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Abstract
Vibrio natriegens is a fast-growing microbial workhorse with high potential for biotechnological applications. However, 
handling the bacterium in batch processes is challenging due to its high overflow metabolism and mixed acid formation 
under microaerobic conditions. For early process development, technologies enabling small-scale fed-batch cultivation of 
V. natriegens Vmax are needed. In this study, fed-batch cultivations in 96-well microtiter plates were successfully online-
monitored for the first time with a µTOM device. Using the online-monitored oxygen transfer rate, a scale up to membrane-
based fed-batch shake flasks was performed. The overflow metabolism was efficiently minimized by choosing suitable 
feed rates, and mixed acid formation was prevented. A glucose soft sensor using the oxygen transfer rate provided accurate 
estimates of glucose consumption throughout the fermentation, eliminating the need for offline sampling. Analyzing the 
impact of the inducer IPTG on the recombinant production of the enzyme inulosucrase revealed concentration-dependent 
effects in batch processes. In contrast, fed-batch operating mode resulted in high inulosucrase activity even without induction. 
Overall, an inulosucrase titer of 80 U/mL was achieved. In conclusion, the advantages of small-scale fed-batch technologies 
supported by a glucose soft sensor have been demonstrated for early process development for V. natriegens Vmax.
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Introduction

The non-pathogenic gram-negative bacterium Vibrio natrie-
gens has emerged as a potential new workhorse for bio-
technology [1–3] due to its very high substrate uptake- and 
growth rate, allowing faster processes and higher space–time 
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yields [4]. Since its first isolation over fifty years ago [5], 
numerous molecular tools have been developed, and research 
into applications of V. natriegens is steadily increasing 
[6–13]. As a bacterium of marine origin, V. natriegens 
requires high sodium concentrations and tolerates high 
osmolarities. Due to its high growth rate, strictly sterile con-
ditions are unnecessary, saving time and energy costs [14]. 
However, like Escherichia coli, V. natriegens exhibits an 
acetate overflow metabolism at high glucose concentrations 
[8, 15]. In addition, mixed acid fermentation occurs under 
anaerobic and micro-aerobic conditions [4, 7] which are eas-
ily encountered as the high growth rate leads to high oxygen 
demand and an increased likelihood of oxygen limitation. 
Therefore, unregulated processes in early process devel-
opment are more likely to be pH-inhibited [16]. To meet 
these challenges and utilize the microorganism’s potential, 
tools and strategies for working with V. natriegens should 
be explored.

To save time and money, the initial process development 
is usually carried out in microliter (microtiter plate) 
to milliliter (shake flask) scale. Over the last decades, 
engineering parameters in microtiter plates and shake 
flasks have been extensively researched [17–23] e.g., the 
oxygen mass transfer [24–30]. In addition, it was shown that 
cultivations from both microtiter plates and shake flasks can 
be transferred to fermenters if a suitable scale-up parameter 
is used, and that there is a good comparability between all 
scales [31–35].

In large scale, the oxygen transfer rate (OTR) is a 
common parameter used to quantify the physiological 
state of aerobic cultures, since most metabolic activities 
depend on oxygen consumption in stoichiometric ratios 
[36, 37]. While the OTR is usually monitored by off-gas 
analysis in large scale, the Respiration Activity Monitoring 
System (RAMOS) allows the same for shake flasks [36, 
38]. It non-invasively monitors the OTR, Carbon Dioxide 
Transfer Rate (CTR), and the Respiratory Quotient (RQ) 
in adjustable measurement intervals. In microtiter plates, 
the recently introduced micro(µ)-scale Transfer Rate 
Online Measurement device (µTOM) measures the OTR in 
96 separate wells [35]. To avoid incomparable cultivation 
conditions during initial process development that could 
complicate the subsequent scale-up, small-scale process 
monitoring is just as important as in large scale [38–40].

Industrial processes predominantly operate under fed-
batch conditions [41–43]. Fed-batch processes have the 
advantage that the feed rate effectively controls the growth 
rate, as glucose is supplied at a limiting rate [42, 44]. As a 
result, the oxygen demand is lower than in batch processes, 
and micro-aerobic conditions, which lead to mixed acid 
fermentation in V. natriegens, are avoided. Moreover, 
no overflow metabolism occurs [15, 44], and pH shifts 
become less likely with glucose-limiting conditions [45]. 

To obtain the most efficient process on an industrial scale, 
the process development should also be conducted in 
fed-batch mode [46]. Several technologies are available 
for small-scale fed-batch applications, ranging from 
enzymatic systems such as EnBase®/EnPresso® [47], 
droplet-based feeding systems such as the liquid injection 
system (LIS, [48] for shake flasks and microfluidic 
feeding for the BioLector® Pro [41], to diffusion-driven 
technologies such as FeedBeads® [49] and membrane-
based feeding for flasks [50, 51] and FeedPlates® for 48- 
and 96-well MTPs [42]. To date, few fed-batch processes 
for V. natriegens have been described in the literature [15, 
44, 52, 53], and only one study attempted to establish a 
fed-batch fermentation in small scale using the EnPresso® 
system [15]. This system enzymatically releases glucose 
from starch through amylases [47], but is interfered 
with by intrinsically produced amylases. The diffusion-
driven fed-batch systems, in contrast, are not susceptible 
to amylases [54] and, therefore, a promising alternative. 
Furthermore, the feasibility of scaling up from diffusion-
driven fed-batch shake flasks to stirred tank reactors was 
previously shown by Müller et al. [55].

For this study, the production of inulin-type 
fructooligosaccharides (I-FOS) was selected as an 
application case. In addition to their use in the food industry, 
I-FOS have gained importance in the pharmaceutical sector 
due to their health-promoting and functional properties, 
including antioxidant, anti-inflammatory, anti-tumor and 
antiviral effects [56, 57]. Generally, I-FOS can be extracted 
from inulin-rich plant material or synthesized enzymatically 
[58, 59]. When produced enzymatically, I-FOS can either be 
formed by the degradation of inulin or directly synthesized 
using transfructosylating enzymes. The transfructosylating 
inulosucrase InuGB-V3 from Lactobacillus gasseri has been 
identified as a promising enzyme variant for the production 
of I-FOS due to its high substrate conversion, which together 
with low sucrose hydrolysis results in high I-FOS yields 
[60]. A truncated version of the enzyme, InuGB-V3, has 
successfully been expressed in E. coli [60]. However, the 
enzymatic process is not yet economically competitive 
with extraction-based I-FOS production. The expression 
of InuGB-V3 in another vector in combination with an 
alternative and fast-growing host, such as V. natriegens 
Vmax, could increase space–time yield and titer and, 
therefore, be a promising step toward economic viability.

This study demonstrates the early process development 
of the promising recombinant enzyme InuGB-V3 in the fast-
growing host V. natriegens Vmax. Due to the high overflow 
metabolism of V. natriegens, a fed-batch process is targeted. 
This study investigates the suitability of diffusion-driven 
fed-batch systems for V. natriegens Vmax and compares 
the induction of InuGB-V3 expression in batch and fed-
batch mode. So far, diffusion-driven fed-batch in 96-well 
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FeedPlates® has only ever been performed unmonitored. 
In this study, valuable insights into the process are revealed 
for the first time through the integration of a µTOM device. 
Since low cultivation volumes impede regular sampling, 
the potential of the OTR as a mechanistic soft sensor for 
glucose consumption will be evaluated. Overall, useful tools 
and technologies to address challenges of early process 
development for V. natriegens Vmax in small scale are 
presented in this contribution.

