage in a rapidly changing environment. For exam-
ple, a symbiotic relationship has evolved between bacteria
(Xenorhabdus spp.) and entomopathogenic nematodes of the family
Steinernematidae in which the bacteria supply the nematodes with
rhabdopeptides/xenortides (RXP) that support the reproductive
success [13]. RXPs are linear peptides, usually 2–8 amino acids in
length with a C–terminal amine [13]. The NRPS used in this study
(VietABC) originates from Xenorhabdus vietnamensis and produces
a nonribosomal peptide consisting of three N-methylated leucine
residues and a terminal amine [13].

The efficient production of nonribosomal peptides in cultivated
bacteria requires a growth medium that not only promotes cell
growth but also favors the activity of NRPS. Ideally, the medium
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should also be chemically defined in order to meet the require-
ments of good manufacturing practice (GMP), reduce the cost of
raw materials (by replacing components such as peptones with
inexpensive salts) and simplify downstream processing. Several
well-established chemically defined media have been optimized
for the growth of Escherichia coli (E. coli), but not for nonribosomal
peptide production. Process parameters such as temperature and
pH have been shown to influence the productivity of NRPS
[14,15,16,17], but the optimal conditions for VietABC synthase
have not been established. It is therefore necessary to optimize
the production process for temperature, pH and substrate concen-
tration in the medium in order to balance cell growth and
productivity.

The testing of growth conditions one factor at a time is ineffi-
cient because it does not account for interactions between factors.
In contrast, the Design of Experiments (DoE) approach is a system-
atic method to determine the significant factors and interactions
that influence the behavior of a system, allowing multiple factors
to be optimized simultaneously. The aim of such statistical exper-
imental designs is the precise representation of the relationship
between the influence factors (independent variables) that are
investigated and the response factors (dependent variables) with
high significance and low experimental effort. Modeling is based
on a regression whose function is valid in the entire design space.
The DoE not only models and predicts the effects of independent
variables but also predicts the necessary resources, such as sub-
strates, time and other cost factors [18]. Response surface method-
ology (RSM) is a DoE approach that describes models on the basis
of polynomial functions, identifying nonlinear relationships
between dependent and independent variables. The goal of RSM
is to find existing extrema (maxima and minima) as well as saddle
points, and to identify optimal settings for the process [19]. The
application of RSM requires knowledge of statistically significant
independent variables, which are best determined by screening
different conditions in factorial designs [18]. Different RSM design
types can be used for optimization depending on the structure of
the model, including central composite, Box–Behnken and optimal
designs.
2. Materials and methods

2.1. Production strain and vectors

The leucine auxotroph strain E. coli DH10B was kindly provided
by Prof. Dr. Helge B. Bode (Institute for Molecular Biosciences,
Goethe University Frankfurt, Germany). This strain contains two
plasmids (pCX71 and pACYC) in which genes are regulated by
the arabinose (ara) operon: pCX71 (18,055 bp) carries the VietABC
biosynthetic gene cluster and a kanamycin-resistance gene,
whereas pACYC (4689 bp) carries phosphopantetheinyl transferase
(mtaA) and chloramphenicol acetyltransferase genes.
2.2. Culture medium

We developed a modified M9 mineral medium [20] containing
33.7 mMNa2HPO4, 22 mM KH2PO4, 8.55 mMNaCl, 9.35 mMNH4Cl,
54.3 mM glycerol, 0.75 mM L-leucine, 1 mM MgSO4, 0.3 mM CaCl2,
342 mM EDTA, 31 mM FeCl3, 6.2 mM ZnCl2, 0.76 mM CuCl2, 0.42 mM
CoCl2, 1.62 mM H3BO3 and 0.081 mM MnCl2. A stock solution con-
taining all trace elements except FeCl3 (due to poor stability) was
prepared with half the amount of EDTA. The rest was used for
the FeCl3 stock. NRPS expression was induced with 25 mM arabi-
nose. For product formation, we added 1 mM phenethylamine
(PEA). We also added kanamycin sulfate (60 mM) and chloram-
phenicol (105.2 mM) to maintain selection pressure. Each tricar-
86
boxylic acid (TCA) cycle intermediate of the carbon source
screening was provided as a dibasic sodium salt, set to an equimo-
lar carbon content of 5 g L-1 glycerol. All chemicals were obtained
from Sigma-Aldrich (Taufkirchen, Germany), Merck (Darmstadt,
Germany) or Carl Roth (Karlsruhe, Germany). Stocks and media
were prepared using ultra-pure water with a resistivity of
18.2 MO cm at 25 �C. Stock solutions were autoclaved for 20 min
at 121 �C or filter-sterilized using 0.22 mm polyether sulfone filters.

