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ABSTRACT

Industrial-scale microbial fermentation processes often face limitations in mixing and mass transfer, leading to the formation of
environmental gradients within the bioreactor. These gradients expose microbes to heterogeneous conditions over time and
space. In this study, we evaluated the effects of combined substrate and dissolved oxygen (DO) gradients on the metabolic
response of Penicillium chrysogenum at an industrial scale. Three representative heterogeneous environments were simulated in
scale-down systems: (1) feed inlet (high glucose, low oxygen (HGLO): Cs > 20 mM, DO < 0.012 mM), (2) aeration inlet (high
oxygen, low glucose (HOLG): Cs < 0.8 mM, DO > 0.2 mM), and (3) global environment (periodic 360 s fluctuation cycle with
45s of HGLO and 75 s of HOLG conditions). Results showed that prolonged exposure to feed inlet conditions led to a complete
loss of penicillin production capacity, accompanied by significant excretion of intracellular metabolites, and this effect was
largely irreversible. While, cells randomly walking under the top impeller zone did not lose production capacity but showed
signs of premature degeneration due to increased energy demand. When exposed to the global environment, cells finely tuned
their metabolism in a periodical manner, with nearly a 50% loss of penicillin productivity. In summary, substrate gradients
alone did not cause irreversible effects, but large substrate gradients contributed to reduced productivity. Oxygen gradients,
however, not only reduced production but also caused irreversible cellular damage. These findings provide valuable insights for
developing scale-up criteria and strain engineering strategies aimed at improving large-scale culture performance.

1 | Introduction

The global biotechnology market value is projected to reach
2-4 trillion USD between 2030 and 2040 (Kampers et al. 2021),
driven by increasing demand for bio-based products. This growth
underscores the need for large-scale, efficient bioreactor systems
(Wang et al. 2020). However, scaling biotechnological processes

© 2025 Wiley Periodicals LLC.

from the laboratory to industrial levels often encounters the
“scale-up effect”, resulting in a 10%-30% reduction in key metrics
such as titer, rate, and yield (T.R.Y.) and, in some cases, complete
batch failures (Olughu et al. 2019). This challenge is primarily
attributed to the disparity between laboratory-scale proof-of-
principle and industrial-scale processes (Linton and Xu 2021). As
bioreactor volume increases, limitations in mixing and mass
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transfer become more pronounced. In large-scale reactors (over
100 m3), mixing times can extend to tens or even hundreds
of seconds, while cellular metabolic response times typically
remain in the range of seconds to tens of seconds
(G. Wang et al. 2015). When mixing times exceed cellular
response times, significant environmental gradients (e.g., sub-
strate, pH, dissolved oxygen, and CO,) can develop, complicating
process control and reducing efficiency (Nadal-Rey, McClure,
Kavanagh, Cornelissen, et al. 2021).

In such heterogeneous environments, cells are continuously
exposed to fluctuating conditions as they move through differ-
ent regions of the bioreactor (Haringa et al. 2016). In large-scale
practices, prolonged exposure to these fluctuating environments
may trigger overflow metabolism, often leading to by-product
accumulation and a decrease in production capacity (Nadal-
Rey, McClure, Kavanagh, Cornelissen, et al. 2021). However, in
some rare cases, environmental gradients have contributed to a
desired fungal morphology and resulted in a substantial
increase of the productivities (Bhargava et al. 2003; Bhargava
et al. 2003a, b). To evaluate this effect, many studies have fo-
cused on quantifying these gradients and addressing the chal-
lenges of scale-up. For example, using flow field measurements
and computational fluid dynamics (CFD) tools, researchers
have confirmed that in a 30m3 Saccharomyces cerevisiae
(S. cerevisiae) fermentation, the glucose gradient ranges from
4.3 t0 40.7 mg/L (Larsson et al. 1996). In a 12 m3 Escherichia coli
(E. coli) bioreactor, glucose concentration gradients range from
5 to 35mg/L, with instantaneous concentrations as high as
2000 mg/L near the feed inlet (Bylund et al. 1998). Similarly, in
a 90 m3 S. cerevisiae fermentation, the DO gradient ranges from
0 to 7mg/L (Nadal-Rey, McClure, Kavanagh, Cassells,
et al. 2021), and in a 0.7m3 Streptococcus thermophilic
(S. thermophilic) fermentation, pH gradients range from 5.9 to
6.3, with pH levels exceeding 7 near the alkaline solution inlet
(Spann et al. 2019). Scale-down studies have shown that when
Aspergillus niger (A. niger) is exposed to substrate gradients, its
organic acid by-products including oxalate, citrate, and pyru-
vate can increase up to twofold (Wang, Liu, et al. 2019). Long-
term exposure of Penicillium chrysogenum (P. chrysogenum) to
oxygen-limited conditions may lead to irreversible loss of pen-
icillin production capacity (Vardar and Lilly 1982). In Coryne-
bacterium  glutamicum (C. glutamicum) fermentations,
fluctuations in CO,/HCO;™ can lead to differential expression
of up to 66 genes, with overall changes in gene expression
related to the CO, gradient range and the cell residence time
(Buchholz et al. 2014). While these previous studies have pro-
vided valuable insights into the impact of specific environ-
mental gradients on biomass growth and production
performance, they do not fully capture the complexity of flow
field environments within large-scale bioreactors. For instance,
only one single gradient of substrate or DO was simulated in
these studies. In reality, DO gradients are inevitably induced
with substrate gradients. As a result, incorporating combined
environmental gradients into scale-down systems can better
simulate microbial metabolic responses under fluctuating con-
ditions at large-scale.

For nearly a century, penicillin has been widely used as a highly
effective broad-spectrum antibiotic. Aerobic fed-batch fermen-
tation with P. chrysogenum has long been established for

commercial production of penicillin and its derivatives. During
penicillin production, glucose and DO are the most critical
factors affecting process performance. In particular, oxygen, as
the terminal electron acceptor in cellular respiration, ensures
ATP supply through oxidative phosphorylation (Yang
et al. 2022). Furthermore, oxygen is directly involved in the
synthesis of isopenicillin N, an intermediate in the penicillin
biosynthesis pathway, and its availability is directly correlated
with penicillin yield (Janoska et al. 2022). de Jonge et al. (2011)
and G. Wang et al. (2018) observed that periodic fluctuations in
substrate levels with a cycle time of 360 s led to reduced peni-
cillin productivity by 50% and 65.3%, respectively, possibly due
to competition for energy between penicillin biosynthesis and
futile cycling of storage carbohydrates. Yang et al. (2022),
Janoska et al. (2022), and X. Wang et al. (2024) reported that
penicillin production rates are inversely proportional to the
duration of oxygen limitation. To evaluate the effect of both
glucose and DO gradients in a single study, Janoska et al. (2023)
performed combined glucose and DO fluctuation experiments.
Their study showed that the decrease in penicillin productivity
under combined fluctuations was similar to that observed with
only glucose fluctuations, while oxygen fluctuations seldomly
affected intracellular metabolite levels. However, in this study,
the substrate fluctuations they simulated did not fully capture
the transition from substrate excess to substrate limitation, nor
did it fully replicate the complex combinatorial gradients of
glucose and oxygen typically encountered in industrial-scale
bioreactors as proposed by Haringa et al. (2016) and Wei et al.
(2023). These factors highlight the challenges of simulating
industrial fermentation conditions, and meanwhile underscore
the importance of using more sophisticated scale-down models
in understanding the dynamic interactions between substrate
and DO levels during penicillin production (Kuschel and
Takors 2020).

In this study, based on CFD simulation data of an industrial-
scale penicillin fermentor by Haringa et al. (2016) and Wei et al.
(2023), rational scale-down designs were presented for mi-
micking both local and global perturbations of substrate and
DO gradients. First, two representative local extreme condi-
tions, such as HGLO conditions near the feed inlet and HOLG
conditions near the aeration inlet of a 54m> penicillin fer-
mentor were simulated. By doing so, whether the loss of peni-
cillin production capacity in industrial-scale reactors is ascribed
to these extreme conditions can be evaluated. Then, the effects
of globally combined substrate and DO gradients on metabolic
response of P. chrysogenum were further explored.