Materials and methods

Online monitoring techniques for shake flasks 
and microtiter plates

All cultures were monitored non-invasively through their 
oxygen transfer rate (OTR). For OTR measurements in 
shake flasks, a custom-built respiration activity monitoring 
system (RAMOS, Fig. 1d) was used [36, 38]. To determine 
the OTR in 96-well microtiter plates, a µ-scale transfer 

Fig. 1   Schematic illustration of the devices used in this work for 
microtiter plate and shake flask cultivations in fed-batch. a µTOM 
device used to monitor the oxygen transfer rate (OTR) in 96-well 
microtiter plate experiments (adapted from [35]). b Single well of a 
FeedPlate® (adapted from [61]). Glucose crystals are embedded in 
a silicone matrix. Upon contact with a liquid medium, water pen-
etrates into the silicone matrix, the glucose crystals gradually dis-
solve, and the glucose solution is released into the medium. c Picture 
of the µTOM device. d Illustration of a RAMOS flask used with a 
RAMOS device [36] to monitor the oxygen transfer rate. e Illustration 
of a membrane-based fed-batch shake flask (adapted from [55]). The 

reservoir contains a highly concentrated glucose feed solution, sepa-
rated from the culture broth by a membrane-covered diffusion tip. A 
flexible tube allows the tip to rotate with the bulk liquid in the flask. 
Thus, during shaken cultivations, the membrane-covered diffusion tip 
is always in contact with the culture. Therefore, glucose is released 
into the culture broth. Due to osmosis, a weak flow of water enters 
the feed reservoir in reverse direction to the diffusion of the glucose. 
Proteins and cells are held back in the culture broth because they can-
not pass through the membrane due to the molecular weight cut-off. f 
Picture of the membrane-based fed-batch shake flask
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rate online measurement device (µTOM, Fig. 1a, c) was 
used [35].

Fed‑batch technology in microtiter plates and flasks

For fed-batch cultivation in a microtiter scale, FeedPlates® 
(Fig. 1b) were used, a technology in which glucose crystals 
are embedded in a silicone matrix at the bottom of each 
well. When the culture medium comes into contact with the 
matrix, water diffuses in, dissolves the glucose crystals and 
glucose is steadily released into the medium [54, 61, 62].

Membrane-based fed-batch shake flasks are derived from 
the standard RAMOS flasks (Fig. 1d). Because the feed is 
provided via an adjustable feed solution and reservoir, fed-
batch shake flasks allow for more flexible feeding options 
than FeedPlates®. An advantage is that in addition to 
glucose or other carbon sources such as glycerol, nitrogen or 
pH stabilizing agents can be fed to create conditions closer 
to stirred tank reactors [51, 63]. The feed solution in the 
feed reservoir is separated from the culture broth through 
a membrane. The membrane is located at a diffusion tip, 
which is connected to the feed reservoir through a flexible 
tube. During shaking, the diffusion tip rotates in phase with 
the culture broth, keeping the feed reservoir and culture 
broth constantly in contact. The concentration gradient 
between the reservoir feed solution and the culture broth 
drives the diffusive mass transfer across the membrane, and 
the substrate enters the culture broth. Since the membrane 
has a molecular weight cut-off of 10 to 20 kDa, proteins and 
cells cannot pass into the feed solution.

The fed-batch shake flasks, first introduced by Bähr et al. 
[50], were prepared as Philip et al. [64] and Habicher et al. 
[63] described. Circular membrane discs (RCT-NatureFlex 
NP, Reichelt Chemietechnik GmbH + Co., Heidelberg, 
Germany) of 16 mm diameter were made using a hollow 
puncher and stretched onto the diffusion tip with an custom-
built apparatus. A flexible and biocompatible silicone tube 
kept the membrane in place. The diffusion tip was filled with 
200 µL of deionized water to prevent the membrane from 
drying. Then, the tip was connected to the reservoir through 
silicone tubing and sterilized by autoclaving (Fig. S1). The 

reservoir was filled with 2.8 mL sterile glucose feed solution 
before cultivation.

Microorganism

In this study, the truncated version of the inulosucrase 
InuGB (InuGB-V3) from Lactobacillus  gasseri DSM 
20604 was heterologously produced in V. natriegens Vmax 
X2 (V. natriegens ATCC 14048 dns::LacI-T7-RNAP). This 
organism is from here on referred to as V. natriegens Vmax. 
The expression vector pET19b::inuGB-V3 (Fig. S2) was 
constructed based on pASK3_InuGB-V3, a vector formerly 
created by Wienberg et al. [60]. A gene fragment encoding 
amino acids 37 – 699 of InuGB (Genbank accession: 
GU166814) was amplified from pASK3_InuGB-V3 using 
the primers inuGB-V3_NcoI_for and inuGB-V3_BamHI_rev 
(Table 1).

The PCR product was purified using NEB’s Monarch® 
PCR & DNA Cleanup Kit (New England Biolabs, Ipswich, 
US) and digested using NcoI and BamHI. Ligation into the 
complementary digested pET-19b vector (Merck Millipore, 
Burlington, US) was achieved by NEB's instant sticky-
end ligase master mix, according to the manufacturer's 
instructions. The ligated vector was transformed into 
V.  natriegens Vmax cells (BioCat GmbH, Heidelberg, 
Germany) by heat shock transformation. Chemically 
competent cells of V. natriegens Vmax were generated 
using ROTI®Transform (Carl Roth, Karlsruhe, Germany), 
according to the manufacturer’s instructions. Transformed 
cells were plated on BHI + v2 agar plates.

The presence of an intact pET19b::inuGB-V3 plasmid 
in V. natriegens Vmax was verified through sequencing. 
The plasmid was purified from overnight cultures using the 
“NucleoSpin Plasmid Easy Pure Kit” (Macherey–Nagel, 
Düren, Germany), following the manufacturer’s instructions 
and sequenced (Microsynth SeqLab GmbH, Göttingen, 
Germany). The primer sequence was TAA​TAC​GAC​TCA​
CTA​TAG​GG.

Media and solutions

Unless stated otherwise, all chemicals were obtained from 
Carl Roth GmbH + Co. KG (Karlsruhe, Germany).

As recommended by Weinstock et al. [9], Brain Heart 
Infusion (BHI) supplemented with v2-salts was used for 
precultures. BHI and v2-salts were autoclaved separately, 
stored at room temperature, and combined for every 
preculture. The combined BHI + v2 medium contained 
37 g/L Bacto™ Brain–Heart Infusion (Article 237500, 
Becton Dickinson GmbH, Heidelberg, Germany), 11.9 g/L 
NaCl, 0.3 g/L KCl, and 4.7 g/L MgCl. For plasmid stability, 
100 mg/L carbenicillin from a 100 g/L carbenicillin stock 

Table 1   Primers used for the construction of the expression vector 
pET-19b::inuGB-V3

Restriction sites are highlighted in bold

Primer Sequence Restriction site

inuGB-V3_NcoI_for ATTA​CCA​TGG​CTA​CTA​
CTA​ATG​CAG​

NcoI

inuGB-V3_BamHI_rev ATTA​GGA​TCC​CTT​TAA​
GTT​ATA​TCC​ACC​AAT​
TAA​ATCCC​

BamHI



1011Bioprocess and Biosystems Engineering (2025) 48:1007–1024	

solution (sterile filtered, stored at −20 °C) was added before 
use.

