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Abstract: Corynebacterium glutamicum is prominent for the industrial production of secreted amino acids.
Notably, it naturally accumulates the carotenoid pigment decaprenoxanthin in its membranes. Metabolic
engineering enabled production of astaxanthin. Here, a bioprocess for astaxanthin production in lab-scale
stirred bioreactors was established by a DoE-guided approach to optimize the basic process parameters pH,
rDOS, aeration rate as well as inoculation cell density. The DoE-guided approach from 2 L scale cultivation
revealed that the pH showed the strongest effect on the product formation. Subsequently, an optimum at pH
8, an aeration rate of 0.25 vvm, 30 % rDOS and an initial optical density of 1 was established that allowed
production of 7.6+0.6mg L' astaxanthin in batch mode. These process conditions were successfully transferred
to a fed-batch process resulting in a high cell density cultivation with up to 60 g CDW L-! biomass and 64 mg L-
! astaxanthin and thus demonstrating an about 9-fold improvement compared to optimal batch conditions.
Moreover, pH shifts experiments indicate that the cells can quickly adapt to a change from pH 6 to 8 and start
producing astaxanthin showing the possibility of a biphasic bioprocesses for astaxanthin production.

Keywords: design of experiment (DoE); astaxanthin; batch and fed-batch fermentation
Corynebacterium glutamicum

1. Introduction

Astaxanthin is a red C40 carotenoid with an extraordinary antioxidant activity [1]. It belongs to
the xanthophyll group of carotenoids, as it contains oxygen in the form of a keto and hydroxyl group
on each ionone ring. The structural properties of astaxanthin enable strong antioxidative properties
in addition to high free radical scavenging and singlet oxygen quenching activity [2]. Synthetic
astaxanthin is traditionally used as a feed colorant for poultry and is the major carotenoid used in
aquatic feed formulations, e.g., for salmon, rainbow trout and crustaceans [3]. In addition, natural
astaxanthin is used as a colorant and antioxidant in the food and cosmetics industry, respectively. In
recent years, potential medical applications of astaxanthin gained a lot of interest since astaxanthin
was shown to exhibit anti-inflammatory, anti-apoptotic, anti-tumor and immune modulating
properties, turning it into a potential therapeutic for e.g., cancer [4]. cardiovascular, liver and ocular
diseases [5-8] as well as Alzheimer’s [9] and Parkinson’s disease [10]. Although it is not used as a
pharmaceutical yet, natural astaxanthin became prominent as a health-promoting nutraceutical. Due
to its attractive properties and commercial value, the global astaxanthin market is predicted to reach
about 5 billion US$ in 2028, with an annual growth rate of approximately 17 % [11]. At the present
time, astaxanthin sourced form petrochemical synthesis dominates the market as it is the cheapest
production method [11-13]. However, the nutraceutical, food and cosmetics industries only use
naturally sourced astaxanthin [14]. Thus, rising consumer demands facilitated research on alternative
and microbial production processes that are both environmentally friendly and scalable. High-level
astaxanthin production was enabled in a range of natural and heterologous microbial hosts like
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Phaffia rhodozyma [16], Yarrowia lipolytica [15,16], Saccharomyces cerevisiae [17], Paracoccus carotinifaciens
[18], Escherichia coli [19,20], and Corynebacterium glutamicum [21]. Recently, an astaxanthin oleoresin
extracted from C. glutamicum biomass was demonstrated to have an about 9-fold higher antioxidant
activity than synthetic astaxanthin [22].

C. glutamicum naturally synthesizes the yellow C50 carotenoid decaprenoxanthin and its
glucosides [23]. Over the past decade C. glutamicum was metabolically engineered for efficient
production of various carotenoid [24-29] and related short-chain terpenoids [30-34]. Rational
engineering to enable an improved precursor biosynthesis [29,35], deregulation of the native
carotenoid biosynthesis [21,28,36] and abolishment of competing pathways [25,29] have been applied
to provide high flux to the astaxanthin precursor lycopene.

For overproduction of the heterologous astaxanthin, first beta-carotene production was
established by introduction of the lycopene cyclase gene crtY from Pantoea ananatis [29]. Furthermore,
conversion of [>-carotene to astaxanthin was established and later improved by a fusion protein
comprising the heterologous -carotene hydroxylase and (3-carotene ketolase from Fulvimarina pelagi
[21]. Recently, a genome-mining approach with subsequent screening of structurally distinct
lycopene (-cyclases revealed that higher astaxanthin production can be achieved with cytosolic
lycopene (-cyclase from Synechococcus elongatus and membrane-bound heterodimeric lycopene f3-
cyclase from Brevibacterium linens [37]. Besides the targeted carotenoid pathway engineering, a
systematic CRISPRi library screening identified new genetic targets from central metabolism for
optimized carotenoid production. These results further hinted at the effects that seemingly unrelated
pathways as well as global regulators can have on carotenoid synthesis and thus also showed the
possibility of influencing these through external means, i.e. fermentation parameters or media
composition [38]. Apart from the genetic engineering, several other ways of optimizing astaxanthin
production were performed previously in C. glutamicum. As it is typically used for amino acid
production, a co-production of astaxanthin and L-lysine was established and tested in a 15 L fed-
batch fermentation using complex medium [39]. Additionally, we previously published both a batch
and fed-batch fermentation process using a minimal medium with the optional addition of
aquaculture sidestreams in a 2 L scale [40].

However, both processes suffered from low astaxanthin titers below 10 mg/L. As such we
determined that further optimization is necessary to reach commercially relevant product titers.

