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Abstract

Background: The global market for sweeteners is increasing, and the food industry is constantly looking for new
low-caloric sweeteners. The natural sweetener 5-keto-p-fructose is one such candidate. 5-Keto-p-fructose has a similar
sweet taste quality as fructose. Developing a highly efficient 5-keto-p-fructose production process is key to being
competitive with established sweeteners. Hence, the 5-keto-p-fructose production process was optimised regarding
titre, yield, and productivity.

Results: For production of 5-keto-p-fructose with G. oxydans 621H AhsdR pBBR1-p264-fdhSCL-ST an extended-batch
fermentation was conducted. During fructose feeding, a decreasing respiratory activity occurred, despite sufficient
carbon supply. Oxygen and second substrate limitation could be excluded as reasons for the decreasing respiration. It
was demonstrated that a short period of oxygen limitation has no significant influence on 5-keto-p-fructose produc-
tion, showing the robustness of this process. Increasing the medium concentration increased initial biomass forma-
tion. Applying a fructose feeding solution with a concentration of approx. 1200 g/L, a titre of 545 g/L 5-keto-p-fructose
was reached. The yield was with 0.98 gs_yeio-o-fructose’ Ifructose ClOSE O the theoretical maximum. A 1200 g/L fructose
solution has a viscosity of 450 mPa-s at a temperature of 55 °C. Hence, the solution itself and the whole peripheral
feeding system need to be heated, to apply such a highly concentrated feeding solution. Thermal treatment of highly
concentrated fructose solutions led to the formation of 5-hydroxymethylfurfural, which inhibited the 5-keto-o-fruc-
tose production. Therefore, fructose solutions were only heated to about 100 °C for approx. 10 min. An alternative
feeding strategy was investigated using solid fructose cubes, reaching the highest productivities above

10 G5 teto-nfructose’ /N during feeding. Moreover, the scale-up of the 5-keto-p-fructose production to a 150 L pressur-
ised fermenter was successfully demonstrated using liquid fructose solutions (745 g/L).

Conclusion: We optimised the 5-keto-p-fructose production process and successfully increased titre, yield and pro-
ductivity. By using solid fructose, we presented a second feeding strategy, which can be of great interest for further
scale-up experiments. A first scale-up of this process was performed, showing the possibility for an industrial produc-
tion of 5-keto-p-fructose.
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Background

Sugars are sweetening compounds that were once seen
*Correspondence: jochenbuechs@avtrwth-aachende as the most important achievement for the food indus-
AVT-Chair for Biochemical Engineering, RWTH Aachen University, try. In recent decades, more and more diseases have been
Forckenbeckstralie 51, 52074 Aachen, Germany attributed to excessive sugar consumption like diabetes,

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12934-022-01980-5&domain=pdf
https://orcid.org/0000-0003-2819-9608
https://orcid.org/0000-0002-8501-5433
https://orcid.org/0000-0001-6703-4086
https://orcid.org/0000-0001-8260-1245
https://orcid.org/0000-0003-1731-827X
https://orcid.org/0000-0003-0929-7552
https://orcid.org/0000-0002-2012-3476

Battling et al. Microbial Cell Factories (2022) 21:255

obesity, high blood pressure or cardiovascular diseases
[1-4]. Therefore, the food industry thrives to discover
low-caloric sweeteners. Sweeteners are divided into syn-
thetic and natural sweeteners, including nutritive and
non-nutritive sweeteners [1, 5]. The safe consumption of
synthetic sweeteners is controversially discussed [5, 6].
Hence, the food industry constantly looks for new, low-
caloric natural sweeteners. The global sweeteners mar-
ket has significantly increased in the last decades and is
likely to increase further [7]. It is estimated to reach over
$39 billion by 2026 and a compound annual growth rate
(CAGR) of 4.5% between 2017 and 2026 [7, 8]. The mar-
ket is highly fragmented with key industrial players [7].
To develop a competitive new sweetener, reducing the
production cost and finally the retail price is essential [7,
8].

A possible new natural sweetener is 5-keto-D-fructose
(5KF). 5KF was already described in the 1960s as a sweet
substance produced by several Acetobacter strains [9, 10].
5KF occurs naturally and is found, e.g., in grape must
and wine [11, 12]. 5KF has a similar sweet taste quality
as fructose [13]. Currently, it is unknown, whether 5KF is
digested by the human metabolism or only partially [14].
Recent studies suggest a cytotoxicity of 5KF, which needs
to be further investigated [15]. 5KF can also potentially
be used in the pharmaceutical industry as a precursor for
therapeutic substances, particularly as a starting material
for synthesising pyrrolidine iminosugars [16]. These can
treat viral infections, cancer, diabetes, and genetic disor-
ders as glucosidase inhibitors [17, 18].

The synthesis of 5KF can be carried out enzymati-
cally [19, 20]. However, the required high purity of the
enzymes leads to an expensive process [13]. More recent
production methods mainly describe the microbiologi-
cal production, with the help of fructose dehydrogenase
(FDH) from Gluconobacter japonicus, using Gluconobac-
ter oxydans as the production organism [13, 21]. FDH
is a membrane-bound enzyme coupled to the electron
transport chain of the cytoplasmic membrane [22, 23].
Unlike other enzymes that can perform the oxidation of
fructose to 5KF [19, 20, 24], fructose dehydrogenase from
G. japonicus is highly specific and only converts fructose
to 5KF [22].

The biotechnological production of 5KF was estab-
lished after the entire genetic sequence of the FDH com-
plex of G. japonicus NBRC3260 was sequenced for the
first time [25]. For this purpose, fdhSCL genes were over-
expressed in G. oxydans. The heterologously expressed
enzyme complex catalysed the oxidation of fructose to
5KF. In previous studies it was demonstrated, that plas-
mid-based overexpression of the fdhSCL genes results in
significantly higher enzyme activities, compared to the
native host G. japonicus [21, 25].
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G. oxydans has only a low growth yield, due to an inef-
ficient respiratory chain and the restricted cytoplasmatic
carbon metabolism [26]. The tricarboxylic acid cycle is
incomplete, and the Embden—Meyerhof-Parnas pathway
is interrupted [26]. The pentose phosphate pathway and
the Entner—Doudoroff pathway are the only two func-
tionally complete central metabolic pathways [12, 26].
However, due to its ability to incompletely oxidise sugars
and sugar alcohols by membrane-bound dehydrogenases,
G. oxydans is an important industrial microorganism
in biotechnological production processes. For example,
G. oxydans is used to oxidise D-sorbitol to L-sorbose as
one step in the synthesis of vitamin C [27-29]. Other
applications of G. oxydans are the production of the dia-
betes drug miglitol, the production of aliphatic acids,
aromatic acids and thiocarboxylic acids and the use of
enzymes for the detection of sugars, alcohols and polyols
[30-32].

Aerobic microorganisms like G. oxydans, used in
industrial fermentation processes, generally demand a
large quantity of oxygen for optimal biomass and product
formation [33-36]. The production of 5KF is stoichio-
metrically coupled with oxygen consumption [13, 21].
Thus, the oxygen demand for 5KF production consists of
the oxygen required for the growth of G. oxydans and the
conversion of fructose to 5KF [13, 37-39].

For an economical production of 5KF high product
concentrations are necessary. But high substrate con-
centrations inhibit the growth rate of G. oxydans and
product formation, due to osmotic stress [13, 40]. To
overcome this issue, a fed-batch process to produce 5KF
using G. oxydans 621H AhsdR pBBR1-p264-fdhSCL-ST
(G. oxydans fdh) was developed [13]. More precisely, this
process is an extended batch fermentation. In a classi-
cal fed-batch process, the substrate is fed at a rate that
the substrate concentration is limiting (in the order of
the K -value of the substrate). This operating mode is
used to avoid substrate inhibition or to allow catabolite
repressed product formation. In contrast, in an extended
batch process the substrate concentration is not limit-
ing (significantly larger than the K -value). The extended
batch cultivation avoids an excessively high initial sub-
strate concentration and maintains a moderate substrate
concentration in the fermentation broth. The extended
batch fermentation was divided into three parts. Batch
cultivation was started with an initial fructose concen-
tration of 150 g/L in a 2 L fermenter [13]. Thereafter,
a 1035 g/L fructose solution was fed with a constant
feed rate of 26.6 g/h fructose. During the feed phase,
cell activity declined, indicated by a stagnant or even
decreasing volume-specific respiration [13]. Also, the dis-
solved oxygen tension (DOT) decreased to 0% during the
feed phase. Hence, for a period of 7 h oxygen limitation
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occurred. After the feed phase, residual fructose was con-
verted to 5KF in a final batch. During this fermentation,
a 5KF titre of 489 g/L and a yield of 0.92 g5y /85 ctose WS
achieved [13]. An overall productivity of 7 gy /L/h was
reached [13].

The aim of this work was the optimisation of the 5KF
production regarding titre, yield and productivity. There-
fore, different process aspects were analysed, including
possibilities as substrate limitation, inhibition by sub-
strate or product formation, excessive osmotic pressure
and feeding strategy. In addition, a first scale-up was
performed.

Results and discussion

Investigation of oxygen and second substrate limitation
during 5KF production

The oxygen demand for 5KF production is composed of
the oxygen required for the aerobic metabolism G. oxy-
dans fdh and the conversion of fructose to 5KF [13, 37—
39], as production of 5KF is stoichiometrically coupled
with oxygen consumption [13, 21]. Oxygen limitation
can become a growth-limiting factor, but, the effects on
microbial growth and product formation are not clear
[28, 39]. During a previously reported fermentation,
reaching a titre of 489 g/L, the DOT decreased to 0%
for approx. 7 h [13]. Moreover, the oxygen transfer rate
(OTR) decreased during the period of oxygen limitation.
Usually, the OTR shows a plateau, if oxygen limitation
occurs [41]. A decreasing OTR could indicate a second
substrate limitation [41]. To make this process more
efficient and, therefore, 5KF a competitive new sweet-
ener, it is of great interest to ensure that no limitations
occur. Thus, it was investigated, if the decreased respira-
tory activity was caused by an oxygen or second substrate
limitation.

A 2 L VSF fermenter (Bioengineering) with a maxi-
mum agitation rate of more than 2300 rpm was used to
overcome the oxygen limitation. The results of the fer-
mentation in the 2 L VSF (Bioengineering) with a feed
concentration of 1035 g/L fructose solution are dis-
played in Fig. 1. The achieved results were similar com-
pared to the previously reported results [13]. During
the feed phase, OTR and carbon dioxide transfer rate
(CTR) increased to a maximum of 85 mmol/L/h and
28 mmol/L/h, respectively. The optical density meas-
ured at 600 nm (ODy) increased to 8.3 and the osmo-
lality increased to a maximum above 3500 mOsmol/kg.
The DOT was kept above 25% during the fermentation
by increasing the agitation rate to 2050 rpm. Due to a
technical malfunction of the feed pump, the fructose
feed rate was 14 g/h, instead of the intended 26 g/h
[13]. Therefore, the feed phase was prolonged from 18
to 60 h. A 5KF titre of 465 g/L was reached during this
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fermentation, which is in the range of the previously
reported titre [13]. No oxygen limitation occurred
during this fermentation, in contrast to the previously
reported fermentation [13]. Nevertheless, the OTR
decreased during the feed phase. Consequently, a short
period of oxygen limitation presumably did not influ-
ence the 5KF production [13], although the process is
highly oxygen-dependent. Hence, a second substrate
limitation was investigated.

The medium for 5KF production contains yeast extract,
MgSO,, (NH,),SO, and KH,PO,. A sufficient amount
of yeast extract promotes the growth of G. oxydans to
higher cell densities [42]. As it was not clear, which com-
ponent might be limiting, the concentration of the com-
plete medium was increased. First experiments were
conducted in shake flasks using the Respiration Activ-
ity MOnitoring System (RAMOS) system [41, 43]. The
concentration of the medium was increased 1.4-, 1.6-,
and 1.8-fold. The initial fructose concentration was kept
constant at 150 g/L fructose. The OTR and final ODg,
of these cultivations are shown in Additional file 1:
Fig. S1. It can clearly be seen that the cultivation is oxy-
gen-limited in shake flasks [13]. The maximum oxygen
transfer capacity (OTR,,,) in shake flasks can be cal-
culated based on the medium osmolality [44]. The cal-
culated OTR_,, of 51 mmol/L/h agrees well with the
experimental results. The OD;, and yield measured at
the end of the cultivation showed maximum values for
the cultivation using a 1.6-fold increased medium con-
centration. But the increase in ODg, and yield was far
less than the 60% increase in medium concentration.

