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Abstract

The red pigment prodigiosin is of high pharmaceutical interest, due to its potential applications
as an antitumor drug and antibiotic agent. As previously demonstrated Pseudomonas putida
KT2440 is a suitable host for prodigiosin production, as it exhibits high tolerance towards the
antimicrobial properties of prodigiosin. So far, prodigiosin concentrations of up to 94 mg/L
have been achieved in shake flask cultivations. For the characterization and optimization of the
prodigiosin production process, the scattered light of P. putida and fluorescence of prodigiosin
was measured. The excitation and emission wavelengths for prodigiosin measurement were
analyzed by recording 2D fluorescence spectra. The strongest prodigiosin fluorescence was
obtained at a wavelength combination of 535/560 nm. By reducing the temperature to 18 °C
and using 16 g/L glucose, the prodigiosin concentration was more than doubled compared to
the initial cultivation conditions. The obtained results demonstrate the capabilities of
parallelized microscale cultivations combined with non-invasive online monitoring of
fluorescence for rapid bioprocess development, using prodigiosin as a molecule of current

biotechnological interest.
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1 Introduction

The bright red-colored natural product prodigiosin is a prominent member of the prodiginine
class and is produced by various bacteria, including Serratia marcescens (S. marcescens) and
Hahella chejuensis (H. chejuensis) . Prodiginines exhibit various biological activities as
antibiotic and antimalarial compounds, anti-cancer compounds, autophagy modulating
compounds, and compounds against plant pathogenic nematodes and fungi °>'2. Hence the

prodiginine prodigiosin is of significant interest for novel drug development 2,

In earlier work, a sustainable and safe biotechnological production of prodigiosin was already
established by Domrose et al. 4. Due to its high tolerance against xenobiotics as a result of an
efficient efflux system, Pseudomonas putida KT2440 (P. putida) was selected for heterologous
prodigiosin production >, Consequently, the prodigiosin biosynthesis gene cluster (pig
cluster) from the opportunistic human pathogen S. marcescens was chromosomally integrated
into the safe production strain P. putida KT2440, resulting in the heterologous prodigiosin
producer P. putida pig-r2 4. First experiments already evaluated the potential of the prodigiosin
producer strain P. putida pig-r2 in terms of prodigiosin production. Optimization of cultivation
parameters has resulted in titers of up to 94 mg/L prodigiosin in the fermentation broth. The
optimization of prodigiosin production is of high scientific interest, which is reflected in the
large number of studies on improved cultivation conditions*. However, systematic
investigations of the cultivation conditions using online measurement techniques have the

potential to enable the production of larger amounts of the bioactive natural product prodigiosin.

The first time reported in literature, prodigiosin fluorescence was measured at an excitation
wavelength (ex) of 543 nm and an emission wavelength (em) of 570 nm 7. Additionally
Andreyeva and Ogorodnikova 8 reported a fluorescence measurement for prodigiosin produced
by S. marcescens at an wavelength combination of 535 nm (ex) and 560-565nm (em). In a

more recent study, prodigiosin was measured by a HPLC using a fluorescent detector with
3



65

70

75

(ex/em) 535/555 nm*°. Therefore, its fluorescence makes prodigiosin an excellent candidate for
combination of fluorescence monitoring and high-throughput cultivation in microtiter plates
(MTPs) for optimization of product formation. Small scale online monitoring and optimization
tasks have been addressed in multiple studies using MTP-based online monitoring systems 2*-
23, However complex media as used by Domrose et al. contain complex compounds (e.g.,
NADH, riboflavin) that are known to interfere with the fluorescence measurements®*. In
contrast, mineral media have this disadvantage to a lesser extent. Additionally, mineral media
have a defined composition, and offer advantages when isolating the natural product from the
culture 2428, Furthermore, mineral media would enable potential future flux analysis and
labelling experiments 27. Consequently, cultivation in a mineral medium is expected to be

advantageous for prodigiosin production.

