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Abstract: The production of microbial proteins (MPs) has emerged as a critical focus in biotechnology,
driven by the need for sustainable and scalable alternatives to traditional protein sources. This
study investigates the efficacy of two experimental setups in producing MPs using the nitrogen-
fixing bacterium Klebsiella oxytoca M5A1. K. oxytoca M5A1, known for its facultative anaerobic
growth and capability to fix atmospheric nitrogen, offers a promising avenue for environmentally
friendly protein production. This research compares the performance of a simple bubble column (BC)
bioreactor, which promotes efficient mixing and cross-membrane gas transfer, with static fermentation,
a traditional method lacking agitation and aeration. The study involved the parallel cultivation of K.
oxytoca M5A1 in both systems, with key parameters such as microbial growth, glucose utilization,
protein concentration, and metabolite profiles monitored over a 48 h period. The results indicate that
the BC bioreactor consistently outperformed static fermentation regarding the growth rate, protein
yield, and glucose utilization efficiency. The BC exhibited a significant increase in protein production,
reaching 299.90 pug/mL at 48 h, compared to 219.44 ug/mL in static fermentation. The organic acid
profile reveals both synthesis and utilization regimes of varying patterns. These findings highlight
the advantages of the BC bioreactor for MP production, particularly its ability to maintain aerobic
conditions that support higher growth and yield.

Keywords: microbial protein; bubble column bioreactor; static fermentation; Klebsiella oxytoca M5A1;
organic acids

Key Contribution: BC bioreactor is significantly more effective than static fermentation for MP
production using K. oxytoca M5A1.

1. Introduction

MP production is a key process in the biotechnology industry, producing high-protein
biomass rich in essential amino acids, vitamins, minerals, and other nutrients [1]. MPs can
be produced efficiently in bioreactors, offering stable growth conditions, precise nutrient
utilization, minimal water and land usage, and the elimination of the need for pesticides or
antibiotics [2]. This method contrasts with traditional agriculture, which often results in
nutrient waste and environmental issues such as aquifer contamination, the eutrophication
of water bodies, ocean acidification, and greenhouse gas emissions. When produced in
bioreactors, nearly all of the supplied nutrients are converted into consumable protein with
minimal environmental impact [2]. Bioreactors are closed systems in which a biological
process like fermentation can be carried out under controlled environmental conditions. It
is a system in which a substrate is utilized by living cells to generate a product of higher
value [3].
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The success of these processes depends on the availability and accessibility of nutrients
to the microbes. Microbial growth and product formation in fermentation systems are
driven by the uptake of nutrients from the medium, which fuels the cellular metabolism
and biosynthesis [4]. However, there exists a significant phase barrier in the nutrient
uptake process, in which gases, including those essential for metabolic processes like
nitrogen fixation, face difficulties in crossing the microbe membrane directly. The membrane
functions as a semi-permeable system, regulating the absorption of nutrients based on the
size, polarity, and solubility of the molecule [5]. While it facilitates the passage of certain
molecules such as glucose [6], it presents challenges for others, particularly gases due to
their low density, diffusivity, and solubility.

Gases, such as oxygen, nitrogen, or carbon dioxide, are non-polar molecules and can
pass through the lipid bilayer of the bacterial membrane by diffusion. However, their
entry is often limited by the gas solubility and concentration gradient [7]. In BC reactors,
gases are introduced into the liquid medium, where they disperse into small bubbles. For
these gases to be absorbed by bacteria, they must first dissolve in the liquid. The small
size of the bubbles increases the surface area available for gas exchange between the gas
phase and the liquid phase [4,8]. This circulation promotes mixing and helps to break the
gas-liquid barrier by continuously bringing fresh liquid into contact with the gas bubbles.
However, if the gas solubility is low, the transfer of gases from the medium to the bacteria
becomes inefficient [9]. For example, both oxygen and nitrogen have low solubility in
liquid, which can limit the availability of these gases for bacterial uptake. In nitrogen-fixing
bacteria such as Klebsiella oxytoca M5A1, limited nitrogen can hinder the nitrogen fixation
process [10]. Our research is founded on the principle that increasing the concentration of
nitrogen-rich gases (>70%) in the bioreactor environment will enhance the availability of
dissolved nitrogen in the medium. This approach aims to facilitate the uptake of nitrogen,
which is crucial for nitrogen fixation processes.