2.3. Shaking flask cultivation

Cells were cultivated in 300-mL flasks containing 30 mL of cul-
ture medium at 30 �C, shaking at 125 rpm (5 cm orbit). Cryopre-
served cultures were used to inoculate the medium to an initial
DOD600 of 0.2. The cultures were incubated for at least 24 h or until
the cells reached stationary phase.

2.4. Reactor cultivation

MiniBio 500 stirred-tank reactors (Applikon Biotechnology,
Delft, Netherlands) with a working volume of 300 mL, equipped
with a micro sparger and pH, temperature and dissolved oxygen
sensors, were part filled with a solution of Na2HPO4, KH2PO4, NaCl
and NH4Cl and autoclaved for 20 min at 121 �C. The remaining
components of the adapted M9 medium were then added via syr-
inge. Fermentations were carried out with an initial DOD600 of 0.2
at an aeration rate of 1 vvm and a stirrer speed of 1000 rpm. Exper-
iments were stopped when the cells reached stationary phase. The
pH was controlled by adding 2 M HCl.

2.5. Measurement of cell density

Cell density was measured with a BioSpectrometer basic
(Eppendorf, Hamburg, Germany) at a wavelength of 600 nm. The
signal was linear in the DOD600 range 0.05–0.3. To fit this range,
samples with higher DOD600 were diluted with 0.9% NaCl. Cell
dry weight (CDW) was calculated based on an experimentally
determined correlation between DOD600 and CDW.

2.6. RXP quantification

The product concentration was measured by ultrahigh-
performance liquid chromatography (UHPLC) on a Dionex Ultimate
3000 and Corona Veo RS detector (Thermo Fisher Scientific, Dreie-
ich, Germany) fitted with an Acquity UPLC BEH C18 column (130 Å,
1.7 mm, 2.1 mm� 100 mm) (Waters, Eschborn, Germany). RXP pre-
pared by solid-phase synthesis and verified by mass spectrometry,
kindly provided by Prof. Dr. Helge B. Bode (Institute for Molecular
Biosciences, Goethe University Frankfurt, Germany) was used as
the calibration standard. Ultrapure water and acetonitrile supple-
mented with 0.1% (v/v) formic acid were used as solvents. Analysis
was carried at 40 �C with a flow rate of 0.4 mL min�1. The initial
acetonitrile concentration of 5% was held for 3 min before a
three-step linear increase (5–30% in 0.8 min, 30–55% in 7.2 min,
and 55–95% in 1 min). The acetonitrile concentration was then
held at 95% for 4 min before reducing it to 5% in 1 min and re-
equilibrating for 3 min. To protect the Corona Veo RS detector from
ions, the flow state was switched off for the first 3 min of each
measurement. Fermentation broth samples were centrifuged for
20 min at 16,100 � g and transferred to glass vials for analysis.

2.7. SDS-PAGE

Chemical cell lysis of 1 to 1.5 mL cell suspension was conducted
using BugBuster master mix (Merck Millipore, Darmstadt, Ger-
many). Samples of 15 mL were mixed with 4.5 mL Laemmli buffer
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and 0.5 mL 2-mercaptoethanol and heated for 5 min to 95 �C. Sub-
sequently 12 mL of the treated samples were transferred to 4–20%
Criterion TGX stain free precast gels (Bio-Rad Laboratories, Her-
cules, USA). Gels were run for 26 min at 250 volt in electrophorese
chambers filled with TGS buffer. Precision Plus Unstained Protein
Standard (Bio-Rad Laboratories, Hercules, USA) was run in first
(2 mL) and last (4 mL) lane. Analysis of protein gels were done with
ChemiDoc MP imaging system and Image Lab software (Bio-Rad
Laboratories, Hercules, USA).
Fig. 1. Initial concentration (0 h) and final concentration (24 h) of amino acids
during the cultivation of E. coli DH10B in a bioreactor containing TB medium.
Asx = asparagine and aspartate; Glx = glutamine and glutamate (n = 3).