It is the aim of this study to establish an online monitoring setup for prodigiosin in MTPs using
a mineral medium. For this purpose, an in-house built device for fluorescence measurement in
MTPs is utilized. It allows the free selection of the measured wavelength combinations 2. The
established measurement window will be used to optimize the cultivation conditions of P.
putida pig-r2 for the prodigiosin production concerning the temperature and glucose

concentration.
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2 Material & Methods

2.1 Microorganisms

P. putida KT2440 (wild type) and P. putida pig-r2 (prodigiosin production strain) were
received from the Institute of Molecular Enzyme Technology, Heinrich Heine University
Disseldorf located at Forschungszentrum Jilich, Jilich, Germany. P. putida pig-r2 is

described in detail by Domrose et al. 1428,
2.2 Media composition

All components were either purchased from Carl Roth GmbH & Co. KG (Karlsruhe, Germany),
Sigma Aldrich Chemie GmbH (Darmstadt, Germany), or Merck KGaA (Darmstadt, Germany),
if not stated otherwise. The Delft medium was adapted from Hartmans, Smits, Van der Werf,
Volkering and De Bont . It was prepared as follows: 10 mL/L of 100x buffer solution (388 g/L
K2HPO4, 163 g/L NaH2PQOa4), 10 mL/L of 100x (NH4)2SO4 solution [200 g/L (NH4)2SO4], and
10 mL/L of 100x minimal salt solution (1 g/L Na:EDTA - 2 H20, 10 g/L MgCl2 - 6 H20,
500 mg/L FeSOa - 7 H20, 200 mg/L ZnSOs4 - 7 H20, 100 mg/L CaClz - 2 H20, 100 mg/L
MnClz - 2H20, 20mg/L  Na:MoOas -2 H20, 20mg/L  CuSOs-2H20, 47 mg/L
CoSOs - 7 H20) were diluted with deionized H20. For the preparation of the 100x minimal salt
solution, EDTA was first completely dissolved before all other components were added.
Therefore, 25 mL deionized H20 were added to 1 g EDTA. Afterwards, 10 M NaOH was added
until the EDTA was completely dissolved. This solution was added to the remaining required
water and the remaining salts for preparation of the 100x minimal salt solution. The pH value

was adjusted to pH 4 using concentrated HCI.

The M9 medium was adapted from Sambrook et al. *°. It was prepared as follows: 8.5 g/L
Na2HPO4 - 2 H20, 3 g/L KH2PO4, 0.5 g/L NaCl, and 1 g/L NH4CI were dissolved in distilled

H20 and supplemented with 2 mL/L MgSOs solution (120.16 g/L) and 1 mL/L US trace

5
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element solution (82.81 mL/L 37% HCI, 4.87 mg/L FeSQOs - 7 H20, 4.12 g/L CaClz - 2 H20,
1.87 g/L ZnSOq4 - 7 H20, 1.5 g/L MnCl:2 - 4 H20, 0.84 g/L Na2EDTA - 2 H20, 0.3 g/L H3BOs3,
0.25 g/L Na2MoOs - 2 H20 and 0.15 g/L CuClz - 2 H20). The pH value was adjusted to 7 with

1 M KOH.

The Wilms-MOPS medium was adapted from Schiedle et al. L. It was prepared as follows:
400 mL/L of MOPS stock solution (105 g/L), 20 mL/L of phosphate stock solution (150 g/L
K2HPO4), 20 mL/L of 50% nitrogen-stock [250 g/L (NH4)2S04, 25 g/L NH4Cl], 20 mL/L of 50%
Na-stock (100 g/L Na2SOas), 10 mL/L of 50x Mg-stock (50.0 mg/L MgSOQOs - 7 H20) and
1 mL/L of 1000x trace element solution (41.8 g/L FeCls - 6 H20, 33.4 g/L EDTA, 1.98 g/L
CaClz - 2 H20, 640 mg/L CoSOs - 7 H20, 540 mg/L ZnSO4 - 7 H20, 310 mg/L CuSOs,

300 mg/L MnSO4 - H20) were mixed and filled up to 1 L with deionized water.

The LB (lysogeny broth) liquid medium used for the first precultures in the media screening

was prepared from 10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl.

