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Abstract

After being discovered 60 years ago, Corynebacterium glutamicum is a major industrial workhorse
for the production of amino acids like L-glutamate and L-lysine at several million tons per year. In-
tense and still ongoing basic and applied research fueled this great biotechnological success story.
Currently, C. glutamicum is increasingly getting into focus as production host for heterologous pro-
teins of both technical and clinical interest. Consequently, research is shifting towards the use of
C. glutamicum microbial cell factory for protein production.

To facilitate rapid and reliable characterization of newly constructed strain variants from metabolic
engineering, microbioreactor (MBR) systems emerged as versatile tools. Such systems provide an in-
creased experimental throughput with the ability to control environmental cultivation parameters,
as well as monitoring of culture dynamics like biomass formation. In this study, methods for MBR sys-
tems are developed to suite the demands of a specific screening objective, namely the quantitative
phenotyping of C. glutamicum strains secreting green fluorescent protein (GFP) and cutinase as het-
erologous model proteins. This involves the careful selection of standard operating conditions with
respect to physiological demands like oxygen-unlimited metabolization of glucose as main carbon
source, as well as determination of accuracy and imprecision of online biomass monitoring. Fur-
thermore, to obtain time-resolved data on secretory protein formation and substrate consumption,
an improved method is presented and validated that does not accompany a loss in MBR cultivation
throughput.

The need for (semi-)automated data processing from high-throughput MBR cultivations is also dis-
cussed on the example of derived performance indicators (PIs) that represent condensed evaluation
metrics for rapid evaluation of whole cultivation experiments. As application example, a method for
automated growth rate determination is presented in detail, since this Pl is probably the most of-
ten applied characteristic in biological fitness testing of mutant strain libraries. In addition, on the
example of maximizing secreted GFP titer, it is shown how MBR systems, integration of laboratory
automation and Kriging-based Design of Experiments (DoE) complement each other in a synergis-
tic way. As a result, an iterative workflow is presented that serves as blueprint for development of

further biotechnological applications. Unexpectedly, secreted GFP titer could be doubled, showing
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Abstract

that routinely applied nutrition media designed for amino acid production with C. glutamicum need
to be carefully adapted and optimized with changing screening objectives, that is here secretion of
heterologous proteins.

To complement the current knowledge on how to select the optimal signal peptide (SP) for differ-
ent expression hosts and different target proteins of choice, the interrelation of bioprocess control
strategy and choice of SP to optimize cutinase secretion with C. glutamicum is investigated in detail.
Since the envisaged degree of process control could not be realized with the available MBR systems,
a consistent data set was generated relying on more than 150 bench scale bioreactor runs. Further-
more, the results are discussed and interpreted in the light of changing bioprocess optimization
objectives, which again highlights the need for careful definition of optimization objectives.

Representing a typical application example of MBR systems, the quantitative microbial pheno-
typing of a library of genome reduced C. glutamicum strains for heterologous cutinase secretion
was conducted. The collected data comprise growth rates and cutinase yields as extracellular phe-
notypes, as well as detailed analysis at the transcriptome and proteome level for a small subset
of strains. Next to surprising phenotypes due to specific genomic deletions, as well as differential
analysis of phenotypes from strains with overlapping genomic deletions, attempts were made to ex-
plain the metabolic perturbations from observed significantly differential regulation at the protein
level. Also, by incorporating all data on extracellular phenotypes, a data-driven, phenomenological
multiple regression approach was used to identify the minimum set of genomic deletions needed in
terms of improved cutinase secretion.

Finally, a few future aspects outreaching the scope of this work are presented as outlook. These
aspects concern the application of C. glutamicum as potential alternative host for heterologous pro-
tein production, the demand for further development of microbioreactor systems and the need for
smart solutions for warehousing, (re-)processing and interpretation of heterogeneous data sets to
cope with the foreseeable increase of information output generated from high-throughput experi-

mentation in combination with powerful analytical methods.
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Zusammenfassung

Nach seiner Entdeckung vor mehr als 60 Jahren ist heutzutage Corynebacterium glutamicum der
etablierte Produktionsorganismus fiir die industrielle Herstellung von Aminosauren wie L-Glutamat
und L-Lysin im Millionen-Tonnen MafRstab. Intensive grundlegende und angewandte Forschung, die
immer noch andauert, war und ist eine treibende Kraft fiir diese Erfolgsgeschichte der Biotechnolo-
gie. Aktuell riickt C. glutamicum in den Fokus als Produktionsorganismus fiir die Herstellung von
heterologen Proteinen, die fiir technische und klinische Anwendungen interessant sind. Als Konse-
quenz richtet sich die Forschung hin zur Anwendung von C. glutamicum als mikrobielle Zellfabrik fiir
die Proteinproduktion.

Mikrobioreaktor (MBR) Systeme sind wertvolle Werkzeuge fiir die schnelle und zuverldssige Charak-
terisierung von neuen, mittels metabolic engineering konstruierten Stammvarianten. MBR Systeme
bieten einen erhohten experimentellen Durchsatz bei gleichzeitiger Kontrolle von Kultivierungspa-
rametern, sowie die Mdglichkeit der Aufzeichnung von Kultivierungsdynamiken. In dieser Arbeit
wurden verbesserte Anwendungsmethoden fiir MBR Systeme entwickelt, zugeschnitten auf die An-
forderungen, die sich ergeben bei der quantitativen Phanotypisierung von C. glutamicum Stammen,
welche das green fluorescent protein (GFP) und Cutinase als Modelprotein sekretieren. Die Arbeiten
erstrecken sich dabei iiber die sorgfaltige Auswahl von Standardarbeitsbedingungen in Bezug auf
physiologische Anforderungen wie die Sauerstoff-unlimitierte Metabolisierung von Glukose, sowie
die Bestimmung von Genauigkeit und Prazision der online Biomassemessung. Dariiber hinaus wird
eine Methode prasentiert, welche es erlaubt, zeitlich aufgeloste Konzentrationsanderungen von sekre-
tiertem Protein und Substrat zu bestimmen, ohne dass dies mit einem Verlust an experimentellem
Durchsatz einhergeht.

Die Notwendigkeit von (halb-)automatischer Datenprozessierung aus Hochdurchsatzkultivierun-
gen in MBR Systemen wird diskutiert anhand abgeleiteter Performance-Indikatoren (PI). Diese stellen
kondensierte MaBzahlen fiir die schnelle Evaluierung der gesamten Kultivierung dar. Als konkretes
Anwendungsbeispiel wird eine Methode fiir die automatisierte Bestimmung der spezifischen Wachs-
tumsrate detailliert beschrieben, denn dieser PI ist mutmaRlich die am haufigsten herangezogene

Charakteristik bei der Testung von Mutantenbibliotheken hinsichtlich biologischer Fitness. Des Weit-
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Zusammenfassung

eren wird anhand des Beispiels der Maximierung des extrazellularen GFP Titers gezeigt wie sich MBR
Systeme, die Integration von Laborrobotern und Kriging-basierte Planung und Auswertung von Ex-
perimenten in synergistischer Weise erganzen. Als Ergebnis wird ein iterativer Arbeitsablauf prasen-
tiert, der als Blaupause fiir die Entwicklung von weiteren biotechnologischen Anwendungen dienen
kann. Unerwarteterweise konnte der sekretierte GFP Titer verdoppelt werden, was zeigt, dass rou-
tinemaRig angewandte Nahrmedien, welche fiir die Aminosaureproduktion mit C. glutamicum ent-
wickelt wurde, fiir andere Optimierungsziele sorgfaltig angepasst werden miissen.

Ein weiterer Teil dieser Arbeit untersucht den Einfluss des bisher nicht untersuchten Zusammen-
hangs zwischen Bioprozesskontrolle und Wahl des Signalpeptides auf die Cutinasesekretionsleistung
mit C. glutamicum. Da der gewiinschte Umfang an Bioprozesskontrolle im verwendeten MBR System
nicht zur Verfiigung steht, wurde ein konsistenter Datensatz aus liber 150 Bioreaktorkultivierungen
im Labormalstab generiert. Die Diskussion und Interpretation der gewonnen Daten erfolgt unter
dem Gesichtspunkt verschiedener Optimierungsziele.

Als ein typisches Anwendungsbeispiel fiir MBR Systeme ist die quantitative Phanotypisierung einer
Bibliothek von Genom-reduzierten C. glutamicum Stammen fiir die sekretorische Produktion von
Cutinase gezeigt. Es wurden vielschichtige Datensatze erhoben, welche Wachstumsraten und Cuti-
naseausbeuten als extrazellulare Phanotypen umfassen, sowie die detaillierte Analyse von Trans-
kriptom und Proteom als intrazellulare Phanotypen fiir ausgesuchte Stammvarianten. Neben iiber-
raschenden phanotypischen Auspragungen fiir verschiedene genomische Deletionen, sowie differ-
entiellen Analysen von Genotypen mit liberlappenden Deletionen zwischen verschiedenen Stam-
men, werden Erklarungsversuche geliefert, welche mogliche metabolische Zustande als Folge von
als signifikant erkannten Anderungen im Proteom beschreiben. Des Weiteren wurden die gesam-
melten Daten zu extrazellularen Phanotypen in einem Daten-getriebenen, rein phanomenologischen
Regressionsansatz mit Dummyvariablen genutzt zur Ermittlung eines minimal reduzierten Genoms,
welches mit einer erhohten Cutinaseausbeute einhergehen sollte.

SchlieBlich werden einige Aspekte iiber die Zielsetzung dieser Arbeit hinaus als Ausblick gegeben.
Dies umfasst die Anwendung von C. glutamicum als potentiellen alternativen Organismus fiir die
Produktion heterologer Proteine und zukiinftige Erfordernisse in der Weiterentwicklung von MBR
Systemen. Die Notwendigkeit von Losungsansatzen fiir die Verwaltung, (Re-)Prozessierung und In-
terpretation von kontinuierlich wachsenden heterogenen Datenstromen wird angesprochen, da es
abzusehen ist, dass sich der Output von Daten aus der Kombination von Hochdurchsatzkultivierung

und leistungsstarken analytischen Methoden stark erhohen wird und diesem begegnet werden muss.
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Measurement error

Linear increase in absorption of diluted sample at 410 nm over time
Specific growth rate

Observed specific growth rate

Adjusted specific growth rate as parameter for exponentially increasing feeding
profile

Absorption reading of diluted sample at 340 nm

Absorption reading of sample at 595 nm

Slope for protein calibration of Bradford assay

Slope for BS / cell dry weight calibration

Slope for glucose calibration

Slope for pNP calibration

Offset for protein calibration of Bradford assay

Offset for BS / cell dry weight calibration

Slope for glucose calibration

Concentration of component 2

Product concentration (i.e., cutinase activity)

Product concentration (i.e., cutinase activity) in supernatant
Substrate (i.e., glucose) concentration

Initial substrate (i.e., glucose) concentration

Substrate (i.e., glucose) concentration of feed

Biomass concentration

Enzymatic activity

Sample dilution factor
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Nomenclature

Ips Backscatter signal

F(t) Feed rate

Eex—cnioor Empirical biomass / biovolume conversion factor

mp Product mass (i.e., total cutinase activity)

mg Maintenance coefficient for substrate consumption at zero growth as parameter

for exponentially increasing feeding profile

mx Biomass

qp Biomass specific product (i.e., cutinase) formation rate
qs Biomass specific substrate consumption rate

rp Volumetric product (i.e., cutinase) formation rate
TS Volumetric substrate consumption rate

rx Volumetric biomass growth rate

t Process runtime

tFeed Feeding process runtime

VBase Volume added base

VDituent1 Volume of first diluent

VDituent2 Volume of second diluent

VDitutedSample ~ Volume of diluted sample

Vi Cultivation volume
VRro Initial cultivation volume
Vsample Sample volume
Yp/x Biomass specific product (i.e., cutinase) yield
;/S Non-observable substrate specific product (i.e., cutinase) yield
YX/S Substrate specific biomass yield
;E/S Non-observable substrate specific biomass yield
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Abbreviations

BHI brain heart infusion

BS  backscatter

a confidence interval

DO dissolved oxygen

DoE Design of Experiments
FDR false discovery rate

GFP green fluorescent protein
GRS genome reduced strain
LHS liquid handling system
LOD limit of detection

LOQ limitation of quantification
LR  linear regression

MBR microbioreactor

MCB master cell bank

MCF microbial cell factory

MRD maximum relative deviation
MTP microtiter plate

NLR non-linear regression
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Abbreviations

NTU nephelometric turbidity unit
OLS ordinary least squares

PBS phosphate buffered saline
PI performance indicator

pNP p-nitrophenol

PNPP p-nitrophenylpalmitate

SP  signal peptide

SRP signal recognition particle
TLS total least squares

WCB working cell bank

WLR weighted linear regression
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1. Introduction and background

This chapter provides the background for this work. A short introduction is given
for Corynebacterium glutamicum and its biotechnologically relevant protein secre-
tion pathways. In the light of industrial biotechnology, the current status on the
application of signal peptide libraries to optimize heterologous protein produc-
tion is described. Following this, process development for protein production is
introduced and how current efforts in genome streamlining can contribute to the
development of improved bioprocesses. Finally, black box models are presented
that allow the characterization of such bioprocesses from a biochemical engineer-
ing point of view. Parts of this chapter are based on Publication I, Publication V

and Manuscript I.

Author contributions:
Johannes Hemmerich wrote the chapter, and prepared the non-reprinted figures. Roland Freudl and Marco
Oldiges helped with writing sections 1.2 and 1.4. Stephan Noack and Wolfgang Wiechert helped with writing

section 1.4.

11. Corynebacterium glutamicum

Corynebacterium glutamicum was discovered in 1957 during a screening project for the isolation of
glutamate producing microorganisms [1]. It is a Gram-positive, aerobically growing, non-pathogenic
member of the Corynebacteriaceae family. C. glutamicum belongs to the phylum Actinobacteria,
showing a high GC-content with mycolic acid layers attached to the cell wall. Its club-shape and the
snapping cell division is typical (Figure 1.1). C. glutamicum possess a single circular chromosome with
approximately 3.3 mio bp and about 3000 protein-coding regions [2].

As major producer for food and feed amino acids at industrial scale for decades [4, 5], extensive
bioprocess knowledge with C. glutamicum and methods for genetic manipulation are available. Fur-
thermore, C. glutamicum is classified as GRAS ("generally regarded as safe"), can be cultivated to high
cell densities cultivations [6-8] and was shown to be very robust towards process inhomogeneities

encountered in large scale cultivations [9-11]. Besides, like other mostly monoderm Gram-positive
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1. Introduction and background

Figure 1.4.: Scanning electron microscope picture of C. glutamicum. Reprinted from [3] with permission.

expression hosts (e.g., Bacillus sp.), C. glutamicum exhibits further favorable features with respect
to secretory enzyme production, namely low nutritional demand, low amount of endogenously se-
creted proteins and proteolytic activity, as well as the ability to secrete heterologous proteins into

the extracellular medium in the g L™ range [8, 12-15].

1.2. The general secretory and twin-arginine translocation pathway, with

special emphasis on C. glutamicum

To enable extracellular protein production with microbial cells, target proteins of choice must be
directed to secretion pathways that enable the translocation of newly synthesized protein across
the cytoplasma membrane as well as other outer compartments, depending on the nature of the ex-
pression host used (e.g., Gram-positive or Gram-negative). Mainly, there are two biotechnologically
relevant protein secretion pathways for industrial microbials, the general secretory (Sec) pathway
and the twin-arginine translocation (Tat) pathway. In short, proteins secreted via Sec are translo-
cated across the cytoplasma membrane in an unfolded state, either co- or posttranslationally, while
via Tat proteins are translocated that have gained their functional conformation already in the cy-
toplasm. To mediate the secretion of newly synthesized protein by either pathway, specific small
peptides are needed fused at the N-terminus of the nascent polypeptide of the protein of interest.
These signal peptides (SPs) exhibit distinct features allowing the cell to discriminate how to fur-
ther process newly synthesized proteins. For example, SPs directing proteins into the Sec machinery
are characterized by a highly conserved tripartite structure (cf. section 1.2.1) while SPs specifically

addressing the Tat pathway show a conserved motif of two arginine residues [16]. A schematic draw-
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1.2. The general secretory and twin-arginine translocation pathway

ing describing the corresponding sequence of events during protein secretion via either Sec or Tat

pathway in C. glutamicum is shown in Figure 1.2 [17].

A B

supernatant

MM

cell wall

SPase
Apmf CM

cytoplasm

Folding
Cofactor insertion

Figure 1.2.: Overview of Sec (A, co-translational branch (1), post-translational branch (2)) and Tat (B) protein secretion path-
ways in C. glutamicum. Figure reprinted from from [17] with permission.

During Tat-mediated protein secretion, the nascent polypeptide is completely translated before
it folds into its functional conformation in the cytoplasm, which may include the incorporation of
cofactors. Afterwards, the SP-decorated protein is recognized by the TatC and TatB complex and after
recruitment of TatA(E), the substrate (i.e., protein) is translocated across the cytoplasma membrane,
fueled by the proton-motive-force. At the trans-side of the membrane, the protein is released, and
the SP is cleaved by signal peptidase (SPase).

For Sec-mediated translocation, the target protein is fused to a Sec specific SP at the N-terminus
and upon emerging the ribosome, the SP is recognized by the signal recognition particle (SRP) in the
co-translational mode, forming the ribosome-nascent chain (RNC)-SRP complex, which is directed

to the membrane-bound receptor FtsY and the RNC is handed over from SRP over FtsY to the SecYEG
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1. Introduction and background

translocon spanning the cytoplasma membrane. Then, the continuing translation pushes the nascent
polypeptide through the translocon and at the trans-side of the membrane, the SP is cleaved off and

the protein starts to fold into its functional conformation.

Delivery of the target protein to the SecYEG translocon can also occur in a post-translational man-
ner, where the newly synthesized protein is kept in a translocation competent (i.e., unfolded) state
by posttranslationally interacting proteins (PIPs). Then, the SP is bound by the SecA protein, which
directs the protein to the translocon and also pushes it through the translocation pore in an ATP-
dependent manner. Again, the protein starts to fold at the trans-side of the membrane and the SP

is cleaved.

The protein translocation across the membrane is assisted by SecDF for both the co- and post-
translational branch, which converge at the SecYEG translocon at the cis-side of the membrane. It
is assumed that the decision for either co- or post-translational secretion is based on length of the
hydrophobic domain of the Sec SP, at least this is the case in E. coli [18]. In contrast to other Gram-
positive bacteria like B. subtilis, C. glutamicum possesses an additional outer mycomembrane and
although proteins can obviously pass this membrane, it is not yet known whether any dedicated

transport systems exist [17].

Most knowledge on protein secretion pathways was gained from studies using E. coli as model
organism for the Sec pathway [19, 20] as well as for Gram-negatives, while B. subtilis [21, 22] serves
as model organism for Gram-positives [16]. Since the Sec pathway is found to be highly conserved
among all kingdoms of life [23], functionality of Sec pathway in other bacteria is inferred from studies
on E. coli as model organism. However, some organism-specific questions remain, for example the
fact that there is no homologue of the E. coli SecB chaperone found in Gram-positives that keeps
proteins in a secretion competent state and targets them to the translocon during post-translational
protein translocation. However, since nearly all Sec components discovered in E. coli were also found
in Gram-positives, it is often assumed that pathways do function in a similar manner and thus, the
existence of PIPs fulfilling the function of SecB is postulated [17]. General chaperones (GroEL-GroES
/ DnaK-DnaJ-GrpE [ trigger factor) or the soluble form of SecA are suggested to act as such PIPs [17].
Also, there is indication that SecA may play an important role during both co- and post-translational
Sec-dependent translocation [24, 25]. Another difference in components of the protein secretion
pathways is observed for the structure of SRP, which lacks the Alu domain in E. coli but not in B. sub-
tilis [26] In eukaryotic cells, the Alu domain of SRP mediates arrest of translation until the translo-
cation across the cytoplasma membrane occurs, as the energy needed for translocation is provided

by the elongation of the polypeptide [27]. The Alu domain of B. subtilis SRP was also suggested
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1.2. The general secretory and twin-arginine translocation pathway

to function likewise [28], meaning that translation arrest in Gram-positives during co-translational
Sec-mediated protein secretion could occur.

In conclusion, there is still basic research needed to increase understanding of the complexity of
protein secretion pathways. However, with respect to biotechnological application, research could
be translated towards powerful strategies like SP library screening (cf. section 1.2.2) that allow fine-

tuning and optimizing heterologous protein secretion bioprocesses with various expression hosts.

1.24. Structure and function of Sec signal peptides

SPs are small sequences that are fused in front of newly synthesized proteins in order to mark a
protein as a one having a different destination than the cytoplasm. Sec SPs show a highly conserved
three-domain structure (Figure 1.3A): a positively charged N-region, with a high preference for lysine
residues at P2 and P3 [21, 29], the longest region, termed H-region, consists of hydrophobic amino
acids, and a C-domain, which contains a cleavage site (typical motif: A-X-A) between the SP and
target (pre-)protein to be recognized by signal peptidase (SPase). In contrast to the highly conserved
three-domain structure of SPs, a high diversity in aa composition within these domains is observed.

Depending on the absence or presence of a Sec SP in combination with further specific features,
newly synthesized proteins are recognized by the Sec machinery of a bacterial cell and transported
to different possible destinations. For example, in case the protein possesses trans-membrane do-
mains, it is positioned into the membrane while the presence of a cell wall binding motif causes
the retention of the protein in the cell wall after translocation over the membrane (Figure 1.3B). The
transportation out of the microbial cell into the extracellular space is mostly of biotechnological

interest.

1.2.2. Application of signal peptide libraries for the optimization of recombinant protein
secretion

The use of SPs for secretory production of proteins is common technology. In several studies, the SP
has been shown to be a critical major factor in optimizing recombinant protein secretion.

From the genome of B. subtilis, 173 Sec SPs have been identified based on the highly conserved
three-domain structure [21], which have been compiled by Brockmeier et al. to a genetic library to
optimize recombinant protein secretion in B. subtilis [30]. The study revealed that systematic screen-
ing of all natural SPs in B. subtilis is a powerful strategy to improve extracellular enzymatic activity
using cutinase from Fusarium solani pisi as model enzyme. The SP was found to affect the processing

kinetics of cutinase preprotein during translocation, but a fast or low cutinase preprotein processing
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Figure 1.3.: Typical structure of Sec signal peptides and possible destinations of newly synthesized proteins directed to the
Sec machinery of Gram-positive microorganisms. (A): Sec SPs possess a highly conserved tri-partite structure,
the positively charged N-domain, the longest H-domain built from hydrophobic amino acids and the C-domain
containing a cleavage site for release of the target protein. (B): Figure part B modified from [22]. TM, trans-
membrane domain. CWB, cell wall binding motif.

could not be correlated to high or low extracellular cutinase activities, respectively. Furthermore, the
SP screening results for cutinase could not be transferred to a second model enzyme, an esterase
from metagenomics origin.

Essentially, the same observation was made in a screening study regarding a saturation mutagene-
sis of the N-domain from the B. subtilis AmyE SP. Using again cutinase as model enzyme, extracellular
protein production was varied between 20 to 400% compared to the use of the wild type AmyE SP.
Again different obtained mutants resulted in different processing kinetics of cutinase precursor, but

these could not be correlated to the amount of extracellular cutinase activity [31].

In a recent study employing the B. subtilis SP library described by Brockmeier et al. [30], it was
found that SPs show a high correlation in secretion performance of an alkaline xylanase for the
comparison of two promotors of different strength (P43 and Pglvm) [32]. This indicates that transcript
level of SP-xylanase fusion is of minor importance to the secretion efficiency. Clearly, the SP was the

major factor for xylanase secretion.

For another Gram-positive expression host, Lactobacillus planatarum, screening of homologous
SPs was applied to optimize secretory production using staphylococcal nuclease (NucA) and lacto-
bacillal amylase (AmyA) as model enzymes. As seen in other studies, no correlation of SP perfor-

mance between different target protein, i.e. NucA and AmyA in this case, could be observed [33].

Browsing the genome of C. glutamicum R identified predicted SPs, which were then screened for
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1.2. The general secretory and twin-arginine translocation pathway

secretion of a-amylase from Geobacillus stearothermophilus [34]. Several of these SPs were shown
to outperform the well-known corynebacterial PS2 SP with respect to extracellular amylase activity,
highlighting again that for each target protein, the optimal SP has to be identified to achieve maximal
secretion efficiency.

In another study, a library comprising Sec SPs from B. subtilis and B. licheniformis (approx. 400 SPs
in total) was evaluated for secretion of subtilisin BPN' from B. amyloliquefaciens as model enzyme,
using B. subtilis as expression host [35]. Besides the finding that heterologous SPs function in general,
it was seen that the highest extracellular subtilisin BPN" activity in B. subtilis was achieved with a
heterologous SP from B. licheniformis. The comparison of the eight best performing SPs yielded
considerably higher extracellular subtilisin BPN’ activities (approximately 750% to 350%) compared
to the native SP of subtilisin BPN' used as reference. Furthermore, these eight SPs were applied
in two B. licheniformis strains for subtilisin BPN’ secretion and it was found that the results were
comparable between B. subtilis and the two B. licheniformis strains, and highly comparable between

the two B. licheniformis strains.

As seen in previous studies, Sec SPs from low-GC firmicutes B. subtilis are functional in high-GC
actinobacterium C. glutamicum [36] and therefore, the assessment of the Sec SP library introduced
by Brockmeier et al. [30] was a promising approach to optimize recombinant protein secretion also
in C. glutamicum. In contrast to the results obtained by Degering et al. [35], it was found that specific
SPs cause different secretion efficiencies for the same model enzyme (cutinase) when using B. subtilis
[30] or C. glutamicum [37] as host. More specifically, some SPs showed diametrical performance in
both hosts, whereas others did not, and some SPs showed comparable performance in one host but
not in the other host. This indicates that the phylogenetic distance of expression hosts correlates
with these observations and that the "expression environment" of the host cells is most likely the

more similar, the closer hosts are related.

To date, it is not possible to predict an optimal combination of SP, target protein and expression
strain. Bioinformatics tools (e.g., SignalP [38]) have been proven useful for the prediction of SPs from
sequenced genomes and thus, the prediction of secreted proteins [21, 34] but attempts to correlate
secretion efficiency of both homologous and heterologous proteins with scores calculated from SP
sequences (e.g., hydrophobicity, net charge, D-score) have failed so far [30, 35]. Consequently, SP
library screening to optimize protein secretion is an important step in expression engineering and
thus, recognized to be crucial for the development of a biotechnological production process for
technical bulk enzymes. Anyhow, with increasing size of SP libraries, accordingly increasing screening

effort has to be considered for practical reasons.
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1. Introduction and background

1.3. Reduced genomes for the construction of platform organisms

When talking about genome reduction, several expressions are frequently found in literature which
are defined based on the outcome/aims of such projects, for example the generation of a chassis,
minimal or streamlined cell (cf. [39, 40]). In this sense, minimal cells may be considered as of major
interest for fundamental research, while a chassis or streamlined cell is more interesting for applied
research since such cells may serve as platform technology:

First, in basic research, projects aim to contribute to the fundamental understanding on how a
cell works since a “minimal” gene set of a cell is considered to reduce the complexity of a resulting
phenotype [40, 41]. In the end, it is postulated that the knowledge generated will facilitate the con-
struction of functional cells from scratch for different purposes [42], true to the motto “What | cannot
create, | do not understand” . To this end, a bottom-up approach for the construction of a minimal
genome seems to be the preferred strategy. Consequently, attempts in genome reduction and the
characterization of corresponding phenotypes are of fundamental interest in the field of (synthetic)
biology.

Second, in applied research, contrary to the bottom-up approach typically seen in basic research, a
top-down strategy attempts to reduce the genome of a given organism to the only necessary encoded
functionality with respect to given constraints (e.g., growth on a certain carbon source). This ap-
proach is considered as useful for the construction of platform strains, which are well characterized
and predictable in behavior due to a less complex genome. This would serve as starting point for the
development of specific strains, for example by the introduction of foreign or synthetically designed
metabolic pathways. Furthermore, removing non-essential genes is deemed to dispense unwanted
sources of energy and metabolic building blocks consumption in production strains, so that those
resources are preserved for improved product biosynthesis yield [43]. Therefore, the construction
of streamlined production chassis strains as configurable modules for industrial biotechnology de-
velopment projects can be considered as driving interest for applied research on minimal/reduced
genomes [44, 45]. Some results from genome reduction projects concerning industrially important

microorganisms are collected in Table 1.1.

1.31. Genome reduction of C. glutamicum

The complete sequencing of its genome [2] paved the way towards the construction of genome

streamlined C. glutamicum strains for application in industrial biotechnology. With respect to het-

" Once noted on a blackboard by Richard P. Feynman.
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1.3. Reduced genomes for the construction of platform organisms

Table 1.1.: Results from selected genome reduction reports in literature.

Organism Results Reference

B. subtilis Construction of strains with genome reductions of up to 36%. Comparable [46, 47]
growth rates to the wild type strain in complex medium are reported. Multi-
omics analyses of genome reduced strains revealed, e.g., differential regula-
tion of proteins involved in protein biosynthesis and assembly of Fe-S clusters.
Moreover, results led to a refined iBsu1103 genome-scale metabolic model with
improved predicition of wild type phenotypes.

C. glutamicum  Strain C1* has a 14.3% reduced genome compared to the wild type strain  [48]
ATCC13032. Strain C1* is robust towards different stresses including oxygen lim-
itation and long-term stability of growth in mineral and complex medium.

E. coli Several strains, with up 15.3% reduced genome (strain MDS43) compared to  [49]
E. coli MG1655, a close relative to K-12 were generated. No impairment in growth
fitness, a higher transformation efficiency and lower mutation rate were ob-
served.