BHI + v2 agar plates contained the ingredients described 
above and 15 g/L agar–agar (Kobe I), as well as 50 mg/L 
ampicillin for plasmid selection.

Main cultures were conducted in a modified Wilms-
MOPS medium [65–67]. It consisted of the following stock 
solutions: 500 g/L glucose solution, 4 × main salts solution 
containing 27.92 g/L (NH4)2SO4, 12 g/L K2HPO4, and 8 g/L 
Na2SO4 (set to pH 7.5 with NaOH); 5 × 3-(N-Morpholino)-
propane sulfonic acid (MOPS) stock solution containing 
418.5 g/L MOPS (equals 2 M MOPS, set to pH 7.5 with 
NaOH); 26.67 × NaCl solution containing 200 g/L NaCl; 
100 × MgSO4 solution containing 50  g/L MgSO4 × 7 
H2O; 1000 × thiamin containing 10 g/L thiamin-HCl. The 
1000 × carbenicillin stock contained 100 g/L carbenicillin. 
The 1000 × trace element solution contained 0.54  g/L 
ZnSO4 × 7 H2O (Merck KGaA, Darmstadt, Germany), 
0.48  g/L CuSO4 × 5 H2O (Merck KGaA, Darmstadt, 
Germany), 0.3 g/L MnSO4 x H2O, 41.76 g/L FeCl3 × 6 H2O, 
1.98 g/L CaCl2 × 2 H2O, 33.4 g/L Na2EDTA × 2 H2O (Merck 
KGaA, Darmstadt, Germany), and 0.54 g/L CoCl2 × 6 H2O. 
The main salt-, NaCl-, glucose, and MgSO4 stock solutions 
were autoclaved and stored at room temperature. The MOPS 
buffer solution was sterile-filtered and stored at room 
temperature. The thiamin, carbenicillin, and trace element 
solutions were sterile-filtered and stored at 4°C (the latter 
protected from light). The medium was freshly prepared for 
each cultivation by combining the stock solutions according 
to their concentration factor, adding the desired amount of 
glucose and inoculum, and filling the remaining volume with 
sterile deionized water.

Precultures

Per RAMOS flask, 8 mL of BHI + v2 medium was inoculated 
to an initial optical density (OD600) of 0.05 from a cryo 
culture. The flask was then incubated at 37 °C on an orbital 
shaker (ISF1-X, Kühner AG, Birsfelden, Switzerland). The 
shaking frequency was set to 350 rpm at a shaking diameter 
of 50 mm. Once the preculture reached the late exponential 
growth phase after 3.5–4 h, it was used to inoculate the main 
culture.

Main culture in batch and fed‑batch

For shake flask cultivations, 250 mL RAMOS flasks were 
filled with either 8 mL of inoculated medium (initial OD600 
0.5) for batch cultivations or 10 mL for fed-batch cultivations 
and incubated on an orbital shaker (ISF1-X, Kühner AG, 
Birsfelden, Switzerland) at 350 rpm shaking frequency and 
a shaking diameter of 50 mm. The cultivation temperature 
was set to 30 °C unless stated otherwise. RAMOS flasks 

were connected to a custom-built RAMOS device [36, 38] 
using the following measurement settings: 10 min low flow 
phase, 4 min measurement phase, 1 min high-flow phase.

For microtiter plate cultivations, either 96-well DeepWell 
plates (J.T.Baker®, Plate Medio (2 mL), VWR International 
GmbH, Darmstadt, Germany) or FeedPlates® (SMFP04001, 
Kuhner shaker, Herzogenrath, Germany) were filled with 
100 or 200 µL inoculated medium (initial OD600 0.5) per 
well. The microtiter plate was mounted on an orbital shaker 
in a µTOM device [35] and monitored using the following 
measurement settings: 10 min low flow phase and 5 min 
measurement phase. The shaker and incubation hood were 
set to 37 °C, 80% humidity, and 1000 rpm shaking frequency 
at 3 mm shaking diameter.

For some of the FeedPlate® cultivations, a washing step 
was conducted prior to cultivation. Each well was filled 
with 1 mL of sterile water and the plate incubated at room 
temperature for 24 h. After this, the water was discarded.

Offline analysis

A calibrated pH meter (HI 221, Hanna Instruments, 
Germany) was used for the pH measurements. OD600 
measurements at 600 nm were performed using a Genesys 
20 photometer (Thermo Scientific, Dreieich, Germany). The 
culture broth was diluted to OD600 0.1—0.3 [68, 69] with 
9 g/L NaCl.

HPLC samples were centrifuged, and the supernatant 
was filtered using either 96-well filter plates (AcroPrep™ 
Advance 96 Filter Plate 0.2 µm Supor, Pall Life Sciences, 
Dreieich, Germany) for microtiter plate experiments or 
syringe filters (Rotilabo syringe filter cellulose acetate 
0.2 µm, Carl Roth GmbH + Co. KG, Karlsruhe, Germany) 
for shake f lask experiments. Glucose and acetate 
concentrations were determined using an organic acid 
column (300 × 8 mm, ROA-Organic Acid H+ , Phenomenex, 
Aschaffenburg, Germany) in combination with a Prominence 
high-performance liquid chromatography (HPLC, Shimadzu 
Europe, Düsseldorf, Germany) with a refractive index 
detector at the following settings: temperature 75 °C, carrier 
flow 0.8 mL/min 0.25 mM sulfuric acid.

Endpoint determination of the feed rate 
in membrane‑based fed‑batch shake flasks

Prior to each fed-batch cultivation, the shake flask and feed 
reservoirs were weighed separately on a scale (LA 254, 
VWR International GmbH, Darmstadt, Germany, Fig. S1). 
Weighing was repeated immediately once the reservoir 
was filled with feed solution and the flask filled with 
culture broth. After stopping the cultivation, each flask and 
respective reservoir were weighed separately. The residual 
glucose concentration of the feed solution in the reservoir 
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was determined via HPLC at the end of the cultivation. The 
filling volume of the feed solution in the feed reservoir was 
then calculated using the solution's density and weight. From 
the volume and concentration, the final amount of glucose 
in the feed reservoir was calculated. The total glucose 
consumption was determined by subtracting the final amount 
from the initially supplied glucose. Finally, the feed rate 
[g/L/h] was calculated by division through the volume of 
the culture broth and the cultivation time.

Cell lysis and determination of inulosucrase activity

First, samples were centrifuged for 10 min (room 
temperature, 18,000 g), and the supernatant was discarded. 
Then, the pellets were frozen at −20  °C overnight to 
facilitate extraction. After thawing, cell lysis was performed 
using BugBuster® (Merck, KGaA, Darmstadt, Germany), 
following the manufacturer’s instructions with the addition 
of Benzonase® (Sigma Aldrich, Steinheim, Germany) and 
lysozyme (Carl Roth, Karlsruhe, Germany). The remaining 
cell extract was mixed 1:1 with 800 g/L glycerol and stored 
at −20 °C.

