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Linus Pauling:

The best way to have a good idea is to have a lot of ideas.

Aristotle:

The one exclusive sign of thorough knowledge is the power of teaching.

Daniel Kehlmann -, Die Vermessung der Welt":

Humboldt reiste nach Salzburg weiter,
wo er sich das teuerste Arsenal von Messgerdten zulegte,
das je ein Mensch besessen hatte.

[..]
Er blieb ein Jahr und iibte.

[.]

Er iibte das Zerlegen und Zusammenbauen jedes Instruments,
bis er es blind beherrschte,

auf einem Bein stehend,
bei Regen
oder inmitten einer fliegenumschwdrmten Kuhherde.

Die Einheimischen hielten ihn fiir verriickt.
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Abstract

Abstract

In this work, concepts were developed and applied to guide the construction of a
Corynebacterium glutamicum chassis organism for synthetic biology approaches. The
aim was to delete irrelevant genes from the wild type strain in order to obtain a
chassis growing on defined CGXII medium with D-glucose with unaltered biological
fitness, which was defined by the maximum specific growth rate and biomass yield.

Initially, workflows were developed on a robotic Mini Pilot Plant (MPP), for example, to
harvest cell-free cultivation supernatants from BioLector cultivations in response to
individually defined triggers. Subsequently, assays for amino acids and D-glucose were
established in 384-well plate scale in order to quantify these metabolites in cell-free
culture supernatants in fully automated workflows [1].

During initial reference experiments, protocatechuic acid was identified as a hidden
co-substrate in the well-known defined CGXII medium. The additional TCA feed via
acetyl-CoA and succinyl-CoA, which are derived from protocatechuic acid, elevates the
growth rate by about 50 % in highly diluted cultures [2].

The first step toward a chassis was the deletion of prophage elements contributing to
about 6.7 % of the C. glutamicum genome. The respective strain MB001 showed
unaltered biological fitness and an increased heterologous protein expression, caused
by the removal of a restriction-modification system in prophage CGP3 [3].

As a next step, 36 strains with deletion of non-essential gene clusters were tested
thoroughly and 26 clusters were found irrelevant for the biological fitness of
C. glutamicum and offered the potential to reduce the genome by about 22 % [4]. Some
clusters were also deleted in the L-lysine model producer DM1933 and the derived
strain GRLP45 showed an 51 % increased L-lysine titer applying the automated MPP
methods, what was finally confirmed in lab-scale bioreactors [1].

During the final combinatorial deletion of irrelevant gene clusters, some
interdependencies were observed resulting in a decreased of biological fitness of the
respective strains. One of those strains was characterized in-depth and revealed the
general interplay of ribosome capacity and maximum growth rate of C. glutamicum.

In the end, two pre-chassis, namely W127 and W121, were obtained that displayed a
total genome reduction of 8.8% and 12.8 %, respectively. Both strains fulfilled the
target criteria of unaltered biological fitness on defined CGXII medium in BioLector
cultivations. Finally, the in-depth analysis of both pre-chassis in bioreactors revealed a
morphological divergence of W121 which could be narrowed down to a single cluster
deletion. However, W127 did not show any drawback compared to the wild type when
tested under stress conditions and on different cultivation scales. In fact, this strain
even grew faster on some C-sources, making it a good basis for synthetic biology
approaches.
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Zusammenfassung

Zusammenfassung

Die vorliegende Promotionsarbeit war integraler Bestandteil eines vom BMBF
geforderten Verbundprojektes zur Genomreduktion von Corynebacterium glutamicum.
Ziel war die Entwicklung und Anwendung von Strategien zur Konstruktion eines
Chassis-Organismus durch Identifikation und Deletion irrelevanter Gencluster.
Zielkriterium der konstruierten Stimme war deren unverdnderte biologische Fitness
gegeniiber der Wildtyp-Form, beurteilt iiber spezifische Wachstumsgeschwindigkeit
und Biomasseausbeute, beim Wachstum auf definiertem CGXII Medium mit D-Glukose.

Unter Verwendung des am IBG-1 verfiigbaren Mini Pilot Plant wurden Prozesse zur
schnellen Stamm-Phéanotypisierung automatisiert und standardisiert. Dazu z&hlen
insbesondere die Schwellwert-abhidngige Ernte von zellfreien Uberstinden aus
Mikrotiterplatten-Kultivierungen sowie die parallele Quantifizierung von D-Glukose
und Aminosduren im 384-well Mikrotiterplatten-Mafstab [1].

In ersten Referenzexperimenten wurde Protocatechuat als verborgenes Co-Substrat im
CGXII Medium identifiziert. In verdiinnten Kulturen erhoht der zuséitzliche
Kohlenstofffluss aus Protocatechuat tiber Acetyl-CoA und Succinyl-CoA in den
Zitratzyklus die Wachstumsgeschwindigkeit von C. glutamicum um etwa 50 % [2].

Zu Beginn der Konstruktion eines Chassis-Organismus wurden drei Prophagen aus
dem Wildtyp und damit 6.7 % des Genoms von C glutamicum deletiert. Der
resultierende Stamm MBO001 zeigte eine unverdnderte biologische Fitness sowie eine
gesteigerte spezifische Expression heterologer Proteine. Weitere Untersuchungen
zeigten, dass diese Steigerung vermutlich durch die Entfernung eines Restriktions- und
Modifikationssytems verursacht wurde, welches im Prophagen CGP3 lokalisiert ist [3].

Anschlieffend wurden 36 nicht-essentielle Gencluster aus dem Stamm MBO001
deletiert. Durch Phénotypisierung der Mutanten-Stimme konnten 26 irrelevante
Gencluster identifiziert werden, wobei durch deren komplette Deletion das Genom von
C. glutamicum um insgesamt 22 % reduziert werden konnte [4]. Parallel wurden
ausgewdhlte Gencluster auch aus dem L-Lysin Modellproduzenten DM1933 deletiert.
Hierbei zeigte der genomreduzierte Stamm GRLP45 in der Mikrotiterplatte um 51 %
erhohte L-Lysintiter, was im geregelten Bioreaktorsystem bestétigt werden konnte [1].

Bei Untersuchungen von Stidmmen mit kombinatorischen Deletionen irrelevanter
Gencluster wurden teilweise Abhdngigkeiten einzelner Gencluster identifiziert, welche
zu einer verringerten biologischen Fitness der betreffenden Mutanten fiihrten. Die
detaillierte Charakterisierung der Mutante W65 zeigte einen Zusammenhang zwischen
der Anzahl Ribosomen-kodierender Sequenzen und der maximalen Wachstumsrate.

Schliellich konnten die Kombinationsstimme W127 und W121 identifiziert werden,
welche eine Genomreduktion von 8.8 % und 12.8 % aufweisen, welche das gesetzte
biologische Fitnesskriterium erfiillen. W121 zeigte eine verdnderte Morphologie,
deren Ursache iiber die Stammdatenbank des Projektes auf ein einzelnes Gencluster
eingegrenzt werden konnte. Stamm W127 zeigte hingegen auch unter Stress-
bedingungen unverdndertes Wachstum und stellt eine geeignete strukturelle Basis fiir
zukiinftige Arbeiten der synthetischen Biologie mit C. glutamicum dar.
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1 Theoretical background

1. Theoretical background

1.1  Corynebacterium glutamicum

Corynebacterium glutamicum was discovered in 1957 in a soil sample during a
screening program for natural amino acid producers. The screening procedure was
based on a bioassay in which Leuconostoc mesenteroids could only grow, in case an
organism in tested samples had excreted the amino acid L-glutamate [5]. Since this
isolation for natural L-glutamate excretion capacity, the product spectrum of
C. glutamicum has been broadened in multiple metabolic engineering approaches
to a variety of small molecules including other amino acids, organic acids, bio-
plastic precursors as well as ethanol [6, 7]. Nowadays, strains originating from
C. glutamicum are applied for the industrial production of amino acids at an annual
production above 4 million tons, in which L-glutamate, L-lysine and L-methionine
are the most prominent ones [8]. These and other amino acids are for example

used as flavor enhancer in human nutrition as well as additives for animal feed [9].

One of the key factors for the success of C. glutamicum in white biotechnology is its
ability to catabolize a variety of carbohydrates, organic acids and alcohols. In
contrast to other bacteria, mixtures of such substrates are often metabolized in
parallel and monophasic growth is observed without diauxic effects [10]. During
growth on substrates entering the energy metabolism directly at the step of AcCoA
the glyoxylate shunt is responsible for anaplerotic replenishment [11]. Moreover,
during growth and especially during production of TCA cycle derived amino acids
such as L-lysine, the oxaloacetate pool needs to be continuously replenished. Here
another unique feature of C. glutamicum are its two anaplerotic carboxylation

reactions using either phosphoenolpyruvate or pyruvate as substrate [12].

Over the decades of strain improvement and systems biology application, first
insights into the different omics layers of C. glutamicum were gained. One major
event in this process was the whole genome sequencing in 2003, which allowed
targeted strain modifications in the following [13, 14]. As a consequence, several
metabolic engineering approaches were performed to improve production

attributes of several strains by targeted gene knockout, gene multiplications and
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1.2 Synthetic biology

gradual promoter fine tuning [15-17]. Later, such metabolic modifications were
enhanced by the transfer and expression of whole heterologous pathways in
C. glutamicum in first synthetic biology approaches. With such approaches the
product and substrate spectrum of this versatile bacterium can be further
extended, i.e. by enabling the efficient catabolism of naturally unusable C-sources

like D-xylose or D-methanol [18, 19].

1.2  Synthetic biology

1.2.1 Concept of synthetic biology

Advances in the life sciences in the last decades appeared in major stages which
were often driven by methods and technologies available. One of the earliest trends
in molecular biotechnology was the analysis and basic alteration of microbes,
enabled by molecular tools like Sanger sequencing, cloning and plasmid transfer.
Later these investigations were extended to a more overall view in the age of
systems biology, which was among others based on genome sequencing,

transcriptomics, mass spectrometry and advanced modelling [20].

Based on the resulting knowledge, synthetic biology approaches were started in
the early 21th century [5]. Here the focus was shifted from the sole understanding
of organisms to a sophisticated construction of artificial biological entities.
Therefore, engineering principles were introduced to the field of life sciences
which until then lacked such concepts like orthogonality of parts, modular design
and standardization. However, once these prerequisites will be completely fulfilled,
the design and construction of organism from scratch could revolutionize
biotechnology, comparable to the transfer of chemistry from laboratory research to

economically relevant chemical engineering around the year 1890 [22].

One exemplary breakthrough in synthetic biology was the establishment of the
pathway for artemisinic acid synthesis in baker’s yeast, which was transferred from
the plant Artemisia annua and allows efficient production of precursors for the
potential antimalarial drug artemisinin [23]. Noteworthy, over 150 man years were

necessary in order to turn the microbe into an efficient producer of artemisinic
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1 Theoretical background

acid, what clearly demonstrates that synthetic biology is still far from routine

application [24].

Another important step toward the design of artificial cells from scratch was the
transfer of a chemically synthesized chromosome to Mycoplasma capricolum [25].
However, this event cannot be considered as construction of a synthetic organism,
since a natural cell was still necessary as recipient. In contrast, the integration of
synthetic pathways in addition to a recipients genome is today routinely applied
[26]. In those approaches genetic elements are often referred to as BioBricks,
which should operate completely interchangeable like building blocks of electric
circuits. Consequently, to stay in the picture of electric circuits, a structural basis
comparable to a motherboard is necessary in order to assemble genetic BioBricks
and allow their efficient expression in a biological system. In synthetic biology, this
structural basis is often referred to as chassis or minimal cell, which should not
influence the function of any inserted genetic device (orthogonality principle) and
display a minimal biological complexity in order to ensure a fully predictable
behavior of the constructed system [27, 28]. However, the vision of this ideal
behavior is questionable, as biological systems are extremely context-dependent,

tend to counteract and are often not fully understood on molecular level [29].

In summary, the emerging field of synthetic biology aims for the rational
construction of artificial pathways and organisms to enable biological functions
beyond those occurring in nature. Consequently, engineering principles must be
incorporated into life sciences by standardization of methods and devices in order
to allow the reproducible construction and robust function of the drafted biological
entities [30]. Two prerequisites for those approaches are a library of well-
characterized genetic fragments and a robust structural basis. The latter is
constructed in this work in form of a chassis organism by heading for the
simplification of C. glutamicum to its core gene set as defined in the following

chapter.
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1.2 Synthetic biology

1.2.2 Chassis, minimal cells and relevant genes

Organisms designed as structural basis for synthetic biology are generally
described as a cell with a comparable small genome and the minimal properties of
any living organism, such as: i) encapsulation ii) storage of information iii) gene
expression and iv) cell replication. These rather loose and non-quantitative criteria
have resulted in multiple former approaches heading for the construction of such a
structural basis, which are not directly comparable among each other [27, 31].
Unfortunately, such inconsistent definitions inherently contradict the engineering
principles that are fundamental for synthetic biology. The importance to formulate
clear criteria and precisely define the termini used for synthetic biology projects

has been emphasized in a recent critical commentary [29].

Consequently, when constructing an organism for synthetic biology it is of outmost
importance to formulate clear target criteria, for example, by keeping potential
industrial applications in mind. In any case, the identity and quantity of the
required gene set is greatly influenced by the criteria the organism should fulfill.
One important constraint is the medium in which the organism should be able to
grow. In a highly enriched medium (i.e. complex medium) an organism might for
example not require the biosynthesis pathways for amino acids, but is strictly

depending on the transporters for those molecules.

In this work organisms that are restricted to an essential gene set and,
consequently, can grow exclusively in a rich medium are defined as “minimal cells”
(Figure 1.1). One example for such an organism is Mycoplasma genitalium whose
genome consists of only 485 genes from which 100 can be disrupted one at a time
[25]. However, the growth of M. genitalium is comparably slow and requires a
highly enriched medium, since this parasitic bacterium lacks many anabolic
pathways, for example, to synthesize fatty and amino acids [32]. Clearly, such
minimal cells are unfavorable for industrial biotechnology as reasonable growth
rates and strain stability against environmental fluctuations are key factors for any

production host.
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1 Theoretical background

A more promising type of a genome-reduced organism for industrial applications is
a “chassis”, which is in this work defined as an organism that maintains the growth
behavior and application range of the respective wild type. Clearly, the genome of
such a chassis is larger compared to a minimal cell, since certain gene functions
must be added to the essential gene set. Those additional genes are henceforth
called “relevant genes” and ensure the biological fitness of the chassis at wild-type
level under any predefined condition (for example exponential growth on defined
medium). Per definition, the resulting relevant gene set cannot be minimal as it still
covers a fully functional anabolism, which is required to establish a reasonable

host for a broad range of biotechnological applications.

Gene Cultivation  Application Type of
set medium range organism
native minimal broad wild type

essential rich narrow minimal cell

Figure 1.1: Definitions referred to in this work considering types of organisms and the
underlying interplay of their gene set, cultivation medium and application range - modified

from Unthan et al. 2014 [4].
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1.2 Synthetic biology

1.2.3 Genome reduction toward a chassis

A chassis construction can either be conducted following a top-down or bottom-up
strategy. The latter would include the synthesis and linkage of all essential cell
components, starting from an artificial membrane system and ending at a synthetic
chromosome. Such a rigorous bottom-up approach is currently not in sight,
although the transfer of a large chromosome between two mycoplasma species was
reported recently [25]. Hence, at the moment the most promising way to construct
a chassis is the top-down strategy, in which an existing cell is trimmed to its
relevant gene set following a targeted or untargeted strategy. A prerequisite for the
latter approach is a tool that randomly excises parts of the starting genome without
deletion hot-spots and allows the subsequent annotation of all deletion sites. An
advantage of this untargeted method is that it does not require a detailed
knowledge about the starting organism beforehand. However, if such pre-
knowledge is available the chassis can be constructed by deletion of specific

fragments that are classified as irrelevant in a targeted top-down approach.

In case of C. glutamicum a deep insight into the interplay of genome and phenotype
was gained during extensive metabolic engineering and systems biology in the last
decades. This existing knowledge, together with potential industrial applications,
makes C. glutamicum a promising candidate for the construction of a chassis. In a
previous publication, the targeted deletion of 11 distinct regions with a total size of
250 kilobase pair (kbp) was reported in the strain R [33]. The most successful trial
in terms of deletion size was, however, performed via insertion and excision in an
untargeted approach, but resulted in multiple growth defects of the constructed
strains [34].

