processes

Fermentation
Processes

Edited by
Maria Tufariello and Francesco Grieco

Printed Edition of the Special Issue Published in Processes

www.mdpi.com/journal/processes



Advances in Microbial Fermentation
Processes






Advances in Microbial Fermentation
Processes

Editors

Maria Tufariello
Francesco Grieco

MDPI e Basel o Beijing ¢ Wuhan e Barcelona e Belgrade ¢ Manchester e Tokyo e Cluj e Tianjin



Editors

Maria Tufariello Francesco Grieco
CNR-ISPA CNR-ISPA

Italy Italy

Editorial Office

MDPI

St. Alban-Anlage 66
4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal
Processes (ISSN 2227-9717) (available at: https://www.mdpi.com/journal/processes/special_issues/

Processes_Fermentation).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,
Page Range.

ISBN 978-3-0365-4009-2 (Hbk)
ISBN 978-3-0365-4010-8 (PDF)

© 2022 by the authors. Articles in this book are Open Access and distributed under the Creative
Commons Attribution (CC BY) license, which allows users to download, copy and build upon
published articles, as long as the author and publisher are properly credited, which ensures maximum
dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons
license CC BY-NC-ND.




Contents

Aboutthe Editors . . . . . . . . . . . e
Preface to ”Advances in Microbial Fermentation Processes” . . .. ... ... ..........

Maria Tufariello and Francesco Grieco
Advances in Microbial Fermentation Processes
Reprinted from: Processes 2021, 9, 1371, d0i:10.3390/pr9081371 . . . . . . .. ... ... ... ...

Xinxin Wang, Jiachen Zhao, Jianye Xia, Guan Wang, Ju Chu and Yingping Zhuang

Impact of Altered Trehalose Metabolism on Physiological Response of Penicillium chrysogenum
Chemostat Cultures during Industrially Relevant Rapid Feast/Famine Conditions

Reprinted from: Processes 2021, 9, 118, d0i:10.3390/pr9010118 . . . . . . . .. ... ... ... ...

Siti Helmyati, Karina Muthia Shanti, Fahmi Tiara Sari, Martha Puspita Sari, Dominikus
Raditya Atmaka, Rio Aditya Pratama, Maria Wigati, Setyo Utami Wisnusanti,

Fatma Zuhrotun Nisa’ and Endang Sutriswati Rahayu

Synbiotic Fermented Milk with Double Fortification (Fe-Zn) as a Strategy to Address Stunting:
A Randomized Controlled Trial among Children under Five in Yogyakarta, Indonesia

Reprinted from: Processes 2021, 9, 543, d0i:10.3390/pr9030543 . . . . . . . .. ... ... ... ...

Ida Bagus Agung Yogeswara, Suwapat Kittibunchakul, Endang Sutriswati Rahayu,

Konrad J. Domig, Dietmar Haltrich and Thu Ha Nguyen

Microbial Production and Enzymatic Biosynthesis of y-Aminobutyric Acid (GABA) Using
Lactobacillus plantarum FNCC 260 Isolated from Indonesian Fermented Foods

Reprinted from: Processes 2021, 9, 22, d0i:10.3390/pr9010022 . . . . . .. .. ... .. ... ...

Xinxin Li, Xiuhong Wang, Xiangyuan Shi, Baoping Wang, Meiping Li, Qi Wang and
Shengwan Zhang

Antifungal Effect of Volatile Organic Compounds from Bacillus velezensis CT32 against
Verticillium dahline and Fusarium oxysporum

Reprinted from: Processes 2020, 8, 1674, d0i:10.3390/pr8121674 . . . . . . .. ... ... ... ...

Kwanruthai Malairuang, Morakot Krajang, Jatuporn Sukna, Krongchan Rattanapradit and
Saethawat Chamsart

High Cell Density Cultivation of Saccharomyces cerevisiae with Intensive Multiple Sequential
Batches Together with a Novel Technique of Fed-Batch at Cell Level (FBC)

Reprinted from: Processes 2020, 8, 1321, d0i:10.3390/pr8101321 . . . . . . .. ... .. ... . ...

Jeferyd Yepes-Garcia, Carlos Caicedo-Montoya, Laura Pinilla, Leén F. Toro and

Rigoberto Rios-Estepa

Morphological Differentiation of Streptomyces clavuligerus Exposed to Diverse Environmental
Conditions and Its Relationship with Clavulanic Acid Biosynthesis

Reprinted from: Processes 2020, 8, 1038, d0i:10.3390/pr8091038 . . . . . . .. ... .. ... .. ..

Kre$imir Mastanjevi¢, Brankica Kartalovié¢, Leona Pulji¢, Dragan Kovacevi¢ and

Kristina Habschied

Influence of Different Smoking Procedures on Polycyclic Aromatic Hydrocarbons Formation in
Traditional Dry Sausage Hercegovacka kobasica

Reprinted from: Processes 2020, 8,918, d0i:10.3390/pr8080918 . . . . .. .. ... ... ... ...



Kwanruthai Malairuang, Morakot Krajang, Rapeepong Rotsattarat and Saethawat Chamsart
Intensive Multiple Sequential Batch Simultaneous Saccharification and Cultivation of
Kluyveromyces marxianus SS106 Thermotolerant Yeast Strain for Single-Step Ethanol
Fermentation from Raw Cassava Starch

Reprinted from: Processes 2020, 8, 898, d0i:10.3390/pr8080898 . . . . . . . .. ... ... ... ...

Chao Wang, Lin Sun, Haiwen Xu, Na Na, Guomei Yin, Sibo Liu, Yun Jiang and Yanlin Xue
Microbial Communities, Metabolites, Fermentation Quality and Aerobic Stability of
Whole-Plant Corn Silage Collected from Family Farms in Desert Steppe of North China
Reprinted from: Processes 2021, 9, 784, d0i:10.3390/pr9050784 . . . . . . . . . ... ... ... ...

Chao Wang, Hongyan Han, Lin Sun, Na Na, Haiwen Xu, Shujuan Chang, Yun Jiang and
Yanlin Xue

Bacterial Succession Pattern during the Fermentation Process in Whole-Plant Corn Silage
Processed in Different Geographical Areas of Northern China

Reprinted from: Processes 2021, 9, 900, d0i:10.3390/pr9050900 . . . . . . . .. ... ... ... ...