One unit (U) of inulosucrase activity is defined as the 
release of 1 µmol of glucose per minute from the substrate 
sucrose. In the inulosucrase-mediated reaction from sucrose 
to inulin-type fructooligosaccharides and glucose, the 
amount of glucose equals the amount of sucrose used as 
a fructose donor in the reaction. The recently introduced 
Real-time GOPOD assay [70] exploits this relationship 
and quantifies the inulosucrase activity by measuring the 
glucose release over time. Commercially available GOPOD 
reagent (Megazyme Ltd., Bray, Ireland) was modified to 
a so-called Real-time GOPOD reagent, as described by 
Ehinger et al. [70]. For the Real-time GOPOD assay, 74.4 µL 
Real-time GOPOD reagent, 100 µL 2 M sucrose in 50 mM 
Bis–Tris buffer (AppliChem, Darmstadt, Germany), and 
5.6 µL deionized water were combined in each well of a 
96-well MTP (Carl Roth, Karlsruhe, Germany). The MTP 
was placed in a plate reader at 30 °C (Synergy MX Reader, 
Thermo Fisher Scientific, Massachusetts, USA), and the 
baseline absorbance was monitored at 510 nm for 10 min 
until the linear reaction phase was reached. To start the 
inulosucrase reaction, 20 µL of the sample was added to each 
well, and the absorbance was measured at 510 nm and 30 °C 
for 30 min. The slope of the linear increase for the reaction 
with and without a sample was determined. After that, the 
enzyme activity was calculated by Eq. (1) and Eq. (2):
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For each assay, samples were tested in at least two 

dilution steps, each with at least two technical replicates. 
As a standard, and to account for variations between reagent 
batches, an 80 U/mL biological reference was tested on each 
assay plate. All measured activities were normalized to this 
standard according to Eq. (3).

Calculations

The stoichiometry for aerobic growth of V. natriegens with 
the biomass composition C1HxOyNz on Wilms-MOPS 
medium is described by Eq. (4). Wilms-MOPS medium 
contains glucose as the sole carbon source and ammonia as 
the sole nitrogen source.

The stoichiometric coefficient �biomass calculates as 
described in Eq. (5), given that the yield coefficient Yx∕s and 
the coefficients x, y, and z of the biomass composition are 
known.

With:
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Yx∕s
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 = the yield coefficient.
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 = the molar mass of glucose.
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[

g
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]

 = the molar mass of biomass.
Equation (4) is solved using the stoichiometric coefficient 

�biomass from Eq. (5). To solve the equation, the stochiometric 
coefficient �glucose is set to 1. Equations (6)–(9) describe the 
stoichiometric coefficients �NH3

 , �H2O
 , �CO2

 and �O2
.

With Eq. (4) and the known stoichiometric coefficient for 
oxygen and glucose, the relationship between oxygen and 
glucose consumption during aerobic growth can be 
expressed as the stoichiometric ratio A

[

mmolO2

gglucose

]

 (Eq. 10).

Results and discussion

Glucose consumption soft sensor based 
on the oxygen transfer rate

Since initial process development is often performed 
in microtiter plates, only a few hundred microliters are 
available, making intensive offline analysis challenging. 
To reduce the necessary sampling volume, we decided 
to apply a glucose soft sensor. The relationship between 

(6)�NH3
= �biomass × z

(7)�H2O
=

1

2
(12 + �NH3

× 3 − �biomass × x)

(8)�CO2
= 6 − �biomass

(9)�O2
=

1

2
(�biomass × y + �CO2

× 2 + �H2O
− 6)

(10)A

[

mmolO2

gglucose

]

= 1000
mmol

mol
× �O2

×
�glucose

Mglc

[

gglucose

mol

]

oxygen consumption and glucose metabolism was described 
in stoichiometric terms for aerobic conditions in the 
Calculations section, and monitoring glucose consumption 
through the oxygen transfer rate (OTR) was targeted.

As a first step, calculations were performed to estimate 
the expected order of magnitude and the dependence on 
fluctuations of the empirical values. As described in the 
Calculations section, the input values were the sum formula 
of the biomass and the yield coefficient Yx∕s . So far, only a 
single sum formula for the biomass of V. natriegens has been 
published [71]. In this work, a second sum formula was 
calculated from the supplemental data of Long et al. [72], 
where no direct sum formula was presented. Regarding the 
yield coefficient, the calculation is exemplarily performed 
with Yx∕s = 0.44 from Long et al. [72], who determined the 
coefficient in a batch cultivation. In addition, a value of Yx∕s 
= 0.49, determined in fed-batch by Schulze et al. [73], and 
a value of Yx∕s = 0.54, from own experimental fed-batch 
data, were used for calculations. Literature yield coefficients 
for V. natriegens on glucose vary. This is due to the yield 
coefficient usually being determined empirically and is, thus, 
subject to a double measurement error: an error of the 
biomass and an error of the substrate consumption. The 
calculation was performed for both sum formulas and yield 
coefficients, which resulted in six different theoretical values 
for factor A

[

mmolO2

gglucose

]

. Table 2 shows these results.

Overall, the calculated values for the stoichiometric ratio 
A range from 11.18 to 17.18 

mmolO2

gglucose
 . The lowest values were 

obtained from the Erian et al. [71] biomass composition and 
the highest from Long et al. [72]. Compared to the batch 
yield coefficient results, the two yield coefficients obtained 
in the fed-batch process give lower values for the 
stoichiometric ratio A 

[

mmolO2

gglucose

]

 . The key information is that 

the stoichiometric ratio A is subject to strong fluctuations at 
small changes in the input values and, therefore, should be 
determined empirically for further use. Nonetheless, the 
order of magnitude can already be narrowed down and is 
expected to fall between 10 and 18 

mmolO2

gglucose
.

Table 2   Estimated range of the 
stoichiometric ratio A

[

mmolO2

gglucose

]

 
calculated from literature and 
own experimental input values

Biomass composition Batch 
A
[

mmolO2

gglucose

]

 
for Yxs = 0.44,
Long et al. [72]

Fed-batch 
A
[

mmolO2

gglucose

]

 
for Yxs = 0.49,
Schulze et al. [73]

Fed-batch 
A
[

mmolO2

gglucose

]

 
for Yxs = 0.54,
own data

Erian et al. [71] C1H1.77O0.61N0.153
(V. natriegens)

15.40 13.37 11.18

Long et al. [72] C1H1.73O0.58N0.27
(V. natriegens)

17.18 15.34 13.37
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For an empirical measurement of the stoichiometric 
ratio A 

[

mmolO2

gglucose

]

 , batch cultivations with varying glucose 

concentrations from 0 to 5 g/L were performed using a 
filling volume of 100  µL (Fig.  2a). The OTR was 
monitored at 15  min intervals. Figure  2a shows an 
increasing OTR for all glucose-containing cultures. After 
glucose consumption, the respiratory activity declines as 
indicated by a drop in the OTR. As it takes more time to 
consume more glucose, OTR peaks occur later at higher 
glucose concentrations. At glucose concentrations > 2 g/L, 
a second OTR peak becomes apparent. This peak marks 
the consumption of the overflow metabolite acetate, which 
V. natriegens produces at excess glucose concentrations 
[36, 38, 72]. In a master mix plate sampled 10 min after 
the start of cultivation, HPLC analysis showed a higher 
concentration of acetate for a higher initial concentration 
of glucose supplied, in good agreement with the OTR 
observations (Table S1). It is noteworthy that even cultures 
without glucose show baseline respiratory activity. Since 
the preculture was carried out in complex medium, 
complex components may have been carried over to the 
main culture and consumed by V. natriegens.