P. putida Prophage curation enhanced tolerance against environmental stresses. Strain  [50, 51]
EM383 with 4.3% reduced genome compared to parental strain KT2440 shows
higher biomass yield and lower maintenance. Growth rate, biomass specific
productyield and product synthesis rate using GFP as heterologous model pro-
tein are increased.

S. avermitis A series of deletions mutants was generated with approx. up to 19% genome  [52]
reduction. Expression of heterologous gene clusters for streptomycin from
S. griseus and for cephamycin from S. clavuligerus resulted in higher titers com-
pared to the native producers.

erologous protein production, the curation of the C. glutamicum genome from prophage regions [53]
and insertional sequence (IS) elements [54] was reported to enhance heterologous protein produc-
tion and transformation efficiency. Starting from the prophage-cured strain MBoo1 [53], the con-
struction of a C. glutamicum chassis strain was started in a top-down approach by identification of
potentially irrelevant genes [48, 55]. The irrelevance or essentiality of a gene was defined with re-
spect to the desired phenotype of non-impaired submerged growth in comparison to the wild type
strain ATCC13032 in the widely used defined CgXIl medium [56] with glucose as main carbon source
[48, 55]. Based on this definition, phylogenetic conservation, gene expression levels as well as litera-
ture knock-out data, 41 gene clusters were classified as not necessary. From these, 36 clusters could
be successfully deleted (i.e., resulted in non-lethal phenotypes), meaning that the remaining ones do
provide unknown essential function to the cell or may encode for unknown regulatory mechanisms.
Out of these, the individual deletion of 26 clusters resulted in strains with a non-reduced biological

fitness compared to the wild type strain. Surprisingly, several combinatorial deletions comprising
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1. Introduction and background

two of these 26 clusters generated growth-impaired strains, meaning that some (unknown) redun-
dant essential function is encoded within those clusters. Finally, by deleting non-critical combina-
tions of gene clusters, the C. glutamicum chassis strain C1* was constructed, showing a 13.4% genome
reduction, and was successfully tested for biological fitness against several stressors and for long-
term growth stability [48]. In addition to the construction of strain C1* the project provided a large

strain library and a revised genome annotation list, which are now available for further research.

1.4. Industrial biotechnology

Industrial biotechnology deals with the biological production of bulk, fine or specialty chemicals,
pharmaceuticals and precursors as well as enzymes for food, feed or technical applications [57-61].
These value-added molecules are produced by the conversion of raw materials using the metabolic
capacity of microbial cell factories (MCFs). Advances in synthetic biology made it possible to speci-
fically engineer MCFs to produce a broad range of natural and non-natural products [62]. Nowadays,
genetic engineering of MCFs is possible in short times [63], owed to the availability of genetic strain
libraries, the standardization of genetic elements (e.g., "BioBricks" and variants thereof) [64], non-
targeted high-throughput strain engineering using biosensor technology [65] as well as the devel-
opment of advanced of gene editing technologies, like the CRISPR system [66-68].

1.44. Development of protein production processes

With an estimated market of 1 billion US-$ in 2010 [58], the production of technical bulk enzymes
makes up a major part of industrial biotechnology. To supply this market with sufficient quantities
and in an economically feasible manner, platform technologies are developed continuously. With
extracellular, secretory enzyme formation, product recovery is facilitated because time- and energy-
consuming cell disruption is avoided. This is reflected by the fact that dominating expression hosts
for the production of commercial enzymes are secretory hosts, like Aspergillus sp. and Bacillus sp.
with a share of about 27% and 17%, respectively [69], representing almost half of total commercial
enzyme production (Figure 1.4).

Inindustrial biotechnology the development of protein production processes often follow a frame-
work that can be described in a simplified form as a four-stage linear workflow [70, 71]. First, an
expression system is constructed enabling a microbial host to produce the recombinant protein of
interest in principle. Second, strains are engineered to increase product titer and yield. This can

be done, for example, by testing different promotors [7, 72] and/or ribosome binding sites [73] to
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Figure 1.4.: Host organisms used for the production of enzymes, that are commercialized by AMFEP [69], based on number
of products. Aspergillus sp. summarizes A. melleus, A. niger and A. oryzae. Bacillus sp. summarizes B. amylolig-
uefaciens, B. subtilis, B. licheniformis, B. stearothermophilus and others. Trichoderma sp. summarizes mainly
T. reesei and T. longibrachiatum. Streptomyces sp. summarizes mainly S. violaceoruber.

increase expression of the target gene, as well as screening of secretion signals to increase target
protein export [30, 32, 35, 37]. At this stage with focus on metabolic engineering, methods for growth
experiments with subsequent target protein quantification are needed that are characterized by
a high degree of standardization, parallelization and throughput to handle the resulting amount
of constructed strain variants [74, 75]. Typically, these screening experiments are conducted using
microtiter plates (MTPs) or shake flasks. Third, a few most promising strains are cultivated in bench-
scale bioreactors, where environmental conditions like pH or temperature are tightly controlled. Also,
the search for fed-batch control strategies that improve the formation of the target protein [76, 77] is
currently performed at this stage. At bioreactor scale, cultivation conditions matching those in large
scale bioreactors (e.g., oxygen and substrate gradients) can also be evaluated for their impact on the
performance of producer strain candidates using scale-down simulators [78, 79]. Fourth and finally,
after identification of the apparent best combination of producer strain and bioprocess control strat-
egy, the transfer to the production scale follows. Consequently, successful biotechnological protein
production requires the evaluation of many biological and bioprocess variables, which cannot be
experimentally investigated in all combinations due to the huge design space. Therefore, during de-
velopment stages, decisions must be made to subsequently reduce the number of variables, with

the ultimate goal to setup an economically feasible production of the target protein of choice. An
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overview on commercialized technical enzymes and their area of application is given in Table 1.2.

Table 1.2.: Selected examples of industrial application of enzymes.

Application / industry Enzyme(s) Purpose Reference
Animal nutrition Phytase Increases phosphate availability from  [80]
feed for monogastric animals
Cellulase Facilitated digestion of silage [81]
Bulk chemicals Nitrile hydratase Acrylamide production [82]
Lipase Chiral amines, polyester synthesis [83]
Clothing Cellulase Smoothening of cotton fabric [81]
Laccase Bleaching ("stone-washed") effect of [84]
denim
DNA amplification and Taq polymerase Heat stable DNA polymerase for PCRre-  [85]
synthesis action with changing temperatures
Food industry Amylase, glucoamylase, Conversion of starch into high fructose [86]
glucose isomerase corn syrup
Pectinase Clarification and viscosity reduction of  [87]
natural juices
Laundry detergents Lipase, Protease Washing at low temperatures (hydroly-  [88, 89]
sis of fatty and proteinaceous dirt)
Pharmaceutics o-phtalyl amidase Synthesis of intermediates in produc- [90]
tion of antibiotic loracarbef
Tyrosine phenollyase Production of L-3,4-dihydroxyphenyl- [91]
alanine (L-DOPA)
Ketoreductase Production of Montelukast, active [92]
against asthma and allergies
Pulp and paper industry  Hemicellulases (Xylanase, Bleaching of pulp during Kraft process  [93]

Mannanase)

for paper production
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1.5. Bioprocess kinetics and operation of bioreactors

The cultivation of microorganisms in bioreactors is often described by rather simple models. Such
models have proven over decades to be sufficient in order to foresee cultivation dynamics in most
cases. Typically, in bioprocess engineering the stirred tank reactor (STR) is the vessel of choice to
carry out the (bio-)reaction, which is basically the growth of microorganisms and associated reactions
like heterologous protein synthesis or by-product excretion. Equation (11) describes the general

mass balance for component ¢ in the reactor, with the boundary set around the reactor. Here, dgt”

denotes the accumulation term, which is positive for an inflow or formation of component ¢ and is
negative for a drain of consumption of componenti. Fj,-c; ;, denotes the inflow term for component
tand Foyt - ¢ out denotes the drain term. Finally, 7; - Vi denotes the reaction term, again positive
for formation of component 7 and negative for consumption of component .

dmi d (Ci . VR)

dt = dt = Fip - Ciin — Fout - Ciout + 13 - Vr (1)

1.5.1. Description of the batch process

In batch cultivations, all nutrients for the microbial culture in the cultivation medium are added
at the beginning of the whole process 2. After inoculation, the growth of the culture starts and
ends upon depletion of the limiting substrate, which is mostly the carbon source. After completion
of growth, the whole reactor content is harvested for product recovery. Changes in the cultivation
volume Vg due to pH adjustment, sampling, evaporation, etc. are considered to be negligible (i.e.,
Vr = const.) since those represent typically only up to 1- 2% of the total cultivation volume 3. This
also means that necessarily both the inflow and outflow terms in the above depicted general mass
balance become zero. Therefore, the mass balance can be written as concentration balance for the
component 4 being biomass (cyx), substrate (cg) and product (cp) which contain only the reaction

terms, as depicted in (1.2), (1.4) and (1.3), respectively.

dciX:’["X:/J.CX (12)
dt

% In aerobic bioprocesses, oxygen needs to be continuously delivered to the culture due to its very low solubility in
aqueous solutions, meaning that in case of insufficient aeration, oxygen becomes the limiting nutrient within seconds.
Therefore, oxygen is gassed into the bioreactor constantly ensuring a non-limiting concentration in the cell suspension
and hence, does not need to be considered in the mass balance.

3 Based on observations in this work.
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des _ 1 dex (13)
it "5 Ty dt 3
de dCX

W:rP:yP/X.W (1.4)

The reaction term regarding biomass (index X), rx = u - cx, cf. (1.2), describes growth as an
autocatalytic reaction with biomass as catalyst and p as proportionality factor, which is assumed to
be constant during the resulting exponential growth phase. A decline in growth rate to model the
transition from exponential growth phase into the stationary phase due to depletion of the substrate
can be described using different well accepted empirical models, for example Monod’s equation [94].
However, in this study only the exponentially growing culture is of interest, and thus, investigations
on and modeling of culture behavior during other growth phases are out of scope.

Product formation is considered to be directly growth-coupled which is a reasonable assumption
for a protein production, cf. (1.3). For the sake of simplicity, a constant relation between biomass
growth and product formation is assumed. This is expressed by a yield coefficient relating product
formation with biomass growth, YP/X, which corresponds to the well-known Luedeking-Piret model
of product formation without a non-growth associated production term [95]. Indeed, experimental
data obtained in this study supports these assumptions (e.g., cf. Chapter 3 and Chapter 5).

Consumption of substrate is typically modeled to be proportional to the formation of biomass
and product, expressed by the proportional factors (i.e., yield coefficients) Y;/S and Y;/S, respec-
tively, cf. (1.5) to (1.7), where the * indicates the non-observability of these yield coefficients, cf.
below. In this study, products are heterologous proteins (i.e., green fluorescent protein (GFP) and
cutinase) which are synthesized by the cell, meaning that the substrate needed for heterologous
protein synthesis is consumed and metabolized by the biomass first and then the cell distributes
the gained energy and building blocks into growth and product formation. This means the yield co-
efficients Y)’Q/S and Y]_T,/S are not separately observable without high experimental effort. Following
this, substrate consumption is modeled to be caused by biomass growth only, expressed by the yield
coefficient YX/S in (1.3), which is experimentally easily accessible. Intuitively, the amount of sub-
strate accounting for the total "cost" of heterologous protein production is then reflected by a lower
value of YX/S obtained for the protein production strain compared to the non-producing strain.
Such cost would be, for example, upregulation of chaperones, lower abundance of host proteins due
to the competition with the heterologous protein, an increased energy demand due to biosynthesis
of target protein mRNA or production of the plasmid-encoded selection marker. This total cost is
often summarized as "metabolic burden" [96, 97]. Inserting (1.2) and (1.4) into (1.5) yields (1.6), and

with a little bit of algebra it is seen how the yield coefficients are related with each other, cf. (1.7).
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1.5. Bioprocess Rinetics and operation of bioreactors

Thereby, the term YP/X/Y;/S has the dimension mass of substrate per mass of biomass (here, with
the unit gs gx™), describing which amount of substrate is needed by one unit of biomass for product
formation (i.e., the metabolic burden to the cells). In case the cell does not synthesize a product,

Yp/x becomes zero and thereby, ;;/S equals Yy/g.

dﬁ e 1 dex B 1 dCl (1.5)
T Y e Yy >
1 1 Y,
TS = Tyw MO Ty 'YP/X'M'CX:—M'Cx-<Y* —i—Yi/X) (1.6)
X/5 P/s x/s  Ypss
1 1 Y,
= /X (17)

Yx/s B Y;E/s Y;/s

Conclusively, the batch bioprocess can be characterized by three to five parameters (u, gs, qp,
Yx/s and Yp,x), of which gg and gp contain the information on p as well as Yy,5 and Yp,x,
respectively. Consequently, the batch bioprocess can be expressed in the summarized form depicted
in (1.8). The corresponding parameters are versatile performance indicators (PIs) of the bioprocess.

The relevance and interpretation of Pls is discussed later in the text (e.g., cf. section 2.7).

2 [ex X p 1
aler|=|re| =] x= YP/)i pex (1.8)
cs rs as —Yyis

1.5.2. Description of the fed-batch process

The fed-batch bioprocess in characterized by the addition of concentrated nutrient solution, which is
in most cases the carbon source (glucose in this study). Furthermore, the feeding solution is added in
a growth-limiting manner, meaning that the glucose concentration in the culture is nearly zero since
the added glucose is immediately consumed by the culture mass. In turn, the biomass formation
is restricted by the applied feed rate, which can be constant, linearly, exponentially increasing or
pulsed [98]. This mode of operation is termed open-loop control because the feed rate follows a
pre-programmed function. In contrast, in case the feed rate is controlled (adjusted) by considering
some output signal from the bioreactor, the term closed-loop control is used [99]. An example for
a closed-loop control is the continuous feed adjustment based on the online monitored respiration
quotient (RQ) in production of baker's yeast. This strategy allows to control the amount of carbon

sources in the bioreactor to reduce the "crabtree" effect [98]. Another typical example is the pH
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adjustment in a bioreactor where the addition of base or acid depends on the measured pH value in

the bioreactor.

The application of an exponentially increasing feed rate allows to adjust a constant specific growth
rate of the cultivated cells. Depending on the desired growth rate of the culture, the feed rate is
adjusted, as described in (8.1) in section 8.7.3. To derive culture characteristics analogously to the
batch processes, the changing culture volume has to be considered, meaning that instead of biomass
concentration (cx) and product concentration (cp) the masses of biomass (m x), cf. (1.9) and product
(mp), cf. (110) have to be considered. The changing volume is attributed to the inflow of feeding
solution which is determined by F'(t), the volume of pH adjusting agents V¢4 Base(t) added to

maintain the pH setpoint and the removal of samples Vsample(t), cf. (1.11).

de d(CX'VR)

a4 M (1.9)
dmp = d(cp V) =qgp-m (110)
dt dt P mx '
dV,
Tf =F (t) + VACid/Base (t) - VSample (t) (1'11)

Since in this study only data from the exponentially fed growth phases are used to derive culture
parameters (i, YP/X and gp as performance indicators, the general considerations of the previous
section on batch bioprocesses can be applied. The fed-batch bioreactor cultivations are used to
evaluate the impact of different growth rates on heterologous cutinase secretion efficiency in terms
of cutinase vyield YP/X and productivity gp. More specifically, the fed-batch cultivations serve to
determine the empirical relations Yp,x = f(u) and gp = f(iz) in Chapter 5, based on experi-
mental data from the exponential fed-batch phase according to (142), (113) and equation (114). In
practice, growth rate p and cutinase yield Yp/X are often estimated from the experimental data

using regression methods [100], as indicated in (112) and equation (143).

1 dmx In(Amx)

H= e dt T At (122)
de Amp
Y, = ~ :
P/X dmp AmX (1 13)
ap =Yp/x - (114)

The obtained empirical relations can be used to determine a growth rate i for which either cuti-

nase yield YP/X or cutinase productivity gp is maximal. Once these empirical relations are known
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1.5. Bioprocess Rinetics and operation of bioreactors

for a specific production strain, a closed-loop control strategy can be applied to ensure that a bio-
production process is operated at the optimal value for growth rate u [101]. However, such strategy
requires signals from the bioreactor to be fed into the controller, and the required signals are ideally
recorded in a high temporal solution and do not need manual experimental effort to be read out.
Furthermore, implemented software controllers needed for closed-loop control can be arbitrarily
complex [102] like, for example, sophisticated software controllers (also known as soft-sensors) that
process a multitude of online monitored signals to control a non-directly experimentally observable
parameter [103].
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2. Microbioreactor systems for accelerated
bioprocess development and quantitative

microbial phenotyping

This chapter introduces microbioreactor systems as versatile tools for biotechno-
logical applications and discusses current progress as well as future needs and
prospectives. The need for automated data processing and the corresponding
derivation of performance indicators is considered as major issue in projects of
quantitative phenotyping. To reflect this point, the chapter describes and dis-
cusses in detail a procedure for automated determination of growth rate, one of
the most important characteristics of a microbial culture. This chapter is based on
Publication Il and Publication V.

Author contributions:
Johannes Hemmerich prepared the figures, developed the MATLAB code, analyzed the data, interpreted results,
and wrote the chapter with the help of Marco Oldiges and Wolfgang Wiechert. Stephan Noack helped with

writing sections 2.1 to 2.7.

24. The need for accelerated bioprocess development in industrial

biotechnology

As outlined in the previous chapter (e.g., section 1.2.2, section 1.3, section 1.4), current advances in
molecular biology and metabolic engineering allow to quickly generate large strain libraries for a
great diversity of biotechnological applications, including bioprocess development. These strain li-
braries need to be characterized for a set of well-defined and controllable cultivation conditions,
which is the purpose of quantitative microbial phenotyping. However, the experimental throughput
of corresponding methods that allow for such quantitative phenotyping is rather limited in compar-
ison to the size of typical strain libraries. Therefore, novel technologies and approaches are urgently

needed to close the gap between the availability of genetically engineered strains and their detailed,
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2. Microbioreactor systems

quantitative characterization under process-relevant conditions, to finally enable the joint develop-

ment, characterization and optimization of MCFs and bioprocesses.

Integrated microbioreactor
systems with culture monitoring
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Figure 21.: Traditional bioprocess development versus microbioreactor systems. While microtiter plates and shake flasks
provide high cultivation throughput, the gained information on strain and process properties is limited. Bench-
scale bioreactors allow precise environmental control and can be equipped with different sensing probes, but
cultivation throughput is limited. microbioreactor (MBR) systems can offer a shortcut to enable both, that is a
fast and reliable bioprocess development. Figure reprinted from [104] with permisson, originally modified from

[105].

The need for increased experimental throughput in quantitative microbial phenotyping under well
controlled conditions gave rise to the development of MBR systems, which ultimately aim to replace
shake flasks and lab-scale bioreactor systems for early and mid-stages of bioprocess development,
as schematically depicted in Figure 2. Following this aim, several necessary specifications and de-

sired properties of MBR systems can be formulated:

miniaturized volume per single cultivation

high parallelization of single cultivations to realize necessary throughput

user-friendly and fail-safe operation

)
)
(iii) minimal setup-time between experiments
)
) automated and unsupervised operation
)

monitoring of bioprocess variables at high temporal resolution
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2.2. Microbioreactor systems based on stirred cultivation units

(vii) controllable cultivation environment regarding temperature, pH and feeding profiles
(viii) accessibility of cultures for dosing/sampling and further analytics
(ix) batch, fed-batch and continuous mode of cultivation

(x) option for hardware and software integration with lab robotics and additional lab equipment

)
)
)
(xi) scalability of results with respect to standard lab-scale bioreactor operation

In recent years, enormous progress has been made in the field of MBR systems. However, not
all necessary specifications and desired properties mentioned above have been realized and great
efforts in fundamental and applied research are still ongoing. This is reflected by the existence of a
variety of different MBR systems covering a broad technological range and a wide field of application
(Table 21).

2.2. Microbioreactor systems based on stirred cultivation units

An intuitive approach to increase the cultivation throughput of stirred tank bioreactors is the minia-
turization of this bioreactor type. The rationale behind this downsizing approach is that the geo-
metric similar reactor setup at lab-scale and micro-scale can facilitate the scale-up of bioprocesses
developed in the MBR systems. Another advantage of downsizing existing stirred tank bioreactors is
the applicability of already established methods for bioprocess monitoring by using adequately sen-
sitive sensors. For example, small-scale sensors enabling low range torque measurements allowed
the experimental determination of detailed power consumption characteristics [120]. In combination
with computational fluid dynamic simulations further understanding of hydrodynamics with differ-
ent stirrers was gained [123]. Clearly, the high degree of parallelization is advantageous for the high
resolution of operating conditions enabling detailed process insight. Since these MBR systems rely
on arrays of individual down-sized stirred bioreactors, they can be operated with a varying number
of individual vessels and cultivation conditions, fitting to specific demands of throughput. However,
with increasing flexibility of individual reactor control, the technical setup of equipment becomes
more complex, which then may counteract ease of application.

Up to now, two systems with typical cultivation volumes in the range of 10 mL are commercially
available, namely "ambr 15" from TAP Biosystems and "bioREACTOR" from 2mag (see Table 2.1 for
more details). The ambr 15 system was originally introduced for application in cell culture, but has
been reported very recently for the evaluation of recombinant E. coli strains [110]. The bioREACTOR
system is mainly used for microbial application and different impeller types can be used, for ex-

ample to cultivate shear-sensitive mycelium forming microorganisms [120] or to conduct enzymatic
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Table 24.: Comparison of commercially available MBR systems with respect to specifications and applications.

MBR

Specifications and capabilities

Application examples

Literature

ambr 15

Single-use stirred mini-reactors, 24 or 48 in paral-

tapbiosystems.com lel. Culture volume from 10 - 15 mL. Designed for

BioLector
m2p-labs.com

bioREACTOR
2mag.de

BioScreen C

bioscreen.fi

Growth profiler
enzyscreen.com

Micro-24
pall.com

micro-Matrix
applikonbio.com

SensorDishReader
presens.de

cell culture applications. Temperature control of 12
mini-reactors at once. Quasi-continuous monitor-
ing of pH and DO via optodes. Integrated into liquid
handling system for automated feed addition, sam-
pling and recalibration of pH optodes. Individual
submerged feeding of gas mixtures for DO control.
Single-use MTPs with transparent bottom, 48 well
Flowerplates are mostly applied. Culture volume
from 0.8 - 2.4 mL. Quasi-continuous monitoring
of biomass formation via backscatter, fluorescence
and via optodes pH and DO. Integration of lig-
uid handlers for sampling, feeding and pH adjust-
ment. Environmental control of temperature, hu-
midity and gas atmosphere.

Single-use stirred mini-reactors, 8 or 48 in parallel.
Quasi-continuous monitoring of pH and DO via op-
todes. Culture volume from 8 - 15 mL. Specialized
stirrers for mycelium-forming organisms. Integra-
tion into liquid handlers for sampling, feeding and
pH adjustment.

Two parallel 100 well "honeycomb" MTPs. Environ-
mental control of temperature. Culture volume up
to 0.4 mL. Quasi-continuous monitoring of biomass
formation via optical density.

Up to 10 parallel MTPs with transparent bottom.
Quasi-continuous monitoring of biomass forma-
tion via image scanning. Environmental control of
temperature.

Shaken single-use cassettes with 24 bubble
columns. Culture volume from 3 - 7 mL. Quasi-
continuous monitoring of pH and DO via optodes.
Regulation of pH via gassing of NH; and CO,.
Individual temperature control.

Single-use 24 square well MTP with quasi-
continuous monitoring of pH and DO via optodes.
Culture volume from 1 - 7 mL. Individual tempera-
ture control. Control for up to 4 gasses and liquid
addition.

Incubator shaker mounting system for MTPs (6, 24
or 96 well format). Culture volume from 0.2 - 10 mL
with different MTPs. Quasi-continuous monitoring
of pH or DO via optodes.

Cell line development;

medium, feed and
growth parameter
optimization

Strain screening; phe-
notyping; medium,
feed and growth pa-
rameter optimization;
toxicity screening;
OTR screening

Strain screening;
medium, feed and
growth parameter op-
timization; biotrans-
formation; continuous
cultivation

Strain screening;
phenotyping; toxicity
screening; biotrans-
formation

Strain screening; toxi-
city screening

Cell line and strain
screening; medium,
feed and growth pa-
rameter optimization

Feed and growth pa-
rameter optimization

Cell line, strain and
biocatalyst screening;
medium optimization;
toxicity screening;

[106-110]

[55, 111-119]

[120-126]

[127-132]

[113, 119, 133-136]

[137-140]

[11-144]
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hydrolysis of plant material [123]. In addition, this system was successfully applied for parallel con-
tinuous cultivations [124, 126] and a first prototype of an add-on system consisting of micropumps
was reported for feeding and pH correction using small volumes at high frequency [145]. However,
the application of non-invasive optical biomass measurements based on turbidity or light scattering
is difficult in these MBR systems, since the continuously agitated impellers and resulting submerse
gas bubbles interfere with such optical measurements. Therefore, the two systems currently rely on
sampling for biomass determination, and here robotic integration seems to be mandatory to avoid

shifting the bottleneck from cultivation to analysis.

2.3. Microbioreactor systems based on shaken cultivation units

The recognition of MTPs as cost-effective, easy-to-handle and parallelized cultivation units stimu-
lated the thorough characterization of operation conditions from a biochemical engineering per-
spective. Consequently, the understanding of shaken small- and micro-scale culture systems was
greatly improved. For instance, the discovery of the "out-of-phase phenomenon", which now can
be described by the non-dimensional Phase number (Ph) [146, 147], greatly advanced the under-
standing of fluid dynamics in such devices. In addition, methods were developed to characterize hy-
drodynamics, mass transfer and power input in MTPs [147-152]. Results from fundamental research
were transferred into application leading, for example, to the development of MTPs specifically de-
signed for the cultivation of MCFs with high oxygen demand [111, 153]. Culture aeration in MTPs was
proven to be affected by a variety of operating conditions, for example cultivation volume, shaking
frequency, shaking diameter and geometry of MTP cavity [111, 147, 148, 150, 151, 153-156]. A compre-
hensive overview about oxygen transfer characteristics in miniaturized cultivation systems is given
elsewhere [157].

An inherent drawback of using MTPs as cultivation devices is that individual culture well manip-
ulations require a stop of the shaking movement, which can negatively impact the oxygen transfer
and mixing of all cultivation wells [115, 139]. This issue becomes more critical when the number of
necessary interactions increases and then also requires additional hardware that is capable of dos-
ing/aspirating liquids to the individual cultivation wells under constant shaking of the microplate
[112, 158]. Moreover, depending on the technical specifications of the shaken MBR system, some cul-
ture parameters can only be controlled globally for all cultivation wells in one MTP, e.g., the head
space gas mixture or temperature [118, 159]. Consequently, detailed investigations on the impact of

these parameters on process performance can only be carried out in separate MBR cultivation exper-
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iments, substantially lowering the throughput during bioprocess development [118, 159]. Notewor-
thy, the Society for Laboratory Automation and Screening (SLAS) has developed industry standards’
for MTP-based devices, which could facilitate the integration of such MTP-based MBR systems into
robotic environments. Currently, several MBR systems based on MTPs have become commercially
available commercially available, namely "Bioscreen C" from Oy Growth Curves, "BioLector" from
m2p-labs, "Growth profiler" from Enzyscreen, "Micro-24" from Pall and "micro-Matrix" from Applikon

(see Table 21 for more details).

2.4. Integration of microbioreactor systems into lab robotics

The integration of MBR systems into robotic environments greatly enhances their capabilities to-
wards an improved quantitative microbial phenotyping and bioprocess development [36, 37, 112, 121,
124, 160-162]. In particular, liquid handling robotics allow for automated manipulation of growing
cultures, for example, by adding inducers, taking samples, adding nutrients and adjusting pH. All
of these events can be executed based on pre-programmed timetables or scripted protocols using
online (e.g., biomass, pH) or atline (e.g., substrate, product concentration) measurements. Scripted
protocols allow for a flexible and highly standardized approach to handle and treat individual cul-
tivations. As a result, more precise and reliable biological results can be obtained. While the MBR
cultivation is running, samples can be processed in parallel to enable their quick and safe storage,
for example by cell separation [115, 160, 161] or to analyze them directly, for example by spectropho-
tometric assays [115, 124, 163]. Clearly, the interplay and orchestration of many lab devices including
the MBR systems within the lab robotic environment requires easy to access and compatible soft-
ware and hardware interfaces, as well as scheduling software to supervise the overall process in its
whole complexity [161, 163]. Up to now, several studies have been reported that hyphenate various
high-throughput lab automation devices and MBR systems to obtain such data densities that enable
almost holistic strain and bioprocess development [113, 115, 164-167].

In the past, the integration of robotic systems for downstream process development led to signif-
icant increases in the throughput of several standard operation procedures. For example, cell lysis
has been optimized for improved release of intracellular products [168, 169], the screening of chro-
matographic material and binding/elution conditions was facilitated [170], and the identification of
optimal compositions of aqueous two-phase systems [171] or precipitation conditions [172] has be-

come experimentally feasible. So far only a few but highly interesting studies have been reported

" ANSI/SLAS 1-2004 to ANSI/SLAS 4-2004, ANSI/SLAS 1-2012, available at www.slas.org
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that combine high-throughput upstream and downstream bioprocess development [165, 166, 173].
This is certainly due to the much higher complexity of such wholistic approaches. For further infor-
mation on recent developments in high-throughput downstream processing the reader is referred

to the following reviews [174, 175].