Industrial scale biotechnological production processes with C. glutamicum have been well
established in the industry for several decades [41] as it is used in high-titer production of several
amino acids including L-lysine [42] and L-glutamate [43]. As amino acids are secreted products, the
cell densities in large scale production processes are deliberately limited [44]. By contrast, carotenoids
are biomass-bound products [39]. Hence, a high cell density production process is aimed at for
astaxanthin production. Moreover, cultivation in minimal medium is preferred to achieve a
reproducible process, which is not disturbed by fluctuations in batch compositions of complex media
components [45]. For C. glutamicum, mineral salts, high cell density cultivation (HCDC) media were
developed with lignocellulosic acetate [46] or glucose [47] as carbon sources and tested for
recombinant protein [48] and L-lysine production, respectively.

For bioprocess intensification, different approaches could be applied. Although being laborious,
one factor at a time experiments are still widely used to identify important process variables.
However, this makes it impossible to identify combinatorial effects and a large number of
experiments are necessary to fully explore the experimental space. Design of experiment (DoE)
approaches allow both the identification of combinatorial effects and to minimize the number of
necessary experiments and have therefore been applied, especially in bioprocess optimization, as
each experiment represents a large investment of time and resources [49,50]. DoE represent a well-
established methodology to plan a series of experiments in order to elucidate the impact and
correlation of a number of different test-variables to a response variable. Therefore, a DoE approach
is suitable to investigate the impact of different bioprocess parameters. It is well known that pH
[49,51], aeration rate and rDOS [52] as well as initial inoculum [53] can have wide ranging effects on
fermentation processes and can be key to enhancing product yields.
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This is why, in this study, we chose these four parameters and analyzed their effects on
astaxanthin production with C. glutamicum using a fractional factorial design in batch and fed-batch
fermentations.
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Figure 1. Carotenoid biosynthesis in C. glutamicum ASTA*. Gene names are given next to the
reactions catalyzed by their gene products, genes overexpressed from the genome are marked in bold,
while deleted native genes are marked with a red A above them. GAP: Glyceraldehyde 3-phosphate;
IPP: isopenthenyl pyrophosphate; DMAPP: dimethylallyl diphosphate; dxs: 1-deoxy-D-xylulose 5-
phosphate synthase; idsA: geranylgeranyl pyrophosphate synthetase; crtE: geranylgeranyl
pyrophosphate synthase; crtB: phytoene synthase; crtl: phytoene desaturase; crtEb: lycopene elongase;
crtYes. e-cyclase; crtY: lycopene B-cyclase from Pantoea ananatis; crtW: B-carotene ketolase from
Fulvimarina pelagi; crtZ: B-carotene hydroxylase from Fulvimarina pelagi.

2. Materials and Methods

2.1. Preculture conditions

All cultivations and fermentation in this study were performed with C. glutamicum ASTA* [21].
Chemicals were delivered by Carl Roth (Karlsruhe, Germany) or VWR International (Radnor, PA,
USA) if not stated differently. For inoculation of the bioreactor cultivations a first pre-culture was
grown in 50 mL LB medium [54] with addition of 10 g L' glucose and 25 pg mL-! kanamycin in a
500 mL shake flask. An appropriate number of second pre-cultures in 200 mL CGXII minimal
medium (20 g L1 (NH4)2SOs, 1 gLt KeHPOs, 1 gLt KH2POs, 5 gLt urea, 42 gL1 MOPS bulffer,
0.2 mg L biotin, 30 mg L protocatechuic acid (PCA), 10 mg L CaClz, 250 mg L' MgSOx * 7 H20,
trace elements: 10 mg L1 FeSOs + 7 H20, 10 mg L' MnSOs + H20, 0.02mgL? NiCL * 6 H20,
0.313 mg Lt CuSOs * 5 H20, 1 mg L' ZnSOs + 7 H20) [55], supplemented with 40 g L' glucose and
25 ug mL* kanamycin in 2 L shake flasks were inoculated with 1 % (v/v) of the first preculture. The
precultures were grown overnight at 30 °C and 120 rpm. Second precultures were combined for
inoculation of bioreactors.
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2.2. Fermentative production

Glass bioreactors with a total volume of 3.7 L (KLF, Bioengineering AG, Switzerland) were used
for all fermentations. The stirrer to reactor diameter ratio was 0.39 and the aspect ratio of the reactor
was 2.6:1.0. The temperature was kept at 30 °C during the fermentations. Samples during the
fermentations were collected with autosamplers and cooled down to 4 °C until further use. A
Shimadzu UV-1202 spectrophotometer (Duisburg, Germany) was used for ODsonm measurements.
When required, cell dry weight was calculated by dividing ODeoonm by four.

2.2.1. Batch conditions

For the batch fermentations, two six-bladed Rushton turbines were placed on the stirrer axis
with a distance of 6 and 12 cm from the bottom of the reactor. A steady airflow of 0.15 to 0.75 NL min-
1 (specified for each experiment in the results section) was maintained from the bottom through a
ring-sparger. An automatic control of the stirrer speed between 400 and 1250 rpm kept the relative
dissolved oxygen saturation (rDOS) at a given level between 15 and 45 % (specified for each
experiment in the results section). A pH of 6.0 to 8.5 (specified for each experiment in the results
section) was automatically maintained by the addition of 10 % (v/v) HsPOs and 4 M KOH. Off-gas
CO2 was measured using a MF420-IR-CO2 sensor (LogiDataTech Systems, Baden-Baden, Germany)
with a measuring range from 0 to 5% (v/v) COz An initial working volume of 2 L CGXII medium
without MOPS buffer, supplemented with 40 gL' glucose, 25 ugmL"! kanamycin and 0.6 ml L
antifoam 204 (Sigma-Aldrich; St. Louis, MO, USA) was inoculated to an ODsoonm of 0.5 to 2 (specified
for each experiment in the results section) from the second pre-culture.