This research leverages the nitrogen-fixing ability and facultative anaerobic nature
of K. oxytoca M5A1 for MP and metabolite production. K. oxytoca M5A1 is considered
nonpathogenic due to its reduced production of capsules, fimbriae, and lipopolysaccharides
compared to pathogenic Klebsiella strains [11,12]. These attributes minimize biosafety
concerns while maintaining K. oxytoca M5A1’s potential for industrial applications [12].

In the BC bioreactor, the cultivation process involves the controlled displacement of
nutrients, with improved mixing and cross-membrane gas transfer within the bioreactor.
This method has been gaining attention for its potential to enhance protein production [13]
by maintaining optimal bacterial growth and activity conditions. BC bioreactors are charac-
terized by the continuous upward flow of gas bubbles through the liquid phase, promoting
effective gas-liquid mixing and mass transfer. Unlike other types of BC reactors such
as airlift bioreactors, they do not have distinct upflowing and downflowing regions [14];
instead, the gas bubbles rise uniformly, creating turbulence that enhances gas transfer
and nutrient distribution [15]. These reactors are widely used in various chemical and
biochemical processes, including wastewater treatment and bioprocessing applications,
due to their simplicity and efficient operation.

In contrast, static fermentation occurs without agitation or the use of gas, a traditional
method used in many protein production processes. Recent advancements in bioreactor
design and technology have raised questions about the efficiency of static fermentation com-
pared to techniques like the BC bioreactor [16]. Therefore, comparing these two bioreactor
systems is particularly relevant for identifying the most efficient way to optimize microbial
cultivation processes to increase product yields while minimizing nutrient consumption.

To achieve this goal, we cultured K. oxytoca M5A1 in a BC bioreactor, using static
fermentation as the control. This comprehensive approach will allow us to elucidate the
distinct advantages and limitations of each system, contributing to the broader understand-
ing of microbial fermentation dynamics and their practical implications for sustainable
protein production. Key parameters such as the protein concentration, metabolite profiles,
and biomass yield, and the overall process efficiency were meticulously monitored and
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analyzed. By systematically evaluating the performance of K. oxytoca M5A1 in different
cultivation environments, this research aims to advance the field of microbial biotechnology
and support the development of more efficient and scalable production methods. The
findings are expected to have significant implications for industries focused on sustainable
protein sources, bioprocess optimization, reactor designs, and the utilization of facultative
anaerobic bacteria in diverse biotechnological applications.

2. Methodology
2.1. Media and Growth Conditions

A fresh colony of K. oxytoca M5A1 was sub-cultured onto Luria—Bertani agar containing
tryptone (5 g), agar (7.5 g), yeast extract (2.5 g), and NaCl (5 g) in 500 mL of distilled water.
An overnight culture of the K. oxytoca M5A1 strain was prepared by inoculating fresh
colonies into Super Optimal Broth (SOB) containing MgSOy (2.4 g), NaCl (0.5 g), yeast
extract (5 g), Peptone (20 g), and KCl (0.186 g) in 1 L of distilled water. The overnight
culture was incubated for 24 h in an incubating shaker at 37 °C and 200 rpm (Benchtop Lab
Systems, Geno Tech Inc., St. Louis, MO, USA). The cultivation broth was prepared with
minimal medium containing Na;HPO,4-7H,0 (25 g), CaCl,-2H,0 (0.1 g), Na,MoOy4-2H,0
(0.25 mg), MgSO,4-7H,0 (0.25 g), KH,PO4 (3 g), FeCl,-4H,0 (2.9 g), and NaCl (1 g)in1L
of distilled water and a 10 g/L glucose solution. All chemicals, including the reagents used
for the preparation of the SOB and minimal media, were laboratory grade and obtained
from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Fabrication of BC Bioreactor

An open-end column (approximately 6 cm x 30 cm) capable of containing 250 mL
of liquid media was used for the BC bioreactor construction. A porous stone with a gas
inlet was incorporated and sealed into the column. The assembled bioreactor was left
undisturbed for 24 h to ensure the proper adhesion of all components before use. Following
this period, the bioreactor was sterilized with 70% ethanol and covered with sterile cotton
to prevent contamination. A gas pipe was attached to the gas inlet of the BC bioreactor,
and an air filter was positioned along the gas pipe to ensure only sterile gases entered the
column, preventing contamination during cultivation. The schematic diagram of the BC
bioreactor is presented in Figure 1 below.