2 | Materials and Methods
2.1 | Materials

The P. chrysogenum Wisconsin 54-1255 was purchased from
ATCC, fungal spores were prepared on potato dextrose agar
(PDA) medium, and the concentrated spore suspensions were
stored in aqueous glycerol solution (20% (v/v)) at —80°C. Spore
suspension inoculation was used in all experiments and was
prepared to ensure that the final spore concentration in the
bioreactor after inoculation was about 1 x 10°/mL, as described
previously.
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2.2 | Fermentation Media

The composition of the medium for the batch phase and che-
mostat cultivation was the same as previously described (X.
Wang et al. 2024), containing (g/kg): 16.5g C¢H;,06 H,0, 5g
(NH4),S0,4, 1g KH,PO,, 0.5g MgSO,7H,0, 2mL trace ele-
ments, 1 mL antifoaming agent. The trace element composition
(per kg of deionized water) was 75g Na,EDTA 2H,0, 10g
ZnSO, 7H,0, 10 g MnSO, H,0, 20 g FeSO, 7H,0, 2.5g CaCl, 2
H,0, 2.5g CuSO, 5H,0. The phenylacetic acid (PAA) concen-
trations in the batch and the chemostat media were supplied at
0.4085 and 0.68 g/kg, respectively, which was neither limiting
nor toxic to cell growth throughout the cultivation (Douma
et al. 2012). The preparation and sterilization of the cultivation
medium have been described previously (Douma et al. 2010).
Briefly, glucose solution and the PAA-containing salt solution
were prepared and sterilized at 115 and 121°C for 40 min,
respectively. The PAA was dissolved in a KOH solution, with a
PAA: KOH molar ratio of 1:1.2 (van Gulik et al. 2000).

2.3 | Experimental Settings

All experiments were performed based on chemostat cultivation
systems and independently repeated three times to ensure the
reproducibility of the results.

A. Control

Glucose-limited chemostats with a working volume of 3L
were carried out in a 5L turbine stirred bioreactor
(Shanghai Guoqgiang Bioengineering Equipment Co Ltd) at
a dilution rate of 0.05h™. When the glucose in the batch
phase was depleted, the culture was switched to chemostat
mode (300 h). The broth was drained by a peristaltic pump
through an overflow tube located at the bioreactor gas/
liquid interface. The DO level was detected with an oxygen
probe (Visiferm DO HAMILTON Switzerland), which was
calibrated at 100% at 0.5bar overpressure (DO approx.
0.4mM). The temperature was maintained at 25°C, the
airflow rate was set at 2 L/min, the stirrer speed was set at
600 rpm and pH was controlled at 6.5 with 4 M sodium
hydroxide using a sterilizable pH probe (Mettler-Toledo,
Greifensee, Switzerland). The off-gas oxygen and carbon
dioxide fractions were monitored in real-time using an off-
gas mass spectroBhargavameter (Prima BT, Thermo Fisher
Scientific Winsford U.K.CW7 3GA). Samples for measuring
CDW, products, and by-products were collected every 12 h
during the chemostat phase. After 100 h of the chemostat
phase, samples for metabolomics analysis were collected
every 24 h.

B. Experimental Setup I: High-Glucose Low-Oxygen (HGLO)

After the batch fermentation, a continuous culture of
300 h was initiated, which can be divided into three typ-
ical stages: Steady state phase (0-100 h), the experimental
phase (100-200 h), and the recovery phase (200-300 h).
The steady state and recovery phases followed the same
conditions as the control. During the experimental phase,
glucose solution was fed in a pulse-pause manner during
the first 15s of each 150-second cycle at a rate 10 times
higher than the control, followed by 135 s without feeding

to maintain an average glucose feed rate equal to that of
the control with a continuous feeding mode. Oxygen
partial pressure in the inlet gas was maintained at
approximately 1%, with three mass flow controllers reg-
ulating gas flow (Figure 1A). Samples were collected ev-
ery 12h during the continuous culture phase for
measuring cell dry weight (CDW), products, and by-
products. After the steady state phase, metabolomics
samples were collected every 24 h (between 22 and 24 s of
the cycle). During the last cycle of the experimental phase,
samples were collected every 15s to verify substrate con-
centration fluctuations.

C. Experimental Setup II: High-Oxygen Low-Glucose (HOLG)

During the experimental phase, the oxygen partial
pressure in the inlet gas was maintained at approxi-
mately 17.5%, while all other conditions were identical
to those in Experimental Setup I (Figure 1A). After the
steady state phase, metabolomics samples were col-
lected every 24 h (between 140 and 150 s of the cycle).
During the last cycle of the experimental phase, samples
were collected every 15s to verify substrate concentra-
tion fluctuations.

D. Experimental Setup III: Global Fluctuations in Glucose
and Oxygen (GFGO)

During the experimental phase, pulse-pause feeding was im-
plemented with a 360-second cycle: glucose was fed during the
first 36 s at a rate 10 times higher than the control, followed by
324 s without feeding. The specific operation followed the pro-
tocol of de Jonge et al. (2011). High-purity air was introduced
for 210 s starting at the 75-second mark, followed by high-purity
nitrogen for 150s (Figure 1B). After the steady state phase,
metabolomics samples were collected every 24 h (at 270 s of the
cycle). During the experimental period, a series of samples for
detecting the concentration changes of both intracellular and
extracellular metabolites were collected as follows for the last
two cycles: Os, 8s, 16, 265, 365, 5058, 70, 90s, 1105, 1455,
1805, 2008, 2205, 2405, 260, 280's, 320s, and 350s.

2.4 | Cell Dry Weight

CDW was measured by weight difference between empty
glass fiber filters (47 mm in diameter, 0.8-pum pore size, type
A/E; Pall Corporation, East Hills, NY, USA) and dry
glass fiber filters with biomass. About 15mL of broth was
withdrawn and divided into three portions for CDW mea-
surements. For each CDW sample, 5 mL of the broth was
filtered, and the cell cake was washed three times with
10 mL of demineralized water and dried in a microwave
oven (power 800 W) for 6 min. The filter containing biomass
was cooled to room temperature in a desiccator and
weighed.

2.5 | Rapid Sampling, Quenching, and Metabolite
Extraction

For extracellular sampling, the cold steel-bead method combined
with liquid nitrogen was used for the fast filtration and quenching
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of extracellular enzyme activities, as described previously (Wang,
Chu, et al. 2019). For intracellular sampling, approximately 1.3 mL
of broth was taken from the bioreactor into a tube containing the
quenching solution (—27.5°C, 40% V/V aqueous methanol). A
customized rapid sampling device was developed to ensure fast
sampling and rapid quenching, avoiding as much as possible
changes in intracellular metabolites. For detailed sampling proce-
dures, please refer to Li et al. (2018). A rapid filtration and cold
washing method was used to quickly and efficiently remove all
compounds present outside the cells. In this study, a previously
well-established protocol for rapid sampling, quenching, and sub-
sequent metabolite extraction was followed, as previously described
(Wang, Chu, et al. 2019). For quantification of intracellular
metabolites, isotope dilution mass spectrometry (IDMS) method
was used to correct most aspects of analytical bias (Mashego
et al. 2005). To achieve this, U-'*C-labeled cell extracts obtained
from Pichia pastoris fed-batch cultures were added as internal
standards in the sample before intracellular metabolite extraction
(Wu et al. 2005).

2.6 | Analytical Methods

Quantification of intracellular amino acids, sugar phosphates,
organic acids, and sugar alcohols was performed by gas
chromatography-mass spectrometry (GC-MS) (7890A GC coupled
to 5975C MSD; Agilent Technologies, Santa Clara, CA, USA). The
analytical procedures were performed according to de Jonge et al.
(2014), with slight modifications in the column and temperature
gradients. For specific settings, please refer to X. Liu et al. (2019).

An Agilent Zorbax SB-C,g reversed-phase column (150 mm X
4.6 mm ID, 5um) was used to determine the concentrations of
PAA, penicillin G, and byproducts in the penicillin biosynthetic
pathway using an isocratic reversed-phase high-performance
liquid chromatography (HPLC) method. The mobile phase was
0.44 g/L potassium dihydrogen phosphate in acetonitrile/water
(65/35, v/v); the injection volume was 5 uL, the detection wa-
velength was 214 nm, the flow rate was 1.5 mL/min and the
column temperature was 25°C (X. Wang et al. 2024).
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2.7 | Cytosolic Free NADH/NAD™" Ratio

The cytosolic free NADH/NAD™ ratio was calculated using an
equilibrium pool of C, (aspartate and malate) pool in the tri-
carboxylic acid cycle (TCA) cycle under the assumption of
constant K’ and intracellular pH (Nasution et al. 2006):

NADH _ % Malate*Glutamate
NAD*  aKG*Aspartate*H*

2.8 | Flux Balance Analysis

The genome-scale metabolic model (GEM) of P. chrysogenum
was utilized for the estimation of metabolic flux distribution in
this study. The linear programming solver Gurobi 5 (v9.5.1) was
employed to solve the model with the maximum growth set as
the objective function (X. Wang et al. 2024).

2.9 | Orthogonal Partial Least Squares
Discriminant Analysis (OPLS-DA)

OPLS-DA was performed using MetaboAnalyst 5.0 (https://
new.metaboanalyst.ca/home.xhtml). Based on the targeted
metabolomics data from each experimental setup against the
corresponding control data, the top 30 metabolites with the
highest Variable Importance in Projection (VIP) scores were
extracted.