2.5. Scalability of microbioreactor bioprocesses

The purpose of MBR systems is to facilitate the development of bioprocesses that are scalable to lab-
scale and, in an optimal case, up to pilot-scale. For typical robust microbial production strains, both
the maximum oxygen transfer rate (O1T R,,qz) [36, 176] and the kpa-value [177] are often reported
to be suitable scale-up criteria. Depending on the methods used for OT R, determination at
MBR and bioreactor scale, correction factors can be applied [178]. Maintaining a dissolved oxygen
level >20% as scale-up criterion resulted in highly comparable growth and heterologous cutinase
secretion profiles of C. glutamicum strains in MBR (1 mL) and bioreactor (1 and 20 L) cultivations.
Moreover, the biomass specific product yield YP/X was comparable along the different cultivation

scales and strains tested [36].

In case shear-sensitive microorganisms are cultivated, power input was proven to be another suit-
able scale-up criterion. By adjusting the mean power input to the same value for 10 mL MBR and
2 L bioreactor cultivations of Streptomyces tendae, highly comparable culture dynamics including
biomass and product formation were achieved [120]. In another study, an MTP-based MBR system
was validated for bioprocess development with Streptomyces lividans [179]. Operating conditions for
the MBR and lab-scale bioreactor were chosen to match the same culture morphology, which was

used as biological scale-up criterion.

As a more complex example, the simultaneous consideration of two scale-up criteria was reported
to be crucial for the comparability of biomass specific yields of a soluble ribonuclease inhibitor
fusion protein among cultivations in shake flasks and bioreactors [180]. The first (technical) scale-up
criterion was to maintain a growth-limiting fed-batch cultivation mode, while the second (biological)

scale-up criterion was to induce the culture at a certain growth rate.

A more detailed review on scale-up from MBR systems can be found elsewhere [181].
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2.6. Need for automated data processing

Apart from untargeted screening approaches for the characterization of whole strain libraries, the
targeted optimization of bioprocess conditions (e.g., media optimization) requires further sophisti-
cated experimental procedures. In general, to maximize the experimental power of high-throughput
MBR cultivations, the focus should rely on those experiments only from which the highest informa-
tion gain can be expected. Preferably, this is done in iterative procedures consisting of dry-lab exper-
imental planning, wet-lab MBR experimentation and dry-lab data evaluation. Here, smart Design of
Experiments (DoE) is suited to accomplish this task [167, 182, 183]. Intentionally, DoE was developed to
gain maximal information from a limited number of experiments and mainly uses black-box models
to describe functional relationships between input factors (e.g., strains and cultivation conditions)
and output factors (e.g., PIs) [184]. The importance of Pl determination for quantitative phenotyping
projects by automated data processing is discussed later (see sections 2.7 and 3.4).

However, with the option for high-throughput experimentation more input factors can be taken
into account, increasing the predictive power of DoE approaches. Noteworthy, optimization by DoE
provides information about improved conditions, but lacks mechanistic understanding unless mech-
anistic instead of black-box models are used [185]. The perhaps most valuable feature of DoE appli-
cations is the systematic investigation of non-intuitive input factors that are not considered to be
important when relying on biased expert knowledge or educated guesses alone. In turn, DoE rapidly
helps to identify bioprocess conditions (e.g., medium composition, temperature) that enable im-
proved phenotypes and process performance indicators. An important aspect for data processing is
the use of mathematical correction methods, which has been successfully applied to correct optical
measurements suffering from interference [186]. Since optical measurements are widely applied in
MBR systems due to fast and non-invasive data acquisition, it is important to know the experimental

conditions that may cause problems with this measurement technique [186-188].

2.7. Determination of culture performance indicators by automated data

processing

Through parallelized and automated MBR cultivations a variety of raw data sets are easily gener-
ated in short time. The evaluation of such amounts of data is not possible with manual procedures
anymore. Therefore, the current challenge with high-throughput MBR cultivations is to extract the

relevant biological and process information in a non-delayed and efficient manner. Resulting raw
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data streams need to be (semi-)automatically processed and visualized in a meaningful way for in-

terpretation of results and decision-making, compare also Figure 3.8C.
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Figure 2.2.: Multilayer data processing workflow to handle the complex output from automated MBR cultivations. Raw
data obtained from parallelized microbioreactor cultivations from the bottom layer, including data from online
monitoring (e.g., turbidity, fluorescence) and data from atline assays obtained from transient sampling. These
datasets are further processed using model-based approaches to derive important performance indicators
(PIs). Finally, these Pls are evaluated in comparison to reference values or defined threshold values as minimal
optimization targets. Figure reprinted from [104] with permisson.

Typically, relevant Pls are determined, including biomass and product titers (cx, cp), specific rates
for biomass growth (i), substrate consumption (gg) and product formation (gp) as well as specific
yields relating substrate conversion and product formation to biomass growth (Y /s, Yp, x). These
Pls are usually obtained by fitting experimental data to single mathematical expressions or small
process models [117, 189-194] , preferably in an automated way [163, 193]. By comparing such Pls with
reference values or defined benchmark settings, good performing strain variants and/or cultivation
conditions can be found (see Figure 2.2). Noteworthy, automated data processing for Pl determina-

tion is not restricted to MBR cultivations but is helpful for any kind of bioprocesses conducted at
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different scales. However, automated data processing is of particular importance for the experimen-
tal high-throughput nature of MBR systems.

To illustrate a specific example, the following section deals with the determination of the growth
rate  from high-throughput MBR cultivations, as growth rate is probably the most important and

most often used characteristic Pl in biological fitness testing.

2.8. Automated growth rate determination from high-throughput

microbioreactor cultivations

The growth rate i is an important Pl, because it is a suitable metric to assess biological fitness of mi-
crobial mutant strains [195]. Typically, parallel high-throughput growth experiments in MBR systems
involve strain mutants which show deviating growth behavior like different lag-phases, final biomass
concentrations, maximum growth rates or even biphasic growth patterns. Often such phenotypes
cannot be predicted but need to be revealed in high-throughput MBR experiments. Furthermore,
strain-specific growth patterns may change completely and unpredictably in different nutrition me-
dia with, e.g., different carbon sources. Therefore, to fully characterize mutant strain libraries, many
high-throughput MBR growth experiments are needed, resulting in big data sets that have to be
evaluated accordingly.

To calculate the growth rate from an individual cultivation, the corresponding data subset covering
only the exponential growth phase must be determined. With typically short microbial cultivation
times of one day, the generation frequency of such data sets to be evaluated is very high. Most im-
portantly, the task of biological fitness testing of microbial mutant strain libraries should follow a
standardized protocol covering both wet-lab experiments and data processing to enable fair com-
parison. Apparently deviating results, for example a significantly higher growth rate of a mutant
strain compared to the wild type strain, are ideally discovered in an automated procedure, and then
followed by further in-depth manual evaluation including confirmatory growth experiments.

Efficient handling of the data load obtained by MBR systems is enabled by scripting languages
which are ideally suited for rapid development of automated data processing routines, yet a very
few with specific features are reported and freely available [196-198]. Here, a MATLAB code is pre-
sented that facilitates calculation of growth rates in an automated way based on biomass readings at
high temporal resolution from individual cultivations conducted in parallel. This calculation is easily
parallelized, as it is demonstrated for all 48 cultivations taking place simultaneously in one culti-

vation plate in the BioLector [199] MBR device. Growth rate calculation is based on the exponential
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growth model, d;—f = |t - cx, considering the growth rate u to be constant during the exponential

growth phase. Therefore, cultivation conditions have to be defined in a meaningful way to avoid limi-
ted growth originating from insufficient maximum oxygen transfer rates or insufficient pH buffering

capacity.

2.8.1. Specification of MATLAB code

The presented MATLAB code requires five input arguments:

(1

) avector of time stamps

(2) avector of corresponding BS readings (= biomass data) blanked by the initial value

(3) a vector of corresponding BS measurement errors

(4) a BSvalue as user-defined limitation of quantification (LOQ)

(5) the adjusted R? that has to be reached for the regression-based growth rate calculation from
the data set

The code, depicted in Figure Az, is designed to detect the exponential growth phase from a given
data set by iteratively calculating a growth rate. From that calculation, several stopping criteria serv-
ing as metric for recognition of the exponential growth phase have to be fulfilled. During the first
iteration, a time series containing all BS signals between the first measurement where BS exceeds
the LOQ and the final measurement is evaluated. Typically, the final measurement is taken during
the stationary phase, that is after completion of growth. If the stopping criteria (cf. below) are not
met, the final measurement is removed for the next iteration, that is the penultimate measurement
is set as new final measurement.

Three conditions are defined as stopping criteria: First, the adjusted R? from the regression must
reach a certain threshold, a value > 0.99 was found to be suitable. This criterion alone is not sufficient,
since the data used for regression show a high temporal resolution, so that adjusted R? is still
satisfied if several non-wanted data points from the stationary phase are included. Thus, the second
stopping criterion is that the increase in biomass in the last measurement cycle needs to be higher
than in the previous one. Finally, the third criterion is that these two biomass increases must not
be negative, which is sometimes observed as technical measurement artifact during transition from
exponential to stationary phase.

The blanked BS readings are transformed by natural logarithm, c¢x = In (cx), to linearize the
growth data for calculating the growth rate according to y = i . dg—f =~ %. Although non-
linear regression (NLR) is considered as "gold-standard", linear regression (LR) after data transfor-

mation results in highly comparable growth rates as discussed below. NLR requires an initial guess
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since it is an iterative procedure, and this initial guess is reasonably calculated by LR from trans-
formed data. Because each BS signal cx is connected with a corresponding measurement error 4.,
the growth rate calculation is performed as weighted linear regression (WLR). Therefore, errors are
transformed accordingly by dzr = In (cX)' Oy = i - ¢y and the inverse squared transformed

errors, 50;2, are used as weights.
X

2.8.2. Detailed depiction of data processing

To obtain valid growth rates, cultivation conditions must be applied ensuring that growth is limited
by internal factors of the cell only and not by external factors. This is seen for C. glutamicum and
E. coli in the left panels of Figure 2.3A and Figure 2.3B, respectively.

For both growth experiments, conducted in the BioLector MBR, conditions were chosen that result
in an exponential growth phase of the cultures. C. glutamicum was grown in defined CgXIl medium
[56] with 10 g L™ glucose as carbon source (left panel of Figure 2.3A). For the chosen batch mode of
operation with 1000 pL cultivation volume and the microplate shaken at a frequency of 1000 rpm,
the BS signal increases exponentially from approx. 15 h to 24 h. The DO signal drops accordingly,
showing a sharp rise back to 100% at approximately 24 h, which confirms glucose depletion at this
point. Thus, the cultivation conditions are determined to be suitable for C. glutamicum strain screen-
ing and calculation of growth rate. In the case of E. coli, two growth phases can be derived from the
online monitored biomass and DO signals (left panel of Figure 2.3B). Here, the defined medium Mg
[201] with 20 g L™ glucose as carbon source was used, with a filling volume of 1000 pL and a shaking
frequency of 1400 rpm. An exponential increase of biomass signal is seen until approx. 7 h, with
the DO signal dropping accordingly until a sharp rise at the same time point. Afterwards, a second,
retarded growth phase is visible until approximately 15 h, accompanied by a slowly increasing DO sig-
nal. Presumably, excreted acetate and other overflow metabolites from the first exponential growth
phase are consumed now, which is a known phenomenon for E. coli [202].

After applying the MATLAB code on the data shown in the left panels of Figure 2.3, the resulting
processed data is depicted in the corresponding right panels. The single exponential growth phase
of the C. glutamicum culture is detected precisely, also for a second replicate cultivation. For E. coli,
exhibiting a first exponential and a second non-exponential growth phase, the MATLAB code is able
to detect the first phase safely for all three replicate cultivations, of which one is shown. The growth
rate for C. glutamicum and E. coli is calculated to 0.46 h™" and 0.61 h™ on average, respectively. In
case NLR instead of WLR is used, the same growth rates are determined (cf. Table 2.2), indicating that

WLR of transformed data is a suitable and reliable method for the determination of growth rates.
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Figure 2.3.: Growth kinetics of C. glutamicum and E. coli from BioLector cultivations and depiction of data processing for
automated growth rate calculation. (A): Online monitored backscatter (BS) and dissolved oxygen (DO) signal
for C. glutamicum in CgXll medium with 10 g L™ glucose, a filling volume of 1000 pL and a shaking frequency of
1000 rpm. The panel on the right shows the processed biomass data, i.e. the blanked BS signal (I-l,) and data
points determined automatically for calculation of growth rate. Propagated measurement error for blanked BS
signal was calculated to 0.39 a.u. (B): Online monitored signals like in part A, but for E. coli in M9 medium with
20 g L™ glucose, a filling volume of 1000 pL and a shaking frequency of 1400 rpm. Propagated measurement
error for blanked BS signal was calculated to 0.34 a.u. Right panel analogous to the one in part A. Insets in
part B magnify the first 18 h of cultivation. Measurement cycle time for recording BS and DO signals was set to
9 min for both C. glutamicum and E. coli cultivations. Figure reprinted from [200].

A further application example of the presented code on the re-evaluation of previously published

growth rates is found in Chapter A.

2.8.3. Further considerations

Biomass monitoring in the BioLector MBR device relies on BS measurements, which is the key feature
to temporal high-density data acquisition in MTP cultivations [199, 203]. In contrast to the determi-

nation of biomass concentration by cell dry weight, optical measurement for biomass determination
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Table 2.2.: Comparison of regression methods for automated growth rate calculation.

Growth rate p [h™"] with 95% CI from regression method

Cultivated organism WLR after In-transformation NLR

C. glutamicum  Replicate #1 0.455 (0.448 - 0.462) 0.456 (0.448 — 0.463)
Replicate #2 0.456 (0.448 - 0.464) 0.457 (0.449 — 0.465)

E. coli Replicate #1 0.601 (0.580 - 0.622) 0.603 (0.582 - 0.624)
Replicate #2 0.615 (0.598 - 0.632) 0.616 (0.599 - 0.633)
Replicate #3 0.617 (0.599 - 0.635) 0.618 (0.600 — 0.636)

Growth rates with corresponding 95% confidence interval (Cl) are shown for each replicate cultivation of C. glutamicum
(n=2) and E. coli (n = 3). WLR weighted linear regression. NLR non-linear regression. Growth data for C. glutamicum and
E. coli were kindly provided by Simon Unthan and Viola Pooth (both IBG-1, Forschungszentrum Jiilich), respectively.

via BS was found to be organism specific [178]. Hence, strain specific correlations for BS and opti-
cal density measurements need to be determined and have been reported [204]. Issues like optical
crosstalk or cell morphology have to be considered for biomass determination by optical measure-
ments in general [186, 187, 205]. Consequently, for meaningful interpretation of screening results,
biomass calibration should be an integral part of strain screening campaigns with the BioLector de-
vice and other MBRs. Furthermore, cultivation conditions (media composition, filling volume, shaking
frequency) should be verified to fulfill the underlying assumptions of the exponential growth model
since the presented MATLAB code calculates growth rates based on this model. Therefore, conditions
causing diauxic growth behavior, for example oxygen limitation or the use of complex media, may
result in erroneous growth rate calculation although the presented code was shown to reproducibly
detect the exponential phase from multiphasic growth patterns (cf. Figure 2.3B). In such cases, a dif-
ferential method that calculates a dynamic growth rate over time [206] may be more suitable for data
interpretation for changing growth regimes. This holds especially true for cultivations of microorgan-
isms that do not show an exponential growth [179] or exhibit complex morphology [207]. However, it
is reasonable to assume that the presented code can be also applied to different growth conditions
or changed media compositions, if the obtained data still match to the exponential growth model.
The use of MBR systems in high-throughput mutant strain screening campaigns and accelerated
microbial bioprocess development easily produces a high amount of data. Consequently, resulting
data needs to be processed in an automated, standardized and efficient way. Using standardized
data output from MBR in spreadsheet formats, MATLAB routines can be implemented which facilitate
elevated experimental throughput. Most importantly, the application of standardized growth rate

calculation methods enables a fair comparison of screened strains regarding biological fitness.
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for phenotyping of cutinase secretion by

different C. glutamicum strains

This chapter starts with basic characterization of standard operating conditions.
Special adjustments are made with respect to cutinase secretion performance as
screening objective. In order to derive versatile performance indicators to charac-
terize mutant strains, the well-established method of harvesting replicate cultiva-
tions is compared to an improved method that involves repetitive small-volume
sampling from any individual culture of a high-throughput MBR cultivation experi-
ment, including the propagation of random errors covering all experimental steps.
Finally, the new method is applied for the characterization of a set of genome-
reduced C. glutamicum strains with respect to cutinase secretion. Since this chap-
ter deals with the characterization of MBR workflows, only swift interpretation
and discussion of biological results is made. A part of this chapter is based on
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3.2 and 3.3. Carmen Steffens planned and performed experiments, and analyzed the data in section 3.4.

3.4. Characterization of standard operating conditions

For aerobic bioprocesses conducted in MTP-based shaken MBR systems, aeration and the avoidance
of oxygen limitation are an important issue because the latter induces, for example, by-product for-
mation via overflow metabolism. Moreover, non-exponential growth phases due to consumption of

these by-products may occur, which in turn makes the standard exponential growth model inappli-
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cable to derive a growth rate as characteristic (i.e, Pl), as discussed in section 2.7. Sufficient aeration
of the culture is achieved by a combination of bioprocess parameters, of which the filling volume
and shaking frequency for the used type of MTP (here, Flowerplate) are most easy to adjust. The
maximal oxygen transfer rate OT R,,,,. of the applied system is determined by these parameters
mainly (cf. also section 2.3). To ensure that the maximal oxygen uptake rate OU R4, reached by
the culture does not exceed the OT R, .., the amount of main carbon source (here, glucose) needs

to be adjusted appropriately.

In this study, a filling volume of 800 pL and a shaking frequency of 1300 rpm were chosen as
standard conditions for the cultivation of C. glutamicum in CgXIl defined medium containing20 g L™
glucose as main carbon source. This was verified against another filling volume (1000 pL) and other
glucose concentrations (10, 15 and 40 g L"), and resulting culture dynamics are depicted in Figure 3.1.
For the filling volume of 800 pL (Figure 3.1A and C), superimposed biomass time courses for 10, 15

and 20 g L " glucose are seen, which is also the case for the corresponding DO signals.

Regarding sufficient aeration, the time course of dissolved oxygen (DO) signal is most valuable for
investigation. All aforementioned DO signals show a continuously descending signal, ending with a
sharp increase back to the initial signal intensity. The corresponding biomass signals increase ac-
cordingly until they reach a plateau at the time the DO signals rise back to their initial values, which
indicates the depletion of glucose (Figure 3.1A and C). In contrast to that, the DO signal from cultiva-
tions with 40 g L™ glucose indicates a limitation in oxygen transfer until approx. 15 h, coinciding with
a slowdown in biomass accumulation (i.e., linear increase), beginning at the same time when the
cultures growing on 20 g L™ glucose reach stationary phase. Regarding a filling volume of 1000 pL
(Figure 34B and D), a slight DO limitation is seen for cultivations growing on 20 g L™ glucose, while
the other cultivations with 10 and 15 g L™ glucose behave similar to their counterparts with a filling
volume of 800 pL. The metabolization of 20 g L™ glucose as main carbon source by C. glutamicum
without running into oxygen limitation is considered a major criterion for the selection of standard
operation conditions. In these terms, the chosen operation conditions of 1300 rpm and 800 L as

shaking frequency and filling volume, respectively, are suitable.

Next, the chosen standard operating conditions for MBR cultivations were characterized with re-
spect to the quasi-continuous online monitoring of the BS signal, which serves for real-time biomass
quantitation. In order to exclude cell specific effects during characterization experiments, a turbidity
standard ("AmcoClear", GFS Chemicals, Columbus, OH/USA) is used to provoke stable BS signal that
are not subject to any biological impact. Briefly, a Flowerplate was filled with different volumes of

turbidity standard of 4000 nephelometric turbidity units (NTU). This Flowerplate was incubated in a
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Figure 3.1.: Evaluation of operating conditions for cultivation of C. glutamicum in CgXIl medium with different glucose con-
centrations. The chosen standard conditions (20 g L™ glucose, 800 pL, 1300 rpm) were compared against a
higher filling volume (1000 L) and other glucose concentrations (10, 15 and 40 g L"). Depicted are biomass
formations for the different glucose concentrations in a filling volume of 800 and 1000 pL (panels A and B,
respectively). Panels C and D show the time courses of corresponding DO signals. Data for each condition orig-
inate from six culture replicates and are shown as mean with standard deviation as error bars. DO dissolved
oxygen.

BioLector device using the standard cultivation protocol, but with an increasing shaking frequency
from 500 to 1500 rpm (100 rpm increases after 30 min of BS signal recording, resulting in eight suc-
cessive BS readings). This procedure, including the preparation of a new Flowerplate, was repeated
three times. The behavior of the BS signal for the turbidity standard in dependence of filling volume

and shaking frequency is depicted in Figure 3.2.

For the whole range of shaking frequencies tested (500 to 1500 rpm), filling volumes of 900 to
1200 pL result in hardly detectable differences in the BS signals. This is inferred from the correspond-
ing data points in Figure 3.2A that do not deviate from each other and follow a straight horizontal
line. When comparing the maximum relative deviations (MRDs) of the BS signals, M RD [%] =

W -100, of each filling volume data series, MRDs of 0.3%, 0.5%, 1.0% and 2.0% are found
verage
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Figure 3.2.: Behavior of BS signal of a turbidity standard (4000 NTU) in the BioLector MBR system for different filling vol-
umes (500 to 1200 pL) and shaking frequencies (500 to 1500 rpm) in 48-well Flowerplates. (A): BS signal with
increasing shaking frequency. After 30 min of data acquisition, the shaking frequency was incremented by
100 rpm. Data is shown as mean value from three independently prepared and measured Flowerplates. (B): In-
accuracy of BS signals for different filling volumes and shaking frequencies. Inaccuracy refers to as the relative
deviation of the BS signal at a certain shaking frequency to the BS signal of each filling volume at 500 rpm.
(C): Imprecision of BS measurements for independently repeated measurements (inter-MTP imprecision), given
as relative standard deviation from three independent measurements for each condition. (D): Imprecision val-
ues for repeated BS measurements (intra-MTP imprecision) for a given filling volume and shaking frequency,
depicted as mean values of intra-MTP imprecision with standard deviation from three independently mea-
sured Flowerplates. Colors in each panel encode the different filling volumes, according to the legend shown
in panel A. NTU nephelometric turbidity units.

for the filling volumes of 1200, 1100, 1000 and 900 pL, respectively. A slightly higher BS signal devia-
tion is observed for filling volumes of 800 and 700 L in the range of 1000 to 1300 rpm, as indicated

by the slightly lowered data points for these shaking frequencies in comparison to their respective
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values at 500 rpm and the BS signals of the filling volumes 1200 to 900 UL measured in the same

rpm-range (Figure 3.2A). Corresponding MRDs are calculated to 3.0% and 3.7%, respectively.

In case filling volumes of 600 and 500 pL are applied, a much higher deviation from the corre-
sponding starting value at 500 rpm is observed for shaking frequencies above 900 rpm. These data
points are located below all other data points for all shaking frequencies above 900 rpm, which
means the BS signal from turbidity standard is lower for these conditions. The highest deviation is
observed for 500 pL at 1500 rpm. This is also reflected by MRDs of 7.2% and 21.6% for data series on
600 and 500 pL.

To further evaluate the impact of shaking frequency and filling volume on the BS signal, inaccuracy
of BS measurement was calculated and is shown in Figure 3.2B, corresponding to the data in shown
in Figure 3.2A. Inaccuracy of the BS signal was defined for each filling volume as the relative deviation

of the BS signal obtained at a certain shaking frequency in comparison to the respective BS signal
BSwrpm

BS5OOT'pm

volume of 500 L, shaking frequencies of 500 to 800 rpm are not critical in terms of inaccuracy since

at 500 rpm, I'naccuracy (%] = ‘1 - . As can be seen in Figure 3.2B, when using a filling
from 500 to 700 rpm inaccuracies are hardly detectable, and at 800 rpm inaccuracy is as low as

-1.04%. Beginning with 900 rpm, inaccuracy increases from 2.79% to a value of 19.4% at 1500 rpm.

The same trend is observed for a filling volume of 600 pL, although the considerable range of shak-
ing frequencies subjected to detectable inaccuracy is from 1000 rpm (2.74% inaccuracy) to 1500 rpm
(4.71%). The remaining filling volumes are inconspicuous in terms of inaccuracy for all shaking fre-
quencies tested, except for 700 pL where only minor inaccuracies are observed from 1100 rpm (2.32%)
to 1400 rpm (-1.12%). For the filling volume of 800 pL, noticeable yet very small inaccuracies are ob-
served for a shaking frequency of 1200 rpm (1.2%) and 1500 rpm (-1.81%). Most importantly, for a
filling volume of 800 pL operated at 1300 rpm, which is the operating condition determined to be
ideally suited in terms of oxygen transfer capacity (cf. above), inaccuracy is as little as -0.09%, mean-

ing that this condition is also suitable in terms of inaccuracy of the BS signal.

Finally, the BS signal was characterized with respect to imprecision in two senses: the inter-MTP
imprecision, depicted in Figure 3.2C, is defined as the relative standard deviation calculated from the
three independently measured BS signals, which are the mean values for eight successive BS readings
obtained three times. Therefore, the inter-MTP imprecision characterizes the reproducibility of BS

reading between independently run BioLector experiments.

In addition, the intra-MTP imprecision is defined as relative standard deviation of the eight suc-
cessive BS readings for each condition (i.e., filling volume and shaking frequency). The intra-MTP

imprecision was determined for each of the three independent experiments. Therefore, the intra-
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MTP imprecision characterizes the reproducibility of the BS measurement itself in dependence of
filling volume and shaking frequency. Results are shown in Figure 3.2D as mean values of intra-MTP

imprecision with corresponding standard deviations as error bars (n = 3).

The inter-MTP values of BS signals in dependence of filling volume and shaking frequency are
depicted in Figure 3.2C. In general, it is seen that with increasing filling volume inter-MTP precision
is lowered, with apparent minimal inter-MTP imprecisions reached with a filling volume of 1100 pL,
as the data points for 1200 pL do not deviated from those for 1100 pL. For the shaking frequencies
tested, values of inter-MTP imprecision with 800 pL are typically at about 0.5%. For a filling volume
of 700 WL, inter-MTP imprecision values show a tendency to higher values compare to 800 pL, with a
distinct increase to about 1.2% at 1300 rpm for unknown reasons. When applying filling volumes of
500 and 600 pL, inter-MTP imprecisions show a noisy behavior which also cannot be explained here.
However, this noisy behavior in terms of inter-MTP imprecision for 500 and 600 L coincides with a
distinct increase in inaccuracy (cf. Figure 3.2B), indicating that these operating conditions should be
avoided. However, with inter-MTP imprecision values below 1% for most of operation conditions and
below 0.5% for filling volumes of 800 pL and higher for the tested range of shaking frequencies, the
reproducibility of BS measurements between independent BioLector experiments can be considered
as being high.

The intra-MTP values of BS signals in dependence of filling volume and shaking frequency are
depicted in Figure 3.2D. In general, intra-MTP imprecision of the BS signals is found to be rather small
(max. 2.25 * 1.25% for 500 pL at 1500 rpm) in comparison the maximum relative standard deviation
of 5% for the optical measurement in the BioLector device, according to the manufacturer. However,
similar to the trends observed for inaccuracy (cf. Figure 3.2B), some patterns can be observed for
the determined intra-MTP imprecision values. Filling volumes of 1200 to 800 pL result in hardly
detectable intra-MTP imprecisions (0.06% to 0.35%) for all shaking frequencies tested. Considerably
higher intra-MTP imprecisions are found for the remaining filling volumes of 700, 600 and 500 pL
for shaking frequencies starting with 1300, 900 and 800 rpm, respectively, as seen in Figure 3.2D.
In particular, for the envisaged standard operating conditions of 800 L and 1300 rpm an intra-MTP

imprecision of as low as 0.1 + 0.03% is determined.

Conclusively, the contribution of both inter-MTP imprecision (0.55%) and intra-MTP imprecision
(0.11%) of the BS signal to the overall precision of culture derived Pls like growth rate determined from
BioLector cultivations is considered negligible. Furthermore, analysis of a NTU dilution seriesin order
to check linearity of the BS signal revealed essentially the same values for slopes and offsets within

the observed error ranges (cf. Figure B.1). Consequently, the chosen standard operating conditions
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are also suitable in terms of BS signal imprecisions.

The deviating behavior of the BS signal (expressed as inaccuracy and imprecision, cf. paragraphs
above) in dependence of the shaking frequency and filling volume can be attributed to the cor-
responding changes in power input and in the amount of bulk liquid accessible by the measuring
optics, respectively, at least with attempts of explain in a qualitative manner. Figure 3.3 shows a
schematic on the hydrodynamical behavior of the bulk liquid in MTPs in dependence of shaking fre-
quency and filling volume, as well as the impact on optical BS measurement in the BioLector MBR

device.
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Figure 3.3.: Schematic drawing on impact of fluid dynamics in dependence of shaking frequency and filling volume on
BS measurement in the BioLector MBR device. Depicted is a cross-sectional side-view of a MTP well with a
transparent bottom. Beneath, the optical sensing head of the BioLector is shown. With increasing filling volume
and shaking frequency, the surface of the agitated bulk liquid forms a sickle to different extends. Drawing is
based on published photographic analyses on this topic [148, 156], as well as slow-motion videos available at
enzyscreen.com.