A fermentation was performed in the 2 L. VSF (Bioen-
gineering) with a 1.6-fold increased medium concentra-
tion (Additional file 1: Fig. S2). No oxygen limitation was
detected by increasing the stirrer speed up to 2050 rpm.
The maximum OTR increased to 100 mmol/L/h and
the maximum ODg, to 10.3. Compared with the previ-
ously published result by Herweg et al. [13], the 5KF titre
with 454 g/L and the yield with 0.87 gy /8¢ ctose are in
the same range. The overall productivity, on the other
hand, decreased to 4.1 gg/L/h and the overall cultiva-
tion time increased to 112 h. Especially, the final batch
was prolonged for cultivations displayed in Fig. 1 and
Additional file 1: Fig. S2. The fructose feed solutions used
in those fermentations were autoclaved, which resulted
in a brownish colour of the feed solution. This indicates
the degradation of the fructose by the Maillard reaction
or caramelisation [45-47]. Degradation products could
lead to an inhibition of the fermentation process, result-
ing in decreased productivities. This is discussed in detail
in Fig. 8, including all fermentations displayed in this
study. The OTR decreased during the extended batch,
as described in the previous experiment (Fig. 1). As the
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Fig. 1 Extended-batch-cultivation of G. oxydans 621H AhsdR pBBR1p264-fdhSCL-ST in a 2 L Visual Safety Fermenter (VSF, Bioengineering) with
constant feeding of fructose (1035 g/L) between 19 and 61 h. Depicted is A the oxygen transfer rate (OTR, light blue), carbon dioxide transfer
rate (CTR, orange) and respiratory quotient (RQ, dark red), B pH (pink), aeration rate (green) and filling volume (grey), C the dissolved oxygen
tension (DOT, dark blue) and agitation rate (light green), D the optical density ODg, (purple) and osmolality (black), E fructose (light blue) and
5-ketofructose concentration (red). Cultivation was performed in complex medium with 150 g/L initial fructose at 30 °C, initial pH value 6, pH
control at 5.5 from 19-61 h and 5 from 61 h with 3 M KOH, V ,,=0.8 Lin a 2 L fermenter. DOT was kept > 30% by variation of agitation speed
(500-2050 rpm), absolute aeration rate Qg =1 SL/min. Feeding solution: 1035 = 10 ggr05e/L, heat pretreatment: 121 °C, 21 min. Feed rate:

14.3 rucrose/N- Fructose feeding solution and peripheral feeding system were heated to ~55 °C. RQ-values are only shown, when OTR-values are

medium concentration was increased 1.6 times, a second
substrate limitation was excluded as a possibility.

The conducted experiments showed that an oxygen
or second substrate limitation could be excluded as rea-
sons for the decreasing respiration. Moreover, a short

period of oxygen limitation, as described previously [13],
does not affect 5KF production, showing the robust-
ness of this process. Increasing the medium concentra-
tion by 1.6-fold increased the biomass formation by 20%,
even though it did not increase the productivity in this
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experiment, as suggested previously [13]. Another possi-
bility for the decreasing respiration is inhibition caused
by 5KF or osmolality. During the feed phase, 5KF con-
centration and osmolality increased simultaneously. In
contrast, productivity decreased during the feed phase.
As this paper aimed to increase the efficiency of the 5KF
production, an inhibition caused by 5KE, or osmolality
was investigated in detail, as described in Fig. 5.

Analysis of the viscosity of fructose solutions with different
concentrations at different temperatures

The 5KF production process was designed as an extended
batch, using highly concentrated fructose solutions [13].
By applying a feed strategy with a liquid feed solution,
not just the substrate fructose is fed into the fermenter,
but also water. Hence, the fermentation broth is diluted
with water, consequently decreasing the product titre.
Using highly concentrated feed solutions, the dilution
of the fermentation broth with water is reduced, leading
to higher product titres. When increasing the fructose
concentration, one key factor is the viscosity, as the feed
solutions need to be pumped into the fermenter.

Figure 2 shows the correlation of viscosity and tem-
perature of fructose solutions with different concen-
trations. A 800 g/L fructose solution had a viscosity
below 30 mPa-s at 30 °C. In comparison, the viscosity
of a 1000 g/L fructose solution is 7 times higher, with
205 mPa-s at 30 °C. By increasing the temperature to

1200
- {1+-1200 g/L fructose
O -{~1000 g/L fructose
1000 - “ -7/~ 800 g/L fructose
\
\\
@ N
& 800 - \
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E R
600 D
8 h
o O,
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Fig. 2 Correlation of viscosity and temperature of fructose solutions
with different concentrations. Depicted is the correlation of viscosity
and temperature for fructose solutions with concentrations of

800 gfructose/L (green), 1000 gfructose/L (pink) and 1200 gfructose/L

(light blue). Fructose solutions were preheated before viscosity
measurement. Viscosity was measured using a MCR 301 rheometer
(Anton Paar, Stuttgart, Germany) equipped with a cone (CP50-0.5/
TG, cone truncation 55 uM, cone angle 0.467°) within the shear

rate range of 100-5000 s~'. The viscosity can be assumed to be
Newtonian within the measured shear range
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45 °C and 55 °C, the viscosity was decreased to 80 mPa-s
and 50 mPa:s, respectively. A fructose feed concentra-
tion of 1000 g/L (74% w/w) still contains about a quar-
ter of water, diluting the fermentation broth. Fructose is
soluble in water at 20 °C up to 79% w/w [48]. Therefore,
attempting to increase the fructose concentration, the
fructose solution was heated during preparation to 45 °C.
The concentration of the fructose solution was increased
by 20% to 1200 g/L (84% w/w). With 1060 mPa-s the
viscosity is 13 times higher than the 1000 g/L solution
at the same temperature. Increasing the temperature
to 55 °C and 65 °C led to a viscosity of 450 mPa-s and
220 mPa:s, respectively. These results agree with previ-
ously published viscosity data [48-50]. Thus, by increas-
ing the fructose feed solution from 1000 g/L to 1200 g/L,
the amount of water decreased from 26% (w/w) to 16%
(w/w). By applying highly concentrated fructose feeding
solution, the storage vessel and the peripheral feeding
system needed to be heated, to reduce the viscosity of the
fructose solution. As illustrated in Fig. 3A, fructose feed
solutions were constantly stirred and heated to approx.
55 °C. The peripheral feeding system was heated up to
approx. 55 °C using hot water or an electrical heating
band with insulation.

Extended batch fermentation with constant feeding

of fructose (1180 g/L)

Overcoming the oxygen limitation, as demonstrated
in Fig. 1 and Additional file 1: Fig. S2, didn’t show any
improvement of the 5KF titre. However, increasing the
medium concentration by 1.6-fold increased biomass for-
mation. Next, it was tested, if the productivity and 5KF
titre can be improved by increasing the fructose feed
concentration. Hence, a fermentation was conducted
with a fructose feed concentration of approx. 1180 g/L.
The results are depicted in Fig. 4. A drift in the oxygen
sensor was corrected by linear regression. For original
data, please refer to Additional file 1: Fig. S3.

The fermentation was started with an initial batch
phase with 130 g/L fructose and a pH of 6. During this
initial batch phase, OTR and CTR increased to approx.
65 mmol/L/h and 22 mmol/L/h, respectively. The pH
decreased to 4.1 and the ODy, increased to 8.1. The
fructose concentration decreased to 30 g/L after 18 h,
and 95 g/L 5KF was produced. The respiratory quotient
(RQ) increased to 0.3. After 18 h, the extended batch was
started by feeding a 1180 g/L fructose solution. OTR and
CTR increased, reaching a maximum of 107 mmol/L/h
and 36 mmol/L/h, respectively. Compared to previous
fermentations, the pH was maintained at 5 instead of 5.5,
to promote the FDH activity [25]. The ODy, increased
to a maximum of 12.1, followed by a decrease due to the
dilution of the fermentation broth. The maximum OTR
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Fig. 3 Schematic experimental fermenter setup for concentrated liquid and solid fructose feeding. Extended batch fermentations were performed
with A concentrated liquid fructose solutions and B solid fructose cubes. A: Fructose feed solutions were constantly stirred and heated to ~55 °C
in a bottle using a heating magnetic stirrer. The peripheral feeding system was heated to ~55 °C using hot water or an electrical heating band with
insulation (indicated with dark red lines). B: Fructose cubes were stored in a bottle attached to a silicon tube with a 2 cm diameter. The silicon tube
was sealed with three hose clamps, to prevent humidity entering the storage bottle from the fermenter. For feeding, desired numbers of cubes
were manually transferred from the bottle to the tube and into the fermenter. Schematic representation adapted from [91]. Parts of the figure were
drawn by using pictures form Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0 unported license

and CTR are about 20%, and the maximum ODy, is
about 35% higher than in previous fermentations, indi-
cating increased growth and product formation. The RQ
increased slightly from 0.3 to 0.35, then decreased to 0
after 44 h. OTR and CTR decreased until the end of the
feed phase to 21 mmol/L/h and 0 mmol/L/h, respectively.
The DOT decreased to 30% after 8 h, and the agitation
speed increased. At the beginning of the feed phase, the
maximum agitation speed of 1500 rpm was reached.
Although the aeration rate was manually adjusted to
2.25 SL/L/min, the DOT decreased to a minimum of 6%.
After 34 h, the DOT increased to 30%. When anti-foam
was added after 49 h, the DOT decreased for a short
period.

Due to fructose feeding, the osmolality increased from
initially 1100 mOsmol/kg to over 3400 mOsmol/kg. Due
to a constant feeding and consumption rate of 27 g/h
fructose, the fructose concentration remained at a con-
stant level of approx. 25 g/L. Only at the end of the feed
phase, after 40 h, fructose accumulated. 5KF concentra-
tion increased during the feed phase. The 5KF produc-
tivity decreased after approx. 32 h, as described for the
previous fermentations. 5KF concentration increased
to 420 g/L and the fructose concentration to 130 g/L
after 44 h. During the final batch, the OTR decreased
to 0 mmol/L/h, and the residual fructose was converted
to 5KF, reaching a final titre of 545 g/L after 72 h. The
titre was increased by over 10% compared to the high-
est 5KF titre reported before [13]. Thus, decreasing the
water content of the fructose feed solution successfully

increases the 5KF titre. A yield of 0.98 ggxr/8fuctose AN
a productivity of 7.6 gy /L/h was reached. The titre
is among the highest reported for G. oxydans. E.g. in
L-sorbose fermentations, titres up to 628 g/L [28] and
in xylonic acid production, titres up to 588 g/L were
reached [51, 52]. For xylonic acid fermentation, produc-
tivities up to 8.66 g,yionic acia/L/h are reported. The 5KF
fermentations reached similar results, demonstrating the
high efficiency of this production process.

Characterisation of cell performance in a RAMOS device

To identify the underlying mechanism causing the
decreasing respiration activity during the feed phase,
the cell performance and viability were analysed using
a RAMOS device, as described in the “Materials and
methods” section. Cells were sampled from the cultiva-
tion in Fig. 4. The OTR curves are depicted in Fig. 5. The
first cell sample was taken at the beginning of the feed
phase after 19 h (Fig. 4A) when OTR and CTR increased.
Shortly after the maximum OTR was reached, the sec-
ond cell sample was taken after 25 h (Fig. 4A). The cul-
tivation with the cell samples after 19 h and 25 h showed
an exponentially increasing OTR with a maximum OTR
of 40 mmol/L/h after 14 h and 15.5 h, respectively, fol-
lowed by a decrease (Fig. 5). Cells sampled after 32 h and
43 h during the feed phase, when OTR and CTR were
decreasing (Fig. 4A), showed a maximum OTR of approx.
31 mmol/L/h in RAMOS cultivations (Fig. 5). Moreover,
the maximum OTR was reached for the third sample
after 20.5 h and for the fourth sample after 57 h.
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Fig. 4 Extended-batch-cultivation of G. oxydans 621H AhsdR pBBR1p264-fdhSCL-ST in a 2 L fermenter (Sartorius) with constant feeding of fructose
(1180 g/L) between 18 and 44 h. Depicted is A the oxygen transfer rate (OTR, light blue), carbon dioxide transfer rate (CTR, orange) and respiratory
quotient (RQ, dark red), B pH (pink), aeration rate (green) and filling volume (grey), C the dissolved oxygen tension (DOT, dark blue) and agitation
rate (light green), D the optical density ODg (purple) and osmolality (black), E fructose (light blue) and 5-ketofructose concentration (red). A.
Cultivation was performed in complex medium (concentrated 1.6x) with 150 g/L initial fructose at 30 °C, initial pH value 6, pH control at 5 from
18 h with 3 MKOH, V| ¢, =1Lin a 2 L fermenter. DOT was kept > 30% by variation of agitation speed (500-1500 rpm), absolute aeration rate

Qg =1—2.5 SL/min. Feeding solution: 1180 = 2 Gg05¢/L, heat pretreatment: 100 °C, 10 min. Feed rate: 27.3 g cioee/ . Fructose feeding solution
and peripheral feeding system were heated to ~ 55 °C. RQ-values are only shown, when OTR-values are above 5 mmol/L/h. Sampling for further
experiments Fig. 5) are indicated by time stamps t,—t, in A. A drift in the oxygen sensor was corrected by linear regression. For original data please
refer to Additional file 1: Fig. S3