Panagiota Stamatopoulou, Juliet Malkowski, Leandro Conrado, Kennedy Brown and
Matthew Scarborough

Fermentation of Organic Residues to Beneficial Chemicals: A Review of Medium-Chain Fatty
Acid Production

Reprinted from: Processes 2020, 8, 1571, d0i:10.3390/pr8121571 . . . . . . .. ... ... ... ...

Sandra Pati, Maria Tufariello, Pasquale Crupi, Antonio Coletta, Francesco Grieco

and Ilario Losito

Quantification of Volatile Compounds in Wines by HS-SPME-GC/MS: Critical Issues and Use
of Multivariate Statistics in Method Optimization

Reprinted from: Processes 2021, 9, 662, d0i:10.3390/pr9040662 . . . . . . . .. ... ... ... ...

vi



About the Editors

Maria Tufariello Researcher at the Institute of Sciences of Food Production of the National
Research Council, is involved in:
- ’Omic” approaches (GC-MS, HPLC-DAD, HPLC-FL, HPLC-HRMS) in understanding phenomena
related to the biology of lactic bacteria, yeasts and moulds of agri-food interest;
- Extraction, identification and quantification of volatile organic compounds associated with
fermentation processes;
- Evaluation of food sensory profile through quantitative-descriptive analytical methods;
- Study and characterization of phenolic profiles of some fermented food and beverages;
- Evaluation of the development of biogenic amines in food and development of extraction
techniques;

- Application of multivariate statistical analysis techniques for data processing.

Francesco Grieco, Senior Researcher at the Institute of Sciences of Food Production of the
National Research Council, is involved in: i) the study of membrane transport proteins of
Saccharomyces cerevisiae; ii) the study of microbial populations present in grape must; iii) the
selection of autochthonous Saccharomyces isolates of high oenological value to be used as starters for
industrial fermentation; iv) the selection of indigenous yeast isolates to be used for biological control
of ochratoxigenous fungi on wine and table grapes; and v) the heterologous expression of fungal
proteins of agro-industrial interest in S. cerevisiae. He qualified as a professor of the first and second
ranks in the Competitive Sector 07/I1 and he is member of the Italian Society of Agrarian, Food
and Environmental Microbiology. He is the author of 247 publications in national and international

journals with referees, communications to national and international conferences, and two patents.

vii






Preface to “Advances in Microbial Fermentation
Processes”

Fermentation processes are under the spotlight of scientific research in order to improve the
quantitative and qualitative properties of the final products. In the food industry, microbial-based
fermentation has traditionally been used to obtain edible foods and beverages denoted by extended
shelf life and relevant nutritional properties. Furthermore, numerous helpful microorganisms are
able to prevent pathogens/spoilers growing and to inactivate undesirable compounds, such as
biogenic amines and mycotoxins. Fermented foods can enhance human health by interactions with
live microbes (probiotic effect) or indirectly, thanks to the ingestion of microbial metabolites of
fermentative origin (biogenic effect).

An incessant investigation concerning microbial diversity is underway, in order to describe and
exploit innovative microbial-based biotechnological approaches for the utilization of novel foodstuff
to address the current worldwide food crisis. Moreover, numerous micro-organisms have been
suggested as cell factories for the synthesis of different desired compounds such as antimicrobial,
antioxidants, vitamins and other bioactive molecules, and for use as initial substrate different
agro-industrial wastes.

This book, “Advances in Microbial Fermentation Processes”, collects the accounts of different
investigations concerning the study and the application of new fermentation approaches mediated
by microorganisms of industrial interest. In particular, the chapters include innovative studies about
the microbial production of valuable compounds: penicillin production by Penicillium chrysogenum
under different physiological conditions; the synthesis of GABA using purified recombinant GAD
from L. plantarum; the antibiotic biosynthesis in S. clavuligerus strains; and medium-chain fatty acids
by using both pure cultures and mixed microbial communities.

Different studies are also reported that investigate the roles of volatile compounds associated
with ascomycete/bacteria interaction in fighting plant pathogens, and improving bread and wine
quality. Novelties in the microbial-mediated production of a fermented milk-derived food to promote
growth in stunted children and of traditional meat-derived foods are also described here. Two
interesting chapters show innovative results obtained by the assessment of novel protocols for the
production of Saccharomyces cerevisiae and Kluyveromyces marxianus biomasses. The assessment
of biodiversity of microbial communities in whole-plant corn silages is included in two different
chapters.

This volume contributes to the development of knowledge regarding microbial fermentation
processes, by describing the newest applications for the exploitation of microorganism biodiversity

in different biotechnological fields.

Maria Tufariello and Francesco Grieco
Editors
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In the food sector, fermentation processes have been the object of great interest in
regard to enhancing the yield, the quality, and the safety of the final product. Microbial
fermentation has been traditionally used to produce foods denoted by a prolonged shelf
life and digestibility. The benefits extended to human health by fermented foods are
expressed either directly through the interactions of ingested live microorganisms with the
host (probiotic effect) or indirectly as the result of the ingestion of microbial metabolites
synthesized during fermentation (biogenic effect). Moreover, several beneficial microbes
can inhibit pathogens/spoilers growth and degrade toxins. Several novel microbial-based
biotechnological solutions have been recorded and continuous explorations of microbial
diversity are being carried out worldwide. In addition, most recently, fermentation has
been considered a sustainable approach for maximizing the utilization of bio-resources to
address the recent global food crisis. For example, several microbial-based bioconversions
have been proposed for the production of enzymes, vitamins, antioxidants, biofuels, feeds,
antimicrobial molecules, and other bioactive chemicals, also exploiting agro-industrial
wastes [1-6].

The Special Issue “Advances in Microbial Fermentation Processes” covers eleven con-
tributes: eleven original research papers and two reviews. As guest editors, we briefly
report an overview of these contributions.

Wang et al. [7] investigated, through quantitative metabolomics and a stoichiometric
analysis, the role of the trehalose metabolism in the Penicillium chrysogenum strain. The
authors showed the key role of the intact trehalose metabolism in ensuring penicillin
production in the P. chrysogenum strain under both steady state and dynamic conditions.