With increasing shaking frequency, the power inputinto the bulk liquid also increases, which finally
enables the rotational movement of the bulk liquid [152]. The higher the shaking frequency, the more
pronounced the sickle formed by the surface of the rotating bulk liquid, meaning that the liquid

height above the well center decreases and increases with increasing distance from the well center
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to the outer perimeter of the well [148, 156], cf. Figure 3.3. This could provide an explanation why
for low filling volumes at high shaking frequencies the BS signal is lower compared to higher filling
volumes when operated at the same shaking frequency. The reason would be the lowered "liquid
depth" (caused by a lowered liquid height) that can be penetrated by the light sent into the liquid,
meaning that in this case there is a substantial lower number of suspended particles to scatter back
the incoming light. In Figure 3.3, such reduced light depth is schematically shown as yellow light

beam of varying length in dependence of shaking frequency and filling volume.

Depending on the well geometry (e.g., round, square or flower-shaped), the resulting liquid dis-
tribution of the rotating bulk liquid differs for the same shaking frequency, as inferred from pho-
tographic analyses [156] and different liquid heights measured above the well center for a variety
of well geometries [111]. The rotating liquid in the commercially available flower-shaped MTPs (i.e.,
Flowerplates) takes a U-form, which is more pronounced with increasing shaking frequency [155].
Furthermore, it can be assumed that the position of the sensor head and its angle towards the trans-
parent well bottom is of substantial influence on the BS signal. However, in this work a commercial
BioLector device is used where these properties are fixed. Thus, further investigations of such on the

behavior of light scattering for different filling volumes and shaking frequencies were not conducted.

The relevance of the collected data series shown in Figure 3.2 is that these allow the determination
of operating conditions (i.e., filling volume and shaking frequency) that enable a stable backscatter
measurement signal with high accuracy and low imprecision. Therefore, the chosen standard oper-

ating conditions of 800 pL and 1300 rpm are now considered to be sufficiently validated.

3.2. Adaption of microbioreactor workflows with respect to protein

secretion by C. glutamicum as screening objective

A major part of this work is the characterization of recombinant C. glutamicum strains with respect
to heterologous protein secretion. To achieve a sufficiently high throughput at manageable effort,
MBR based cultivation protocols are versatile tools. However, such protocols have been established
earlier for other screening objectives than specified in this study [160, 208] and thus, these proto-
cols need to be revised with respect to the changed objectives concerning heterologous cutinase

secretion with C. glutamicum.
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3.21. Identification of proteolytic degradation of cutinase activity in C. glutamicum
cultivation supernatants

During first MBR growth experiments, an increase in extracellular cutinase activity accompanying
biomass formation is observed, as expected [36], but with inacceptable uncertainty from the cuti-
nase assay carried out in analytical triplicates (Figure 3.4A). This observation was made for different
process conditions and strains tested, indicating an insufficient MBR screening procedure. A more
detailed look at the results obtained from the analytical procedure revealed that with each assay
conducted from the same sample, cutinase activity decays (insets in Figure 3.4A), which is again a
consistent finding among a variety of samples. Since cutinase is reported to be a very robust en-
zyme in cultivation broth towards presence of cells and temperature [209], it was assumed that the
presence of some proteolytic activity was responsible for the high imprecision of cutinase activity de-
termination. This hypothesis was tested by splitting a sample of culture supernatant into four parts,
to which either one volume of buffer (serving as control), buffer containing 1 mM EDTA, buffer con-
taining a protease inhibitor cocktail (PIC, "Complete", Roche Diagnostics), or buffer containing both
EDTA and PIC were added. Resulting samples were incubated at room temperature for approximately
100 min and analyzed for cutinase activity over that period. This was conducted twice. Resulting time

profiles of cutinase activity are shown in Figure 3.4B.
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Figure 3.4.: Investigation on observed high measurement error for cutinase activity from MBR cultivations. (A): The ob-
served high error of cutinase activity determination from MBR cultivations is based on a decay of cutinase
activity from the first to the last analytical replicate (insets in panel A), which is seen in all culture samples.
(B): The assumption of protease activity in C. glutamicum culture supernatants is verified by repeated cutinase
activity determination from culture supernatant samples, which are split into four aliquots (control: sample
plus buffer; EDTA: sample plus buffer containing 1 mM EDTA; PIC: sample plus buffer containing protease in-
hibitor cocktail; PIC, EDTA: sample plus buffer containing protease inhibitor cocktail and 1 mM EDTA). Shown
data represent mean with min/max values as error bars from two replicate measurement series.
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Both control and EDTA treated sample aliquots exhibit a decay of cutinase activity over time, which
is not the case for the sample aliquots that are treated with the protease inhibitor cocktail. From
these findings, two conclusions can be drawn: First, cultivation supernatants of C. glutamicum secret-
ing cutinase contain proteolytic activity. This is rather surprising since C. glutamicum is described
not to secrete proteases degrading heterologous proteins [17, 210], like is the case for, e.g., B. subtilis
[211]. Second, the discovered protease is presumably no metallo-protease since EDTA has no positive
effect on stability of cutinase activity. As a next step, further investigations envisage the impact of
pre-culturing (i.e., the inoculation from a pre-culture or from a frozen cryo aliquot) and the pres-
ence of urea in CgXll medium. The first aspect would cover possible protease contamination that
may originate from lysed cells during the freezing process of cryo-aliqouts, while the second aspect
investigates the pH-stabilizing effect of urea in CgXll medium. Corresponding results are shown in

Figure 3.5.
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Figure 3.5.: Cutinase activity from sequentially harvested cultivations of C. glutamicum strain WT-NprE in CgXll medium
with 5 g L urea (panel A) or without urea included (panel B). Cultivations were inoculated using a thawn cryo
vial or a pre-culture, as indicated. At a backscatter signal of 15 a.u., cultures were automatically induced with
100 UM IPTG. For clarity reasons, only cutinase time profiles are shown, which follow biomass growth as cutinase
production is growth coupled.

When comparing this data from cultures that are either inoculated from a cryo culture or from an
intermediate pre culturing step, it is seen that the first strategy introduces a lag-phase of approxi-
mately 6 h until growth coupled cutinase secretion starts, both for culture with urea added or not.
Furthermore, it is seen that the time interval of cutinase activity accumulation remains nearly the
same, which is about 5 h with urea added (Figure 3.5A) and about 6 h when urea is omitted (Fig-
ure 3.5B). On the other hand, it is seen that the presence of urea is beneficial for cutinase secretion
since the obtained maximal cutinase activities are approximately doubled when urea is added to the

medium compared to the cultivation without urea (ca. 7.5 U mL™ vs. ca. 3 -4 U mL™, cf. Figure 3.5A
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vs. Figure 3.5B). This is rather surprising since the omission of urea, whose absence causes a drop
of pH over time, does not affect the growth of C. glutamicum cultures (see Figure B.2). Hence, pH
value of the cultivation medium seems critical for optimal cutinase secretion but not for growth of
C. glutamicum (compare Figure 3.5A and B, as well as Figure B.2). This assumption is supported by
the observation that in bioreactor cultivation samples no decay in cutinase activity from analytical
triplicates is found (data not shown). In bioreactor cultivations, pH is controlled at a value of 7 which
was not possible in MBR cultivations. Furthermore, when urea is not present as pH stabilizing agent,
inoculation from a cryo-culture negatively affects apparent cutinase secretion efficiency, since in this
case only 2.7 + 0.6 U mL™ are achieved, compared to 41 + 0.2 U mL™ in the cultures that are inocu-
lated from a pre-culture (Figure 3.5B). In contrast, when urea is added as pH-stabilizing agent during
growth, the inoculation strategy has no impact on the final extracellular cutinase activity, which is
75+ 03 UmL" or 7.5+ 0.0 U mL™ for cultivations started from a cryo aliquot or from a pre-culture,
respectively, as depicted in Figure 3.5A.

In summary, the observed proteolytic decay in cutinase activities is assumed to originate from
intracellular proteases of C. glutamicum released from lysed cells due to the freezing process during
the preparation of cryo strain aliquots. Furthermore, main cultivations started from freshly grown
pre-cultures show a reduced culture time. Therefore, pre-culturing steps with subsequent washing
before inoculating the MBR main cultivation are considered to be necessary for strain phenotyping

with respect to cutinase secretion.

3.2.2. Induction profiling

The time point of induction and the induction strength (i.e., inducer concentration) have been shown
often to be important bioprocess parameters, which both need to be optimized, preferably in a com-
binatorial approach. Using MBR systems, such optimization can be conducted efficiently and is often
referred to as "induction profiling" [36, 159, 162, 212]. In order to determine the optimal induction
strategy for several C. glutamicum strains, induction profiling was done for six strains in total: WT,
AcglMRR, MB0oo1, W65, W127 and zwf R, These strains were tested for cutinase secretion (SP: NrpE,
henceforth denoted as strain-NprE), in dependence of induction strength (i.e., IPTG concentrations of
50, 100, 200 and 500 pM) and biomass concentration at the time point of induction (i.e., at BS signals
of 15, 30 and 45 a.u., corresponding to an early, mid-time and late stage of the growth phase). A MBR
protocol (cf. section 8.7.2) was used that automatically adds IPTG to the desired final concentration
upon reaching the pre-defined BS threshold. The protocol employs a liquid handling system (LHS)

integrated with the BioLector MBR system. Per condition (i.e., a specific combination of IPTG concen-
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tration and biomass signal to be reached for induction) four replicate cultures were grown, which
were harvested after the addition of IPTG in a pre-defined sequential manner to obtain a temporal
resolution of extracellular cutinase activity. This procedure is common technology to obtain time
resolved concentrations when using small scale cultivation systems [116, 160]. Due to the technical
specification of the actually used LHS, for addition of IPTG and harvest of the culture volume the

shaking movement of the incubated Flowerplate needs to be paused.

Out of the six strains tested, for three strains the resulting time courses of extracellular cutinase
activity are shown in Figure 3.6, representing a small selection of strains that include strain WT, strain
W65 with genomic deletions previously classified as essential [55] and strain W127 with genomic dele-
tions previously classified as non-essential [48]. Panels A, B and C correspond to the three cultured
C. glutamicum strains (WT-NprE, W65-NprE and W127-NprE, respectively) while panels 1, 2 and 3 cor-
respond to the BS signals at which the IPTG addition was conducted (15, 30 and 45 a.u., respectively).
These BS signals represent an early, mid-time or late stage of the growth phase. Thereby, in each
panel the time courses of extracellular cutinase activities are shown for a specific combination of
strain and stage of the growth phase when induction was done. For each of the resulting nine spe-
cific combinations, results are shown for four tested IPTG concentrations. For clarity reasons, only

the extracellular cutinase activities are depicted.

For the parental strain WT-NprE, induction at lower biomass concentrations, corresponding to the
early exponential growth phase at a BS signal of 15 a.u. (Figure 3.6A1), is preferred since this results in
higher cutinase activities compared to the other later IPTG induction at higher BS signals (Figure 3.6A1
to A3). With continuing growth, reflected by increasing biomass concentrations at time points of
induction, final cutinase activities become lower (cf. Figure 3.6A2 and A3, induced at 30 and 45 a.u.,
respectively). This trend can be observed for all the IPTG concentrations tested. However, when
inducing in the beginning of the growth phase, which results in the highest observed extracellular
cutinase activities, there is hardly any impact of IPTG concentration on cutinase activity time profiles
seen (Figure 3.6A1). Since all cutinase activity time profiles show saturation kinetics characterized
by a steep increase for the first measurements followed by a decrease, it can be assumed that the

sampling time points cover the complete growth phase.

This behavior is also found for strain W65-NprE (Figure 3.6B1 to B3). When induced at BS signals
of 15 and 30 a.u. (Figure 3.6B1 and B2, respectively) and independent of the applied IPTG concen-
tration, a constant increase in cutinase activity is seen. Only when induced at a BS signal of 45 a.u.
(Figure 3.6B3), a decreasing cutinase activity accumulation similar to the results obtained with strain

WT is observed. The similarity of cutinase activity time profiles for induction at BS signals of 15 and

66



3.2. Adaption of microbioreactor workflows with respect to protein secretion

WT-NprE, induced at BS = 15 a.u. WT-NprE, induced at BS = 30 a.u. WT-NprE, induced at BS = 45 a.u.
s Al o1 A2 °1A3
—0—50 uM
6 1 —o-100pum 6 1 6
—0—200 uM
—0—500 uM
3 4 3 A 3 4
= 0 T T T 0 T T 0 T T
T 0 2 4 6 0 2 4 0 1 2
2 W65-NprE, induced at BS = 15 a.u. W65-NprE, induced at BS = 30 a.u. W65-NprE, induced BS = 45 a.u.
> 12 A 12 A 12 A
F=)
z 2{B1 B2 B3
©
© 9 1 9 9
]
(%]
©
= 6 6 - 6 -
L=
-]
o
& 31 3 3
=
E
3 0 T T T 0 T T 0 T T
= 0 2 4 6 0 2 4 0 1 2
w
W127-NprE, induced at BS = 15 a.u. W127-NprE, induced at BS = 30 a.u. W127-NprE, induced at BS = 45 a.u.
1 C1 s1C2 s1C3
6 1 6 1 6 1
3 1 3 A 3 1
0 T T T 0 T T 0 T T
0 2 4 6 0 2 4 0 1 2

Time after induction [h]

Figure 3.6.: Comparative induction profiling for C. glutamicum cutinase secretion strains WT-NprE, W65-NprE and W127-
NprE. Each panel shows the extracellular cutinase activity over time after induction, determined from BioLector
MBR cultivations. Induction profiling conditions comprise three strains, four IPTG concentrations and three
different growth stages at induction. The latter parameter is represented by a BS signal of 15 a.u. (early growth
phase), 30 a.u. (mid-time growth phase), and 45 a.u. (late growth phase), which serves as trigger signal for
IPTG addition. Tested IPTG concentrations are 50, 100, 200 and 500 UM. Panels A, B, and C show time profiles
of cutinase activities obtained with strains WT-NprE, W65-NprE, and W127-NprE, respectively, while panels 1, 2,
and, 3 show results for these strains induced at early, mid-time, and late growth phase, respectively. In each
panel (i.e., for a specific combination of strain and growth stage where IPTG was added, as indicated at the top
of each panel), results for the four tested IPTG concentrations are shown. The corresponding color coding is
given in panel A1, which applies to all panels. For clarity reasons, biomass signals are not shown. Error bars
indicate standard deviations from replicates (n = 3) of cutinase activity determination from each sample.
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30 a.u. can be attributed to the fact that strain W65-NprE grows significantly slower than strain WT-
NprE [55]. In consequence, the predefined harvesting time points depicted in Figure 3.6B1and B2 do
not cover the transition from the exponential growth phase to the stationary phase, like for strain
WT-NprE. For induction at 45 a.u., this is assumed to be the case (Figure 3.6B3), since here the decay
in cutinase accumulation is observed. Like concluded for strain WT-NprE, induction is not preferred
to be done in the late exponential growth phase with strain W65-NprE. The transition to stationary
phase was not monitored for strain W65-NprE with induction at early and mid exponential growth
phase and thus, it is not known for which of both conditions the highest cutinase activity is reached
(Figure 3.6B1 and B2). It can be only speculated that early induction is preferred. However, it is rea-
sonable to assume that also in strain W65-NprE early induction is beneficial in terms of high secreted

cutinase activity.

Finally, observations on secreted cutinase activity for the third strain shown, W127-NprE (Figure 3.6C1
to C3), are highly comparable to strain WT-NprE, meaning that, the later during growth induction
takes place, the lower the extracellular cutinase activity that can be reached. Strain W127-NprE was
described to shown the same biological fitness as strain WT-NprE [48]. Like observed for strain WT,
impact of IPTG concentration can be neglected for induction at early and mid exponential growth (in-
duction at 15 a.u. and 30 a.u., Figure 3.6C1 and C2, respectively). Different levels of cutinase activity
for the different IPTG concentrations tested are seen when inducing in the late exponential growth
phase (Figure 3.6C3). However, similar to induction at BS signals of 45 a.u. with strains WT-NprE and
W6s5-NprE (cf. Figure 3.6A3 and B3, respectively), obtained final cutinase activities are much higher
with early induction at a BS signal of 15 a.u. for strain W127-NprE, irrespective of the IPTG concentra-

tion applied (ca. 8to 9 U mL™" vs. ca. 2 to 4 U mL™, compare Figure 3.6C1 vs. C3, respectively).

Results from induction profiling can be summarized for all six strains as follows (i.e., including
strains zwff®R-NprE, AcgIMRR-NprE, and MBoo1-NprE that are shown in (Figure B.3): highest extra-
cellular cutinase activities are achieved with induction in the beginning of the exponential growth
phase. In addition, IPTG concentration is of minor importance when inducing at early growth, at least
for the IPTG concentrations tested. However, in most cases an IPTG concentration of 100 PM results
in slightly higher final cutinase activities compared to the other concentrations tested (see corre-
sponding data points in Figure 3.6A1, B1 and C1) and therefore, 100 uM IPTG will be used as standard
induction strength in further MBR growth experiments.

In a previous study with C. glutamicum WT secreting cutinase using the NprE SP, an early induction
with comparably low IPTG concentration was determined to be the preferred induction condition, al-

though 200 to 300 UM IPTG were reported as optimal on the evaluation from samples taken after the
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culture has entered stationary phase approximately 2 h earlier [36]. When only considering strain WT-
NprE for cutinase secretion, this is in line with the observations made in this study, which refer to the
data depicted in Figure 3.6A1. However, the choice of 100 UM IPTG as optimal inducer concentration
is justified since this represents an optimum for strain WT-NprE, as well as five additional strains.
Because these observations are made for six different C. glutamicum strains with different genotypes
and growth phenotypes, the optimized induction strategy (i.e., 100 pM IPTG added early in growth)
is also deduced for further genome reduced strains (GRS). Furthermore, for the optimal induction
condition determined, the six strains provide a preview on the optimization potential of cutinase
secretion efficiency, as different maximal cutinase activities are observed, namely ca. 6 U mL™" (WT-
NprE), > 11 U mL™" (W65-NprE, with maximum cutinase activity expected to be found in stationary
phase that was not recorded) and ca. 9 U mL™ (W127-NprE), cf. Figure 3.6A1, Figure 3.6A2 and Fig-
ure 3.6A3, respectively, as well as ca. 7U mL™, ca. 9 U mL™ and ca. 9 U mL™ (strains zwf BR-NprE,

AcglMRR-NprE, and MBoo1-NprE, respectively, shown in Figure B.3).

3.3. Increasing process information from microbioreactor cultivations by

harvesting replicate cultivations at a high frequency

Next, for five of the six example strains from the GRS library, detailed bioprocess kinetics were ac-
quired, using the optimal induction strategy as determined in the previous section. The MBR protocol
of sequential harvest applied for induction profiling (see previous section) was modified in such way
that at 16 timepoints three replicate cultures were harvested. Thereby, a high temporal solution of
culture dynamics for biomass, cutinase secretion and glucose consumption is achieved. Also, the
exponential growth phase is covered with a sufficiently high number of data points to verify that
cutinase secretion is growth coupled. Up to now, this was shown only for strain WT-NprE [36], but
needs to be verified for further C. glutamicum strain variants tested in this study.

Since in total 48 replicate cultivations are needed with this modified MBR protocol, only one strain
can be cultivated during a single MBR growth experiment, which reduces the cultivation throughput
of the MBR system. Like in the previous section, only results for the three strains WT-NprE, W65-
NprE and W127-NprE are shown exemplarily in Figure 3.7, time courses for strains MBoo1-NprE and
zwf BR-NprE are be found in Figure B.4.

In Figure 3.7, panels A, B and C refer to strains WT-NprE, W65-NprE and W127-NprE, respectively,
and panels 1, 2 and 3 refer to the time courses of biomass, glucose concentration and extracellular

cutinase activity for these strains, respectively. The data depicted in Figure 3.7 covers the complete
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Figure 3.7.: High-resolution time courses for cell dry weight, glucose and extracellular cutinase activity (panels 1, 2 and
3, respectively) for strains WT-NprE, W65-NprE and W127-NprE (panels A, B and C, respectively). Each row of
panels shows data for one of the three strains, which are indicated at the top of each the panels. Each column
of panels shows one kind of data for the three strains. For induction of each culture replicate, 100 uM IPTG
was added upon reaching a BS signal of 15 a.u., and each strain was cultivated in 48 replicates, which were
sequentially harvested in triplicates. Cell dry weight is calculated from BS signal at time point of harvest via
linear calibration. cx cell dry weight. cp cutinase activity. cs glucose concentration.

exponential growth phase for the three strains shown. Biomass for all strains grows exponentially
until entering the stationary phase, which is reached at about 15 h, 29 h and 15 h for strains WT-NprE
(Figure 3.7A1), W65-NprE (Figure 3.7B1) and W127-NprE (Figure 3.7C1), respectively. Glucose consump-
tion follows inversely for all strains (Figure 3.7A2 to C2), as expected. It can be seen that, by comparing
the corresponding panels showing time courses of biomass and glucose for each strain, depletion of

glucose as main carbon source results in stagnating cell dry weight. Upon addition of IPTG, cutinase
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activity also increases accompanying the increasing cell dry weight (Figure 3.7A3 to C3). As speculated
in section 3.2.2, strain W65-NprE reaches considerably higher final cutinase activities in comparison
to strains WT-NprE and W127-NprE. Surprisingly, strain W65-NprE reaches almost doubled cutinase
activities, although it is not known which genomic deletions are causative. At the same time, these
genomic deletions in strain W65-NprE result in an impaired growth rate in comparison to strain WT-
NprE, which was also reported earlier for the plasmid-free strain variants [55]. As also previously
observed, strains WT-NprE and W127-NprE show comparable culture kinetics with respect to biomass
formation, glucose consumption and cutinase secretion, meaning that the deleted genes in strain
W127-NprE can be classified as non-essential with respect to cutinase secretion bioprocess perfor-
mance.

By choosing only data points that belong to the exponential growth phase after induction, culture
Pls (growth rate 1, substrate specific biomass yield Yy, g and biomass specific cutinase yield Yp, x)
are calculated using linear regressions methods. As outlined previously (cf. section 2.7), Pls repre-
sent a condensation of culture kinetics that allow a rapid evaluation of both strain- and cultivation-
specific conditions. Pl calculation was done using ordinary least squares after ln-transformation for
determination of growth rate p, as well as orthogonal least squares [213] for biomass yield YX/S
and cutinase yield YP/X. Calculations use mean values from samples harvested in triplicates and
resulting standard deviation is taken into account by the application of a parametric bootstrap pro-
cedure, that is regressions were calculated repeatedly (5000 times). All measurement data points
are perturbed independently according to their assumed Gaussian distribution, parametrized by the
respective mean value and standard deviation. In each repetition, a value for each measuring point
is sampled from its distribution. In turn, 5000 values for each 1, Yx /g and Yp, x are generated and

from these, mean values and standard deviations are reported in Table 3.1.

Table 3.4.: Determined Pls from MBR method of harvesting sequential replicate cultivations.

Strain Growth rate 11 [h™]  Biomassyield Yx /5 [gx 85" Cutinase yield Yp, x [kU gx"]
WT-NprE 0.36 * 0.00 0.58 * 0.04 0.68 + 0.06

MBoO1-NprE 0.32 + 0.00 0.58 £ 0.05 0.65 * 0.05

W65-NprE 0.22 + 0.00 0.49 + 0.03 1.64  0.25

W127-NprE 0.34 * 0.00 0.50 * 0.05 0.64 * 0.05

zwfBR-NprE 0.34 * 0.00 0.53  0.04 0.78 + 0.07

Only data from the exponential growth phase after induction was used to derive the Pls. The bootstrapped standard
deviations represent a metric for the uncertainty of determination of the corresponding Pls.

With respect to the (!s ((!s)PI) calculated (Table 3.1), literature data is available for strain WT-NprE
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only [36]. Obtained values for growth rate y (Lit: 0.41 £ 0.02 h™), biomass yield Yx /g (Lit: 0.60 *
0.05 gy gs™') and YP/X (Lit.: 1.05 - 0.88 kU gx ') are comparable to the values reported in literature,
although a different induction strategy was applied than in this study.

Strain MBoo1 was only characterized in terms of intracellular production of a heterologous model
protein (YFP) [53] and it was reported that a higher plasmid stability in MBoo1 accounted for higher
YFP titer in comparison to the wild type strain. However, as seen here, MBoo1-NprE does not outper-
form its parental strain WT-NprE in terms of secretory cutinase production (0.65 vs. 0.68 kU gx™, cf.
Table 3.1).

The point mutation characterizing strain zwf/®R-NprE was described to be beneficial with respect
to L-lysine production in C. glutamicum since this mutation causes an increased NADPH generation,
which is needed in the anabolic amino acid pathways [214]. However, in this study a distinct effect
on cutinase yield could not be observed (0.78 vs. 0.68 kU gy, cf. Table 34).

The conclusions drawn for strains W65-NprE and W127-NprE from the comparison of culture ki-
netics (cf. above) are confirmed by the derived Pls depicted in Table 31: The genomic deletions
in strain W127-NprE have no apparent negative impact on cutinase secretion performance (0.64 vs.
0.68 kU gx ") while strain W65-NprE reaches a roughly doubled cutinase yield in comparison to strain
WT-NprE (1.64 vs. 0.68 kU gx™").

Moreover, the generated data show clearly that cutinase secretion in C. glutamicum strains is
growth-coupled in general, which justifies the assumption of a constant yet strain-specific yield co-
efficient relating cutinase secretion with biomass formation (i.e., Yp/X). Since this is observed for

strain WT-NprE and further four strains, the assumption is extended to the whole GRS library.

The calculated PIs depicted in Table 3.1 represent a single snapshot since the value estimations are
based on experimental data stemming from one MBR growth experiment. In general, to increase con-
fidence, it is advised to use replicate data from multiple MBR growth experiments [115], meaning that
all experimental steps including uncertainties from "day-to-day variations" are taken into account,
that can neither be identified nor be quantified in most cases. Consequently, single cultivations (i.e.,
one cultured well per MBR growth experiment) should be considered as insufficient, multiple culture
replicates per MBR growth experiment should be preferred, and ideally these should be repeated
independently at least once. This was done in Chapter 6 and therefore, a detailed discussion about
Pls as phenotypes determined for the different GRS in combination with further analytical results is

postponed to Chapter 6.
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3.4. Increasing process information from microbioreactor cultivations by

repeated low-volume sampling

Clearly, for the investigation of process kinetics the method of harvesting replicate cultivations is a
drawback compared to classical lab-scale bioreactor setups, since the originally intended through-
put by miniaturization gets lost. Thus, to preserve the advantage of culture kinetics obtained from
sequential harvest of replicate cultivations but without the drawback of a loss in throughput from
MBR cultivations, a further improvement of robot-assisted sampling and analyte detection from par-

allel MBR cultivations is presented in the following section.

The improved workflow involves repeated sampling of small volumes (6 x 20 L) from MTP cul-
tivations (800 pL) to obtain time-resolved concentration data without loss of throughput. These
datasets are then fitted to standard regression models to estimate specific yields and rates for each
replicate experiment. Following a detailed characterization of each step in the method workflow,
both technical and biological uncertainties for Pl estimation are quantified using non-linear random
error propagation. Due to the novelty of the improved workflow, a detailed description is given,
followed by an in-depth characterization of altered process steps. The suitability of the workflow is
demonstrated with a high number of cultivation replicates with C. glutamicum wild type, which allows
performing a random error propagation covering all experimental steps involved in determination

of culture Pls. Finally, the workflow is applied to a selection of cutinase secreting C. glutamicum GRS.

3.4.1. Description of the improved workflow

For the quantitative characterization of strain libraries, specific yields and rates are most commonly
applied as Pls, as discussed earlier. Typically, these Pls are estimated by utilizing (non)-linear regres-
sion methods and in order to provide meaningful results, a minimum number of informative data

points from the concentration changes in the culture’s broth is required.

For example, in the case of 48-well Flowerplates [111, 153], 48 parallel cultivations can be conducted
at once. By common experience a minimum of six informative data points are needed for proper
regression-based Pl estimation in two independent replicates. Consequently, the effective capacity
for strain characterization is greatly reduced by a factor of twelve, that is only four strains can be

compared in one run.
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Figure 3.8.: Workflow for the estimation of Pls from individual MTP cultures by repeated low-volume sampling. (A): In
the established procedure six samples of 20 pL are taken upon reaching pre-defined biomass signals to cover
the exponential growth phase. (B): The samples are then stored until analysis of the primary substrate (e.g.,
glucose) and product (e.g., cutinase activity) after cell separation by centrifugation. (C): In a final step, the
collected heterogeneous data are evaluated with the help of a process model to estimate Pls (e.g., product
yield, substrate consumption rate) that are usable for trustworthy strain and process comparisons.

The novel workflow for repeated low-volume sampling of BioLector cultivations (Figure 3.8) was
established by building upon the recently introduced Mini Pilot Plant technology that enables auto-
mated and pre-defined manipulation of individual MTP cultures [36, 160, 206]. For cultivation, 48-well

Flowerplates were used with an initial filling volume of 800 pL. The repeated sampling (6 x 20 pL) of
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the 48 individual cultivations was carried out automatically by the integrated liquid handling system
and executed upon reaching pre-defined online monitored BS (i.e., biomass) signals. The latter en-
sured that both fast and slow growing strains were sufficiently sampled from the exponential growth
phase. From each Flowerplate, in total 288 cell samples were taken, processed by centrifugation
and the resulting cell-free supernatants were analyzed for concentration changes in the primary
substrate and product by utilizing automated and parallelized spectrophotometric assays. Finally,
the resulting data points online and atline measurements were fitted to an unstructured bioprocess
model to derive estimates for the desired Pls based on mean values and corresponding confidence

bounds.