The modified M63 mineral medium derived from Elbing and Brent *2 consists of 200 mL/L
M63 salt solution (10 g/L (NH4)2S0a, 68 g/L KH2PO4), 1 mL/L MgSOs solution (120.16 g/L),
and 1 mL/L US trace element solution. All chemicals were dissolved in deionized water. The

pH value was adjusted to 7 with 1 M KOH.

For cultivations with P. putida pig-r2 two antibiotics, namely 1 mL/L gentamycin sulfate (stock
with 10 g/L dissolved in deionized water) and 10 mL/L irgasan (stock with 10 g/L dissolved in
99% (v/v) ethanol), were added to the medium. For all cultivations 16 g/L glucose were added

from a 500 g/L stock solution.
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2.3 Online-measurement setup

All online monitored experiments were performed with an in-house built device for monitoring
fluorescence and scattered light with a Fluoromax-4 spectrometer (HORIBA Jobin-Yvon
GmbH, Bernsheim, Germany) in MTPs as described in detail by Wandrey et al. 2. The data
was obtained using the LabVIEW software developed by ZUMOLab GbR (Wessling,
Germany). The device enables cultivations in 48-well MTPs with quasi-continuous and non-
invasive measurement of scattered light and fluorescence. All main culture cultivations were
performed in 48-well Flowerplates 3 (m2p-labs GmbH, Baesweiler, Germany). Each well of
the MTP was filled with 800 pL of inoculated culture and shaken at 1000 rpm with a shaking
diameter of 3 mm at a temperature of 15-30 °C. The scattered light was measured at an
excitation wavelength (ex) of 650 nm and an emission wavelength (em) of 650 nm. The

prodigiosin fluorescence was measured at ex/em 535/560 nm.
2.4 Data normalization

All online data were normalized to reference cultivations performed with P. putida pig-r2. The
normalized online data were calculated according to formula (1). Imax Was obtained at the end
of the growth phase, at the point when scattered light and fluorescence reached their maximum

(after = 12 h; Suppl. Fig. 1 A). An example for the normalization can be found in Suppl. Fig. 1.

Ihorm = T 1 (1)

lhorm = normalized intensity [-]
[ = measured intensity [a.u.]
[, = intensity of the reference cultivation at the beginning (t = 0 h) [a.u.]

[,.x = maximum intensity of reference cultivation (after ~ 12 h; Suppl. Fig.1 A) [a.u.]
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2.5 Precultures

The precultures were performed in an in-house built RAMOS® device (Respiratory Activity
Online Monitoring System) % and inoculated with 5 uL/mL from a cryo culture that had been
stored at -80 °C. All precultures were carried out in 250 mL RAMOS®-flasks with a filling
volume of 10 mL in modified M63 mineral medium at a shaking frequency of 300 rpm and a
temperature of 30 °C. The precultures were cultivated for 12-18 h and stopped at the late
exponential growth phase indicated by an oxygen transfer rate of 25-30 mmol/L/h (grey area in
Suppl. Fig. 2). These synchronized precultures were used to inoculate the main culture with an
initial optical density (ODesonm) 0f 0.5. This procedure secured comparable cell growth over all

the different experiments presented in Fig. 1 5.

2.6 2D fluorescent scan

The 2D fluorescent spectrum of pure prodigiosin (1 mg/L dissolved in DMSO) was measured
in a Fluoromax-4 spectrometer (HORIBA Jobin-Yvon GmbH, Germany) in a quartz-glass
cuvette. The prodigiosin was produced and purified via column chromatography as described
in Domrose et al. and Brass et al. and the purity determined via gNMR measurements 1426, The
spectrum was recorded at excitation wavelengths from 500 to 600 nm with a step size of 4 nm.
The fluorescence emission was recorded at wavelengths from 500 to 600 nm with a step size of

4 nm for each excitation wavelength.