Helmyati and collaborators [8] described an innovation food-based approach to ad-
dress the stunting problem. They evaluated the ability of a symbiotic milk enriched with
iron and zinc and fermented with Lactobacillus plantarum to promote growth in stunted
children, obtaining excellent results. The investigation of Yogeswara et al. [9] demonstrated
a significant increase in the enzymatic synthesis of GABA using purified recombinant GAD
from L. plantarum FNCC 260. In their original paper, Li and coworkers [10] focused on the
activity of volatile compounds produced by Bacillus velezensis CT32 on Verticillium dahlia
and Fusarium oxysporum responsible for strawberry vascular wilt. This study highlighted
the key role of some volatile compounds as a biofumigant for the management of vascular
wilt pathogens.

The novel cell-level Fed-Batch (FBC) technology for the high-cell-density cultivation
of Saccharomyces cerevisiae was proposed by Malairuang et al. [11] with a clear illustration of
the principle of operation, the potential dextrin substrate, and the mechanism of substrate
utilization to regulate FBC, FBC kinetics and material balances through a bioreactor design
and scale-up. Yepes-Garcia and coworkers [12] provided an important contribution to the
knowledge of antibiotic biosynthesis in the Streptomyces genus by studying the relationship
between S. clavuligerus ATCC 27064 morphology and CA biosynthesis. An interesting
contribution of the influence of different smoking techniques on the development of
polycyclic aromatic hydrocarbons (PAH) in traditional dry sausage was presented by
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Mastanjevic et al. [13]. These authors showed the crucial role of the smoking method in the
formation of PAHs revealing that collagen samples presented significantly lower values
than samples created with traditional gut. Malairuang et al. [14] selected a Kluyveromyces
marxianus strain for single-step ethanol fermentation, also to establish a practical approach
to produce a high-cell-density yeast biomass by an intensive multiple sequential batch
simultaneous saccharification and cultivation.

An interesting evaluation of the differences in microbial communities, metabolites,
and the aerobic stability between whole-plant corn silages from different areas of Inner
Mongolia in North China has been assessed by Wang et al. [15]. Moreover, the same
authors investigated the variation of bacterial dynamics during the fermentation process in
whole-plant corn silages processed in Heilongjiang, Inner Mongolia and Shanxi of North
China [16].

Concerning the review papers, both contributors focused on two interesting topics.

Stamatopoulou et al. summarized the state-of-the-art-concerning Medium-Chain
Fatty Acids (MCFA) by using both pure cultures and mixed microbial communities, high-
lighting future perspectives to improve MCFA production from complex feedstocks [17].
Pati and collaborators [18] reviewed the aspects related to the quantitative analysis of
volatile compounds in wines application by HS-SPME-GC/MS, in particular discussing the
optimization approaches in the method development stage and the critical aspects related
to quantification methods.

This collection contributed to improve the knowledge on the microbial-based fermen-
tation approaches and on the latest innovative application for promoting and monitoring
bacterial action in different biotechnological fields.
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Abstract: Due to insufficient mass transfer and mixing issues, cells in the industrial-scale bioreactor
are often forced to experience glucose feast/famine cycles, mostly resulting in reduced commercial
metrics (titer, yield and productivity). Trehalose cycling has been confirmed as a double-edged
sword in the Penicillium chrysogenum strain, which facilitates the maintenance of a metabolically
balanced state, but it consumes extra amounts of the ATP responsible for the repeated breakdown
and formation of trehalose molecules in response to extracellular glucose perturbations. This loss of
ATP would be in competition with the high ATP-demanding penicillin biosynthesis. In this work,
the role of trehalose metabolism was further explored under industrially relevant conditions by
cultivating a high-yielding Penicillium chrysogenum strain, and the derived trehalose-null strains in
the glucose-limited chemostat system where the glucose feast/famine condition was imposed. This
dynamic feast/famine regime with a block-wise feed/no feed regime (36 s on, 324 s off) allows one
to generate repetitive cycles of moderate changes in glucose availability. The results obtained using
quantitative metabolomics and stoichiometric analysis revealed that the intact trehalose metabolism is
vitally important for maintaining penicillin production capacity in the Penicillium chrysogenum strain
under both steady state and dynamic conditions. Additionally, cells lacking such a key metabolic
regulator would become more sensitive to industrially relevant conditions, and are more able to
sustain metabolic rearrangements, which manifests in the shrinkage of the central metabolite pool
size and the formation of ATP-consuming futile cycles.

Keywords: feast/famine conditions; industrial-scale bioreactor; metabolomics; metabolic response;
penicillin; Penicillium chrysogenum; scale-down

1. Introduction

The filamentous fungus Penicillium chrysogenum has long been explored for its produc-
tion of $-lactam antibiotics (e.g., penicillin G, cephalosporin C), and the potential of the
biosynthetic gene clusters in Penicillium species has recently been revisited, revealing that
it would be a promising cell factory for the production of a series of secondary metabolites
and natural products [1,2]. Bioprocess scale-up is the critical step for the commercialization
of biotech innovations. Nonetheless, a loss of production capacity in terms of either titer,
yield or productivity, or combinations thereof, has often been observed during the process
scale-up. Although the interplay between cell systems and their production conditions can
be measured, the underlying mechanism is partially unknown, which is, however, seldom
accounted for during lab-scale research and development [3,4]. Representatively, the non-
ideal mixing and mass transfer limitations at the large scale in most cases are not rigorously
considered in lab-scale designs, and thus the outcome of the environmental impacts cannot
match the reality at the large scale [5,6]. In industrial settings, the environmental gradients,
such as those of substrate, dissolved oxygen and pH, caused by insufficient mixing and

Processes 2021, 9, 118. https:/ /doi.org/10.3390/pr9010118
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mass transfer restrictions, and of the shear force caused by the impellers, often exert a neg-
ative impact on the resulting commercial indicators (i.e., titer, yield and productivity) and
thus the economic benefits [7-9].