2.2.2. Fed-Batch conditions

For the fed-batch fermentations three six-bladed Rushton turbines were placed on the stirrer axis
with a distance of 6, 12 cm and 18 cm from the bottom of the reactor. Furthermore, a mechanical foam
breaker was installed on the stirrer axis with a distance of 22 cm to the bottom of the reactor. The fed-
batch fermentations were performed with a head space overpressure of 0.5 bar. A pH of 7.0 or 8.0
was automatically maintained by the addition of 10 % (v/v) HsPOs and 25 % (v/v) NHs. The fed-batch
fermentations were performed with an initial working volume of 1L HCDC medium (10 g L
glucose, 19.75 g L KH2POq, 39.5 g L' KeHPOs, 10 g L' (NH4)2504, 6.67 g L' MgSOa4 + 7 H20, 0.27 g L™
CaClz, 0.53 g L1 FeSOs * 7 H20, 0.27 g L' MnSOs * H20, 0.027 g L' ZnSOs + 7 H20, 0.0053 g L1 CuSOs,
0.00053 g L NiClz * 6 H20, 0.0053 g L d(+)-biotin, 0.8 g L' PCA) [47], inoculated to an ODsoonm of 1
with the second pre-culture. 1 L 600 g L' glucose was used as feed medium. An automatic control
increased the stirrer speed from 400 to 1500 rpm every time the relative dissolved oxygen saturation
(rDOS) fell below 30 %. The feed was primed when the rDOS fell below 30 % for the first time. The
feed pump activated every time the rDOS exceeded 60 % and stopped when it subsequently fell
below 60 %, to prevent oversaturation with glucose. A steady airflow of 0.3 to 3.5 NL min! was
maintained from the bottom through a ring sparger. The airflow was increased manually during the
process when the rDOS fell below the desired limit and the agitator was already at its maximum.
Foam formation during the fermentation was reduced by addition of 0.6 ml L-* antifoam 204 to the
batch medium and controlled addition of up to 30 ml antifoam 204 via an antifoam probe during the
feeding phase.

2.3.1. Quantification of carotenoids, carbohydrates and organic acids

For all HPLC analyses an Agilent 1200 series system (Agilent Technologies Deutschland GmbH,
Boblingen, Germany) was used. Culture samples (200 or 500 pl) were centrifuged at 14000 rpm for
10 min, the supernatants and pellets were stored separately at —20 °C until analysis.

The analysis of carotenoids was performed as previously described [37]. Samples were extracted
until the remaining pellet of cell debris was colorless. Carotenoid analysis was performed for all
fermentations carried out during this study. For quantification of the carotenoid contents the peak
areas detected at 471 nm and calibration curves calculated from authentic standards were used.

doi:10.20944/preprints202310.0987.v1
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Astaxanthin, adonirubin, canthaxanthin, echinenone, 3-cryptoxanthin, zeaxanthin, $-carotene and
lycopene were quantified by comparing the peak area against that of authentic standards.
Hydroxyechinenone was calculated as astaxanthin equivalent as there was no authentic standard
available. Furthermore, total carotenoids were calculated by converting all measured carotenoid
titers to mmol, adding them and then converting back to mg/L of astaxanthin.

The carbohydrates in the cultivation medium were quantified with an organic acid resin column
(Organic acid, 300 mm x 8 mm, 10 um particle size, 25 A pore diameter; CS-Chromatographie Service
GmbH, Langerwehe, Germany) under isocratic conditions with a flow of 0.8 mL min? 5 mM H250s4
as described previously [56]. The analytes were detected using a refractive index detector (RID).

2.4. Design of experiments setup and statistical analysis

The fractional factorial design was generated using R and the rsm package [57,58]. To identify
the influence of the factors pH, rDOS, aeration and initial inoculum, we used a fractional factorial
cube design (Table 1). The effect of the initial inoculum was confounded with the combined effect of
the other three factors (Table 2). Two center points were performed in addition, to test for potential
higher level effects. Either the maximum astaxanthin or total carotenoid titer during the process were
chosen as response variables.

Table 1. Overview over the tested bioprocess parameters and their respective levels.

Level
Modified parameter 1 0 1
Aeration [vvim] 0.25 0.5 0.75
Initial ODe0o nm [-] 1 3 5
pH [-] 6 7 8
rDOS [%] 15 30 45

Table 2. Overview of randomized DoE fermentation runs. The rDOS, aeration rate and pH setpoint,
as well as the initial ODsoonm for each fermentation are stated. Control runs are marked gray. n.d. =
not detectable.

. . Astaxanthin  Total carotenoids as max.
Aeration rate Initial . .
Run rDOS [%] pH titer astaxanthin CDW
[vvm] OD#600 nm .
[mg L] equivalents [mg L] [g L1
1 30 0.50 3 7 1.79 19.57 13
2 15 0.75 5 6 0.66 103.71 5.25
3 45 0.25 1 8 8.19 16.67 9.5
4 45 0.75 5 8 7.47 26.20 9.25
5 15 0.25 5 8 9.84 21.62 10.25
6 45 0.25 5 6 0.33 19.65 7
7 30 0.50 3 7 4.45 15.24 8
8 15 0.25 1 6 0.41 189.77 12.25
9 15 0.75 1 8 6.49 14.95 8.5
10 45 0.75 1 6 n.d. 10.20 4.25
3. Results

3.1. Design of Experiments for rDOS, aeration rate, initial ODeoonm and pH

To identify the influence of rDOS, aeration rate, initial ODswonm and pH on the astaxanthin
production process, 10 batch fermentations were performed in CGXII medium. These were organized
in a fractional factorial cube design and initially based on our previously published batch
fermentations [40]. Maximum astaxanthin titers from these runs are shown in Table 2 and Figure 2.
In addition, total carotenoid titers were determined and given as astaxanthin equivalents as described
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in the methods section. These results showed that pH 6 almost completely abolished the formation
of any xanthophylls, while pH 8 is beneficial for astaxanthin formation. Effects from the other
parameters are harder to distinguish.
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Figure 2. Dotplots of the DoE results clustered by pH value. These graphs represent the results of
the DoE fermentations for maximal astaxanthin titers (A) and total carotenoid titers given as
astaxanthin equivalents (B). Results are clustered by pH value to enhance readability. Fermentations
were performed in a 2L CGXII medium using C. glutamicum ASTA* at 30°C. pH was controlled using
4 M KOH and 10 % HsPOu. Aeration, rDOS, pH and initial ODsowonm were varied according to the
design-of-experiment approach.