In this work, a chassis was constructed from the soil bacterium C. glutamicum in a
targeted top-down approach (Figure 1.2). The work was performed in a
cooperation project with academic partners from Jiilich, Bielefeld and Cologne as
well as industrial partners from EVONIK industries and Insilico. The project was
funded by the Federal Ministry of Education and Research of the Federal Republic
of Germany (BMBF, Grant. No. 0316017). Initially, large genome segments without
essential genes were identified as target regions for deletion. Those strains were

then constructed by the academic project partners and subsequently tested for
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biological fitness. This biological fitness was defined as maximum growth rate and
biomass yield on defined CGXII medium with D-glucose, as sole carbon and energy
source. Both growth parameters represent important criteria in industrial
biotechnology. Those clusters that can be deleted from the wild-type background
without a drop in both fitness parameters were considered as irrelevant under the
tested conditions. Finally, those irrelevant clusters should be deleted in
combination to construct a chassis of C. glutamicum. After deletion of irrelevant
genes, this chassis should show a decreased metabolic burden, what could further
improve industrial production processes, for example, when production of amino
acids competes with the biomass formation. However, the reduction of lowly
transcribed DNA on its own cannotbe expected to significantly decrease the energy
demand for biomass formation in C. glutamicum [35]. Instead, highly expressed but
irrelevant genes must be deleted in order to eventually lower the cells metabolic
burden, what might result in elevated growth rates, biomass yields or ultimately

improved product formation.

—— Classification —p Set of potential
of native genes non-essential or
unclassifiable
genes

Deletion of target gene clusters

}

Confirmed set of
non-essential
gene clusters

Phenotyping of genome reduced strains

|

Confirmed set of

Combinatorial deletion irrelevant
Chassis of irrelevant gene clusters gene clusters

Figure 1.2: Outline of the targeted top-down approach followed in this work to construct a
chassis organism based on the C. glutamicum wild type ATCC 13032 - modified from
Unthan et al. 2014 [4].
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1.3  Laboratory automation for bioprocess development

1.3.1 Throughput and scale of experiments in biology

Time is one of the limiting factors during the establishment of new bioprocesses,
which until now forces process engineers to draw conclusions from few
experiments with little process insight. However, miniaturized cultivation devices
and liquid handling platforms become more feasible nowadays and will therefore
supportprocess engineers to take decisions quicker and based on a deeper process

understanding in the near future.

One starting point for this trend was the development of sophisticated parallelized
cultivation devices in the last decade. Some of those devices overcame previous
limitations in process conditions encountered during low-volume cultivation
(i.e. oxygen transfer) and, moreover, allowed process insight by monitoring of
biomass, pH, dissolved oxygen, fluorescence or respiratory activity [36-38].
Screening approaches in such sophisticated mini-bioreactors led to better clone
selection as compared to incubation in classical microtiter plates [39]. Thus,
miniaturized devices have been widely applied to screen mammalian cell lines and
microbial producers in the last years [40, 41]. Recently, options for pH regulation
and substrate feed were established using microfluidic channels and enzymatic
substrate release, respectively [42, 43]. The tremendous success of high
throughput cultivation technology in today’s bioprocess development was recently

summarized by Long et al. [44].

Nevertheless, parallelization of cultivation experiments does on its own not fully
remove bottlenecks in bioprocess development, because manual work is still
required to start, sample and analyze cultivations. Consequently, cultivation
devices should be integrated into liquid handling platforms to allow complete
automation of bioprocess development. However, until now only few proof of

concept studies exist in this evolving field [45-48].

The general benefits of any liquid handling platform are faster sample processing,
automatic generation of log files and higher reproducibility of results, because
pipetting actions do not depend on the accuracy of manual operators [49, 50].

Nevertheless, manual operators can proactively optimize their pipetting behavior
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(i.e. dispension speed) to a liquids property, while liquid handling platforms
strictly follow pre-defined protocols and are therefore less flexible. Consequently,
these platforms need to be initially adjusted to different liquid properties and

require routine verification in order to obtain reliable results [51].

However, once these routines are established liquid handling platforms can
drastically increase the throughput of experiments. Thus, these platforms are
already standard in today’s red biotechnology industry, for example, during
screening of substance libraries for drug target interactions [52, 53]. In contrast,
for white biotechnology industry a similar breakthrough of automation technology
is desired but still not present. One reason for this delay is most probably that
complete bioprocess experiments are much more complex than substance
screenings. Nevertheless, the ongoing development of strains by random
mutagenesis as well as multifactorial bioprocess optimization make automation

strategies a crucial opportunity for white biotechnology industry [54-56].

1.3.2 A Mini Pilot Plant for bioprocess automation

The robotic workstation used in this work was implemented as a tool for screening
and optimization of organisms as well as cultivation processes by Rohe et al. [57].
It comprises a fully functional toolbox for cultivation, sampling and subsequent
sample analysis and is denoted as Mini Pilot Plant (MPP) in the following. An
overview of the complete platformis presented in Figure 1.3. Noteworthy, the MPP
was specially customized to allow those unit operations that are of special interest

during bioprocess development.

The core of the MPP is a Perkin Elmer Janus Workstation equipped with two arms
for liquid transfer as well as plate movement. The pipetting arm operates 8 teflon-
coated steel tips with individual syringe pumps, using water as hydraulic fluid. The
narrow tip diameter allows pipetting in 384-well plates and conductance
measurements enable liquid detection during aspiration or dispension steps.
Moreover, the hydraulic system as well as the tips can be flushed with 70 %
ethanol in order to decontaminate the pipetting system. Noteworthy, the complete

MPP is encapsulated in a laminar flow hood to establish a sterile environment.
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1.3 Laboratory automation for bioprocess development

On the pipetting deck, devices are integrated for sample mixing up to 3000 rpm,
cooling down to -10 °C as well as heating up to 95 °C. Next to this deck, a MTP
centrifuge and a photometer are placed, which can be reached by the grabber arm
due to an elongated movement track. The MPP is completed by a BioLector
cultivation device which can be reached by the pipetting arm for dosing and

sampling of cultivations.

The BioLector allows the parallel cultivation in 48-well MTPs with a working
volume of 1 ml and time-dense online-monitoring of culture properties. This
monitoring comprises backscatter as biomass equivalent, fluorescence intensity,
pH as well as dissolved oxygen concentration by the use of optodes [37, 58-60]. All
these values are measured non-invasively while the plate is shaken, in order to
avoid disturbance of the cultures. The baffled geometry of the so called
FlowerPlates and optimized shaking diameter allows kia-values above 600 h-1,
which are higher compared to values obtained in standard 96 round well plates

(kLa<175 h-1) [61, 62].

Finally, all processes on the MPP are executed using two computer programs. First,
the WinPrep software controls the liquid handling platform as well as a centrifuge,
photometer and different shakers. Moreover, the WinPrep software allows
execution of batch-files, which is useful during handling of CSV-based pipetting
lists. The second software is the RoboLector Agent, which controls the interaction
of the liquid handling platform with the BioLector. Here, the WinPrep software is
advised by the RoboLector to initiate pipetting actions, when pre-defined trigger

conditions are reached in any well of the BioLector cultivation.
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Pipetting MTP grabber Centrifugation MTP reader

Cultivation

Liquid handling platform

* Wash and sterilize tips

* Shaking up to 3000 rpm

+ Heating up to 95 °C

* Cooling down to -10°C

* 50 mL Falcons to 384 well MTPs

Figure 1.3: Setup of the mini pilot plant (MPP) used in this work. The Janus workstation
liquid handling platform was extended by devices for shaking, incubation, microtiter scale

cultivation, centrifugation and photometric analysis.
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1.4  Aim of this work

The aim of this work is the robot-assisted phenotyping of genome-reduced
Corynebacterium glutamicum strains in order to guide the way toward a chassis

organism for synthetic biology.

To drafta chassis organism the genome of C. glutamicum first needs to be analyzed
for deletion targets. In the following, these targets are deleted by project partners
and the obtained strains need to be characterized. Therefore, workflows are
developed and standardized in order to reproducibly handle and characterize a
large number of strains. These strains are evaluated for biological fitness, which is
defined by maximum growth rate and biomass yield on defined CGXII medium with

D-glucose.

Those clusters that can be deleted without a drop in both fitness parameters
should considered as irrelevant for the aimed chassis. Finally, a consolidated list of
irrelevant gene clusters has to be generated, from which a chassis organism could
be constructed by combinatorial deletions. In the end, the question is answered to
which degree the genome of C. glutamicum can be reduced. Moreover, a chassis
organism will allow a deep insight into the organization of the metabolism of

C. glutamicum based on a simplified genetic arrangement.

During the successive screening of the genome-reduced strain library, some strains
are expected to display impaired biological fitness, whenever a non-essential but
relevant gene has been deleted. If possible, those strains are quantitatively
phenotyped using a variety of omics methods in order to identify a single
contributing gene or group of genes and deduce further knowledge about their
function. These investigations might ultimately lead to the discovery of so far
unknown gene functions that are relevant for the growth of C. glutamicum on

defined medium.
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Some irrelevant gene clusters are also deleted from the model L-Lysine producer
DM1933, in order to evaluate if genome reduction serves as a promising tool for
industrial strain development. Thus, robotic workflows are designed to screen such
producer strain libraries for altered product formation. Here, parallelized
cultivations is extended by triggered sampling, supernatant clarification and

metabolite quantification.
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2. Materials and Methods

2.1 Materials

2.1.1 Chemicals and enzymes

All chemicals used in this work were purchased from SIGMA-ALDRICH or MERCK
in research or analytical grade. Enzymes were purchased from SIGMA-ALDRICH or
Roche Applied Science. Further details considering the origin or grade of chemicals

and enzymes are given in the particular method description if crucial.
2.1.2 Strains

All strains were constructed by the protects partners in Bielefeld (AG Wendisch, AG
Kalinowski), Cologne (AG Krdmer) and in Jiilich (AG Frunzke) by deletion of gene
clusters from the C. glutamicum genome by double crossover as previously
described [3, 4, 63]. Some deletions were carried out in the prophage-free strain
MBO0O01 after additional deletion of two insertion elements (ISCg1, ISCg2) and are
denoted as genome-reduced strains (GRS). In addition, selected regions were
deleted from the prophage-free L-lysine producer DM1933 to obtain genome-
reduced L-lysine producers (GRLP). In total, 113 strains were used in this work and

listed in the supplement (Table S-1).
2.1.3 Growth media

For growth media all chemicals were purchased from SIGMA Aldrich. Cultivations
were performed on the defined CGXII medium [64]. The composition was varied
for BioLector or bioreactor cultivation experiments and the medium was enriched
for selected experiments (Table 2.1). During medium preparation, some substances
were added sterile after autoclaving (D-glucose, PCA, biotin, trace elements, AF204,
vitamins) and 4 M NaOH was used to adjust pH 7.0. In selected experiments the
concentration of PCA was varied in the range between 0.6 mgl-1and 2.5 g I'1. In
experiments with C-source variation 55.5 mM D-glucose was exchanged while
keeping carbon moles constant by either of the following: 166.5 mM acetate,

66.6 mM D-arabitol, 55.5 mM citrate, 55.5 mM D-fructose, 55.5 mM D-gluconate,

31



2.1 Materials

83.3 mM D-malate, 27.8 mM D-maltose, 111 mM pyruvate, 83.3 mM succinate or

27.8 mM D-sucrose.

Table 2.1: Media used in this work with composition per liter of distilled water.

CGXII CGXII Enriched CGXII
Substance BioLector Bioreactor BioLector
(NH4)2SO. 20g 20g 10g
K:HPO. 1g 1lg 1g
KH:PO4 1g 1g 1g
CaClz*2Hz0 13.25 mg 13.25 mg 13.25 mg
MgS04*7H20 0.25¢g 025¢g 025¢g
FeS04*7H,0 10 mg 10 mg 10 mg
Biotin 0.2 mg 0.2 mg 0.25 mg
Protocatechuic acid 30 mg 30 mg 30 mg
MnSO4 * H,0 10 mg 10 mg 10 mg
ZnS04* 7 H,0 1 mg 1 mg 1 mg
CuSO4 *5 H20 0.313 mg 0.313 mg 0.313 mg
NiCl; * 6 H:0 0.02 mg 0.02 mg 0.02 mg
D-glucose 10-40 g 10g 40g
Urea 5g - 5g
MOPS 42g - 42g
AF204 - 300 ppmv -
Yeast extract - - 6g
L-threonine - - 238 mg
Thiamine-HCI - - 0.5mg
Cyanocobalamin - - 0.1
Pyridoxine-HCI - - 2.5mg

2.1.4 Robotic platform

Robotic workflows were performed on a platform established by Rohe et al. 2012
that is denoted as mini pilot plant (MPP) in the following [57]. The MPP consisted
of a JANUS Workstation (PerkinElmer, Waltham MA, USA) equipped with a
pipetting arm (Varispan) with 8 steel needles and a gripper arm. The movement
track of both arms was extended by 40 cm in order to reach positions outside of
the pipetting deck. In this open area three devices were placed, namely a BioLector
(m2p-labs, Aachen, Germany), a MTP centrifuge IXION (Sias, Hombrechtikon,
Switzerland) and a MTP photometer EnSpire (PerkinElmer, Waltham MA, USA).
Cooling of samples on the MPP down to -10 °C was performed on a DWP cooling
rack (MeCour, Groveland MA, USA) connected to the cryostat Unichiller (Huber,

Offenburg, Germany).
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2.2 Methods

2.2.1 Strain libraries

All strains were received from project partners on agar plates and colonies were
suspended in 0.9 % (w v-1) NaCl with 20 % (v v'1) glycerol and stored at -80 °C as a
master cell bank (MCB). From each MCB vial 10 pl were added to two wells of a
Flowerplate (m2p-labs, Baesweiler, Germany) of which one well was filled with
990 pl defined CGXIlI medium and the second well with an equal amount of
enriched CGXII medium. This plate was then incubated for 48 h in a shaking device
at 1000 rpm, 75 % humidity and 30 °C. In this step, working cell banks (WCBs) of
all strains were generated from cultures that had been adapted to both media
variants. After incubation, the optical density in each well was measured and
adjusted to OD =20 using a 0.9 % (w v-1) NaCl solution. Finally, glycerol was added
to 20 % (v v-1) and the derived WCBs were stored in aliquots in sterile microtiter

plates at -80 °C.

2.2.2 Cultivation in microfluidic chips

Cultivation in microfluidic chips were performed in cooperation with the
Microscale Engineering group (Jilich, Germany) on the in-house developed
polydimethylsiloxane system that enables the spatio-temporal analysis of growing
microcolonies with single cell resolution. Each chip device contains of about 400
microfluidic cultivation chambers of 1 uym x 60 um x 60 um in size, which are
connected to media supply channels. Through these channels, media is
continuously perfused to maintain constant environmental conditions and mass
transport inside the cultivation chambers is based solely on diffusion. Further
details about chip fabrication, cultivation and data analysis are described in detail
in publications by Griinberger et al [65, 66]. In some experiments supernatant
samples of cultures were taken from lab-scale bioreactor cultivations, filtered

(0.22 pm), stored at -20 °C and later used as medium for chip cultivations.
2.2.3 Cultivation in microtiter plates

Microtiter plate cultivations were carried out in 48-well FlowerPlates (m2p-labs

GmbH, Baesweiler) with DO and pH optodes in a BioLector (m2p-labs GmbH,
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Baesweiler) at 1000 rpm, 95% humidity and 30 °C. After inoculation the
Flowerplates were covered with a gas permeable sterile foil (m2p-labs GmbH,
Baesweiler). Measurements for backscatter as well as eYFP fluorescence were
applied at gain 20. Cultures were started at an OD = 0.2 by inoculating 990 pl
medium with 10 ul of a WCB, which had already been grown on the same medium
(defined or enriched CGXII) beforehand. For inoculation each WCB-MTP was used
only once and discarded after use. Reference strains (wild type or DM1933) were

cultivated on every plate as a control.
2.2.4 Maximum growth rates from microtiter cultivations

To derive growth rates from the BioLector cultivation, each backscatter curve was
blanked by the mean backscatter values measured during the first 0.5 to 2 hours of
the particular well. Then, all blanked values below the limit of quantification
(backscatter=10) were deleted from the data set and the end of exponential growth
was determined from the time point when the dissolved oxygen stopped dropping
in each cultivation. Finally, exponential functions were fitted to the remaining
dataset and the estimated growth rates were analyzed for significant changes
compared to the reference organisms (wild type or DM1933). Here, the f-test
(p<0.01) was used to detect significantly altered variances in the growth rate
distribution of the particular strain and the reference. Subsequently, the two -sided
t-test (p<0.01) was performed either as homoscedastic or heteroscedastic test,

depending on the outcome of the previous f-test.
2.2.5 Cultivation in lab-scale bioreactors

Lab-scale bioreactor cultivations were carried out in batch mode with 1 1 medium
in four parallel bioreactors (Eppendorf AG, Jiilich, Germany), which were equipped
with a stirrer (two rushton turbines), sample port, off gas condenser and probes as
denoted in the following. All cultivations were inoculated directly from cryo culture
aliquots, which had been prepared from exponentially growing cultures on CGXII
medium. During cryo preparation, the cells were harvested at OD = 10 washed with
0.9 % (w v1) NaCl and stored at -80 °C in NaCl solution containing 20 % (v v'1)
glycerol. For later inoculation, one of these aliquots (0.5 ml) was washed and added

to the bioreactor. Sampling as well as monitoring of growth was started when
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cultures had reached an OD>0.5 on the next day, except for selected experiments
that were monitored directly using the sensitive Coulter Counter Multisizer 3
(Beckmann Coulter, Inc.). Aerobic process conditions were maintained by
regulation of dissolved oxygen concentration (DO) to 30 % under constant air flow
(1 vvm) by adjustment of the stirrer speed (200-1200 rpm, p = 0.1, Ti = 300 s). The
pH of the cultures was regulated by addition of 4 M HCl and 4 M NaOH to pH 7.0
(p = 10, Ti =2400 s, no auto-reset, deadband = 0.02 pH). Online measurements
were taken for pH (405-DPAS-SC-K80/225, Mettler Toledo), DO (Visiferm DO 225,
Hamilton) and exhaust gas composition (GA4, Eppendorf AG, Jiilich, Germany).