2.3. Experimental Setup and Cultivation Conditions

For cultivation, the sucrose solution was prepared separately, sterilized by autoclav-
ing for 20 min, and then allowed to cool in a water bath (Thermo Scientific MaxQ 7000,
Waltham, MA, USA). Once cooled, the minimal media was supplemented with the sucrose
solution in 1:1 v/v (pH of 6.5-7.5) and transferred separately into the fabricated BC bioreac-
tor (6 cm x 30 cm) and Ermenleyer flasks for static fermentation (control). The minimal
media (150 mL each) was inoculated with the overnight culture (5%) and incubated for
48 h at 37 °C in a water bath (Thermo Scientific MaxQ 7000, Waltham, MA, USA). Both
setups were subjected to the same conditions, and had the same media volume and inocu-
lation rate. Additionally, the BC was aerated (consisting mainly of 78% nitrogen gas and
21% oxygen) with a flow rate of 1.5 L/min. The samples were collected at 12 h intervals
(0,12, 24, and 48 h). The samples were plated on LB agar and incubated at 37 °C to observe
colony morphology and to check for any contamination. The optical density (OD600) of
each collected sample was measured to assess the microbial growth using a microplate
spectrophotometer (Tecan, Mdnnedorf, Switzerland).

2.4. Analytical Methods: Glucose Utilization and Organic Acid Production

Glucose utilization and organic acids (propionic acid, lactic acid, and acetic acid) were
analyzed and quantified with a high-performance liquid chromatography system using
LabSolutions Software, version 5.57 (Shimadzu LC-2050C HPLC, Tokyo, Japan) [17]. The
mobile phase consisted of 0.01 N sulfuric acid at a flow rate of 1.0 mL/min. Prior to injection
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into the column, the samples were filtered using a 0.45 pm nylon filter. Microcentrifuge
tubes and 2 mL autosampler vials were prepared and labeled with the respective sample
identifiers. Each sample container was inverted to ensure proper mixing, and 2 mL of the
resulting homogeneous solution was transferred to the labeled microcentrifuge tube. The
sample aliquots were centrifuged for a minimum of 3.5 min at 10,000 rpm. The supernatants
were subsequently filtered through a 1 cc syringe attached to a 0.45 um nylon filter into the
2 mL autosampler vials. The results were first organized and calculated using Microsoft
Excel 2016, and further statistical analysis was performed using Minitab software (version
21), with concentrations reported in g /L.

_©6.00cm Gas Outlet

= ————

30.00cm

Open-end Column

Porous Stone

Gas Inlet

Figure 1. Fabricated bubble column bioreactor.

2.5. Protein Quantification

The protein concentration was determined using the Bradford assay protocol at each
time point. A standard curve was established using Bovine Serum Albumin (BSA) for the
assay [18]. A sample was pipetted into a test tube, and Bradford reagent was added at a
ratio of 1:5 (v/v) [17]. The mixture was then thoroughly mixed and incubated at room tem-
perature for 20 min, after which the absorbance was measured at a wavelength of 595 nm
using the Tecan Infinite M Nano microplate reader (Tecan, Mdnnedorf, Switzerland).

2.6. Statistical Analysis

Statistical analyses were conducted using Minitab statistical software (Version 21),
which included a two-way Analysis of Variance (ANOVA) and a two-sample t-test to
compare organic acid concentrations at each time point. The findings were presented as
the mean =+ standard deviation of three replicates.
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3. Results and Discussion
3.1. Microbial Growth