Table 1
Amino acids and their conversion into TCA cycle intermediates.

Amino acids TCA cycle intermediates

Alanine / glycine / serine Pyruvate
Arginine / glutamine / glutamate /

proline
a-Ketoglutarate

Asparagine Oxaloacetate
Aspartate Fumarate / oxaloacetate
Methionine Succinyl-CoA
Threonine / tryptophan Pyruvate / succinyl-CoA / acetyl-

CoA
2.8. Design of experiments

Experimental designs were generated and evaluated using
Design Expert v11 (Stat-Ease, Minneapolis, MN, USA). Media devel-
opment was based on a randomized RSM, I-optimal quadratic
design (n = 27) in shaking flasks. We considered concentration
ranges of 0.3–30 mM for NH4Cl, 0.05–2.5 mM for L-leucine, and
4–200 mM for succinate. The influence of pH (5.75–8.25) and tem-
perature (20–35 �C) was investigated using a randomized RSM, I-
optimal, quadratic design (n = 21) in three parallel stirred-tank
reactors, and was thus divided into three blocks.

The quality of all models met the requirements for sufficient
navigation in the design space and the models were used for point
prediction. Each model was evaluated in confirmation runs. Models
were generated with significant influence factors and interactions.
To maintain hierarchical model arrangement, non-significant influ-
ence factors or interactions of a lower order were implemented as
long as a corresponding significant interaction of a higher order
was added to the design.

Experimental designs, analysis of variance and coefficients in
terms of coded factors can be found in the supplementary informa-
tionsupplementary data
Fig. 2. Carbon source screening for RXP production in E. coli DH10B using
chemically defined M9 medium in shaking flasks at 30 �C (n = 3).
3. Results and discussion

3.1. Carbon source screening

Experiments carried out using lysogeny broth (LB) as a complex
medium achieved an RXP concentration of 59.1 ± 3.2 mg L-1

whereas M9 medium containing glycerol as the carbon source
was much less productive (4.0 ± 0.2 mg L-1). This suggested the
presence of beneficial components in the LB medium or inhibitory
components in the M9 medium. To clarify this issue, we cultivated
the bacteria in terrific broth (TB) supplemented with 5 g L-1 glyc-
erol. It was found that product formation was inhibited as long
as glycerol was present in the fermentation medium even though
intense bands of the NRPS were detectable on a SDS-PAGE (data
not shown). Following the consumption of glycerol, the cells start
to utilize amino acids as a carbon and energy source, converting
them into tricarboxylic acid (TCA) cycle intermediates. We there-
fore assumed that the utilization of TCA cycle intermediates does
not inhibit RXP production in the same manner as glycerol. Given
that NRPS expression is regulated by pBAD, carbohydrates cannot be
used as a carbon source because they repress the promoter [21].

Fig. 1 shows that some amino acids were totally depleted dur-
ing the fermentation while others were only consumed in small
amounts. Amino acid utilization for energy metabolism increases
the concentration of ammonia due to oxidative deamination [22].
Accordingly, ~50% of the amino acids were used as a carbon source
and for energy metabolism.

Table 1 shows the TCA cycle intermediates formed when speci-
fic amino acids are metabolized. The dibasic salts of these interme-
diates were used as carbon sources with the same carbon content
as 5 g L-1 glycerol in shaking-flask experiments. Oxaloacetate was
not tested due to high costs, and we used sodium acetate and dis-
87
odium succinate in place of acetyl-CoA and succinyl-CoA, respec-
tively. Acetate and pyruvate as sole carbon sources were
insufficient for cell growth, with no growth observed even after 7
d (data not shown).