To facilitate the analysis of the data we tried fitting a first or second order model. When fitting

the latter model, the effect of the two-factor interactions was not significant (Prob > F of 0.82). The

first

order model however, showed a significant fit (Prob > F of 0.003) and a non-significant lack of fit

(Prob > F of 0.86). Additionally, it had an adjusted R?of 0.89, meaning the first-order model can
explain 89 % of the measured variability. Relevant statistical outputs of the regression analysis are
shown in Table 3. Overall, the set of DoE fermentations showed a high variance with astaxanthin
titers ranging from 0 to 9.84 mg L' astaxanthin. The ANOVA indicated a highly significant effect of
the pH with regard to the astaxanthin titer, while the other tested variables, namely aeration rate,
rDOS and initial ODeoonm showed no significant effects. To further analyze if the pH was masking
other potentially significant effects we also performed a Students t-test to only compare changes at

the same pH level (Table 4). However, even under these conditions the parameters were not found
to be significant.

Table 3. Overview over the regression model and its components. Models for both astaxanthin titer
and total carotenoid titer (given as astaxanthin equivalents) are shown. The shown two-factor
interactions are confounded due to the model design and can therefore not be distinguished.
Furthermore, the two-factor interaction was not included for the astaxanthin model as it only
increased the lack of fit. Statistical significances were calculated using either the Students t-test
(t-values and corresponding probabilities) or Fisher’s test (F-Value and corresponding probabilities).

Total carotenoids Astaxanthin
Prob >t t-Value Prob >t t-Value  Source
0.36 -1.03 0.29 -1.17 Aeration
0.54 -0.67 0.41 0.91 Initial OD600nm
0.05 -2.72 <0.001 8.64 pH
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7
0.05 -2.87 0.71 -0.40 rDOS
pH * rDOS /
0.04 3.01 Aeration * Initial ODse0o nm
Prob >F F-value Prob >F F-value

0.09 4.28 <0.01 19.24 1st order
0.04 9.03 2nd order
0.06 142.89 0.86 0.30 Lack of fit

0.70 0.89 Adjusted R?

Table 4. DoE Output. For each variable of the DoE the p-value for a linear correlation (calculated via
ANOVA), the p-value for the variables just at pH 8 (calculated via T-test) and the resulting outputs

are stated.

Variable t-value p-value Output
(ANOVA)  (data points at pH 8) P

pH <0.001 - Optimum at pH 8
Aeration 0.29 017 S.etp'o%nt at 0.25 vvm as no
rate significance detected
Initial Setpoint at 1 as no significance
ODs00 nm 041 046 detected
DOS 071 0.86 Setpoint set to 30% as no significant

effect

With regards to the total carotenoids formed, a clear benefit of low pH and low rDOS is visible
(Table 2). A model including the two-factor interaction between rDOS and pH, as well as the first
order components showed a non-significant lack-of-fit (Prob > F of 0.06), while explaining 70 % of the
variability. Further two-factor interactions were omitted as their inclusion only increased the lack-of-
fit of the model. Overall, it was possible to increase the total carotenoid titer to 189.77 mg L at low
pH, rDOS, aeration and initial ODsoonm, while increasing initial ODesoonm and aeration rate decreased
this titer to 103.71 mg L. This is an up to ten-fold increase in total carotenoids in comparison to the
control condition.

In regards to growth, a significant decrease in growth rates was observed at pH 6 (0.12 + 0.02 h-
1) compared to pH 8 (0.19 = 0.03 h-') (Table S1). The maximum CDW was also decreased at pH 6 (5.5
+1.4 g L) compared to pH 8 (9.4 + 0.7 g L"). However, the decrease was not significant due to run 8
showing far higher maximum CDW than the other runs at pH 6.

Detailed information about the carotenoid titers under each condition are shown in Figure S1.

3.2. Validation of optimal batch fermentation conditions
3.2.1. Further analysis of the influence of the aeration rate on astaxanthin production in batch

cultivation

The ANOVA indicated no significant effect of the aeration rate on the astaxanthin titer among
the tested conditions (Table 4). However, as the pH strongly affected the formation of xanthophylls
and might have masked the effect of the aeration rate, we further investigated a potential influence
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of the aeration rate on the astaxanthin formation. Four batch fermentations were performed with
aeration rates of 0.15, 0.25, 0.35 or 0.5 vvm (Figure 3 A-D) and the other parameters were set as
follows: rDOS at 30 %, initial ODeoonm of 1 and pH at 7.
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Figure 3. Batch fermentations at different aeration rates and pH. Astaxanthin titers (red squares),
biomass (cell dry weight; green dots), agitator speed (grey line), rDOS (dark blue line), aeration rate
(light blue line) and pH (orange line) over time during batch fermentations with C. glutamicum ASTA*
grown in 2 L CGXII medium at pH 7 with an aeration rate of 0.15 vvm (A), 0.25 vvm (B), 0.35 vvm (C)
or 0.5 vvm (D); or with an aeration rate of 0.25 vvm at pH7.5 (E), pH8 (F) or pH8.5 (G). All
fermentations were performed with an initial ODsoonm of 1, at rDOS of 30 %.

The cultures with the lower aeration rates of 0.15 and 0.25 vvm grew to maximum ODs0o nm of 52
and 53 (12.9 to 13.4 g CDW L) with a growth rate of 0.25 and 0.26 h*!, respectively. At higher aeration
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rates of 0.35 and 0.5 vvm the growth was slightly impaired with respective growth rates of 0.20 and
0.22 h'' and maximum ODeoonm of 42 and 46 (10.7 to 11.5 g CDW L1).