Microbial growth is influenced by several factors, including the type of bioreactor used
and the bacterial strain involved. Different bioreactor designs have varying capabilities
for gas transfer. In a BC bioreactor, gas is introduced at the bottom, forming bubbles that
rise through the liquid and promote overall mixing and improved gas distribution [19].
However, for microorganisms like K. oxytoca M5A1, excessive oxygen can inhibit nitroge-
nase activity, which is crucial for nitrogen fixation [20]. In this case, the reactor must be
carefully managed to maintain a balance between providing enough oxygen for respira-
tion without inhibiting nitrogenase activity. To assess the impact of the BC bioreactor on
microbial growth, we analyzed the microbial growth profile to determine whether this
system positively or negatively affected the growth of K. oxytoca M5A1 under the given
conditions (Figure 2). The cultivation process began with the inoculation of an overnight
culture of the K. oxytoca M5A1 strain into the medium in both the BC and static (control)
setups. To facilitate growth, we incubated the culture for 48 h at 37 °C. No contaminating
microorganisms were detected, as only colonies consistent with the expected morphological
characteristics of K. oxytoca M5A1 were observed during the cultivation. This observation
confirms that the culture remained uncontaminated throughout the experiment.

0.7 -
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R~ wu
L L

Absorbance (OD600)
©
w

0.2 A

0.1 A

24 h 48 h

Time (Hour)
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Figure 2. Growth profile of K. oxytoca M5A1 under BC and static conditions. The data are presented
with absorbance mean values & SD of n = 3 experiments.

In our study, the BC exhibited significantly higher growth (OD600) over time compared
to the static condition (p < 0.05), with notable increases at 12, 24, and 48 h. Both setups
exhibited low values at the initial hour. By 12 h, the BC showed a significant increase
in growth from 0.02 to 0.41 (OD600), while the static setup exhibited a modest rise from
0.02 to 0.37. The BC continued its upward trajectory until 48 h, while the static setup
experienced a slight decrease in growth at 24 h and formed a plateau at 48 h. The continuous
upward growth trend in the BC system shows that the bioreactor maintained a balanced
environment. A similar growth pattern in BC bioreactors has been observed in previous
studies. For instance, a study reported that Trichosporon yeast are able to grow better in a
BC reactor compared to stirred-tank bioreactor due to a stable physical environment [21].
Nadeem [22] also reported that Rhizopus oligosporous can grow when cultured in a BC
bioreactor. Additionally, Zheng and colleagues documented the use of airlift bioreactors
(a type of BC reactor) for culturing Candida arborea to produce microbial biomass [8]. Yen
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and Chang (2015) also reported that using an airlift bioreactor achieved higher cell mass
growth as compared to the agitation tank [23].

The observed microbial growth in the BC can be attributed to its continuous mixing
and aeration mechanisms. Aeration provides a consistent supply of essential gases, such as
nitrogen and oxygen, which support both the respiration and the nitrogen-fixing ability
of facultative microbes like K. oxytoca M5A1. Oxygen is critical for cellular respiration,
while nitrogen is required for nitrogen fixation [10], a process facilitated by the nitrogenase
enzyme. Continuous mixing, however, prevents the accumulation of toxic metabolic
byproducts around the cells and ensures that the gases and nutrients in the medium, such
as carbon sources and trace elements, are evenly distributed. This prevents the formation of
nutrient concentration gradients that could otherwise lead to localized nutrient depletion
and microbial starvation. The uniform distribution of nutrients allows all microbial cells
to have access to the resources they need for growth and metabolism. As a result, the
combination of aeration and mixing creates a stable and well-balanced environment that
promotes robust microbial growth. The significant increase in growth over time in the BC,
compared to the plateau observed in the static method, suggests that the BC may offer
advantages in terms of the cultivation efficiency.

3.2. Glucose Utilization

Microorganisms can metabolize glucose either aerobically or anaerobically. Aerobic
metabolism requires oxygen and typically leads to the complete oxidation of glucose, pro-
ducing energy (ATP) and reducing equivalents (NADH and FADH,) used for biosynthesis.
The anaerobic metabolism occurs without oxygen and often involves the partial oxidation
of glucose, producing less energy but allowing for growth under conditions where oxygen
is scarce. In the context of this study, the glucose utilization profile was monitored using
HPLC analysis. The BC demonstrated gradual glucose consumption over time, with a
significant decrease from 5.36 g/L at 0 h to 1.14 g/L at 48 h. In contrast, static fermentation
exhibited rapid glucose utilization, as it dropped to 0 g/L by 12 h (Figure 3).

6 A

Concentration g/L
w

0 12 24 48
Time (Hour)
e B C Static

Figure 3. Glucose utilization pattern of K. oxytoca M5A1 under the BC and static conditions. The data
are presented with absorbance mean values + SD of n = 3 experiments.