2D fluorescent spectra during main cultivation in modified M63 mineral medium in 48-well
Flowerplates (m2p-labs GmbH, Baesweiler, Germany) were recorded every 45 min. The
spectra were recorded at excitation wavelengths from 510 to 550 nm with a step size of 5 nm
and emission wavelengths between 560 and 580 nm with a step size of 5 nm. The published

fluorescence of prodigiosin at ex/em 543/570 nm 7 was also recorded as a reference.
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2.7 Offline measurement

The ODssonm Wwas measured at a wavelength of 650 nm using a Genesys20 photometer
(ThermoFischer, Schwerte, Germany). The prodigiosin concentration of each sample was
analyzed using acidified ethanol extraction. For this purpose, the culture broth was centrifuged
for 5 minutes at 14,000 rpm (Sigmal-15, Sigma, Darmstadt, Germany). The cell pellet was
resuspended in acidified ethanol [4% (v/v) HCI (1 M) in ethanol], and the prodigiosin was
dissolved and subsequently centrifuged for 5 min at 14,000 rpm. The supernatant was used to
measure the prodigiosin absorbance at 535nm using the Genesys20 photometer
(ThermoFischer, Schwerte, Germany). The prodigiosin concentration was calculated with
equation 2 using the molar extinction coefficient of prodigiosin previously determined with

prodigiosin whose purity was assessed by gqNMR*,

A
Prodigiosin concentration = 235 - MW (2)
Asss Absorbance at 535 nm [-]
€ Extinction coefficient in acidified ethanol [139,800 1/(M*cm)]
MW Molecular mass prodigiosin [323.43 g/mol]

2.8 HPLC analysis

The cell suspension was centrifuged at 14,000 rpm for 5 min. The supernatant was sterile-
filtered into high-performance liquid chromatography (HPLC) vials and stored at 4 °C until
analysis. The glucose analysis was performed in a HPLC system (Prominence HPLC, Shimadzu
Deutschland, Duisburg, Germany) equipped with an ion-exclusion column (ROA-Organic Acid

H+; Phenomenex Inc., Aschaffenburg, Germany) with 5 mM H2SQO4 as a solvent and a flow
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rate of 0.8 mL/min at 75 °C. A refractometer (RID-20A; Shimadzu Deutschland, Germany)

was used for detection.

2.9 Initial media screening

Planning and evaluation of the data was carried out by using the program Design Expert 12
(Stat-Ease, Inc.) and central composite design. As numerical parameters, temperature (-
a =20 °C, +a = 37 °C) and glucose concentration (-o. = 2.5 g/L, +a = 20 g/L) were analyzed.
The four different mineral media (Delft mineral medium, M9 mineral medium, modified M63
mineral medium, and WilmsMOPS mineral medium) were analyzed as categorical parameter.
The factorial points and axial points were performed in duplicates, whereas the central point
was performed five times. Duplicates of the experiments at 18 °C and with a glucose
concentration of 2.5 g/L, 5 g/L, 10 g/L, 15 g/L, and 20 g/L were added to the initial design and
included in the evaluation. After performing the experiments suggested by the Design Expert
12 program (Stat-Ease, Inc., America, Minneapolis), the resulting values of the obtained
prodigiosin concentration were entered into the program, and response-surface-graphs were

obtained as output.

The cultivation experiments were performed as follows. Cultivation of the strain
P. putida pig-r2 was performed in a BioLector® device 3" (m2p-labs GmbH, Baesweiler,
Germany) . P. putida pig-r2 precultures were performed in LB liquid medium incubated at
30 °C overnight. Glucose (2.5-20 g/L) was added as a carbon source to the four examined
mineral media. The media were inoculated with the P. putida pig-r2 preculture to an ODeso of
0.05. Cultivation of the main culture was performed according to 2.3.The cultivation
temperature was varied between 18 and 37°C. As soon as the online measured scattered light
indicated the stationary growth phase by reaching a constant plateau, the cultivation was

stopped. For determining the amount of prodigiosin, 500 puL samples were taken and extracted

10
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with acidic ethanol as described above. Sample treatment and calculation of the prodigiosin

concentration was performed as described in section 2.7.