With higher filling volumes of 200 µL (Fig. S4) a constant 
OTR is visible for cultivations with > 1.5 g/L glucose. This 
results from an oxygen limitation [36] which is prolonged with 
higher glucose concentrations. To prevent mixed acid formation 
and unwanted pH shifts [16] oxygen-limited cultivation 
conditions should be avoided by lowering the filling volume or 
introducing a fed-batch process. While a lower filling volume 
increases the maximum oxygen transfer capacity (OTRmax) 
in shaken bioreactors [30, 35, 74], an unnecessary low filling 
volume results in elevated levels of water evaporation. To define 

the optimal filling volume required to circumvent oxygen-
limited conditions, it is necessary to determine the OTRmax. 
For 96-deep well plates with round well and U-shaped bottom 
geometry, only a single equation is available in the literature 
for the calculation of the OTRmax for growth on a complex 
medium [35]. Depending on the expected OTR of the culture 
and the medium osmolality, the optimal filling volume has 
to be determined experimentally, as shown in Fig. S5. An 
OTRmax > 50 mmol/L/h was found for a filling volume of 100 µL 
under the same shaking conditions. For the low glucose batch 
as well as fed-batch conditions explored in this study, oxygen 
transfer is not limiting.

For the empirical determination of the stoichiometric 
ratio A 

[

mmolO2

gglucose

]

 , the total oxygen consumption (TOC) was 

derived by integrating the OTR (Fig. S3). Higher glucose 
concentration correlated linearly with a higher TOC 
(Fig. 2b) as well as the final OD600 measured after the 
cultivation (Fig. S3). A linear fit (Eq. 11) was determined 
by plotting the TOC against the respective glucose 
concentration (Fig. 2b). Since the linear fit should be 
applied as a glucose soft sensor for fed-batch 
fermentations, where higher glucose concentrations are 
fed during cultivation, TOC data from literature with 
higher glucose concentrations was included to ensure an 
appropriate calibration range. The literature values were 
obtained through non-oxygen limited microtiter plate 
cultivations [67].

The y-axis intercept b reflects the baseline respiratory 
activity due to the transfer of complex components from 
the preculture. For oxygen-unlimited conditions, a 

(11)y = A ∗ x + b

Fig. 2   Calibrating the oxygen transfer to glucose consumption in a 
96-deep well plate in a batch cultivation. Non-induced batch cultiva-
tion of V. natriegens Vmax pET19b::inuGB-V3 in modified Wilms-
MOPS medium (0–5 g/L glucose) with 400 mM MOPS buffer. Initial 
OD600 0.5, 37 °C, 1000 rpm at 3 mm shaking diameter, oxygen trans-
fer rate monitored using a µTOM device. a 100 µL filling volume in 
a 96-deep well plate. For clarity, only every third data point is shown 

as a symbol. Shadows indicate standard deviation for n = 4 repli-
cates. b Linear correlation of the total oxygen consumption (shown 
in Fig.  S3a) to the provided and total consumed glucose. The stars 
represent online data from microtiter plate cultivations from Forsten 
et al. [67]. Error bars are hardly visible, as they are mostly within the 
size of the symbols (Fig. S3b). 95% confidence band of the linear fit 
(dashed line) is shown as a red shadow
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stoichiometric ratio A of 17.20 
mmolO2

gglucose
 was determined. The 

value for A is in the upper range of the previously 
calculated theoretical values. The linear fit should be 
considered as a simplified correlation. The correlation 
only considers growth on glucose under aerobic conditions 
and not, for example, under anaerobic conditions. 
Figure 2a shows that under batch conditions, V. natriegens 
experiences an excess of glucose and consequently 
converts up to 25 % of the carbon flux to acetate [8, 15], 
which leads to a pH drop if the system is not sufficiently 
buffered.

Establishing a small‑scale fed‑batch process 
for Vibrio natriegens

The easiest way to avoid conditions with excess glucose is by 
cultivating in fed-batch mode. During a fed-batch process, glu-
cose is only fed at a rate that is lower than the maximum con-
sumption rate of the organism [42, 44, 75]. Therefore, small 
scale fed-batch fermentations were conducted in MTPs. Further-
more, the generated fit from Fig. 2b was applied to these cultiva-
tions to evaluate their applicability as soft sensors in fed-batch 
fermentations. To avoid overflow metabolism in a fed-batch 
process, the glucose feeding rate must be below the critical rate 
at which the metabolism starts to form acetate. A straightforward 
way to find a suitable feed rate fast is to carry out FeedPlate® 
cultivations [61] (Fig. 3). The feed rate was varied by a) varia-
tion of the filling volume and b) application of a washing step to 
lower the initial glucose release (see Main culture in batch and 
fed-batch in the Material and Methods section) [54]. The com-
bined variation of both methods aimed to generate four different 
feed rates in the same MTP for a fast screening of suitable feed 
rates. These initial experiments aimed to validate the soft sensor, 
conduct a preliminary investigation into the growth of V. natrie-
gens Vmax in fed-batch, and assess whether overflow metabo-
lism occurs in V. natriegens in the range of feeding rates tested. 
The OTR curves in Fig. 3a show an initial increase, cumulating 
in a peak after 2–4 h. During this time, the glucose release of the 
FeedPlate® is higher than the consumption rate of the organism. 
Therefore, glucose accumulates, and the culture enters a batch 
phase [45]. After the batch peak, the OTR decreases to a plateau. 
This plateau indicates the fed-batch phase, where the glucose 
release is below the organisms' maximum consumption capacity 
and carbon-limiting conditions are present [61]. Since the total 
glucose release per well is constant for the washed and non-
washed wells, cultures with a filling volume of 100 µL experi-
ence a higher volumetric feeding rate than those with 200 µL 
filling volume. As the oxygen uptake of the cultures correlates 
to their glucose uptake, higher OTR values are obtained for the 
fed-batch cultivations with lower filling volume [54].

When comparing the OTR of cultures after a washing 
step to cultures without a washing step, a lower batch peak 

and a shorter batch phase are observed (Fig. 3a). Washing 
with water avoids a burst of glucose release at the beginning 
of the batch phase, as the glucose initially released in large 
quantities is removed during this step. Consequently, less 
glucose is accumulated during the batch process [54]. 
Glucose release is also reduced during the fed-batch phase, 

Fig. 3   Application of the calibration from Fig.  2c, d to determine 
the glucose consumption in a fed-batch cultivation in microtiter 
plates. Non-induced fed-batch cultivation of V.  natriegens Vmax 
pET19b::inuGB-V3 in modified Wilms-MOPS medium (no addi-
tional initial glucose) with 400 mM MOPS buffer. Initial OD600 0.5, 
37 °C, 1000 rpm at 3 mm shaking diameter. The oxygen transfer rate 
was monitored using a µTOM device. 100 µL or 200 µL filling vol-
ume in 96-well FeedPlate® (SMFP04001, high release). For washing 
step see chapter Main culture in batch and fed-batch. a Oxygen trans-
fer rate over time. b Total oxygen consumption over time. c Com-
parison of glucose consumption determined from the total oxygen 
consumption (hatched bars) after 18.7 h (see Fig. 2b), technical data 
from the manufacturer (empty bars) and final OD600 (dotted bars). For 
clarity, only every third data point is shown as a symbol. Shadows 
indicate minimum/maximum for n = 2 replicates
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when a washing step is introduced, which becomes visible 
as a lower OTR plateau around 4 mmol/L/h. The highest 
TOC (Fig. 3b) is achieved with the lowest filling volume 
and without a washing step. None of the cultures showed a 
second OTR peak during the batch phase. This indicates that 
overflow metabolism was avoided at all four feeding rates 
(see Fig. 3c), since no acetate (0.0 g/L) was HPLC-detected 
after the cultivation.