The BC showed a gradual decrease in glucose levels, while glucose was completely
depleted in the static condition after 12 h. The p-values from 12 h to 48 h are highly
significant, which indicate a significant difference in glucose consumption between the
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BC and static conditions (p-value < 0.05). Despite the higher growth observed in the BC
compared to the static fermentation, the microbes consumed less substrate. This raises the
question of whether aeration and continuous mixing influence glucose consumption. While
the specific comparison we conducted in this study is not widely reported, related findings
show similar patterns. For instance, Zheng et al. [8] observed gradual glucose consumption
by Candida arborea AS1.257 in airlift bioreactor. In addition, a report by [24] indicated that
Rhizopogon nigrescens exhibited gradual glucose consumption when cultured in an airlift
bioreactor. These findings support the idea that aeration and mixing can reduce glucose
consumption rates in BC bioreactors. Similarly to the trend observed in our study, where the
complete utilization of glucose occurred at 12 h in static fermentation, Ayodele et al. [17]
also reported that K. oxytoca M5A1 completely utilized glucose within 16 h when cultured
under anaerobic agitated conditions.

The efficiency of glucose utilization during cultivation is crucial for determining the
productivity and sustainability of fermentation processes. The BC supports reduced glucose
utilization due to aeration, which promotes oxygen availability and facilitates the aerobic
metabolism of glucose. This shifts the microbial metabolism toward more energy-efficient
pathways (aerobic respiration). Oxygen is crucial for the electron transport chain, a series of
reactions that generate ATP, the main energy currency of cells. In aerobic respiration, each
glucose molecule is fully oxidized through the citric acid cycle and the electron transport
chain, yielding above 30 ATP molecules [25]. This high energy yield means microbes can
meet their energy requirements with less glucose. In contrast, under anaerobic conditions,
glucose is only partially oxidized, producing less ATP (about two ATP molecules per
glucose molecule) [25]. As a result, microbes need to consume more glucose to generate
the same amount of energy under anaerobic conditions. Therefore, by employing a BC
bioreactor, we can enhance the microbial growth while reducing the resource utilization.
This is due to the aerobic respiration pathway, which enables microbes to produce more
energy from each molecule of glucose, leading to slower glucose consumption.

3.3. Protein Concentration

Producing proteins with a BC bioreactor involves leveraging the unique characteristics,
such as gas transfer and mixing, to optimize the growth and productivity of microorganisms.
BC designs utilize gas bubbles to supply oxygen, mix the broth, and provide temperature
regulation, potentially reducing capital costs and energy consumption compared to some
conventional fermenters [19]. In this experiment, we compared the concentration of protein
produced in a BC bioreactor with that produced during static fermentation. The results
obtained are shown in Figure 4. Both methods started with relatively low protein concen-
trations, which indicates the beginning of the microbial activity. As the activity progressed,
the microbial population increased, leading to an increase in the concentration of MPs. This
is because proteins are crucial components of microbial cells and are produced in larger
quantities as the microbial population expands. The static fermentation method shows
a higher protein concentration (261.68 ug/mL) at 12 h compared to the BC (232 ug/mL).
However, the p-value (<0.05) is not significant (but close), suggesting a potential difference
that is not statistically confirmed. The protein concentration in the BC continued to increase
and outperform the static fermentation, with a protein concentration of 266.62 pug/mL at
24 h and 299.90 ug/mL at 48 h, whereas the protein concentration in the static fermentation
decreased to 179.43 pg/mL at 24 h and 219.44 pg/mL at 48 h.

The BC showed significantly higher protein concentrations at 24 and 48 h compared
to the static method (p < 0.05), which indicate enhanced protein production in the BC
bioreactor. No significant differences were observed at 0 and 12 h. Several studies have
investigated protein production using BC bioreactors, with some identifying various factors
that influence the growth and the yield of microbial proteins. Microbial growth and product
formation in cultivation processes is closely linked to the availability of nutrients, especially
carbon and nitrogen sources, which are essential for the microbial metabolism. In this study,
we observed that all of the glucose in the static fermentation was completely consumed
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at 12 h, which explains the reduction in the growth and protein concentration that was
experienced beyond this time point. The BC, however, maintained a steady glucose
consumption rate as the growth and protein concentration increased.
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Figure 4. Microbial protein concentration in the BC and static conditions. The data are presented
with mean values & SD of n = 3 experiments.