Cells harvested later during the feed phase (Fig. 4), of sampling (Additional file 1: Fig. S4A). This shows an
exhibited a longer lag phase in the RAMOS cultivation.  exponentially increasing relationship between the lag
The lag phase was determined, as described before [53], phase and the 5KF concentration. Such a relation was also
and plotted against the 5KF concentration at the time described during the production of dihydroxyacetone
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Fig. 5 Cultivation of G. oxydans 621H AhsdR pBBR1p264-fdhSCL-ST

in a RAMOS device with cells sampled at different time points (t,-t,)
from the extended batch fermentation displayed in Fig. 4. Depicted
is the oxygen transfer rate (OTR). The samples were taken during the
extended batch fermentation (Fig. 4) after 19h, 25 h,32 hand 43 h,
centrifugated and used for inoculation at an ODgy, of 0.1. Cultivations
were performed at 30 °C, 350 rpm, V; =10 mL in 250 mL shake flasks,
initial pH value 6 and a shaking diameter of 50 mm in complex
medium with 80 g/L fructose

(DHA) [54]. In addition, it could be shown that increas-
ing DHA concentration led to a decrease in cell density
and agglomerates. A possible reason for the reduction in
cell density is cell lysis. L.e., with increasing DHA concen-
tration, the number of active cells decreased. The results
also showed that the inhibitory effect was reversible up
to a certain concentration. Product inhibition was also
observed in L-erythrulose production, which was indi-
cated by a decrease in the oxygen uptake rate (OUR)
with increasing L-erythrulose concentration [55]. For
5KF production, it can be concluded that OTR and CTR
decreased during the feed phase due to cell deactivation
or cell lysis. Furthermore, the inhibitory effect is revers-
ible for the samples taken during the feed phase. How-
ever, it is not clear, whether 5KF is responsible for the
inhibition. Another reason for cell deactivation or cell
lysis could be an increasing osmolality. An exponentially
increasing correlation can be observed, when plotting
the lag phase against osmolality (Additional file 1: Fig.
S4B). Osmolality is mainly influenced by the concentra-
tion of 5KF and fructose in the fermentation broth. The
lag phase was plotted against the sum of the concentra-
tions of both substances, which again led to an expo-
nential curve (Additional file 1: Fig. S4C). G. oxydans
is naturally found in many sugar-rich environments,
such as fruit, beer, wine or garden soil [12, 37]. Previ-
ous studies showed a high osmotolerance of G. oxydans
[40, 56]. G. oxydans showed growth at glucose concen-
trations of up to 300 g/L [56] or 200 g/L fructose [13].
During the production of 5KF, osmolality increased to
over 3500 mOsmol/kg, which exceeds previous studies of
osmotolerance [40, 56]. Mannitol serves as an osmopro-
tectant in G. oxydans [56, 57]. G. oxydans produces man-
nitol intracellularly as a protective agent. Since mannitol
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can be converted intracellularly in G. oxydans by a man-
nitol dehydrogenase [57], it was assumed that the fruc-
tose-containing medium also increased osmotolerance
[13].

In summary, reversible inhibition occurred above a
concentration of 350 g/L 5KF or above an osmolality of
2100 mOsmol/kg. The decrease in OTR and CTR during
the feed phase can be attributed to reduced cell viabil-
ity. During the fermentation, fructose accumulation can
be detected, as seen in previous fermentations (Figs. 1, 4
or Additional file 1: Fig. S2), caused by the same effects.
Astonishingly, constant productivities can even be
observed after the inhibition of the cells started. In previ-
ous research, it was assumed that during the production
of DHA, the membrane-bound glycerol-oxidising dehy-
drogenase was still active in both, the inhibited cells and
the cell debris [54]. Further investigations have to be car-
ried out to confirm this hypothesis for 5KF production
and the activity of FDH in the cell debris. As 5KF con-
centration and osmolality increase during the extended
batch fermentation, both can cause inhibition. Inhibi-
tion could be prevented by in-situ product removal.
Moreover, 5KF production could be further optimised by
repeated extended batch fermentations, as demonstrated
for DHA production [54]. However, it is essential to eval-
uate, up to which point the cells can be reused.

Extended batch fermentation with solid fructose feeding
The 5KF titre was increased by 10% by increasing the
fructose feed concentration, in comparison to previ-
ously publishes results [13]. To feed such highly concen-
trated fructose solutions, the peripheral feeding system
was heated to approx. 55 °C. Due to excessive viscosity,
further increase in fructose concentration would be a
tremendous technical challenge. Hence, a solid fructose
feeding strategy for small scale fermentations was devel-
oped. Figure 3B shows the schematic experimental setup
for solid fructose feeding. Using fructose cubes instead
of fructose powder allowed an easier transfer of fructose
into the fermenter. Fructose is hygroscopic and begins
to absorb water at low relative humidity [58]. Fructose
cubes helped prevent blockages of the silicon tube, due to
moisture uptake of fructose. In addition, fructose cubes
were easier to dose. The feeding of fructose cubes was
conducted by manual DOT controlled fructose pulses.

A fermentation was conducted with 1.6-fold concen-
trated main culture medium. The results are depicted
in Fig. 6. The fermentation was started with an ini-
tial filling volume of 1 L and an initial pH value of 6.0,
which was not regulated during the batch phase. The
batch phase showed similar results to previous cultiva-
tions. The OTR and CTR increased to a local maximum
of 75 mmol/L/h and 25 mmol/L/h, respectively. DOT
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Fig. 6 Extended-batch-cultivation of G. oxydans 621H AhsdR pBBR1p264-fdhSCL-ST in a 2 L fermenter (Sartorius) with solid fructose feed between
20 and 43 h. Depicted is A the oxygen transfer rate (OTR, light blue), carbon dioxide transfer rate (CTR, orange) and respiratory quotient (RQ, dark
red), B pH (pink), aeration rate (green) and filling volume (grey), C the dissolved oxygen tension (DOT, dark blue) and agitation rate (light green), D
the optical density ODyq, (purple) and osmolality (black), E fructose (light blue) and 5-ketofructose concentration (red). Cultivation was performed in
complex medium (concentrated 1.6x) with 150 g/L initial fructose at 30 °C, initial pH value 6, pH control at 5 from 20 h with 10 M KOH, V| g, =1L
ina2 L fermenter. DOT was kept > 30% by variation of agitation speed (500-1500 rpm), absolute aeration rate Q, = 1-2.5 SL/min. Feeding: solid
fructose cubes. RQ-values are only shown, when OTR-values are above 5 mmol/L/h

dropped to 30% and was controlled by agitation speed
with a maximum of 1500 rpm, and pH dropped to 4. The
ODg increased to 8.2. The initial fructose concentra-
tion of approx. 150 g/L decreased to 34 g/L, and 111 g/L
5KF were produced. During the feed phase, OTR and
CTR increased to a maximum of 103 mmol/L/h and

40 mmol/L/h, respectively, followed by a decrease. The
RQ increased from 0.3 to 0.4 during the feed phase, fol-
lowed by a decline. The initial aeration rate of 1 SL/L/min
was manually increased to 2.25 SL/L/min, when DOT
dropped below 30%. The ODy, increased to a maxi-
mum of 12.1. As the dilution was minimised during the
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feed phase, only a slight decrease in ODg, was detected
during the feed phase. The osmolality increased to above
3400 mOsmol/kg.

Fructose pulsed feeding was started after 19 h. There-
after, fructose concentration was only presumed, as sam-
ples were not taken before and after every fructose pulse.
As the DOT was below 30%, fructose cubes were manu-
ally added, as soon as the DOT increased. The increasing
DOT indicated a limited availability of fructose. This led
to a sawtooth-shaped DOT curve and an average fruc-
tose concentration of 25 g/L. Thus, fructose cubes were
added 24 times over 23 h, as seen in the sawtooth-shaped
DOT and OTR. During the feeding process, an abrasion
of the fructose cubes was observed. The cubes lost weight
due to the movement of the feeding bottle. In average,
269 £ 2.2 g fructose was manually added to the fer-
menter at each pulse. This led to an average feed rate of
28 g/h fructose. In total, 677 fructose cubes were added
during the fermentation. At the end of the fermentation,
after 64 h, a 5KF titre of 511 g/L and a product yield of
0.89 £ 0.09 gsxr/Efructose Was reached. The overall pro-
ductivity was increased to 8 ggyp/L/h. It was shown that
DOT controlled feeding could be used for 5KF produc-
tion. Moreover, a simple technique for solid feeding in a
small-scale lab fermenter was demonstrated. Preparation
of fructose cubes and feeding was labour intense in the
small scale. Still, it is a good alternative for scale-up, as
the peripheral feeding system and the storage vessel do
not need to be heated, and solid fructose feeding can be
automated.

Scale-up of the extended batch fermentation to 50 L

and 150 L pressurised fermenter

The next step in 5KF process development was the scale-
up. Scale-up is often challenging, as many factors are
changing at the same time, e.g. reactor geometry, spe-
cific power input (P/V}), impeller tip speed or the oxy-
gen mass transfer coefficient (k;a) [36]. The estimation
of the impact of those parameters on the process perfor-
mance is of great interest [59]. It is impossible to scale up
a bioprocess keeping all process parameters constant [36,
60]. Hence, it is necessary to choose a critical parameter,
which has the most crucial influence on the bioprocess
[35, 36]. For aerobic processes, aeration and agitation
allow an effective mass transfer of oxygen from the gas
phase to the liquid medium [35, 36]. For G. oxydauns, it
was reported that mixing and oxygen transfer are the
critical parameters for scale-up [39].

A previous study demonstrated that the used 2 L fer-
menter (Sartorius) could not provide a sufficient oxygen
supply for 5KF production, as agitation and aeration rate
could not further be increased [13]. Oxygen limitation
was overcome by using the 2 L VSF (Bioengineering). The
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2 L VSF (Bioengineering) can reach specific power inputs
of approx. 40-50 kW/m? [61]. Maximum specific power
inputs in the pilot-scale fermenter (approx. 1-5 m?®) are
in the range of up to 3 kW/m? [62]. However, we demon-
strated that a short period of oxygen limitation did not
influence the production of 5KF. Nevertheless, 5KF pro-
duction is oxygen dependent, and more extended periods
of oxygen limitation will affect the process performance.
Many studies demonstrated methods of how to increase
the OTR,,,, e.g. using oxygen-enriched air [52, 63], in-
situ production of oxygen [64] or oxygen vectors [65—67].
Alternatively, it has been demonstrated that an increase
of reactor pressure is also a suitable solution [61, 68, 69].
Protein synthesis is the most sensitive process, which is
influenced by pressure [70], but the enzymatic activity
can even be enhanced using pressure [71]. However, sig-
nificant inhibition only occur at pressures significantly
greater than 10 bar [72].

The first scale-up experiment was conducted in a 50 L
pressurised stirred tank bioreactor (Bioengineering)
(Additional file 1: Fig. S5). As the necessary equipment
for a solid feed for the pressure fermenter was not avail-
able, a liquid fructose feed solution was used again. The
initial filling volume of 18 L was chosen, corresponding
to half of the working volume of the fermenter of 36 L.
The pre-culture was conducted in batch mode in a 2 L
fermenter (Sartorius) with 150 g/L fructose. The fer-
mentation broth was transferred to the 50 L pressurised
fermenter (Bioengineering), resulting in a starting con-
centration of 9 g/L 5KF, 170 g/L fructose, an initial ODg,
of 0.5 and an osmolality of 1500 mOsmol/kg. During the
batch phase, OTR and CTR increased to 60 mmol/L/h
and 21 mmol/L/h, respectively, after 14 h. OTR and CTR
showed similarly shaped curves during the feed phase,
as seen in previous cultivations. Maximum OTR and
CTR of 88 mmol/L/h and 33 mmol/L/h were reached,
respectively. A feed solution of 1035 g/L fructose was
used during the feed phase, as not all parts of the periph-
eral feeding systems could be heated. The feed rate was
adjusted to 540 g/h fructose according to the fermenta-
tion volume. The ODy, reached a maximum of 11.9. At
the end of the extended batch, a fructose concentration of
200 g/L had accumulated. A previously described, initial
fructose concentration above 150 g/L inhibit growth and
5KF production [13]. However, fructose was consumed
constantly during the final batch, and fructose was com-
pletely consumed after 98 h. A 5KF titre of 460 g/L was
reached.

When the DOT increased above 60%, headspace over-
pressure was lowered. This led to a DOT in the range of
30% to 90% during the feed phase. During the final batch,
DOT increased above 120%. Growth and product for-
mation of G. oxydans can be negatively influenced by
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excessively high oxygen concentrations [39]. As demon-
strated before, OTR and CTR decreased during the feed
phase, due to cell deactivation or cell lysis (Figs. 4 and 5).