2.2.6 Biomass quantification from bioreactors

Growth of batch cultures at low initial biomass concentrations (0D<0.5) was
tracked with the sensitive Coulter Counter Multisizer 3 (Beckmann Coulter, Inc.),
equipped with a 30 uM capillary. Here, samples were diluted with CasyTon (Roche
Diagnostics GmbH) to an approximate ODx0.1 and measured for cell number as
well as biovolume of each detected cell. When cultures had grown higher, the
measurement of optical density and cell dry weight (CDW) were performed
additionally to the Coulter Counter measurements. OD was measured after dilution
of samples with 0.9 % NaCl in a photometer (UV PharmaSpec 1700, Shimadzu). For
CDW 2 ml samples were centrifuged 10 min at 13,000 rpm (Biofuge pico, Heraeus
instruments) in pre-weighted reaction tubes. The pellet was washed once with
1 ml 0.9 % NaCl solution and finally dried for 48 hours at 80 °C (Kelvitron T,

Heraeus Instruments) before the dry weight was determined.

2.2.7 GC-ToF-MS measurements

GC-ToF-MS measurements were performed using an Agilent 6890N gas
chromatograph coupled to a Waters Micromass GCT Premier high resolution time
of flight mass spectrometer for untargeted intracellular and extracellular
metabolomics. For the latter, 130 pl of 0.22 pm filtrated culture supernatants were
frozen in liquid nitrogen and stored at -20 °C until derivatization. For intracellular
fingerprints, culture samples including a total cell dry weight of 33 mg were
transferred from bioreactors to pre-cooled tubes and centrifuged for 3 min at 4 °C

and 5000 rpm (Labofuge 400R, Heraeus instruments). Then, the supernatant was
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discarded and pellets were washed with 4 ml 2.7 % NacCl at 4 °C. After a second
centrifugation step the supernatant was discarded and drops remaining in the
tubes were wiped off, before the pellets were frozen in liquid nitrogen and stored
at -80 °C. Subsequently, all frozen cell pellets were solved in 1 ml pure methanol
and metabolites were extracted in a sonicator for 30 min at 65 °C. After a final
centrifugation step 130 pl supernatant were transferred to fresh reaction tubes,
frozen in liquid nitrogen and stored at -20 °C until derivatization. The subsequent
derivatization, MS operation, data acquisition and peak identification was
performed as described recently by Paczia et al. 2012 [67]. The obtained peak
areas were finally normalized by the total biovolume of the extracted sample.
The used method cannotbe used for absolute quantification and consequently only
metabolites which exhibited a higher than twofold difference compared to the wild
type were considered for further evaluation. Moreover, not all detected metabolites
could be evaluated, for example, in case of co-elution with other substances.
Additionally, some metabolites were only detected either in the wild type or in the

mutant strain, and thus, in these cases a ratio could not be calculated.

2.2.8 LC-MS/MS Analytics

Metabolite concentrations (PCA or amino acids) were measured on a HPLC (X-LC
3000 Series, JASCO GmbH, Gross-Umstadt, Germany) coupled to a mass
spectrometer (API 4000, ABSciex, Foster City, CA) with spray ionization. For the
analysis cell-free supernatants were first pre-diluted with distilled water to the
linear range of the metabolites of interest as defined by the particular LC-MS/MS
protocol. The last dilution step was performed with pure methanol to result in a
50 % methanol fraction in order to eliminate artefacts from the running buffer or
internal standard. Finally, isotope dilution mass spectrometry (IDMS) was applied
as described elsewhere [68]. Further details regarding LC-MS/MS operation and
data analytics were described in detail by Paczia et al. [67, 69].

2.2.9 Differential transcriptome analysis

Differential transcriptome analysis of cells grown in bioreactors, were performed
in cooperation with the working group Regulatory Switches and Synthetic Biology

(Julich, Germany). In short, cells were cultivated on defined CGXII medium in four
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bioreactors of which two were harvested at OD = 0.2 and the remaining at OD = 2.
Culture samples were cooled quickly by mixing with crushed ice and cell pellets
were obtained by centrifugation at 4 °C, which were finally stored at -20 °C after
freezing in liquid nitrogen. Subsequently RNA and fluorescently labeled cDNA were
prepared from the cells as described elsewhere [70]. Further processing of
samples, microarray preparation, data acquisition and analyses are described in

detail in Unthan et al. 2013 [2].

2.2.10 Robotic workflow for automated harvest

Robotic workflows were developed on the MPP introduced in chapter 2.1.4. and
are in detail described in Unthan et al. 2015 [1]. BioLector cultivations that were
intended for automated sampling were measured in 22 minute measurement
cycles and the derived backscatter values were monitored by the RoboLector agent
software (m2p-labs, Aachen, Germany). Harvest actions on the MPP were
initialized 3 hours after backscatter thresholds were reached in any of the 48
cultivation wells. In the next step, the RoboLector software paused the BioLector
and created a CSV-based handshake file, which was used by the liquid handling
platform to transfer 500 pl sample from the BioLector to a DWP. Batch files were
executed by the WinPrep software (Version 4.6, PerkinElmer), to first copy and
then delete the original file, what triggered the restart of the BioLector cultivation.
When the cultivation was running again, the copied handshake file was used to
automatically fill a tare DWP and centrifuge both DWPs at 4500 rpm for 5 minutes
(IXION, Sias AG, Switzerland). Cell-free supernatants were subsequently aspirated
at fixed height of 4 mm above well bottom and frozen in a third DWP at -4 °C
(Unichiller, MeCour, Groveland MA, USA) before the tare plate was emptied at the
same height. The described cycle took 12 to 17.5 minutes and was in some cases
extended by measurements of optical density in 96 well microtiter plates. The
developed workflow runs repetitively and completely autonomous with variable

number of samples and without manual replacement of consumables.
2.2.11 Automated metabolite quantification

Quantification of D-glucose and amino acids was established on the MPP by

adapting established protocols to microtiter scale [1]. First, a two-step enzymatic
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assay was used to quantify D-glicose in cell-free supernatants on the MPP. Here, a
mastermix was prepared freshly by mixing 47.4 ml TRIS-maleat buffer (100 mM,
pH 6.8), 2.2 ml MgSO04 solution (100 mM), 1 ml NAD+ stock (50 mg ml-1), 1 ml ATP
stock (34 mg ml1) and 236 pl Hexokinase / Glucose-6-phospate dehydrogenase
mix (Roche Diagnostics, Mannheim, Germany). In the MPP workflow the first step
was the preparation of three independent dilution series of D-glucose standards
(0.4 and 0.01 g I'1) from a 1 g 1! stock solution. Of each of those standards, 20 pl
were pipetted in triplicates in a 384-well plate to result in 9 replicates for each
standard concentration. Then up to 48 cell-free supernatants were automatically
diluted to 1:10 as well as 1:40 by successive aspiration of sample and water and
combined dispense in a DWP. Of those 96 diluted samples, 20 pl were transferred
to the above mentioned 384-well plate in triplicates. Finally, 100 pl glucose assay
mastermix were added to each well and the plate was automatically read at
A =340 nm in the MPP photometer (EnSpire, Perkin Elmer) after incubation at
room temperature for 45 min. During data analysis, raw absorbance values were
first normalized by wells with water as sample, before the D-glucose

concentrations were calculated according to the standard calibration curve.

To quantify amino acids on the MPP a Ninhydrin mastermix was prepared freshly
for each experiment by solving 2 g Ninhydrin in 75 ml DMSO and 25 ml 4 M sodium
acetate buffer (pH 6.0 adjusted with 25 % acetic acid). As L-Lysine was the amino
acid of interest, a 100 mM solution of L-lysine-HCl was prepared in CGXII medium
for preparation of a standard calibration curve. From this stock, three dilution
series were pipetted on the MPP with CGXII medium as diluent to obtain standards
between 100 and 1.56 mM. Of those three standard series, 30 ul were pipetted to a
384-well plate in triplicates, resulting in 9 replicates of each standard
concentration. Then, 45 pl from 48 cell-free supernatants were pipetted in
triplicates in the 384-well-plate. In the next step, 15 pl of each of those wells were
transferred to another well on the 384-well-plate in which the samples were mixed
with 15 pl CGXII medium to obtain 1:2 dilutions of all samples in triplicates. Finally,
the reaction was started by addition of 30 pl Ninhydrin solution to the complete
384-well plate, which was then incubated at room temperature, before the reaction
was stopped exactly after 4 min by addition of 40 pl distilled water. The 384 -well
plate was then immediately transferred to the photometer of the MPP in which the
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formed Ruhemanns purple was measured at A = 570 nm. For data analysis, all
absorbance values were first blanked by wells with sole medium as samples, before
L-Lysine concentrations were calculated according to the standard calibration

curve.
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3. Results and Discussion

3.1 Genetic organization and essential genes in C. glutamicum

In order to identify targets for genome reduction existing knowledge was collected
and interpreted in cooperation with all project partners of the project “genome
reduction”. Details regarding bioinformatics, data collection and interpretation are
found in Unthan et al 2014 [4]. In the following the outcome of this initial

theoretical approach is presented.

In the first step to identify essential genes in C. glutamicum, the conservation of
genes in organisms in close phylogenetic distance was condensed in a conservation
code. Moreover, the expression of every gene under standard conditions had
recently been analyzed by RNAseq of fragmented RNA and this data set was
normalized to reads per kilobase gene length and million mapped reads (RPKM) in
order to obtain a comparable value of relative gene expression levels [71]. Both
conservation code and RPKM, were shown to correlate with gene essentiality, as
observed by analysis of 435 genes which were proved in literature to be either
non-essential or strictly essential (Figure 3.1 A). Based on the existing knowledge,
906 essential genes were predicted in remaining uncharacterized parts of the
C. glutamicum genome, based on low gene conservation (011, 010 or 001) and
RPKM score over 20 [4]. Additional data from published as well as unpublished
gene knock-out data were taken into account, to finalize the genetic blueprint of
gene essentiality (Figure 3.1 B). It was estimated that 1061 genes are essential
while 786 genes are unclassifiable, for example when reports in literature were in
contrast to each other. Moreover, the genetic organization of the wild type ATCC
13032 is also influenced by three C. glutamicum prophages (CGP) [13]. CGP1 and
CGP2 are rather small (13.5 kbp and 3.9 kbp respectively) and highly degenerated,
whereas CGP3 (187.3 kbp) is one of the largest known prophages constituting
about 6 % of the entire genome. The latter still remains its ability to excise from the
genome and exist as a circular, double-stranded phage DNA molecule [72]. The
information about gene essentiality status and prophage elements was plotted to a

genome-wide map to identify target regions for deletion (Figure 3.1 C).
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Figure 3.1: Genetic organization and classification of gene essentiality of C. glutamicum
strain ATCC 13032 - modified from Unthan et al. 2014 [4]. (A) A priori analysis based on a
set of 435 genes to deduce correlations between gene expression and conservation for a
genome-wide gene classification. (B) Estimation of essential genes by combination of RNA
and genome sequencing together with knowledge from targeted and untargeted knockout
studies. (C) Mapping of genes and their status of the C. glutamicum genome to identify

deletion targets and draft a chassis organism.
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3 Results and Discussion

3.2 Validation of wild type growth characteristics on defined medium

3.2.1 Biphasic growth on CGXII medium

Recently it had been reported that C. glutamicum wild type grows at specific rates
above p = 0.6 h'! on CGXII medium in microfluidic chips, while p = 0.4 - 0.45 h'1is
typically found in literature [73]. So far, this observation was restricted to this
particular cultivation system and had neither been fully understood nor
reproduced in any well-established cultivation device. As it was planned to
characterize C. glutamicum strains after genome-reduction on CGXII medium, the
phenomenon was tackled in the beginning of the project to establish a valid

standard for the later screening of genome reduced strains.

As a first experiment, the batch growth of C. glutamicum wild type was studied in a
1 1 bioreactor on CGXIl medium in ten biological replicates, each started at
comparable low cell densities. The cultivations were inoculated at
Nt=0= 1.3 - 106 + 2.1 - 10> cells ml-! what corresponds to an optical density (OD) of
0D=0.005 or a cell dry weight (CDW) of CDW=0.002 g I'1. Noteworthy, growth in
these highly diluted cultures was tracked by a sensitive Coulter Counter device as
the limit of quantification is typically much higher for OD and CDW measurements.
The results of the 10 bioreactor cultivations were highly reproducible and
indicated that batch growth follows two growth phases with a distinct kink at
t~10 h and a corresponding OD=0.5 (Figure 3.2 A). This observation was rather
surprising, since a biphasic growth pattern is normally not expected during
cultivation of C. glutamicum on a defined medium with only a single carbon source
(here D-glucose). Both phases were analyzed for exponential growth rates

separately and are referred to as first and second growth phase in the following.
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3.2 Validation of wild type growth characteristics on defined medium

For the first phase the exponential growth rate was estimated based on cell
number measurements as pfmax =0.61 + 0.02 h-1 which is in the same range as found
for C. glutamicum in microfluidic chips [73]. In contrast, during the second phase
the growth rate dropped to pmax =0.46 + 0.02 h-! which is in the range typically
reported for growth of C. glutamicum on CGXIl medium. To exclude any
misinterpretation in the separation between the firstand second growth phase, the
differential growth rates from the data set were determined along the cultivation
(Figure 3.2 B). Again, a clear drop in growth rates was observed at 10 h cultivation
time, supporting the observation of a biphasic growth pattern on defined glucose
medium. Next, potential misinterpretations of the rather unusual biomass signal
(cell number) were excluded, by additionally analyzing the total biovolume and the
mean single cell volume for all cultivations (supplement, Figure S-1). As a result,
the biphasic growth pattern was also observed when relying on total biovolume as
biomass parameter. Moreover, the course of the mean single cell volume along the
cultivation showed that the cells first grew in size after inoculation, reached a
maximum cell size and subsequently became smaller with decreasing substrate
availability. These observations are consistent with previous results, in which
C. glutamicum showed a decreasing mean cell size during carbon limitation after a

long-term batch process [67].

In further experiments, the reason for biphasic growth on CGXII medium was
investigated. Here it was assumed that a metabolic switch occurred in response to
either an accumulation of inhibiting by-products or the limitation of specific media
components. To discriminate between these effects, it was necessary to assess the
instantaneous growth phenotype in response to dynamically changing media
composition at particular time points of the batch cultivation while excluding all
side-effects from the cultivation history. Here, cultivation in microfluidic chips was
a promising technique, since it can be used to determine division rates and cell
morphology, which exclusively result from the predefined medium composition in
the inflow. The continuous inflow of fresh medium provides constant substrate
availability and prevents the accumulation of potentially growth impairing by-
products in the chamber throughout the cultivation [65]. In the following,
supernatant samples from the above described bioreactor cultivations were

filtrated and subsequently used as growth medium in microfluidic chip
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3 Results and Discussion

experiments (Figure 3.2 C). As a result, the early bioreactor supernatants that
nearly equal the original CGXII medium, led to fast growth of C. glutamicum in
microcolonies with pmax = 0.65 * 0.02 h-1, essentially reproducing the results of the
first bioreactor phase. Bioreactor samples from later time points led to decreased
growth rates of the microcolonies until a local minimum of pmax= 0.46 + 0.02 h-1
was reached, confirming the growth rate of the second bioreactor phase.
Interestingly, bioreactor supernatants from late exponential growth phase resulted
in a re-switch to fast growth in the microfluidic chip, which might be due to an
enrichment of the culture broth with intracellular metabolites during growth on
glucose excess [67]. Although only very low concentrations are present
(micromolar range) some of these metabolites might serve as additional carbon
sources or directly fed into protein synthesis when continuously supplied during

microfluidic chip cultivations.

In conclusion, the transfer of supernatants from bioreactor batch cultivations to the
continuously flushed microfluidic chip confirmed both bioreactor growth phases
and, moreover, excluded artefacts from cell aging or pre-culture as reason for the
biphasic growth. Moreover, the key factor for the biphasic growth must have been
captured in the culture supernatant as the growth rates from the dynamic batch
culture could be transferred to the continuously fed microfluidic chip. Hence, the
overall data strongly points to either an accumulation of growth-impairing by-
products or limitation of specific media components as reason for decreasing
growth rates. Consequently, the composition of the culture supernatant was

analyzed over the course of bioreactor cultivation in the following.
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Figure 3.2: Batch cultivation of C. glutamicum wild type in 1 L bioreactors in highly diluted
cultures reveals a biphasic growth behavior on defined CGXII glucose medium - modified
from Unthan et al. 2014 [2]. (A) Two distinct growth phases were identified reproducibly
(n=10) in which a growth rate of p=0.61+0.02 h'* was encountered during the first
phase. (B) Differential growth rates from the cell number measurements were determined
along the cultivation to determine the switch from first to second growth phase. (C)
Comparable alterations in growth rates were observed, when filtrated culture
supernatants of distinct time-points from the bioreactor were used as growth medium in

the microfluidic chip.