Furthermore, our study indicates that static fermentation results in the higher protein
production at 12 h, whereas the BC achieves its highest protein production at 48 h. This
suggests that the cultivation method significantly impacts the timing of the protein yield.
Interestingly, another study utilizing a type of BC bioreactor demonstrated the impact of
the incubation time on the protein production. This study revealed a significant increase in
protein production as the incubation time extended up to 10 h. However, beyond 20 h of
cultivation, both the protein content and yield declined. The study found that the optimum
incubation time for achieving the highest protein content was 8 h for Aspergillus oryzae 3699,
with a protein content of 46.8%, and 10 h for Rhizopus arrhizus 2062, yielding 49.6% pro-
tein [26]. Tahir et al. [27] reported that the BC fermenter produced the highest protein
yield, surpassing the stirred-tank bioreactor and demonstrating its efficacy in maximiz-
ing MP production. Another study also observed that the BC fermenter achieved the
highest protein-rich biomass yield using R. oligosporous, outperforming the stirred-tank
bioreactor [22].

Comparing these findings, it appears that the optimal incubation time for protein
production differs between different organisms and cultivation methods. While the static
fermentation in our study yielded the highest protein concentration at 12 h, the BC showed
a longer incubation period, with higher protein production observed at 48 h. Overall, the
BC seems more efficient than static fermentation throughout the study period. This could
be due to the continuous mixing and aeration provided by the BC mechanism, which may
enhance the cultivation process by ensuring optimal conditions for product formation. Ad-
ditionally, the discrepancy between different studies may stem from variations in microbial
strains, growth conditions, and reactor designs. Therefore, understanding these dynamics
is crucial for optimizing protein production processes.

3.4. Trends in Organic Acid Production in the BC Reactor and Static Fermentation

The experimental results provide valuable insights into the dynamics of organic
acid production using the following two distinct methods: a BC bioreactor and static
fermentation. These methods represent aerobic and anaerobic conditions, respectively,
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and their comparative analysis sheds light on how varying environmental conditions
influence fermentation kinetics and product yield. Organic acids such as lactic acid (LA),
acetic acid (AA), and propionic acid (PA) are important metabolic byproducts in microbial
fermentation, with applications ranging from food preservation to pharmaceuticals. The
dynamics of their production are critical to optimizing yields and achieving desired end-
products. In this study, we monitored the concentration of metabolites produced over a
48 h period in both the BC and static reactors. LA, AA, and PA were detected using the
HPLC system (Figure 5). All of the organic acids produced in both setups had an initial
concentration of 0 g/L at 0 h.
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Figure 5. Organic acid production in the BC reactor and static fermentation. The data are presented
with mean values & SD of n = 3 experiments.

3.4.1. Lactic Acid

LA production is a key metabolic process during fermentation, where glucose is con-
verted into lactic acid and adenosine triphosphate (ATP). The efficiency of this process
can be influenced by various factors, including the fermentation method, the operation
conditions, and the metabolic activity of the bacteria [28]. During the experiment, no signif-
icant differences were observed at 0 h. For the BC and static setups, the LA concentration
significantly increased from 0 to 12 h, with 1.42 g/L and 1.56 g/L, respectively. Following
this period, the concentration of LA in the BC chamber began to decline until it reached
0 g/L by 48 h. In contrast, the static fermentation method showed significantly higher LA
concentrations at 12, 24, and 48 h compared to the BC reactor (p < 0.05).

Previous studies have highlighted the critical role of aeration in enhancing LA produc-
tion, particularly for certain bacterial strains like Bacillus and E. coli. Qin et al. [29] noted
that insufficient aeration limits LA production due to reduced biomass, whereas excessive
aeration leads to the generation of undesirable byproducts. This underscores the delicate
balance required in managing aeration levels to optimize the LA yield. Additionally, a
study by Es et al. [30] reported that agitation and aeration within the bioreactor signifi-
cantly influenced Rhizopus oryzae LA production [30]. These findings align with the general
understanding of fermentation processes, where the efficiency of LA production can vary
based on the method and conditions used [30].