Although there are many metabolic models being developed to characterize, predict,
and evaluate the growth and production dynamics of cell factories in the biological system,
a huge gap between laboratory-scale research and industrial applications still exists because
of the limited knowledge about the intracellular dynamics under large-scale production
limitations [4]. Increasing evidence has shown that steady-state data at the laboratory scale
do not suffice to extract transient dynamics and potential regulators in response to a change
in conditions, which are, however, very likely actionable at the production scale [10].
To address this, scale-down studies that take into account the environmental conditions
experienced by the cells at the large scale have been carried out to evaluate the process per-
formance and elucidate the mechanisms regulating the cellular metabolic flux [8,9,11-15].
As an example, in large-scale penicillin production by Penicillium chrysogenum, the cells
are often repeatedly forced to experience high/low substrate concentrations (feast-famine
cycles), which may partly account for the productivity loss. In an attempt to explain the
mechanism behind this, de Jonge et al. (2011) [16] and Wang et al. (2018) [8] have adopted
block-wise feeding schemes to simulate the substrate heterogeneity experienced by a high-
yielding Penicillium chrysogenum strain in glucose-limited chemostat cultures. The results
revealed that under feast-famine cycles, the penicillin production capacity was halved,
and the intracellular metabolite pools displayed fast dynamics. This efficient and robust
control of intracellular metabolite concentration very likely indicated a potential key for
the cell homeostasis. For instance, the turnover of intracellular carbohydrates, especially
reduced sugars such as mannitol, arabitol, erythritol, as well as trehalose and glycogen,
was drastically enhanced during rapid feast/famine conditions in Penicillium chrysogenum,
which, according to metabolic flux analysis, accounts for about 52% of the gap in the ATP
balance, and might partly explain the productivity loss in this scenario [17,18].

Among these ATP-consuming cycles, there has been a focus on the physiological
role of transient trehalose futile cycling in the cellular phenotype because trehalose has
been proven to harbor a multitude of functions, such as energy and carbon reserves,
structural components, and dynamic regulators [19,20]. It has long been known that
a functional trehalose pathway is vitally important for Saccharomyces cerevisiae grown on
rapidly fermentable sugars [21], e.g., glucose, and a sudden shift from glucose-limiting
to glucose-excess conditions would lead to growth arrest, which has been linked to the
autocatalytic design of the pathway. Additionally, either the unregulated influx of glucose
or insufficient phosphate availability have accounted for the appearance of this state [22].
Very recently, van Heerden et al. (2014) reported that trehalose metabolism constitutes
a futile cycling that would facilitate metabolic balance via maintaining a proper inorganic
phosphate level inside the model eukaryote Saccharomyces cerevisiae cell, in order to cope
with a sudden glucose availability [23]. In our previous study, as shown in Figure 1,
the trehalose synthetic pathway was (partly) blocked by knocking out either the gene
tps1 (encoding trehalose-6-phosphate synthase) or the gene tps2 (encoding trehalose-6-
phosphate phosphatase), and we have concluded that in steady-state glucose-limited
chemostat cultures, the intact trehalose pathway plays an important role in metabolic
regulation and is instrumental in maintaining a higher penicillin production capacity [24].
Nonetheless, as noted above, it is much more pertinent to evaluate the effect of an altered
trehalose metabolism on process performance under industrially relevant conditions, e.g.,
feast/famine conditions in representative scale-down simulators.
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Tre_ext_deg

Tre6P_syn

Figure 1. An overview of trehalose cycling in Penicillium chrysogenum. Tre6P is formed through
the transfer of a glucosyl residue from uridine-diphospho-glucose (UDP-glucose) to G6P, which is
catalyzed by Tre6P synthase (encoded by tps1). Trehalose is then produced through the dephos-
phorylation of Tre6P, which is catalyzed by Tre6P phosphatase (encoded by fps2). Trehalose can
be exported outside the cell, and it can be degraded into glucose via extracellular trehalase. Tre:
trehalose; Glc_ext: extracellular glucose; Tre_ext: extracellular trehalose; G6P: glucose-6-phosphate;
Tre6P: trehalose-6-phosphate.

In this study, a high-producing industrial strain of P. chrysogenum Wisconsin 54-1255,
and the derived strains, P. chrysogenum Atps1 (lacking trehalose-6-phosphate synthase)
and P. chrysogenum Atps2 (lacking trehalose-6-phosphate phosphatase), grown in glucose-
limited chemostats at the average dilution rate of 0.05 hr~!, were assessed under two
substrate availability conditions by performing either a continuous or a block-wise feeding
scheme. A systems approach using fluxomics (stoichiometry) and metabolomics for both
conditions was for the first time carried out. Overall, we aim at the systematic metabolic
characterization and the identification of the potential metabolic role of the trehalose
metabolism under industrially relevant conditions.

2. Materials and Methods
2.1. Strains

The Penicillium chrysogenum Wisconsin 54-1255 was purchased from ATCC, while the
P. chrysogenum-Atps1 and P. chrysogenum-Atps2 were constructed using the Agrobacterium
transformation method in our laboratory. For construction details, please refer to Wang
et al. (2019) [24]. Fungal spores were prepared on potato dextrose agar (PDA) medium and
a concentrated spore suspension was aliquoted and conserved in physiological salt solution
(0.9% (w/v) NaCl in demineralized water) at —80 °C. A spore suspension inoculation
method was used for all experiments and the spore suspension was prepared to ensure
the final spore concentration in the bioreactor at about 1 x 10°/mL after the inoculation, as
described previously [24].

2.2. Media

The medium for the batch phase and chemostat cultivation contained the same com-
ponents (per kg of medium): 16.5 g CoH1206-HyO, 5 g (NHy)2SO4, 1 g KHpPOy, 05 g
MgSO4-7H,0, 2 mL trace elements, 1ml antifoaming agent. The trace element composition
(per kg of deionized water) was 75 g Na,EDTA-2H,0, 10 g ZnSO,-7H, 0,10 g MnSO4-1H,0,
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20 g FeSO4-7H,0, 2.5 g CaCly-2H,0, 2.5 g CuSO4-5H,0. The phenylacetic acid (PAA)
concentrations in the batch and the chemostat media were supplied at 0.4085 g/kg and
0.68 g/kg, respectively, which were neither limiting nor toxic for cell growth throughout
the cultivation process [25]. The preparation and sterilization of the cultivation medium
have been described previously [26]. Briefly, the glucose solution and the PAA-containing
salt solution were prepared separately and autoclaved at 110 °C and 121 °C for 40 min and
30 min, respectively. The PAA was dissolved in a KOH solution, with a PAA:KOH molar
ratio of 1:1.2.

2.3. Chemostat Cultivation

The chemostat cultivation was performed the same as described previously [24].
Briefly, the chemostat system was based on a 5 L bioreactor (Shanghai Guogiang Bioengi-
neering Equipment Co., Ltd., Shanghai, China) with a 3 L working volume, followed
by the depletion of the initial glucose in the batch phase. As shown in Figure 2, steady
state conditions were ensured as the standard reference condition where the medium was
continuously fed to the cultivation system; fast feast/famine cycles were initiated via an
intermittent feeding regime, which was imposed on the culture through the cultivation.
An on/off feeding was applied with a cycle time of 360 s, and the feed pump was precisely
controlled by a timer with an algorithm, switching it on every first 36 s of the cycle. During
the feeding interval, the pump speed was set 10 times higher than that under reference con-
ditions to keep the average glucose feeding rate of the intermittently fed cultures the same
as that of the control chemostats.