46
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3.2.2 Identification of a hidden co-substrate in CGXII medium

Metabolite investigations were started with untargeted GC-ToF-MS analysis of
supernatant samples from the above shown bioreactor cultivations. It was
observed that the potential iron-chelator protocatechuic acid (PCA) vanished from
the medium during early cultivation stage (supplement, Figure S-2). Interestingly,
it has already been reported that PCA or a comparable iron chelator like, e.g.
catechol or citrate, is necessary to initiate cell division in C. glutamicum [74, 75]. In
the following, PCA was quantified in the bioreactor supernatant samples using
targeted LC-MS/MS analytics (Figure 3.3 A). Here, it was observed that PCA was
completely consumed within 10 h of cultivation and the time point of total PCA
depletion coincided with the minimum in growth rates and the subsequent start of
the second growth phase. Most interestingly, recent reports also demonstrated the
ability of C. glutamicum to consume PCA as carbon source besides its iron chelating

function [76-78].

With this target compound at hand a differential transcriptome analysis was
carried out to evaluate the gene expression changes accompanied by the turn to
the second growth phase. Samples were taken from the bioreactor cultivation
2 hours before and 1.5 hours after the drop in the growth rates and compared to
each other with respect of mean mRNA expression (Figure 3.3 B). A complete list of
significantly up or down-regulated genes can be found in Table S-2 in the
supplement. Nearly all genes of the f3-ketoadipate pathway were significantly up-
regulated during the first growth phase (Figure 3.3 C and D). Among other
substances, PCA is catabolized in this pathway after the uptake by the putative
4-hydroxybenzoate transporter (encoded as pcaK) via six enzymatic steps to the
tricarboxylic acid (TCA) cycle intermediates acetyl-coenzyme-A (AcCoA) and
succinyl-CoA (SuCoA) [78, 79]. Interestingly, an up-regulation during first growth
phase was also observed for analogous degradation reactions for inositol,
gluconate, benzoate and catechol (iolB, iolC, gntP, pobA and catAl). Since
C. glutamicum originates from soil, this finding might reflect a global
transcriptomic response of this organism to substrates occurring in its natural

habitat.
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Figure 3.3: In-depth analysis on the biphasic growth of C. glutamicum wild type on defined

CGXII medium - modified from Unthan et al. 2014 [2]. (A) A rapid decrease of extracellular

PCA concentration during the first growth phase was revealed via LC-MS/MS

measurement. (B+C) Differential transcriptomics revealed an up-regulation of multiple

genes encoding for the 3-ketoadipate pathway in cells taken from the first growth phase.

(D) PCA catabolism via the f3-ketoadipate pathway of C. glutamicum, resulting in TCA

intermediates succinyl-CoA and acetyl-CoA.
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3.2.3 Medium formulation for strain characterization in microtiter plates

The results from metabolome and transcriptome analysis strongly indicated that
PCA causes the biphasic growth of C. glutamicum wild type in CGXII batch cultures.
However, the effect had never been observed in a bioreactor before because
classical biomass indicators (i.e. OD or CDW) cannot resolve culture growth in such
highly diluted cultures. However, it was planned to evaluate genome-reduced
C. glutamicum strains according to their growth rate on CGXII and the newly
discovered biphasic growth behavior might affect the later data analysis. Therefore,
the applicability of CGXII as medium for strain screening was evaluated in more

detail in the following.

In a first attempt it was tested whether PCA can be simply omitted from the growth
medium to eliminate the first growth phase. However, in those experiments it was
observed that the duration of lag-phases from identically inoculated cultures was
prolonged by hours and showed poor reproducibility. Moreover, cultures
inoculated at low cell densities often did not establish growth over several days of
cultivation (data not shown). These observations with PCA-free medium are in
agreement with the first report about the interplay of C. glutamicum and PCA, in
which it was found that low concentrations of PCA (0.1 mM) are necessary to
reproducibly initiate the exponential growth on glucose medium [74]. These early
findings had led to the theory that PCA enables the iron import during the
complete course of cultivation. The data obtained now, however, indicates that
growth at rates typically found for C. glutamicum takes place after depletion of PCA
(cf. Figure 3.3 A). In conclusion, the biological role of PCA is still not fully
understood and may not be restricted to its iron chelating function but should be
extended to even the growth of lowly inoculated C. glutamicum cultures. As a
consequence, PCA was not omitted from the medium formulation during the
following cultivations in order to establish an efficient and reproducible screening

of genome-reduced strains.

In the following, cultivations were carried out on CGXII medium with different PCA
concentrations to test whether the biphasic growth appears in the backscatter
signal of the BioLector. Growth media with standard as well as elevated PCA

concentrations were used and, as a result, the biphasic growth was visible when
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3.2 Validation of wild type growth characteristics on defined medium

PCA concentration ranged between 4.1 to 16.3 mM, which is 21 to 83-fold above
the standard PCA concentration (Figure 3.4 A). Interestingly, the switch in growth
rates observed in the PCA rich cultures was accompanied by a step-increase in the
DO-signal, which clearly indicated a metabolic switch to a PCA-free phase.
Furthermore, the final backscatter value was analyzed with respect to total carbon
availability from all cultures (Figure 3.4 B). In short, the increase of PCA at fixed
amount of D-glucose led to a proportional increase of the final backscatter values.
This observation together with the DO response to PCA-depletion finally proved
that PCA is a second carbon source alongside with D-glucose in defined CGXII

medium.

Considering the consequences for the strain screening, however, cultures growing
on medium with standard PCA concentration of 195 puM undergo the switch of
growth phases beneath the LOQ of the backscatter signal. The specific growth rates
obtained from backscatter measurements in the second phase were comparable to
those found in the bioreactor experiments (cf. Figure 3.2). In conclusion, any
BioLector cultivation of C. glutamicum on standard CGXIl medium exclusively
displays the second growth phase after PCA depletion. As this phase is regularly
referred to in terms of growth rates, the backscatter measurements from BioLector
cultivations can directly be used to evaluate growth phenotypes during screening

of genome-reduced C. glutamicum strains.
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Figure 3.4: Investigations of growth performances of C. glutamicum on CGXII medium
with altered PCA concentration - modified from Unthan et al. 2014 [2]. (A) Cultivations
were performed in the BioLector on CGXII medium with standard PCA concentration
(195 uM) as well as step-wise increased PCA concentrations up to 16.3 mM (83-fold). The
first growth phase is not visible at standard PCA concentration but can be extended to
0D = 3 with higher PCA concentrations. (B) Correlation of total carbon supply to maximum

backscatter from cultures grown on CGXII medium with varied PCA content.
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3.3 Handling and robot-assisted characterization of large strain libraries

3.3 Handlingand robot-assisted characterization of large strain libraries

3.3.1 Workflow to store and characterize large strain libraries

In the project to construct a chassis organism from C. glutamicum wild type, all
molecular biology tasks were performed by three project partners on the basis of
the initially determined chassis blueprint (cf. chapter 3.1). Strains with deletion of
non-essential genes, were received from the project partners on agar plates.
Subsequently, all strains needed to be characterized in order to evaluate the
relevance of the deleted genes for the biological fitness of C. glutamicum. It was
crucial to perform this characterization reproducibly and in a short time, in order

to give quickly give recommendations for further deletions to the project partners.

Therefore, a workflow was developed to store and characterize large strain
libraries (Figure 3.5 A). As a starting point of this routine, biomass from agar plates
was suspended in saline solution, from which a first FlowerPlate was inoculated.
Here each deletion mutant and reference strain (wild type or DM1933) was
cultivated on standard CGXII as well as enriched CGXII medium, in order to adapt
the cells to both media variants. Subsequently, glycerol was added to the remaining
biomass-saline suspension and the mixture was stored at -80 °C as master cell
bank (MCB). The cultivation on both media variants was carried out for two days,
until all cultures reached stationary phase. Then the optical density of all wells was
measured and all cultures were diluted to OD=26.7 with saline solution. Finally,
glycerol was added to reach a final optical density of OD=20 and all suspensions
were transferred to multiple sterile MTPs in aliquots, which were subsequently
sealed and stored at -80°C as working cell bank (WCB). For later growth
characterization one MTP was thawed, used once as inoculum for one FlowerPlate
and discarded after use. This process was later repeated with the remaining WCB

plates in order to phenotype all strains in replicates.
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During the complete project a total number of 113 strains was received from the
project partners. Noteworthy, the majority of these strains were not obtained
during the first half of the project, since molecular methods needed to be
developed in the beginning (Figure 3.5 B). Once these methods had been
established, new strains were constructed rapidly by the project partners and the
developed workflow allowed keeping pace during parallel strain characterization.
The BioLector data obtained during the phenotyping experiments was analyzed for
growth rates and biomass yields, using an excel-routine as described in the

following chapter.
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Figure 3.5: Workflow to store and characterize large strain libraries. (A) Strains are
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project.
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3.3.2 Standardized data analysis

After standardizing the handling and storage of strain libraries, routines were
developed to automatically estimate growth rates and biomass yields from
BioLector data. Here a focus was set to strictly define thresholds in order to avoid
the subjective selection of data points during the latter estimation of growth

parameters throughout different experiments.

The complete data handling was automatized in Excel as described in the
following. The raw data of 24 hour BioLector experiments was copied to the Excel
routine and each of the 48 cultivations was named with strain and medium used
(Figure 3.6 A). Then, each backscatter curve was automatically normalized by
subtraction of the mean backscatter value obtained from the period of
0.5 to 2 hours cultivation of the particular well. This was valid since the inoculation
density (OD=0.2) was below the limit of detection of the backscatter signal for the
first two hours. Each curve was blanked individually, since the 48 wells of a

Flowerplate differed to a rather high extent in their optical properties.

In order to estimate specific growth rates of the tested strains, each data set was
automatically trimmed to the phase of exponential growth. First, all values below
the limit of quantification of the backscatter measurement (LOQBs gain20: 10 BS)
were deleted from each curve. Secondly, the end of exponential growth was
determined from the time when the dissolved oxygen (DO) in each well stopped
dropping. Maximum specific growth rates were finally estimated by fitting
exponential functions to the remaining set of backscatter values (Figure 3.6 B).
Moreover, the maximum biomass value (Xmax) was determined by averaging the
blanked backscatter values of the last two hours cultivation time. Finally, Xmax was
normalized by the mass of substrate applied in the particular well in order to

estimate biomass yields, i.e. with the unit BS mgcLc?.

Finally, all automatically fitted growth curves and their correlation coefficients
were plotted together with the raw data in the Excel routine. Thereby, the
automated analysis could be controlled quickly to exclude any misinterpretation of
the raw data. The developed routine analysis enabled to estimate the growth
characteristics of genome-reduced strains at high reproducibility and typically

within 15 minutes for 48 cultivations. (cf. Figure 3.12).
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Figure 3.6: Standardized processing of BioLector data in an Excel routine for

analysis of large strain libraries. (A) Exemplary raw data of backscatter (gain 20)

and dissolved oxygen measurement during a 24 hour cultivation of the

C. glutamicum wild-type. (B) During automated data analysis, each backscatter

curve was first blanked by its initial values (red box). Then a backscatter threshold

and the rise in the DO signal were used to trim the data and estimate the maximum

specific growth rate from the exponential growth phase (green box). Xmax was

determined from the blanked backscatter values of the last two hours (blue box)

and normalized by the applied substrate mass to estimate biomass yields.
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3.3.3 Triggered harvesting of cell-free supernatants from BioLector

cultivations

For the screening of protein expression hosts on the MPP, it had already been
shown that a transfer of cultures to 4 °C at turn to stationary phase, increased the
reproducibility of results compared to over-night cultivations [57]. However, for
the characterization of genome-reduced strains it was desired to quantify
cultivation products, substrates and by-products. The found concentration of these
metabolites could have been affected by cell leakage as well as conversion by
extracellular enzymes during storage of culture broth at 4 °C for multiple hours.
Therefore, in this work the handling of culture samples was extended by steps for a
rapid centrifugation in order to remove cells from the samples and freezing at -4 °C

to stop any enzymatic activity (Figure 3.7 A).

The newly developed workflow started with the harvest of 500 pl from each
BioLector well, provided that the individually defined biomass- or time-dependent
trigger for the specific well was reached. A CSV handshake file was generated by
the RoboLector Software, which indicated the well number from which culture
samples were then pipetted into a 96 deep-well plate (DWP) for subsequent
centrifugation. The handshake file was then automatically copied and renamed by
a batch script, before the original handshake file was deleted by the liquid handling
software. This deletion process served as signal for the RoboLector software to
close the BioLector lid and continue the plate incubation after less than 3 minutes.
The exact time required for this initial harvest event depended on the number of
wells sampled in parallel, which varied between 1 and 48 for each cycle. Therefore,
the previously copied handshake file was used as template to fill a second DWP
with an equal volume of water and in the same pattern as the sample plate, in
order to serve as tare plate for centrifugation. Both plates were then transferred by
the gripper arm to the DWP-centrifuge located on the MPP and centrifugation was
carried out at 4500 rpm for 5 minutes. The obtained cell-free supernatants were
subsequently transferred to a third DWP at -4 °C, the tare DWP was emptied, the
copied handshake file deleted and the MPP was ready for the next sampling event.
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3.3 Handling and robot-assisted characterization of large strain libraries

Each cycle of the developed harvest procedure was finished after 12 to
17.5 minutes (depending on the sample load) and ran fully automated on the MPP

without any manual effort or replacement of consumables.

The automated workflow can, for example, be used to compare the product titers of
a production strain cultivated in 48 different media compositions or a library of 48
different strains cultivated in the same medium (Figure 3.7 B) Furthermore, it
enables insight into the metabolite uptake or production kinetics of an organism,
when multiple wells of a plate are inoculated with an identical culture and
harvested one after another according to a time-dependent trigger profile

(Figure 3.7 C).

A comparable workflow to generate cell-free supernatants on a robotic platform
had notbeen reported before. The most similar strategy using lab automation was
reported by Knepper et al for the intermittent measurement of OD, pH and
metabolites from cultures in 96-well plates in seven cycles at fixed times during
48 h cultivations [48]. However, their successive sampling from plates incubated
without humidity control led to a total volume reduction of 47 % per well over
48 hours. Moreover, enzymatically at-line substrate analytics were performed
without biomass separation from cultivation samples, resulting in incorrect
measurement values for D-glucose concentrations. In contrast, the BioLector
shows lower evaporation (< 10 % per well over 48 hours) and, mostimportantly, in
the MPP workflows the wells are not repeatedly sampled in order to minimize
disturbance of the culture, i.e. by altering oxygen transfer due to changing culture
volumes [80]. Moreover, the established workflow initiates sampling events in
response to individually measured online biomass values and results in cell-free
samples that are well suited for subsequent metabolite assays on the MPP as

described in the following chapter 3.3.4.
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Figure 3.7: Fully automated workflow to harvest cell-free cultivation samples from
microtiter plate cultivations on the MPP - modified from Unthan et al. 2015 [1]. (A) Steps
of the harvest operation to generate a variable number (1 - 48) of cell-free supernatants
from BioLector cultivations in parallel in less than 17.5 minutes. (B) Application example
to screen producer strains with respect to final product titers by sampling supernatants
after turn to stationary phase. (C) Exemplary time-dependent harvest profile of identically
inoculated parallel cultivations to assess substrate uptake and metabolite formation

kinetics using the automated harvest procedure.
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3.3.4 High-throughput metabolite assays in microtiter scale

The beforehand described MPP workflow results in cell-free supernatants from
BioLector cultures. Such microtiter scale cultivation devices typically produce high
sample loads, which should subsequently be analyzed in a reasonable period of
time. In order to enable the quick analyses of clarified samples, photometrical
assays for substrate and product metabolites were developed on the MPP in 384-

well plate scale.

First, the quantification of the substrate D-glucose was implemented on the MPP
using a two-step enzymatic assay (Figure 3.8 D). D-glucose is first phosphorylated
via hexokinase (HK) and then oxidized by glucose-6-phosphate dehydrogenase
(G6PDH) under formation of NADH. The enzymatic assay was fully automated for
routine application and runs without any manual work, except for the preparation
of a mastermix (cf. chapter 2.2.11). For each assay 48 cultivation samples were
automatically pipetted from a DWP to a 384-well plate in triplicates of two
different dilution steps. Standard samples for each run were prepared by the liquid
handling from a stock solution of D-glucose and pipetted in 9 replicates per
standard on the 384-well plate. The assay was started by addition of the mastermix
before the plate was automatically transferred to the photometer integrated on the
MPP and monitored at 340 nm for 30 minutes. The dynamic linear range of the

method was observed between 0.05 to 0.4 g I'1 D-glucose.