3.4.2. Impact of repeated low-volume sampling on culture dynamics

The introduced workflow is only valid if the applied repeated sampling procedure has no effect on cell
population growth, that is the resulting growth dynamics are comparable to non-sampled cultures.
This aspect was investigated by monitoring parallel cultivations of C. glutamicum WT on defined
CgXll medium (Figure 3.9). Pre-inoculated medium was distributed into six wells of a Flowerplate
and one set of three replicates was repeatedly sampled while the other set remained untouched. As
a result, the sampled culture showed a classical batch profile with balanced (exponential) growth
(Figure 3.9A). Moreover, all measured backscatter values were highly correlated with those of the
non-sampled culture (Figure 3.9B), proving that the implemented low-volume sampling procedure is
compatible with the applied MBR cultivation approach. Indeed, the resulting gradual reduction of
the culture volume from 800 pL to 680 pL does not induce an increased inaccuracy of the BS signal,
nor a noticeable higher intra-MTP imprecision, only a slightly higher inter-MTP imprecision can be

assumed, as seen above (cf. section 3, Figure 3.2).

3.4.3. Impact of shaking on microbial growth during repeated low-volume sampling

The employed MBR system is based on orbital shaken MTPs. Therefore, it is important to know if an
interruption in MTP shaking during the sampling process has any influence on the batch culture. De-
pending on the technical specifications of a certain combination of MBR and integrated LHS devices,
addition and removal of liquid to and from the culture requires a stopping of the culture agitation.
In shaken cultivation systems oxygen is exclusively introduced into the culture broth via the inter-
facial area between the gas and liquid phase. Therefore, the growing culture may react sensitive
towards a stopping of the shaking movement since the gas-liquid interfacial area is high when the

liquid is rotating and low when the liquid is standing still [148]. Furthermore, without shaking there
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Figure 3.9.: Impact of repeated low-volume sampling on growth of C. glutamicum wild type. (A): Growth curves of triplicate
cultures that are repeatedly sampled during the exponential growth phase as indicated by the black triangles.
(B): Comparison of BS signal from repeatedly sampled cultures and non-sampled reference cultures. Data points
represent mean BS values from three replicate cultivations with standard deviation as error bars. Solid line
represents result from orthogonal least squares regression analysis [213]. Each cultivation was started with
800 yL from a freshly prepared CgXIll medium with 20 g L glucose as carbon and energy source. Initial ODgoo
was approx. 0.1.

is a lack of turbulence due to missing power input [152], oxygen spreads in the liquid phase only by
diffusion. In turn, interruption of shaking immediately causes a drastic reduction in the OT R [215].
Because the MTP is shaken as a whole, all individual cultures might undergo short oxygen limitation
if the shaking is stopped for the sampling of one specific well. A complete sampling cycle, durating
approximately 3 min on average, comprises opening of the incubation chamber, aspiration of cell
suspension, dispensing of the cell suspension into a sample receiving MTP, washing of the robotic

tips and closing of the incubation chamber which takes approximately 3 min altogether.

To study the impact of shaking during repeated sampling two MBR cultivation experiments were
compared, using the same operating conditions, the same medium batch and the same pre-cultures.
In one case, shaking was stopped during sampling while in the other case sampling was performed
without any interruption of shaking. Altogether, six different C. glutamicum strains were tested (each
in eight replicates, shown in Figure B.5) and Figure 3.0 exemplarily shows the resulting growth pat-

terns of the wild-type strain.

In the MBR sampling experiment with interrupted shaking the BS signal points at a two-phasic
growth behavior (Figure 3:10A). While in the first eight hours of cultivation an exponential growth

was observed, the second phase was characterized by a linear increase in the backscatter only. Dur-
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Figure 3.10.: Impact of interrupted shaking on growth of C. glutamicum WT during repeated low-volume sampling. (A): Cul-
tivations with stopped shaking for sample taking. (B): Cultivations where sampling was conducted without
interruption of shaking. Black dots indicate time points of sampling. Shown are eight cultivation replicates.

ing this phase the cultures were greatly affected by the frequent stops in shaking that resulted in
repeated oxygen limitations (visible in the near zero DO signal). In contrast, no oxygen limitation
occurred in case of repeated low-volume sampling without interruption of shaking (Figure 3.10B).
Consequently, if a higher sampling load is required in MBR experiments, that is for deriving mean-
ingful PIs from single cultures using regression methods, then sampling needs to be performed un-
der continuous shaking in order to maintain a sufficiently high OT R for undisturbed cell population

growth.

3.4.4. Determination of performance indicators with random error propagation

In the final step of the workflow the obtained process data are evaluated with the help of an unstruc-
tured bioprocess model (Figure 3.8C). For the case of simple growth phenotyping, it has the general

form:

1 dex In(Acx)

P at T At )
dCX ACX
Y = — = .
X/$ dcg Acg (32)
1
qs = _ﬁ/s Y (3.3)
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cx = Ips - acpw + becpw (3.4)
A3za0 — by
cs = ———= - fp1- [p2 (3.5)
aGle
fDl _ VSample + VDiluentl (3,6)
VSample
fD2 _ VDilutedSample + VDiluent2 (3'7)

VDilutedSample

For the time-dependent changes in biomass and substrate the assumption that biomass growth
is balanced holds throughout the batch experiment (i, YX/S, qs = const.), cf. (3.4) to (3.3). The
corresponding raw data from optical BS measurements ' and spectrophotometric assay are converted
by two calibration models (3.4) and (3.5). The latter model also takes into account the necessary
sample dilution steps (3.6) and (3.7) in order to match the linear dynamic range of the assay (for
details regarding the applied calibration models see Chapter 8 and Table 3.2).

There are two sources of uncertainty, which finally affect the precision of PI determination. First,
technical uncertainty arises from all random errors introduced during the execution of cultivation ex-
periments. Here parametric bootstrapping is frequently used for error propagation analysis [216, 217],
provided that random errors for all technical variables are known. Second, biological uncertainty re-
sults from the intrinsic biological noise of a microbial culture. This type of uncertainty can only be
made visible when conducting the identical cultivation experiment multiple times.

As proof of concept for the novel workflow, C. glutamicum wild type was cultivated in 24 inde-
pendent cultures in defined CgXll medium with glucose as carbon and energy source. All cultures
were automatically sampled six times for determination of glucose consumption. Random errors
(coefficients of variation) for the technical variables of the bioprocess model were determined in
well-defined separate experiments and are listed in Table 3.2. Parametric bootstrapping was carried
out in 5,000 repetitions for each culture, resulting in 24 distributions for p, YX/S and gg thatin total
cover 120,000 single estimates for each PI.

The resulting boxplots from Pl determination with random error propagation are shown in Fig-
ure 311. The corresponding absolute values are determined as p = 0.43 £ 0.01 h™, Yx/g = 0.61 ¢
0.08 g gx " and ¢g = 0.72 £ 010 gx g h™" (Figure 3.11A, B and C, respectively), given as mean ¢ stan-
dard deviation from the merged distribution of each PI. Considering both technical and biological

noise, these numbers translate relative uncertainties of 2.7 %, 13.4 % and 14.0 %, respectively.

" BS calibration is specific for each Biolector device and operating conditions, and was determined in this study as
cx = 0.0462 - Ips — 1.059, R* > 0.99

78



3.4. Increasing process information by repeated low-volume sampling

0.5
A x « x
x x X ox . % x o, X . X oy
E § X " % X " " x
= 0.45 4
2
B
§<
o X
= 0.4 4 x x x x
(U] . N * x % x * x x x x * x N x « *
X
0.35 T T T T T T T T T T T T T T T T T T T T T T T
1.2
1 B X X
—_ v = x x X4 x x * )
S x * x % * x x x
> 08 x X * x
T —
—
[
‘5. 8606 4
)
M
§ 0.4 A x . ;
E % X x « x . « x x X x x X X X X X X X
X X
0.2 1
0 T T T T T T T T T T T T T T T T T T T T T T T
2
-3
E C .
] x x
e 1.5 x
[ X X X X X X x
9o — * x * X x x x X X x
‘a‘:‘: X X
Er,' 1 x
= b
“»n
(=
o o
o =
2
© 0.5 4
=4
7]
-]
=]
(7]
0 T T T T T T T T T T T T T T T T T T T T T T T

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Cultivation replicate

Figure 3.11.: Determination of Pls specific growth rate 1« (A), substrate specific biomass yield Yx /s (B) and biomass spe-
cific substrate consumption rate gg (C) for each of nyio| = 24 replicate cultivations of C. glutamicum. For each
cultivation condition, a parametric bootstrap was carried out with Npeotstrap = 5000 replicates. Resulting distri-
butions of values are shown as box plots. Boxes indicate interquartile range with median and mean denoted
as line and circle, respectively. Whiskers indicate 1.5-fold the interquartile range and grey crosses indicate
maximum and minimum outliers.
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Table 3.2.: Technical variables in the bioprocess model and corresponding coefficients of variation (CV).

Technical variable CV[%] Description of CV

BS measurement, Igg 0.9 Average CV from analytical triplicates, deter-
mined from backscatter / cell dry weight cali-
bration.

Slope of backscatter / cell dry weight calibra- 1.7 Relative slope error.

tion, acpw

Offset of backscatter / cell dry weight calibra- 10.5 Relative offset error.

tion, b pw

Sample volume, Vsgmple 11.7 CV for volumes of < 100 pL removed from

shaking BioLector device, determined for liquid
handling system after installation (n = 20).

Volume added to sampled cell suspension, 0.4 CV for volumes > 100 pL, determined for liquid

VDituent1 handling system after installation (n = 96).

Diluted sample volume for second dilution 1.8 CV for volumes < 100 L, determined for liquid

step, VpitutedSample handling system after installation (n = 96).

Volume added to diluted sample Vpjiuent2 0.4 CV for volumes > 100 pyL, determined for liquid
handling system after installation (n = 96).

Absorption measured at 340 nm for glucose as- 2.6 Average CV, determined from glucose standards

say, Aszso (n =128).

Slope of glucose assay calibration, ag;. 0.8-8.2  Relative slope error in each assay.

Offset of glucose assay calibration, b, 1.6 -20.3 Relative offset error in each assay.

Linear increase of absorption at 410 nm of cuti- 2.1 Average relative error from 288 duplicate mea-

nase assay, AA41o surements.

Slope of pNP calibration in cutinase assay, 0.5-0.9 Relative slope error in each assay.
apNP

Determined values for 11, Y5 and gg are in good accordance with numerous reports from liter-
ature [48, 55, 218-220], proving that the presented workflow is suitable to replace laborious shake

flask or bioreactor experiments for standard growth phenotyping.

3.4.5. Application on cutinase secreting C. glutamicum genome reduced strains

The novel workflow was applied for the characterization of a set of recently introduced GRS of C. glu-
tamicum [48, 55] that were further engineered towards heterologous cutinase secretion. The GRS
carry deletions of all three prophages, two insertion elements and different combinations of larger
gene clusters (Table 841). All GRS were transformed with the same expression plasmid containing
the NprE Sec SP from Bacillus subtilis to enable cutinase secretion [30, 36]. Each of five GRS and

the corresponding wild-type strain were cultivated in 8 biological replicates, resulting in 48 paral-
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lel cultivations from which 288 samples were analyzed for both glucose concentration and cutinase
activity.

For advanced phenotyping of extracellular cutinase activity, the bioprocess model was extended
by two additional PlIs related to specific cutinase yield (Yp,x) and secretion rate (¢p) [39]. For de-
tails regarding the applied calibration model (3.10) and determined random errors of new technical

variables, see Chapter 8 and Table 3.2. Results are shown in Table 3.3.

dep Acp
Y, = R .
P/X dCX ACX (3 8)
qp =Yp/x - b (3.9)
cp = AAyo - apnp - fp1 - fD2 (310)

Table 3.3.: Comparison of extracellular phenotypes and genotypes for recombinant cutinase secreting C. glutamicum
strains with differently reduced genomes, cultivated in eight replicates each.

Characteristic WT-NprE W31-NprE W115-NprE  W116-NprE  W127-NprE  W4130-NprE
Genotype

ACGP123 X X X X X
AlSCg12 X X
A2312-2322 X X
A2621-2643 X X
A2663-2686 X X
A2755-2760 X X
A3102-3111 X X X X
A3263-3301 X X

A3324-3345 X X X
Phenotype

wlh™] 0.38+0.01 0.34:0.01 022%+0.00 018+0.00 0.31+0.01 0.33+0.01
Yx/slex gs™] 0.58+0.08 050+0.09 0.55+0.07 0.7+0.07 0.55+0.08 0.58+0.11
qs [gx gs™" h™] 0.66+0.09 072+018 0.40%0.05 038+0.07 0.57+0.08 0.59*0.14
Yp,x [kU gl 074+010 0.64+0.09 0.37+0.06 142+020 078+014 0.78+0.12
qp [kU gx™ h™] 0.28+0.04 022+0.03 0.08+0.01 025%0.03 0.24%+0.04 0.26+0.04

Values represent mean and standard deviation calculated by a parametric bootstrap procedure (5000 bootstrap repetitions
for each cultivation replicate). 1 specific growth rate. Yx,s substrate specific biomass yield. gs biomass specific substrate
consumption rate. Yp, x biomass specific cutinase yield. gp biomass specific cutinase formation rate.
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Strains WT-NprE and W127-NprE have been cultivated previously using the established MBR method
of harvesting replicate cultivations (cf. section 3.3). The determined Pls using the improved MBR
workflow are highly comparable to these obtained with the established method, as the comparison
of values shows for strains WT-NprE (1 = 0.38 vs. 0.36 h™, YX/S = 0.58 vs. 0.58 gx g5, Yp/X = 0.74
vs. 0.68 kU gx™) and W127-NprE (14 = 0.31vs. 0.34 h™, Yx/s = 0.55 vs. 0.50 gx g™, Yp/x =078 vs.
0.64 kU gx™), compare also corresponding entries in Table 3.3 vs. Table 3.1.

The comparison shows that the improved workflow is an attractive alternative to increase exper-
imental throughput and that reliable time-resolved culture dynamics and Pls derived thereof are
obtained. However, the method of harvesting replicate cultivations is needed when low sample
volumes are not sufficient due to constraints of analytical methods, like it is the case for the quan-
tification of time-resolved proteomic changes during MBR cultivation [221].

The results on determined growth rates identify strains W115-NprE and W116-NprE as slowly grow-
ing (1 = 0.22  0.00 and 0.18 £ 0.00 h™, respectively), which was previously reported for these strains
without expression plasmids [222]. Surprisingly, these two strains are also remarkable in terms of
cutinase yields Yp, x: Strain W115-NprE shows a distinctly lowered cutinase yield of Yp,x = 0.37
+ 0.06 kU g™, while strain W116-NprE shows a distinctly increased cutinase yield of YP/X =142
0.20 kU gy compared to the remaining strains (Table 3.3).

From the data presentation in Table 3.3, it is seen that the combinatorial deletion of c¢g3263-3301
and cg3324-3345 is apparently responsible for the remarkably increased cutinase yield with strain
W116-NprE, while the deletion of cg3263-3301 is presumably resulting in the lowered growth rate of
strains W115-NprE and W116-NprE. In section 3.3, a high cutinase yield (Yp,x =1.64 £ 0.25 kU gx™") for
strain W65-NprE was also observed, which is comparable to strain W116-NprE (Table 3.3). Interestingly,

w116

these two strains are also comparable with respect to their growth phenotype (1 =048 h™ vs.

uW65 = 0.22 h™, cf. Table 3.3 vs. Table 34), although the strains share no genomic deletions except
ACGP123 and AISCg12, which is the case for nearly all GRS (i.e., not for MBoo1).
Possibly, a reduced growth rate is a prerequisite for high cutinase yields, which is discussed in

detail later in section 6.5 and section 6.6 of Chapter 6, together with further results.
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4. Hyphenating automated microbioreactor
systems and Kriging-based Design of
Experiments for bioprocess development

This chapter describes how Kriging-based Design of Experiments methodology and
automated microbioreactor technology complement one another in an ideal man-
ner. A general blueprint as well as a detailed example workflow is described, that
allow easy adaption for other biotechnological optimization objectives. Perfor-
mance of the jointly applied technologies is demonstrated on the maximization
of GFP production with C. glutamicum by nutrition medium optimization. Next to
results interpretation, modifications to the method are also critically discussed.

This chapter is based on Publication I and Publication IV.

Author contributions:
Johannes Hemmerich and Lars Freier wrote the chapter with the help of Eric von Lieres, Marco Oldiges and
Wolfgang Wiechert. Johannes Hemmerich and Lars Freier planned experiments, analyzed the data and inter-
preted results. Johannes Hemmerich performed experiments and prepared non-reprinted figures. Lars Freier

performed Kriging analyses.

4. Blueprint of a general iterative optimization workflow for
biotechnological applications based on Kriging-assisted Design of
Experiments methodology

"Classic" DoE is a powerful tool for efficiently estimating single and combinatorial effects of input

variables on noisy system outputs. It has a long tradition and was introduced by Fisher in 1935 [223].

DoE is established in several biotechnological fields and has been applied for numerous applica-

tions as summarized in [184]. Although DoE is popular for identifying significant input variables,

the methodology usually lacks in approximating highly nonlinear functional relationships. For this
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purpose, the Kriging approach is often more appropriate. Kriging provides a data driven, unbiased
linear estimator with minimal mean square prediction error. Very recently, Kriging methodology was
extended to incorporate also non-linear trend functions [224]. For further details on Kriging and its

application in biotechnology, the reader is referred to the literature [167, 224-226].

A core business in industrial biotechnology using MCFs is the iterative process of strain engineering
and optimization of bioprocess conditions. One important aspect is the improvement of cultivation
medium to provide an optimal environment for microbial formation of the product of interest. It is
well accepted that the media composition can dramatically influence overall bioprocess performance
to improve recombinant protein production with microbial systems [227-229] and consequently, the
adjustment of medium composition is a rewarding step in bioprocess development with respect to
optimal productivity [76, 230-232]. In general, optimization studies benefit from increased experi-
mental throughput, which becomes even more powerful in combination with DoE methodologies,

such as to assess interactions between design variables or reduce high-dimensional search spaces.

On the example of medium optimization in order to maximize secretory GFP production with C. glu-
tamicum, a protocol for media optimization is presented combining state-of-the-art laboratory au-
tomation, MBR technology with online process monitoring, and Kriging-based data analysis/exper-
imental design. The Kriging methodology is implemented in a MATLAB toolbox ("KriKit") which can

be downloaded and used free of charge [233].

The presented framework is divided into four steps, which are illustrated in Figure 4.1. The steps
are indicated by box frames and correspond to sections of the detailed protocol found in the ap-
pendix (section Ca). The first step (Figure 4.1, first box) is to define the project goals and to determine
the required methods. The combination of DoE methodologies, MBR technology, and laboratory au-
tomation allows an increased experimental throughput that demands powerful data processing. The
second step (Figure 441, second box) aims to detect sensitive design variables (i.e., medium compo-
nents) with high influence on the optimization objective. This leads to a reduced number of design
variables of interest. The third step (Figure 44, third box) comprises an iterative optimization for a
more detailed investigation of the functional relationship between the remaining design variables
and the objective of interest. Using the successively extended data set, the Kriging approach is ap-
plied for predicting the experimental outcome at unmeasured locations. The iterative cycle stops
as soon as the Kriging model predicts an optimum or plateau with sufficient accuracy. The results
are verified in the fourth step (Figure 44, fourth box), beginning with a further sensitivity analysis
around the identified optimum. If initially, insensitive components are found to be insensitive also

in the optimal region, it is reasonable to assume that this holds true during the iterative optimization
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procedure in the third step. Afterwards, it is advised to verify optimization results by application of
orthogonal methods, like an activity assay or SDS-Page for the presented case.

The generic nature of the presented protocol allows for easy adaption to different laboratory
equipment, expression hosts, and target proteins of choice, as well as bioprocess variables like pH
value or cultivation temperature. Furthermore, optimization objectives like protein production rate,

specific yield, or product quality can be chosen to fit the scope of other optimization studies.

Conceiving the study and

definition of methods Sensitivity analysis Iterative optimization Validation of results
| Define optimization objective | Perform sensitivity screening Perform optimization Repeat sensitivity screening
* Preculture experiment * Vary media components as
* Media preparation (Robot) | - Preculture previously
Define parameters to be « Main cultures (MBR) « Media preparation (Robot) = Fix optimized media
optimized + * Main cultures (MBR) components at optimum values
¥ v
Determine SOPs .Eva;:a::s: :::';':tl:y screening Statistical analysis Reproduce results
* Media recipes « Identify medium components © EEiE G meE * Run cultivations with reference
N by P * Use KriKit for experimental A e
* MBR cultivation protocol with significant effects e an °pt'mlze. media
* Pipetting script generator « Main cultures (MBR) L components in replicates
* Robotic media preparation + * +
workflow Design new i Verify i
erify resu
+ ::;I;:'::::Izatlon | Is Kriging model reliable? | « Analyse protein by orthogonal
Preslzar: mrtt-erials « Define media components of + + ;";:::ds' :.g. :;:ti‘g/‘ggfay'
* Stock solutions 3
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Figure 4.1.: Workflow depiction for Kriging-assisted Design of Experiments (DoE) methodology. Figure modified from [234].

4.2. Application example on media optimization for Tat-mediated green

fluorescent protein secretion with C. glutamicum

As application example, maximization of secretory GFP production with C. glutamicum is shown by
optimizing the composition of CgXll minimal medium. GFP titer was chosen as the optimization
objective as it can be quantified easily and it is widely applied as model protein for studies on
MBR systems [178, 235, 236]. To ensure reproducibility and comparability of results, conduction of
reference cultivations is indispensable. Corresponding GFP signals serve as normalization standard
for the GFP signal from cultivations with different medium compositions under investigation. The

specific step-by-step workflow carried out for this example optimization is found in section C.1.
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4.21. Selection of media components for investigation

A pre-selection of media components was performed on a rational basis, which served to narrow the
window of design variables: glucose as the main carbon source fixed to 10 g L™, non-metabolizable
3-(N-morpholino)-propanesulfonic acid (MOPS) to provide buffering capacity, KH,PO, and K,HPO,
providing also buffering capacity and serving as phosphate source, urea as basal nitrogen source and
pH-stabilizing agent, biotin for complementation of biotin auxotrophy, protocatechuic acid (PCA) as
iron chelating agent. Thus, there are still nine medium components left for investigation, namely
(NH,),S0,, FeS0, - H,0, ZnS0, - 7 H,0, CuSO, - 5 H,0, NiCl, - 6 H,0, CaCl, - 2 H,0, MgS0, - 7 H,0, and
CoCl, - 6 H,0. Additionally, Na,MoO, - 2 H,0 and H;BO; were included as design variables, as those
were described as additives in another CgXll formulation [237]. The medium components of interest
(i.e., design variables) can be divided into three groups:

First, (NH,),SO, as standard nitrogen source is a major nutrient. As mentioned before, the basal
nitrogen source urea was not altered, thus the nitrogen supply was expected not to become growth
limiting. In another study, modulating the nitrogen source was determined as promising target, al-
though the overall optimization goal was to maximize biomass-specific GFP signal [36].

Second, FeSO, -7 H,0, MnSO,, - H,0, ZnSO, 7 - H,0, CuSO, - 5H,0, NiCl, - 6 H,0, and CoCl, - 6 H,0
represent the group of trace elements, which seem to be inherited from the first publication of the
CgXll medium [56]. To add more variations of this theme, Na,MoO, - 2 H,0 and H;BO; were also in-
vestigated as mentioned before.

The third group is constituted by MgSO,, - 7 H,0 and CacCl, - 2 H,0, as those exceed clearly the con-
centration range of trace elements and thus, their necessary presence to promote growth is most
likely from other nature as for trace elements. Teramoto et al. reported that increased Ca** con-
centration correlates with increased GFP and Amylase secretion using the Tat pathway [227]. It was
speculated that varying concentrations of Mg®* and Ca®* show significant effects on secretion of GFP,
despite different conditions were used than by Teramoto et al. who applied C. glutamicum R as back-
ground strain, medium containing yeast extract and casamino acids, and CgR0949 as signal peptide.

In this study, C. glutamicum ATCC13032, defined medium, and PhoD as signal peptide was employed.

4.2.2. Screening analysis

The MTP-based MBR system allows 48 experiments to be performed in parallel. Taking into account
the maximal possible number of parallel experiments on one MTP (48) and the total number of media
components (11) makes the 2, fractional design an appropriate choice. This experimental design

comprises 32 experiments and allows the estimation of the main effect for each of the investigated
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media components. The remaining cultivation wells (16) were used for multiple replicates of ex-
periments with the reference medium to assess reproducibility and positional effects. That is, each
experiment is conducted once (no replicates), except fpr the reference experiment (five replicates).
Corresponding concentration ranges of investigated components are given in section C..

The statistics of all 16 normalized GFP signal curves are depicted Figure 4.2A. The relative standard
deviation of the curves increases with time but never exceeds 1.7%. In the considered concentration
range, varying the majority of the media components did not show a noticeable effect on the ob-
jective (Figure 4.2B). Component NH," shows a strong negative effect, while Ca** and Mg®* show the
strongest positive tendency. The effect of Mg* is not significant for the current concentration range
but might be for a broader concentration range. Consequently, it was decided to omit NH,* from the
medium and to investigate the effect of Ca** and Mg** in further experiments. Nitrogen limitation is

prevent by urea still present in the medium.
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Figure 4.2.: Depiction of results from screening analysis. (A): Time course of normalized GFP signal during growth of refer-
ence cultivation experiments in one microbioreactor run (n = 16 biological replicates, depicted as mean value *
standard deviation). (B): Effect of investigated medium components on GFP signal. Figure modified from [167].

4.2.3. Iterative optimization

The experiments of the first iteration were planned such as to extend the knowledge obtained by
the initial screening by investigating also potential interactions between the previously identified
medium components of influence. For sake of clarity, all following concentrations refer to the con-
centrations used in the original reference medium (CgXIl), indicated by x Ref. Furthermore, since
the screening revealed that NH,* has a significant negative effect on the GFP-Signal, it was also of

interest if NH,” could be omitted. A full factorial experimental design with eight experiments was
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applied. Concentration ranges for Ca®* and Mg?* are chosen to be the same as in the screening anal-
ysis, that is minimal concentration was 0.4x Ref and maximal concentration was 2x Ref. For NH,*, the
concentrations were set in the range of ox Ref to 2x Ref. The GFP signal between the sample points
was estimated using Universal Kriging [167], see Figure 4.3. As predicted by the screening analysis,
Ca* and Mg* have a positive influence on the GFP signal, with the effect of Ca** being more pro-
nounced. Furthermore, the negative effect of NH,* was confirmed. Consequently, by omitting NH,",
the maximal GFP signal could be increased by ca. 30% (from 1.03 to 1.36, Figure 4.3A and B). The
Kriging interpolations in Figure 4.3A indicate that high concentrations of Ca>* and Mg?* lead to high
GFP signals. In order to validate this hypothesis, the maximal concentrations of Ca®* and Mg** were

doubled in the next experimental iteration.
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Figure 4.3.: Detailed view about impact of NH,” on GFP signal. (A): Kriging interpolations of GFP signal when maximal
amount of NH,” (lower plane) or no NH," (upper plane) is added to medium. Sample points are indicated by
red dots. X and Y axes denote relative concentration of ions used for medium preparation compared to CgXlI-
Medium. (B): Detailed view of Kriging interpolation using medium without NH,". Figure reprinted from [167]
with permission.

Two criteria were formulated that satisfy a good experimental design for Ordinary Kriging [238]:
First, the design should be space filling for exploring the system and second, the design should
comprise some points in close proximity for studying the dependency of the covariance between
these neighboring sample points. Following these two criteria, the new experiments for the 2" iter-
ation were designed using a full factorial in the upper right quarter of the extended parameter space
with one point located near to the maximal concentration level of Ca%* and Mg?* in iteration 1, see
Figure 4.4A. Experimental results and the Kriging interpolation of iteration 2 confirmed the positive

correlation of the GFP signal with Ca** and Mg?*. Therefore, further enhancement of GFP signal was
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expected for increased concentrations of both Ca®* and Mg>'.
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Figure 4.4.: Development of GFP signal prediction during iterative optimization. Results of iteration 3, 4, 6 and 7 are shown
in panels A, B, C and D, respectively. Experimental sample points are indicated by different symbols, according
to the corresponding iterations. Figure parts reprinted from [167] with permission.

The experiments of the 3" iteration were planned in a similar manner as in the 2" iteration: The
maximal concentration of Ca** and Mg®* was again doubled and a full factorial was placed in the up-
per right part of the new parameter space. Experimental data of the iterations 1-3 and the associated
Kriging interpolation are presented in Figure 4.3A and B. Apparently, samples with a Mg** concentra-
tion of 8x Ref do not lead to higher GFP signals compared to samples with a Mg®* concentration of
4x Ref, indicating that an optimal concentration range of Mg** has potentially been found. However,
still no indication for a saturation of the response of GFP for increasing Ca** concentrations could be
found in the third iteration. Consequently, the experimental design for iteration 4 was placed around

the potential optimal Mg?* concentration (4x Ref) and an increase in the Ca®* concentration range
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from 9.6x Ref to 16x Ref.

The results of iteration 4 are visualized in Figure 4.4B and show that the GFP signal could be dou-
bled compared to the reference cultivations when applying a Ca** concentration of 16x Ref and a
Mg?* concentration of 3x Ref. Kriging interpolation predicts a steep increase in the GFP signal in the
Ca* concentration range from 8x Ref to 16x Ref. Although a clear explanation for this phenomenon
cannot be given, increased Ca** concentrations have been described to enhance recombinant pro-
tein secretion before [227]. Furthermore, the optimum with respect to Mg** found in the previous
iteration could be confirmed.