To evaluate the suitability of the OTR as a glucose soft 
sensor, the feed rate was calculated using the TOC from 
Fig. 3b and the linear fit from Fig. 2b. The calculated feed 
rate for non-washed cultures was 1.37 g/L/h for 100 µL 
cultures and 0.61 g/L/h for 200 µL cultures (Fig. 3c). The 
FeedPlate® manufacturer specifies the glucose release at 
1.88 g/L/h for 100 µL and 0.94 g/L/h for 200 µL. Since 
for higher feed rates, more biomass was expected, the final 
OD600 was measured and found to correlate well with the 
calculated feed rates. Thus, the OTR and linear fit can be 
combined into a soft sensor for glucose consumption.

To avoid oxygen limitation (Fig. S3) and achieve high 
feed rates (Fig. 3), only small filling volumes could be 
used for V. natriegens cultivations in 96-well microtiter 
plates. Since extensive offline sampling for OD600, pH, 
HPLC analysis, and enzyme activity determination was 
to be performed at the end of each cultivation, the process 
was scaled up to flask scale. The chosen scale-up criterion 
was a constant OTR during the fed-batch phase.

In membrane-based fed-batch shake flasks, the feed 
rate and, consequently, the OTR level in the feed plateau 
is determined by the glucose concentration in the central 
reservoir [50]. To determine the feed rate, correspond-
ing to the previous FeedPlate® cultivation, the glucose 
concentration in the feed reservoir of the shake flask was 
varied between 200 and 350 g/L (Fig. 4). The respiration 
activity revealed an initial OTR increase of all cultures 
over the first 2.5 h, that ended in an OTR peak at the end 
of the batch phase (see discussion of Fig. 3). Afterwards, 
all cultures with a feed reservoir concentration > 200 g/L 
exhibit a constant OTR which indicates a fed-batch phase. 
Generally, a higher OTR is observed with increasing con-
centration of the feed reservoir. More glucose diffuses 
across the membrane at higher glucose concentrations 
and is available to the organisms. This is due to the higher 
concentration gradient between the feed solution and the 
culture broth [50, 51].Neither residual glucose nor acetate 
was detected (0.0 g/L glucose and 0.0 g/L acetate) via 
HPLC after any of the cultivations shown in Fig. 4. Only 
for a fed-batch performed with 500 g/L glucose in the feed 
reservoir (Fig. S6), acetate was measured in the culture 
broth (0.8 ± 0.1 g/L).

The OTR slowly decreases for the two biological 
replicates with a 200  g/L feed reservoir concentration 
instead of forming a plateau. The endpoint OD600 of 5.8 

Fig. 4   Membrane-based fed-batch cultivation in shake flasks with 
different glucose feeding rates. Non-induced fed-batch cultivation of 
V.  natriegens Vmax pET19b::inuGB-V3 in modified Wilms-MOPS 
medium (no initial glucose) with 400  mM MOPS buffer. 10  mL 
filling volume in 250  mL RAMOS flasks, initial OD600 0.5, 37  °C, 
350  rpm at 50  mm shaking diameter, the oxygen transfer rate was 
monitored using a RAMOS device. a Oxygen transfer rate over time 
for different glucose concentrations in the reservoir. For clarity, only 
every third data point is shown as a symbol. Shadows indicate mini-
mum/maximum for n = 2 biological replicates. The replicate cultiva-
tions were conducted independently on different days. b Glucose feed 
rates corresponding to different reservoir concentrations: either the 
feed rate was offline measured through HPLC analysis (open bars) or 
determined via the linear fit (hatched bars) presented in Fig. 2b. Error 
bars indicate minimum/maximum for n = 2 biological replicates. (c) 
Offline determined final pH and OD600
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indicates that biomass was formed and consequently, glucose 
was fed and fully taken up (no residual glucose HPLC-
detected in endpoint samples). Since the same fed-batch 
conditions had resulted in the formation of an OTR plateau 
in B. licheniformis [63], an issue with the membrane-based 
fed-batch technology was ruled out. To our knowledge, the 
observation of low respiratory activity at too low glucose 
feeding rates has not been reported in the literature so far. 
The closest phenomenon described in the literature is a 
decrease in cell dry weight when switching from exponential 
glucose to constant glucose feeding [15]. The cause remains 
unclear and should be investigated in future works.

The assumption that more glucose was fed into the shake 
flask at higher feed reservoir concentrations is validated in 
Fig. 4b. The feed rate was evaluated offline through HPLC 
measurement of the feed reservoir solution (see section 
Endpoint determination of the feed rate in membrane-based 
fed-batch shake flasks) and compared to the feed rate derived 
through the OTR soft sensor. In theory, the feed rate should 
be directly proportional to the feed reservoir concentration 
since the latter determines the diffusion rate. The offline 
measurement values display an increasing trend with 
increasing reservoir concentration, except for the cultivation 
with a reservoir concentration of 250 g/L. Both methods, 
the HPLC and soft sensor method, adequately quantify the 
release of glucose. However, the offline method is quite 
labor-intensive: Due to diffusion of water back into the feed 
reservoir because of osmotic effects, diluting effects have to 
be accounted for by determining the reservoir filling volume 
at the end of the cultivation, in comparison to the beginning 
of the cultivation. This is done by weighing the shake flasks 
before and after the cultivation [63] (Fig. S1). The shake 
flask is weighed empty and (1) without the reservoir, (2) with 
the reservoir, (3) with a filled reservoir and (4) with a filled 
flask. After the cultivation, the flask is first weighed with the 
reservoir and afterwards weighed without. The initial and 
final concentration of the feeding solution in the reservoir 
is then determined via HPLC, which takes several hours. 
In contrast, the soft sensor method, based on the evaluation 
of the total oxygen consumption (Fig. 2b), allows to obtain 
the glucose release rate without delay. At the same time, 
this method reduces the manual handling steps. In addition, 
real-time estimation of glucose consumption at any point 
of the cultivation is possible. Due to these advantages, the 
soft-sensor is applied for all further shake flask experiments.

Apart from the cultivation with 350 g/L glucose, the final 
OD600 (Fig. 4c) comparison shows an OD600 increase with 
increasing glucose concentration. Higher feed rates give the 
organisms more glucose, resulting in more biomass. The pH 
shows an inverse trend. The pH decreases as more ammonia 
is taken up [15], with a linear relationship between the pH 
decrease and the feed rate increase. No overflow metabolites 
were detected at the end of the cultivations (data not shown). 

Since the OTR plateau of the FeedPlate® matches the OTR 
plateau of the shake flask cultivation with a 300 g/L glucose 
feed solution (Fig. S7), this feed reservoir concentration was 
used for further process development.

According to the literature, the optimal growth 
temperature for V. natriegens is 37 °C [5]. Since protein 
misfolding is more likely to occur at high temperatures, 
the temperature for protein expression is often lowered to 
increase the yield of active protein [76–78]. However, not 
only protein folding is affected by temperature, but glucose 
diffusion as well [79, 80]. At 30  °C, the feed rate was 
determined to be almost as high as at 37 °C (Fig. S8).

Development of an inulosucrase production process

As a basis for optimizing inulosucrase production in 
V. natriegens, the expression of the target protein InuBG-
V3 was first investigated in a batch process. The effect of the 
inducer isopropyl-β-thiogalactoside (IPTG) at a concentra-
tion of 0.00, 0.25, and 0.50 mM on the yield of inulosucrase 
was tested (Fig. 5). The induction was conducted at an OD600 
of 1.5 (indicated by a black arrow in Fig. 5a).