For the determination of amino acid concentrations the well-known Ninhydrin-
assay was adapted [81]. In short, Ninhydrin reacts with an amino acid to a Schiff
base before decarboxylation, dehydration and addition of a second Ninhydrin
molecule lead to the formation of the Ruhemanns purple (Figure 3.8 A). However,
none of the existing Ninhydrin protocols was suitable for automation, thus, the
reaction first needed to be adapted to microtiter scale for application on the MPP.
During this transfer to microtiter scale influences of pH, temperature, additives,

reagent volumes and reaction times were tested and optimized (data not shown).

In the resulting method, 48 culture supernatants were transferred to a 384-well
plate in triplicates, undiluted as well as in one dilution step. Specific standards for
the amino acid of interest were prepared by the liquid handling platform from a

stock solution in 9 replicates per standard on the same 384-well plate. The
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detection reaction was subsequently initiated by the addition of the Ninhydrin
solution, which was stopped after 4 minutes incubation by the addition of water
(cf. chapter 2.2.11). Finally, the plate was automatically transferred to the
photometer integrated on the MPP and the formed Ruhemanns purple was
quantified at 570 nm. Noteworthy, the Ruhemanns purple formation results from
the reaction of Ninhydrin with any amino acids present in the sample and can

consequently not directly be accounted to a single amino acid species.

Moreover, it had been reported that the yield of the Ninhydrin reaction is not
identical among different amino acids, since the residual groups can influence
conversion rates and equilibria of the reaction intermediates [81]. In order to
evaluate the sensitivity and selectivity of the developed microtiter approach, 19
different amino acids were measured with the final Ninhydrin assay protocol, each
at a concentration of 10 mM. As a result, the observed signal intensities indeed
differed among the tested amino acid species (Figure 3.8 B). In a next step, selected
media components and cultivation by-products which are typically found in
supernatants of C. glutamicum strains were tested. Here, none of the tested
compounds resulted in a detectable formation of the Ruhemanns purple in the
Ninhydrin assay. Finally, the linear dynamic range of the assay was checked
exemplarily for the amino acid L-lysine (Figure 3.8 C). The linear range was found
between 1 to 25 mM and thereby directly covers most of the L-lysine titers
typically reached by C. glutamicum producer strains under lab-scale screening
conditions [15, 16, 82]. Therefore, large series of error-prone dilution steps can be
skipped, what further improves the speed and accuracy of the microtiter scale

assay.
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3.3 Handling and robot-assisted characterization of large strain libraries

Recently, the Ninhydrin assay had already been successfully applied in an elevated
throughput approach to screen 311 bacterial isolates for those growing on
1-aminocyclopropane-1-carboxylate as sole carbon source [83]. However, all
pipetting steps as well as culture harvest and clarification were carried out
manually and the Ninhydrin reaction was incubated in open 96-well plates in a
boiling water bath. In contrast, the Ninhydrin assay developed in this work is
operated in 384-well plates and omits heating and sealing steps, which minimizes
the assays duration and simplifies its automation. By the usage of DMSO the
precipitation of the Ruhemanns purple was reduced which consequently

broadened the linear range, as also reported elsewhere [84].

In both developed microtiter assay protocols, all dilutions of standards and
samples were executed by the liquid handling platform of the MPP to achieve fast
and highly reproducible results. In total, 48 cultivation samples were automatically
processed and measured in triplicates of two different dilutions within less than 15
or 45 minutes in case of the Ninhydrin or D-glucose assay, respectively. The
throughput of both methods is consequently below one minute per sample
measured in replicates and, hence, much faster compared to other quantitative
methods based on HPLC or MS technologies. Moreover, the costs per sample for
chemicals and consumables are low and analysis of absorption data is highly
automatable in contrast to HPLC or MS detector signals, which often require

manual peak integration.
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Figure 3.8: Development and validation of metabolite quantification in 384 -well
plate scale on the MPP - modified from Unthan et al. 2015 [1]. (A-C) Photometric
quantification of amino acids was realized by the transfer of the well-established
Ninhydrin assay to 384-well plates. The assay was tested for its metabolite
spectrum, selectivity against typical by-products and media components of
C. glutamicum cultivations as well as its linear range for L-lysine. (D) Reaction and
linear range of the assay developed in 384-well microtiter plate scale to quantify D-

glucose in culture supernatants.
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3.4 Characterization of prophage-free C. glutamicum

3.4.1 Irrelevance of prophage elements for a chassis

The process of genome reduction toward a C. glutamicum chassis was undertaken
in three major steps, starting with the removal of three C. glutamicum prophages
(CGP). The first two prophages, namely CGP1 and CGP2, are highly degenerated
and rather small with 13.5 kbp and 3.9 kbp, respectively. In contrast, CGP3 can still
be induced by stress conditions, includes several expressed genes and accounts
with 187.3 kbp for almost 6 % of the wild type genome [85]. In accordance to its
large size, CGP3 was excised from C. glutamicum alone in the strain ACGP3, as well
as in combination with CGP1 and CGP2 to derive a fully prophage-free strain, which

was called MB0O1 by the constructing working group of Julia Frunzke at IBG-1.

In order to evaluate these first genome reduction steps, cultivations of ACGP3,
MBO0O01 and the wild type were carried out in the BioLector on CGXII medium in
seven replicates. The obtained growth curves were then analyzed for the maximum
specific growth rates and biomass yields utilizing the automated excel routine
(cf. chapter 3.3.2). As a result, the growth rate of the wild type was found at
Mmax = 0.44 + 0.01 h-1 (n=7) and neither ACGP3 nor MB001 showed significantly
deviating values based on a two-sided t-test with p-value<0.01 (Figure 3.9 A). The
biomass yield of the wild type was estimated at Yx/s = 12.4 + 0.1 BS mgcLc'! and
also found unchanged in ACGP3 and MBO0O01 (Figure 3.9 B). In summary, the
prophage-free strain MB001 met the initially defined criteria of unaltered
biological fitness and all prophage elements were consequently classified as

irrelevant for growth on CGXII medium.

64



3 Results and Discussion

A B
0.50 — 13 -

0.45 @ Ié] %

— O
T g:
l_>‘< » 127
£ M
= M o M
| ax » lax
0.40 75 % >_? 75 %
50 % 50 %
Mean Mean
25 % 25 %
Min Min
0.35 T I T 11 T T T
g 2 35 g 8 S
s & 8 5 & 8
z © = > O =
= =

Figure 3.9: Phenotyping of the first generation of genome-reduced C. glutamicum strains
in the BioLector on CGXII medium with 20 g 11 D-glucose. (A) Maximum growth rate of
CGP3 and MB001 compared to the wild type (n=7). (B) Biomass yield of CGP3 and MB001
compared to the wild type (n=7).

3.4.2 Stress response and heterologous protein expression

The prophage-free strain MB001 showed unaltered growth rates and biomass
yields compared to the wild type on standard CGXII medium. However, it had been
reported that CGP3 can be induced under stress conditions [85]. Consequently, the
prophage mightinclude functions to improve the stress tolerance of C. glutamicum,
what would explain the stable integration of the large prophage fragment
(187.3 kbp) in the genome. Otherwise it could also be possible that the induction of
CGP3 under stress conditions leads to an increased metabolic burden and its
excision in MB001 could ultimately improve the biological fitness of this strain

under such conditions.

In order to evaluate the relevance of the prophage genes under stress conditions
MBO001 was further analyzed and compared to the wild type. Both strains were
cultivated in the BioLector in a broad set of different media variants based on CGXII

medium. Stress was induced by phosphate limitation, high NaCl concentrations
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3.4 Characterization of prophage-free C. glutamicum

(osmotic stress) and iron excess. High iron concentrations were expected to
increase the formation of reactive oxygen species which ultimately lead to
oxidative stress [86]. As a result, MB001 did not display an altered phenotype
compared to the wild type under any of the tested conditions (Figure 3.10).
Consequently, the prophage elements were also determined as irrelevant for the

biological fitness under the tested conditions.
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Figure 3.10: C. glutamicum wild type and MB0O1 cultivated in the BioLector under
different stress conditions. The maximum specific growth rate and final backscatter values
were estimated in each medium variant from two replicates. The particular concentration

which resembles the standard CGXII composition is indicated in each diagram.

66



3 Results and Discussion

In further experiments a potential application of the prophage-free strain MB001
was tested. Other reports about the reduction of natural genomes led to altered
behaviors of plasmids in the derived genome-reduced cells, especially when mobile
elements like prophages had been deleted [87]. Therefore, it was tested if the
prophage-free strain MB001 would show an altered expression of a heterologous
protein encoded on a plasmid. As model protein eYFP was chosen, since its
expression could be monitored online in the BioLector system. The vector used was
pEKEX2 with a kanamycine resistance cassette and the tac promotor of eYFP was
induced with 1 mM IPTG. The plasmid was transferred to the WT and MB001 and
multiple independent clones were picked and cultivated in the BioLector. The
biomass formation and eYFP fluorescence was monitored online (Figure 3.11). It
was found that all strains grew to a comparable biomass at equal growth rates.
Interestingly, MB001 showed an increased production of the plasmid encoded
heterologous protein, since the final biomass specific fluorescence of MB001 was

35-40 % higher compared to the wild type (Figure 3.11 B).

A detailed analysis of this finding revealed three genes included in the region of
CGP3 that encode a DNA restriction and modification system. These three genes
were excised from the wild type and the obtained strain AcgIMRR was also tested
for plasmid encoded eYFP expression. As a result, AcgIMRR showed an identically
increased biomass specific fluorescence compared to MB001 and thereby the effect

observed in the prophage-free strain could be narrowed down to these three genes.

In summary, the strain MB001 displayed a genome reduction of 6.2 %, an increased
plasmid encoded protein expression and, most importantly, unaltered biological
fitness under standard as well as stress conditions. Therefore, it fulfilled the
criteria setfor a chassis in this study and was consequently used as a starting point

in the following genome reduction steps.
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Figure 3.11: Comparison of growth and eYFP expression between C. glutamicum wild type
(ATCC 13032) and the strains MB001 as well as AcgIMRR - modified from Baumgart M,
Unthan S, et al. 2013 [3] (A) Backscatter and eYFP fluorescence in the BioLector on CGXII
medium with kanamycine and 1 mM IPTG (n=7). (B) Final biomass specific eYFP

fluorescence of all cultures.
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3.5 Deletion of non-essential gene clusters from prophage-free

C. glutamicum

3.5.1 Relevance of non-essential gene clusters for growth of C. glutamicum

After the successful construction of the prophage-free strain MB001, two insertion
elements were further deleted to increase the genetic stability of subsequent
genome-reduced strains. On basis of the derived strain ACGP123 AISCg12, the next
step toward a chassis was undertaken by deletion of gene clusters that resulted as
target from the prior genome-wide gene essentiality blueprint (cf. chapter 3.1). In
total, the deletion of 41 gene clusters ranging from 3.7 to 49.7 kbp was attempted,
of which 36 could be carried out successfully to derive the equivalent number of
genome-reduced strains (GRS). This result directly confirmed the prior genome-
wide essentiality classification to a wide extent and, concurrently, the status of any
unclassifiable gene in those clusters was updated to non-essential. The deletion of
the remaining clusters failed repeatedly, probably because they contained yet

unknown essential genes.

The next step was to evaluate the relevance of all deleted clusters for the target
characteristic of the chassis, which was defined as non-impaired biological fitness
on defined glucose medium. As initially defined, biological fitness was assessed by
the maximum specific growth rate of each GRS, as a drop in this easily measurable
parameter would directly point to an impaired metabolism. Along the construction
of a chassis, each genome reduction step was considered acceptable when the

outcoming strain did not show a significantly reduced growth rate (cf. Figure 1.2).

The biological fitness of each GRS was determined from 1 ml batch cultivations in
multiple replicates (n=6) to generate a valid data set for statistical analysis. All
cultivations were performed following the prior developed high-throughput
phenotyping workflow, in order to evaluate the large GRS library with high
reproducibility in a short time (cf. chapters 3.3.1 and 3.3.2). Significantly changed
growth rates were determined via t-test (two-sided, p-value<0.01) when

comparing each GRS with the C. glutamicum wild type (Figure 3.12 A).
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For the wild type a maximum growth rate of pmax = 0.43 + 0.02 h-! (n=27) was
estimated and the rates for the 36 GRS ranged between 0.22 + 0.01 h-1 (GRS31) and
0.47 + 0.06 h-1 (GRS33). While, 10 GRS showed significantly slower growth rates
for 27 GRS the growth rate and thereby biological fithess was maintained at wild
type level. During further analysis, the total biomass yields were estimated by
normalizing the maximum backscatter value (gain 20) reached in early stationary
growth phase to the amount of D-glucose (GLC) fed to each batch culture
(Figure 3.12 B). The biomass yield of the wild type was Yx/s = 19.6 + 2.1 BS mgcLc?
and found significantly lower for five GRS. Interestingly, all these strains (namely
GRS13, GRS15, GRS31, GRS42 and GRS50) also grew significantly slower, what
underlines the relevance of one or multiple genes in the respective clusters for

biological fitness on CGXII medium.

Next, all GRS were grown on medium enriched with complex additives, which
might allow the by-passing of potential limitations in central metabolism created
from gene cluster deletions. Batch cultivations were carried out on enriched CGXII,
which was obtained by addition of L-threonine, yeast extract and a vitamin mixture
(Figure 3.12 C). Here a maximum growth rate of umax = 0.61 * 0.04 h-1 (n=13) was
found for the wild type and the rates for the GRS ranged from 0.44 + 0.08 h!
(GRS45) to 0.66 +0.03 h'! (GRS28). Significantly slower growth rates were
observed for four strains, namely GRS41, GRS42, GRS45 and GRS50. Interestingly,
three of these strains also grew slower on defined CGXII medium in the previous
experiment (cf. Figure 3a). Therefore, at the least one gene in each of the
corresponding clusters seems to be of general relevance for C. glutamicum and
addition of complex substrates cannot recover the biological fitness of the
corresponding GRS. However, for GRS13 and GRS25 the biological fitness was
recovered to wild type level on enriched CGXII and, conclusively, one or multiple
genes in the clusters #13 and #25 are relevant for growth on CGXII medium but
irrelevant on enriched CGXII. This observation clearly points to an anabolic
function of the respective genes and that their deletion can be complemented by

supplementation of complex additives.
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For GRS25 an explanation might be the deletion of cg1283 which is (together with
cg1835) discussed to encode for a shikimate dehydrogenase (SDH) in the aromatic
amino acids biosynthesis [13]. Consequently, amino acids supplemented by the
yeast extract in enriched CGXII could compensate the growth defect of GRS25.
However, in a recentreport the single deletion of cg1835 instead of cg1283 led to a
more severe growth defect of C. glutamicum, thus the main SDH activity is at the

moment assumed to be encoded by cg1835 [88].

One of the genes deleted in GRS13 was panD (cg0172) which was set as an
unclassifiable gene during the initial essentiality analysis, since findings from
knock-out data were in disagreement. However, panD encodes for the aspartate-1-
decarboxylase that catalyzes the synthesis of f3-alanine as pantothenate precursor
[89]. Hence, the decreased biological fitness of GRS13 on CGXII medium could be
caused by f3-alanine limitation, which is complemented by the yeast extract on
enriched CGXII. Most interestingly, in earlier studies the deletion of panD from
C. glutamicum was reported to result in f3-alanine auxotrophic strains [89].
However, GRS13 showed growth on defined CGXII in all experiments of this work,
but at significantly lower rates. In conclusion, panD should from now on be
considered as non-essential for C. glutamicum, but it is most probably relevant for

its biological fitness on defined CGXII medium.
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Figure 3.12: Evaluation of non-essential gene clusters deleted one at a time in two strain
backgrounds on different medium compositions - modified from Unthan et al. 2014 [4].
Significant deviations are marked by an asterisk (two-sided t-test, p-value<0.01).
(A) Maximum growth rates of GRS on defined CGXII medium, sorted according to their
mean values (n26). (B) Biomass yields of all GRS according to the maximum backscatter
signal at gain 20 (n=6). (C) Maximum growth rates of GRS on enriched CGXII medium
(n=3). D) Maximum growth rates of GRLP on CGXII medium compared to DM1933 (n=3).
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In summary, 36 GRS were successfully constructed and 26 strains fulfilled the
criteria of unaltered biological fitness on CGXII medium. Consequently, all these
clusters exclusively consist of genes that are irrelevant for the target criteria and
are therefore valid deletion targets to construct a C. glutamicum chassis. However,
few deletions resulted in a decreased biological fitness of the corresponding strains
and must therefore include at least one relevant gene function. These clusters
should therefore be excluded during a chassis construction or could eventually be

deleted in a truncated version to retain the relevant genes in the genome.

Nevertheless, those strains showing reduced biological fitness are of high interest,
as the observation points to so far not fully understood gene functions in the
deleted clusters. In order to narrow such effects down to a single gene, further
targeted deletions of single genes and truncated clusters are necessary, which were
outof the scope of this work. However, some new conclusions could be drawn from
the observed GRS phenotypes in combination with partially existing annotation

data of the particular gene clusters.
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3.5.2 Growth and product formation of genome-reduced L-lysine producers

In order to test whether the classification of irrelevant genes obtained in the GRS
also holds true in another strain background, selected deletions were carried out in
the C. glutamicum L-lysine model producer DM1933. Moreover, it was of special
interest to test if any cluster deletion might alter the L-lysine production capacity
of the particular strain. The developed robotic workflows were used to
automatically harvest BioLector cultivations at turn to stationary phase and

quantify amino acids in microtiter scale (cf. chapter 3.3.3 and 3.3.4).