Since an optimal Ca®* concentration was not detected yet, the experimental design from iteration 4
was again shifted towards a higher Ca** concentration range in iteration five. That is, Ca%* concen-
tration was varied in a range from 19.2x Ref to 32x Ref, and range of Mg** was not changed due to
the confirmed optimum. Experiments of iteration 5 and associated Kriging interpolation gave first
indications for a saturation of the positive effect of Ca** on GFP signal (Figure 4.4C).

In order to verify this finding, the experimental plan for iteration 6 was constructed likewise as
for iterations 4 and 5 by doubling the concentration range for Ca®*, see Figure 4.4C. Experimental
data from iterations 1-6 and the associated Kriging interpolation are depicted in Figure 4.4C. The
Kriging interpolation clearly shows a flattening of the GFP signal at high Ca®* concentrations. As will
be discussed in more detail in section 4.2.6, the plateau is most likely caused by precipitation of
solid Ca-complexes or other Ca-compounds in combination with other medium components, which
leads to limited accessibility of soluble Ca** ions to the cells. Hence, no further increase in GFP
signal is expected for higher Ca®* concentrations due to the formation of solid non-bioavailable Ca-
complexes or other Ca-compounds and not due to saturated uptake of Ca®* by the biological system.
Moreover, it appears that the negative effect of high Mg** concentrations can be neutralized by high
Ca*" concentrations.

The final iteration 7 was planned with the intention to explore the boundaries of the parame-
ter space, that is for the applied minimal and maximal Mg*" concentrations. Results are shown in
Figure 4.4D. The Kriging interpolation reveals that very low Mg** concentrations lead to a significant
decrease in the GFP signal, especially in the case of high Ca%* concentrations. Consequently, the data

of Figure 4.4D justifies the assumption that both cations Ca** and Mg*" cannot replace each other.

4.2.4. Identifying optimal parameter regions

The results show that an optimal region with respect to Ca** and Mg®* concentration exists. Identify-

ing the boundaries of this region is a nontrivial task since noisy measurements and low number of
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data points may lead to inaccuracies in the Kriging prediction model, but Kriging provides an esti-
mation of the prediction error. This allows to make a statement about the significance of differences
in predicted output signals. The KriKit toolbox allows to perform a z-test, based on the Kriging inter-
polation as well as its estimated prediction error [167]. Figure 4.5 visualizes the results of the z-test:
The blue region indicates medium compositions that lead to significantly lower GFP signals than the
best prediction. Parameter values in the red region will most likely lead to maximal GFP signals. The
identified optimal region is located in the upper right corner of the investigated design space, that
is high Mg?* and Ca®" concentrations. It is not expected that higher concentrations of Mg®* and Ca**
ions will lead to further improvements of GFP secretion. Considering Mg**, the results of iteration 3
showed that for a low Ca** concentration, high amounts of Mg lead eventually to decreasing val-
ues in the GFP signal. It seems likely that this also holds for high Ca®* concentration, although the

positive effect is believed to be limited by precipitation of Ca®* salts.
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Figure 4.5.: Identification of optimal parameter region based on z-test and Kriging interpolation. Figure reprinted from
[167] with permission.

4.2.5. Validation of results

The identified optimal concentrations for Ca®** and Mg** cause a doubled GFP signal compared to
the reference composition of CgXll medium. To confirm the optimized medium composition finally, a
validation screening was conducted to show that the results of the screening analysis (section 4.2.2)
are also valid with optimized concentrations of Ca** and Mg?*. Consequently, all initial medium com-
ponents of interest were varied except for Ca®* and Mg*". These were fixed at values of Ca*" oyt =
32x Ref and Mg’ = 6.8x Ref that yield optimal GFP signals and result in feasible pipetting volumes
for the applied LHS. This sample point is part of the predicted optimal region, near the left border

91



4. Hyphenating automated microbioreactor systems and Kriging-based Design of Experiments

(see Figure 4.5), as higher Ca** concentrations are not expected to cause a significant increase in GFP
signal. The applied fractional factorial is similar to the experimental design of the initial screening
with a resolution of IV and allows an analysis of main factor effects without confounding with pair-
wise interaction. Additionally, eleven samples were placed at the defined optimal point for assessing
biological reproducibility.
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Figure 4.6.: Summary of results from validation screening. (A): Comparison of normalized GFP signal over time for refer-
ence cultivations (n = 16 replicates) and cultivations with optimized medium composition as determined after
iterative optimization supported by Kriging interpolation (n = 10 replicates). Mean values + standard deviation
are shown. (B): Impact of medium components on GFP signal at optimized medium composition. (C): Compari-
son of GFP fluorescence from whole cultivation broth and supernatant after cultivation and protein content in
supernatant, made from reference (n = 6) and optimized medium (n = 6). (D): SDS-page analysis of cultivation
supernatants in reference medium (n = 5) and in optimized medium (n = 6), GFP band (26 kDa) is indicated by
an arrow. Figure modified as well as reprinted in parts from [167] with permission.

Figure 4.6A depicts the statistics of ten normalized GFP signal curves at the optimal point. The
remaining eleventh curve was excluded as an experimental outlier as it differed significantly from the
other curves. It can be seen that the mean normalized GFP value from the cultivations with optimized
Ca*" and Mg concentration is doubled compared to the reference cultivations. The mean value of
the curves converges to 2x Ref. The relative standard deviation of the GFP signal increases with

time but never exceeds 3.7%, which is below the maximum standard deviation (5%) of the BioLector
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device measurements, according to manufacturer data. The screening analysis results are visualized
in Figure 4.6B and indicate that NH,* still has a strong negative effect on the GFP signal. Remaining
components seem to have a very low or no effect. It can consequently be concluded that changes
in Ca** and Mg** concentrations do not affect the impact of the other medium components on the
GFP signal. For the used expression strain, it was reported that the majority of the mature GFP is
located extracellularly [239]. Consequently, the GFP fluorescence of the fermentation suspension
can be considered to be appropriate for capturing the amount of secreted GFP. However, additional
analytics have been conducted from a separate cultivation run with six biological replicates for both
reference and optimized medium composition. As depicted in Figure 4.6C, both fluorescence and
protein content of cultivation supernatants from optimized cultivations have doubled compared to
those from reference medium. This is in agreement with GFP signals from the whole fermentation
suspension. Indeed, analysis by SDS-page verifies that the amount of secreted GFP is higher for the

optimized medium (Figure 4.6D).

4.2.6. Interpretation of results

Response data of the optimized medium composition was re-evaluated to give indication of the
previously speculated underlying reason of the limited effect of increased Ca%* and Mg addition.
In cultivation wells with high CaCl, concentrations (approximately 0.1 to 5.5 mM, i.e. approx. 10 to
50x Ref), white turbidity of the medium was observed by optical inspection. Therefore, it can be
assumed that Ca** forms compounds with other medium components like PO,3~ and SO,2~, which
results in precipitation as soon as Ca** concentration reaches a certain threshold in CgXIl medium.
Consequently, associated calcium ions are temporarily not accessible to the microorganism, but may
re-dissolve during growth when soluble Ca®" is incorporated to increasing biomass. However, asso-
ciated reduction in turbidity will be covered by increasing turbidity due to biomass formation.

For the optimized medium, only concentrations of Ca** and Mg* have been increased, thus culti-
vation data for all iterations regarding the initial BS signal have been related to the applied concen-
tration of those cations. Kriging was used for interpolating the functional relationship between the
concentration of Ca** and Mg** and BS signal. As illustrated in Figure 4.7, the BS signal shows a posi-
tive correlation with increasing Ca®* concentration, which is most likely caused by precipitation. Mg
shows only a positive influence for high Ca®* concentration. The combination of qualitative optical
properties showing turbidity of medium, experimental output in terms of limited effect of increased
Ca** addition on GFP secretion and statistical evaluation of presumed correlation between initial BS

signal and Ca*®* concentration suggests that the saturating effect of Ca,"” on GFP signal is due to the
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physical constraint of Ca," solubility.
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Figure 4.7.: Kriging interpolation of functional relationship between medium component Ca** and Mg”* and initial
backscatter signal as indicator for precipitation. Figure reprinted from [167] with permission.

Despite the verified finding that increased concentrations of Ca®* promote enhanced secretion
of recombinant GFP in C. glutamicum, the underlying reason is not clear. In the following, three
hypotheses are presented:

In some cases, an increase of Ca®* ions in the medium has been reported to increase the amount
of active (i.e., correctly folded) secreted protein. This phenomenon was explained by the need for
divalent cations to support correct folding of the target protein which incorporates those cations as
cofactor. In case of GFP, such an effect can be ruled out here, as GFP does not need divalent cations
as folding cofactors [240].

Another hypothesis considers the cell wall as several layers of a molecular sieve acting as a depth
filter, whose pores are permeable for endogenous extracellular proteins due to evolutionary adap-
tion. This may not be the case for secretory heterologous proteins during their passage to the outside
of the cell, but the incorporation of Ca®* may enlarge the pore size of this assumed depth filter around
the cell which could facilitate the release of recombinant GFP.

Furthermore, Ca** ions might neutralize negative charges of the "continuum of anionic charge"
formed by lipoteichonic acids and wall teichonic acids found in the cell wall of Gram-positives [241].
In combination with indications that GFP presents positive charges on the outer side [242], reduction
of electrostatic interaction could facilitate the passage of GFP to the extracellular medium.

For Bacillus brevis it was shown that with increasing concentrations of MgS0O,, MgCl, or CaCl, (up

to 5 mM) the biosynthesis of certain cell wall proteins is remarkably decreased [243]. In this study,
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optimal concentrations of approximately 7 mM (6.8x Ref) for MgS0,, - 7 H,0 and approximately 2.9 mM
(32x Ref) of CaCl, - 2 H,0 were identified, which are in the same order of magnitude. Maybe a similar
phenomenon as described for B. brevis occurs also in C. glutamicum as it is also a Gram-positive
organism. Thus, it is speculated that a high load of Ca** causes down-regulation of cell wall protein
synthesis and induces a “leaky” cell wall.

However, the last two assumptions imply that fluorescence of cell wall retained GFP is shadowed

compared to GFP located in the medium and clearly, the presented hypotheses remain speculative.

4.3. Modifications to the method

Next to multi-purpose and expandable robotic liquid handling systems like the one used in this
study, it should be mentioned that there are several smaller liquid handling systems commercially
available. These systems are capable to perform this task and can be placed inside of laminar flow
work benches. If no automated pipetting system is available, different media compositions according
to the DoE plan can also be realized by manual pipetting using single and/or multi-channel pipettes.
Since the manual preparation is more error-prone and will require highly focused work for quite a
long time, it is recommended to prepare a lower number of different media compositions.

Depending on the capabilities of the employed MBR system, the corresponding cultivation pro-
tocol will vary. For instance, if no online measurement of biomass formation is available, it may be
sufficient to measure biomass concentration after completion of the growth experiment. In combi-
nation with online monitoring of the pH and DO, which is implemented in several MBR systems, the
growth saturation can be determined safely.

In principle, the growth experiments can be conducted in MTPs alone placed inside shaking in-
cubators, without the use of a MBR system. In this case, proper cultivation conditions have to be

ensured, which is addressed by three aspects:

(1) Oxygen-limited cultivations can be avoided by using MTPs with suitable geometries, in com-
bination with proper shaking frequencies and shaking diameters, for example, square 96 or 24
deep well plates operated at 1000 rpm at 3 mm throw or at 250 rpm at 25 mm throw, respec-
tively. Importantly, the lower the achievable maximal oxygen transfer rates, the lower the main
carbon source should be concentrated. As mentioned above, for this study, the use of 10 g L™
glucose was suitable to prevent oxygen limitation for the employed cultivation conditions.

(2) Sampling of the MTP cultures for biomass and product quantification should be reduced to

a minimum. Each time the MTP is removed from the shaking incubator, oxygen transfer will
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immediately break-down which may result in unfavorable cultivation conditions.

(3) Inthe opinion of the author, the use of MTP readers as cultivation devices is not recommended
as these devices were not developed for this purpose. For example, shaking mechanics were
built for occasional mixing of microplates after the reagent addition and thus, often lack ro-
bustness for long runs of continuous shaking lasting for days. Moreover, sufficient power input
needed for microbial cultivations cannot be realized in these readers. The integration of opti-
cal density readings in short time intervals requires stopping of the shaking motion, resulting
in repeated periods of oxygen limitation. Furthermore, evaporation in such systems over long

cultivation periods will distort results severely for several reasons.

4.4. Further considerations

To speed-up iterative optimization steps, it is advised to carefully select the analytical method for
product quantification. Fast and simple methods should be preferred at the cost of precision and
accuracy, as the iterative experimental design strategy tolerates experimental inaccuracy. However,
the final results must be verified against sufficiently precise and accurate product quantification
methods that might be more complicated. In general, careful evaluation and decision making about
the study procedures require effort in the beginning of the study, but pay out in the long run, after
routine methods have been established.

It is highly recommended to define a reference experiment that is compared to all experiments
during the optimization. That is, the applied medium component concentrations as well as measured
output are normalized via dividing by reference values. This way, each applied and measured value
can be interpreted as the x-fold of the reference value. To take into account variations between the
plates, five reference experiments were performed on each plate in this study. The mean value of

the measured outcome is used for the normalization.

It can generally not be guaranteed that the developed medium is also optimal for other strains.
However, the improved medium will most likely also be appropriate for cultivating expression strains
with small genetic differences, for example, when producing enzyme variants with single amino acid
substitutions obtained from mutagenesis studies, although even single point mutations have been
described to effect cellular metabolism and heterologous expression performance [244, 245]. In this
case, the presented protocol can be a first step, followed by protocols for high-throughput expres-
sion screenings [246]. If the protocol is used for medium development with subsequent scale-up to

fed-batch cultivations, the optimized medium should be verified for the corresponding bioprocess
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conditions, as clone screening campaigns at the microscale identified different top performers for
different feeding strategies and cultivation media [112, 247]. Furthermore, the introduced KriKit [233]
can generally contribute to improved holistic bioprocess optimization. Very recently, the tool's abil-
ities were extended to also support multi-objective optimization [248], which can be important for

optimizing both upstream and downstream processes [165, 173].
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5. Combinatorial impact of Sec signal peptides from
Bacillus subtilis and bioprocess conditions on
heterologous cutinase secretion by

Corynebacterium glutamicum

This chapter leaves the field of MBR cultivation and takes a step forward into
bioprocess development using lab scale bioreactors. To complement the current
knowledge on how to select the optimal SP for different expression hosts and dif-
ferent target proteins of choice, the interrelation of bioprocess control strategy and
choice of SP to optimize cutinase secretion with C. glutamicum is investigated in
detail. Furthermore, it is discussed how the results are interpreted with changing
bioprocess optimization objectives. This chapter is based on Manuscript I.

Author contributions:
Johannes Hemmerich designed and performed experiments, analyzed the data, interpreted the results, pre-
pared the figures, and wrote the chapter with the help of Roland Freudl, Marco Oldiges and Wolfgang Wiechert.

Matthias Moch performed experiments. Sarah Jurischka contributed strains.

5.1. Selection of Sec signal peptides for heterologous cutinase secretion

In this study, the combinatorial effect of technical and biological variables was systemically investi-
gated for their impact on heterologous protein secretion performance with C. glutamicum. Until now,
the impact of such variables is typically investigated in sequential order, for example starting with
molecular strain optimization followed by bioprocess engineering for the apparent best strain only.
Here, about 150 laboratory scale bioreactor runs are investigated systematically to cover the envis-
aged design space. This design space comprises feeding profile, Sec SP and IPTG concentration as

well as reproducibility of results by conducting each bioreactor cultivation in biological duplicates.
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Cutinase from Fusarium solani pisi [249] was used as model protein of eukaryotic origin for this
study on secretory production of heterologous proteins with C. glutamicum. Application examples of
cutinase comprise laundry and dishwashing detergents, food industry and textile processing [250].
Sec SPs from B. subtilis were shown to enable heterologous cutinase secretion in C. glutamicum [36],
yet results from SP library screening in B. subtilis, to identify SPs causing high cutinase secretion
efficiency in this organism, cannot be transferred to C. glutamicum [37]. Because it is not known
which SP is best suited to secrete cutinase with C. glutamicum for various bioprocess conditions a
priori, five Sec SPs from B. subtilis were chosen, associated with a high (Epr), average (Ywmc) and low
(YpjP) cutinase secretion performance in B. subtilis [30]. Additionally, two SPs (AmyE, NprE) causing

nearly the same below-average secretion performance in B. subtilis were chosen (cf. Figure 51A).

The resulting recombinant C. glutamicum secretion strains, denoted by the respective applied Sec
SP, were evaluated in different bioprocess regimes (batch, fed-batch with varying adjusted growth
rates, and induction strength). Comparative evaluation of the different bioprocess control strategies
is based on observed specific growth rate (1 5.) and biomass specific cutinase yield (Yp, x) which
are calculated from the experimental data obtained during the fed-batch phase of the cultivation.
The application of exponential glucose feeding profiles to control the specific growth rate of the
culture resulted in highly reproducible biomass formation and cutinase secretion, as seen for the
time courses of cell dry weight and extracellular cutinase activity from two representative replicate

cultivations (Figure 5.1B and C).

5.2. Impact of heterologous cutinase secretion on growth

Among glucose-limited fed-batch cultivations, the plasmid-free wild type strain (denoted as WT)
shows a perfect match of the observed growth rates 1z, with the adjusted growth rates jigcs. In
contrast, the five cutinase secretion strains often show a reduction in observed growth rates com-
pared to strain WT. For instance, observed growth rates of /i, = 0.07 h h™ are found for strains Epr
and NprE with 50 uM IPTG for the fed-batch cultivation with p1ge; = 010 h™ with 50 uM IPTG, corres-
ponding to a reduction of 0.03 h™ on an absolute basis compared to the value for uge: as well as
the observed growth rate of /1, = 010 h™ obtained with strain WT. For the fed-batch bioprocesses
operated at feeding rates corresponding to values of g = 015, 0.20 and 0.25 h™", maximum growth
rate reductions of 0.02, 0.02 and 0.03 h™, respectively, are observed among the cutinase secretion
strains. For the batch cultivations, where the glucose uptake by the culture is not restricted exter-

nally, observed growth rate for strain WT was /¢4, = 0.38 + 0.01 h™, which is in good accordance with
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Figure 5.1.: Selection of Sec signal peptides (SPs) for cutinase secretion with C. glutamicum and representative process
performance of secretory cutinase production. (A): Sec SPs from Bacillus subtilis ranked with respect to ex-
tracellular cutinase activity (expressed as normalized lipolytic activity) using B. subtilis as expression host as
reported [30]. The five Sec SPs in this study used for cutinase secretion by C. glutamicum are highlighted, repre-
senting top (Epr), medium (YwmC) and poor (YpjP) performers. Additionally, two neighboring lower-mid range
ranked SPs (AmyE, NprE) were chosen. Graph is reproduced from published data [30]. Color coding for Sec SPs
is used throughout the whole text. (B): Time profiles of cell dry weight (cx) for C. glutamicum pEKEx2-NprE-
cutinase. (C): Time profiles of cutinase activity in cultivation supernatant (cp,s.p) With error bars representing
standard deviations from cutinase activity measurements carried out in analytical triplicates for C. glutam-
icum pEKEx2-NprE-cutinase. Cultures were induced with 50 pM IPTG during an exponential feed profile for a
calculated growth rate of pset = 0.25 h™.
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literature [55, 219, 251]. For the cutinase secretion strains, values of observed growth rates ranged
from f1p), = 0.32 £ 0.01t0 0.34  0.02 h™", corresponding to a maximum reduction of 0.06 h™ with
strain NprE. A detailed list of all observed growth rates is given in Table D.1.

These reduced growth rates observed for the plasmid containing cutinase secretion strains could
be interpreted as metabolic burden due to higher demand for energy equivalents and building blocks
required for plasmid replication and heterologous gene expression [96, 252, 253]. Such phenomenon
was described in literature where, for example, the impact of enhanced green fluorescent protein
(EGFP) production with C. glutamicum was investigated [254]. The recombinant EGFP production
strain showed retarded growth compared to the corresponding wild-type strain in bioreactor cul-
tivation processes, which were designed to ensure glucose presence at non-growth limiting concen-
trations. Also, this was observed for secretory production of a 3-peptidyl-aminopeptidase with the
eukaryotic microorganism Pichia pastoris [255]. Specifically, in batch cultivations the recombinant
strain showed 46% reduction in growth rate compared to the wild type strain, which was not seen in

glucose-limited exponential fed-batch processes.

5.3. Relative cutinase yield is negatively correlated with growth rate,

independently of the applied Sec signal peptide

Biomass specific product yield Yp/X describes the efficiency of the biomass to synthesize the de-
sired product from consumed substrate in bioprocesses with growth-coupled product formation
[100, 256]. A high or low value of YP/X indicates a high or low usage of substrate for product syn-
thesis in competition to biomass formation. Thus, Yp, x is considered as a strain-specific, biological
parameter of the bioprocess.

The cutinase yields from bioprocesses concerning a certain Sec SP were normalized to the max-
imum cutinase yield obtained with that SP, to evaluate the impact of different bioprocess control
strategies independently from effects of the chosen Sec SP. Hence, bioprocesses can be evaluated
with respect to cutinase yield for the different applied Sec SPs on a relative basis. The corresponding
data are shown in Figure 5.2. Five groups of relative cutinase yields are depicted in Figure 5.2, with
each group representing the data obtained using the respective Sec SP (AmyE, Epr, NprE, YpjP and
Ywm(, as indicated) enabling secretion of cutinase.

Evaluation of the values for relative Yp, x for each SP reveals that the highest and lowest cutinase
yield for each SP is always obtained for fed-batch cultivations with the lowest and highest adjusted

growth rate, respectively. For example, increasing the adjusted growth rate from f1g¢¢ = 010 to 015 7
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Figure 5.2.: Comparison of relative biomass specific cutinase yields for different Sec SPs and bioprocess conditions (i.e.,
fed batch processes with different adjusted growth rates 5., and batch process), grouped by SPs. Data series
of cutinase yields for each SP were normalized to their respective absolute maximum value (AmyE: 2006 * 100
U gx", Epr: 3056 + 79 U gx"', NprE: 3423 + 361 U gx ', YpjP: 2680 * 80 U gx', YwmC: 1652 + 20 U gx'). Cutinase
secretion was induced with 1000 pM IPTG. All data are mean values with min/max values indicated by error
bars from two biological replicates.

is accompanied by a decrease in relative cutinase yield from 100% to roughly 70 - 80% for all SPs.
Relative cutinase yields from the remaining cultivations fit nicely into this picture: With decreasing

growth rate the cutinase yield increases.

Such an inverse correlation was also reported in various other studies, for example on the pro-
duction of a nuclease with E. coli [257], a 3-aminopeptidase with E. coli [258], GFP with B. subtilis
[259], GFP with E. coli (Bienick et al. 2014), or LacZ with E. coli [260]. In these studies, the observed
Yp/x = f (1) relations were explained by redirection of metabolic flux to meet the increased en-
ergy demand from heterologous protein production [258] and modeling of growth-rate dependent
ribosomal capacity [259-261]. However, these reports concerned intracellular protein production in
batch cultivations, meaning that the observed reduced growth rates were a result of heterologous
protein biosynthesis. In contrast, this study deals with secretory heterologous protein production
during fed-batch cultivations with adjusted growth rates, meaning that observed growth rates are

not caused by endogenous factors, but rather by the applied bioprocess control strategy.

As seen in Figure 5.2, it can be assumed that the chosen Sec SP is the main determinant of cutinase
secretion efficiency and with the adjustment of bioprocess conditions, this pre-determined cutinase

secretion efficiency is maximal or reduced.
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5. Combinatorial impact of Sec signal peptide and bioprocess conditions on cutinase secretion

5.4. The choice of Sec signal peptide in combination with bioprocess

conditions maximizes absolute cutinase yield

Next, a comparative overview of absolute cutinase yields observed for the different bioprocess con-
ditions tested is given in Figure 5.3. It shows absolute cutinase yields YP/X as function of observed
growth rates ;. Data points belonging to each of the five cutinase secretion strains are color-
encoded and connected by a line. For each IPTG concentration used (50, 250, and 1000 pM), one
panel is shown in Figure 5.3 (A, B, and C). In addition to the data visualization, the collected data
on cutinase yield YP/X was subjected to a two-step multiple regression analysis. This model-based
approach allows reconciling all data at once. First, the data was fitted to a model comprising an
intercept, linear terms, and interaction terms between the different predictor variables. Second, the
model was reduced by removing parameters with p-values above 0.05. The values of the removed
parameters were zero or close to zero, meaning that the corresponding variables have no effect on
cutinase yield, according to the regression analysis. Then, the data was fitted to the reduced model,

and results are shown in Table 5.1.
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Figure 5.3.: Absolute cutinase yield (Yp, x) as function of observed specific growth rate (.t z.p). The five Sec SPs are
encoded by colors (AmyE, blue; Epr, orange; NprE, red; YpjP, green; Ywmc, purple) used for cutinase secretion.
IPTG was added to 50 uM (B), 250 uM (C), or 1000 pM (D), respectively. Data from batch cultivations in (D) are
marked by a dotted frame. Three operating conditions ("OC1" to "0C3") are indicated which are referred to later
in the text. All data are mean values with min/max values indicated by error bars from two biological replicates.
Detailed numerical values for the data points of Yp/x and pEqp shown in this figure are listed in Table D.2
and Table D.1, respectively.
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5.4. The combination of signal peptide and bioprocess conditions maximizes absolute cutinase yield

Table 5..: Results from multiple regression analysis.

Description Model parameter Estimate (SE)
Linear terms

AmyE B1 2.985 (0.177)
Epr Ba 4120 (0477)
NprE B3 4.541(0477)
YpjP B 3.666 (0177)
YwmC Bs 2.073 (0.177)
Interaction terms

AMYE * s Bi,6 -8.590 (0.962)
Epr* pset B2.6 -11.783 (0.962)
NpPrE * Pset Bs.6 -12.497 (0.962)
YPJP * piset Ba6 -10.463 (0.962)
YwmC * piser Bs.6 -4,.367 (0.962)
Regression diagnostics

R? (adjusted R?) 0.906 (0.899)

RMSE 0.263

Data were fitted against the reduced model Yp, x = Zle Bix; + Zle Bi,6%iTe with the categorical predictor vari-
ables x1...x5 encoding the used SP (i.e., AmyE, Epr, NprE, YpjP, and YwmC) and the predictor variable xg encoding the
adjusted growth rate. Data from batch cultivations were not incorporated since for this kind of bioprocess no growth rate
can be adjusted. Calculations were made using MATLAB's £it1m function. Results from the regression analysis of the full

model are given in Table D.4. SE standard error. RMSE root mean squared error.

In most cases, the same rank order for the SPs with respect to absolute cutinase yield is observed
(Figure 5.3). For example, the order of SPs for the lowest values of /1, seen with 50 uM and 1000 UM
IPTG (in Figure 5.3A and C, respectively) is clearly NprE, Epr, YpjP, AmyE and Ywmc, from best to worst.
In case an induction strength of 250 uM IPTG is used (Figure 5.3B), the NprE, Epr and YpjP results
in nearly the same cutinase yield (Yp, x = 2.96, 2.87 and 2.72 kU gx™', respectively) while the use of
AmyE SP causes a slightly lower value of Yp, x = 2.46 kU gx" and the use of the YmwC SP results in
a distinct lower value of YP/X = 1.42 kU g¢™. However, the SP rank order remains.

The above described particular SP rank order of bioprocesses with lowest observed growth rates

and an induction strength of 50 uM IPTG becomes less clear for the fed-batch cultivations with the
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5. Combinatorial impact of Sec signal peptide and bioprocess conditions on cutinase secretion

highest adjusted growth rate at the same induction strength (Figure 5.3A). For this bioprocess oper-
ation, the use of the NprE SP is still the best choice (Yp,x = 2.00 kU gx™') while the application of
Epr results in a distinct lower cutinase yield (Yp/X =1.34 kU g¢™) which is comparably low as found
for the remaining three SPs (AmyE: 0.90 kU gx™", YpjP: 1.04 kU gy, YwmcC: 0.98 kU gx™). The observed
SP rank order is also suggested by the results of the regression analysis, reflected by the estimated
parameter values of the linear terms: The higher the value, the more pronounced the (positive) effect
on cutinase yield (NprE: 4.541, Epr: 4120, YpjP: 3.666, AmyE: 2.985, YwmC: 2.073, see Table 5.).

Values for Yp, x obtained with the five Sec SPs are more similar at high growth rates than at low
growth rates. For example, in bioprocesses with an induction strength of 50 uM IPTG, values oné\;ggE
=416 kU g« and Ylf/‘j’(mc =1.91 kU g¢™ are found for the lowest growth rates. For the highest growth
rates, values of Ylf.\;g;E =2.00 kU g™ and Yg/j’(mc =0.98 kU gx" are seen accordingly (cf. Figure 5.3A).
This scheme is also seen for the other inducer concentrations tested (i.e., 250 pM and 1000 pM IPTG
in Figure 5.3B and C, respectively), indicating that a SP specific effect on overall secretion efficiency
is more pronounced at lower growth rates. Consequently, for the regression analysis, interactions
between different predictor variables were taken into account and the interactions between each SP
and the adjusted growth rates were found to be significant (p < 0.05). The inverse correlation be-
tween cutinase yield and adjusted growth rate is expressed by the negative sign of the corresponding
parameter values (Table 5.1). Furthermore, the absolute numerical values of the parameter estimates
indicate how strong the adjusted growth rate affects cutinase yield for the specific SP. According to
this, the above ranking of SPs is again observed for their interaction with the adjusted growth rate

(see Table 5.1).