The OTR signals of all cultivations show three different 
peaks. The first OTR peak indicates the consumption 
of glucose. The second and third peaks indicate the 
consumption of overflow metabolites after glucose 
depletion, such as acetate, or products of mixed acid 
formation like lactate [4, 8, 15, 36]. No distinct differences 
are visible between the OTRs of the induced and not induced 
cultures. According to the literature [81, 82], shifts in the 
OTR indicating a (difference in) metabolic burden due to 
recombinant protein expression have been observed in E. coli 
and Pichia pastoris. However, no distinct differences are 
visible between the OTRs of the induced and non-induced 
cultures in Fig. 5a, even if the endpoint measurements of 
(inulosucrase) enzyme activity differ between the cultures 
(Fig. 5c) and the phenomenon of a metabolic burden has 
previously been reported for V. natriegens [83, 84]. The 
highest enzyme activity of 80 U/mL was obtained with the 
highest inducer concentration of 0.50 mM. Even higher 
IPTG concentrations did not positively affect V. natriegens 
when induced at an OD600 of 1 (Fig. S9). Becker et al. [85] 
also stated that no influence on protein production was found 
at elevated IPTG concentrations.

Remarkably, an enzyme activity of 40 U/mL was detected 
in the non-induced cultures. As recombinant expression of 
the same construct was not as leaky in E. coli (identical 
plasmid, Fig. S10), it is unlikely that the phenomenon is 
(only) due to the protein InuGB-V3. Tschirhart et al. [6] 
reported a similar observation: Their IPTG-inducible 
promoter was remarkably leaky in V. natriegens ATCC 
14048, for some of the recombinant proteins expressed in the 
study. When the same recombinant proteins were expressed 



1018	 Bioprocess and Biosystems Engineering (2025) 48:1007–1024

under the control of an arabinose-inducible promotor, the 
expression levels without induction were strongly reduced. 
This agrees well with the findings of Schleicher et al. [86], 
who did not observe leaky expression using an arabinose-
inducible system with V. natriegens ATCC 14048. The 
commercial strain V.  natriegens Vmax is derived from 
ATCC 14048 and contains a genomically integrated copy 
of the T7 polymerase under the control of the lac promotor 
[8]. Consequently, the strain is used for IPTG-inducible 
expression in many studies [11, 85, 87–91]. While the 
change of protein titers over the cultivation time is regularly 
discussed, noticeably, none of these studies presented titers 
of a non-induced control. At most, a negative control without 
plasmid is shown for comparison [88, 89].

The soft sensor (Fig.  2b) was applied to calculate 
the glucose consumed during the cultivations. Glucose 

concentrations between 14.2 and 17.2 g/L were obtained. 
The enzyme yield U per g of glucose was calculated using 
the value of 20  g/L initial glucose. Since the glucose 
consumption was identical in all experiments, the yield 
shows the same trend as the enzyme activity. With increasing 
IPTG concentration, the enzyme yield increases. Maximum 
enzyme yields of 3.9 ± 0.3 × 103 U/gglucose were obtained for 
an IPTG concentration of 0.50 mM.

As previously discussed and seen in Fig. 5, overflow 
metabolism and mixed acid formation are prominent in 
V. natriegens batch processes (see HPLC data in Fig. S11). 
For further investigation, a fed-batch in shake flasks was 
conducted (Fig. 6). Like before, IPTG concentrations of 
0.00, 0.25, and 0.50 mM were applied for induction to com-
pare the fed-batch to the batch (Fig. 5) process. The arrow in 
Fig. 6a indicates the induction time at OD600 1.5.

Fig. 5   Influence of the inducer concentration (IPTG) on inulosucrase 
production in a batch process in shake flasks. V.  natriegens Vmax 
pET19b::inuGB-V3 in modified Wilms-MOPS medium (20 g/L glu-
cose) with 400  mM MOPS buffer. 8  mL filling volume in 250  mL 
RAMOS flasks, initial OD600 0.5, 30 °C, 350 rpm at 50 mm shaking 
diameter. The oxygen transfer rate was monitored using a RAMOS 
device. Induction using 0, 0.25, or 0.5 mM IPTG at OD600 1.5. a The 
oxygen transfer rate over time: the arrow indicates the induction time. 
For clarity, only every third data point is shown as a symbol. Shad-

ows indicate the minimum/maximum for n = 2. b Total glucose con-
sumption after 19 h, determined via linear fit in Fig.  2b. Error bars 
indicate minimum/maximum for n = 2 replicates. Dotted line: 20 g/L 
glucose was added to the medium. c Inulosucrase activity after 19 h 
(determined offline in triplicates). Statistically significant differences 
were determined via a two-sided t-test, * p < 0.05, ** p < 0.01, *** 
p < 0.005. d Enzyme yield was calculated using 20 g/L glucose. Error 
bars were calculated via Gaussian error propagation
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The OTR curves of the three cultures show a batch phase 
in the first 3 h and a fed-batch phase in the following hours. 
During the batch phase, all cultures show two OTR peaks. 
The second peak is again due to the reuptake of acetate [4, 
8, 15] that is completely consumed before the fed-batch 
phase. During the feeding phase, the OTR forms a plateau 
at approx. 15.2 ± 1.9 mmol/L/h. Just as in the batch process, 
no metabolic burden [66, 81, 82]is detected through the 
OTR signal, as previously described in the literature [66, 
81, 82]. However, metabolic burden might still be present 
even if it does not become visible in the OTR. Overall, 
the membrane-based fed-batch cultivations showed good 
repeatability (16 replicates shown in Fig. S12). Moreover, 
a scale-up experiment for comparison between fed-batch 
cultivation in shake flask and fermenter scale showed good 
comparability regarding measured dissolved oxygen tension 
(DOT, Fig. S13). Here, the course of the DOT in the flask 

and in the fermenter are almost identical in the initial batch 
phase and very comparable within the first 12-h window.

The glucose consumption in Fig. 6b was again calculated 
with the soft sensor shown in Fig. 2b. During the cultivations 
containing 0.00 or 0.50 mM IPTG, the glucose consumption 
was higher than those containing 0.25 mM IPTG.

The enzyme activity in Fig. 6c shows a reverse order 
compared to the batch process. Cultures without IPTG 
resulted in the highest enzyme activity. The promoter 
seems even more leaky than in the batch cultivations [6]. 
For E. coli, heat shock-like stress responses to toxic IPTG 
concentrations have been reported by Kosinski et al. [92] 
and Dvorak et  al. [93]. A possible hypothesis could be 
that V. natriegens behaves similarly, which could reduce 
the induced cultures' protein production. To gain insights 
into the mechanism, a future metabolomics study would be 
necessary.