Cultures supplemented with disodium succinate produced RXP
concentrations of up to 25 mg L-1, which is several times higher
than the other carbon sources (Fig. 2). Although experiments with
fumarate and a-ketoglutarate resulted in low growth rates and low
cell densities, the RXP concentration was still higher than that
achieved with glycerol. Although glycerol promoted the highest
growth rate and maximum DOD600, the product concentration
was the lowest among the carbon sources we tested. This supports
our hypothesis that TCA cycle intermediates do not inhibit product
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formation to the extent demonstrated by glycerol, especially in
terms of RXP yield per unit biomass.
3.2. Experimental design for the development of M9 medium

We designed a screening for critical media components (NH4Cl,
FeCl3, MgSO4 and L-leucine) to determine the factors with a signif-
icant influence on product formation and cell growth (data not
shown). The effect of succinate was investigated in one factor at
a time (OFAT) experiments and was therefore not included in the
screening. We found that NH4Cl and L-leucine had a significant
influence on growth rate and CDW but NH4Cl had no significant
impact on RXP formation (at least within the limits of the model).
Design space limits of the M9 DoE model were determined by
OFAT experiments.

As shown in Fig. 3, the effect of L-leucine on cell growth was
generally negative. The cells have a high substrate affinity, allow-
ing them to grow rapidly even at low substrate concentrations.
High concentrations of L-leucine are therefore toxic, and the max-
imum concentration compatible with the growth of E. coliwas pre-
viously found to be 22.9 mM [23]. However, the inhibitory effect
was ameliorated in complex media containing other amino acids
[24]. Similarly, in our reactor experiment with complex medium
we observed a growth rate of 0.5 h�1 when the concentration of

L–leucine was about twice as high as the maximum concentration
investigated in the M9 DoE. For NH4Cl and succinate, higher con-
centrations are required to achieve the highest growth rate, sug-
gesting a higher affinity constant.

Although high concentrations of L-leucine had a negative effect
on the growth rate, they had a positive effect on the maximum
CDW (Fig. 4). This reflects the growth limitation caused by aux-
otrophy. As soon as L-leucine (used for growth and product forma-
tion) is depleted, protein biosynthesis and cell growth stagnates.
But if the concentration of L-leucine is too high, cell growth slows
and substrates are utilized due to maintenance metabolism and
therefore become limited before reaching the maximum cell den-
sity or before the culture conditions (such as the pH) become
inhibiting. The influence of the remaining substrates follows a sim-
ilar pattern.

In contrast to the initial screening, NH4Cl had a significant influ-
ence on RXP formation because the concentration limits used in
Fig. 3. Contour plots of the growth rate model with the influence factors (A) NH4Cl an
value = 0.2583, R2 = 0.96, adjusted R2 = 0.95, predicted R2 = 0.92, adequate precision = 3
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the DoE differed from those in the screening. The local optima of
product formation (Fig. 5) were approximately congruent with
those of the maximum CDW (Fig. 4). Although previous experi-
ments had shown that inhibiting substrate concentrations have a
positive effect on the yield, this involves a biomass-associated
weighting. It is unclear whether the data in Fig. 5 agree with the
productivity optimum or whether bias is caused by the biomass.

Fig. 6 confirms that inhibiting substrate concentrations have a
positive effect on the yield, with the optimum of the RXP concen-
tration (Fig. 5) almost coinciding with the maximum yield (Fig. 6).
Increasing the concentration of NH4Cl triggers relative variations in
the RXP and biomass concentrations, leading to the mutual equal-
ization of these terms. This is shown by the fact that NH4Cl does
not have a significant influence on the RXP yield per unit biomass.
A semi quantitative SDS-PAGE showed a linear correlation between
VietABC synthase concentration and CDW over the entire design
space with R2 of 0.87, indicating that Fig. 6 displays the activity
of the synthase. The optima shown in Fig. 5 are therefore assumed
to be suitable initial concentrations for the chemically defined
medium. To validate the model, we carried out confirmation runs
with 20.2 mM NH4Cl, 1.7 mM L-leucine and 138.6 mM succinate.
All response factors determined within the framework of the con-
firmation runs were consistent with the simulation, and the corre-
sponding models were therefore deemed sufficient for point
prediction. An RXP concentration of 55.9 ± 3.93 mg L-1 was
achieved by media optimization, representing a 14-fold increase
over the first experiments with a chemically defined medium.
The pH of the medium increased to 9.5 in shaking flasks with suc-
cinate as the carbon source. Here, the growth-limiting factor is the
pH, which means that a higher CDW (and potentially a higher pro-
duct concentration) can be anticipated in regulated systems. The
product concentrations achieved in reactor cultivations with LB
medium were no higher than those observed in the shaking-flask
experiments.
3.3. Experimental design to optimize the temperature and pH