At aeration rates of 0.15 and 0.35 vvm 2.38 mg L' and 2.14 mg L' astaxanthin were produced
respectively, each corresponding to 0.24 mg g'' CDW. With an even higher aeration rate of 0.5 vvm,
i.e. the control condition of the DoE runs, the astaxanthin production dropped to 0.93 mg L~
(0.11mg g CDW). An aeration rate of 0.25vvm led to the highest astaxanthin production of
5.53 mg L1 (0.61 mg g'' CDW), with a productivity of 0.12 mg g CDW h (Figure 3 B). In comparison
to the other aeration rates, the astaxanthin production was improved about 2-5-fold under these
conditions.

To sum up, the aeration rate indeed had an impact on astaxanthin production, optimal
production was recorded at an aeration rate 0.25 vvm, as it was already indicated by the DoE
approach. Accordingly, all further experiments were conducted with an aeration rate of 0.25 vvm.

3.2.2. Validation of pH 8 as setpoint for optimal astaxanthin production in batch cultivation

The results of the DoE approach highlight the pH as the most important process parameter with
regard to maximal astaxanthin titers. During the DoE fermentation runs, only integer pH setpoints
were tested. Owing to the high significance of this variable further detailed examination of the pH
optimum with regard to astaxanthin production was performed.

Three identical batch fermentations were performed with varied pH setpoints of pH 7.5, 8 and
8.5 (Figure 3 E-G). All other process parameters were kept constant, according to the DoE output
(aeration rate of 0.25 vvm, 30 % rDOS and an initial ODeoonm of 1).

The culture at pH 7.5 grew to a maximal biomass concentration of 11.8 g CDW L, with a growth
rate of 0.26 h'l. Growth was slightly impaired at pH 8, with a reduced growth rate of 0.21 h'', but
comparable biomass formation of 12.6 g CDW L-1. Cultivation at pH 8.5 led to a growth deficit as the
culture only grew to a maximal biomass concentration of 8.7 g CDW L with a reduced growth rate
of 0.10h'. Lowering or increasing the pH setpoint to 7.5 or 8.5, resulted in lower astaxanthin
production of 6.07 and 5.91 mg L-* (0.82 and 0.67 mg g' CDW) respectively. Astaxanthin production
again was highest at pH 8 with 7.12 mg L' (0.81 mg g' CDW) of astaxanthin corresponding to a
volumetric productivity of 0.15 mg L' h' and a yield of 0.18 mg g glucose (Figure 3 F).

Considering the total carotenoid production (Figure S2 C, E-G), it becomes apparent, that
changes in the pH value do not only impact the astaxanthin production, but also the precursor
composition. At pH7 and 7.5 mainly adonirubin and canthaxanthin accumulated, while at pH 8
lycopene and 3-carotene were the predominant precursors being produced.

The cultivation under optimal conditions (pH 8, 0.25 vvm aeration rate, 30 % rDOS, initial
ODsoo nm of 1) was performed two additional times, adding up to technical triplicates (marked in green
in Table S1) with an average astaxanthin titer of 7.61 + 0.60 mg L-.

3.2.1. pH-Shift experiments in late exponential phase indicate different pH optima for astaxanthin
biosynthesis and its precursor biosynthesis

The DoE results demonstrated that astaxanthin production possesses a pH optimum of 8
(Figure 4 A-D). In contrast, the precursor [-carotene is accumulating to high titers of up to 127 mg L-
T at pH 6 (Figure S1). This indicated that at pH 6 oxy-functionalization to astaxanthin by CrtZ and
CrtW is a bottleneck. It was tested whether a two-staged production process starting with a -
carotene accumulating phase at pH 6 followed by a second phase with a pH shift to 8 for conversion
to astaxanthin (pH 6->8) is beneficial in comparison to a one-staged bioprocess. Vice versa, a pH shift
fermentation was performed starting at pH 8, with a shift to pH 6 at 12 h after inoculation (pH 8->6)
(Figure 4 B and D respectively). For comparison, two batch cultivations with a constant pH of 6 or 8
were performed (Figure 4 A and C respectively). All four fermentations were carried out at optimal
setpoints (aeration rate of 0.25 vvm; 30 % rDOS and initial ODsoonm of 1) (Figure 4). The fermentation
with constant pH 6 showed a strongly impaired growth with a maximum biomass formation of
2.65 g CDW L'and areduced growth rate of 0.12 h''. Instead, at pH 8, the culture grew to a maximum
biomass concentration of 14.25 g CDW L' with a growth rate of 0.24 h"'. In comparison, both
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fermentations with a pH-shift (pH6>8, pH8->6) exhibited slight growth deficits with maximal
biomass formation of 10.3 or 11.7 g CDW L' and growth rates of 0.21 and 0.23 h", respectively.
Analysis of the carotenoids revealed that during the fermentation with a constant pH 6 only
0.04 mg L' (0.04 mg g' CDW) of astaxanthin were produced, while (3-carotene accumulated to
18.26 mg L (7.16 mg g' CDW) (Figure 4 A).
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Figure 4. Batch fermentations for pH-shift experiments. Astaxanthin titer (red squares), $-carotene
titer (yellow squares), biomass (cell dry weight; green dots) and pH (orange line) over time during
batch fermentations with C. glutamicum ASTA* grown in 2 L CGXII medium steady at pH 6 (A), pH 8
(B) or with a pH shift after 12 h from pH 6 to pH 8 (C) or from pH 8 to pH 6 (D). All fermentations
were performed with an initial ODsoonm of 1, at rDOS of 30 % and an aeration rate of 0.25 vvm.