3 | Results and Discussion

3.1 | Local and Global Heterogeneous
Environments Simulation: HGLO and HOLG
Conditions

As previously reported by Haringa et al. (2016), CFD simula-
tions with glucose uptake kinetics predict that the glucose
concentration gradient in a 54m3 penicillin bioreactor with
P. chrysogenum spans ten orders of magnitude, ranging from
10-7 to 103 umol/kg. Based on the relation between substrate
concentration (Cs) and the substrate affinity constant (Kg), the
entire gradient can be divided into three representative regions:
the substrate-excess zone (Cgs>19Ks), the substrate-limited
zone (1/19 Kg< Cg<19Kg), and the substrate-starved zone
(Cs<1/19 Kg). Wei et al. (2023) extended the simulations to
include mixed glucose-oxygen limitation, predicting an oxygen-
limited zone with a DO concentration below 0.05 mM above the
top impeller in the same 54 m3 penicillin bioreactor. Based on
this, two local extreme conditions at comparable large-scale
were scaled-down at laboratory-scale: the feed inlet region near
the top of the reactor (HGLO zone) and the aeration inlet region
near the bottom (HOLG zone). These two regions are expected
to correspond to the substrate-excess, oxygen-limited zone
predicted near the glucose feed, and the substrate-starved,
oxygen-sufficient zone predicted near the sparger, respectively.
Based on the experimentally determined substrate affinity
constant of P. chrysogenum in this study, the target conditions
for the HGLO setting were defined as Cg>296.97 uM and

DO < 0.05 mM, while for the HOLG setting, the target condi-
tions were defined as Cg < 0.8 uM and DO > 0.05 mM. To fur-
ther investigate the effects of combined substrate and DO
gradients on penicillin production and the metabolism of P.
chrysogenum, global fluctuations in glucose and oxygen (GFGO)
was designed to simulate combined fluctuations. As previously
described, cells circulating throughout the 54 m3 bioreactor are
expected to experience fluctuations in substrate concentrations
ranging from starvation to excess, coupled with corresponding
fluctuations in DO concentrations from oxygen-sufficient to
oxygen-limited conditions. Therefore, the target design for the
combined fluctuation experiment involved a 360-second cyclic
fluctuation of substrate and DO concentrations, alternating
between periods of HGLO (Cg > 296.97 uM, DO < 0.05 mM) and
HOLG (Cs<0.8uM, DO>0.05mM) environments for a
defined duration.

Under HGLO conditions, the substrate concentration remained
consistently above 20 mM, while the DO concentration was
maintained below 3% (0.012mM) throughout the experiment
(Figure 1A). This fully meets the target HGLO conditions for
the entire 150-second cycle, corresponding to the environment
around the feed inlet as predicted by the CFD model. Under
HOLG conditions, the substrate concentration fluctuated peri-
odically, dropping below 0.8uM between the 120th and
150th seconds of the cycle, while the DO concentration
remained stable around 50% (0.2 mM) throughout the experi-
ment (Figure 1A). As a result, the target HOLG conditions were
met during the last 30 s of each 150-second cycle, corresponding
to the environment around the aeration inlet. Since the sub-
strate concentration during the HOLG cycle did not exceed
296.97 uM, the entire cycle can be considered representative of
cells circulating in the region below the top impeller of the
54 m3 bioreactor. According to the experimental results in this
study (Figure 1B), the concentrations of substrate (ranging from
3.8 to 313.1 uM) and DO (ranging from 4.7% to 74.2%; 0.019 uM
to 0.297 mM) fluctuated alternately throughout the cycle. The
HGLO scenario occurred at the 60-second mark and lasted for
approximately 45s, while the HOLG scenario occurred at the
270-second mark and lasted for 75s. Overall, these simulated
combined fluctuations in our scale-down systems align well
with the range of substrate and DO fluctuations that cells would
experience while circulating through the entire 54m3
bioreactor.

3.2 | More Pronounced Metabolic Impact Under
HGLO Conditions

Under HGLO conditions, the biomass concentration of
P. chrysogenum decreased by approximately 42.1% compared to
the control group (Figure 2A, Supporting Information S1: Fig-
ure 1). This phenomenon was not observed in the low-oxygen
chemostat experiment previously performed by Yang et al.
(2022), where the DO concentration was maintained at 5%. This
may be because a DO concentration of 5% (0.15 mM) did not fall
below the threshold necessary for cellular growth. According to
Janoska et al. (2023), the critical oxygen concentration for P.
chrysogenum growth is 0.13 mM, whereas in this study, the DO
concentration under HGLO conditions was even lower, around
3% (0.012mM). The consumption of the precursor PAA
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approached zero, with the specific consumption rate decreasing
by approximately 79.3%. Correspondingly, penicillin production
and productivity also gradually decreased to near zero during
the HGLO phase. This seems reasonable that oxygen, as one of
the substrates, is directly involved in the biosynthesis of iso-
penicillin N (Janoska et al. 2022). Under extreme low-oxygen
conditions, the reduced supply of the direct precursor iso-
penicillin N likely contributed to the decline in penicillin pro-
duction. Meanwhile, the consumption of the side-chain
precursor PAA was significantly reduced (Bainbridge
et al. 2007; White et al. 1982). Additionally, the high extra-
cellular glucose concentration may have induced substrate
inhibition, further contributing to the reduction in penicillin
productivity (Revilla et al. 1986).

Meanwhile, it is apparent that the accumulation of the by-
product 6-oxopiperidine-2-carboxylic acid (OPC) under HGLO
conditions was twice that of the control, with its specific pro-
duction rate increasing by approximately 2.6-fold (Figure 2A,
Supporting Information S1: Figure 1). The levels of
2-hydroxyphenylacetic acid (o-OH-PAA) and its specific pro-
duction rate, however, approached zero. This is likely due to the
limited availability of oxygen, as the enzyme phenylacetate
hydroxylase, which catalyzes the conversion of PAA to o-OH-
PAA, requires oxygen for its activity (Deshmukh et al. 2015). In
our recent study, we also observed that PAA was barely con-
verted into 0-OH-PAA and thus its recovery is nearly closed
under periodic fluctuations in DO concentrations (X. Wang
et al. 2024). Interestingly, the level of 6-aminopenicillanic acid
(6APA) decreased by approximately 8.84% compared to the
control, while its specific production rate increased by approx-
imately 38.7%. According to documented pathways, 6APA is
only formed through the degradation of penicillin or iso-
penicillin (Deshmukh et al. 2015). However, under HGLO
conditions, there is clearly insufficient precursor to maintain its
content. Hence, it is hypothesized that there may be unknown
pathways contributing to its production, independent of sec-
ondary metabolism related to penicillin production.

During the recovery phase of HGLO conditions, biomass con-
centration remained approximately 14.7% lower than that of the
control. Although penicillin production and productivity were
gradually increased, they did not fully recover. This finding is
similar to a previous report by Vardar and Lilly (1982), which
indicated that prolonged exposure of P. chrysogenum to oxygen-
limited conditions at or below the critical oxygen concentration
could result in irreversible damage to its production capacity. At
the end of the recovery phase, the concentrations of PAA and
other by-products, along with their specific consumption/pro-
duction rates, were gradually restored and approached those of
the control.

Under HOLG conditions, nearly all measured parameters,
including biomass, precursors, products, and by-products, as
well as their specific consumption/production rates, showed no

significant difference compared to the control, with fluctuations
of no more than 10%. However, a decline in biomass concen-
tration was observed during the recovery phase of HOLG,
which did not occur under control conditions. During this
period, biomass concentration was approximately 9.3% lower
than that of the control. As shown in Figure 2A, extracellular
penicillin concentration gradually decreased, with its specific
production rate dropping by an average of 0.67% every 12h.
This premature degeneration phenomenon was not observed
either under control or under HGLO conditions. The extra-
cellular concentration and specific production rate of the by-
product o-OH-PAA increased gradually during the recovery
phase. According to the literature, PAA enters the cell via
passive transport (Douma et al. 2012), and this compound is
toxic to the cell. One of the primary detoxification mechanisms
of P. chrysogenum involves hydroxylating PAA to form o-OH-
PAA, which is then excreted extracellularly or degrading it via
the gentisate pathway to enter the TCA cycle. Another mech-
anism involves activating PAA as a side-chain precursor for the
biosynthesis of penicillin G, which is subsequently excreted
extracellularly (Jami et al. 2010). Therefore, the increased ex-
tracellular levels of 0o-OH-PAA may be related to the gradual
decline in penicillin production during this process.

According to Table 1, it is evident that the HGLO environment
has a greater impact on the physiological state of P. chryso-
genum than the HOLG environment. Specifically, under HGLO
conditions, there is a noticeable reduction in specific formation
rates of carbon dioxide, penicillin as well as the associated by-
products compared to the control. However, there is a notice-
able increase in the rate of substrate consumption under HGLO
phase. Collectively, the results suggest an increased excretion of
intracellular metabolites and/or enhanced accumulation of
intracellular storage carbohydrates.