All aerobic chemostat cultivations were controlled at the average dilution rate of
0.05h~1, 2 L/min, and 0.5 bar overpressure. Effluent was removed discontinuously into
an effluent vessel if the broth weight exceeded 3 kg by means of a weight-controlled sensor
controlling (on/off) a peristaltic pump. Dissolved oxygen tension (DOT) was monitored
in situ with an oxygen probe (Mettler-Toledo, Greifensee, Switzerland). The pH of the
culture system was monitored using a sterilizable pH probe (Mettler-Toledo, Greifensee,
Switzerland) mounted in the bioreactor and was automatically maintained at 6.5 by adding
4M NaOH. The offgas oxygen and carbon dioxide levels were real-time monitored by
offgas mass spectrometry (MAX300-LG, Extrel, Pittsburgh, PA, USA). Each experiment
was carried out at least in duplicate for biological relevance.
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Figure 2. Scheme of the experimental setup. (A) Control chemostat cultures, where the culture is continuously fed and
(B) Experimental chemostat culture, where an intermittent feeding regime (36 s feed, 324 s no feed) is applied.

2.4. Cell Dry Weight

The cell dry weight (CDW) was measured through the weight difference between
empty and dried glass fiber filters (47 mm in diameter, 1 um pore size, type A/E; Pall
Corporation, East Hills, NY, USA) with biomass. An amount of 15 mL of broth was
withdrawn and divided into three portions for the measurement of the CDW. For each
CDW sample, 5 mL of the broth was filtered, and the cell cake was washed twice with
10 mL of demineralized water and dried at 70 °C for 24 h. The biomass-containing filters
were cooled to room temperature in a desiccator before weighing.

2.5. Rapid Sampling, Quenching and Metabolite Extraction

Under the reference steady state conditions, samples were taken at each residence
time. Under fast feast/famine conditions, the continuous rapid sampling of the broth for
the measurement of intracellular metabolites was carried out after 100 h of intermittent
feeding at 0, 8, 16, 26, 36, 50, 70, 90, 110, 145, 180, 200, 220, 240, 260, 280, 320 and 350 s
within a complete 360 s feeding cycle.

For extracellular sampling, the cold steel-bead method combined with liquid nitrogen
was used for the fast filtration and quenching of extracellular enzyme activities, as described
previously [27]. For intracellular sampling, about 1 mL of broth was taken from the
bioreactor into a tube containing the quenching solution (—27.5 °C, 40% V/V aqueous
methanol). To ensure fast sampling and rapid quenching within a second to circumvent as
much as possible the change of intracellular metabolites, a customized fast sampling device
was developed. The sampling device consists of three normally closed electric pinch valves
controlled by a programmed single-chip microcomputer (SCM). The sequential opening
and closing of each valve and the combinations thereof can allow sampling with 1 mL
of broth within half a second. For detailed sampling procedures, please refer to Li et al.
(2018) [28]. Fast filtration and a modified cold washing method were used for the rapid
and effective removal of all compounds present outside the cells. In this study, a previously
well-established rapid sampling, quenching as well as the follow-up metabolite extraction
protocol was followed, as described previously [10].
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2.6. Analytical Procedures

Samples for intracellular amino acids, sugar phosphates, organic acids and sugar
alcohols quantifications were analyzed using gas chromatography—mass spectrometry
(GC-MS) (7890A GC coupled to 5975C MSD; Agilent Technologies, Santa Clara, CA,
USA). The analytical procedure undertaken as per de Jonge et al. [16] with some minor
modifications in the column and temperature gradients. For more specific settings, please
refer to Liu et al. [29].

Concentrations of PAA, Penicillin G and other byproducts in the penicillin biosyn-
thetic pathway were measured with an isocratic reversed-phase high performance liquid
chromatography (HPLC) method, which was equipped with an Agilent Zorbax SB-C18
reversed-phase column (150 mmx 4.6 mm ID, 5 um). The mobile phase consisted of 0.44 g
KH, POy per liter in the acetonitrile/water solution (65/35, V/V). The sample injection
volume, the detection wave length, the flow rate and the column temperature were 5 pL,
214 nm, 1.5 mL/min and 25 °C, respectively [27].

2.7. Calculation Methods and Data Reconciliation

The specific rates, such as gs, 4co,, 90, and p, were calculated using respective mass
balances [9], and then were reconciled using the approach of Verheijen based on elemental,
charge and degree of reduction balances [30]. The elemental biomass composition and
molar weight of 28.05 gDW-Cmol~! were taken from de Jonge et al. [16]. They were
assumed to be constant for all conditions.

3. Results and Discussion
3.1. General Observations

To investigate the effect of the altered trehalose metabolism on the physiological
response of Penicillium chrysogenum under industrially relevant conditions, i.e., dynamic
substrate availability in this study, the strains were cultivated in the glucose-limited chemo-
stat mode where rapid feast/famine conditions were imposed via a block-wise feeding
strategy. All chemostat cultivations were preceded by a batch phase wherein the strains
grew exponentially until all glucose was depleted. The end of batch was determined when
the online oxygen uptake rate (OUR) and carbon evolution rate (CER) went down while
the dissolved oxygen (DO) level and pH went up. Due to the carbon catabolite repression,
no penicillin was produced in the batch phase. After about five residence times (~100 h), all
chemostat cultures reached a dynamic steady state (Figure 3). Additionally, the measured
time series of the concentrations of biomass, PAA, penicillin-G (PenG) (Figure 3), the main
byproducts (Figure 4) associated with penicillin biosynthesis, and the biomass specific
rates (Figure 5) show that the chemostat cultivations were well reproducible.
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Figure 3. Measured concentrations of (A) biomass, (B) PAA and (C) PenG during rapid feast/famine conditions throughout
the chemostat phase. The symbols in black, red and green denote the results obtained from Penicillium chrysogenum
Wisconsin 54-1255, Penicillium chrysogenum Atps1 and Penicillium chrysogenum Atps2, respectively. Time 0 represents the
start-up of chemostat cultivation. Abbreviation: PAA, phenylacetic acid; PenG, penicillin-G.
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Figure 4. Measured concentrations of (A) 6-APA, (B) OPC and (C) o-OH-PAA during rapid feast/famine conditions
throughout the chemostat phase. Penicillium chrysogenum Atps1 and Penicillium chrysogenum Atps2, respectively. Time 0

represents the start-up of chemostat cultivation. Abbreviation: 6-APA, 6-aminopenicillanic acid; OPC, 6-oxopipeidine-2-
carboxylic acid; 0-OH-PAA, ortho-hydroxyphenyl acetic acid.
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Figure 5. The biomass specific penicillin production rate during rapid feast/famine conditions
throughout the chemostat phase. The symbols in black, red and green denote the results obtained
from Penicillium chrysogenum Wisconsin 54-1255, Penicillium chrysogenum Atps1 and Penicillium chryso-
genum Atps2, respectively. Time 0 represents the start-up of chemostat cultivation.