In total, 19 genome-reduced L-lysine producers (GRLP) were constructed on basis
of the prophage-free L-lysine producer DM1933 ACGP123. Their biological fitness
during growth on CGXIl medium was tested in at least three replicates and
compared to DM1933, which grew at pmax = 0.34 * 0.03 h-! (Figure 3.12 D). The
tested GRLP showed growth rates ranging from 0.15 * 0.05 h-1 (GRLP45) to
0.39 £ 0.01 h1 (GRLP39). Interestingly, the deletion of the two particular gene
clusters #39 and #45 had influenced the biological fitness of the wild type in a
comparable way (cf. Figure 3.12 C). While GRS39 showed the second highest
growth rate on defined CGXII, the corresponding GRLP39 grew faster than any
other GRLP as well as the reference strain DM1933. In contrast, the deletion of
cluster #45 in GRS45 and GRLP45 resulted in significantly decreased growth
performances under any tested condition. Consequently, statements about gene

relevance might not be strictly restricted to a particular strain background.

In further experiments the product formation of 17 GRLP was compared to
DM1933 in batch cultures (CGXII medium, 40 gl! D-glucose, n=4). L-lysine
production is generally coupled to primary metabolism, thus highest product titers
are expected after turn to stationary phase in a batch culture [90]. Consequently,
the previously developed MPP procedures were used to automatically harvest and
freeze cell-free supernatants from all cultures, one hour after turn to stationary
phase (cf. Figure 3.7 B). On the next day, the sample-DWP was thawed and total
amino acid titers of all cultivations were measured in 384-microtiter scale using
the fully automated Ninhydrin assay (Figure 3.13 A). As a first result, the highest
amino acid titer was measured in the supernatant of GRLP45 (59.1 * 1.3 mM)

which was 51 % higher compared to the titer for DM1933 (39.2 + 6.1 mM).

74



3 Results and Discussion

To test whether the MPP screening results considering growth and amino acid
production can be transferred to the lab-scale, DM1933 as well as GRLP45 were
cultivated in 11 bioreactors on CGXII medium with 10 gl! glucose. Both
cultivations were sampled every hour and analyzed for total amino acid as well as
L-lysine concentrations using the developed Ninhydrin assay as well as an
established LC-MS/MS protocol, respectively (Figure 3.13 B). As a first result, the
trend of a decreased growth rate of GRLP45 was reproduced in bioreactor scale
(Umax = 0.20 h-1). Additionally, the Ninhydrin assay pointed to a higher total amino
acid titer of GRLP45 compared to DM1933, which was confirmed as an increased

L-lysine titer by the LC-MS/MS measurement.

In conclusion, the developed robotic workflows allowed to quickly assess the
production capacity of the GRLP library and exemplary results obtained on the
MPP were subsequently confirmed in 1 1 bioreactors. GRLP45 does not show
improved space-time yields, since the increased L-lysine titer is produced in a
longer cultivation due to the decreased growth rate of this strain. Most likely, the
deletion of cluster #45 from DM1933 decreased the growth rate, which was also
seen in wild type background (GRS45) and thereby led to a prolonged L-lysine

production phase and ultimately increased product titers.
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Figure 3.13: Screening of the GRLP library for altered L-lysine production capacity and
scale-up of GRLP45 in lab-scale bioreactors - modified from Unthan et al. 2015 [1].
(A) Total amino acid concentrations of the GRLP cultivations on CGXII with 40 g It D-
glucose. Supernatants were analyzed using the developed MPP harvest procedure in
combination with the automated Ninhydrin assay (n=4). (B) Cultivation of GRLP45 and
DM1933 in 1 1 lab-scale bioreactor experiments. Total amino acids and L-lysine were
quantified using the automated Ninhydrin assay (n=3) and an established LC-MS/MS

protocol (n=3), respectively.

76



3 Results and Discussion

3.6 Combinatorial deletion of irrelevant gene clusters

3.6.1 Interdependence of irrelevant clusters in C. glutamicum

As described in the previous chapter, strains with deletion of single gene clusters
were characterized, in order to identify those clusters that are irrelevant for the
biological fitness of C. glutamicum on CGXIl medium. With these results at hand,
recommendations could be given to the project partners to guide the combinatorial
deletion of those gene clusters to allow the construction of a chassis organism.
Noteworthy, it was expected that some combinations would lead to impaired
biological fitness of the derived strains, especially when so far unknown but
relevant functions were encoded redundantly (i.e. isoenzymes) in the particular
clusters. The combinatorial deletions were carried out by the project partners
sequentially by homologous recombination, since no technique existed to combine
pre-made deletions in C. glutamicum as for example possible for E. coli using P1
transduction [91, 92]. Throughout each deletion cycle, the first strains with few
combinatorial deletions were obtained and quickly analyzed using the established
methods (cf. chapters 3.3.1 and 3.3.2) in order to detect combinatorial dead ends

and guide the ongoing deletion process.

In the following, a selection of 13 strains with partially overlapping combinatorial
deletions is presented and conclusions about the interdependence of some
individually irrelevant gene clusters are presented (Figure 3.14 A). The overall
genome reduction of the tested strains ranged between 7.69 % (W106) and 12.8 %
(W121) as a percentage of the wild type genome (Figure 3.14 B). The biomass yield
and maximum specific growth rate of all strains was determined on CGXII medium

and compared to the wild type in atleast four replicates (Figure 3.14 C and D).
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A WT | W34 | W35 | W36 | W64 | W65 | W106 | W111 | W113 | W127 | W116 | W101 | W105 | W121
ACGP123 X X X X X X X X X X X X X
AISCg12 X X X X X X
A0414-0440 X
A0635-0646
AQ704-0748 X
A0822-0845 X X
ArrnB-0931 X
A1018-1033 X X
A1172-1213 X X X X
A1291-1305
A1340-1352
A2312-2322 X X
A2621-2643 X X
A2663-2686
A2755-2760 X
A2801-2828 X X
A3050-3062 X
A3102-3111 X X
ArrnC-3298 X
A3263-3301 X
A3324-3345 X
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Figure 3.14: Combinatorial deletion and interdependence of selected gene clusters in
C. glutamicum. (A) Strains with combinatorial deletion of gene clusters that had
individually been classified as irrelevant for growth on CGXII medium. (B) Overall genome
reduction of the combinatory strains as a percentage of the wild type genome. (C+D)
Biomass yield and maximum specific growth rate on CGXII medium in BioLector
cultivations (n=4). Significantly changed values compared to the wild type are marked by

an asterisk (two-sided t-test, p-value<0.01).
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As a first result, the deletion of cluster A1172-1213 together with any of A0414-
0440, A1018-1033 and A3050-3062 did not affect the biological fitness of the
derived strains W34, W35 and W36, respectively. This exemplary finding already
proved the general applicability of the chosen approach to combine deletions of

individually irrelevant gene clusters.

In contrast, interdependence was observed for the cluster A2801-2828 with ArrnB-
0931 as well as with ArrnC-3298. The corresponding strains W64 and W65
showed compared significantly lower growth rates of fimax = 0.31 + 0.05 h-! (n=6)
and pmax = 0.29 * 0.03 h'1 (n=8), respectively. Consequently, these clusters were
excluded from any further combinatorial deletion cycle toward a chassis. The
reason for the observed interdependencies in W64 and W65 was further

investigated as described in the following chapter 3.6.2.

Another cycle of combinatorial deletions was started along the genome from
cluster A2312-2322 on and resulted in the strains W106, W111, W113 and W127.
During characterization, none of these strains showed an impaired biological
fitness but, in fact, the maximum growth rate was even significantly higher as
compared to the wild type. Most interestingly, the strain W127 with a total genome
reduction of 8.78 % grew with pmax=0.48 % 0.01 h'1(n=16) based on the

backscatter measurement in the BioLector.

The strain W116 was constructed by deletion of 3 irrelevant clusters of which
cluster A3102-3111 had already been deleted in W127. The maximum growth rate
of W116 was significantly lower with pumax = 0.36 + 0.02 h-1 (n=17), thus, at least
two clusters deleted in W116 are interdependent and cannot be deleted
simultaneously without affecting the biological fitness of C. glutamicum. As a
consequence, the two clusters A3263-3301 and A3324-3345 were excluded from

the further step-wise construction of a chassis.

A last cycle of combinatorial deletions was started along the genome from cluster
A0414-0440 and resulted in the strains W101, W105 and W121. As a result, none
those strains was impaired in biological fitness but, in fact, all strains grew
significantly faster based on backscatter measurements. As an example, a
maximum growth rate of umax = 0.47 * 0.02 h-1 (n=16) was found for W121, which

displayed the largest proportion of genome reduction (12.8 %) of all constructed
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strains. Consequently, this strain W121 as well as W127 were chosen for further
studies to i.e. test whether the growth rate would also be found increased based on
classical biomass signals measured during bioreactor cultivation. The results of

this in-depth characterization are summarized in the following chapter 3.7.
3.6.2 Effect of combinatorial deletion in strain W65

As described in the previous chapter, the combinatorial deletion of the clusters
A2801-2828 and ArrnC-3298 led to a significantly impaired biological fitness of the
respective strain W65. This was surprising, since both clusters had been classified
as irrelevant when deleted solely in the strains GRS41 and GRS51 (Figure 3.12).
This phenomenon was tackled with different methods of which an intracellular GC-
ToF-MS fingerprint led to a valid explanation of the effect, as described in the

following.

The wild type, GRS41 (A2801-2828) and W65 (A2801-2828 and ArrnC-3298) were
cultivated in lab-scale bioreactors on CGXIl medium with 10 g 1-? D-glucose. As a
first result, during this cultivation the significantly decreased growth rate of W65,
which had so far only been observed during BioLector experiments, was confirmed
on basis of optical density and cell number measurements (results not shown).
From these bioreactor cultivations, samples were taken during the exponential
growth phase at OD = 2 for intracellular GC-ToF-MS fingerprints (cf. chapter 2.2.7).
In short, the cells were washed, frozen and later metabolites were extracted with
hot MeOH and finally derivatized for GC-ToF-MS analysis. During subsequent data
analysis, all peak areas were normalized by the total biovolume (in pl) in the
sample and the normalized data of W65 and GRS41 were plotted against the wild
type data.

As expected, for GRS41 that did not show an altered phenotype under any testes
condition, the GC-ToF-MS fingerprint was highly comparable to the wild type
(Figure 3.15 A). In total 53 metabolites could be compared between GRS41 and the
wild type (fully separated peaks) and only for 8 metabolites a 2-fold difference was
found between the samples. In contrast, the GC-ToF-MS fingerprint for W65
indicated multiple highly altered intracellular metabolite pools (Figure 3.15 B). In

total 49 metabolites were analyzed of which 23 were found in the extracts with
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two-fold in- or decreased concentration The highest difference was found for
L-serine, which was 8.75-fold increase in W65 compared to the wild type.
Interestingly, other amino acids pools were also increased more than 2-fold, such
as L-alanine, L-glutamine, L-glycine, L-isoleucine, L-lysine, L-proline, L-threonine
and L-valine. These amino acids are derived from different branches of glycolysis
and the citric acid cycle [6]. Thus, not only a specific amino acid synthesis pathway
seems to be affected in mutant strain W65, but the amino acid accumulation is
rather unspecific. Consequently, the increased amino acid pools could be explained
by a decreased activity of the anabolism that utilized amino acids, namely the

translation machinery.

This hypothesis is supported by the genes annotated in the deleted clusters of
W65, which in total include three operons for ribosomal RNA (rrn). In the wild
type genome, six of those operons exist and hence W65 missed half of the native
rrn-operons. The single cluster deletions in the strains GRS51 (ArrnC-3298) and
GRS41 (A2801-2828) include one and two rrn-operons, respectively, and both
strains did not show an impaired biological fitness. However, the combinatorial
deletion of three rrn-operons in W65 might have limited the ribosome capacity of
C. glutamicum, which is required for growth rates typically found on CGXII medium.
Besides W65 also another strain existed, namely W64, in which three rrn-operons
had been deleted simultaneously during combinatorial deletion of two irrelevant
gene clusters. Most interestingly, W64 also displayed a significantly decreased
growth rate in the range of W65, what further supports the hypothesis of

interdependence of ribosomal capacity and maximum growth rate (cf. Figure 3.14).

Thus, a general interdependence of rrn-operon copy number and growth rate
seems to exist for C. glutamicum. Such a relationship had also been reported for
E. coli where two of seven rrn-operons could be deleted before growth rates
dropped [93]. Moreover, the authors showed that the native surplus in translation
capacity is useful for the cell’s rapid adaption to changing environments, such as
shifts in nutrients or temperature. Consequently, the C. glutamicum strains with
deletion of few rrn-Operons that maintained identical growth rates in this study
(i.e. GRS41 and GRS51), might display longer lag-phases in changing environments.
Therefore, those clusters that included rrn operons were excluded as deletion

targets for further construction of the C. glutamicum chassis.
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Figure 3.15: Intracellular GC-ToF-MS fingerprint of GRS41 (A) and W65 (B) compared to
the C. glutamicum wild type. Strains were grown in 1 | bioreactors on defined CGXII
medium and sampling was performed during exponential growth phase. The resulting
peak areas for all detectable metabolites were normalized by the total biovolume in each
sample. Dashed lines represent levels of 2-fold increased or decreased values compared to

the wild type. Metabolites which could not be identified using the JuPOD database are

labeled with a question mark.
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3.7 In-depth characterization of pre-chassis W121 and W127

3.7.1 Biological fitness under stress conditions and on other C-sources

The previous tests of strains with combinatorial deletions resulted in the two
functional pre-chassis W121 and W127 which display the highest degree of
genome reduction reached in the cooperation project so far. Both strains showed,
compared to the wild type, unaltered biomass yields and significantly increased
growth rates on defined CGXII medium in the BioLector (cf. Figure 3.14). During
following experiments both pre-chassis were studied under varying conditions to
further check to what extent the strains remained the properties of the originating

wild type.

First, the response of W121 and W127 against nitrogen and phosphate limitation
as well as osmotic stress was tested in a series of BioLector experiments. For each
condition the maximum specific growth rate and final biomass concentration
according to backscatter as well as CDW were estimated as shown in the
supplement (Figure S-3 - Figure S-5). In short, both pre-chassis did not show any
altered response to the applied stress conditions compared to the C glutamicum

wild type.

Next, both strains and the wild type were grown on carbon sources other than
D-glucose, including hexoses, disaccharides, sugar alcohols as well as organic acids.
During medium preparation the C-sources were added to reach the same total
amount of carbon compared to the standard D-glucose concentration of 10 g I-'1. All
cultivations were performed at least in triplicates and analyzed for maximum

specific growth rates and final CDW (Figure 3.16).

Interestingly, the strain W127 grew significantly faster on D-glucose, acetate,
citrate and D-maltose compared to the wild type and all other pmax as well as all
Xmax Values were found unchanged. (Figure 3.16 A+B). In contrast, the strain W121
did not maintain the biological fitness at wild-type level on multiple C-sources
(Figure 3.16 C+D). As observed before the maximum growth rate on D-glucose was
significantly higher, however, the final biomass was significantly lower when CDW
was applied as biomass signal instead of backscatter (cf. Figure 3.14). The latter
result is most likely caused by altered cell morphology of W121, which is further
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investigated in the following chapter 3.7.3. W121 grew significantly slower on
acetate and had lost the ability to grow on citrate, succinate and D-malate. Besides
D-glucose, the final CDW of W121 was also significantly lower compared to the

wild type on succinate as well as D-malate.

In summary, the pre-chassis W121 showed several drawbacks compared to the
wild type considering utilization of different C-sources. However, the decreased
biological fitness under the tested conditions was not surprising, as the target
criteria during the previous screening approaches was unaltered growth on
D-glucose. Consequently, genes relevant for i.e. utilization of acetate, succinate or
D-malate could have been deleted from W121 within the genome reduction cycles.
In contrast, the biological fitness of W127 on the tested C-sources exceeds
expectations one might have for a chassis designed for unaltered growth on
D-glucose. In W127 all values estimated for pumaxas well as final CDW were at least
maintained at wild type level and even significantly higher in some instances.
These results could point to a decreased metabolic burden of W127, which should
be confirmed in following studies and might be a beneficial feature for its future

application.
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3.7.2 Growth in lab-scale bioreactors

After intensive characterization of W121 and W127 in the BioLector system, both
pre-chassis were cultivated in lab-scale bioreactors in order to evaluate their
growth properties under controlled conditions. Of particular interest was the
analysis of the classical biomass values, ie. OD and CDW, because W121 had
displayed contrary trends when assessing Xmax based on CDW or backscatter in
the previous BioLector runs. W121, W127 and the wild type were cultivated at
least in triplicates and the cultivation data can be found in the supplement

(Figure S-6 - Figure S-8).