3 Results & discussion

3.1 Initial media screening

Initial optimization of the cultivation conditions in complex media of P. putida pig-r2 enabled
prodigiosin titers of up to 94 mg/L **. Building on these experiments, the cultivation parameters
were further analyzed in this study. For an initial media screening, four different mineral media
were chosen instead of complex media. The results of the initial media screening (Suppl. Fig.
3) clearly showed that the highest prodigiosin titers were obtained using the modified M63
mineral medium at low cultivation temperatures of 18 °C and a glucose concentration around
15 g/L. These results formed the basis for further systematic investigations using the novel

online fluorescence measurement method developed for prodigiosin.
3.2  Determination of optimum wavelength combinations for prodigiosin measurement

As a first step in developing an online measurement protocol, it is necessary to identify the
fluorescent measurement range. Therefore, literature was reviewed to identify a suitable
measurement range for determining the prodigiosin fluorescence. Tenconi et al. 7and
Andreyeva and Ogorodnikova 8 described a fluorescence of prodigiosin at an excitation
wavelength of 543/535 nm and an emission wavelength between 560-570 nm. 2D fluorescent

spectra were recorded to validate these wavelengths.

A first 2D fluorescent spectrum was obtained from pure prodigiosin dissolved in DMSO
(2 mg/L) (Fig. 1A) This 2D fluorescent spectrum has a maximum fluorescence at excitation
wavelengths from 536 nm to 545 nm and emits the most intense fluorescence between 563 nm
and 572 nm. These results confirm the findings published by Tenconi et al. . However,

optimum wavelength combinations might differ between pure prodigiosin dissolved in DMSO
11
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and prodigiosin in culture medium. Consequently, 2D fluorescent spectra were recorded during
the cultivation of P. putida pig-r2 producing prodigiosin in modified M63 mineral medium.
The 2D fluorescent spectra of prodigiosin during the cultivation (Fig. 1B) displayed a peak
fluorescence intensity at an excitation wavelength of 535 nm and an emission wavelength of
560 nm. The red circle marks this peak, which differs from the published wavelength
combination by Tenconi et al. 1 marked with a star symbol. The peak wavelength combination
aligns with the findings of Andreyeva and Ogorodnikova 8, However, the wavelength
combination determined from the 2D-spectra in culture medium allows to obtain a 50% stronger
signal during cultivation than the wavelength combination published by Tenconi et al. *’. For
validation, the two wavelengths were compared for a cultivation lasting 21 h (Suppl. Fig. 4). In
addition to P. putida pig-r2, the two fluorescent wavelength combinations were measured for
the prodigiosin non-producing wild-type strain of P. putida KT2440 to determine the
background intensity. It is shown that the prodigiosin fluorescence can be clearly distinguished
from the cellular background fluorescence of the wild-type strain for both wavelength
combinations. The stronger wavelength combination (ex/em 535/565) showed a 50% overall
stronger signal over the whole cultivation as well as a 20% increase of the signal-to-noise ratio
compared to the wavelength combination of Tenconi et al. . With the optimized wavelength

combination for prodigiosin detection, the online measurement protocol was developed further.

3.3 Validation of an online screening protocol for prodigiosin

After determination of the ideal wavelength combination for online monitoring of prodigiosin
production, an online screening protocol was established and validated using parallel offline
measurements (Fig. 2). The ODeso (Fig. 2 A, blue stars) shows an instant exponential increase
until 5 h after inoculation. Subsequently, the slope decreases, and the growth curve increases
linearly. This indicates a limitation during the cultivation. The growth stops after 11 h, when

the ODeso reaches a value of 12. The prodigiosin concentration (Fig 2 A, red squares) follows