Fig. 6   Influence of the inducer concentration (IPTG) on inulosucrase 
production in a fed-batch process in shake flasks. V. natriegens Vmax 
pET19b::inuGB-V3 in modified Wilms-MOPS medium (no initial 
glucose, 300  g/L glucose in reservoir) with 400  mM MOPS buffer. 
10  mL filling volume in 250  mL RAMOS flasks, initial OD600 0.5, 
30 °C, 350 rpm at 50 mm shaking diameter. The oxygen transfer rate 
was monitored using a RAMOS device. Induction using 0, 0.25, or 
0.5 mM IPTG at OD600 1.5. a Oxygen transfer rate over time, arrow 

indicates the time of induction. For clarity, only every third data point 
is shown as a symbol. Shadows indicate the minimum/maximum for 
n = 2 replicates. b Total glucose consumption after 19 h, determined 
after linear fit in Fig. 2b. Error bars indicate minimum/maximum for 
n = 2 replicates. c Inulosucrase activity after 19 h (determined offline 
in triplicates). d Enzyme yield is calculated from the values in b, c. 
Error bars were calculated via Gaussian error propagation
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When comparing the yields for the different IPTG 
concentrations (Fig.  6d), the 0.25 and 0.50  mM IPTG 
cultures are comparable. This is because the amount of 
glucose consumed in the 0.25 mM culture, considered for 
calculating U/gglucose, is lower than in the other cultures. 
A comparable yield can be achieved by switching from an 
induced batch to a non-induced fed-batch process. However, 
lower glucose concentrations in fed-batch processes reduce 
the formation of overflow metabolites like acetate that have 
to be taken up again for full metabolization of the carbon 
sources. Hence, connected energy conversion losses can 
be circumvented. Therefore, a higher yield was originally 
expected in fed-batch. Inclusion bodies as a reason for the 
lower yields were excluded, as the sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) carried out 
during the study showed no discrepancy with the activities 
determined with the Real-time GOPOD assay (Fig. S14). In 
addition, Kormanova et al. [11] showed that V. natriegens 
can process proteins above 60 kDA better than smaller ones. 
Smith et al. [94] showed significantly improved protein 
folding in V. natriegens at 30 °C. Since the enzyme yields 
in the fed-batch process were not as high as anticipated, a 
deeper understanding of the process became necessary.

We analyzed samples collected throughout the fed-
batch fermentation time to investigate whether V. natrie-
gens degrades inulosucrase over time (Fig. 7). The online 
measurement of the OTR (Fig. 7a) indicates a batch and 
a fed-batch phase. The arrow marks the induction time at 
OD600 1.5 with an inducer concentration of 0.25 mM IPTG. 
The production rate appears to decrease when looking at 
the enzyme activities in the offline samples after 8.5 h (see 
Fig. 7b).

During the fed-batch fermentation shown in Fig. 7c, 
the glucose consumption rate is linear. As more biomass 
accumulates over time, more glucose is required for 
maintenance metabolism. Since the enzyme activity 
increases during cultivation (Fig. 7b), it is unlikely that it 
is degraded by Vibrio natriegens. However, the enzyme 
production rate declines over time, resulting in a declining 
yield. Due to the decrease in production rate, longer fed-
batch fermentations were not anticipated to result in higher 
product yields.

The OD600 (Fig. 7c) increases during the first 2.5 h to 
an OD600 of 4.7. Afterwards, the OD600 increases linearly 
during the fed-batch and reaches a final OD600 of 18.4 after 
24 h. This pattern is due to the linear feed rate and known 
from previous fed-batch processes in shake flasks [45, 64]. 
On initial observation, the final OD600 of 18.4 appears to 
be relatively low. However, upon closer comparison of the 
batch (Fig. S11) and fed-batch data, it becomes evident 
that while comparable final OD600 values are obtained in 
the batch process, the enzyme activities are substantially 
lower. Consequently, a greater proportion of substrate is 

Fig. 7   Inulosucrase expression during membrane-based fed-batch 
cultivation in shake flasks. Fed-batch cultivation of V.  natriegens 
Vmax pET19b::inuGB-V3 in modified Wilms-MOPS medium 
with no initial glucose with 400  mM MOPS buffer. Induction with 
0.25  mM IPTG at OD600 1.5. 10  mL filling volume in 250  mL 
RAMOS flasks, 300 g/L glucose concentration in feed reservoir, ini-
tial OD600 0.5, 37 °C, 350 rpm at 50 mm shaking diameter. The oxy-
gen transfer rate was monitored using a RAMOS device. a Left axis: 
Oxygen transfer rate over time; a vertical arrow indicates the induc-
tion time. For clarity, only every fifth data point is shown as a sym-
bol. Shadow indicates standard deviation for n = 3 replicates. Right 
axis: Glucose consumption determined via the linear fit presented in 
Fig. 2b (orange line). b Left axis: Enzymatic activity of the product 
inulosucrase measured offline. Error bars indicate standard deviation 
for n = 3 replicates. Right axis: Substrate yield per g of consumed 
glucose determined via linear fit. c Left axis: OD600. Right axis: pH 
offline measured (blue symbols)
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converted into product in the fed-batch process than in the 
batch process. Exopolysaccharide formation as reported by 
Schulze et al. [73] was observed in this study in samples at 
later time points (Fig. S15). However, no interference with 
the process was noted, and the exopolysaccharide formation 
was not investigated further.

The pH decreases during the batch phase from a pHstart 
of 7.35 to a pH of 7.26 after 2.5 h due to acidic metabolite 
formation. During the fed-batch phase, the pH decreases 
linearly to a pH of 7.01 after 18 h and to a final value of 
6.94 after 24 h due to ammonia uptake [15]. The pH after 
18 h matches the value of 7.01 shown in Fig. 4c (300 g/L 
reservoir concentration, sampling after 18 h) perfectly. Over 
the whole process, the pH stays in the preferred range of 
V. natriegens [2, 95].

Although the yield of the fed-batch fermentations 
(Fig. 6d) does not exceed that of the batch fermentations 
(Fig. 5d), fed-batch fermentations with shake flasks are still 
advantageous: Feeding a limited amount of glucose leads 
to reduced overflow metabolism during cultivation, thereby 
resulting in a stabilized pH. In this study, a model strain 
was used for fed-batch process development. In the future, 
this protocol may be a useful tool for the screening of V. 
natriegens strains to identify the most suitable candidate for 
an industrial process.

Conclusion

This study successfully outlined the effectiveness of 
small-scale fed-batch cultivations of V. natriegens using 
96-well FeedPlates® and membrane-based fed-batch shake 
flasks. Excellent repeatability of the membrane-based fed-
batch technology in combination with V. natriegens was 
demonstrated. Switching from batch to fed-batch processes 
significantly minimized overflow metabolism and prevented 
mixed acid formation for linear glucose feed rates between 
1.1 and 1.8 g/L/h (Fig. 4). The introduction of a glucose soft 
sensor, based on the online-measured oxygen transfer rate 
(OTR) detected with the µTOM device, provided a reliable 
and noninvasive means to estimate glucose consumption 
and, consequently, feed rates in fed-batch processes.

After establishing small-scale fed-batch cultivations, 
the recombinant production of the inulosucrase InuBG-V3 
was investigated. Varying the inducer IPTG showed 
significant concentration-dependent effects in batch 
processes, a phenomenon not observed in fed-batch 
processes. Expression controlled by the lac promoter was 
remarkably leaky in fed-batch processes, resulting in high 
inulosucrase activity. Overall, the expression of InuGB-V3 
in V. natriegens resulted in an inulosucrase titer of 80 U/mL.

Our results confirm that V.  natriegens can serve as 
a biotechnological workhorse with high potential as an 

economical alternative to E. coli. Further in-depth studies 
are required to fully elucidate and optimize the presented 
cultivation technologies for broader applications. For 
example, the dependency of expression on induction 
conditions in batch and fed-batch should be further 
investigated by induction profiling [82, 96]. In addition, 
alternative induction strategies could be relevant where the 
IPTG concentration is continuously or stepwise increased. 
A better understanding of the metabolism of V. natriegens 
at low glucose availability is essential. In particular, testing 
wild types against prophage-free strains should prove 
informative.
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