Parameters derived from the bioreactor cultivations are summarized in Table 3.17
and maximum growth rates are compared to the estimates from previous
BioLector runs. As a first result, the mean growth rate estimates obtained by the
five different biomass signals used in this study show systematic differences for all
tested strain, however, the rates are not significantly different. For example the pmax
of the wild type was calculated as 0.41 + 0.03 h-1 or 0.46 + 0.02 h-1 when using the
CDW or cell number data, respectively. These differences in mean growth rates
estimates might be caused by dynamic changes in cell size and composition over
the course of the exponential growth phase (cf. Figure 3.19 C). Interestingly, the
significantly higher maximum growth rates of W121 and W127 observed in the
BioLector, were not observed when using other biomass signals from bioreactor

cultivations.

This observation can be commented with the phrase “you get what you screen for”,
which describes the tendency of screenings to result in biological entities that
follow the applied selection pressure but not do not display any other closely
related characteristic [94]. As the GRS were initially screened according to growth
rate based on backscatter measurements, this parameter was found increased in
the following pre-chassis W121 and W127, but p was not found increased in any
other biomass signal. Thus, clusters were most likely deleted in both strains that
altered the cell structure and led to changed optical attributes during backscatter

measurement.
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Table 3.17: Overview of results obtained from lab-scale bioreactor cultivations of
C. glutamicum wild type and the pre-chassis W121 and W127 on defined CGXII medium
with 10 g It D-glucose. For comparison the maximum growth rates from previous

BioLector experiments are also displayed (cf. Figure 3.14)

Parameter WT w121 w127
(n=4) (n23) (n=3)
Mmax [h-1] according to:
0D 0.43 +0.02 0.43 +£0.02 0.42 +0.01
CDW 0.41 £0.03 0.36 +0.04 0.38 £ 0.02
Cell concentration 0.46 +0.02 0.54 £0.03 0.48 +0.01
Biovolume 0.43 £0.01 0.46 +0.01 0.44 £0.01
Backscatter (Biolector) 044 +0.02 047 +0.02 0.48 +0.01
Yx/s [g81] 0.60 = 0.04 0.49 £ 0.05 0.56 +0.01
Base used [mL] 3.48 +0.61 3.20 +0.49 3.36 +0.55
Acidused [mL] 0.69 £0.31 0.65 +0.30 1.01 £0.59

Considering all values obtained in the bioreactor, the pre-chassis W127 did not
show any alterations exceeding standard deviation compared to the wild type.
However, one difference observed was the color of culture supernatants during
stationary phase. While supernatants of the wild type and other strains were
bright yellowish, W127 developed a dark brownish supernatant. The brown color
was not clearly visible at turn to stationary phase, but increased in intensity during
further aeration in the bioreactor (supplement, Figure S-9). The effect was
addressed using untargeted GC-ToF-MS, thin layer chromatography and extraction
with organic solvents. However, the substance could not be isolated nor identified.
Nevertheless, it can be stated that the brownish substance or substance mixture is
hydrophilic, exclusively presentin the supernatantand its color formation seems to

depend on oxidation.

Between W121 and the wild type few significant differences were observed in the
bioreactor (Table 3.17). The maximum growth rate based on cell concentration
measurement was found at 0.46 + 0.02 h'! for the wild type but at significantly
higher values of 0.54 + 0.03 h-1 for W121. Moreover, in all bioreactor experiments

with W121 and increased foaming took place and a thick film of cells attached to
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the inner reactor wall was observed after the end of exponential growth. The
removal of cells from the liquid phase during foaming might also have contributed
to the significantly lower biomass yield of W121 (Yx/s=0.49 + 0.05 g g'1) compared
to the wild type (Yx/s=0.60 + 0.04 g g1). The aspects of foaming and morphology
that are of particular relevance for W121 were addresses in additional experiments

as reported in chapter 3.7.3.

Finally, GC-ToF-MS fingerprinting was carried out by analyzing bioreactor samples
of both pre-chassis and the wild type from the exponential and stationary growth
phase. In short, both fingerprints of W127 showed only few alterations in
intracellular metabolite pools, what further supported the similarity of this pre-
chassis to the wild type. In contrast, for W121 multiple metabolites were presentin
higher intracellular pools during exponential growth, as for example true for the
amino acids L-proline, L-glutamine, L-valine and L-arginine, the sugar phosphates
fructose-6-phosphate and glucose-6-phosphate as well as the organic acids
pyruvate, a-ketoglutarate and malate. Since those metabolites are derived from
different branches of the central metabolism and large genomic regions were

deleted from W121, the reason for the increased pools cannot be clearly identified.
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Figure 3.18: Intracellular GC-ToF-MS fingerprints of strains W127 (A+B) and W121 (C+D)

during exponential and stationary growth phase on defined CGXII medium in bioreactors.

Peak areas detected for all metabolites were normalized by the total biovolume applied

during methanol extraction and dashed lines represent levels of 2-fold increased or

decreased values compared to the wild type. Question marks label metabolites that could

not be identified using the JuPOD database.

89



3.7 In-depth characterization of pre-chassis W121 and W127

3.7.3 Morphology of W121

As mentioned in the previous chapter, W121 displayed some unexpected attributes
during bioreactor cultivations, such as strongly increased foaming, lower biomass
yield as well as an increased growth rate calculated from cell number
measurements. To further investigate these findings another series of bioreactor
experiments on defined CGXII medium were carried out for the wild type as well as
W121, W105 and W101. The latter two strains include different sub-sets of the
deletions combined in W121 (Figure 3.19 B) and might therefore allow to identify
the deletions that causes the altered phenotype of W121. Noteworthy, all
bioreactor cultivations were initially supplemented with a fixed amount of
300 ppmv antifoam reagent (AF204), which had been determined as sufficient for

the general C. glutamicum cultivations during initial experiments.

As a first result, W121 showed again a highly increased foaming up to 5 cm above
the liquid phase, while for the wild type no foam formation was observed.
Moreover, W121 biomass was removed from the liquid phase during foaming and
found attached to the inner reactor wall after turn to stationary phase (Figure 3.19
A). Interestingly, the strain W101 showed the same foaming and biomass removal
as W121, while the strain W105 behaved comparable to the wild type. Thus, all
clusters deleted in W105 could be excluded as reason for the phenotype of W121.
Moreover, by taking the genotype of W101 into account, the deletion of the cluster
A0414-0440 was deduced as most promising candidate to cause the phenotype of
increased foaming (Figure 3.19 B). In the next step, the strain with the sole deletion
of this region, namely GRS16, was also cultivated in a bioreactor and the phenotype

of increased foaming was fully reproduced with this strain.

Moreover, during all bioreactor cultivations the mean cell volumes were monitored
using a coulter counter (Figure 3.19 C). Here, all strains showed after inoculation
an increase in median cell volume before cell division set in and the cell volume
continuously dropped along the course of cultivation, as typically observed for
C. glutamicum [1]. The strain W101 reached a maximum median cell volume of
5.8 fl which was in the range typically encountered during wild type cultivation. In
contrast, the strains with increased foaming W121, W105 as well as GRS16

reached double as high maximum median cell volumes (9.8 to 11.9 fl).
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Nevertheless, at the end of exponential growth phase all cultures showed similar
cell volumes. The observation of an increased maximum cell volume of W121 in
early exponential growth phase moreover explains the elevated maximum growth
rate of this strain that was only observed in cell number measurements
(cf. Table 3.17). Cells of W121 initially grow to double cell volumes compared to

the wild type, followed by an increased segmentation frequency.

During further characterization of W121 and GRS16 in a microfluidic chip, some
cells of both strains grew in long chains which were impaired in their separation
into individual cells and, moreover, the cells stuck together to large cell aggregates
what is normally not observed for C. glutamicum (results not shown). The
formation of such cell aggregates might directly explain the attachment of the

biomass to the foam and the inner wall of the stirred and aerated bioreactors.

In summary, the increased median cell volume and highly increased foaming of the
pre-chassis W121 could quickly be narrowed down to be caused by the deletion of
the cluster A0414-0440. Multiple genes in this cluster were annotated to play a role
in cell wall formation in other organisms, such as anchoring of polyglutamate
capsule to peptidoglycan (CapD) during synthesis of cell surface polysaccharides
(wzy, wzx and wzz) and murein synthesis (murdA and murB) [95-97]. As an
example, in Listeria monocytogenes the sole murA deletion led to long cell chains,
comparable to the results obtained in this study in the microfluidic chip [98]. Most
interestingly, the complete cluster A0414-0440 misses in the C. glutamicum
strain R which can be differentiated from ATCC 13032 by cell wall staining [99].
However, it so far the altered phenotype von W121 could not be deduced to single
genes in the cluster A0414-0440 and could result from combinatorial deletion of
multiple genes. Nevertheless, the results show how libraries of genome reduced
strains can be used to quickly connect an altered phenotype to a comparable small

genomic region.

91



3.7 In-depth characterization of pre-chassis W121 and W127

B WT GRS16 W101 W105 w121
ACGP123 X X X X
AISCg12 X X X X
£0414-0440 X X X
£A0635-0646 X X X
£A0704-0748 X X
A0822-0845 X X X
£1018-1033 X X
A1172-1213 X X
A1291-1305 X
A1340-1352 X
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Figure 3.19: Effect of gene cluster deletions on the morphology of W121. Lab-scale

bioreactor experiments were conducted on defined CGXII medium. (A) Pictures of

bioreactor broth after turn to stationary growth phase. (B) Genotypes of strains GRS16,

W101, W105 and W121. (C) Time courses of median cell volumes during the cultivations,

each inoculated at low cell densities (ODinitia = 0.005).
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4 Summary

4. Summary

Aim of this work was the establishment of methods to characterize a large strain
library, of which some methods were supported by laboratory automation on a
mini pilot plant (MPP). These workflows were then applied during the step-wise
reduction of the natural C. glutamicum genome toward a chassis for synthetic
biology. Each strain obtained in the project was tested for biological fitness, which
was defined by the biomass yield and maximal specific growth rate on the well-
known defined CGXII medium with D-glucose as primary carbon source. Both of
these parameters were then compared between each partially genome-reduced
strain to the C. glutamicum wild type ATCC 13032. Any genome reduction leading
to no significant decrease in both parameters was considered as successful and

recommended for the further successive genome reduction.

In first reference experiments, bioreactor cultivations were combined with
microfluidic chips and analyzed using methods from transcriptomics and
metabolomics. Here, protocatechuic acid was identified as hidden co-substrate in
CGXII medium, which elevates growth rates by about 50 %. However, the effect is
only visible in highly diluted cultures [2, 73].

Initially, methods were developed to handle and characterize large strain libraries.
A workflow was developed to generate WCBs and MCBs from strains derived by
project partners, to enable a subsequent strain characterization in short times and
high reproducibility. Data analysis was standardized to comparably estimate
maximal growth rates from BioLector cultivations throughout the project.
Moreover, robotic workflows were established to harvest cell-free cultivation
supernatants from BioLector cultivations in response to individually defined
triggers [1]. These workflows were finally completed by metabolite assays for
amino acids and D-glucose that were automated in 384-well plate scale. All
methods were subsequently applied to characterize libraries of genome-reduced

C. glutamicum strains.
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In a first step toward a chassis, project partners deleted three prophage elements
from the C. glutamicum wild type, which together contributed for 6.7 % of the
genome. The respective strain MB001 was thoroughly characterized using the
established methods and fulfilled the criterion of unaltered biological fitness. Most
interestingly, the removal of prophage elements in MB001 was found to improve
heterologous protein expression in this host and the effect could be narrowed

down to the deletion of three genes of a restriction-modification system [3].

As a next step, non-essential gene clusters were deleted from the previously
established prophage-free strain, after additional removal of other mobile genetic
elements. In total, the deletion of 41 clusters with sizes between 3.7 and 49.7 kbp
was attempted, of which 36 could be carried out successfully to derive the
respective number of genome-reduced strains (GRS). The deletion of the remaining
5 clusters could repeatedly notbeen achieved, most probably because they contain
at least one yet unknown essential gene. All GRS were characterized using the
beforehand developed methods and, in summary, 26 clusters could be classified as
irrelevant for the biological fitness of C. glutamicum on CGXIl medium [4]. At this
point, the combinatorial deletion of all 26 irrelevant clusters offered the potential

to reduce the C. glutamicum genome by about 22 %.

In further experiments, all GRS were tested on an enriched medium variant. This
led to some assumptions about some yet unknown gene functions in those clusters
that were proven to be relevant for the biological fitness on defined CGXII medium.
Moreover, some clusters were also deleted from the L-lysine model producer
DM1933 and the obtained genome reduced L-lysine producers (GRLP) were tested
for biological fitness as well as production attributes using the developed MPP
workflows. As a result, GRLP45 was identified to produce a 51 % higher L-lysine
titer while growing proportionally slower compared to DM1933. The results
obtained on the MPP could subsequently be confirmed using conventional lab-

scale bioreactors [1].
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4 Summary

Further steps toward a C. glutamicum chassis were subsequently taken by
combinatorial deletion of clusters that had previously been identified as irrelevant.
As expected, some clusters showed interdependencies among each other during
combinatorial deletion, what pointed to yet not fully understood analogous
functions of genes of the respective clusters. One example was the strain W65 that
showed an impaired growth rate after deletion of two irrelevant gene clusters.
During in-depth characterization, intracellular fingerprints pointed toward a
limitation in the translation machinery of W65. Indeed, both deleted clusters
contained operons for ribosomal RNA and, thus, the results might indicate the
general interplay of ribosome capacity and maximum growth rates in

C. glutamicum.

Fortunately, other combinatorial deletions were carried out successfully and
resulted in the pre-chassis W127 and W121 with a total genome reduction of 8.8 %
and 12.8 %, respectively. Both pre-chassis showed, compared to the wild type,
unaltered final backscatter values and, in fact, grew at significantly higher maximal
growth rates but only in the BioLector. In further studies, both strains showed
tolerance against osmotic stress as well as nitrogen and phosphate limitation at
wild-type level. Nevertheless, W121 displayed impaired biological fitness on some
C-sources other than D-glucose, what was understandable since growth on this
hexose was the sole criterion during the targeted strain development. However,
W127 maintained growth phenotype on all C-sources at wild-type level and grew
even faster on few of the alternative substrates. This result might point to a

reduced metabolic burden of W127 after removal of irrelevant genetic elements.

Finally, the pre-chassis W127 and W121 were transferred to lab-scale bioreactors.
Here, the faster growth rates obtained based on the backscatter signal could not be
observed in any other biomass signal. Thus, some clusters that alter the cells
optical attributes might have been chosen as deletion targets during the initial
screening for backscatter growth rates. This finding ultimately follows the principle
“you get what you screen for” encountered in most screening approaches, which in
this case means that a screening for growth rates based on the backscatter signal
does notnecessarily resultin strains growing faster considering any other biomass
signal [94]. However, also in the bioreactor W127 displayed unaltered growth

behavior and intracellular GC-ToF fingerprints without major changes.
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4 Summary

In contrast, the transfer of W121 to stirred and aerated bioreactors was rather
unsuccessful, as these cultivations developed foam to an unusual extend, resulting
in biomass being transported out of the liquid phase. This unexpected behavior
was subsequently assessed by bioreactor cultivations of different precursors of
W121 and could thereby be rapidly narrowed down to the deletion of the cluster
A0414-0440.

In summary, W127 was identified as a promising pre-chassis for future synthetic
biology approaches. Moreover, the library comprising 116 partially genome-
reduced C. glutamicum strains was characterized thoroughly in this joined
cooperation project and enabled some discoveries on the genetic organization of

C. glutamicum and is therefore a valid basis for future research.
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5. Conclusion and Outlook

The identification of protocatecuic acid as hidden co-substrate in CGXII medium is
for batch cultures only relevant at low cell densities, since PCA is consumed before
the cells reach significant biomass densities. However, when metabolic flux studies
with labelled substrates are carried outin fed-batch or continuous mode the steady

co-consumption of PCA must be taken into account.

The developed workflows to handle and characterize strains might serve as
blueprint for following projects. This holds especially true for the quantitative
assessment of growth phenotypes or automated sampling of cell-free supernatants
with subsequent metabolite quantification in 384-well scale. In contrast, the strain
handling should be reconsidered when it is applied for other organisms or when
heading for different target criteria. In any case, it is of outmost importance to
clearly define target criteria and experimental strategies in the beginning of such
iterative strain development projects. Today, robotic applications are still far away
from routine application and further work could therefore aim for a more
consistent strategy to transfer bioprocesses back and forth between microtiter

plates and large bioreactors.

The development of chassis organisms will remain an important field in synthetic
biology. The targeted strategy followed in this work is at first sight comparably
slow, buthas already led to degrees of genome reduction which were not obtained
in other projects without affecting the organisms biological fitness. Clearly, the
remaining irrelevant gene clusters should also be deleted from the promising pre-
chassis W127, since this strain did not show any growth defect and grew in fact
better compared to the wild type on few C-sources. The derived chassis is expected
to display a total genome reduction of up to 22 % while displaying unimpaired

biological fitness and, potentially, a reduced metabolic burden.