In the fermentation with a pH-shift from 8 to 6, astaxanthin was mainly produced during the
first phase at pH 8 (Figure 4 D). Here 0.33 mg L-* (0.05 mg g' CDW) of astaxanthin accumulated that
are comparable to the fermentation with constant pH of 8 at 12 h after inoculation (0.53 mg L
(0.07 mg g CDW)) 12 h (Figure 4 C). In the second phase after the pH shift to 6, the astaxanthin
content remained low with a maximum production of 0.52 mg L' (0.12 mg g'' CDW). Remarkably, 3-
carotene also only accumulated during the first phase at pH 8 to a maximum titer of 2.55 mg L
(0.37 mg g'' CDW), whereas (-carotene levels were slowly decreasing in the second phase.

In the two-stage bioprocess with a pH-shift from 6 to 8, no astaxanthin accumulated in the first
phase, but in the second phase up to 4.18 mg L (0.57 mg g CDW) of astaxanthin were produced
(Figure 4 B). Prior to the pH-shift, B-carotene production was strong and titers comparable to the
cultivation with a continuous pH of 6 were reached (19.78 mg L-! or 4.65 mg g CDW). In the second
phase with pH 8, 3-carotene was converted to astaxanthin until it started to accumulate again after
30 h of cultivation. It is noteworthy that after the shift form pH 6 to 8, adonirubin and canthaxanthin
started to accumulate, while B-carotene remained to be the most abundant precursor (Figure S3 and
S4). During the fermentation at continuous pH 8, 7.42mgL? (0.89 mgg' CDW) astaxanthin
accumulated with a productivity of 0.15 mg L h-1, while (3-carotene production remained low (max.
4.57 mg L or 0.32 mg g' CDW) (Figure 4 C).
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In summary, a two-staged bioprocess with pH-shift (pH 6->8) for (i) initial precursor
accumulation and (ii) subsequent conversion to astaxanthin did not increase astaxanthin production.
Thus, a one-staged bioprocess with constant pH 8 remains optimal for astaxanthin production.

3.3. Transfer of optimized batch bioprocess conditions to fed batch bioprocess accelerated astaxanthin
production

The optimal conditions for astaxanthin production under batch conditions were transferred to a
fed-batch bioprocess. Previously, we used a CGXII based feed solution and while we observed
satisfying growth behavior, astaxanthin production was lower than in the best batch fermentations
shown here. Additionally, the feed solution showed solubility problems due to high concentrations
of phosphate, calcium and magnesium salts [40]. To combat these problems we switched to an
established minimal salts HCDC batch medium developed for C. glutamicum [47] with 600 g L1
glucose as feed solution.

Two fed-batch cultivations were performed in parallel comparing the initial setpoints (0.5 vvm,
pH 7) with the optimized batch cultivation conditions (0.25 vvm, pH 8 (Figure 5). Over the course of
the process the initial aeration rate was increased manually, to prevent oxygen starvation with
increasing cell densities.
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Figure 5. Fed-batch fermentations. Astaxanthin titers (red squares), [-carotene titers (yellow
squares), biomass (cell dry weight; green dots), feed intake (purple line), agitator speed (grey line),
moving average rDOS (dark blue line), and aeration rate (light blue line) over time during fed-batch
fermentations with C. glutamicum ASTA* grown in 1 L HCDC as batch medium, fed with 1L 600 g L
glucose at pH 7 with an initial aeration rate of 0.5 vvm (A) or at pH 8 with an initial aeration rate of
0.25 vvm (B).

Both cultures grew with comparable growth rates of 0.15 and 0.13 h'! to a maximal biomass
concentration of 98 and 60 g CDW L' at pH 7 and 8, respectively. In the fermentation at pH 7 55 mg L-
! astaxanthin (0.68 mg g'' CDW) were produced with a volumetric productivity of 0.73 mg L' h'* and
a yield of 0.18 mg g glucose (Figure 5 A). Astaxanthin production at pH 8 surpassed production at
pH 7 in all cases. During the fed-batch fermentation at pH 8 64 mg L astaxanthin (1.22 mg g' CDW)
were produced with a volumetric productivity of 0.85 mg L' h' and a yield of 0.21 mg g glucose
(Figure 5 B).

Considering the total carotenoid output during the fed-batch processes, it can be stated that
during both fermentations comparable total carotenoid amounts in astaxanthin equivalents were
produced (333 mg L' at pH 7 and 317 mg L at pH 8) (Figure S5). Yet, it is remarkable that at pH 7
mostly the direct astaxanthin precursor adonirubin and canthaxanthin accumulated to high amounts
(102 and 99 mg L respectively), while at pH 8 these precursors are mostly converted to astaxanthin.
Instead, the earlier precursors lycopene and [3-carotene accumulated (93 and 94 mg L' respectively)
during the process at pH 8.

In conclusion, the fed-batch fermentation at pH 8 resulted in the highest astaxanthin titer of
64 mg L, which corresponds to an about 9-fold improvement in comparison to the optimized batch
process.

4. Discussion

Fermentative astaxanthin production with C. glutamicum was improved in a DoE-guided
approach with regard to the process setpoints pH, aeration rate, rDOS and initial optical density in
batch and fed-batch mode. The parameter optimization effect was stronger in batch mode
(approximately 4-fold improvement compared to control conditions) than it was in fed-batch
(approximately 1.2-fold improvement). Compared to the improved batch process the astaxanthin
product titer was about 9-fold increased from 7 mg L to 64 mg L in fed-batch fermentation. The
more than 4-fold increased maximal biomass formation and the increased astaxanthin content (0.87
to 1.2 mg g' CDW) contributed to the improvement. The volumetric productivity improved approx.
6-fold from 0.15 mg L' h'! in batch conditions to 0.86 mg L h-! in the fed-batch process, while the
yield was increased by about 10 % (0.18 and 0.21 mg g glucose respectively). Thus, these three key
performance indicators of the high cell density astaxanthin bioprocess could be improved by the
described process intensification.