In our study, we observed that the LA concentration significantly increased from 0 to
12 h in both the BC and static setups. However, following this period, the concentration
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of LA in the BC chamber began to decline until it reached 0 g/L at 48 h. This decline
could be attributed to the microbes beginning to metabolize LA as a secondary energy
source, even in the presence of glucose. The aeration in the BC system may have shifted
the microbial metabolism toward oxidative pathways, leading to the consumption and
depletion of LA over time. In contrast, the static setup demonstrated a more gradual
rise in the LA concentration until 48 h. This difference can be attributed to the unique
metabolic responses of microorganisms of choice to aeration [28]. While previous studies
have successfully utilized a two-stage aeration control method to enhance LA production by
adjusting aeration during the early stages of cultivation to boost biomass, and then reducing
aeration to minimize byproduct formation [29,31], our findings indicate that continuous
aeration in the BC led to a metabolic shift that decreased LA production over time.

Moreover, the relatively stable LA concentration observed in static fermentation
suggests that anaerobic conditions favor continuous LA production. This is likely due
to the absence of oxygen-induced byproduct formation and a more favorable metabolic
environment for K. oxytoca M5A1. In contrast, under aerobic conditions in the BC bioreactor,
microorganisms tend to shift towards oxidative metabolic pathways, which can result in
the consumption of LA as an intermediate metabolite. These findings align with the work
of Qin et al. [29], who reported that the excessive aeration in Bacillus sp. cultivation can
lead to the formation of unwanted byproducts and reduce the LA yield. Our results further
emphasize that a careful balance of aeration is essential for optimizing LA production, as
excessive oxygenation may inadvertently cause microorganisms to metabolize LA, reducing
its overall concentration.

3.4.2. Acetic Acid

The BC and static fermentation methods showed significant differences in the AA
concentration throughout the cultivation process. By 12 h, the BC displayed an increase in
the AA concentration to 1.401 g/L, while the static method did not show any trait of AA
production. The production of AA continued in the BC until 24 h, but hit a concentration
of 0 g/L at 48 h. In the static condition, we initially detected a concentration of AA at24h
(141 g/L), and it continued to increase until 48 h, reaching a final concentration of 1.44 g/L.

The BC showed significantly higher AA concentrations at 12 and 24 h compared to
the static method (p < 0.05). At 48 h, the static method maintained higher AA levels, while
the BC method showed no AA production. No significant differences were observed at
0 h. The observed differences in AA production between the BC and static methods are
attributed to the fundamental differences in their operational environments. The BC sup-
ports early production of AA, which leads to a swift increase in the AA concentration. In a
static environment, the presence of AA was observed after the complete consumption of
glucose. After glucose is exhausted, microorganisms may shift towards utilizing alternative
substrates or engage in alternative metabolic pathways to continue producing byproducts
like AA. This metabolic adaptation is a common feature of microbial cultures during culti-
vation [32]. These findings indicate that the choice of cultivation method can significantly
impact the rate and duration of AA formation as a byproduct. For instance, studies have
shown that BCs often exhibit rapid initial production rates but may face challenges in
maintaining productivity over time, whereas static fermentations tend to offer more stable,
though slower, production profiles.

3.4.3. Propionic Acid

PA, also known as propionate, is a carboxylic acid with commercial significance,
primarily generated through microbial cultivation. Initially prevalent in the food sector,
its utility has expanded to include applications in cosmetics, plastics manufacturing, and
pharmaceuticals [33]. The production of propionate occurs through several metabolic
routes, broadly categorized into the following three categories: fermentative pathways,
biosynthetic pathways, and amino acid catabolic pathways [33]. In this study, PA was
generated as a byproduct in the BC and static bioreactor systems. The BC showed a gradual
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increase in the PA concentration through 12 h (1.94 g/L) and 24 h (2.27 g/L). At 48 h, the
concentration of PA decreased to 1.92 g/L. Static fermentation showed a more pronounced
increase in the PA concentration at 12 h (3.83 g/L). However, the concentration began to
fluctuate through 24 h and 48 h, with 3.21 g/L and 3.06 g/L, respectively. The static method
showed significantly higher PA concentrations compared to the BC method at 12, 24, and
48 h (p < 0.05). No significant differences were observed at 0 h. The reduction in PA in
the BC bioreactor at 48 h could be attributed to the microbes utilizing PA as an additional
carbon or energy source alongside glucose. This is supported by the constant increase in
both the growth rate and product yield observed at this stage. However, the production
of PA under static conditions tends to be more productive than under BC conditions
during cultivation. This is due to several key factors related to the metabolic preferences
of the microorganisms involved, as well as the environmental conditions that favor the
metabolism [34]. The fluctuations in PA production observed during static fermentation
suggest possible oscillations in the metabolic activity. These variations could be influenced
by shifts in microbial populations or the availability of substrates, leading to temporary
pauses or slowdowns in the conversion of intermediates (such as pyruvate) to PA.