In addition, Table 1 shows that the carbon and redox balances closed within 5% for all
chemostat cultures, which suggests that marginal unknown compounds are formed during
the cultivation.

Table 1. Comparison of the reconciled biomass-specific rates and relevant yields of different Penicillium chrysogenum strains
on glucose obtained from feast/famine cultures at the average dilution rate of 0.05 h ™! in the time range of 100-200 h of
cultivation. Measurements are given as average + standard deviation of at least two individual experiments. Significant
test was conducted * p < 0.05 vs. WT, by Student’s t-test. Numbers marked with superscript a and b means significantly
increased and decreased, respectively.

Wisconsin 54-1255 P. chrysogenum-Atps1  P. chrysogenum-Atps2

n mCmolX/CmolX/h 50.03 + 1.60 49.72 + 1.60 49.50 + 1.60
-qs mmol/CmolX/h 19.43 + 0.46 2519 4+1202 2433+1202
-40, mmol/CmolX/h 67.42 +1.70 105.40 + 6.90 2 100.86 + 6.90 @
qco, mmol/CmolX/h 68.63 + 1.70 106.21 & 6.90 2 101.66 + 6.90 @
-qpaa mmol/CmolX/h 0.63 + 0.12 0.90 +0.232 091 +0.152
qPenG mmol/CmolX/h 0.063 + 0.004 0.013 + 0.002 ° 0.011 = 0.001 °
e mmol/CmolX/h 0.66 4 0.02 0.27 4+ 0.06 0.055 £ 0.03 P
GoAPA mmol/CmolX/h 0.136 + 0.005 0.484 + 0.092 0.562 + 0.107 2
q-OH-PAA mmol/CmolX/h 0.208 + 0.01 0.121 +0.02° 0.153 +0.01°
Yx/s CmolX/molS 2.57 4+ 0.06 1.97 +0.07 P 2.03 +0.08°
Yo,s molO, /molS 347 4+ 0.03 418+0.192 415+0202
C balance - 98.4 4+ 1.88 98.61 + 4.39 98.74 + 4.56
v balance - 96.11 + 1.03 95.56 + 2.29 96.02 + 2.22

3.2. Penicillin Production

A schematic overview of the penicillin synthesis pathway, including the byproduct
mentioned in this study, can be seen in Figure 6. It is apparent that the biomass-specific
rates for penicillin production (gp.,c) obtained for all cultivations reached a maximum
value at about 100 h after the start-up of the chemostat phase, which suggests the typical
behavior of the induction of the penicillin pathway enzymes because of the repression of
the genes encoding these enzymes at high glucose concentrations in the batch phase [26].
Strikingly, the penicillin production capacity in terms of qp,,c was reduced by about 30%,
74% and 78% for P. chrysogenum Wisconsin 54-1255, P. chrysogenum-Atps1 and P. chrysogenum-
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Atps2 strains under feast/famine conditions, respectively, relative to those under steady
state conditions [24]. This can be anticipated because the cells under rapid feast/famine
conditions will use multi-layered metabolic regulation mechanisms to maintain a balanced
metabolic state at different omics levels (e.g., short-term stringent regulation, long-term
repeatedly switched on/off of related genes, protein turnover, etc.), which is often at the
expenditure of extra ATP and/or reducing equivalents [31-34]. Meanwhile, it was found
that the absence of intact trehalose metabolism can aggravate the loss of the penicillin
production capacity, which can be manifested by an almost 40% greater reduction in
penicillin productivity for P. chrysogenum-Atps1 and P. chrysogenum-Atps2 strains under
industrially relevant conditions as compared to the steady state conditions. Combining
this with the findings from the steady state conditions as we reported elsewhere [24],
it can therefore be concluded that trehalose plays an essential role in regulating penicillin
production under both non-perturbed and perturbed conditions.

Val 6APA

Cys ACVS, Acv-IEPNS , py /Al{ PenG
PAA  aAAA

aAAA |

l 0-OH-PAA

OPC

Figure 6. A schematic view of the penicillin biosynthesis pathway and the derived byproducts
mentioned in this study. Precursors are L-a-amino adipic acid (xkAAA), L-cysteine (Cys) and L-valine
(Val). ACVS: L-x-(6-aminoadipyl)-L-a-cysteinyl-D-a-valine synthase; IPNS: isopenicillin N synthase;
AT: acyl-CoA:isopenicillin acyltransferase.

In spite of the reduced production performance under rapid feast/famine conditions,
an interesting observation showed that the cells appeared to maintain their production
capacity throughout the cultivation process (Figure 5), which was, however, not the case for
the strains under steady state conditions, which unavoidably undergo strain degeneration
(i.e., loss of production capacity) followed by the onset of the maximum gp,, g value [16,35].
This result is very consistent with previous reports by de Jonge et al. [16] and Wang et al. [8],
and also suggests that there must be an unknown regulatory mechanism contributing to
this non-declining phenomenon.