In Additional file 1: Fig. S5, for clarity noisy data in
OTR, CTR and RQ were deleted. Additional file 1: Fig. S6
shows the raw data. The green inlay shows RQ and head-
space overpressure from 30.15 to 30.25 h, illustrating the
origin of the noisy data. The reactor pressure is controlled
by a regulator valve in the gas outlet, directly followed by
the exhaust gas analyser [68]. When the headspace over-
pressure is, e.g., reduced from 2 bar to 1.8 bar, this results
in a short oscillation of the off-gas values, as shown here
for the RQ.

The maximum titre of 460 g/L 5KF is in the range of
fermentations performed at 2 L scale with similar con-
centrated feed solutions (Fig. 1, Additional file 1: Fig. S2)
[13]. Hence, a first successful scale-up was demonstrated.
During the fermentation, the power consumption of the
stirrer was determined by measuring the torque. The
specific power consumption was calculated as described
previously [61] and was in a range of 1-5 kW/m3. The
next scale-up step was performed into a 150 L pressur-
ised fermenter (Frings) with a working volume of 100 L
(Fig. 7). The initial filling volume was set to 50 L. The cul-
tivation was started with an initial fructose concentration
of 140 g/L, an initial ODgy, of 0.1 and an osmolality of
980 mOsmol/kg. The agitation rate was set to 600 rpm,
which resulted in a maximum specific power input of
approx. 5 kW/m?® for maximum filling volume. DOT was
controlled at 30% by the headspace overpressure. The ini-
tial volumetric aeration rate was set to 1 SL/L/min and
was increased linearly to the headspace overpressure.
Due to technical problems (between 22 and 26 h, 32 and
35 h and 54 and 66 h), OTR, CTR and RQ data shown in
dashed lines are not reliable and were approximated by
straight lines. For raw data and an explanation of tech-
nical problems, please refer to Additional file 1: Fig. S7.
OTR and CTR increased exponentially during the batch
phase and reached a local maximum of 55 mmol/L/h
and 18 mmol/L/h after 20 h, respectively (Fig. 7). The
batch phase was slightly prolonged, compared to the cul-
tivations in the 2 L fermenters. At the end of the batch
phase, after 22 h, fructose concentration decreased to
24 g/L, and 102 g/L 5KF was produced. During the fer-
mentation, no heating of the peripheral feeding system
was possible. Therefore, during the feed phase a fructose
feed concentration of approx. 745 g/L and a feed rate of
900 g/h fructose were applied. OTR and CTR reached a
maximum of 80 mmol/L/h and 18 mmol/L/h after 25 h,
respectively. OTR and CTR decreased, and CTR reached
0 mmol/L/h after 52 h, marking the end of the feeding.
The RQ is at approx. 0.3 until it decreased as the CTR
decreased. The headspace overpressure was increased to
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1.8 bar, maintaining a DOT of 30%. The ODy, reached
a maximum of 9.5, and the osmolality increased to
3000 mOsmol/kg during the feed phase. The fructose
concentration during the first part of the feed phase was
maintained between 35 g/L and 40 g/L. After 37 h, the
fructose concentration increased to 132 g/L at the end of
the extended batch. The accumulation of fructose dur-
ing the end of the feed phase and the decreasing OTR
and CTR were caused by cell deactivation or cell lysis, as
explained before. The residual fructose was almost enti-
erly consumed during the final batch, and 385 g/L 5KF
were produced. A yield of approx. 0.98 geir/Shuctose WS
reached and the overall productivity was 4.1 gep/L/h. In
a previously conducted fermentation in a 2 L fermenter
(Sartorius) with a fructose feed concentration of 760 g/L
a 5KF titre of 411 g/L was reached [13]. Therefore, it can
be concluded that the scale-up of the 5KF production
into 100 L scale was successfully demonstrated.

Comparison of productivities, oxygen transfer rates

and fructose concentrations for extended batch
fermentations of this work using different fructose feed
concentrations at different scales

All cultivations, performed in this study, were compared,
regarding productivity. An overview of all fermenta-
tions can be found in Additional file 1: Tab. S1. Figure 8A
shows the productivity over time (Eq. 4). For all fermenta-
tions, productivity increased until approx. 27 h to 33 h and
decreased afterwards. The decrease occurred around the
same time due to inhibition at elevated 5KF concentration
or osmolality. The fermentation in a 50 L pressurised fer-
menter (Bioengineering) reached the maximum produc-
tivity earliest (Fig. 8A). The reason might be the increased
ODy, of 0.5 at the beginning of the fermentation, which
was 5 times higher than in the other fermentations. Look-
ing at the increase of the productivity, two trends are visi-
ble. Fermentations with onefold concentrated medium and
1035 g/L fructose solution (Fig. 1), with 1.6-fold concen-
trated medium and 970 g/L fructose solution (Additional
file 1: Fig. S2) and in the 150 L fermenter (Fig. 7) showed
lower productivities (6.6 and 8.1 gg/L/h) in comparison
with the other cultivations. Looking at the OTR of the final
batch phase (Fig. 8B), a prolonged respiration (longer than
96 h) is visible for those three cultivations (Figs. 1, 7 and
Additional file 1: Fig. S2) and for the cultivation in the 50 L
pressurised fermenter (Bioengineering) (Additional file 1:
Fig. S5). This trend can also be recognised by looking at the
fructose concentrations over time during the final batch
phase (Fig. 8C). The time of the final batch phase was con-
siderably lower in fermentations with higher biomass yield
(1.6-fold concentrated medium) and increased fructose
supply (1180 g/L fructose solution or solid fructose feed-
ing) (Figs. 4 and 6). Comparing all cultivations, no apparent
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Fig. 7 Extended-batch-cultivation of G. oxydans 621H AhsdR pBBR1p264-fdhSCL-ST in a 150 L pressurised fermenter (Frings) with constant feeding
of fructose (745 g/L) between 22 and 52 h. Depicted is A the oxygen transfer rate (OTR, light blue), carbon dioxide transfer rate (CTR, orange)
and respiratory quotient (RQ, dark red), B the dissolved oxygen tension (DOT, dark blue) and aeration rate (light green), C pH (pink), headspace
overpressure (green) and filling volume (grey), D the optical density ODg, (purple) and osmolality (black), E fructose (light blue) and 5-ketofructose
concentration (red). Cultivation was performed in complex medium (concentrated 1.6x) with 150 g/L initial fructose at 30 °C, initial pH value 6,
pH control at 5 from 22 h with 3 M KOH, V| ¢, =50 L in a 150 L pressurised fermenter (Frings). DOT was kept > 30% by variation of headspace
overpressure (1-1.8 bar), agitation rate: 600 rpm, absolute aeration rate Qg=50—1 70 SL/min was increased linearly in parallel to the headspace
overpressure. Feeding solution: 745 = 25 g 0se’L Neat pretreatment: 100 °C, 4 h. Feed rate: 900 g, 105D Fructose feeding solution was heated
to ~50 °C. RQ-values are only shown, when OTR-values are above 5 mmol/L/h. Due to technical problems between 22 and 26 h, 32 and 35 h, and
54 and 66 h, OTR, CTR and RQ data shown in dashed lines are not reliable and were approximated by straight lines. For raw data please refer to
Additional file 1: Fig. S7
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factor seems to be connecting the cultivations showing
a decreased productivity or increased cultivation time.
When looking at the preparation methods of the fructose
solutions, differences become visible (Fig. 8D). Fructose
solutions were autoclaved for the fermentation with a one-
fold concentrated medium and 1035 g/L fructose solu-
tion (Fig. 1) and with a 1.6-fold concentrated medium and
970 g/L fructose solution (Additional file 1: Fig. S2). The
fructose solutions were brownish coloured after autoclav-
ing. Due to that, fructose solutions were no longer auto-
claved and heated to a maximum temperature of 100 °C.
The fructose solution for the 150 L fermentation was
heated to 100 °C for 4 h, compared to 10 to 20 min for the
2 L and 50 L scale fermentations. Solid fructose cubes were
dried at only 60 °C for 5 h. Thermal treatment of the fruc-
tose solution and fructose cubes was used for preparation,
not for sterilisation. However, the high osmolality of the
fructose solution itself and the osmolalities during fermen-
tation prevented contamination. High osmotic pressure
and low water activity are growth limiting factors for many
microorganisms [73-76]. E.g., increased osmotic pressure
is used to preserve food products [77].

The colouration of heated fructose resulted from the
decomposition of hexoses during the heat sterilisation [45,
78-81]. The two pathways involved in thermal degrada-
tion are the Maillard reaction and caramelisation [45-47].
A decomposition intermediate of hexoses is 5-hydroxym-
ethylfurfural (HMF) [78], mainly at pH values below 7 [82].
HMEF is also a by-product of lignocellulosic pre-treatment
and a well-known inhibitor of microorganisms [51, 52,
83-86]. Using biomass hydrolysates as substrates for the
cultivation of G. oxydans showed inhibitory effects, e.g.
during the production of xylonic acid [51, 52]. Therefore,
HMF concentrations were measured at the beginning of
the fermentations and at different times. Results are dis-
played in Fig. 8D. Small amounts of HMF were only found
in fermentation with a onefold concentrated medium and
1035 g/L fructose solution (Fig. 1), with a 1.6-fold concen-
trated medium and 970 g/L fructose solution (Additional
file 1: Fig. S2) and in the 50 L and the 150 L fermenter
(Additional file 1: Fig. S5 and Fig. 7). These fermentations
showed a decreased productivity at the beginning of the
fermentation, except for the cultivation in the 50 L pres-
surised fermenter (Bioengineering). As described before,
an increased initial ODy,, was applied during this cultiva-
tion. The amounts of HMF were relatively low, but were
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used as an indicator of fructose degradation. HMF con-
centration increase with increasing temperature and time
of thermal treatment [45]. As some fructose feed solutions
were autoclaved at 121 °C, and others were only heated to
100 °C for 10 min, decomposition of fructose is a possible
explanation for the inhibition causing decreased produc-
tivities. As fructose feed solutions were added during the
extended batch, HMF was constantly added. In addition
to the inhibition due to 5KF concentration or osmolal-
ity occurring during an extended batch, HMF might also
inhibit product formation. This might also have elongated
the final batch for the fermentation with a onefold concen-
trated medium and 1035 g/L fructose solution (Fig. 1), with
a 1.6-fold concentrated medium and 970 g/L fructose solu-
tion (Additional file 1: Fig. S2) and in the 50 L and the 150 L
fermenter (Additional file 1: Fig. S5 and Fig. 7).

G. oxydans DSM 50049 was able to oxidise HMF to
5-hydroxymethyl-2-furan carboxylic acid (HMFCA),
as previously demonstrated [87]. The involvement of a
membrane-bound enzyme was suggested. The cultiva-
tions were performed with resting cells, and it was con-
cluded that higher cell densities have a protective effect
against the inhibitory effects of HMFCA [87]. Until now,
it is not clear, which G. oxydans strains are able to oxidise
HMF [87]. Therefore, it might be interesting to investi-
gate, whether G. oxydans fdh is capable of oxidising HMF
or not.

The highest productivities were reached for the fermen-
tation with a 1.6-fold concentrated medium and 1180 g/L
fructose solution and solid fructose feeding (Figs. 4 and
6) and the 50 L pressurised fermenter (Bioengineering)
(Additional file 1: Fig. S5). The productivities increased
to 10.8 ggp/L/h after approx. 28 h. Increasing the feed
fructose solution concentration resulted in a decreasing
dilution, which is also reflected by the increased produc-
tivity. The increased initial ODg,, might also positively
influence the productivity during the fermentation in
the 50 L pressurised fermenter (Bioengineering). Using
solid fructose cubes for feeding resulted in the small-
est dilution effect. The productivity showed the smallest
decrease as the volume increase during feeding is small
and remained above 10 gg/L/h for more than 30% of
the cultivation time. The overall productivity (Eq. 5) was
highest for solid fructose feeding with 8 g r/L/h.

The 5KF production process is very efficient, even
though inhibitory effects influence the production

(See figure on next page.)