We used the optimized M9 medium described above in the sub-
sequent process parameter optimization experiments. The design
limits were established based on the results of OFAT experiments.
Although the optimum growth temperature for E. coli is ~ 37 �C, we
d L-leucine, or (B) succinate and L-leucine (model p-value < 0.0001, lack of fit p-
5.22).



Fig. 4. Contour plots of the CDW model with the influence factors (A) NH4Cl and L-leucine, or (B) succinate and L-leucine (model p-value < 0.0001, lack of fit p-value = 0.0003,
R2 = 0.92, adjusted R2 = 0.89, predicted R2 = 0.79, adequate precision = 16.44).

Fig. 5. Contour plots of the RXP concentration model with the influence factors (A) NH4Cl and L-leucine, or (B) succinate and L-leucine (model p-value < 0.0001, lack of fit
p-value = 0.0641, R2 = 0.86, adjusted R2 = 0.81, predicted R2 = 0.71, adequate precision = 13.10).

Arne Michael Oestreich, Merlinda Ilire Suli, D. Gerlach et al. Electronic Journal of Biotechnology 52 (2021) 85–92
chose an upper limit of 35 �C to avoid losing degrees of freedom in
the RXP design because no product formation was detected at
higher temperatures.

Maximum cell densities were predicted within the temperature
range 32–35 �C and the pH range 6–7. The model suggested that
the optimum was beyond the temperature range, reflecting the
mesophilic nature of E. coli with its optimum growth temperature
of ~ 37 �C [25,26]. The pH also influenced the maximum cell den-
sity, reflecting the need for E. coli to maintain an intracellular pH
of 7.2–7.8 (homeostasis) regardless of the extracellular pH, in order
to ensure that its proteins and nucleic acids remain stable [27]. The
intracellular pH is regulated by various ion transporters, which
enable bacteria to grow in environments with more extreme pH
ranges [28]. The model confirmed that E. coli DH10B cells tolerate
environmental pH values within the investigated limits (pH 5.75–
89
8.25) and suggested that the tolerance of alkaline pH decreases
with increasing temperature (Fig. 7). The opposite effect was
observed for slightly acidic pH values, which indicates a complex
interaction between these parameters.

The contour plot in Fig. 8 shows maximum growth rates (l �
0.17 h�1) within the temperature range 32–35 �C and the pH range
6.5–7.5. Low temperatures such as 20 �C result in minimal growth
rates (<0.05 h�1) with little dependence on pH.

The reduced cubic model in Fig. 9 suggests that pH values below
7 achieve a higher product concentration. Maximum product con-
centrations of > 120 mg L-1 can be expected at ~ 27 �C within the
pH range 6.0–6.8, suggesting that enzyme activity increases under
these conditions. High temperatures may cause incorrect folding of
the VietABC synthase domains leading to inclusion body formation,
thus resulting in a low concentration of RXP, but no further infor-



Fig. 6. Contour plot of the RXP yield per CDW model with the influence factors
succinate and L-leucine (model p-value < 0.0001, lack of fit p-value = 0.5465,
R2 = 0.86, adjusted R2 = 0.82, predicted R2 = 0.77, adequate precision = 13.79).

Fig. 7. Contour plot of the CDW model with the influence factors pH and
temperature (model p-value < 0.0001, lack of fit p-value = 0.0300, R2 = 0.94,
adjusted R2 = 0.92, predicted R2 = 0.84, adequate precision = 17.41).