Under GFGO conditions, the biomass yield decreased signifi-
cantly by approximately 16.2% compared to the control
(Figure 2B, Supporting Information S1: Figure 1). Similar
findings were observed in our previous studies where we
investigated periodic single substrate fluctuations with a
360-second cycle (G. Wang et al. 2018), and periodic single DO
fluctuations with a 150-second cycle (0.015-0.135mM) (X.
Wang et al. 2024). However, this result differs from the study by
Janoska et al. (2023), where no growth impact was observed
under GFGO conditions with a 360-second cycle. This dis-
crepancy is likely due to the design limitations of the study of
Janoska et al. (2023), where the substrate fluctuations did not
reach excess concentrations, nor did they induce substrate
starvation conditions.

Interestingly, the biomass concentration at the first sampling
point during the experimental phase under the GFGO condi-
tions showed a 4.7% increase compared to pre-switch condi-
tions, suggesting a shift from secondary metabolism to primary
metabolism. Consistent with this, Yang et al. (2022) observed

FIGURE 2 | Concentration and biomass-specific rates of metabolites related to penicillin biosynthesis. = = = represents the mean value of the
control. (A) HGLO and HOLG; (B) GFGO. ® represents the mean value of HGLO. ® represents the mean value of HOLG. A represents the mean
value of GFGO. Phase I (0-100 h), II (100-200 h), and III (200-300 h) correspond to steady state, experimental, and recovery phase, respectively. All
error bars represent the standard deviation of data obtained from three independent biological replicates.

7 of 22

858017 SUOWWOD BRI 3(dedt|dde ayy Aq peussnob afe sappiie YO ‘8sh Jo sejnl Joj Akeld1aul|uO AB|IA UO (SUOIPUOD-PUE-SWBILO" A3 1M AteIq 1 Ul |UO//:StY) SUOIPUOD PUe SWwie | 8U18eS *[5202/20/92] Lo Arigiaulluo A8 iMm Wea AseAIUN Lo1UYoe | A 89682110/200T OT/I0p/W0D" A8 1M AReiq U1 UO'S eUIN0 Bous 105 [0 A Jeue//:sdny Wiy pepeojumod ‘0 ‘0620260T



10970290, 0, Downloaded from https://anal ytical sciencejournals.onlinelibrary.wiley.com/doi/10.1002/bit.28968 by Technical University Delft, Wiley Online Library on [26/03/2025]. See the Terms and Conditions (https:/onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

“(yssese) T00°0 > d “(s55) S00°0 > d “(44) 20UISPIP JueoyTuSIs ATySIy € $93e0IpUl T0°0 > d () SOUISPFIP JUedHTUSIS SJBIIPUI 600 > d "S7 SSIS SUIsn pajonpuod sem )sd)-7 PI[Te}-0M) OM], ‘IJON

1100 F9L°0 86000 F 08°0 88000 FSL0 409000 F 6€°0 0T0'0F9L0 [owd/[ow) s/f0x
690 F ¥6'ST 950 F 61'LT #x1S0°0 F 00°S wx09'0F 20T 8L°0F 00°LT [ow)/jow)n s/dag
$600°0 F Z¥°0 «L100°0 F ¥°0 +LT00°0 F 6€°0 +8800°0 F SE'0 6v00°0 F 9%°0 [ow)/[ow) SIxXx
TTO0F 0T 0200 F €0'T 05000 F TO'T €900 FST'T SH00'0 F 40’ — od
TSTOF 6L'ST LOS'0 F 68°61 €9%°0 F OL'ST 6670 F 67°L 8TT'0 F 06'ST Y/ T/10wu J40
915°0 F ¥T'ST 089°0 F ¥O¥'6T 99€°0 F 6'ST T6L°0 F €49 ¥¥0°0 F 0T'ST Y/ T/1owu qN0
STOFLLS «9T10°0 F 679 $60°0 F T¥'S +8T0F89°€ 090°0 F 9£'9 3v/3 %9
S€0°0 F T¥'0 1€0°0 F TH0 +¥200°0 F 9°0 TLO'0FT90 7900°0 F 8€°0 g/Xjow-p/[oww Vavop
+8T0°0 F 920 Z10'0 ¥ 220 110°0 F 62°0 £020°0 F SL0°0 79000 F LT'0 /X[ow-p/[owrw Vvd=HO=%
950°0 F L¥'0 TLO'0 F 87°0 £80°0 F 06°0 CTOFEL'T L60°0 F S¥°0 /Xjow-p/[owm 240p
6L00°0 F Z1°0 T¥00°0 F 21°0 20000 F $0°0 15000 F 8100 €900°0 FZ1°0 /Xjow-p/[oww o42dp
«CTO0F IL0 0200 F 0L'0 «LTO0F IS0 #950'0 F9T°0 L1I0'0 F 8L°0 /Xjow-p/[ow VVdp.
687 FSS'16 «ETF Y006 +0L'0F ¥L'96 wx8T T F 69°SS vv'0 F €6'€8 g/Xjow-p/[owm 0%
IS°€ ¥58'88 66T F€8'L8 «TT0F 99°S6 =S6'TF L8y LL'OF 008 /Xjow-p/[oww “Ob-
9%°0 F S0°0T «S00F €L°8T £960°0 F 51T «T90F TIHT 07°0 F 18T /Xjow-p/[ow Sb-
aseyd A19A009Yg aseyd ejudwrLadxy aseyd A19A009y aseyd ejudwrLadxy 1013U0) sy sIdjowRICJ
9T10H OT19H
SUONIPU0d HTOH Pue OTOH Iepun SpRIL pue sajel ogads-sseworg | T ATIV.L

Biotechnology and Bioengineering, 2025

8 of 22



TABLE 2 | Biomass-specific rates and yields under GFGO conditions.

GFGO

Parameters Units Control Experimental phase Recovery phase
-gs mmol/Cmoly/h 18.31 +0.20 21.41 +0.40 19.96 +0.35
“Qppn mmol/Cmolyx/h 0.78 +£0.017 0.17+0.16 0.75 +0.0037
Apenc mmol/Cmoly/h 0.12 +0.0063 0.056 +0.0076* 0.12 +0.0052
dopc mmol/Cmolx/h 0.45 +0.097 2.07 +0.11** 0.55+0.01
Go—OH—PaA mmol/Cmoly/h 0.17 +0.0062 0.30 +0.054 0.27 +0.0047*
Qo—apa mmol/Cmoly/h 0.38 +0.0062 0.49 +0.051 0.444 +0.00045**
Cx g/kg 6.36 + 0.060 5.33+0.071** 5.78 +£0.085
Yx/s Cmol/Cmol 0.46 + 0.0049 0.39 +£0.0073 0.42 +0.0074
Yp/s uCmol/Cmol 17.00 +0.78 6.07 +0.53* 16.51 +0.98

Note: Two-tailed t-test was conducted using SPSS 25. p < 0.05 indicates a significant difference (*). p < 0.01 indicates a highly significant difference (**). p < 0.005 (***).

P <0.001 (%),

this increase in a 5% (0.015 mM) low-oxygen stress experiment,
and Janoska et al. (2022) observed a similar response in their
120-second periodic single DO fluctuation study (0-0.127/
0.178 mM). The extracellular concentration of the PAA under
GFGO conditions was approximately 2.6 times higher than that
of the control, and its specific consumption rate decreased by
about 77.9%. The extracellular concentration of penicillin
decreased by about 63.9%, with production capacity reduced by
53.3%. This reduction lies between the results observed in the
HGLO and HOLG conditions (Table 2), which aligns with other
studies on single substrate or DO fluctuations (de Jonge
et al. 2011; Janoska et al. 2023; Janoska et al. 2022; G. Wang
et al. 2018).

The accumulation of the by-product OPC exceeded that of the
control by more than threefold, with its specific production rate
increasing by approximately 3.6 times. The accumulation was
higher than that observed under HGLO conditions, and the
accumulation pattern differed from that observed under those
conditions (Figure 2A). This larger accumulation may be
related to the intracellular levels of the precursor ao-
aminoadipate acid. Since OPC production is an enzymatic
process (Henriksen et al. 1998), differences in accumulation
trends may be attributed to variations in enzyme levels or
activity under different conditions. Similarly, the accumulation
of 0-OH-PAA increased by approximately 23.9%, with its spe-
cific production rate increasing by about 76.5% compared to the
control. This is likely because, as cells shift from secondary to
primary metabolism, the gentisate pathway is activated to
degrade PAA, and the conversion of PAA to 0-OH-PAA is the
first step in this process (Jami et al. 2010). The relatively stable
production of 6APA under GFGO conditions was similar to that
observed under HOLG conditions (Figure 2A).