Fig. 8 Comparison of productivities, oxygen transfer rates and fructose concentrations for extended batch fermentations of G. oxydans 62 1H AhsdR
PBBR1p264-fdhSCL-ST of this work, using different fermenters and fructose feed concentrations. Depicted are A productivities B oxygen transfer
rates, C the fructose concentrations and D main information for cultivations displayed in Fig. 1 (black), Fig. 4 (blue), Fig. 6 (light blue), Fig. 7 (green),
Additional file 1: Fig. S2 (orange) and Additional file 1: Fig. S5 (pink). For better visualisation of OTR curves during final batch phases, y-axis of B is

only shown for OTR values between 0 and 30 mmol/L/h
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Productivity [gske/L/h]

Oxygen transfer rate (OTR)
[mmol/L/h]

o
)]
[}
(7]
o)
3]
2
I8
Time [h]
D Heat Final
V[EI] fFer:gtTS?L] [l-rLM}:L] pretreatment  5KF titre
9 9 fructose [g/L]
—o— Fig. 1 2 1035 125 121 °C, 21 min 462
—e— Fig. 4 2 1180 0 100 °C, 10 min 545
—»— Fig.6 2 solid 0 60°C,5h 511
—v— Fig. 7 150 745 345 100°C, 4 h 385
—— Fig. 82 2 970 125 121 °C, 21 min 454
—»— Fig. S5 50 1035 80 100 °C, 20 min 460

Fig. 8 (See legend on previous page.)
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of 5KFE. A rough cost estimation using the SuperPro
Designer software (data not shown) indicates that the
production cost for 10,000 t of 5KF per year at a fructose
substrate cost of 1.16 $ per kg is in the order of 4.3 $ per
kg. Considering the two most potent feeding strategies,
using a heated feed solution with approx. 1200 g/L fruc-
tose or solid fructose cubes, solid fructose feeding has
the advantage that no heating of the peripheral feeding
system is necessary.

Conclusion

In this study, the highly efficient production of the poten-
tial new sweetener 5KF, using G. oxydans fdh, was ana-
lysed and optimised. We could demonstrate that the
decreasing respiration during feeding occurred due to
inhibition by elevated 5KF concentrations or osmolal-
ity. Oxygen or second substrate limitation were excluded
as reasons. The inhibitory effect is reversible, but was
significantly influenced by 5KF concentrations above
350 g/L or osmolalities above 2100 mOsmol/kg. This
information is of great interest for further process opti-
misation. This could include an in-situ product removal
or repeated extended batch fermentations. By increas-
ing the concentration of the fructose feeding solution to
approx. 1200 g/L, the 5KF titre was increased by 10% to
545 g/L. This is an outstanding achievement, as this titre
is among the highest reported titres in literature. The
viscosity of the feeding solutions is of great importance.
To feed such a highly concentrated feeding solutions,
the solution itself and the peripheral feeding system
needed to be heated to approx. 55 °C. Moreover, ther-
mal treatment during fructose solution preparation had
to be carefully conducted, as increased temperatures led
to fructose degradation and HMF formation. Fructose
solutions were not sterilised by autoclaving. Increased
osmolalities during fermentation prevented contamina-
tion. An alternative feeding strategy was presented using
solid fructose cubes. This feeding strategy overcame the
problems occurring with liquid feeding solutions and
can be of great interest for further scale-up experiments.
Moreover, the scale-up to an 150 L fermenter of the 5KF
production was successfully demonstrated using liquid
fructose solutions.

Materials and methods

Microbial strain

The strain G. oxydans 621H AhsdR containing the plas-
mid pBBR1-p264-fdhSCL-ST (G. oxydans fdh) was used
[21]. The plasmid contained the gene for the mem-
brane-bound enzyme fructose dehydrogenase (FDH,
EC 1.1.99.11) and a gene for kanamycin resistance [21,
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22, 88]. The strain has a natural resistance to the antibi-
otic cefoxitin. For strain maintenance, stocks containing
200 g/L glycerol were used and stored at — 80 °C.

Media composition

In this study, the complex medium used for the main
cultivation of G. oxydans contained 5 g/L yeast extract
(Karl Roth GmbH, Karlsruhe, Germany), 2.5 g/L
MgSO,-7 H,0, 1 g/L (NH,),SO, and 1 g/L KH,PO, [89].
The initial pH was adjusted to 6 with KOH (3 M or 10 M).
The medium was supplemented with 50 pg/mL cefoxitin
for pre-cultivations and 50 pg/mL kanamycin for pre-cul-
tivations and main cultivations. Pre-cultures were sup-
plemented with 80 g/L mannitol and main cultures with
150 g/L fructose as substrate, unless otherwise stated.
Fructose feed solutions were prepared in concentra-
tions from 745 g/L to 1200 g/L. Exact concentrations are
given for each experiment. Fructose feed solutions were
prepared with deionised water and either autoclaved or
heated to 100 °C.

For solid fructose cube preparation, a mixture of fruc-
tose and deionised water was prepared containing 98%
(w/w) fructose. The mixture was transferred in a silicone
cube form (cube size 9 mm) and dried at 60 °C for approx.
5 h. A control sample of 20 fructose cubes was weighed
to estimate the standard deviation before and after the
fermentation. Fructose cubes had an edge length of 9 mm
and a weight of 0.96 & 0.07 g. The fructose cubes were
stored in a bottle attached to the fermenter with a silicon
tube (inner diameter 1.5 cm) (Fig. 3B). The silicon tube
was sealed with three hose clamps to prevent humidity
from entering the storage bottle from the fermenter. The
desired number of cubes was manually transferred from
the bottle to the tube and into the fermenter, for feeding.

Cultivation in the respiration activity monitoring system
(RAMOS)

Shake flasks cultivations were performed at 30 °C in
250 mL shake flasks (unbaffled) with an initial filling vol-
ume of 10 mL, at 350 rpm shaking frequency and 50 mm
shaking diameter (Climo-Shaker ISF1-X, Kuhner, Birs-
felden, Switzerland). The aeration rate was 10 mL/min
(1 vvm). Online monitoring of the respiratory activity was
performed using the Respiration Activity MOnitoring
System (RAMOS) developed at our chair [41, 43]. Com-
mercial versions of the RAMOS device can be acquired
from Kithner AG (Birsfeld, Switzerland) or HiTec Zang
GmbH (Herzogenrath, Germany). Pre-cultures were
inoculated with 100 pL glycerol stock cell suspension
(optical density measured at 600 nm (ODg,,) =2.4) per
10 mL pre-culture medium and cultivated for approx.
16 h. Pre-cultures were centrifuged in sterile 2 mL tubes
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for 3 min and 14,000 rpm at room temperature and then
resuspended in the main culture medium. Main cultures
were inoculated with an ODg, of 0.1. All RAMOS culti-
vations were performed in duplicates. Cultivations with
G. oxydans fdh are highly reproducible. To demonstrate
this, we have plotted in Additional file 1: Fig. S8 cultiva-
tions with G. oxydans fdh with 150 g/L and 1.0x concen-
trated medium, carried out over a period of more than
4 years. Differences in the lag phases have been corrected
by shifting the x-axis by a maximum of 5 h. It can be seen
in Additional file 1: Fig. S8 that all OTR curves show the
same pattern. There are only differences in the OTR ..
According to Meier et al. [45], the OTR,,,, depends on
the osmolality. The osmolality varies slightly in each
experiment, due to small deviations in the preparation of
the media and pipetting errors.

Cultivationin 2L, 50 L and 150 L bioreactors

Fermentation experiments were performed in a 2 L Vis-
ual Safety Fermenter (VSE Bioengineering AG, Wald,
Switzerland), a 2 L Sartorius BIOSTAT® stirred tank
reactor (Sartorius, Goettingen, Germany), a 50 L pres-
surised fermenter (LP 351, Bioengineering AG, Switzer-
land) and a 150 L pressurised fermenter (Frings Proreact
P-Atex, Heinrich Frings GmbH & Co. KG, Rheinbach,
Germany) at 30 °C.

Fermentation experiments in the 2 L VSF (Bioengineer-
ing) were performed with an initial filling volume of 0.8 L
and an aeration rate of 1 SL/min. The VSF was equipped
with three six-bladed Rushton turbines (4.8 cm diam-
eter and 1.2 cm height). The baffles consist of two metal
coils acting as heat transfer areas for cooling purposes.
The DOT (Ingold AP, Mettler-Toledo GmbH, Frankfurt,
Germany) was maintained at >30% by adjusting the agi-
tation rate between 500 and 2200 rpm. The pH value was
measured using a pH electrode (EasyFerm Plus K8 200,
Hamilton, Hoechst, Germany). The exhaust gas com-
position was monitored using an Advance Optima Uras
14 exhaust gas analyser (ABB Ltd, Zurich, Switzerland).
A peristaltic pump (Reglo analog MS-2/8C, Ismatec,
Wertheim, Germany) was used for the fructose feed.

Fermentation experiments in the 2 L fermenter (Sar-
torius) were performed with an initial filling volume of
1 L and an aeration rate of 1 SL/min. The 2 L fermenter
(Sartorius) was equipped with 4 baffles and two 6 bladed
Rushton turbines (5.8 cm diameter and 1.1 cm height).
The DOT (VisiFermTM DO 225 pO, sensor, Hamilton,
Hoechst, Germany) was maintained at >30% by adjust-
ing the agitation rate between 500 and 1500 rpm. The pH
value was measured using a pH electrode (EasyFerm Plus
K8 200, Hamilton, Hoechst, Germany). The exhaust gas
composition was monitored using a DASGIP G4 exhaust
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gas analyser (Eppendorf, Wesseling-Berzdorf, Germany).
A peristaltic pump (101 U/R, Watson-Marlow Pump
Group, Falmouth, UK) was used for the fructose feed.

To analyse the cell performance and viability, fermenta-
tion broth samples were taken during the feed phase at
four times. Cells were centrifuged and used to inoculate
fresh complex medium with 80 g/L fructose. Cultivations
were performed in shake flasks using the RAMOS sys-
tem, as described above.

The fermentation experiment in a 50 L pressurised
fermenter was performed with an initial filling volume
of 18 L and an initial aeration rate of 18 SL/min. The
headspace pressure can be increased up to 10 bar (over-
pressure). The fermenter was equipped with 4 baffles
and three 6 bladed Rushton turbines (12 cm diameter
and 2.5 cm height) [68]. The DOT (InPro 6800, Mettler-
Toledo GmbH, Gieflen, Germany) was maintained at
>30% by adjusting the headspace overpressure between
0.2 and 4 bar. The gas flow rate (standard condition) was
increased linearly to the headspace pressure, to keep
a constant superficial gas velocity of 18 SL/min inside
the reactor [68, 90]. The k; a value in a stirred tank reac-
tor remains constant, regardless of the reactor pressure,
if the superficial gas velocity in the reactor is kept con-
stant [68]. The agitation rate was set to 500 rpm. The pH
value was measured using a pH electrode (405-DPAS-
SC-K8C, Mettler-Toledo GmbH, Frankfurt, Germany).
The exhaust gas composition was monitored using a
Rosemount NGA 2000 exhaust gas analyser (Emerson
Automation Solutions, Langenfeld, Germany). Dia-
phragm pumps (CMS 1804V EXT, Bioengineering AG,
Wald, Switzerland and CMS Digital 1804, Dosatronic
GmbH, Ravensburg, Germany) were connected to the
fermenter and used for pH adjustment and fructose feed,
respectively.

Fermentation experiments in a 150 L pressurised fer-
menter were performed with an initial filling volume of
50 L and an initial aeration rate of 50 SL/min. The head-
space pressure can be increased up to 10 bar (overpres-
sure). The fermenter was equipped with 4 baffles and
three 6 bladed Rushton turbines (15.8 cm diameter and
3 c¢m height). The DOT (VisiPro DO Ex 120 H2, Ham-
ilton, Hoechst, Germany) was maintained at >30% by
adjusting the headspace overpressure between 0.2 and
1 bar. The gas flow rate was increased linearly to the
headspace pressure to maintain a constant superficial gas
velocity inside the reactor of 50 SL/min [68, 90]. The agi-
tation rate was set to 600 rpm. The pH value was meas-
ured using a pH electrode (Polilyte Plus H VP 120 Pt100,
Hamilton, Hoechst, Germany). The exhaust gas compo-
sition was monitored using a Rosemount” X-STREAM
XEFD exhaust gas analyser (Emerson Automation
Solutions, Langenfeld, Germany). Diaphragm pumps
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(LEC-M316S and LEB-M316S, Lewa GmbH, Leonberg,
Germany) were connected to the fermenter and used for
pH adjustment and fructose feed.

Pre-cultures for 50 L and 150 L pressurised ferment-
ers were conducted in the 2 L fermenter (Sartorius) using
the setup described before. Batch cultivations with 1 L
initial filling volume were performed with 150 g/L fruc-
tose as substrate. Pre-culture was transferred to the main
fermenter. The resulting volume change was taken into
account regarding the initial filling volume and media
composition.

After the initial batch phase, the pH was controlled at 5
with a 3 M KOH solution during all fermentations, unless
otherwise stated. To prevent foaming, 0.5 mL antifoam
agent Plurafac LF 1300 (BASE, Ludwigshafen, Germany)
was added at the beginning of each experiment and when
needed. During fermentation, samples were taken from
the bioreactor for offline analysis. Volume change by
KOH titration and sampling were considered for mass
balancing.