12



270

275

280

285

290

the same trend as the growth of the culture. Prodigiosin production is thus obviously coupled
to growth and is not formed after growth has stopped. The correlation between prodigiosin
production and growth of P. putida pig-r2 may be due to the characteristics of the strain itself.
Using the transfer and expression of biosynthetic pathways (TREX) system, the prodigiosin
(pig) cluster necessary for prodigiosin production was inserted into P. putida KT2440,
integrating into the 16S rRNA coding region of rrnC, one of the seven rRNA operons present
in P. putida KT2440 14283840 |t is assumed that the expression of bacterial rrn operons
correlates with growth to provide a sufficient amount of ribosomes to meet the cells higher
demand for proteins 2241, In this context, external factors such as nutrient deficiency or stress
may also influence the expression 284143, Under the applied cultivation conditions, a maximum
prodigiosin concentration of around 110 mg/L was obtained. The deviation of the prodigiosin
concentration (98-118 mg/L) at the end of the cultivation (11-14 h) is most likely caused by
deviations in the measurement procedure. The approximate final prodigiosin concentration
could be confirmed in multiple experiments (data not shown). The glucose concentration (Fig.
2 A, green triangles) decreases exponentially for the first five to six hours. Until 11 hours, the
glucose decrease follows a linear course, matching the course of the optical density over the

cultivation time, as glucose is the main carbon source used for growth.

The scattered light and the prodigiosin fluorescence were measured every 1.5 min during the
cultivation (Fig. 2 B) to gain more in-depth insights into the cultivation. The scattered light
(Fig. 2 B, blue dotted line) increases exponentially for the first 5 h. Subsequently, the scattered
light curve follows a linear course until it reaches its maximum after 11 h. Afterwards, the
scattered light slightly decreases until the cultivation is stopped. The slight decrease is most
likely a result of morphological changes of the P. putida cells after the carbon source is depleted
at the end of the cultivation. This decrease has been shown by Geinitz et al. %° for different

organisms. The course of the scattered light matches well with the course of the offline

13
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measured ODeso. Hence, it can be concluded that the measurement of scattered light at 650 nm
is a well-suited online parameter to follow cell growth of the prodigiosin producing

P. putida pig-r2 strain without sampling.

The second online measured parameter was the prodigiosin fluorescence (Fig. 2 B, red line). In
addition, microscopic pictures of the cultures were taken at different time points (Fig. 2 C). For
the first 2 h, an exponential increase of the online measured prodigiosin concentration can be
seen. Afterwards, the curve reaches a plateau. During this time, the formation of small
agglomerates and independent cells can be seen in the microscopic picture of the sample after
3 h (Fig. 2 C 1). The agglomerates have been observed for other prodiginines producers ° and
Pseudomonas strains 4. The plateau is held for roughly 1 h, after which a short spike in the
curve with an additional drop occurs (Fig. 2 B). After an additional 1 h, a steep signal drop
occurs, and the signal loses about 40 % of its intensity. Here, the second microscopic picture
was taken (Fig. 2 C 2). It can be seen that large agglomerates with a bright red color were
formed. These agglomerates give a first explanation for the unsteady course of the online
prodigiosin signal. It has been shown that large agglomerations can lead to a so-called inner
filter effect. This phenomenon describes a reduction in the overall fluorescence signal caused
by absorption of the fluorescent light °. The signal stays at a relative value of 0.4 for 30 min
after which it increases again to the level before the drop. This plateau is held until a cultivation
time of 10.5 h is reached. The signal then increases until it reaches a relative value of 0.9 at
11 h. Subsequently, the signal decreases slightly until it spikes to its maximum relative value
of around 1 after 12 h. At this time point, the last microscopic sample was taken (Fig. 2 C 3).
The agglomerates in this picture are smaller in size and more single cells can be seen. This
supports the explanation that inner filter effects as a result of agglomeration are influencing the
fluorescence signal of prodigiosin. After this final maximum, the online prodigiosin signal

decreases again until the end of the cultivation. This course of the measured prodigiosin

14
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fluorescence did not match the offline determined prodigiosin concentration (Fig. 2 A and B).
However, the maximum online measured prodigiosin fluorescence correlates with the end of
the cultivation and, thus, indicates the final and maximum prodigiosin concentration obtained
during cultivation. In Suppl. Fig. 6, the online measured prodigiosin fluorescence is plotted for
different glucose concentrations. This Figure shows a reproducible course of the prodigiosin
fluorescence for the different glucose concentrations. The data indicates an increasing
prodigiosin fluorescence up to a glucose concentration of 16 g/L. Hence, the more glucose was
available, the more prodigiosin is produced. This trend is also seen in the offline samples in Fig
4. It can be concluded that the online prodigiosin fluorescence measurement allows for a semi-

quantitative screening for improved process parameters.