In this study we identified pH as the predominant process parameter to influence growth and
carotenoid production of C. glutamicum. C. glutamicum can effectively maintain an intracellular pH of
7.5 + 0.5 when exposed to external pH values between pH 5.5 and pH 9 [59-61]. However, sharp
differences were determined in growth and carotenoid production between pH 6, 7 and 8 with the
latter one as optimum for astaxanthin production. pH6 was best for accumulation of the
carotenogenic precursor (3-carotene whereas both growth rates as well as final biomass titer were
reduced. This growth deficiency could be explained with higher oxidative stress at pH 6 in
comparison to pH 7.5 or 9 [59]. In contrast, higher oxidative stress levels have shown to influence
carotenoid biosynthesis positively in E. coli [62]. Although we did not observe any byproduct
formation at pH 6 (data not shown) that could explain a reduced biomass formation as it was
previously published with pyruvate accumulation under cultivations at pH 6 [59], it is tempting to
speculate that an increased pyruvate availability could boost the methylerythritol phosphate
pathway as it serves as its substrate, together with GAP. Indeed, pH 6 was found to be most beneficial
for total carotenoid production in this study. The previously observed feedback inhibition from
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xanthophylls on their precursors [37] likely also plays a role here and could explain the increase in
total carotenoids due to the absence of xanthophylls.

NADPH availability was previously identified as a potential bottleneck in carotenoid
production with C. glutamicum in BioLector® cultivations at pH 7 [38]. Furthermore, it was reported,
that the NADP+/NADPH concentrations are reduced by 50% in C. glutamicum during bioreactor
cultivations at pH 6 [59]. This data cannot explain the observations in this study, as the highest total
carotenoid (primarily (-carotene) concentrations were measured at pH 6. However, xanthophyll,
especially astaxanthin, production was almost fully inhibited at pH 6 and maximal at pH 8. As
[-carotene biosynthesis from glucose requires 16 NADPH either directly or transferred via
ferredoxin, while terminal astaxanthin biosynthesis requires only 6 reduction equivalents, a
limitation in reduction equivalents is not a likely explanation for the inhibited astaxanthin
production. pH-shift fermentations suggested that the conversion towards astaxanthin was abolished
at pH 6 but biosynthesis could be quickly restored after the pH shift to 8. The enzyme CrtZ~W
represents a translational fusion of the (3-carotene hydroxylase (CrtZ) and -carotene ketolase (CrtW)
from the marine bacterium F. pelagi. It was exemplified for the xylose isomerase (XI) from F. pelagi
that it exhibits its maximum catalytic activity in a pH range from 6.3 to greater than 7.8, while the
activity decreased by 70 % at pH 6 [63] corresponding to the alkaline conditions of the ocean with a
pH of 8.1 [64]. To the best of our knowledge no enzyme assay data are available for the Crt enzymes
of F. pelagi. In vitro assays for other CrtZ and CrtW proofed enzyme activities at pH 8 [65] and pH 7.6
[66] but without the determination of the pH optima.

A comparison of the pH optimum for astaxanthin production is not trivial between different
hosts, but it can be summarized that processes have been performed at neutral pH7.2 for
P. carotinifaciens [68] or pH 7 for E. coli [69,70] and Haematococcus pluvialis [71] or at acidic pH, e.g.
with yeasts Y. lipolytica [16] and S. cerevisiae [17] at pH 5.5 and 5.8, respectively. The identification of
an alkaline pH as optimal for astaxanthin formation is a novelty within this study.

Two other important physical parameters, namely aeration rate and rDOS setpoint controlled
via agitation, were identified in this study showing a clear effect on total carotenoid formation at low
pH. Additionally, we could later also show that the aeration rate in fact has an effect on astaxanthin
formation.

Sufficient oxygen supply is essential for aerobic organisms like C. glutamicum and is influenced
by aeration and agitation as bioprocess parameters. However, changing these parameters does not
only affect oxygen but also COzlevels in the fermentation [72-74]. As was shown in the initial set of
batch fermentations, both aeration and agitation strongly influence the total carotenoid content of the
cells, albeit only at pH 6. This low pH further supports the effect being caused by the pCO2as it moves
the reaction balance towards gaseous COzand therefore eases off gassing. In addition, changes in
aeration rate should only influence CO:zlevels as the rDOS is kept constant by changing the stirring
rate. This is further supported by changes in off-gas CO:z concentrations we measured. Increasing the
rDOS setpoint from 15% to 30% almost doubled the average off-gas CO2 from 1.6 to 3.5% while
increasing aeration increased it from 2.2 to 3% (Figure S6). At higher pH a positive effect is still visible,
however here we observed an increase in the transformation of 3-carotene and intermediates into
astaxanthin.

Several studies have focused on the effects of CO:2 on C. glutamicum [75-77]. Low CO:
concentrations have been shown to increase the thiamine production that represents a competing
pathway to the MEP pathway and therefore might reduce carotenoid production. An increased
thiamin concentration enables a higher flux through the pyruvate dehydrogenase complex and
pyruvate:quinone oxidoreductase that could potentially reduce the available pool of pyruvate and
GAP for the MEP pathway [77]. A reduced biomass per substrate yield was observed under low CO2
conditions whereas under high CO: conditions Blombach et al. observed increased biomass per
substrate yields, likely due to changes in the anaplerotic node of C. glutamicum [77]. Correspondingly,
in this study a declining biomass formation was observed at pH 6, when combined with high aeration
and rDOS that supports the hypothesis that these effects are primarily pCO: caused. This might
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explain both the benefits for total carotenoid as well as astaxanthin production that we observed
under low aeration and agitation [77].

Moreover, Blombach et al. 2013 observed a differential expression of the dfxR regulon under
high CO:z concentrations, indicating an increased availability of reduced iron and subsequently a
reduced expression of genes involved in iron uptake [77]. Another study showed that CO: plays a
direct role in the reduction of iron in complexes with PCA or other phenolic compounds [78]. It is
tempting to speculate that an increase in reduced iron caused by the low aeration rate has a positive
effect on the iron-dependent enzymes CrtZ and CrtW from astaxanthin biosynthesis [65]. It can be
hypothesized that the positive effects from the low aeration are based on an increased availability of
reduced iron. This is further supported by the inhibition of xanthophyll synthesis at a low pH, as it
has been previously shown that a low pH induces the iron-starvation response in C. glutamicum [59].
As such both effects combined could explain the complete absence of astaxanthin at low pH while
aeration and rDOS are high.