Although the results of the regression analysis suggest that the effect of IPTG concentration on
cutinase vyield is negligible, the data presentation in Figure 5.3 points to an optimal IPTG concen-
tration for certain conditions: For the combination "NprE, fise = 010 h™" cutinase yields ofYp, x =
426, 2.96 and 3.42 kU gx™ are observed with IPTG added to concentrations of 50, 250 and 1000 uM,
respectively. Likewise, for the combination "Epr, i1ge¢ = 040 h™™" cutinase yield of YP/X =3.39, 2.87
and 3.06 kU gx" are observed (again referring to IPTG concentrations of 50, 250 and 1000 pM, re-
spectively). On the other hand, when using the YpjP SP in fed-batch cultivations operated at (1 ges =
0410 h™, highly comparable cutinase yields of Yp, x = 2.56, 2.72 and 2.68 kU gx™* are found for IPTG
concentrations of 50, 250 and 1000 UM, respectively, indicating that IPTG concentration has almost
no effect for the combination "YpjP, j15e¢ = 0.10 h™". Hence, the corresponding result of the regres-
sion analysis is explained by this observed inconclusive effect of IPTG concentration. Therefore, the

combinatorial evaluation of the data visualization (Figure 5.3) and regression analysis (Table 5.1), sug-
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5.5. Cutinase yield and productivity are conflicting optimization objectives

gests to investigate the optimal induction strength with the combination "NprE, tse: = 010 h™™ It is
well-known that for each bioprocess an optimized induction can be determined, which is typically
carried out using micro- to small-scale cultivation systems. This approach is often referred to as

"induction profiling" [36, 162, 262].

In general, it is seen from Figure 5.3 that the choice of bioprocess conditions can turn a Sec SP
attributed with "good secretion performance" into a "bad" one and vice versa. For instance, the
operating condition 1 (0C1), indicated in Figure 5.3A, results in a rather low cutinase secretion per-
formance of YP/X =1.34 kU gx™. As soon as bioprocess conditions are changed, the use of Epr SP
results in a much higher cutinase secretion performance of Yp,x =3.06 kU gx™, as indicated by OC2
in Figure 5.3C. Furthermore, OC3 (cf. Figure 5.3B) operates at a different combination of conditions in
comparison to OC1, but results in nearly the same cutinase secretion efficiency (YF‘?/%?' = 1.42 kU gy’
Vs. YIQ/()’? =134 kU gx). As can be inferred from the data presentation in Figure 5.3, any OC that
is found above or below an arbitrarily chosen OC (e.g., OC1) will result in improved or decreased
cutinase secretion efficiency, respectively. Thus, this kind of data visualization as diagram of char-
acteristic curves allows to quickly determine preferred bioprocess conditions with respect to the

optimization objective (i.e., Yp/X).

5.5. Cutinase yield and productivity are conflicting optimization objectives

requiring different bioprocess conditions for optimal results

For biotechnological applications, productivity (¢p) is a measure of economic feasibility and thus, it
is of high importance and desired to be as high as possible. For growth coupled product formation,
productivity is the product of growth rate and product yield [100], and strictly speaking, productivity
considers both the efficiency of substrate conversion into product (i.e., YP/X) and the time needed
for formation of the product synthesizing biocatalyst (i.e., ;). Hence, productivity ¢p appears as
another possible optimization objective in bioprocess development, next to product yield YP/X.
The decision which of the different objectives is to be maximized is preferred may differ case-by-
case. Typically, yield (Y, x) and productivity (gp) are conflicting optimization objectives [263, 264]
max

which means maximal yield YI’J;C)‘? and maximal productivity g/>* cannot be achieved for the same

combination of strain and bioprocess.
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NprE | p=0.10 | 50 yM
NprE | p=0.10 | 1000puM
Epr | n=0.10 | 50pM
Epr | n=0.10 | 1000 pM
NprE | p=0.15 | 50 uM
NprE | p=0.10 | 250 mM
Epr | p=0.10 | 250puM
YpjP | n=0.10 | 250puM
YpiP | p=0.10 | 1000puM
YpjP | p=0.10 | 50 pM
AmyE | p=0.10 | 250 pM
NprE | p=0.15 | 1000uM
Epr | p=0.15 | 250puM
YpjP | p=0.15 | 1000pM
Epr | p=0.15 | 50uM
AmyE | p=0.10 | 50 pM
Epr | p=0.15 | 1000 yM
YpiP | p=0.15 | 50 pyM
YpjP | n=0.15 | 250puM
NprE | u=0.15 | 250 uM
AmyE | p=0.10 | 1000 pM
NprE | p=0.25 | 50 yM

YwmC | p =0.15 | 50uM
AmyE | p=0.15 | 250 pM
NprE | u=0.20 | 250 uM
AmyE | p=0.15 | 50 pM
NprE | p=0.20 | 1000puM
YwmC | 1 =0.10 | 1000 pM
Epr | p=0.20 | 250uM
Epr | n=0.20 | 1000 pM
AmyE | u=0.15 | 1000 pM
Epr | p=0.20 | 50uM
NprE | n=0.25 | 250 uM
NprE | p=0.25 | 1000uM
YpjP | u=0.20 | 250uM
YpiP | u=0.20 | 1000 uM
YwmC | p=0.10 | 250 um
Epr | p=0.25 | 1000 pM
Epr | n=0.25 | 50uM

Epr | p=0.25 | 250uM
YwmC | p=0.15 | 1000 pM
YpiP | n=0.20 | 50 uM
YwmC | p=0.20 | 50uM
YpjP | n=0.25 | 250puM
YwmC | p =0.15 | 250 uM
YpiP | p=0.25 | 1000puM
AmyE | p=0.25 | 1000 pM
AmyE | p=0.25 | 250 yM
YwmC | u=0.25| 1000 yM
YwmC | p =0.25 | 250 uM
AmyE | p=0.20 | 50 yM
YwmC | p=0.25 | 1000 pM
YpiP | n=0.25 | 50 uM
AmyE| p=0.25 | 250 uM
YwmC | p =0.25 | 250 uM
YwmC | p =0.25 | 50uM
Epr | Batch | 1000 uM
AmyE | p=0.25 | 50 pM
AmyE | u=0.25 | 1000 pM
NprE | Batch | 1000 um
YpjP | Batch | 1000 yM
YwmC | Batch | 1000 uM
AmyE | Batch | 1000pM

- >
=
7
L |
H H
H
—
—
—
— H
5
VB
-
H
-
B
H
H
=,
M
N AmyE
Epr >
I o
— .
B voip
B e
63
64"'
65t
1 2 3 4 650 500 350 200

Cutinase yield (Yyy) [kU gy']

Figure 5.4.: See figure description on next page.
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NprE | p=0.25 | 50 uMm
NprE | p=0.15 | 50 uMm
NprE | p=0.25 | 1000uM
NprE | p=0.25 | 250 uM
NprE | p=0.20 | 50 uM
Epr | n =0.25 | 1000 yMm
Epr | n=0.20 | 1000 yM
NprE | p=0.20 | 1000uM
NprE | p=0.20 | 250 uM
NprE | p=0.15 | 1000 uM
Epr | n=0.20 | 250uM
YpiP | p=0.15 | 1000 uM
NprE | p=0.10 | 50 pM
Epr | n=0.25 | 250uM
Epr | u=0.25 | 50uM

Epr | Batch | 1000 uM

Epr | u =0.15 | 250uM
Epr | n=0.15 | 1000 yM
YpjP | n=0.15 | 250puM
YpiP | p=0.15 | 50 uM
Epr | n=0.15 | 50pM
YpiP | = 0.25 | 1000 uM
NprE | u=0.10 | 1000puM
Epr | n=0.20 | 50uM
NprE | Batch | 1000 uMm
YpiP | p=0.25 | 250uM
YpiP | = 0.20 | 1000 uM
YpiP | n=0.20 | 250puM
YpjP | p=0.10 | 1000 uM
Epr | p =0.10 | 1000 pM
NprE | p=0.15 | 250 uM
Epr | n=0.10 | 50pM
YpjP | n=0.10 | 250pM
YwmC | p=0.25 | 1000 pM
YpiP | p=0.25 | 50 yMm
AmyE | p=0.25 | 250 uM
YwmC | u=0.25| 250 yM
YwmC | p=0.15| 50 uM
Epr | 0 =0.10 | 250uM
AmyE | p=0.15 | 50 pM
NprE | p=0.10 | 250 pM
YpjP | p=0.10 | 50 yM
AmyE | p=0.15 | 250 uM
YpjP | n=0.20 | 50 pM
YwmC | p=0.20 | 50uM
AmyE | p=0.20 | 1000 pM
AmyE | p=0.20 | 250 uM
YwmC | u=0.25| 50uM
AmyE | p=0.25 | 50 pM
AmyE | p=0.20 | 50 pM
AmyE | p=0.25 | 1000 pM
YwmC | i =0.20 | 1000 pM
AmyE | p=0.15 | 1000 pM
YwmC | u=0.20| 250 pM
AmyE | p=0.10 | 50 pM
AmyE | p=0.10 | 250 uM
YwmC | p=0.10 | 50uM
AmyE | p=0.10 | 1000 pM
YpjP | Batch | 1000 yM
YwmC | =015 | 1000 pM
YwmC | u=0.15 | 250 pMm
YwmC | u=0.10| 1000 yM
YwmcC | Batch | 1000 pM
AmyE | Batch | 1000 uM
YwmC | u=0.10| 250 pM



5.5. Cutinase yield and productivity are conflicting optimization objectives

Figure 5.4.: (See figure on previous page) Comparative ranking of bioprocess conditions with respect to different cutinase
secretion performance optimization objectives. Data is ordered by biomass specific cutinase yields (Yp, x, left
part) and ordered by biomass specific cutinase productivities (gp, right part). Bar colors encode the applied Sec
SP used for cutinase secretion. Description of bioprocess conditions depicts applied Sec SP (AmyE, Epr, NprE,
YpjP and YwmC), adjusted growth rate (i set = 010, 0415, 0.20 and 0.25 h™") and induction strength (50, 250 or
1000 UM IPTG). Conditions for SP specific highest values of Yp, x are connected to the corresponding values of
qp by colored arrows. Cultivations with C. glutamicum WT and cultivations without IPTG added are not shown.
All data are mean values with min/max values indicated by error bars from two biological replicates. Detailed
numerical values for Yp, x and gp shown in this figure are listed in Table D.2 and Table D.3, respectively.

As was made for cutinase yields YP/X, values for ¢p were calculated from all bioprocesses com-
prising different feeding rates, induction strengths and Sec SPs, so that cutinase secretion perfor-
mance for each bioprocess can be evaluated based on either YP/X or gp. The resulting data sets
are depicted in Figure 5.4 in a comparative bar plot, corresponding numerical values are found in
Table D.2 and Table D.3. Bioprocesses were rank-ordered from high to low values of Yp,x and gp in
the left and right part of Figure 5.4, respectively. The applied Sec SPs in each bioprocess are indicated
by the color-coding of the bars while further details of the respective bioprocess are shown next to
the plots. Since in total 65 different cutinase secretion bioprocesses are shown, those are ranked
from 1t to 65'" with respect to either YP/X or gp (left or right part of Figure 5.4, respectively).

A first visual evaluation of Figure 5.4 indicates that Sec SPs tend to spread among the bioprocess
conditions rank-ordered with respect to YP/X (left part of Figure 5.4), while SPs tend to group among
bioprocess conditions rank-ordered with respect to gp (right part of Figure 5.4). An interpretation for
this would be that the impact of the applied SP is more pronounced with respect to gp than for YP/X.
Strikingly, it seems that to reach high values Opr/X aswellas gp the use of NprE or Epr SP is needed
since those SPs are found four and three times, respectively, among the top 10 ranked bioprocesses
with respect to YP/X. Both SPs are solely found among the top 10 ranked bioprocesses with respect
to gp. Likewise, YpjP and YwmC/AmyE can be classified as mostly medium and poor performers,
respectively, with respect to both optimization objectives YP/X and gp.

Regarding the application of a batch or fed-batch process, it is seen that the batch processes do
reach only low cutinase secretion performance in terms onp/X irrespective of the employed Sec SP,
which is reflected by corresponding low rankings: 59", 62", 63, 64" and 65" out of 65 using the Epr,
NprE, YpjP, YwmC and AmyE Sec SP, respectively (cf. left part of Figure 5.4). In contrast, this is different
with respect to ¢p as optimization objective where two batch processes are found among the best 25
processes, that is 16 (Epr) and 25" (NprE). The other batch processes are poorly ranked (YpjP: 59",
YwmcC: 63, and AmyE: 64", cf. right part of Figure 5.4). When considering the batch bioprocesses

only, again Epr and NprE Sec SPs show superior cutinase secretion performance (both for YP/X and
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5. Combinatorial impact of Sec signal peptide and bioprocess conditions on cutinase secretion

gp) compared to the other SPs. Therefore, when aiming to reduce effort for SP selection in fed-batch
cultivations, the Epr and NprE could be considered as promising choices for fed-batch cultivations,
based on results obtained in batch cultivations. However, as seen in this study, optimization of

further bioprocess conditions is still needed achieve the highest yield or productivity.

The findings described in section 5.4 on the example of cutinase yield YP/X are presented in a
very condensed way in the left part of Figure 5.4, which facilitates the direct comparison to the data
on productivity gp. By using this way of visualization the data generated from a high number of
bioreactor cultivations, the interrelation of Sec SPs as biological variables and bioprocess condition
as technical variables becomes easily accessible: The overall maximal cutinase yield of IQ’}‘? =
416 kU gx " is obtained for the condition "NprE, f1ge¢ = 0.10 7, 50 UM IPTG". By choosing inappropriate
bioprocess conditions for the NprE-cutinase secretion strain, the overall maximum cutinase yield
achievable with this strain (in combination with optimal bioprocess conditions) is lowered to a value
of 0.86 kU gy (batch, 1000 pM IPTG), which corresponds to a fundamental reduction of 79% from
YIQ}C)‘?. On the other hand, with the AmyE SP and optimized bioprocess conditions, a value of Yp, x
=2.46 kU gx™" (j15¢¢ = 010 h™, 250 UM IPTG) can be reached, which corresponds to a reduction of 41%
only with respect to YIQ}‘;? (cf. left part of Figure 5.4). Likewise, these conclusions can be inferred
from the right part of Figure 5.4, where cutinase productivities gp for the different bioprocesses are
shown: The NprE SP is needed to achieve the overall maximum productivity of ¢72** = 470 U gx™" h™
in combination with 50 uM IPTG and a feeding profile corresponding to j1ge¢ = 0.25 h™. Similar to the
observations made for YP/X, when choosing suboptimal bioprocess conditions (i.e., 250 pM IPTG,
1Set =00 h™"), the productivity with NprE-strain is lowered to gp =195 U gx" h™, which corresponds
to a substantial reduction of 59% from ¢75“*. In comparison to that, the application of Sec SPs that
were attributed as "medium and poor performing" can result in distinct higher productivities due to
carefully chosen bioprocess conditions, namely gp =309 U g™ h™ (YpjP, 1000 UM IPTG, i ger =0.15 h™)
and gp =245 U gx™ h™ (AmyE, 250 UM IPTG, ttge; = 0.25 h™") which represent a reduction of only 34%
and 48% from q}5%, respectively. This confirms that the choice of the "best" Sec SP is a prerequisite
for maximizing the optimization objective, but on top of that, the accompanying optimal bioprocess

conditions need to be determined to fully access this potential.

The conflict between optimizing cutinase yield YP/X and cutinase productivity gp by adjustment
of bioprocess conditions and the choice of Sec SP is indicated by the colored arrows in Figure 5.4.
The arrows visualize that a certain combination of bioprocess conditions and chosen Sec SP results
in substantially different rankings with respect to either optimization objective. More specifically,

the bioprocess ranked 1% with respect to cutinase yield comprises the NprE SP, but with respect
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to cutinase productivity this specific combination is ranked only 13", as indicated by the bold red
arrow in Figure 5.4. Likewise, with respect to cutinase yield YP/X the optimal bioprocesses for the
Epr, YpjP, AmyE and YwmC SPs are ranked 3™, 8", 11" and 24'", respectively, which correspond to
the 30'", 33", 56" and 57" ranked bioprocesses in terms of cutinase productivity (indicated by the
orange, green, light blue and purple solid arrows, respectively, in Figure 5.4). In terms of cutinase
productivity, the bioprocess that is ranked 1%t corresponds to the bioprocess ranked 22" in terms of
cutinase yield Yp, x, as indicated by the red dotted arrow in Figure 5.4. These observations finally
raise the question how to choose a specific combination of bioprocess and Sec SP that results in
satisfactory cutinase secretion performance with respect to Yp, x as well as gp.

One approach would be to choose conditions that maximize YP/X ( 1’3}‘}? =416 kU gy for condi-
tions "NprE, 50 UM IPTG, it ger = 0410 h™") and with this, the corresponding value for cutinase produc-
tivity is set to gp =308 U g™ h™". Likewise, the condition that maximizes gp (¢5** =470 U gx™" h™" for
"NprE, 50 UM IPTG, figet = 0.25 h™'") determines also the corresponding value of Y,y =2.00 kU gx™.
These interrelations between Yp, x and gp are visualized by a red bold arrow (indicating IQ}‘;}’ with
corresponding ¢p) and a red dotted arrow (indicating ¢5** with corresponding Yp, x) in Figure 5.4.
A decision for a specific set of conditions could be made by the apparent ranking distances with
respect to either Yp, x or gp. For example, the conditions that maximize Yp, x (i.e,, 1%t rank) result
in the 13™" rank with respect to qp (cf. red bold arrow in Figure 5.4). On the other hand, the conditions
that maximize ¢p, are ranked 22"% with respect to YP/X (cf. red dotted arrow in Figure 5.4). Following
this, the decision for a certain combination of Sec SP and bioprocess conditions would be in favor
for those that result in the 1st rank with respect to YP/X and 13" rank with respect to gp. How-
ever, multi-objective optimization in biotechnological process development is still an active area of
research, implying that this task is not a trivial one and literature suggests several approaches to

tackle this problem encountered in several fields of applied biotechnology [248, 265-268].

5.6. Concluding remarks

This study comprehensively investigated the combinatorial impact of Sec SPs and bioprocess con-
ditions on cutinase secretion performance with C. glutamicum, which is of high relevance for ap-
plications in industrial biotechnology, specifically for the development of biotechnological protein
production processes. The results of this study add important knowledge to the question which SP
is best suited for heterologous protein secretion and how to choose such optimal SP. In addition to

previous findings that for each target protein of choice the optimal but unpredictable combination
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of SP and expression host has to be determined from scratch, it is seen in this study that the biopro-
cess conditions do also need to be carefully adjusted to maximize heterologous protein secretion
efficiency. Most likely, it is not possible to predict in-silico the optimal combination of target protein,
SP and expression host. However, general trends could be derived from the comprehensive data set
presented in this study:

(1) Ametabolic burden due to heterologous protein secretion, visible as reduction in growth rate,
is more pronounced in unrestricted batch cultivation in comparison to growth-controlled fed-
batch cultivations.

(2) Secreted protein yield is high when the growth rate of the culture is low and vice versa.

(3) Promising Sec SPs for further development of fed-batch cultivations could be inferred from
technically less complex batch cultivations.

(4) Inducer concentration needs to be optimized in order to further maximize the given optimiza-

tion objective.

Since process optimization is typically conducted in iterative rounds comprising experiment and
evaluation, the overall optimization objective needs to be determined in the beginning, as optimal
bioprocess conditions vary with different optimization objectives. The above mentioned general
trends, based on empirical relations, can be used to increase efficiency in bioprocess development
and thus, are of great importance in this field of applied biotechnology.

In this study only a few biological and technical variables (i.e., Sec SPs and IPTG concentration as
well as feeding profile) were investigated for their impact on cutinase secretion efficiency in terms
yield and productivity. Nevertheless, the experimental design space can be easily expanded, leading
to a combinatorial explosion that cannot be handled anymore, simply for practical reasons. Espe-
cially combinatorial effects on given optimization objectives need a certain amount of data points
to satisfy requirements of confidence evaluation. It is foreseeable that the challenge to acquire suf-
ficiently large data sets to determine suitable design parameters will gain more importance in the
future, which could be tackled by the application of multiplexed and down-scaled microbial culti-
vation systems, as well as statistics-supported experimental planning, analysis and interpretation.
Moreover, the multi-dimensional design space and corresponding complexity in results clearly asks
for data processing frameworks that facilitate interpretation of results for decision making, which

finally is and will remain the human responsibility.

112



6. Evaluation of a genome reduced C. glutamicum
strain library for heterologous cutinase secretion

This chapter is concerned with the quantitative microbial phenotyping of a li-
brary of genome reduced C. glutamicum strains for heterologous cutinase secre-
tion, which represents another typical application example of MBR systems. The
collected data comprise growth rates and cutinase yields as extracellular pheno-
types, as well as detailed analysis at the transcriptome and proteome level for
a small subset of strains. Next to surprising phenotypes due to specific genomic
deletions, as well as differential analysis of strains with overlapping genomic dele-
tions, attempts were made to explain the metabolic perturbations from observed
significant differential regulation at the protein level. Also, by incorporating all
data on extracellular phenotypes, a data-driven, phenomenological multiple re-
gression approach was used to identify the minimum set of genomic deletions
needed in terms of improved cutinase secretion. Parts of this chapter are based

on Manuscript Il and Manuscript Ill.

Author contributions:
Johannes Hemmerich wrote the chapter, designed and performed experiments, analyzed the data, interpreted
the results, and prepared the figures. Mohamed Labib, Sebastian ). Reich, Carmen Steffens and Marc Weiske
designed and performed experiments, and helped with analyzing the data in sections 6.1 to 6.6. Mohamed

Labib performed microarray experiments, and helped with analyzing the data in section 6.6.

6.1. Overview of observed extracellular phenotypes: Combinatorial impact
of Sec signal peptide and genomic deletions

Quantitative phenotyping of a strain library represents a typical application example for MBR systems

(another typical application example of screening of cultivation conditions and media compositions

is presented in Chapter 4). In particular, automated sampling and harvest procedures enable the

acquisition of data that can be compared even for differently growing strain mutants, as observed
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in this study, where a library of GRS of C. glutamicum [48, 55, 222] was screened for the ability to
secrete heterologous cutinase from F. solani pisi. To enable cutinase secretion via Sec pathway, the
plasmid-encoded cutinase gene needs to be fused to as Sec-specific SP. Since the optimal SP for a
certain target protein to be secreted cannot be predicted in silico [30, 32-34] (cf. also section 1.2.2)
and because it was shown that a combination of SP and target protein found to be optimal varies
between expression hosts [37], cutinase secretion with C. glutamicum GRS was tested for five Sec SPs

detached from a library comprising all natural Sec SPs from B. subtilis [30].

The constructed strain library comprises 13 strain variants with five Sec SPs and further 14 strains
with two out of the five Sec SPs, resulting in 93 strains in total to be screened for cutinase secre-
tion performance. The GRS are characterized by deletion of single and multiple genomic clusters.
All cutinase secretion strains were assessed by MBR growth experiments in several replicates and
resulting extracellular phenotypes were determined as observed growth rate p and biomass specific

cutinase yield Yp, x.

Figure 6.A depicts cutinase yield as function of growth rate for the tested C. glutamicum GRS (each
data point representing one GRS) and the five different Sec SPs from B. subtilis (AmyE, Epr, NprE,
YpjP, and YwmcC, encoded by colors as already introduced in Chapter 5). In general, it is seen that a
high diversity in cutinase yield is found for Epr and NprE Sec SPs. When applying the YpjP Sec SP,
diversity in cutinase yield is only slightly higher than for AmyE and YwmC SPs. High values for YP/X
are found when using Epr and NprE SP. More specifically, obtained cutinase yields range from 0.00 -
0.28 kU gx™, 015 - 110 kU gx ™, 014 - 145 kU gx ™, 043 - 0.46 kU gx " and 0.16 - 0.47 kU gy for the strains
with the AmyE, Epr, NprE, YpjP or YwmC SP, respectively. Based these observations, the five Sec SPs
can be ranked with respect to cutinase yield as follows: Epr, NprE > YwmC, YpjP > AmyE. Since the
high values for Yp/X are only found at low growth rates, this seems to be a prerequisite to achieve
a high cutinase yield, but only when using Epr or NprE SP. All data are derived from MBR batch
cultivations allowing the GRS to grow under non growth limiting glucose concentrations. Thus, the
observed reduced growth rates are due to genomic deletions classified previously as "non-essential"
[48, 55, 160]. However, these classifications were made for C. glutamicum GRS that were not imposed

to a heterologous protein secretion burden [48, 55, 160].

In order to collect more data on the interrelation between genome reduction and extracellular
phenotypes (i.e., 1+ and YP/X), it was decided to focus only on AmyE and NprE Sec SPs but with a
higher number of different C. glutamicum GRS. The updated range (i.e., including more GRS tested) of
obtained cutinase yields for the AmyE and NprE SP is 0.01- 0.45 kU gx™" and 0.37 - 1.62 kU g™, respec-

tively, confirming the above classification of Sec SPs in term of cutinase secretion. Corresponding
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6.1. Overview of observed extracellular phenotypes

results from MBR phenotyping are shown in Figure 6.1B. The range of observed growth rates is ap-
proximately 0.15 - 0.40 h™ and 0.30 - 0.45 h™ for the NprE and AmyE SP, respectively, with one GRS
showing an exceptionally low growth rate of approximately 0.20 h™" among all GRS with the AmyE SP,

coinciding with a hardly detectable cutinase yield.

A OAmyE B O AmyE

Epr O NprE
O NprE

OYpjp
OYwmC

=
4
L
=
4]
L

Cutinase yield (Yp/,) [kU g]
=
—
Cutinase yield (Y,/) [kU g?]
o
»n =

S

00,

Lo
g

%,

0 0.1 0.2 03 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
Growth rate (i) [h] Growth rate (1) [h]

Figure 6..: Overview of C. glutamicum GRS cutinase secretion performance, depicted by determined biomass specific cuti-
nase yields Yp, x as function of observed growth rate 1t from C. glutamicum GRS library screening. (A): Results
from first screenings comprising five Sec SPs, encoded by colors. (B): Results from initial and additional screen-
ing comprising a higher number of GRS while tested Sec SPs were reduced to two (AmyE and NprE). In both
panels, each data point represents one GRS and the used Sec SP is indicated by different colors. Error bars
indicate standard deviation from growth experiments conducted in two to three replicates (panel A) or eleven
to 46 (panel B, as indicated in Table E.1).

As mentioned above, the number of Sec SPs tested was reduced from five to two, which results in
a wide and narrow range of cutinase yields, that is the NprE and AmyE SP, respectively, as seen in
Figure 6.2B. To enable a comparison of the impact of these two SPs for specific genomic deletions
(i.e., for specific GRS), the corresponding observed growth rates and cutinase yields are presented as
in comparison to the respective strains WT-NprE and WT-AmyE, as seen in Figure 6.2A (relative growth
rates) and Figure 6.2B (relative cutinase yields). In addition, all observed growth rates and cutinase
yields as absolute values are summarized in Table E.1.

From the GRS specific comparison of growth phenotypes due to the use of the AmyE or NprE SP
(classified as poor or good performing, respectively, in terms of cutinase secretion efficiency, cf.
above), it becomes obvious that for many GRS the choice of Sec SP seems not to impact growth
considerably. It can be rather concluded that the genomic deletions of the GRS impose a growth

burden mostly independent from the applied SP (cf. Figure 6.2A). For example, strain W25 shows the
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Figure 6.2.: Observed growth rates and cutinase yields from C. glutamicum GRS library screening in relation to the re-

spective wild type strains containing either the AmyE or NprE SP. (A): Relative GRS specific growth rates

w8 /T (B): Relative GRS specific cutinase yields Y,?/}S/(Yg};. Corresponding numerical data, errors

and number of replicates are found in Table E.1.

same growth rate for using the AmyE or NprE SP, and this same growth rate is about 80% the growth
rate obtained with the corresponding strains WT strains. The same observation is also made for
strain W121.7 as well as the strains rrnBC to rrnBCDEF, which show growth rate reductions of about 10
to 30%, irrespective of the SP applied.

Interestingly, a few strains show a distinct growth phenotype when comparing both SPs, as well
as in comparison to the use of the respective SPs in the WT analogue. More specifically, strain W28
AmyE shows a growth rate reduction of approximately 30%, while the same strain containing the NprE
SP (i.e., strain W28-NprE) shows a growth rate reduction of approximately 60%. Similar patterns are
also observed for strains W54-NprE, W65-NprE and W116-NprE. In general, in case a SP specific growth
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6.1. Overview of observed extracellular phenotypes

rate reduction is observed for a GRS, the presence of the NprE SP impairs growth stronger than the
presence of the AmyE SP, with the only exception for strain W134. Here, the AmyE SP imposes a higher
growth burden than the NprE SP. Thus, strain W134 shows a unique and remarkable growth phenotype
among all GRS tested. Some examples of strains with interesting phenotypes are discussed in more

detail in later sections.

In order to enable a GRS specific evaluation of cutinase secretion for both the AmyE and NprE SP,
data on cutinase yield was normalized to the respective strains WT-AmyE and WT-NprE in Figure 6.2B,
as done for growth rates accordingly. Many of the strains show a cutinase yield that is comparable

or slightly different to the level of the corresponding strains WT-AmyE and WT-NprE.

For example, many strains (e.g., MBoo1-AmyE, W31-AmyE, W116-AmyE, W121.7-AmyE or W127.6-AmyE)
show cutinase levels comparable to WT-AmyE within the observed error ranges. Some of the AmyE-
GRS (e.g., W25-AmyE, W64-AmyE) show a slightly higher cutinase yield in comparison to strain WT-
AmyE with non-overlapping error ranges. Also, as previously seen for growth rates, few strains with
the AmyE SP show a prominent difference in cutinase yield, that are W52-AmyE and rrnBF-AmyE reach-
ing almost 2-fold the cutinase yield of WT-AmyE. Again, strain W134-AmyE stands out of the crowd
since nearly no cutinase yield is detectable. However, because absolute cutinase yields are rather
low when using the AmyE SP (cf. above), results on cutinase yield obtained with the NprE SP are

considered as much more interesting.