15
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3.4 Process optimization of prodigiosin production using the developed online screening

protocol

The newly developed online prodigiosin measurement protocol was applied to optimize the
cultivation conditions for the production of prodigiosin concerning the glucose concentration
and the temperature. The modified M63 medium was used, as it has presented itself as the most
promising medium (Suppl. Fig. 3). The results of the initial media screening (3.1) and
previously published literature indicated a decreased prodigiosin titer at higher
temperatures!*#6, Therefore, the glucose concentration was varied from 6 to 18 g/L and the
temperature from 18 to 30 °C (Fig. 3). It was found that the highest cultivation temperatures
result in the lowest prodigiosin fluorescence (Fig. 3, blue areas). In contrast, the lowest
temperatures result in the highest prodigiosin fluorescence (Fig. 3, red areas). Glucose
concentrations of more than 14 g/L result in an increased prodigiosin fluorescence for all
temperatures. Thus, the highest prodigiosin fluorescence was measured at a glucose
concentration of 16 g/L at a temperature of 18 °C. These findings were also validated by the
offline samples (Fig. 4). A maximum prodigiosin concentration of 210 mg/L was found under
the applied conditions (15 g/L glucose; 18 °C). This result fits well with the temperature
optimum of the enzyme that catalyzes the final reaction in prodigiosin biosynthesis, the
condensation enzyme pigC "*6464° 1t has been shown by You et al. * that the pigC enzyme
has its temperature optimum between 10-20 °C. Other prodigiosin-producing strains such as
S. marcescens have been reported to show still higher prodigiosin titers (more than 6 g/L), yet
at the drawback of using an opportunistic pathogenic strain “. In addition to optimization of
cultivation conditions, further genetic modification of P. putida strains has been shown to

increase prodigiosin titers™.

Subsequently, the space-time yield (STY) was calculated for this production process to evaluate

the productivity of the process. Fig. 5 shows the STY for each point in Fig. 3. In contrast to the
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product concentration, the STY presents a wider optimum. The highest STY is reached at 25 °C
and 8 g/L glucose. However, at 18 °C and 6 g/L glucose, the second-highest STY's are reached.
The lowest STYs are calculated for low temperatures and high glucose concentrations (e.g.,
18 g/L glucose and 20 °C). For further process development and cultivation at larger scale, the
setup time of the fermenter also has to be considered. This can increase the feasibility of a more
protracted process with increased final product concentrations. The results presented in Fig. 5
indicate that further lowering of the cultivation temperature below 18 °C could lead to even
higher product titers. However, the STY will decrease as growth is expected to slow down
further. As a result of the decreasing economic efficiency, investigations and cultivations at

temperatures below 18 °C have not been carried out.

The developed method for high-throughput online measurement of prodigiosin production in
MTPs enabled identification of improved production conditions for prodigiosin in MTPs. At
18 °C with 16 g/L glucose as carbon source, it was possible to increase the prodigiosin

concentrations 2-fold compared to previously published results by Domrése et al. 4.
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4  Conclusion

In the present work, a semi-quantitative online measurement setup for determination of
prodigiosin was developed. The prodigiosin detection was validated during cultivations of
P. putida pig-r2 in a mineral medium using online fluorescence measurements. Initially,
different media were screened using a design of experiments approach. The modified M63
mineral medium was selected for further development of an online measurement setup. For
monitoring, an in-house-built device for monitoring fluorescence and scattered light in MTPs
was applied. A 1.5 times stronger fluorescence of prodigiosin fluorescence was measured at a
wavelength combination of 535/560 nm during cultivations compared to published prodigiosin
fluorescence wavelength combinations. The optimized wavelength combination was exploited
to establish a non-invasive online measurement for prodigiosin. Offline samples were used to
validate the online quantification. By reduction of the temperature to 18 °C and the use of the
modified M63 mineral medium, the prodigiosin titer was more than doubled compared to the

initial cultivation conditions at 20 °C in complex medium 4.