Offline analyses

Samples taken during experiments were analysed regard-
ing pH, ODg, osmolality, fructose and 5KF concentra-
tions. The pH was measured with a HI221 Basic pH
(Hanna Instruments Deutschland GmbH, Vohringen,
Germany), calibrated with two standard buffer solutions
at pH 4 and 7. ODg,, was measured using a Genesys 20
photometer (Thermo Scientific, Darmstadt, Germany)
with a linear range between 0.1 and 0.3. Samples were
diluted with 0.9% (w/v) NaCl, if necessary. The osmolal-
ity was determined using the cryoscopic Osmometer
OSMOMAT® 030 (Genotec, Berlin, Germany). Fructose
and 5KF concentrations were analysed by high-perfor-
mance liquid chromatography (HPLC) measurement
(Prominence HPLC system, Shimadzu, Duisburg, Ger-
many or Dionex UltiMate 3000, Thermo Scientific,
Darmstadt, Germany). The HPLC systems were equipped
with the following columns and detectors: precolumn
Organic Acid Resin (40 x 8 mm, CS-Chromatography,
Service, Langerwehe, Germany), column Organic Acid
Resin (250 x8 mm, CS-Chromatography Services,
Langerwehe, Germany), detector RID-20A Refraktom-
eter (Shimadzu, Duisburg, Germany). The mobile phase
consisted of 5 mM H,SO,. The flow rate was adjusted to
0.8 mL/min at 30 °C and an injection volume of 20 pL.
Prior to analysis, samples were centrifuged at 17,000g for
4 min. The supernatant was diluted with deionised water,
filtered (0.2 pm syringe filter, Whatman", GE Health-
care, Freiburg, Germany) and heated to 60 °C for 60 min
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(avoiding a double peak, probably caused by the existence
of 5KF in an equilibrium of the keto and the germinal
diol form) [13]. 5-Hydroxymethylfurfural (HMF) con-
centrations were measured by HPLC (Prominence HPLC
system, Shimadzu, Duisburg, Germany). The HPLC
system was equipped with the following columns and
detectors: precolumn Organic Acid Resin (40 x 8 mm,
CS-Chromatography, Service, Langerwehe, Germany),
column Organic Acid Resin (250 x 8 mm, CS-Chroma-
tography Services, Langerwehe, Germany), detector RID-
20A Refractometer (Shimadzu, Duisburg, Germany). The
mobile phase consisted of 5 mM H,SO,. The flow rate
was adjusted to 0.8 mL/min at 40 °C and an injection vol-
ume of 20 pL. Viscosity was measured using a MCR 301
rheometer (Anton Paar, Stuttgart, Germany) equipped
with a cone (CP50-0.5/TG, cone truncation 54 uM, cone
angle 0.467°) within the shear rate range of 100-5000 1/s
at different temperatures between 30 and 65 °C. Fructose
solutions with concentrations between 800 and 1200 g/L
were prepared as described before and preheated to the
measuring temperature between 30 and 65 °C.

Calculations
Specific parameters were calculated and compared for
the experiments. This includes the yield Y in geyp/8huctose
and the productivity. Samples taken during cultivations
as well as the addition of base for titration or anti-
foam agents were considered and included in the mass
balancing.

The overall yield Y [gsxr/8fuctose] Was calculated by
dividing the mass of the produced 5KF by the mass of
fructose (Eq. 1).

mskF (Lend)
Y(epd) = ———— 1
end mE (tend) W
For the calculation of the yield Y [goxp/8fructose)s the
mass of fructose mg(t) [g] (Eq. 2) and 5KF mgp(t) [g]
(Eq. 3) needed to be calculated.

t
mpg(t) = cp(to) - Vi (o) + cfeed . ‘/feed(t) - Z cp(t) - vsample(t)

to

(2)

Equation 2 considers the initial fructose concentra-

tion cg(ty) [g/L] and the initial filling volume V/(t,) [L].

The addition of fructose during feeding is considered as

the feed concentration ¢4 and the added feed amount

Vieed(t) [L] at a specific time point (t). Sampling during

the fermentation was considered, using the sum of the

fructose concentration cg(t) [g/L] times the volume of the
taken sample V. ,1(t) [L].
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t
mske () = csir(8) - VL) + Y eske(t) - Viample(t)
to

3)

Equation 3 calculates mg from the 5KF concentration
csie(to) [8/L] and the filling Volume V/ (t) [L] at a specific
time point (t). Sampling during the fermentation was
taken into account, using the sum of the 5KF concentra-
tion cgp(t) [g/L] times the volume of the taken sample
Vsample(t) [L]

The productivity (Eq. 4) was calculated at different time
points (t) during the fermentation and at the end of the
fermentation (overall productivity, Eq. 5). The total mass
of 5KF at a specific time point or at the end of the fer-
mentation was divided by the sum of the filling volume
V.(t) and the sample volume V (t) times the fermen-
tation time t [h].

sample

t
Productivity(t) = MK (1) (4)
(VL(t) + Vsample(t)) L
o - _ msKE (tend)
verall Productivity(t,, ;) = (V ( ) v ( ))
L\tend) + sample tend) | * tend

(5)
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Acknowledgements
We greatly acknowledge Prof. Drrer.nat. Uwe Deppenmeier and Dr.rer.nat.
Anna Siemen for providing us with the G. oxydans fdh strain.

Author contributions

SB designed and performed all fermentation experiments and scale-up culti-
vations, analysed the data and drafted the manuscript. TE and NS performed
fermentation in 2 L fermenters and analysed the data. TE performed the
fermentation in the 50 L pressurised fermenter (Bioengineering) and analysed
the data. PJN and TS supported the fermentation in the 150 L pressurised
fermenter (Frings). EH and MS conducted the RAMOS experiment with differ-
ent concentrated media and analysed the data. MP performed the viscosity
measurements of different fructose solutions and analysed the data. JB super-
vised the study, assisted in data interpretation, and participated in drafting the
manuscript. All authors read and approved the final manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL. This work was
financially supported by the Bundesministerium fur Bildung und Forschung
(BMBF) by grants within project no. 031B0370C and 031B105C.

Availability of data and materials

The datasets supporting the conclusions of this article are included within the
article and the Additional file 1: Figures S1-58 and Table S1. The datasets used
and/or analysed during the current study are available from the correspond-
ing author on reasonable request.

Declarations

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

Received: 22 September 2022 Accepted: 30 November 2022
Published online: 10 December 2022

References

1. Carocho M, Morales P, Ferreira ICFR. Sweeteners as food additives in the
XXI century: a review of what is known, and what is to come. Food Chem
Toxicol. 2017;107:302-17. https://doi.org/10.1016/j.fct.2017.06.046.

2. HuFB, Malik VS. Sugar-sweetened beverages and risk of obesity and
type 2 diabetes: epidemiologic evidence. Physol Behav. 2010;100:47-54.
https://doi.org/10.1016/j.physbeh.2010.01.036.

3. HeFJ, MacGregor GA. Salt and sugar: their effects on blood pressure.
Pflugers Arch Eur J Physiol. 2015;467:577-86. https://doi.org/10.1007/
s00424-014-1677-x.

4. Johnson RK, Appel LJ, Brands M, Howard BV, Lefevre M, Lustig RH, et al.
Dietary sugars intake and cardiovascular health: a scientific statement
from the American Heart Association. Circulation. 2009;120:1011-20.
https://doi.org/10.1161/CIRCULATIONAHA.109.192627.

5. Whitehouse CR, Boullata J, McCauley LA. The potential toxicity of artificial
sweeteners. AAOHN J. 2008;56:251-9. https://doi.org/10.3928/08910162-
20080601-02.

6. PurohitV, Mishra S. The truth about artificial sweeteners—are they good
for diabetics? Indian Heart J. 2018,;70:197-9. https://doi.org/10.1016/j.ihj.
2018.01.020.

7. Hernandez-Pérez AF, Jofre FM, Souza Queiroz Sd, Vaz de Arruda P,
Chandel AK, Felipe MdGdA. Chapter 9: Biotechnological production of
sweeteners. In: Verma M, Chanel A, editors. Biotechnological production
of bioactive compounds. Amsterdam: Elsevier; 2020. p. 261-92. https://
doi.org/10.1016/B978-0-444-64323-0.00009-6.

8. Rzechonek DA, Dobrowolski A, Rymowicz W, Miroriczuk AM. Recent
advances in biological production of erythritol. Crit Rev Biotechnol.
2018;38:620-33. https://doi.org/10.1080/07388551.2017.1380598.


https://doi.org/10.1186/s12934-022-01980-5
https://doi.org/10.1186/s12934-022-01980-5
https://doi.org/10.1016/j.fct.2017.06.046
https://doi.org/10.1016/j.physbeh.2010.01.036
https://doi.org/10.1007/s00424-014-1677-x
https://doi.org/10.1007/s00424-014-1677-x
https://doi.org/10.1161/CIRCULATIONAHA.109.192627
https://doi.org/10.3928/08910162-20080601-02
https://doi.org/10.3928/08910162-20080601-02
https://doi.org/10.1016/j.ihj.2018.01.020
https://doi.org/10.1016/j.ihj.2018.01.020
https://doi.org/10.1016/B978-0-444-64323-0.00009-6
https://doi.org/10.1016/B978-0-444-64323-0.00009-6
https://doi.org/10.1080/07388551.2017.1380598

Battling et al. Microbial Cell Factories

20.

22.

23.

24.

25.

26.

27.

(2022) 21:255

Terada O, Tomizawa K, Suzuki S, Kinoshita S. Formation of 5-dehydrof-
ructose by members of acetobacter. Bull Chem Soc Jpn. 1960,24:535-6.
https://doi.org/10.1080/03758397.1960.10857706.

Kinoshita S, Terada O. Methods for preparing 5-ketofructose by fermenta-
tion; 1963.

. Blasi M, Barbe J-C, Dubourdieu D, Deleuze H. New method for reduc-

ing the binding power of sweet white wines. J Agric Food Chem.
2008;56:8470-4. https://doi.org/10.1021/jf800665€.

Gupta A, Singh VK, Qazi GN, Kumar A. Gluconobacter oxydans: its biotech-
nological applications. J Mol Microbiol Biotechnol. 2001;3:445-56.
Herweg E, Schépping M, Rohr K, Siemen A, Frank O, Hofmann T, et al.
Production of the potential sweetener 5-ketofructose from fructose in
fed-batch cultivation with Gluconobacter oxydans. Bioresour Technol.
2018;259:164-72. https://doi.org/10.1016/j.biortech.2018.03.038.
Wyrobnik DH, Wyrobnik IH. Agent for reducing the useable calorie con-
tent of food and for therapeutic reduction of weight, in particular for use
in the case of adiposity (obesity). 2009.

Hovels M, Gallala N, Keriakes SL, Konig AP, Schiessl J, Laporte T, et al.
5-Keto-D-fructose, a natural diketone and potential sugar substitute, sig-
nificantly reduces the viability of prokaryotic and eukaryotic cells. Front
Microbiol. 2022;13:935062. https://doi.org/10.3389/fmicb.2022.935062.
Baxter EW, Reitz AB. Expeditious synthesis of aza sugars by the double
reductive amination of dicarbonyl sugars. J Org Chem. 1994;59:3175-85.
https://doi.org/10.1021/jo00090a040.

Asano N. Sugar-mimicking glycosidase inhibitors: bioactivity and
application. Cell Mol Life Sci. 2009;66:1479-92. https://doi.org/10.1007/
s00018-008-8522-3.

Howe JD, Smith N, Lee MJ-R, Ardes-Guisot N, Vauzeilles B, Désiré J, et al.
Novel imino sugar a-glucosidase inhibitors as antiviral compounds.
Bioorg Med Chem. 2013,;21:4831-8. https://doi.org/10.1016/j.bmc.2013.
03.014.

Huwig A, Danneel H-J, Giffhorn F. Laboratory procedures for producing
2-keto-d-glucose, 2-keto-d-xylose and 5-keto-d-fructose from d-glucose,
d-xylose and I-sorbose with immobilized pyranose oxidase of Peniophora
gigantea. J Biotechnol. 1994;32:309-15. https://doi.org/10.1016/0168-
1656(94)90217-8.

Schneider K, Dorscheid S, Witte K, Giffhorn F, Heinzle E. Controlled
feeding of hydrogen peroxide as oxygen source improves production

of 5-ketofructose from L-sorbose using engineered pyranose 2-oxidase
from Peniophora gigantea. Biotechnol Bioeng. 2012;109:2941-5. https://
doi.org/10.1002/bit.24572.

. Siemen A, Kosciow K, Schweiger P, Deppenmeier U. Production of 5-keto-

fructose from fructose or sucrose using genetically modified Glucono-
bacter oxydans strains. Appl Microbiol Biotechnol. 2018;102:1699-710.
https://doi.org/10.1007/500253-017-8699-1.

Ameyama M, Shinagawa E, Matsushita K, Adachi O. D-fructose dehydro-
genase of Gluconobacter industrius: purification, characterization, and
application to enzymatic microdetermination of D-fructose. J Bacteriol.
1981;145(2):814-23. https://doi.org/10.1128/jb.145.2.814-823.1981.
Deppenmeier U, Hoffmeister M, Prust C. Biochemistry and biotechno-
logical applications of Gluconobacter strains. Appl Microbiol Biotechnol.
2002;60:233-42. https://doi.org/10.1007/500253-002-1114-5.