Ultimately, the use of a genome reduced C. glutamicum host for production of food
additives is questionable as the large genome rearrangements intrinsically result in
a new strain that might lose its GRAS status. Despite of that, for academic purposes
genome reduction offers the potential to better understand a cells genetic
arrangementand offers in the end the opportunity to construct artificial biological

systems.
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Table S-1: Strains used in this study. All deletions from the genome were carried out in-
frame and gene annotations refer to cg numbers. Strains were obtained from project
partners in the working groups of A) Frunzke (Jiilich, Germany), B) Kalinowski (Bielefeld,
Germany), C) Wendisch (Bielefeld, Germany), D) Krdamer (Cologne, Germany) and E)
EVONIK Industries (Germany).

Name Characteristic Source/Reference
C. glutamicum wild type ATCC 13032 B, [5]
AcglMRR Deletion of restriction-modification system in CGP3 A [3]
(A1996-1998)
ACGP3 Deletion of prophage CGP3 (A1890-2071) A [3]
MB001 Deletion of prophages CGP1,2 and 3 (A1890-2071, A [3]
A1746-1752 and A1890-2071)

w11 A0414-0440 B
w12 A1172-1213 B
GRS12 ACGP123 AISCg12 A0116-0147 D, [4]
GRS13 ACGP123 AISCg12 A0158-0183 D, [4]
GRS15 ACGP123 AISCg12 A0311-0333 C, [4]
GRS16 ACGP123 AISCg12 A0414-0440 B, [4]
GRS17 ACGP123 AISCg12 A0635-0646 B, [4]
GRS18 ACGP123 AISCg12 A0704-0748 D, [4]
GRS19 ACGP123 AISCg12 A0822-0845 D, [4]
GRS20 ACGP123 AISCg12 A0900-0909 B, [4]
GRS21 ACGP123 AISCg12 ArrnB-0931 B, [4]
GRS22 ACGP123 AISCg12 A1018-1033 B, [4]
GRS23 ACGP123 AISCg12 A1172-1213 B, [4]
GRS24 ACGP123 AISCg12 A1219-1247 B, [4]
GRS25 ACGP123 AISCg12 A1281-1289 B, [4]
GRS26 ACGP123 AISCg12 A1291-1305 B, [4]
GRS28 ACGP123 AISCg12 A1340-1353 B, [4]
GRS29 ACGP123 AISCg12 A1370-1385 B, [4]
GRS30 ACGP123 AISCg12 A1540-1549 B, [4]
GRS31 ACGP123 AISCg12 A1843-1853 B, [4]
GRS32 ACGP123 AISCg12 A2136-2139 B, [4]
GRS33 ACGP123 AISCg12 A2312-2322 D, [4]
GRS37 ACGP123 AISCg12 A2621-2643 B, [4]
GRS38 ACGP123 AISCg12 A2663-2686 B, [4]
GRS39 ACGP123 AISCg12 A2701-2716 C, [4]
GRS40 ACGP123 AISCg12 A2755-2760 B, [4]
GRS41 ACGP123 AISCg12 A2801-2828 B, [4]
GRS42 ACGP123 AISCg12 A2880-2904 B, [4]
GRS43 ACGP123 AISCg12 A2925-2943 C [4]
GRS44 ACGP123 AISCg12 A2965-2973 C, [4]
GRS45 ACGP123 AISCg12 A2990-3006 A, [4]
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GRS46
GRS47
GRS48
GRS50
GRS51
GRS52
GRS53
GRS54
W34
w35
W36
weé4
Wé65
w85
W86
W55
W56
W52
rrnBC
rrnBF
rrnCF
rrnBCF
rrnABCEF #29

rrnABCEF #83

W100
w101
w102
w103

W104

W105

W106
w107
W108
w109
W110
w111
w112
W113

W114
W115
W116

ACGP123 AISCg12 A3050-3062

ACGP123 AISCg12 A3072-3091

ACGP123 AISCg12 A3102-3111

ACGP123 AISCg12 A3208-3236

ACGP123 AISCg12 ArrnC-3298

ACGP123 AISCg12 A3263-3301

ACGP123 AISCg12 A3324-3345

ACGP123 AISCg12 A3365-3413

ACGP123 AISCg12 A1172-1213 A0414-0440

ACGP123 AISCg12 A1172-1213 A1018-1033

ACGP123 AISCg12 A1172-1213 A3050-3062

ACGP123 AISCg12 A2801-2828 ArrnB-0931

ACGP123 AISCg12 A2801-2828 ArrnC-3298

ACGP123 AISCg12 A2990-2999

ACGP123 AISCg12 A3000-3006

ACGP123 AISCg12 AlScg5a AlScg5b

ACGP123 AISCg12 AlScg5a AlScg5b AISCg5¢-1SCg19a
ACGP123 AISCg12 ArrnB

ACGP123 AISCg12 ArrnB ArrnC

ACGP123 AISCg12 ArrnB ArrnF

ACGP123 AISCg12 ArrnC ArrnF

ACGP123 AISCg12 ArrnB ArrnC ArrnF

ACGP123 AISCg12 ArrnA ArrnB ArrnC ArrnE ArrnF
(Colony #29)

ACGP123 AISCg12 ArrnA ArrnB ArrnC ArrnE ArrnF
(Colony #83)

ACGP123 AISCg12 A0414-0440 A0635-0646

ACGP123 AISCg12 A0414-0440 A0635-0646 A0822-0845
ACGP123 AISCg12 A0635-0646 A1018-1033 A1172-1213
ACGP123 AISCg12 A0635-0644 A0822-0845 A1018-1033
A1172-1213

ACGP123 AISCg12 A0414-0440 A0635-0646 A0822-0845
A1018-1033 A1172-1213

ACGP123 AISCg12 A0635-0646 A0704-0748 A0822-0845
A1018-1033 A1172-1213

ACGP123 AISCg12 A2312-2322 A2621-2643

ACGP123 AISCg12 A2312-2322 A2663-2686

ACGP123 AISCg12 A2312-2322 A2755-2760

ACGP123 AISCg12 A2312-2322 A3050-3062

ACGP123 AISCg12 A2312-2322 A2621-2643 A2663-2686
ACGP123 AISCg12 A2312-2322 A2621-2643 A2755-2760
ACGP123 AISCg12 A2312-2322 A2663-2686 A2755-2760
ACGP123 AISCg12 A2312-2322 A2621-2643 A2663-2686
A2755-2760

ACGP123 AISCg12 A3072-3091 A3102-3111

ACGP123 AISCg12 A3072-3091 A3102-3111 A3263-3301
ACGP123 AISCg12 A3072-3091 A3102-3111 A3263-3301
A3324-3345
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w118 ACGP123 AISCg12 AlScg5a AlScg5b AISCg5c AISCgl13a B
AISCg13b

w119 ACGP123 AISCg12 A0414-0440 A0635-0646 A0704-0748 B
A0822-0845 A1018-1033 A1172-1213

W120 ACGP123 AISCg12 A0414-0440 A0635-0646 A0704-0748 B
A0822-0845 A1018-1033 A1172-1213 A1291-1305

wiz21 ACGP123 AISCg12 A0414-0440 A0635-0646 A0704-0748 B
A0822-0845 A1018-1033 A1172-1213 A1291-1305
A1340-1352

w122 ACGP123 AISCg12 A2312-2322 A2621-2643 A2663-2686 D
A2755-2760 A3050-3062

w124 ACGP123 AISCg12 A2312-2322 A2621-2643 A2663-2686 D
A2755-2760 A3324-3345

w125 ACGP123 AISCg12 A2312-2322 A2621-2643 A2663-2686 D
A2755-2760 A3365-3413

W127 ACGP123 AISCg12 A2312-2322 A2621-2643 A2663-2686 D
A2755-2760 A3102-3111

w129 ACGP123 AISCg12 A2312-2322 A2621-2643 A2663-2686 D
A2755-2760 A3050-3062 A3102-3111

W130 ACGP123 AISCg12 A2312-2322 A2621-2643 A2663-2686 D
A2755-2760 A3102-3111 A3324-3345

Wi131 ACGP123 AISCg12 A2312-2322 A2621-2643 A2663-2686 D
A2755-2760 A3102-3111 A3365-3413

W134 ACGP123 AISCg12 A0414-0440 A0635-0646 A0704-0748 B
A0822-0845 A1018-1033 A1172-1213 A1291-1305
A1340-1352 A1370-1385

C. glutamicum DM1933 model L-Lysine producer E, [17]

D14 ACGP1 B

D15 ACGP2 B

D16 ACGP3 B

D17 ACGP123 B

GRLP16 ACGP123 A0414-0440 B, [4]

GRLP17 ACGP123 A0635-0646 B, [4]

GRLP20 ACGP123 A0900-0909 B, [4]

GRLP23 ACGP123 A1172-1213 B, [4]

GRLP30 ACGP123 A1540-1549 B, [4]

GRLP31 ACGP123 A1843-1853 B, [4]

GRLP32 ACGP123 A2136-2139 B, [4]

GRLP37 ACGP123 A2621-2643 B, [4]

GRLP39 ACGP123 A2701-2716 G [4]

GRLP41 ACGP123 A2801-2828 B, [4]

GRLP42 ACGP123 A2880-2904 B, [4]

GRLP43 ACGP123 A2925-2943 C [4]

GRLP45 ACGP123 A2990-3006 A, [4]

GRLP46 ACGP123 A3050-3062 B, [4]

GRLP47 ACGP123 A3072-3091 A [4]

GRLP48 ACGP123 A3102-3111 A, [4]

GRLP49 ACGP123 A2755-2760 B, [4]

GRLP50 ACGP123 A3208-3236 A [4]

GRLP53 ACGP123 A3324-3345 A, [4]
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D87

D132
D133
D117

ACGP123 A3001

ACGP123 A0704-0748 A0635-0645
ACGP123 A0704-0748 A0822-0845
ACGP123 A2990-3006 A3050-3062
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Figure S-1: Time dependent changes in the overall cell volume, the specific growth rate
(based on cell volume measurements) and the mean single cell volume of C. glutamicum

during batch cultivation in 1 | bioreactors on CGXII glucose medium - modified from
Unthan et al. 2014 [2].
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Figure S-2: Selected chromatograms from untargeted metabolome screening of culture
supernatant samples from batch cultivations of C. glutamicum on CGXII glucose medium.
The iron-chelator PCA decreased during the first growth phase and was already absent at

the switch to the second phase - modified from Unthan et al. 2014 [2].
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Table S-2: Significantly up- or down-regulated genes between the first and second growth
phase of C. glutamicum wild type during 1 1 bioreactor batch cultivations on CGXII medium

with 10 g I glucose - modified from Unthan et al. 2014 [2].

Gene Annotation M-value p-value
cg0201 iolB, enzyme involved in inositol metabolism 1.04 0.00
cgl765 predicted transcriptional regulator 1.06 0.00
cgl761 nifS2, cysteine desulfhydrase / selenocysteine lyase 1.07 0.00
cg3321 ?Erggzggnttransport system, involvedin lipoprotein release, ATPase 1.09 0.00
cg2560 aced,isocitrate lyase 1.12 0.03
cg0337 whcA, negative role in SigH-mediated (oxidative) stress response 1.13 0.03
cgl090 ggtB, probable gamma-glutamyltranspeptidase precursor PR 1.14 0.08
cgl762 sufC, iron-regulated ABC transporter ATPase subunit 1.16 0.00
cgl764 :;Jé‘fs,ggggonent of an uncharacterized iron-regulated ABC-type 1.20 0.00
cg3048 pta, phosphate acetyltransferase 1.21 0.02
cg3011 groEL, chaperonin groel 1.31 0.00
cg0834 bacterial extracellular solute-binding protein, fa 1.32 0.00
cg0197 iolC, myo-Inositol catabolism, carbohydrate kinase 1.35 0.01
cg0346 fadE, glutaryl-CoA dehydrogenase 1.46 0.00
cg2137 gluB, glutamate secreted binding protein 1.47 0.05
cgl091 hypothetical protein cg1091 1.53 0.00
cgl411 ABC-type sugar (aldose) transport system, ATPase component 1.56 0.00
B2628 [ muconolacionedecarboyiase 160 000
cg0444 ramB, transcriptional regulator, involvedin acetate metabolism 1.66 0.04
cg3195 flavin-containing monooxygenase (FMO) 1.69 0.05
cg2181 ABC-type peptide transport system, secreted component 1.72 0.05
cg2184 gzgla;scztzzn})ropr;ir;td(:)frszﬁfisde ABC-type transport system, contains 175 0.03
cg0953 Na+/proline, Na+/panthothenate symporter or related permease 1.86 0.03
82610 ?(?rg;czgzn(:ipeptide/oligopeptide/nickel transport system, secreted 1.86 0.00
cg3216 gntP, gluconate permease 1.93 0.01
cg2629 pcaBl, 3-carboxy-cis,cis-muconate cycloisomerase 1.93 0.00
cg0344 fabG1, 3-oxoacyl-(acyl-carrier protein) reductase 1.93 0.00
82623 Zi(;i,n;::obable FESUCCINYL-CoA:3-ketoacid-coenzyme A transferase 1.96 0.01
cg3022 acetyl-CoA acetyltransferase 1.96 0.00
cgl226 pobB,4-hydroxybenzoate 3-monooxygenase 2.24 0.00
cg2630 pcaG, protocatechuate dioxygenase alpha subunit 2.88 0.00
cg3107 adhA, Zn-dependent alcohol dehydrogenase 3.01 0.02
cg2631 pcaH, protocatechuate dioxygenase beta subunit 3.12 0.00
cg2636 catAl, catechol 1,2-dioxygenase 4.46 0.01
cg3213 putative secreted protein -1.01 0.01
cgl484 putative secreted protein -1.03 0.00
cg0317 arsR2, arsenate/arsenite regulatory protein -1.04 0.00
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cgl256
cg0933
cgl218
cgl279
cg2880
cgl514
cg1343

cgl551

cgl341
cg2211
cg3082
cgl342
cg0078
cg3286

dapD, tetrahydrodipicolinate succinylase

DNA or RNA helicase of superfamily 11

ADP-ribose pyrophosphatase

putative secreted protein

HIT family hydrolase

secreted protein

narH, probable respiratory nitrate reductase oxidoreduct

uspA1, universal stress protein UspA and related nucleotide-binding
proteins

narl, respiratory nitrate reductase 2 gamma chain
hypothetical protein cg2211

bacterial regulatory proteins, ArsR family

narj, nitrate reductase delta chain

hypothetical protein cg0078

putative secreted protein

-1.05
-1.09
-1.13
-1.13
-1.18
-1.22
-1.23

-1.30

-1.46
-1.53
-1.60
-1.64
-2.27
-3.44

0.01
0.01
0.03
0.04
0.00
0.00
0.00

0.01

0.00
0.00
0.00
0.00
0.01
0.02
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Figure S-3: Response of the C. glutamicum wild type and pre-chassis W121 and W127 to

nitrogen limitation during BioLector experiments on defined CGXII medium without urea.

Symbols with different brightness represent values obtained in independent experiments.
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Figure S-4: Response of the C. glutamicum wild type and pre-chassis W121 and W127 to
phosphate limitation during BioLector experiments on defined CGXII medium. Symbols

with different brightness represent values obtained in independent experiments.
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Figure S-5: Response of the C. glutamicum wild type and pre-chassis W121 and W127 to

osmotic stress during BioLector experiments on defined CGXII medium supplemented

with NaCl. Symbols with different brightness represent values obtained in independent

experiments.

118



7 Supplement

12 20 - A - 120
10 100
16 -
— 8 - 80
= — 127 ™
2640 L60 O
8 (@) e
=) 8-
O 4- - 40
4 —DO
2 Glucose =20
oD
0- 0 = T T T T T 0
0 10 20 30 40 50 60
Time [h]
54 8.0 ~ 1000
—— Base
Acid

—44 764 —pH - 800
£
=]
[&]
83— 600 '-Z'
s | i =
3 |z 2
®© Q €
Q2 -400 S
©
IS
2
o
=1 200

0- 0

Time [h]

Figure S-6: Cultivation of C. glutamicum wild type in lab-scale bioreactors (1 1) on CGXII
medium with 10 g L1 glucose regulated at 30 °C, 30 % DO and pH 7. All graphs of online
measured values are mean of four replicates with standard deviation drawn in dashed

lines. Offline values derived from samples are displayed in different symbols for each run.
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Figure S-7: Cultivation of pre-chassis W121 in lab-scale bioreactors (11) on CGXII medium
with 10 g L1 glucose regulated at 30 °C, 30 % DO and pH 7. All graphs of online measured
values are mean of three replicates with standard deviation drawn in dashed lines. Offline

values derived from samples are displayed in different symbols for each run.
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Figure S-8: Cultivation of pre-chassis W127 in lab-scale bioreactors (11) on CGXII medium
with 10 g L1 glucose regulated at 30 °C, 30 % DO and pH 7. All graphs of online measured
values are mean of three replicates with standard deviation drawn in dashed lines. Offline

values derived from samples are displayed in different symbols for each run.
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Figure S-9: Culture broth (A) and filtrated supernatant (B) from bioreactor cultivations of
C. glutamicum wild type, W121 and W127 on defined CGXII medium. After 30 h of
exponential growth the reactors were stirred and aerated for further 132 h before the

pictures were taken.
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