3.3. Stoichiometry

The biomass-specific rates and relevant yields are provided in Table 1, and the results
shows that the absence of intact trehalose metabolism gives rise to significant changes in
strain process performance. Notably, during the chemostat phase, the biomass-specific
carbon dioxide evolution rates (qco,) were increased by 55% and 48%, respectively, in
P. chrysogenum-Atps1 and P. chrysogenum-Atps2 strains compared to the wild-type P. chryso-
genum Wisconsin strain. This considerable increase in gcp, is mainly ascribed to the
significant increase in specific glucose consumption rates (~90%) and the increase in PAA
consumption rates (~6-7%). In the Wisconsin family strains, the reduced oxidative ac-
tivity of a phenylacetate-oxidizing cytochrome P450 makes more PAA available for the
production of PenG [36]. However, the PAA recoveries were not closed in the chemostat
phase, leaving 90% or even more PAA catabolized towards the formation of 0-OH-PAA,
and further, to acetoacetate and fumarate, through the homogentisate pathway. In the
engineered strains, more PAA was consumed while much less PenG and 0-OH-PAA ac-
cumulated, which also pointed to the increased catabolism of PAA as the second carbon
source (Table 1). In contrast with this, the PAA recoveries were very well closed during
the early phase of the batch process before the initiation of the chemostat mode (Figure 7).
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In the batch phase, no penicillin was produced, and the summation of the residual PAA
concentration and the formed o-OH-PAA concentration was almost equal to the initial
PAA concentration in the bioreactor. Nonetheless, the PAA concentration was gradually
decreased during the late phase of the batch fermentation. Meanwhile, we observed that
the glucose was rapidly consumed and reached a threshold value at the late stage, which
then coincided with the PAA consumption. Combining this, the results indicated that
the catabolism of PAA as the carbon source can only be activated under carbon-limited
conditions rather than carbon-rich scenarios, which was proven to be controlled via carbon
catabolite repression.
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Figure 7. Measured concentrations of PAA, 0-OH-PAA and glucose during the batch process. The
dash line represents the initial PAA concentration in the bioreactor. The symbols in black, red
and green denote the results obtained from Penicillium chrysogenum Wisconsin 54-1255, Penicillium
chrysogenumAtps1 and Penicillium chrysogenum Atps2, respectively. Time 0 represents the start-up of
chemostat cultivation.

The other byproduct associated with penicillin production, such as 6APA and OPC,
were also measured in this work. The results showed that as compared to the wild-type
strain, the specific formation rates for 6APA and OPC were significantly increased and
decreased, respectively. The formation of OPC was because of the spontaneous cyclization
of one of the precursor amino acids, x-aminoadipic acid (xAAA), and thus the decreased
excretion rate of OPC might be ascribed to the lower precursor demand for penicillin
production, since the xAAA was not actually consumed during the PenG production. The
five-fold lower gp,,; values in the engineered strains seem to corroborate this (Table 1).
It has been reported that PenG can be formed via both isopenicillin acyltransferase (IAT)
and acyl-CoA: 6APA acyltransferase (AAT), the two activities of the key enzyme, acyl-CoA:
isopenicillin acyltransferase (AT), in the PenG biosynthesis. Besides this, the AT also has the
activity of isopenicillin amidohydrolase (IAH), which converts isopenicillin N (IPN) into
6APA [37]. Recently, Deshmukh et al. estimated the enzyme capacity ratio of IAH:IAT:AAT,
which was 250:1:6, and the results showed that the IAH-AAT route is a high-capacity but
low-affinity route, while the IAT route is a low-capacity but high-affinity route [38]. In
the present study, it was observed that the excretion of 6APA was about four-fold higher
outside the cells in the engineered strains (Table 1), which makes it reasonable that IPN
(not measured) and 6APA were the main end products when the productivity of PenG
was reduced by 80%. In addition, this result also indicated that the IAH activity was
less affected, while the IAT and the AAT activities become much more sensitive to rapid
feast/famine conditions in the engineered strains than in the Wisconsin 54-1255 strain.

The relevant yields, i.e., Yx,s and Yy ,s, were also calculated in Table 1. Consistent
with previous studies [7], the biomass yields under feast/famine conditions were reduced
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by over 20% in the engineered strain as compared to the steady state values [24]. How-
ever, the biomass yield in the Wisconsin strain was not significantly varied between the
conditions, which is consistent with the results of a high-yielding strain derived by de
Jonge et al. [16]. This result showed that although trehalose takes up a small amount of
the cell composition [24], it may be involved in maintaining the constant biomass yield
under industrially relevant conditions. Meanwhile, the Yy, value indicates the efficiency
of glucose combustion by the cells. We have observed that as compared to the Wisconsin
strain, the absence of trehalose metabolism in the Penicillium chrysogenum cells slightly
increases the energy efficiency under the steady state conditions, which was reflected by
the lower Yy /g values [24]. Contrary to the results under the steady state conditions, the
Yo,s values for the P. chrysogenum-Atps1 and P. chrysogenum-Atps2 strains became 46% and
37% higher under dynamic conditions. However, the energy efficiency of the Wisconsin
strain did not significantly change between the conditions. The substrate consumption by
the P. chrysogenum strain can be described by the well-known Herbert-Pirt relation, i.e.,
gs = ap + Bqp + ms, where the parameters « and f3 are the inverse values of the maximum
biomass yield and product yield, respectively [39]. Under rapid feast/famine conditions,
the g5 values for the P. chrysogenum-Atps1 and P. chrysogenum-Atps2 strains became 30% and
25% higher as compared to the Wisconsin strain, while the g, values were much lowered.
This result clearly indicated that the maintenance requirements for the engineered strains
became 25-30% higher when the substrate distributed towards penicillin production was
neglected (less than 0.5%). This increased maintenance for the engineered strain is very
likely to be associated with the loss of the physiological role of trehalose. It has well been
documented that trehalose is a multifunctional molecule, which can act as a carbon/energy
reserve, as a stabilizer and protectant against adverse substances/environments, as a
sensing compound and/or growth regulator, and as a structural component of the cell
envelope [19]. More importantly, the flux branching off towards trehalose lies at the
glucose-6-phosphate node, which is very close to the gate of glucose uptake, and hence
the formation/mobilization of this compound can react immediately to the environmental
perturbations, e.g., feast/famine conditions. For example, in a high-producing P. chryso-
genum strain, de Jonge et al. showed that storage turnover is increased under dynamic
cultivation conditions, and upon one cycle of repetitive glucose pulses, about 18% of the
carbon entering the cell was recycled in the trehalose node [17]. Although this periodic
formation and degradation of trehalose will generate extra ATP costs, the functional role
of trehalose cycling can buffer the extracellular nutrient dynamics, and thus contribute
to maintaining a balanced cellular state [23]. Based on this, we can hypothesize that the
absence of trehalose could expose the cell to more severe intracellular dynamics, which
often leads to forming futile cycles at the expense of extra ATP, and also could result in an
increased protein turnover rate because the loss-of-function proteins would become higher,
which may lead to one of the highest maintenance costs in trehalose-null P. chrysogenum
strains [33].