During the recovery phase of GFGO conditions, biomass yield
increased but remained approximately 9.1% lower than the
control. The specific consumption rate of PAA and the specific
production rate of penicillin returned to levels similar to the
control (Table 2). This contrasts with the recovery phase
observed in HGLO (Table 1), suggesting that the duration of
exposure to oxygen levels below the critical concentration plays

a critical role (150s per cycle in HGLO vs. 45s per cycle in
GFGO). Consistent with this, Vardar and Lilly (1982) previously
reported that prolonged fluctuations around the critical oxygen
concentration or long-term hypoxia could lead to irreversible
reductions in penicillin production. Based on the fact that no
significant impact was observed under HOLG conditions
(Table 1), it can be inferred that short-term, single substrate
fluctuations do not cause irreversible damage to penicillin
production. However, large substrate gradients are one of the
major factors leading to the observed production perform-
ance loss.

3.3 | Metabolic Responses of Penicillium
chrysogenum to Local and Global Heterogeneous
Environments

3.3.1 | Overall Observations

OPLS-DA was performed using the targeted metabolomics data
from both the HGLO and HOLG conditions, as compared with
that of the control group (Figure 3A,B). Consistently, the results
indicated that HGLO conditions induced more significant meta-
bolic shifts than HOLG conditions at the metabolite level. The
VIP scores showed that among the top 10 marker metabolites,
half of them in the HGLO-control comparison were amino acids,
whereas only two were observed in the HOLG-control compari-
son. Under HOLG conditions, more differential metabolites were
localized within the Embden-Meyerhof-Parnas (EMP) pathway
and storage metabolism.

The OPLS-DA analysis revealed significant group differences
between the combined fluctuation at the 270-second point and
the control condition, although the sampling during fluctuation
also led to substantial within-group variation (Figure 3C). The
VIP score chart showed that amino acids accounted for
approximately 73% of the marker metabolites with scores above
1, a higher proportion than in the HGLO and HOLG conditions
(Figure 3A,B). Taken together, the results suggest that the cells
may have adopted different metabolic strategies to cope with
local and global substrate and DO gradients.
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FIGURE 3 | The results of orthogonal partial least-squares discriminant analysis (OPLS-DA). Quantitative metabolomic data from each ex-

perimental setup were analyzed using separate OPLS-DA comparisons against the control data. (A) HGLO; (B) HOLG; (C) GFGO. Group A: R2Y =
0.999, Q2 =0.987, p=0.0975; Group B: R2Y =0.998, Q2 =0.951, p =0.0975; Group C: R2Y =0.999, Q2 =0.961, p = 0.097.
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independent biological replicates.

3.3.2 | Central Carbon Metabolism

Under HGLO conditions, the intracellular glucose concentration
increased continuously with time, reaching 20.5umol/gDCW
(Figure 4A). This suggests that the cells were adapting to the high
extracellular glucose concentration. As shown in Figure 4A and
Supporting Information S1: Figure 2, the intracellular levels of
glucose-6-phosphate (G6P) and fructose-6-phosphate (F6P) in the
glycolysis pathway decreased by approximately 47.8% and 31.3%,
respectively. In the pentose phosphate (PP) pathway, the level of
6-phosphogluconate (6PG) initially decreased before recovering,
while sedoheptulose-7-phosphate (S7P) increased by about 31.3%.
This suggests that central carbon metabolism tends to favor the PP
pathway under these conditions. The storage metabolites mannose-
6-phosphate (M6P) and mannose-1-phosphate (M1P) showed
opposite trends: M6P decreased by about 49.2%, while M1P
increased by 70%, and mannitol levels increased by approximately

87.6%. It has been documented that converting mannitol to M6P
requires cytochrome c (Arcus and Edson 1956), which is disrupted
under low-oxygen conditions, thereby blocking the conversion of
mannitol to M6P. The intracellular levels of trehalose, arabitol, and
erythritol increased by 97.1%, 632%, and 77.0%, respectively. In the
TCA cycle, the levels of a-ketoglutarate, succinate, fumarate, and
malate increased by two to three times. This is likely due to the
impaired electron transport chain under low-oxygen conditions,
resulting in an accumulation of the TCA cycle intermediates. The
intracellular levels of organic acids produced via the glyoxylate
shunt also increased significantly, suggesting that the cells activated
this pathway to reduce the production of reducing power and
maintain redox balance under low-oxygen conditions (Holmes
et al. 1991; Mu et al. 2021). This is consistent with our previous
finding where flux balance analysis also suggested a significant
upregulation of the glyoxylate shunt under low-oxygen stress (Yang
et al. 2022). By the end of the recovery phase, only G6P, M6P,
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a-ketoglutarate, succinate, fumarate, and malate returned to levels
comparable to the control.

Fructose-1,6-bisphosphate (FBP) tended to accumulate intra-
cellularly under HGLO conditions, with its extracellular con-
centration decreasing by approximately 80.6% compared to the
control (Figure 5A, Supporting Information S1: Figure 3), while
its intracellular concentration increased by about 2.4 times.
Previous studies have shown that Escherichia coli cells activated
the methylglyoxal pathway (a low-energy-generating bypass of
the EMP pathway) during substrate fluctuations by adjusting
the flux through the FBP branch point towards dihydroxy-
acetone phosphate and glyceraldehyde-3-phosphate (Weber
et al. 2005). The extracellular concentration of mannitol
remained consistent with that of the control. Except for these
two metabolites, the extracellular levels of other central carbon
metabolites increased significantly (Figure 5A, Supporting

Information S1: Figure 3), consistent with an increased gap in
the carbon recovery described in Section 3.2. Severe oxygen
limitations under HGLO conditions led to insufficient electron
acceptors for the electron transport chain. Due to limited ATP
supply under such conditions, the cells likely enhanced glucose
uptake rate (Table 1), which is speculated to be involved in
generating ATP via substrate-level phosphorylation and at the
same time excretes metabolites to make it more feasible.
Notably, the extracellular concentration of a-ketoglutarate
increased by approximately 50 times compared to the control
(Figure 5A, Supporting Information S1: Figure 3), contrasting
with the changes in the extracellular concentrations of succi-
nate, fumarate, and malate downstream of the glyoxylate
pathway. This indicates that the major reducing power pro-
ducing steps in the TCA cycle were severely impaired. More-
over, under low-oxygen conditions, cells tend to upregulate o-
ketoglutarate biosynthesis to ensure efficient ammonium
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assimilation, further contributing to the intracellular and ex-
tracellular accumulation of a-ketoglutarate (Z. Liu and
Butow 2006).

Under HOLG conditions, intracellular glucose levels initially
increased and then decreased to levels similar to those in the
control (Figure 4A, Supporting Information S1: Figure 2),
indicating an adaptation to external glucose perturbations. The
reductions in G6P and F6P in the glycolysis pathway were
approximately 20% greater under HOLG than under HGLO
conditions. In the PP pathway, 6PG levels tended toward zero,
and S7P levels slightly decreased. The levels of M1P and tre-
halose increased by approximately 60.5% and 94.6%, respec-
tively, compared to the control, indicating that more carbon was
directed into storage metabolism. de Jonge et al. (2014) also
reported that trehalose cycling is essential for P. chrysogenum to
cope with fluctuating substrate environments. Although treha-
lose synthesis and degradation consume extra energy, the stored
trehalose provides a carbon and energy reserve for cells during
substrate starvation, buffering against environmental fluctua-
tions. In the TCA cycle, the intracellular level of citrate
decreased by about 38.7%, similar to the trend under HGLO
conditions, while the levels of other organic acids showed no
significant differences compared to the control (Figure 4A,
Supporting Information S1: Figure 2). Notably, the intracellular
concentration of citrate decreased under both conditions in this
study, consistent with findings from G. Wang et al. (2018) and
Yang et al. (2022) where single substrate and DO perturbations
were imposed on the same strain, respectively. Meanwhile, the
extracellular levels of central carbon metabolites under HOLG
conditions showed marginal changes compared to control
conditions (Figure 5A, Supporting Information S1: Figure 3).
However, FBP and erythritol showed the largest decrease and
increase in their extracellular concentrations, respectively.

At the 270-second point in the combined fluctuation cycle, ex-
tracellular conditions were closest to the control, marking the
beginning of the HOLG scenario (Figure 1B, Supporting Infor-
mation S1: Figure 3). Aside from the increase in intracellular
FBP levels compared to the control, most metabolite levels in
the upstream EMP pathway decreased (Figure 4B, Supporting
Information S1: Figure 2). For example, intracellular levels of
glucose, G6P, and F6P dropped by approximately 74.4%, 37.9%,
and 19.1%, respectively. This indicates that glucose entering the
cells during the high-glucose pulse was likely metabolized faster
through the upstream EMP pathway. A similar phenomenon
was observed in previous studies with P. chrysogenum during
single substrate fluctuations (G. Wang et al. 2018) and com-
bined glucose-oxygen fluctuations (Janoska et al. 2023).
Induced by substrate concentration fluctuations. 6PG and S7P
also decreased by about 47.5% and 23.4%, respectively, sug-
gesting that carbon flux did not prefer to flow into the PP
pathway. Intracellular trehalose levels were three times higher
than the control, and the intracellular levels of other three sugar
alcohols such as mannitol, arabitol and erythritol increased by
30%-50%. Hence, the cells prefer to synthesize large amounts of
trehalose and sugar alcohols to cope with the GFGO conditions.
The intracellular levels of citrate, a-ketoglutarate, succinate,
fumarate, and malate in the TCA cycle decreased by 42.3%,
14.7%, 23.1%, 50.5%, and 38.8%, respectively. Due to a longer
metabolic route away from the gate of the glucose influx, the

TCA cycle did not respond as sensitively as the EMP pathway
and PP pathway, or its response might be delayed. During the
recovery phase, not all the metabolites can return to control
levels. Notably, intracellular levels of glucose, FBP, arabitol, and
fumarate were 64.1%, 38.4%, 43.2%, and 34.1% lower than the
control, respectively, while M1P, mannitol, erythritol, and
succinate levels increased by 34.4%, 14.2%, 23.5%, and 36.5%.