Many microorganisms, including those belonging to the genera Propionibacterium,
Selenomonas, and Clostridium, preferentially produce PA under anaerobic conditions. These
organisms have evolved to thrive in anaerobic conditions, where they can efficiently metab-
olize substrates such as carbohydrates, lipids, and proteins to produce PA along with other
volatile fatty acids [35]. Anaerobic conditions allow these microorganisms to conserve
energy by avoiding the oxidative phosphorylation pathway, which is energetically expen-
sive. Instead, they rely on fermentation pathways to generate ATP. This makes anaerobic
fermentation a more energy-efficient process for PA production [35]. A study reported that
NADH and pyruvate play a pivotal role in controlling or limiting PA production. Pyruvate
serves as a common intermediate in the metabolic pathway converting glycerol or glucose
to propionate [33]. The availability of NADH determines whether the pathway will shift
towards AA formation (due to insufficient reducing equivalents) or PA formation (with an
adequate supply of NADH). Excessive pyruvate acts as an electron acceptor, leading to its
oxidation to acetate instead of PA formation [34].

The observed differences in LA, AA, and PA production between the BC and static
systems have important implications for optimizing bioprocesses in industrial applications.
For instance, the stability of LA and PA production in static fermentation could be advanta-
geous for processes that require consistent and prolonged acid production, such as food
preservation, where a steady supply of organic acids over time is crucial for inhibiting
microbial growth. On the other hand, BC systems, which show more dynamic changes
in metabolite concentrations, may be better suited for processes that benefit from rapid
metabolite turnover. In these systems, the continuous aeration and agitation promote faster
metabolic cycles, leading to the quicker consumption and production of metabolites. This
could be particularly useful in bioprocesses like bioconversion or bioremediation, where
the rapid consumption and production of intermediates or byproducts is desirable. The
ability to rapidly shift metabolic pathways in response to changing conditions makes BC
systems ideal for applications requiring quick adaptation and fast production rates.

4. Conclusions

Our study highlights the impact of different cultivation methods—BC and static—on
the growth, protein production, and metabolite profiles, using K. oxytoca M5AI.
K. oxytoca M5A1 was able to grow and produce MPs and metabolites in both systems,
but with variations. The continuous mixing and aeration in the BC bioreactor led to a con-
sistent increase in the microbial growth and protein concentration over 48 h, demonstrating
the efficiency of this system. However, static fermentation exhibited a decline in protein
production beyond 12 h, indicating that this method is less efficient for sustained growth
and protein yield. The slower glucose consumption in the BC bioreactor, combined with
the higher energy yield from aerobic respiration, supports the hypothesis that aeration
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enhances the metabolism, allowing microbes to utilize fewer resources while maintaining
high growth rates. Our findings align with previous studies that show the benefits of BC
bioreactors for improved cell mass growth and reduced resource utilization. Additionally,
the choice of cultivation method significantly affects the production profiles of LA, AA,
and PA. For processes that require the sustained production of acids, static fermentation
may be the better option, while BC systems might be optimized for applications needing
quicker metabolite production, provided that the balance between aeration and metabolite
consumption is carefully managed. Future research could incorporate additional sampling
points and explore the optimization of bioreactor configurations to maximize the MP yield
in BC systems. Additionally, investigating the scalability of the process and the long-term
stability of MP production under varying environmental conditions, such as the temper-
ature, pH, oxygen levels, and nutrient availability, would provide valuable insights for
industrial applications.
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