3.4. Intracellular Metabolites

In addition to the above-mentioned comparison of the altered trehalose metabolism
upon the physiological response of Penicillium chrysogenum strains from a macroscopic
view, we also carried out a quantitative metabolomics study to investigate the change in the
intracellular metabolite pools under industrially relevant conditions, i.e., the feast/famine
setup. Moreover, the results from dynamic conditions were compared with those obtained
under steady state conditions. As shown in Figures 8 and 9, sugar phosphates, organic
acids, sugar alcohols as well as amino acids are measured. Obviously, the majority of
the metabolites were significantly decreased under feast/famine conditions relative to
steady state conditions. This phenomenon has already been observed in the high-yielding
P. chrysogenum strain, DS 17690 [8,10], which is derived from the P. chrysogenum Wisconsin
54-1255 strain used in this study. This may be associated with metabolic adaptation, where
the shrinkage of the metabolite pools can allow the cells to cope with rapid metabolite, flux
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and growth rate responses to changes in substrate availability. For instance, in prolonged
aerobic, glucose-limited chemostat cultures of Saccharomyces cerevisiae, the reduced metabo-
lite pools and a partial loss of capacity (e.g., ATP regeneration, glycolytic enzymes) have
been reported [40,41]. Such a decrease in the overcapacities in cells can be accompanied
by the faster turnover of the metabolite pools, which results in the optimized metabolic
productivity at the cost of metabolic flexibility.
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Figure 8. Intracellular amount of sugar phosphates, organic acids and sugar alcohols in Penicillium chrysogenum Wisconsin
54-1255, Penicillium chrysogenum Atps1 and Penicillium chrysogenum Atps2 strains under both steady state conditions and
feast/famine conditions. Under steady state conditions, samples were taken at each residence time and datasets were
collected from triplicate experiments, while under rapid feast/famine conditions, samples were rapidly taken within a
feeding cycle time of 6 min twice for each experiment. The datasets are shown as average value + standard deviation. The
numbers of data points for the steady state conditions and feast/famine conditions are 30 and 32, respectively. A two-tail
Student’s t-test was conducted * p < 0.05 (significant) and *** p < 0.01 (extremely significant) versus WT using GraphPad
Prism 8. N.A., not available. I WT steady state conditions; 8 WT feast/famine conditions; I Atps1 steady state conditions; i
Atps1 feast/famine conditions Il Atps2 steady state conditions; I Atps2 feast/famine conditions. The results from steady state
conditions were obtained from Wang et al. (2019) [24]. Abbreviations: G6P, glucose-6-phosphate; F6P, fructose-6-phosphate;
6PG, 6-phosphogluconate; S7P, sedoheptulose-7-phosphate; EMP, Embden-Meyerhof-Parnas; PPP, Pentose phosphate;
TCA, tricarboxylic acid.

The above results indicated that under feast/famine conditions there might be a large
increase in maintenance requirements in the engineered strains, which suggests the rear-
rangement of metabolism. Evidence for such a rearrangement can be derived by comparing
the mass action ratios (MARs) of near equilibrium reactions in the central metabolism. In
this study, the mass action ratios for F6P/G6P and malate/fumarate were calculated for
P. chrysogenum Wisconsin 54-1255, P. chrysogenum-Atps1 and P. chrysogenum-Atps2 strains
(Table 2), which were (0.25, 1.56), (0.25, 3.07) and (0.33,1.51) for steady state conditions,
while they were (0.68, 5.18), (1.34, 4.95) and (1.02, 4.93) for feast/famine conditions, respec-
tively.
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Figure 9. Intracellular amounts of amino acids in Penicillium chrysogenum Wisconsin 54-1255, Penicillium chrysogenum Atps1
and Penicillium chrysogenum Atps2 strains under both steady state conditions and feast/famine conditions. Amino acids
were classified into six families, which are derived from the same precursors in the central carbon metabolism. Under
steady state conditions, samples were taken at each residence time and datasets were collected from triplicate experiments,
while under rapid feast/famine conditions, samples were rapidly taken within a feeding cycle time of 6 min twice for each
experiment. The datasets are shown as average value & standard deviation. The numbers of data points for steady state
conditions and feast/famine conditions are 30 and 36, respectively. A two-tailed Student’s t-test was conducted * p < 0.05
(significant) and *** p < 0.01 (extremely significant) vs. WT using GraphPad Prism 8. N.S., not significant; N.A., not
available. 8 WT steady state conditions; 8 WT feast/famine conditions; I Atps1 steady state conditions; B Atps] feast/famine
conditions I Atps2 steady state conditions; I Atps2 feast/famine conditions. The results from steady state conditions were
obtained from Wang et al. (2019) [24].
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Table 2. Comparison of mass action ratios for phosphoglucose isomerase (PGI) and fumarase of different Penicillium
chrysogenum strains obtained from both steady state conditions and feast/famine cultures at the average dilution rate of

0.05 h~! in the time range of 100-200 h of cultivation. Measurements are given as average + standard deviation of at least

two individual experiments.

Wisconsin 54-1255 P. chrysogenum-Atpsl  P. chrysogenum-Atps2

Steady state conditions

Feast/famine
conditions

F6P/G6P 0.25 + 0.02 0.25 + 0.02 0.33 +0.03
malate/fumarate 1.56 + 0.14 3.07 £0.55 1.51 + 0.06
F6P/Ge6P 0.68 + 0.05 1.34 £0.16 1.02 £0.22
malate/fumarate 5.18 +0.21 495+ 0.33 493 +0.78

The significant increase in these MARs indicated that the flux through these key
nodes is reduced or even reversed under feast/famine conditions. This has also been
reported in our previous work [8], which shows that the intracellular metabolite pool
was first increased and then decreased during the feast/famine cycle. The MARs can be
increased above their equilibrium values during the famine phase [8]. Nonetheless, under
feast/famine conditions, the g5 values did not decrease but increased in the engineered
strains (Table 1). Combining the above results, this indicated that there might be triggered
an increased ATP-consuming futile cycling under feast/famine conditions through forming
a cycling flux between the pentose phosphate (PP) pathway and the reversed Embden—
Meyerhof-Parnas (EMP) pathway [9]. To corroborate this, the intracellular amounts of
6PG were significantly increased under feast/famine c