Intracellular glucose levels fluctuated within a single cycle,
showing a rapid increase followed by a slower decrease, with a
peak value during the HOLG phase (Figure 4C). G6P, F6P, and
M6P followed a similar pattern, with peaks at around 180s,
approximately 1.75, 1.67, and 1.69 times higher than the con-
trol, respectively. These peaks lagged behind the extracellular
substrate fluctuation peak, mainly because of the limited ATP
generation caused by the low oxygen level (Figure 1B). FBP
levels fluctuated less significantly than other EMP pathway
metabolites, likely due to the energy-requiring phosphofructo-
kinase reaction. Trehalose and the other three sugar alcohols
showed consistently higher levels than the control, with two
small peaks around 145 and 320s, likely indicating a delayed
metabolic response. In the TCA cycle, the intracellular level of
a-ketoglutarate did not show a clear trend compared to succi-
nate, fumarate, and malate, possibly due to the limitation of
isocitrate dehydrogenase or a shift towards the glyoxylate shunt
to reduce the generation of reducing equivalent (Yang
et al. 2022).

At the 270th second of the combined fluctuation, all detected
central carbon metabolites exhibited increased extracellular
concentrations, except for FBP and mannitol (Figure 5B, Sup-
porting Information S1: Figure 3). Specifically, the extracellular
concentrations of G6P, M6P, M1P, S7P, and fumarate were
almost doubled, while the extracellular concentrations of 6PG,
succinate, and malate were over 10 times higher relative to the
control. Most interestingly, the intracellular and extracellular
concentrations of all metabolites in the EMP pathway, PP
pathway, and TCA cycle, as well as M6P, M1P, and mannitol
involved in storage metabolism, showed changes in opposite
directions (Figures 4B and 5B). In addition to this, the intra-
cellular and extracellular concentrations of trehalose and two
other polyols simultaneously increased. Overall, these results
are similar to those obtained under HGLO conditions, but the
increase in metabolite concentrations relative to the control was
smaller than in the former case. This suggests that the metab-
olite secretion may be related to the 45-second HGLO condition
during the cycle. Carbon loss due to extracellular metabolite
secretion was also observed during single oxygen fluctuations
(Janoska et al. 2022; Yang et al. 2022). Compared to the results
under HGLO conditions, the extracellular concentrations of all
metabolites in the TCA cycle were within a relatively normal
range, indicating that the temporal mismatch between substrate
and oxygen availability under GFGO conditions did not lead to
a severe blockade of the TCA cycle. Interestingly, the over-
accumulation of a-ketoglutarate extracellularly was also
observed, suggesting the importance of primary ammonium
assimilation processes for microbial growth (Bernard and
Habash 2009).

Substrate concentrations initially exceeded the excess threshold
and then dropped below the starvation threshold during the
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cycle (Figure 5C). Peaks appeared about 70 s into the cycle, 20 s
later than in single substrate fluctuation studies (de Jonge
et al. 2011), likely due to the effects of oxygen limitation on
substrate transport. The overall pattern of extracellular metab-
olite fluctuations reflected the long-term trends. Except for FBP,
whose extracellular levels were lower than the control, and
mannitol, which remained unchanged, all other central carbon
metabolites showed increased extracellular concentrations.
Peaks in metabolite concentrations aligned with the extreme
HGLO and HOLG conditions, suggesting that the extreme
conditions might promote the excretion of central carbon
metabolites.

3.3.3 | Amino Acid Metabolism

Under HGLO conditions, intracellular glutamate levels
decreased by about 25%, while glutamine levels increased by
approximately 48.5% compared to the control (Figure 6A,
Supporting Information S1: Figure 4). The biosynthesis of these
amino acids is closely linked to ammonium assimilation
(Bernard and Habash 2009; Holmes et al. 1991), and they can be
interconverted. Among the aspartate family amino acids, only
asparagine increased by approximately 16.4%, while the levels
of other amino acids decreased. This may be due to the reduced
availability of glutamate, the precursor of aspartate. Intra-
cellular serine levels decreased by about 20%, while its precur-
sor, cysteine, was nearly depleted. This could be related to the
reduction status of intracellular environment because the
3-phosphoglycerate (3PG) to serine pathway releases reducing
power (Broeks et al. 2023). In the pyruvate family, valine and
leucine levels decreased by approximately 35% and 43.9%,
respectively, possibly due to the reduced availability of

glutamate. The intracellular level of a-aminoadipic acid
increased threefold compared to the control (Figure 6A, Sup-
porting Information S1: Figure 4), which was consistent with
the increased secretion of its cyclized product OPC (Figure 2A).

Under HOLG conditions, there are no significant changes in
intracellular amino acid levels (Figure 6A), consistent with the
VIP score results (Figure 3B). Only leucine, isoleucine and
phenylalanine, showed significant decreases of approximately
17.9%, 25.3%, and 20.0%, respectively, compared to the control,
while tryptophan levels increased by about 26.4%. These changes
in aromatic amino acid levels suggest that the shikimate pathway
was more inclined toward the biosynthesis of tryptophan.

Under GFGO conditions, intracellular glutamate levels decreased by
about 20% compared to the control (Figure 6B, Supporting Infor-
mation S1: Figure 4). Other amino acids in the glutamate family
showed increases of less than 5%. In the aspartate family, intra-
cellular asparagine and threonine levels increased by 72.9% and
15.1%, respectively, while intracellular aspartate and isoleucine
levels decreased by 46.8% and 7.5%, and methionine levels
approached zero. The increase in asparagine was previously
observed in the combined fluctuation study by Janoska et al. (2023),
but not in single substrate (G. Wang et al. 2018) or oxygen fluctu-
ation experiments (Yang et al. 2022), suggesting that it is specific to
combined fluctuations. Isoleucine levels followed the opposite trend
to its precursor threonine and were similar to the trends in leucine,
possibly due to competition for pyruvate as the precursor
(Strassman et al. 1956) or shared enzymes like dihydroxy acid de-
hydratase (DHAD) and branched chain amino acid transaminase
(BCAT) (Joel T. Steyer et al. 2021; Liang et al. 2021). In the serine
family, cysteine levels decreased by 89.8%, which has been linked to
carbon or nitrogen deprivation (Skye and Segel 1970). Given that
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cells experienced glucose starvation for about 90s during the
360-second combined fluctuation cycle, increased membrane per-
meability may lead to cysteine leakage. The intracellular levels of
phenylalanine, tyrosine and tryptophan decreased by 30.6%, 41.3%,
and 10.3%, respectively, likely due to a reduced carbon flux into the
shikimate pathway (Shende et al. 2024). The concentrations of o-
aminoadipate acid and lysine decreased and increased by approxi-
mately 48.2% and 42.4%, respectively. This is likely related to the
feedback regulation mechanism of lysine metabolism in P. chryso-
genum. It has been previously reported that penicillin production is
highly sensitive to lysine availability. Excessive lysine levels can
inhibit citrate synthase activity through feedback regulation,
resulting in an insufficient supply of the precursor a-aminoadipate
acid, which subsequently affects penicillin production (Goulden and
Chattaway 1968).

The trends in intracellular amino acid levels during short cycles
were consistent with long-term observations, although the mag-
nitudes differ (Figure 6C). Most amino acids showed two peaks
during the cycle, occurring at around 8 and 145s, with the first

peak generally being higher. Previous studies have shown that
intracellular amino acid levels can respond to fluctuations in
substrate or oxygen, and the peaks in amino acid levels corre-
sponded to peaks in intracellular substrate or DO concentrations
(G. Wang et al. 2018; Yang et al. 2022). In this study, the two
peaks in amino acid levels were separated by about 137s, sug-
gesting that the first peak was linked to extracellular glucose
levels, while the second corresponded to extracellular DO levels.
This pattern resembles the behavior observed for succinate,
fumarate, and malate in the TCA cycle, though the fluctuations in
amino acid levels were smaller in comparison.