Ano Y, Hours RA, Akakabe Y, Kataoka N, Yakushi T, Matsushita K, Adachi O.
Membrane-bound glycerol dehydrogenase catalyzes oxidation of D-pen-
tonates to 4-keto-D-pentonates, D-fructose to 5-keto-D-fructose, and

D-psicose to 5-keto-D-psicose. Biosci Biotechnol Biochem. 2017,81:411-8.

https://doi.org/10.1080/09168451.2016.1254535.

Kawai S, Goda-Tsutsumi M, Yakushi T, Kano K, Matsushita K. Heterologous
overexpression and characterization of a flavoprotein-cytochrome C
complex fructose dehydrogenase of Gluconobacter japonicus NBRC3260.
Appl Environ Microbiol. 2013;79:1654-60. https://doi.org/10.1128/AEM.
03152-12.

Hanke T, Noh K, Noack S, Polen T, Bringer S, Sahm H, et al. Combined
fluxomics and transcriptomics analysis of glucose catabolism via a par-
tially cyclic pentose phosphate pathway in Gluconobacter oxydans 621H.
Appl Environ Microbiol. 2013;79:2336-48. https://doi.org/10.1128/AEM.
03414-12.

Kulhdnek M. Fermentation processes employed in vitamin C synthesis.
Adv Appl Microbiol. 1970;12:11-33. https://doi.org/10.1016/S0065-
2164(08)70581-1.

28.

29.

30.

31.

32

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Page 19 of 21

Mori H, Kobayashi T, Shimizu S. High density production of sorbose

from sorbitol by fed-batch culture with do-stat. J Chem Eng Jpn.
1980;14(1):65-70. https://doi.org/10.1252/jcej.14.65.

Rosenberg M, Svitel J, Rosenbergové |, Sturdik E. Optimization of sorbose
production from sorbitol by Gluconobacter oxydans. Acta Biotechnol.
1993;13:269-74. https://doi.org/10.1002/abio.370130307.

Schedel M. Regioselective oxidation of aminosorbitol with Gluconobacter
oxydans, key reaction in the industrial 1-deoxynojirimycin synthesis. In:
Biotechnology Set, 2nd edition. 2008:297-8. https://doi.org/10.1002/
9783527620913.ch7.

Rabenhorst J, Gatfield |, Hilmer JM. Natural, aliphatic and thiocarboxylic
acids obtainable by fermentation and a microorganism; 8/25/1999.
Macauley S, McNeil B, Harvey LM. The genus Gluconobacter and its appli-
cations in biotechnology. Crit Rev Biotechnol. 2001;21:1-25. https://doi.
0rg/10.1080/20013891081665.

Zhou X, Zhou X, Xu Y. Improvement of fermentation performance of Glu-
conobacter oxydans by combination of enhanced oxygen mass transfer in
compressed-oxygen-supplied sealed system and cell-recycle technique.
Bioresour Technol. 2017;244:1137-41. https://doi.org/10.1016/j.biortech.
2017.08.107.

Xu H, Dou W, Xu H, Zhang X, Rao Z, Shi Z, Xu Z. A two-stage oxygen
supply strategy for enhanced I-arginine production by Corynebacterium
crenatum based on metabolic fluxes analysis. Biochem Eng J. 2009;43:41-
51. https://doi.org/10.1016/)bej.2008.08.007.

Garcia-Ochoa F, Gomez E. Bioreactor scale-up and oxygen transfer rate

in microbial processes: an overview. Biotechnol Adv. 2009;27:153-76.
https://doi.org/10.1016/j.biotechadv.2008.10.006.

Garcia-Ochoa F, Gomez E, Santos VE, Merchuk JC. Oxygen uptake rate

in microbial processes: an overview. Biochem Eng J. 2010;49:289-307.
https://doi.org/10.1016/j.bej.2010.01.011.

de Muynck C, Pereira CSS, Naessens M, Parmentier S, Soetaert W, Van-
damme EJ. The genus Gluconobacter oxydans: comprehensive overview
of biochemistry and biotechnological applications. Crit Rev Biotechnol.
2007;27:147-71. https://doi.org/10.1080/07388550701503584.

Olijve W, Kok JJ. Analysis of growth of Gluconobacter oxydans in glucose
containing media. Arch Microbiol. 1979;121:283-90. https://doi.org/10.
1007/BF00425069.

QOosterhuis N, Groesbeek NM, Kossen N, Schenk ES. Influence of dissolved
oxygen concentration on the oxygen kinetics of Gluconobacter oxydans.
Appl Microbiol Biotechnol. 1985;21:42-9. https://doi.org/10.1007/BF002
52360.

Luchterhand B, Fischdder T, Grimm AR, Wewetzer S, Wunderlich M,
Schlepiitz T, Buchs J. Quantifying the sensitivity of Gluconobacter oxy-
dans ATCC 621H and DSM 3504 to osmotic stress triggered by soluble
buffers. J Ind Microbiol. 2015;42:585-600. https://doi.org/10.1007/
$10295-015-1588-7.

Anderlei T, Bichs J. Device for sterile online measurement of the oxygen
transfer rate in shaking flasks. Biochem Eng J. 2001;7:157-62. https://doi.
0rg/10.1016/51369-703x(00)00116-9.

Ameyama M, Kondo K. Carbohydrate metabolism by the acetic acid
bacteria. Agric Biol Chem. 1966;30:203-11. https://doi.org/10.1080/00021
369.1966.10858591.

Anderlei T, Zang W, Papaspyrou M, Biichs J. Online respiration activity
measurement (OTR, CTR, RQ) in shake flasks. Biochem Eng J. 2004;17:187-
94. https://doi.org/10.1016/51369-703X(03)00181-5.

Meier K, Kléckner W, Bonhage B, Antonov E, Regestein L, Blichs J. Correla-
tion for the maximum oxygen transfer capacity in shake flasks for a wide
range of operating conditions and for different culture media. Biochem
Eng J. 2016;109:228-35. https://doi.org/10.1016/}.bej.2016.01.014.

Woo KS, Hwang IG, Kim HY, Jang KI, Lee J, Kang TS, Jeong HS. Thermal
degradation characteristics and antioxidant activity of fructose solution
with heating temperature and time. J Med Food. 2011;14:167-72. https.//
doi.org/10.1089/jmf.2010.1166.

Hodge JE. Dehydrated foods, chemistry of browning reactions in model
systems. J Agric Food Chem. 1953;1:928-43. https://doi.org/10.1021/jf600
15a004.

Ajandouz EH, Tchiakpe LS, Ore FD, Benajiba A, Puigserver A. Effects of pH
on caramelization and Maillard reaction kinetics in fructose-lysine model
systems. J Food Sci. 2001;66:926-31. https://doi.org/10.1111/j.1365-2621.
2001.tb08213.x.


https://doi.org/10.1080/03758397.1960.10857706
https://doi.org/10.1021/jf800665e
https://doi.org/10.1016/j.biortech.2018.03.038
https://doi.org/10.3389/fmicb.2022.935062
https://doi.org/10.1021/jo00090a040
https://doi.org/10.1007/s00018-008-8522-3
https://doi.org/10.1007/s00018-008-8522-3
https://doi.org/10.1016/j.bmc.2013.03.014
https://doi.org/10.1016/j.bmc.2013.03.014
https://doi.org/10.1016/0168-1656(94)90217-8
https://doi.org/10.1016/0168-1656(94)90217-8
https://doi.org/10.1002/bit.24572
https://doi.org/10.1002/bit.24572
https://doi.org/10.1007/s00253-017-8699-1
https://doi.org/10.1128/jb.145.2.814-823.1981
https://doi.org/10.1007/s00253-002-1114-5
https://doi.org/10.1080/09168451.2016.1254535
https://doi.org/10.1128/AEM.03152-12
https://doi.org/10.1128/AEM.03152-12
https://doi.org/10.1128/AEM.03414-12
https://doi.org/10.1128/AEM.03414-12
https://doi.org/10.1016/S0065-2164(08)70581-1
https://doi.org/10.1016/S0065-2164(08)70581-1
https://doi.org/10.1252/jcej.14.65
https://doi.org/10.1002/abio.370130307
https://doi.org/10.1002/9783527620913.ch7
https://doi.org/10.1002/9783527620913.ch7
https://doi.org/10.1080/20013891081665
https://doi.org/10.1080/20013891081665
https://doi.org/10.1016/j.biortech.2017.08.107
https://doi.org/10.1016/j.biortech.2017.08.107
https://doi.org/10.1016/j.bej.2008.08.007
https://doi.org/10.1016/j.biotechadv.2008.10.006
https://doi.org/10.1016/j.bej.2010.01.011
https://doi.org/10.1080/07388550701503584
https://doi.org/10.1007/BF00425069
https://doi.org/10.1007/BF00425069
https://doi.org/10.1007/BF00252360
https://doi.org/10.1007/BF00252360
https://doi.org/10.1007/s10295-015-1588-7
https://doi.org/10.1007/s10295-015-1588-7
https://doi.org/10.1016/s1369-703x(00)00116-9
https://doi.org/10.1016/s1369-703x(00)00116-9
https://doi.org/10.1080/00021369.1966.10858591
https://doi.org/10.1080/00021369.1966.10858591
https://doi.org/10.1016/S1369-703X(03)00181-5
https://doi.org/10.1016/j.bej.2016.01.014
https://doi.org/10.1089/jmf.2010.1166
https://doi.org/10.1089/jmf.2010.1166
https://doi.org/10.1021/jf60015a004
https://doi.org/10.1021/jf60015a004
https://doi.org/10.1111/j.1365-2621.2001.tb08213.x
https://doi.org/10.1111/j.1365-2621.2001.tb08213.x

Battling et al. Microbial Cell Factories

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

(2022) 21:255

Rampp M, Buttersack C, Lidemann H-D. ¢, T-Dependence of the viscosity
and the self-diffusion coefficients in some aqueous carbohydrate solu-
tions. Carbohydr Res. 2000;328:561-72. https://doi.org/10.1016/50008-
6215(00)00141-5.

Telis V, Telis-Romero J, Mazzotti HB, Gabas AL. Viscosity of aqueous car-
bohydrate solutions at different temperatures and concentrations. Int J
Food Prop. 2007;10:185-95. https://doi.org/10.1080/10942910600673636.
Laos K, Harak M. The viscosity of supersaturated aqueous glucose, fruc-
tose and glucose-fructose solutions. J Food Phys. 2014;XXVII:27-30.

Mao X, Zhang B, Zhao C, Lin J, Wei D. Overexpression of mGDH in
Gluconobacter oxydans to improve D-xylonic acid production from corn
stover hydrolysate. Microb Cell Fact. 2022;21:35. https://doi.org/10.1186/
$12934-022-01763-y.

Zhou X, LU S, XuY, Mo, Yu S. Improving the performance of cell bioca-
talysis and the productivity of xylonic acid using a compressed oxygen
supply. Biochem Eng J. 2015;93:196-9. https://doi.org/10.1016/j.bej.2014.
10.014.

Palmen TG, Scheidle M, Huber R, Kamerke C, Wilming A, Dittrich B, et al.
Influence of initial pH values on the lag phase of Escherichia coli and Bacil-
lus licheniformis batch cultures. Chem Ing Tech. 2013;85:863-71. https://
doi.org/10.1002/cite.201200200.

Bauer R, Katsikis N, Varga S, Hekmat D. Study of the inhibitory effect of
the product dihydroxyacetone on Gluconobacter oxydans in a semi-con-
tinuous two-stage repeated-fed-batch process. Bioprocess Biosyst Eng.
2005;28:37-43. https://doi.org/10.1007/500449-005-0009-0.

Burger C, Kessler C, Gruber S, Ehrenreich A, Liebl W, Weuster-Botz D.
L-Erythrulose production with a multideletion strain of Gluconobacter
oxydans. Appl Microbiol Biotechnol. 2019;103:4393-404. https://doi.org/
10.1007/500253-019-09824-w.

Zahid N, Schweiger P, Galinski E, Deppenmeier U. Identification of man-
nitol as compatible solute in Gluconobacter oxydans. Appl Microbiol
Biotechnol. 2015;99:5511-21. https://doi.org/10.1007/500253-015-6626-X.
Zahid N, Deppenmeier U. Role of mannitol dehydrogenases in
osmoprotection of Gluconobacter oxydans. Appl Microbiol Biotechnol.
2016;100:9967-78. https://doi.org/10.1007/500253-016-7680-8.

Dittmar JH. Hygroscopicity of sugars and sugar mixtures. Ind Eng Chem.
1935;27:333-5. https://doi.org/10.1021/ie50303a021.

Neubauer P, Junne S. Scale-up and scale-down methodologies for biore-
actors. In: Mandenius C-F, editor. Bioreactors: design, operation and novel
application. Hoboken: Wiley-; 2016. p. 323-54. https://doi.org/10.1002/
9783527683369.ch11.