Fig. 8. Contour plot of the growth rate model with the influence factors pH and
temperature (model p-value < 0.0001, lack of fit p-value = 0.0822, R2 = 0.93,
adjusted R2 = 0.90, predicted R2 = 0.84, adequate precision = 17.54).

Fig. 9. Contour plot of the RXP concentration model with the influence factors pH
and temperature (model p-value < 0.0001, lack of fit p-value = 0.3233, R2 = 0.93,
adjusted R2 = 0.89, predicted R2 = 0.72, adequate precision = 12.55).
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mation is available concerning the optimum pH and temperature
of this enzyme. Furthermore, because arabinose uptake involves
the proton-coupled symporter AraE [21], a slightly acidic medium
may promote the uptake of inducer molecules and thus increase
the expression of the biosynthetic gene cluster, resulting in higher
product concentrations.

Maximum productivity occurred at 29 �C and neutral pH, a
compromise between biomass accumulation and enzyme activity
(Fig. 10). The optimal conditions for product formation therefore
differ significantly from those required for optimal growth. Confir-
mation runs carried out at 27 �C and pH 6.4 achieved an RXP con-
centration of 126.07 ± 14.28 mg L-1 and a maximum productivity of
3.21 mg L-1 h�1 with a CDW of 1.81 ± 0.13 g L-1 at a growth rate of
90
0.099 ± 0.003 h�1 (n = 3). In comparison, confirmation runs at 29 �C
and pH 7.0 achieved an RXP concentration of 117.37 ± 6.63 mg L-1

and a maximum productivity of 4.43 mg L-1 h�1 with a CDW of 2.
14 ± 0.04 g L-1 at a growth rate of 0.116 ± 0.012 h�1 (n = 3).
Although the first set of conditions achieved a slightly higher pro-
duct concentration, the second set of conditions achieved a higher
productivity and the process time was reduced by 25%. All simu-
lated variables agreed with the results of the confirmation runs
and the models were therefore deemed sufficient for point
prediction.

Table 2 shows the relatively low concentration of heterologous
nonribosomal peptides produced by fermentation in E. coli growing
in chemically defined media. However, these values are only com-



Fig. 10. Contour plot of the RXP productivity model with the influence factors pH
and temperature (model p-value < 0.0001, lack of fit p-value = 0.1459, R2 = 0.91,
adjusted R2 = 0.87, predicted R2 = 0.77, adequate precision = 12.85).

Table 2
Heterologous production of nonribosomal peptides by E. coli in chemically defined
media using different process modes.

Process mode Product cp [mg L-1]

Fed-batch reactor cultivation Echinomycin 0.3 [29]
Batch cultivation in shaking-flasks Ecolimycin C 0.6 [30]
Sequential fed-batch in shaking-flasks Triostin A 13 [31]
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parable to our results in a limited sense, because they are based on
different products and process modes. We achieved product
titers ~ 10-fold higher than these previous studies, but more opti-
mization would be required for an industrial-scale process where
product titers in the two digit gram range are needed for economic
viability [32].
4. Conclusions

Although chemically defined media tend to deliver lower nonri-
bosomal peptide titers than complex media [14,29,30,31,33,34,
35,36], with some exceptions, a chemically defined medium was
developed that can compete with LB medium in terms of RXP pro-
duction in shaking-flask fermentations. Reactor cultivations with
LB medium did not increase the RXP concentration compared to
shaking-flaks experiments any further, but the chemically defined
medium doubled the product titer (to 126 mg L-1) in a regulated
system. This equates to a 31–fold increase in product concentra-
tion compared to the non-optimized medium and process param-
eters in shaking flasks (4.0 ± 0.2 mg L-1). The optimal conditions of
29 �C and pH 7 reflected the higher growth rate, shorter process
time and higher productivity, and offer a promising starting point
for the development of a fed-batch process. The process described
herein outperformed the other reported E. coli fermentation pro-
cess for nonribosomal peptides using chemically defined medium
by ~ 10–fold [31]. Due to the slow growth under optimal produc-
tion conditions and the associated long process time, a two-
phase fed–batch process with a shift in process parameters may
be the most suitable approach in terms of economic viability and
product titers.
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