3.3.4 | Intracellular Carbon Distribution

Under HGLO conditions, the total intracellular carbon content
increased by approximately 5.7% compared to the control
(Figure 7A). The carbon content proportions of the EMP
pathway, PP pathway, and storage metabolism increased by
about 56.6%, 21.5%, and 77.7%, respectively, while the
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proportions of the TCA cycle and amino acid metabolism
decreased by 31.9% and 11.7%. These results suggest that more
carbon was directed into the PP pathway and storage carbon
pools (Figure 7B). During the recovery phase, carbon flow
remained primarily directed toward the PP pathway and storage
metabolism, suggesting that the cells retained a “memory” of
the previous stress (Lambert and Kussell 2014).

Under HOLG conditions, the total intracellular carbon content
increased by approximately 2.5% compared to the control
(Figure 7A). Only the proportion of carbon in storage metabo-
lism showed a significant increase of about 60.9% (Figure 7B).
In response to intermittent substrate limitation and starvation,
the cells synthesized more storage metabolites to maintain
metabolic stability during starvation periods. Although peni-
cillin productivity did not show a significant decline, the
reduced biomass concentration (Table 1) as well as decreased
carbon content in the EMP pathway and TCA cycle indicated an
energy metabolic burden. Moreover, this alteration was not
fully reversed during the recovery phase.

At the 270-second point in the combined fluctuation cycle, total
intracellular carbon content increased by about 6.0% compared
to the control (Figure 7C). Most of the carbon was converted to
storage metabolites, with the proportion of storage carbon pool
about twice that of the control. Carbon distribution to the EMP
pathway, PP pathway, TCA cycle, and amino acid metabolism
decreased by approximately 48%, 28%, 44%, and 13%, respec-
tively (Figure 7D). This indicates that at this point, intracellular
carbon rapidly inflowed through the EMP pathway and PP
pathway but did not enter the TCA cycle or amino acid
metabolism. Instead, it accumulated in storage metabolites,
preparing the cells for the upcoming 90-second substrate star-
vation period. Similar phenomena were observed by Janoska
et al. (2022). However, the significant carbon accumulation in

storage metabolites could create an energy gap, as the futile
cycling of storage metabolism consumes additional energy (de
Jonge et al. 2014), which may partially explain the reduced
penicillin production under these conditions. During the
recovery phase, total intracellular carbon content increased by
about 2.8% compared to the control. The proportions of carbon
in the EMP pathway and TCA cycle decreased by 18.7% and
7.8%, while the proportions in the PP pathway and amino acid
pathways increased by 6.4% and 4.8%, respectively. Carbon
distribution in the recovery phase resembled the distribution
under HOLG conditions, with no observable metabolic
irreversibility or signs of cell decline (Figure 2A). This may be
due to the absence of excess substrate periods under HOLG
conditions, which prevented the cells from synthesizing suffi-
cient storage carbon to sustain them during the 30-second
starvation period later in the cycle.

Under GFGO conditions, the intracellular total carbon content
remained higher than the control throughout the short cycle,
with the cycle-averaged content exceeding the control by
approximately 7.3% (Figure 7E,F). There was a noticeable trend
in carbon distribution within the EMP pathway and PP path-
way, where the peak proportions of carbon occurred during
periods when neither substrate nor oxygen was limiting. These
peaks lagged behind the substrate concentration peaks by more
than 1min, likely due to the accumulation of extracellular
substrate that could not immediately enter the cell for metab-
olism under oxygen-limited conditions. In contrast, the carbon
distribution in the TCA cycle, storage metabolism, and amino
acid metabolism remained relatively stable without significant
variation. Except for the average carbon proportion in storage
metabolism, which was nearly double that of the control, the
average carbon content proportions in other carbon pools were
lower than those in the control. The fluctuations in the TCA
cycle carbon content were much smaller than those in the EMP
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FIGURE 9 | Intracellular metabolic flux. (A) represents control. (B) represents HGLO. (C) represents HOLG.
represents storage metabolism.

represents TCA cycle.

represents PP pathway.

pathway. This appears reasonable that the longer metabolic
pathway dampened the fluctuations in metabolite concentra-
tions. Meanwhile, a subtle peak in the carbon content propor-
tion of the TCA cycle was observed, occurring almost
simultaneously with the extracellular substrate concentration
peak. This suggests that the cell response to the external en-
vironmental fluctuations in the previous cycle required about
240 s to manifest in the TCA cycle. Similar delays were observed
in studies on single oxygen concentration fluctuations, but the
delay reported by Yang et al. (2022) was shorter, possibly due to
their shorter fluctuation periods. The proportion of carbon in
storage metabolism remained consistently high, likely due to
the need for large amounts of stored metabolites to maintain
cellular metabolic stability, which was consistent with the
findings of G. Wang et al. (2018). During the 360-second com-
bined fluctuation cycle, there was a substrate starvation period
lasting nearly 90s, during which the cells likely broke down
previously synthesized storage carbohydrates to provide energy
(de Jonge et al. 2014). A low point in the proportion of carbon in
storage metabolism was observed when the extracellular sub-
strate concentration was depleted, possibly marking the onset of
catabolism.

3.3.5 | Cytoplasmic Redox State

Under HGLO conditions, the cytoplasm was significantly more
reduced (indicated by NADH/NAD™ ratio) than under control
conditions, while the opposite was true under HOLG conditions
(Figure 8A). During the recovery phases, the intracellular redox
states were reversed from their respective experimental periods.
Reports have shown that cytoplasmic reduction is negatively
correlated with  penicillin  production (Goulden and
Chattaway 1968; Harris et al. 2006), as the folding of key en-
zymes involved in penicillin biosynthesis—tripeptide synthe-
tase, isopenicillin N synthase, and isopenicillin N
acyltransferase—and the expression of related genes are

represents EMP pathway.

represents amino acid pathway.

impaired under these conditions. This observation is also
reflected in this study (Figure 8A).

At the 270-second point in the combined fluctuation cycle,
cytoplasmic oxidation state was significantly higher than the
control, though the difference was not statistically significant
(Figure 8B). During the recovery phase, cytoplasmic oxidation
state was also slightly higher than the control, without signifi-
cant differences. The redox state fluctuated throughout the
360-second cycle, closely following changes in the extracellular
environment (Figure 8C). Cytoplasmic reduction state
increased during HGLO periods, while oxidation state increased
during HOLG periods, corresponding to high substrate and
oxygen availability conditions, respectively. Taken together, the
combined effects of substrate and oxygen fluctuations amplify
their impact on the cytoplasmic redox state.

3.3.6 | Intracellular Metabolic Flux

Under HGLO conditions, the metabolic flux through the EMP
pathway and TCA cycle decreased by approximately 30% and
50%, respectively, compared to the control (Figure 9A,B). This
overall reduction in flux through the main energy metabolic
pathways is consistent with the fact that cells experience energy
metabolic disorders. The flux through the glyoxylate shunt did
not increase as much as reported by Yang et al. (2022), but its
proportion of the total TCA cycle flux did increase. This sug-
gests that under low-oxygen conditions, cells altered their
metabolic pathways to reduce the production of reducing
power, which is consistent with the higher intracellular reduced
state described in Section 3.3.5. The flux through the PP path-
way increased significantly at the entry point but decreased
within the pathway compared to the control. The flux associ-
ated with storage metabolism showed no significant difference
from the control. In amino acid metabolism, only the flux to-
wards serine, cysteine, valine, and a-aminoadipate acid
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increased by approximately 30%, one-fold, one-fold, and two-
fold, respectively, while the flux through other amino acid
synthesis pathways decreased compared to the control. The
increased flux into the PP pathway and toward cysteine, valine,
and a-aminoadipate acid suggests that the cells seem to prior-
itize NADPH production and precursor amino acids required
for penicillin G synthesis. This seems reasonable that due to the
oxygen limitation, cells were unable to efficiently convert PAA
to 0o-OH-PAA for detoxification, and thus they favored penicillin
G biosynthesis. However, under HGLO conditions, it is obvious
that the impaired penicillin production capacity is not capable
of being used for detoxification purpose (Figure 2A). A previous
study has reported that PAA can be efficiently taken up by the
cell via passive diffusion and meanwhile actively excreted at
the expense of extra ATP (Douma et al. 2012). Taken together,
the results imply that this futile cycling of PAA may be further
enhanced, which likely aggravates the energy deficit of P.
chrysogenum cells under HGLO conditions.

Under HOLG conditions, the metabolic flux through the EMP
pathway and TCA cycle increased by approximately 10%-20%
(Figure 9A,C), corresponding to the increase in glucose-specific
consumption rate (Table 1). The flux from ribose-5-phosphate
to xylulose-5-phosphate and ribulose-5-phosphate in the PP
pathway increased by about 25%, while other reactions showed
no significant changes. The flux associated with storage
metabolism showed no significant difference from the control.
In amino acid metabolism, the flux towards branched-chain
amino acids, serine, alanine, leucine, aspartate, glutamate,
glutamine, and lysine slightly increased, while other synthesis
pathways remained unchanged. The changes in amino acid
metabolic flux may be related to the increased demand for
transport proteins required to cope with fluctuating substrate
conditions. G. Wang et al. (2018) reported that very low extra-
cellular glucose concentrations may induce the expression of
genes encoding high-affinity glucose transporters. Such condi-
tions were present in this study under HOLG conditions, where
approximately 70 s of each fluctuation cycle experienced near-
zero extracellular glucose concentrations (Figure 2A).