With the newly established methodology for online monitoring of the prodigiosin concentration
in MTPs, rapid process development and media optimization can be carried out in future
experiments. In a next step, the applicability of the online measurement of prodigiosin has to

be demonstrated also for other strains.
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Abbreviations

pig cluster Prodigiosin biosynthesis gene cluster

ex Excitation wavelength

em Emission wavelength

RAMOS Respiratory activity online monitoring system

OTR Oxygen transfer rate

ODes50nm Optical density

MTP Microtiter plate

HPLC High performance liquid chromatography

STY Space-time yield

TREX system transfer and expression of biosynthetic pathways system
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Excitation wavelength [nm]

555 560 565 570 555 560 565 570 575
Emission wavelength [nm]

650  Figure 1: 2D fluorescent spectrum of 1 mg/L prodigiosin (A) in DMSO (pH 7) in a quartz
cuvette and (B) in culture medium after 12 hours of cultivation in a 48-well Flowerplate.
Cultivation of P. putida pig-r2 in modified M63 mineral medium (16 g/L glucose, pH 7) was
performed in triplicate. Stars mark the wavelength combination (ex/em) where the strongest
fluorescence of prodigiosin in DMSO was measured (ex/em: 543/570 nm). Circles mark the

655  wavelength combination where strongest fluorescence of prodigiosin in culture medium was

measured (ex/em: 535/560 nm).
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Figure 2: Growth characterization of P. putida pig-r2 using an in-house built device for
fluorescence measurement in MTPs with additional determination of culture parameters. The
offline parameters (A) are shown as the mean of biological duplicates (duplicates shown in
Suppl. Fig. 5). Fluorescence and scattered light signals (B) were determined in biological
triplicates; (C) shows microscopic images (1000 x magnification) at the time points marked
with corresponding numbers in (B). At each sampling point, two wells of the MTP were used
for analysis. Cultivation conditions of P. putida pig-r2: modified M63 mineral medium (16 g/L
glucose, pH 7, 30 °C) (for details see 2.3). (B) shows the scattered light intensity (at ex/em

650/650 nm) and the prodigiosin fluorescence (at ex/em: 535/560 nm). The shadows of the
26



670

curves in (B) represent the standard deviation at each time point. Prodigiosin fluorescence and
scattered light was normalized using Equation 1 to a reference cultivation performed with P.

putida pig-r2 (for details see 2.4)
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Figure 3: Normalized online measured prodigiosin fluorescence intensities of P. putida pig-r2

Glucose [gil]

Cultivation temperature [°C]

at different temperatures and glucose concentrations. Each black dot represents the mean of
three cultivations. The normalized prodigiosin fluorescence intensities (at ex/em: 535/560 nm)
shown were obtained at time point 3 during the cultivation, as defined in Figure 2 B. Cultivation
conditions of P. putida pig-r2: modified M63 mineral medium (pH 7), (for details see 2.3).
Prodigiosin fluorescence and scattered light was normalized with Equation 1 to a reference

cultivation performed with P. putida pig-r2 (for details see 2.4)
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Figure 4: Offline measured absolute prodigiosin concentrations at different temperatures and
glucose concentrations. Cultivation conditions of P. putida pig-r2: modified M63 mineral
medium (pH 7), (for details see 2.3). The prodigiosin concentration was determined by
measuring the absorption at 535 nm. Measurement was performed when all cultures reached

the stationary phase. Each of the black dots in the Figure resembles one cultivation.
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Figure 5: Space-time-yield (STY) at different temperatures and glucose concentrations. Each
black dot represents the STY calculated from the mean of three cultivations. The STY was
calculated from the normalized online measured prodigiosin fluorescence intensities (at ex/em:
535/560 nm), obtained at time point 3 during the cultivation, as defined in Figure 2 B.
Cultivation conditions of P. putida pig-r2: modified M63 mineral medium (pH 7), (for details
see 2.3). Prodigiosin fluorescence was normalized with Equation 1 to a reference cultivation

performed with P. putida pig-r2 (for details see 2.4).
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