Oldshue JY. Fermentation mixing scale-up techniques. Biotechnol Bio-
eng. 1966;8:3-24. https://doi.org/10.1002/bit.260080103.

. Knoll A, Bartsch S, Husemann B, Engel P, Schroer K, Ribeiro B, et al.

High cell density cultivation of recombinant yeasts and bacteria under
non-pressurized and pressurized conditions in stirred tank bioreactors. J
Biotechnol. 2007;132:167-79. https://doi.org/10.1016/j jbiotec.2007.06.
010.

Meyer H-P, Minas W, Schmidhalter D. Industrial-scale fermentation. In:
Wittmann C, Liao JC, editors. Industrial biotechnology. Weinheim: Wiley;
2017. p. 30. https://doi.org/10.1002/9783527807833.ch1.

Wecker A, Onken U. Influence of dissolved oxygen concentration and
shear rate on the production of pullulan by Aureobasidium pullulans.
Biotechnol Lett. 1991;13:155-60. https://doi.org/10.1007/BF01025810.
Schlegel HG. Aeration without air: oxygen supply by hydrogen peroxide.
Biotechnol Bioeng. 1977;19:413-24. https://doi.org/10.1002/bit.26019
0311.

Rosenberg M, Svitel J, Sturdik E, Rosenbergové I. Gluconic acid produc-
tion by Aspergillus niger with oxygen supply by hydrogen peroxide.
Bioprocess Eng. 1992,7:309-13. https://doi.org/10.1007/BFO0705160.

Liu M, Li S, Xie Y, Jia S, Hou Y, Zou Y, Zhong C. Enhanced bacterial cellulose
production by Gluconacetobacter xylinus via expression of Vitreoscilla
hemoglobin and oxygen tension regulation. Appl Microbiol Biotechnol.
2018;102:1155-65. https://doi.org/10.1007/500253-017-8680-z.

Frey AD, Kallio PT. Bacterial hemoglobins and flavohemoglobins: versatile
proteins and their impact on microbiology and biotechnology. FEMS
Microbiol Rev. 2003;27:525-45. https://doi.org/10.1016/50168-6445(03)
00056-1.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Page 20 of 21

Maier B, Dietrich C, Buichs J. Correct application of the sulphite oxidation
methodology of measuring the volumetric mass transfer coefficient k a
under non-pressurized and pressurized conditions. Food Bioprod Process.
2001;79:107-13. https://doi.org/10.1205/096030801750286267.

Matsui T, Shinzato N, Yokota H, Takahashi J, Sato S. High cell density culti-
vation of recombinant £. coli with a pressurized culture. Process Biochem.
2006;41:920-4. https://doi.org/10.1016/J.PROCBIO.2005.10.004.

Pope DH, Berger LR. Inhibition of metabolism by hydrostatic pressure:
what limits microbial growth? Archiv Mikrobiol. 1973;93:367-70. https://
doi.org/10.1007/BF00427933.

Czeslik C, Luong TQ, Winter R. Enzymatic activity under pressure. MRS Bull.
2017;42:738-42. https://doi.org/10.1557/mrs.2017.211.

Onken U, Liefke E. Effect of total and partial pressure (oxygen and carbon
dioxide) on aerobic microbial processes. Adv Biochem Eng Biotechnol.
1989;40:137-69. https://doi.org/10.1007/BFb0009830.

Broughall JM, Anslow PA, Kilsby DC. Hazard analysis applied to microbial
growth in foods: development of mathematical models describing the
effect of water activity. J Appl Bacteriol. 1983,;55:101-10. https://doi.org/
10.1111/j.1365-2672.1983.tb02653 X.

Davey KR. A predictive model for combined temperature and water
activity on microbial growth during the growth phase. J Appl Bacteriol.
1989;67:483-8. https://doi.org/10.1111/j.1365-2672.1989.tb02519.x.
Mille'Y, Beney L, Gervais P. Compared tolerance to osmotic stress in
various microorganisms: towards a survival prediction test. Biotechnol
Bioeng. 2005;92:479-84. https://doi.org/10.1002/bit.20631.

Vivier D, Ratomahenina R, Moulin G, Galzy P. Study of physicochemical
factors limiting the growth of Kluyveromyces marxianus. J Ind Microbiol.
1993;11:157-61. https://doi.org/10.1007/BF01583717.

Gutierrez C, Abee T, Booth IR. Physiology of the osmotic stress response in
microorganisms. Int J Food Microbiol. 1995,28:233-44. https://doi.org/10.
1016/0168-1605(95)00059-3.

Ulbricht RJ, Northup SJ, Thomas JA. A review of 5-hydroxymethylfurfural
(HMF) in parenteral solutions. Fundam Appl Toxicol. 1984;4:843-53.
https://doi.org/10.1016/0272-0590(84)90106-4.

Suortti T, Malkki Y. Antimicrobial activities of heated glucose and fructose
solutions and their elucidation by high performance liquid chromatogra-
phy. Food Chem. 1984;15:165-73. https://doi.org/10.1016/0308-8146(84)
90001-3.

Tomasik P, Patasifiski M, Wiejak S. The thermal decomposition of carbo-
hydrates. Part |. The decomposition of mono-, di-, and oligo-saccharides.
In: Advances in carbohydrate chemistry and biochemistry. 1989:203-78.
https://doi.org/10.1016/5S0065-2318(08)60415-1.

Feather MS, Harris JF. Dehydration reactions of carbohydrates. In:
Advances in carbohydrate chemistry and biochemistry. 1978:161-224.
https://doi.org/10.1016/5S0065-2318(08)60383-2.

Martins SI, Jongen WM, van Boekel MA. A review of Maillard reaction

in food and implications to kinetic modelling. Trends Food Sci Technol.
2000;11:364-73. https://doi.org/10.1016/50924-2244(01)00022-X.

Miao'Y, Shen'Y, Xu Y. Effects of inhibitors on the transcriptional profiling
of Gluconobater oxydans NL71 genes after biooxidation of xylose into
xylonate. Front Microbiol. 2017;8:716. https://doi.org/10.3389/fmicb.2017.
00716.

Palmqyvist E, Hahn-Hagerdal B. Fermentation of lignocellulosic hydro-
lysates. II: inhibitors and mechanisms of inhibition. Bioresour Technol.
2000;74:25-33. https://doi.org/10.1016/5S0960-8524(99)00161-3.
Taherzadeh MJ, Gustafsson L, Niklasson C, Lidén G. Physiological effects
of 5-hydroxymethylfurfural on Saccharomyces cerevisiae. Appl Microbiol
Biotechnol. 2000;53:701-8. https://doi.org/10.1007/5002530000328.
Dedes G, Karnaouri A, Marianou AA, Kalogiannis KG, Michailof CM, Lappas
AA, Topakas E. Conversion of organosolv pretreated hardwood biomass
into 5-hydroxymethylfurfural (HMF) by combining enzymatic hydrolysis
and isomerization with homogeneous catalysis. Biotechnol Biofuels.
2021;14:172. https://doi.org/10.1186/513068-021-02022-9.

Sayed M, Pyo S-H, Rehnberg N, Hatti-Kaul R. Selective oxidation of
5-hydroxymethylfurfural to 5-hydroxymethyl-2-furancarboxylic acid using
Gluconobacter oxydans. ACS Sustain Chem Eng. 2019;7:4406-13. https://
doi.org/10.1021/acssuschemeng.8b06327.

Kallnik V, Meyer M, Deppenmeier U, Schweiger P. Construction of expres-
sion vectors for protein production in Gluconobacter oxydans. J Biotech-
nol. 2010;150:460-5. https://doi.org/10.1016/jjbiotec.2010.10.069.


https://doi.org/10.1016/s0008-6215(00)00141-5
https://doi.org/10.1016/s0008-6215(00)00141-5
https://doi.org/10.1080/10942910600673636
https://doi.org/10.1186/s12934-022-01763-y
https://doi.org/10.1186/s12934-022-01763-y
https://doi.org/10.1016/j.bej.2014.10.014
https://doi.org/10.1016/j.bej.2014.10.014
https://doi.org/10.1002/cite.201200200
https://doi.org/10.1002/cite.201200200
https://doi.org/10.1007/s00449-005-0009-0
https://doi.org/10.1007/s00253-019-09824-w
https://doi.org/10.1007/s00253-019-09824-w
https://doi.org/10.1007/s00253-015-6626-x
https://doi.org/10.1007/s00253-016-7680-8
https://doi.org/10.1021/ie50303a021
https://doi.org/10.1002/9783527683369.ch11
https://doi.org/10.1002/9783527683369.ch11
https://doi.org/10.1002/bit.260080103
https://doi.org/10.1016/j.jbiotec.2007.06.010
https://doi.org/10.1016/j.jbiotec.2007.06.010
https://doi.org/10.1002/9783527807833.ch1
https://doi.org/10.1007/BF01025810
https://doi.org/10.1002/bit.260190311
https://doi.org/10.1002/bit.260190311
https://doi.org/10.1007/BF00705160
https://doi.org/10.1007/s00253-017-8680-z
https://doi.org/10.1016/S0168-6445(03)00056-1
https://doi.org/10.1016/S0168-6445(03)00056-1
https://doi.org/10.1205/096030801750286267
https://doi.org/10.1016/J.PROCBIO.2005.10.004
https://doi.org/10.1007/BF00427933
https://doi.org/10.1007/BF00427933
https://doi.org/10.1557/mrs.2017.211
https://doi.org/10.1007/BFb0009830
https://doi.org/10.1111/j.1365-2672.1983.tb02653.x
https://doi.org/10.1111/j.1365-2672.1983.tb02653.x
https://doi.org/10.1111/j.1365-2672.1989.tb02519.x
https://doi.org/10.1002/bit.20631
https://doi.org/10.1007/BF01583717
https://doi.org/10.1016/0168-1605(95)00059-3
https://doi.org/10.1016/0168-1605(95)00059-3
https://doi.org/10.1016/0272-0590(84)90106-4
https://doi.org/10.1016/0308-8146(84)90001-3
https://doi.org/10.1016/0308-8146(84)90001-3
https://doi.org/10.1016/S0065-2318(08)60415-1
https://doi.org/10.1016/S0065-2318(08)60383-2
https://doi.org/10.1016/S0924-2244(01)00022-X
https://doi.org/10.3389/fmicb.2017.00716
https://doi.org/10.3389/fmicb.2017.00716
https://doi.org/10.1016/S0960-8524(99)00161-3
https://doi.org/10.1007/s002530000328
https://doi.org/10.1186/s13068-021-02022-9
https://doi.org/10.1021/acssuschemeng.8b06327
https://doi.org/10.1021/acssuschemeng.8b06327
https://doi.org/10.1016/j.jbiotec.2010.10.069

Battling et al. Microbial Cell Factories

89.

90.

(2022) 21:255

Richhardt J, Bringer S, Bott M. Role of the pentose phosphate pathway
and the Entner-Doudoroff pathway in glucose metabolism of Glu-
conobacter oxydans 621H. Appl Microbiol Biotechnol. 2013;97:4315-23.
https://doi.org/10.1007/500253-013-4707-2.

Knoll A, Maier B, Tscherrig H, Blichs J. The oxygen mass transfer, carbon
dioxide inhibition, heat removal, and the energy and cost efficiencies of

high pressure fermentation. Adv Biochem Eng Biotechnol. 2005;92:77-99.

https://doi.org/10.1007/b98918.

91. Mdller J, Beckers M, MuBmann N, Bongaerts J, Biichs J. Elucidation of
auxotrophic deficiencies of Bacillus pumilus DSM 18097 to develop a
defined minimal medium. Microb Cell Fact. 2018;17:106. https://doi.org/
10.1186/512934-018-0956-1.

Publisher’s Note

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

Page 21 of 21

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1007/s00253-013-4707-2
https://doi.org/10.1007/b98918
https://doi.org/10.1186/s12934-018-0956-1
https://doi.org/10.1186/s12934-018-0956-1

	Highly efficient fermentation of 5-keto-d-fructose with Gluconobacter oxydans at different scales
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Results and discussion
	Investigation of oxygen and second substrate limitation during 5KF production
	Analysis of the viscosity of fructose solutions with different concentrations at different temperatures
	Extended batch fermentation with constant feeding of fructose (1180 gL)
	Characterisation of cell performance in a RAMOS device
	Extended batch fermentation with solid fructose feeding
	Scale-up of the extended batch fermentation to 50 L and 150 L pressurised fermenter
	Comparison of productivities, oxygen transfer rates and fructose concentrations for extended batch fermentations of this work using different fructose feed concentrations at different scales

	Conclusion
	Materials and methods
	Microbial strain
	Media composition
	Cultivation in the respiration activity monitoring system (RAMOS)
	Cultivation in 2 L, 50 L and 150 L bioreactors
	Offline analyses
	Calculations

	Acknowledgements
	References