Under GFGO conditions, the first reaction in the EMP pathway
mirrored changes in extracellular glucose levels (Figure 10),
with flux peaking during substrate excess, followed by a plateau
and a gradual decline as substrate levels decreased. Most EMP
pathway reactions showed similar trends, with flux peaks fol-
lowing extracellular substrate and DO peaks, suggesting that
high concentrations of both promote glycolytic flux. The flux of
FBP differed from other EMP pathway reactions, likely due to
diversion into the PP pathway. TCA cycle fluxes for citrate, iso-
citrate, and a-ketoglutarate followed similar trends to the EMP
pathway. The glyoxylate shunt showed more distinct peaks
corresponding to substrate and oxygen concentration peaks,
likely because this pathway is not influenced by energy or
reducing power (Lara et al. 2006; Yang et al. 2022). In contrast,
fluxes for succinate, fumarate, and malate declined steadily,
reflecting their dependence on oxygen availability and cyto-
plasmic redox balance, with flux peaks occurring after oxygen
concentration peaks at the end of each cycle. PP pathway
reactions shared metabolites with the EMP pathway, such as
xylulose-5-phosphate and erythrose-4-phosphate, and exhibited
similar double-peak trends, though delayed by about 60 s, likely

due to the reduced cytoplasmic redox state at the start of the
cycle. Trehalose synthesis showed significant flux during the
substrate starvation period at the start of each cycle, indicating
the cell response to nutrient deprivation (de Jonge et al. 2014).
The fluxes of most amino acids followed the trends of their
precursors, with flux peaks dependent on whether reducing
power or energy was required.

3.4 | Implications for Large-Scale Fermentation

Due to mixing and mass transfer limitations in large-scale
reactors, a variety of gradients, including substrate, DO, and
pH are induced. Microorganisms need to carefully evolve meta-
bolic strategies to cope with the heterogeneous environment as
they move through different zones within the bioreactor. During
industrial penicillin fermentation, fluctuations in substrate, and
oxygen availability have been proven to have a significant impact
on the physiological state and penicillin production of P. chryso-
genum (G. Wang et al. 2018; X. Wang et al. 2024; Zhao et al. 2024).
The scale-down philosophy examines broth heterogeneity affects
process performance by considering its impact early in develop-
ment (Neubauer and Junne 2010). A key challenge is creating a
lab-scale environment that accurately reflects industrial broth
heterogeneity, essential for understanding cellular metabolic
responses. However, data on glucose and DO levels for the 54 m*
penicillin bioreactor is lacking. Since the pioneering work of
Lapin (Lapin et al. 2004), Euler-Lagrange CFD has been used to
simulate the hydrodynamics of large-scale bioreactors. While ex-
perimental validation of CFD predictions at an industrial scale
remains difficult, CFD simulations provide valuable insights into
the microbial environment. This study assumes that CFD models
accurately predict gradients in the full-scale bioreactor (Haringa
et al. 2016; Wei et al. 2023), along with the limited DO data
available from a similar penicillin process (X. Wang et al. 2024).
Accordingly, P. chrysogenum cells are long-term exposed to
HGLO (near the feed inlet) or HOLG (below the top impeller), or
they alternate between HGLO and HOLG conditions over time-
scales of seconds to minutes in the bioreactor.

Our scale-down studies have shown that if P. chrysogenum cells
suffer from combined gradients of substrate and DO in different
zones of the bioreactor at large-scale, drastic changes in metabolite
level, flux distribution and thus penicillin production capacity
were observed. Specifically, the results indicate that prolonged ex-
posure to HGLO zone (near the feed inlet point) could lead to a
complete loss of penicillin production capacity, which can be
partially recovered as the cells move into DO-unlimited zones.
Cells randomly walking through HOLG zone (near the aeration
point) seldomly experience any loss of production capacity but may
undergo premature degeneration due to increased energy burden.
When cells are forced by the fluid flow to experience GFGO con-
ditions in the large-scale bioreactor, the penicillin productivity is
almost halved. Based on the current experimental findings, it can
be concluded that P. chrysogenum cells demonstrate a degree of
adaptability to substrate gradients, as these do not necessarily result
in irreversible effects on production, although large gradients may
reduce productivity. In contrast, oxygen gradients have a more
pronounced negative impact, not only reducing overall production
but also potentially causing irreversible damage to the cells. These
results highlight that while the strain can tolerate some
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perturbations in substrate concentration, maintaining oxygen levels
within an optimal range is crucial for maximizing productivity and
preventing cell damage.

In industrial practice, it is common to rely on a single DO mea-
surement recorded by a DO probe at the bottom of the bioreactor
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to evaluate the oxygen supply. However, due to reduced availa-
bility of substrate and the higher hydrostatic pressure at the
bottom, the recorded DO value in an industrial-scale bioreactor
can be two to four times higher than at the top. Clearly, mea-
suring DO at only one location in the bioreactor is insufficient for
large-scale operations. Therefore, in large-scale penicillin
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fermentation, it is advisable to monitor DO levels at multiple
points within the bioreactor and implement adaptive control
strategies (e.g., adjusting agitation/aeration rates) to prevent
oxygen limitation throughout the entire system. In cases where
oxygen limitation occurs near the HGLO zone, expressing
recombinant bacterial hemoglobin could potentially help mitigate
undesirable side effects (Hofmann et al. 2009). Additionally, to
reduce substrate gradients, the substrate feed could be reposi-
tioned from the top to the impeller discharge stream or supple-
mented with additional feed points at the middle and bottom of
the bioreactor (Haringa et al. 2018). Furthermore, replacing the
glucose uptake system with one that has a lower affinity for
glucose may further help to stabilize conditions. Together, these
strategies can reduce extreme oscillations in substrate and DO
levels, minimizing heterogeneities in biomass growth and im-
proving overall production performance.

3.5 | Limitations and Opportunities for Further
Study

Although this study provides valuable insights into the impact
of said heterogeneity on cellular responses in a scale-down
model, it has limitations in accurately replicating the “history”
of perturbations and high cell-density conditions typical of
industrial-scale bioreactors. Specifically, the use of a chemostat
at low cell density and short-duration perturbations may not
fully capture the “history” of cyclic exposure to nutrient and
oxygen heterogeneities, nor the long-term effects this “history”
has on cellular responses in large-scale processes.

To address the concerns regarding the impact of “history” on
cellular responses, we propose a more refined experimental
approach. Specifically, we suggest using a high cell-density fed-
batch fermentation system with exponential feeding to main-
tain a fixed specific biomass growth rate. This would allow for
the controlled, continuous exposure of cells to dynamic nutrient
and oxygen fluctuations, closely mimicking the “history” of
perturbations that cells experience in industrial-scale reactors,
where cells are cyclically exposed to heterogeneities without
leaving the vessel. To capture the effect of this “history” on
cellular behavior, we propose integrating genetically encoded
fluorescent sensors. These sensors would enable real-time
monitoring of metabolic and stress-related responses, such as
glucose consumption or reactive oxygen species (ROS) pro-
duction, as the cells are exposed to fluctuating conditions over
time. Furthermore, single-cell Raman spectroscopy could be
used to examine how individual cells retain the “memory” of
past perturbations, revealing how prior exposure to heteroge-
neities influences their current metabolic state and overall
performance. Based on this, we can more effectively study the
role of “perturbation history” in cellular responses, providing a
clearer understanding of how cells adapt to the dynamic con-
ditions of industrial-scale processes.

4 | Conclusion
In industrial-scale practice, it is of utmost importance to address

the critical scientific question of how and to what extent local
and global gradients of substrate and DO affect cell metabolism

and bioprocess performance. Motivated by this, in this study,
the said heterogeneous environments experienced by P. chry-
sogenum cells in an industrial-scale penicillin bioreactor were
successfully mimicked in our sophisticated scale-down systems.
Specially, local HGLO and HOLG conditions as well as GFGO
conditions were used to simulate the substrate and DO con-
centration gradients in the feed inlet zone, aeration zone, and
global environment at large-scale, respectively. The results
indicated that the HGLO condition exerted the most significant
impact on cellular metabolism, leading to substantial carbon
loss. Prolonged exposure to the feed inlet region could result in
the irreversible loss of penicillin production capacity. While the
HOLG condition exerted little effect on penicillin production, it
may increase the energy burden of cells, potentially causing
premature degeneration for those circulating in the lower
regions of the reactor. As the cells periodically experience the
combined gradients, the results indicated that the presence of
substrate gradients did not cause irreversible effects on pro-
duction, but large substrate gradients indeed contributed to
reduced productivity. While, the presence of oxygen gradients
not only led to productivity loss but also induced irreversible
damage to the cells.
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