Under low CO: conditions it was shown that the ferredoxin gene cysX (cg3117 /
WP_011266012.1) and the ferredoxin reductase gene fpr2 (cg3119 / WP_011015406.1) were
significantly downregulated [77] Both the (3-carotene hydroxylase CrtZ [66] as well as several steps
in the MEP pathway (e.g. IspG [79]) are ferredoxin dependent and could be negatively impacted [34].
While the ferredoxin CysX and Fpr2 have been shown to be important for sulfur assimilation, their
effect on carotenoid biosynthesis in C. glutamicum is unknown [80].

In addition, altered levels of CO2 could directly change the membrane fluidity [75,81]. Different
CO2 concentrations were shown to result in differentially expressed genes encoding for membrane
proteins that could lead to changes in membrane fluidity [77]. In fact, it is well known that carotenoids
influence membrane fluidity and their biosynthesis could therefore also be sensitive to membrane
changes [82]. As membrane engineering has been demonstrated as a strategy for enhanced carotenoid
production [83], the possible effect of CO2 on membrane fluidity is interesting for future research.
Although most of the membrane proteins are of unknown function [77] similar observations have
been made in P. aeruginosa [84] and many other organisms [85].

Our previous work on astaxanthin production with C. glutamicum ASTA* presented a batch
fermentation in CGXII medium at pH 7 with an aeration rate of 0.5 vvm, rDOS of 30 % and an initial
ODes0o nm of 2 [40] achieving an astaxanthin titer of 3.12 mg L' [40]. With the here presented optimized
process parameters the astaxanthin titer was more than doubled.

Our previous fed-batch attempt with C. glutamicum ASTA* was performed in CGXII
supplemented with an aquaculture sidestream as batch and a CGXII concentrate as feed [40]. This
led to an 3.5-fold increase in biomass formation compared to batch conditions, while the astaxanthin
titer only increased 1.3-fold (6 mg L') [40]. Here biomass and astaxanthin titer were improved 4-fold
and 9-fold, respectively, by fed-batch fermentation, indicating the superiority of the HCDC medium.
The HCDC medium has proven to result in biomass titers of 227 g L-* CDW based on a 900 g L
glucose feed [47], suggesting that astaxanthin production may be further improved with higher
glucose concentration in the feed.

Our previous studies on the metabolic engineering of C. glutamicum for astaxanthin indicated
that a feedback regulation of the lycopene (-cyclase or further upstream in the carotenoid
biosynthetic pathway might limit the overall production [21,37]. This phenomenon is widely
described in literature for other microbial hosts such as H. pluvialis [86] and E. coli [20]. As this
feedback inhibition has not been solved with metabolic engineering strategies yet, a two-staged
bioprocess for optimized precursor and terminal biosynthesis might tackle the challenges of feedback
inhibition. The pH-shift experiments in this study revealed, that a two-staged bioprocess to tackle the
feedback inhibition in the astaxanthin biosynthesis [37] and to decouple precursor and production
formation was not beneficial under the tested batch conditions. It is noteworthy that after the pH shift
from pH 6 to 8, adonirubin and canthaxanthin started to accumulate, while (3-carotene remained the
most abundant precursor. This indicates that CrtW and CrtZ remain bottlenecks after the pH shift in
the presented batch process as 3-carotene was only partially converted into astaxanthin. In summary,
a constant pH 8 remains to be the optimal condition for astaxanthin production in batch mode so far.
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A two-staged process might still be beneficial in a fed-batch mode when considering all process
parameters to be adapted for an optimized precursor production, namely 3-carotene, during the first
stage of the bioprocess.

Astaxanthin production by P. rhodozyma was optimized in shake flasks with temperature and
carbon concentration as the most impactful process parameters [87]. Accordingly, the cultivation
temperature could be optimized for of the here presented process as all fermentations in this study
at 30 °C as the standard temperature for C. glutamicum [55]. Furthermore, optimization of the initial
carbon concentration, as well as an adapted feed protocol for the fed-batch fermentations may be
beneficial. As the current feed protocol relies on recurring carbons starvation, a feed profile which is
optimized for a steady carbon concentration or is adapted for exponential growth may be
advantageous for product formation [88-90].

In this study astaxanthin production by C. glutamicum was successfully transferred from shake
flask cultivation to stirred tank batch and fed-batch processes. In regard to an industrial application,
a repeated fed-batch or a continuous process strategy may be applied [91]. Both strategies allow for
high cell densities [92-94] and are designed for frequent or continuous product output, respectively.
Furthermore, the current production volume of 2 L. would need to be enlarged for an industrial
application. A traditional way to scale-up biotechnological processes is to choose one scale-up
criterion like the oxygen volumetric mass transfer coefficient (kLa) or the power input per unit volume
(P/V) and keep them constant throughout larger scales [95]. From this point of view, the transfer to a
continuous process could be one strategy to optimize (P/V) in small scale and later use it as criterion
for scale up.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Figure S1: Carotenoid titers of C. glutamicum ASTA* at the time of maximum
astaxanthin titer of each DoE run.; Figure S2: Carotenoid titers and biomass formation of C. glutamicum ASTA*
during batch fermentations at different aeration rates and pH.; Figure S3: Carotenoids titers and biomass
formation of C. glutamicum ASTA* during batch fermentations at different pH values and with pH-shifts.; Figure
S4: Cellular carotenoid contents of C. glutamicum ASTA* during fermentations at different pH values and with
pH-shifts.; Figure S5: Carotenoid titers and biomass formation of C. glutamicum ASTA* during fed-batch
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