In general, similar patterns for cutinase yield are observed for the GRS-NprE as for the GRS-AmyE
(cf. Figure 6.2B): While most of the strains show cutinase yields that are comparable to strains WT-
NprE (e.g., MBoo1-NprE, W52-NprE, W127-NprE, W127.6-NprE), some remarkable phenotypes in terms
of cutinase secretion can be observed for a few strains. A drastic reduction is found for strain W115-
NprE, which is the lowest cutinase yield among all GRS-NprE. On the other hand, for two strains
a remarkably high increase in cutinase yield is found, namely W65-NprE (about 3-fold the level of
WT-NprE) and W116-NprE (about 2.5-fold the level of WT-NprE). Besides the improvement in cutinase
yield, these two strains are highly interesting since they share no genomic deletions except ACGP123
and AISCg12, which all other GRS do except MBoo1 (ACGP123 only). Thus, at least two different
genomic deletions can be assumed to be independently responsible for the observed increased
cutinase secretion with strains W65-NprE and W116-NprE, which is discussed in more detail later in
the text.

When comparing the GRS specific data shown in Figure 6.2A and Figure 6.2B, a correlation between
growth phenotype and cutinase secretion phenotype can be inferred specifically for each depicted

GRS. For example, the stronger growth reduction of strain W28-NprE is not resembled in a higher
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cutinase yield. Like that, a higher increase is seen for strain W52-AmyE than for W52-NprE, while
almost no growth rate reduction is seen for both W52-AmyE and W52-NprE. On the other hand, the
remarkable increase in cutinase yield for strains W65-NprE and W116-NprE is accompanied by a strong
decrease in according growth rates at the same time. More specifically, the observed growth rates
for strains W65-NprE and W116-NprE are roughly 60% less compared to strain WT-NprE, while strains
W65-AmyE and W116-AmyE show a growth rate reduction of about 20% only in comparison to strain
WT-AmyE. Therefore, the strongly pronounced phenotypes for strains W65 and W116 can be clearly
attributed to the NprE SP.

Conclusively, screening of the C. glutamicum GRS library under the objective of heterologous cuti-
nase secretion revealed noticeable strain phenotypes in terms of growth and cutinase secretion that
could not have been concluded from previously screening for growth rate only [48, 55, 222]. As both
phenotypes (i.e., growth rate y and cutinase yield Yp/X) are easily accessible and could be de-
termined repeatedly in a higher throughput by the application of MBR methods, this initial rapid
screening marks the first step in narrowing down a big design space, that is the identification of
potentially interesting genomic modifications that are beneficial for improved cutinase secretion. In
the following, some example strains with noticeable phenotypes are discussed in more detail. For
one strain (W65-NprE) and its close relatives in terms of genetic characteristics, further in-depth

analyses were conducted and will be considered for discussion later.

6.2. Deletion of cg2990-2999 has impact on growth but not on cutinase
yield when using NprE signal peptide

The differential analysis of phenotypes for strains W28 and W86 reveals that the deletion of cg2990-

NPrE 2 016 +

2999 impairs growth in combination with cutinase secretion enabled by NprE (W28:
0.01h™", wee: 11!V’ = 0.26 + 0.01 h™") but not by AmyE (both W28 and W86: /1 = 0.30 + 0.01 h™). On
the other hand, cutinase yields between strains are highly comparable when using either the AmyE
(W28: 0.29 + 0.07 kU g™, W86: 0.29 + 0.06 kU gx™) or the NprE SP (W28: 0.74 + 0.09 kU gx™, W86:
0.71 £ 0.09 kU gy"). Strain W28 is characterized by A2990-3006 while strain W86 is characterized by
A3000-3006, meaning that strain W86 shares only a subset of deleted genes compared to strain W28.
Both strains were earlier described to show to the same extend of reduced growth rates compared to
the wild type strain [55, 222]. This observation is also found when using AmyE SP (but not for the NprE
SP) for cutinase secretion, indicating that the deletion of cg2990-2999 in addition to cg3000-3006

does not impact growth and cutinase secretion in that case (i.e., when using AmyE SP). A comparison
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of deleted genes in strains W28 and W86 with corresponding annotations is given in Table E.2.
Consequently, the exchange of a rather small genetic feature, that is the switch of SP from AmyE to
NprE completely changes the observations made. Thus, conclusions drawn from differential studies
on gene characterization subjected to cutinase secretion would classify cluster cg2990-2999 as non-
relevant if only the AmyE SP would have been selected to enable secretion. In turn, a completely

different gene classification results by using the NprE SP.

6.3. AmyE but not NprE signal peptide impairs growth in strain W134

With respect to the use of either AmyE or NprE Sec SP for cutinase secretion, strain W134 shows a

unique behavior. In contrast to the observations described in the previous section, the use of AmyE

AmyE

provokes a heavy growth defect in strain W134, compared to the use of NprE (1 =019 +0.03h™

VS. HNprE

cutinase activity (

= 0.26 + 0.01 h™). This growth defect is accompanied by an absence of extracellular
AmyE NprE
YP/X YP/X

that strain W134-NprE is able to secrete cutinase comparatively efficient as strain WT-NprE, although

= 0.01 £ 0.01 kU gy vs. = 0.69 + 0.17 kU gx'). When considering
at a lowered growth rate, loss(es) of cellular functions due to the introduced gene deletions render
strain W134 very sensitive to the AmyE SP itself. However, it is not clear whether the negative impact
of the AmyE SP occurs at the transcriptional, translational, translocational or any other functional

level.

6.4. Deletion of cg0158-0183 results in a lethal growth phenotype for

C. glutamicum when containing a cutinase secretion plasmid

Another interesting phenotype can be observed for strain W73 when considering plasmid-borne cuti-
nase secretion in addition to growth behavior. After plasmid transformation, strain W73 was not able
to grow in defined CgXll medium anymore. This observation was made repeatedly and irrespective of
the SP fused to the N-terminus of the cutinase gene. Interestingly, when supplementing the defined
CgXll medium with 10% v v of complex brain heart infusion (BHI) medium, transformed W73 strains
were able to grow again. The addition of IPTG needed for induction of cutinase biosynthesis imposed
a strong growth burden on strain W73, irrespectively of the applied Sec SP. More specifically, growth
rate for strain W73 (i.e., without plasmid) in supplemented CgXIl medium was j; = 0.46 + 0.02 h™, while
for both W73-AmyE and W73-NprE a growth rate of i = 0.24 + 0.03 h™ was determined (cf. Table 6.1),

corresponding to a reduction of 48%. When strain W73-NprE was cultivated without IPTG, a growth
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rate of i = 0.37 + 0.02 h™ was determined, confirming the metabolic burden caused by recombinant
gene expression, as the addition of IPTG causes a growth rate reduction of 35% (cf. Table 6.1).

An overview of deleted genes in strain W73 is given in Table E.3. Since these genes were classified
as non-essential in previous studies with respect to growth only, the loss of function(s) by deleting
€g0158-0183 results in a lethal phenotype in combination with effects provoked by plasmid mainte-
nance and/or recombinant gene expression. However, because cutinase secretion variants of strain
W73 could only be cultivated in supplemented CgXll medium, this strain was excluded from further

screening since the use of different cultivation media prevents strain evaluation on a fair basis.

Table 6.1.: Comparison of growth rates obtained for strain W73.

Growth rate p [h™]

IPTG  Supplemented medium W73 W73-AmyE W73-NprE

no no 0.33+0.07(n=12)"* n.t. no growth (n = 12)
yes  no 0.38 +0.02(n =8) no growth (n = 6) no growth (n = 18)
no yes 0.42 +0.03(n =11) n.t. 0.37 +0.02 (n =4)
yes  yes 0.46 + 0.02 (n = 4) 0.24+0.02(n=7) 0.24+0.03(n=7)

Supplemented medium refers to CgXIl mineral medium containing 10% (v v™') BHI broth. No growth in CgXIl medium was
also observed for strains W73-Epr, W73-YpjP, and W73-YwmC (all n = 6). n.t. not tested. ” including data from [222].

6.5. Differential phenotyping reveals that the combinatorial deletion of

€g3263-3301 and cg3324-3345 is beneficial for improved cutinase yield

In section 3.4.5, an improved method for quantitative phenotyping was introduced and applied on
a selection of cutinase secreting GRS employing the NprE SP, namely W31-NprE, W115-NprE, W116-
NprE, W127-NprE and W130-NprE (referred to as W116-NprE strain family). In addition, those GRS
were independently and repeatedly cultivated in further MBR growth experiments using a standard
workflow (cf. section 8.7.2), which confirmed the results obtained in section 3.4.5. Thus, all data
concerning these GRS are evaluated collectively in the following paragraph, with focus on the two
Pls growth rate 1 and cutinase yield YP/X. Corresponding collected data and genotypes of the
strains are depicted in Figure 6.3.

Although different induction strategies were used, the values for growth rate and cutinase yield
obtained with strain WT-NprE (11 =0.40 £+ 0.02h™, Yp,x =0.53 + 013 kU gx™', n = 46) are in accordance

with literature (i.e., 500 pM IPTG added at cultivation start [36]) and previous experiments using the
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Figure 6.3.: Differential phenotyping of C. glutamicum GRS-NprE for evaluation of impact from deleting cg3325-3345. Top:
Growth rates 1 and cutinase yields Yp, x, as depicted in Table E.1. Bottom: Corresponding combinatorial gene
cluster deletions. The combination of deleted clusters responsible for improved cutinase yield are marked by
a dotted frame.

MBR method of sequential harvest (100 uM IPTG added at a BS signal of 15 a.u., cf. Table 3.1 as well
as results and discussion in section 3.4.5).

The comparison between strains WT-NprE and W31-NprE reveals no prominent differences for
growth rate (1 = 0.40 * 0.02 vs. 0.37 £ 0.03 h™) and cutinase yield (YP/X = 0.53 + 013 VS. 0.56 *
0.0 kU gyx"), meaning that the deletion of cg3324-3345 in strain W31-NprE has no apparent impact
on the PIs determined. This observation agrees with previous results, where the background strain
W31 (i.e., without carrying an expression plasmid) was characterized with respect to growth rate and
maximum biomass in defined and enriched CgXll mineral medium in comparison to the wild type
strain [55]. Furthermore, the deletion of cg3324-3345 in the L-lysine producing C. glutamicum strain
DM1933 also showed no negative effect on growth rate and only a slightly lower secreted amino acid
titer [55, 160]. Conclusively, neither of the gene products encoded in cluster cg3324-3345 seems to be
of relevance in C. glutamicum, at least under the conditions tested in this and in previous studies.

The comparison between strains W127-NprE and W130-NprE reveals no distinct differences with

respect to growth rate (¢ = 0.34 + 0.03 vs. 0.34 + 0.02 h™") and cutinase yield (YP/X = 0.65 + 0.13 Vs.
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0.78 £ 015 kU g ™"), also not in comparison to strain WT-NprE, meaning that again neither of the shared
genomic deletions in strains W127-NprE and W130-NprE, as well as the additional deletion of cg3324-
3345 in strain W130-NprE, have an effect on biological fitness or cutinase secretion performance.
Furthermore, it can be concluded that there is no interaction between any gene product encoded by
the deleted gene clusters that has impact on biological fitness or cutinase secretion performance,
meaning that all of these genes are dispensable in this sense. Also, the genotypes of background
strains W127 and W130 were shown not to affect growth rate and biomass yield in comparison to the

wild type strain [48, 222].

Strains W115-NprE and W116-NprE share several genomic deletions apart from the other strains,
which presumably causes a drastically impaired growth rate in comparison to strain WT-NprE (u =
0.23 + 0.03 h™ and 0.18 + 0.01 h™, respectively, vs. 1 = 0.38 + 0.01 h™). Since strain W116-NprE fea-
tures the genotype of W115-NprE plus A3324-3345, the deletion of this additional cluster seems not
to be responsible for the impaired growth phenotype of both strains. Indeed, when deleting only
€g3324-3345 (i.e., strain W31), no significantly different phenotypes compared to the wild type strain
are observed (cf. above). The observation that the combinatorial deletion of gene clusters does
impact the biological fitness measured as growth rate while the single deletion of a gene cluster
does not, was made for the background strains W115 and W116, as well as for other C. glutamicum
GRS [48, 55, 222]. In general, strain W115-NprE exhibits substantially lower values for growth rate (u
=0.23+0.03 h™) and cutinase yield (Yp,x = 0.25 £ 010 kU gx') in comparison to strain WT-NprE, in-
dicating that the combinatorial deletion of clusters cg3072-3091, cg3102-3111 and ¢g3263-3301 greatly
affects the entire metabolism of C. glutamicum in a negative way. However, when additionally delet-
ing cg3324-3345 (yielding strain W116-NprE from W115-NprE), growth rate is still significantly lowered
(1 = 0.23 £ 0.03 h™) but cutinase yield is remarkably increased (Yp/X =1.29 + 0.25 kU g¢™) in com-
parison to strain WT-NprE. Consequently, in the genomic background characterizing strain W115, the
additional deletion of cg3324-3345 greatly effects heterologous cutinase secretion in a positive yet

unknown way but, at the same time, has no further impact on growth rate.

Comparison of the genotypes of these six C. glutamicum strains reveals that the combinatorial
deletion of cg3263-3301 and cg3324-3345 seems to be responsible for greatly enhanced cutinase yield,
providing new gene targets that may contribute to the regulation or other functions of recombinant
protein secretion. Since in total 60 genes were deleted with these two clusters (see Table E.5 for
a detailed list), of which many gene products are annotated as putative or hypothetical proteins,
effort has to be made in order to identify the function of the gene products encoded by the deleted

genes. In the beginning, it will be necessary to evaluate the effect of solely deleting cg3263-3301
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and cg3324-3345. Afterwards, depending on these results it is necessary to further narrow down
which combination of genes from the two clusters are responsible for the increase cutinase yield, a
"divide-and-conquer" strategy of gene deletions seems a promising approach here. However, it may
be that also gene deletions leading to the impaired growth phenotype of both W115-NprE and W116-
NprE are a prerequisite for the greatly improved cutinase yield due to the combinational deletion of

€g3263-3301 and ¢g3324-3345, SO this aspect has also to be carefully evaluated.

Interestingly, the combinatorial deletion of cg3263-3301 and cg3324-3345 in strain W116 is only ben-
eficial in terms of remarkably increase cutinase yield YP/X when the NprE SP is employed. In case
the AmyE SP is used, all the strains discussed in this paragraph show no differences in YP/X (WT-
AmyE: 0.23 + 0.04 kU gx™, W31-AmyE: 0.24 *+ 0.07 kU gx', W115-AmyE: 0.28 + 0.05 kU gx ™', W116-AmyE:
0.24 * 0.04 kU gx™", W127-AmyE: 0.29 + 0.06 kU gy, W130-AmyE: 0.23 + 0.04 kU gx™). This confirms
that a proper SP enabling the secretion of a target protein of interest has to be carefully chosen
and, preferably, this choice has to be evaluated against other SPs [29,36]. In case the phenotyping of
C. glutamicum GRS with respect to cutinase secretion would have been performed using solely the
AmyE SP, the genotype of strain W116 would not have been detected as a potentially interesting one

in this sense.

In summary, it becomes clear that high-throughput quantitative phenotyping is indispensable to
further improve the understanding when dealing with unexpected and surprising effects on growth or
heterologous protein secretion, especially when deleting poorly characterized genes with only pre-
dicted or unknown functions. The application of high-throughput MBR methods allows to phenotype
such strain mutants quickly and thus, apparent responsible genotypes are also identified quickly, so
that targeted analyses can focus on these. In the end, this will contribute to the identification of

functional relationships between yet poorly characterized genes and resulting phenotypes.

6.6. Impact of rrn operon deletion and neighboring genes on extra- and

intracellular phenotypes during heterologous cutinase secretion

As mentioned earlier, strain W65-NprE shows the highest improvement with respect to cutinase yield
YP/X among all GRS tested (cf. Table E.1). Therefore, this and its closely related strains were inves-

tigated in more detail.
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6.6.1. Extracellular phenotypes: Growth rate and cutinase yield

In Figure 6.4 the construction lineage of the W65 strain families is depicted, with corresponding cuti-
nase yields and growth rates using the AmyE and NprE Sec SP, referred to as W65-AmyE and W65-NprE
strain family, respectively. The diagram shows the impact of gene deletions on cutinase yield and
growth rate. In general, no prominent improvement in YP/X phenotype using the AmyE SP is seen
compared to strain WT (YP/X range: 0.23 - 0.45 kU gx') for all the strains, as it is seen for the use
of the NprE SP (Y, x range: 0.49 - 1.62 kU gx™"). This observation agrees with results for the other
strains of the GRS library (cf. section 6.1). Henceforth, the following discussion focuses on phenotyp-
ing results obtained with the strains containing the NrpE SP.

The deletion of the prophage regions, yielding strain MBoo1 from strain WT, does not affect the

Yp,x phenotype (both for AmyE and NprE), meaning that strain WT secretes cutinase as effective

as MBoo1 (MBoo1: Y;l/”;(yE = 0.29 + 0.09 kU gx™, YF],\;%E = 0.52 + 0.10 kU gx™"; WT: YF‘?/T;?’E =023+
0.04 kU gy, Y}J,\;%E = 0.53 + 013 kU gx ™). Corresponding growth rates are also very similar, only a

slightly lower growth rate is seen for strain MBoo1 when employing the NprE SP (MBoo1: ,uAmyE =

NprE AmyE NprE - 640 + 0.02 h™). Strain

039 +0.01h™, i =0.33:0.02h™, WT: it =0.42+0.01h™, i
MBo001 was previously described to be beneficial for heterologous protein production since it exhibits
a higher plasmid stability due to the deletion of the restriction system encoded by cgIMRR (cg1996-
1998) located within CGP3 [53]. However, that study reports on the intracellular production of YFP
as model protein, while in this study the secretion a heterologous protein (cutinase) is investigated.
Strain MB0o01 is also available employing the very strong T7 expression system (denoted as strain
MBo001(DE3) [269]), but the expression of NprE cutinase gene fusion using the T7 system in MBoo1(DE3)
did not result in higher cutinase yields compared to the wild type strain (personal communication,
Maike Kortmann, IBG-1). This may indicate that plasmid stability and/or expression of the target
gene is not the limiting step in secretory cutinase production using C. glutamicum.

Starting from MBoo1 and after deletion of 1ISCg12, strains W25, W52 and W54 result from deletion
of cg2801-2826 ", rrnB and rrnC-3298, respectively. For the NprE SP, in comparison to the parental
strain WT significantly 2 reduced growth rates are observed, though to different extends, for strains
W25-NprE (1 = 0.30 + 0.01 h™), W52-NprE (1 = 0.34 2 0.02 h™") and W54-NprE (1 = 0.20 + 0.01h™),all p <
0.001. In terms of cutinase yield when using the NprE SP and in comparison to strain WT, strains W52-
NprE and W25-NprE show no significantly different values (Yp, x = 0.49 £ 0.22 and 0.69 + 014 kU gx™',

respectively), while the corresponding value for strain Ws4-NprE is significantly increased to a re-

"includes rrnD and rrnE
% according to Welch test

124



6.6. Impact of rrn operon deletion and neighboring genes on extra- and intracellular phenotypes

2 2
1 4 1 4
2

E AmyE 1 4
B NprE 0.4 - ArrnB-0931 g4 -
#:incl. ArrnD ArrnE >

0.2 A1 0.2 4

0 - 0 -
W52

o
o N

,-'.: 2 2 ArrnB 2
[-14]

& 19 ' ] ‘ scap1s
>..§ 0 -J- ACGP123 o -ﬂ- AISCglE A2801-2826% 0 - 2?8?11;828“
0.4 1 0.4 0.4 1 ArrnB-0931
Eo.z . 0.2 . 0.2 - 2

= 0 - 0 A 0 -

1 4
WT MBO0O1 ArrnC-3298 W25 I
0 4

2
0.4 -
|l
0 - o A
W65
041 ACGP123
02 AISCg12
A2801-2828*%
0 - ArrnC-3298
W54

Figure 6.4.: Schematic drawing of construction lineage for the W65 strain family. Arrows indicate relationships between
strains with respect to genotype, as indicated in grey font. For each strain, two bar diagrams are shown, of which
the upper and lower one depicts the corresponding cutinase yields Yp, x and growth rates 1, respectively. Blue
and red bars encode the use of AmyE and NrpE SPs, respectively. Numerical data including errors corresponding
to this figure is depicted in Table Ea.
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markable value of Yp,x = 0.82 £ 0.22 kU gx™" (p < 0.001). For strain W53-NprE, growth rate 1 = 0.33
+0.02 h™ and cutinase yield YP/X = 0.49 + 0.09 kU gx™ are highly comparable to the corresponding

values obtained with strain W52-NprE.

The combinatorial genotypes of strains W25 and W53 result in strain W64, whose corresponding
variant W64-NprE shows a significantly lower growth rate and significantly higher cutinase yield in
comparison to strain WT-NprE (all p < 0.001). More specifically, for strain W64-NprE a growth rate and
cutinase yield of = 0.27 + 0.01 h™ and YP/X = 0.88 + 015 kU gx ™", respectively, are observed. Ap-
parently, the combinatorial genomic background of strains W25-NprE and W53-NprE (yielding strain
W64-NprE) does not result in a further reduced growth rate y. In terms of YP/X the deletion of
€g2801-2826 comprising ArrnD and ArrnE seems to be dominant since values for Yp,x are more
similar between W25-NprE and W64-NprE than between W53-NprE and W64-NprE.

Strain W65-NprE represents the best-performing strain in terms of cutinase yield YP/X =162
0.26 kU gx') among all strains tested. At the same time, for this strain the lowest growth rate is
found (i = 045 £ 0.01 h™). Its genotype is the combination of genomic deletions characterizing
strains W25 and W54. In contrast to strain W64-NprE, the dominating gene deletions in W65-NprE
are apparently those stemming from W54-NprE instead of W25-NprE, since for strain W54-NprE both
increase in cutinase yield and reduction in growth rate are higher than for strain W25-NprE, in com-
parison to strain WT-NprE. Strain W65 is characterized by the deletion of three out of six rrn operons
(ArrnCDE), whose positions in the chromosome of C. glutamicum are depicted in Figure 6.5. Since
the corresponding gene products (i.e., rRNA) are indispensable to the cell to build ribosomes, the re-
sulting phenotype of W65-NprE in terms of cutinase yield and growth rate is highly interesting: Why
is cell-specific cutinase secretion efficiency remarkably increased when, at the same time, ribosomal

capacity is drastically reduced?

Previously, the deletion of up to two rrn operons was described as non-critical in terms of bio-
logical fitness (i.e., growth rate) [55]. Also, for E. coli a reduced growth rate was reported with two
or more of its seven rrn operons being deleted [270]. The six rrn operons in C. glutamicum share
nearly 100% sequence similarity [271], which suggests that specific effects of the corresponding gene
products can be excluded. In addition, C. glutamicum was very recently reported to initiate a new
round of chromosome replication before the previous replication is finished in a growth rate depen-
dent manner, resulting in a partly polyploid chromosome [272]. Considering the positions of the six
rrn operons on the chromosome, this would result in a higher number of gene copies for those rrn
operons which are located closer to the origin of replication (i.e., rrnC and rrnA, cf. Figure 6.5) for the

wild type strain. Furthermore, different expression levels of the six rrn operons were reported with
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rrnD

Corynebacterium

glutamicum ATCC13032 lrmB
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Figure 6.5.: Position of the six operons encoding ribosomal RNA (rrnA - rrnF) in the circular genome of C. glutamicum
ATCC13032. Arrows indicate orientation of transcription. ori, origin of replication.

rrnA and rrnF showing the highest expression, while the remaining four rrn operons showed similar

expression levels of about 80% the rrnA and rrnF expression level [273].

Altogether, these findings suggest a general relation between growth rate and copy number of rrn
operons, as well as a probable effect owed to the proximity of rrn operons to the origin of replication.
More specifically, the abundance of rrn gene products and thus, the importance of the rrn operons
with respect to ribosomal capacity would be expected as follows: high importance for rrnA, rrnC,
mid-range importance for rrnB, rrnk, and rrnF, as well as low importance for rrnF. This ranking cor-
responds to the distance of the respective rrn operons in direction of transcription from the origin

of replication, as depicted in Figure 6.5.

Indeed, strains W54-NprE and W65-NprE, both having rrnC deleted, exhibit a stronger reduction of
growth rates than the other members of the W65-NprE strain family. To investigate this consideration
based on the newly acquired data in this study, the observed reduction in growth rates for strains
having at least one rrn operon deleted are depicted in Figure 6.6 as function of the number of rrn
operons deleted. More specifically, the correlations are shown for the mentioned strains without a
cutinase secretion plasmid (i.e., with biomass formation being the only metabolic burden to the cell,
Figure 6.6A), as well as under cutinase secretion conditions enabled by either the AmyE (Figure 6.6B)
or NprE SP (Figure 6.6C), so that in these cases any additional "metabolic cost" needed for plasmid

maintenance as well as cutinase biosynthesis and secretion is considered.

The assignment of a linear correlation between rrn copy number and growth rate reduction, as in-
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Figure 6.6.: Growth rate reduction of C. glutamicum GRS as function of deleted number of rrn operons. (A): Strains that
were not transformed with an expression plasmid. (B): Cutinase secretion strains with AmyE SP. (C): Cutinase
secretion strains with NprE SP. Reduction in growth rate refers to the value for the respective wild type strain.
Data covers all tested strains listed in Table Ea having at least one rrn operon deleted (referred to as Arrn
strains). Dotted lines indicate linear ordinary least squares fit with corresponding numerical results depicted
in the upper right corner of the diagram. Data on growth rates for strains not containing an expression plasmid
are taken from literature [48, 55, 222]. Each data point refers to a single strain. Depicted strains include the W65
strain family, as well as strains rrnBC, rrnBF, rrnCF, rrnBCF, rrnABCEF and rrnBCDEF, cf. Table E.1.

dicated in each panel of Figure 6.6, indicates that such correlation is not significantly different from
zero (i.e., no such correlation can be assumed), as corresponding correlation coefficients are very
low (R? = 0.3, 0.60, and 0.09 for GRS without expression plasmid, AmyE SP enabling cutinase se-
cretion and NprE SP enabling cutinase secretion, respectively, cf. Figure 6.6A, B, and C). In particular,
the observed phenotypes of strains W54-NprE and W65-NprE (highlighted in Figure 6.6C), showing a
strongly reduced growth rate with one and three, respectively, rrn operons deleted, indicate some-
thing different to be the reason than solely the number of rrn operons deleted. Since both strains
share the deletion of rrnC as well as 56 further genes, the loss of encoded function(s) by these genes
should be considered as primarily causative, suggesting further analyses at the transcriptomic and

proteomic level to decipher differently expressed genes for these strains.

6.6.2. Intracellular phenotypes: Transcriptome and proteome
6.6.2.1. Transcriptome- and proteome-wide analysis

From the comparative analyses of the extracellular phenotypes, it can be concluded that a lowered
growth rate is necessary to obtain increased cutinase yields using NrpE SP (cf. previous sections),

next to other strain properties which need to be unraveled. The reduced growth rate of strain W65 was
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speculated to be caused by the loss of three rrn operons [55], however, new results from this study
indicate that further genomic deletions present in strain W65 need to be taken into account addi-
tionally. Moreover, a recent study described specifically an improved co-translational Sec-dependent
periplasmatic secretion into the periplasm of E. coli due to the deletion of one rrn operon [274]. An
upregulation of SRP components on the transcriptional level was seen, which was deemed to be
the reason for improved secretion, although the nature of the apparent relation between rrn dele-
tion and transcriptional regulation of Sec components is not known [274]. Since the Sec pathway
is highly conserved between species (cf. section 1.2), maybe such effect occurs in C. glutamicum
also. Therefore, further investigations were envisaged on the transcriptome of the W65 strain fami-
ly. Accompanying proteomic analyses were conducted since the proteome defines the extracellular

phenotype more directly than the transcriptome.

The differently regulated transcriptomes and proteomes of the members of the W65-NprE strain
family are shown in Figure 6.7. Both transcriptomes (Figure 6.7A) and proteomes (Figure 6.7B) are vi-
sualized as heatmap, encoding the standardized log, value for fold changes of transcript and protein
levels, respectively, in comparison to strain WT-NprE. For each strain, log, values were standardized,
that is centered by the mean of all respective values and scaled by the corresponding standard devi-
ation. The color scales next to the heatmaps indicate down- and upregulation of transcript or protein

levels from blue to red.

Furthermore, the figure shows how similar the strains are in terms of their transcriptome and
proteome, based on cluster analysis using correlation as distance metric, as suggested for gene
expression studies [275]. The similarity of strains is indicated by the dendrograms at the top of the
heatmaps, while left to the heatmaps a dendrogram is shown that indicates how similar transcript or
protein levels among strains for the specific genes are. The longer the edges of clusters before joining
a node in a dendrogram, the higher the dissimilarity between the clusters (i.e., strains). For both
heatmaps, four main groups of transcripts and protein levels (i.e., subclusters A to D) are highlighted,
which mainly contribute to strain similarity. As additional information, Table E.7 lists the composition
of genes assigned to the respective subclusters based on their functional categorization resolved at
the transcriptomic and proteomic level (cf. Figure 6.7A and B, respectively). The subclusters A to D
indicated at the transcriptome and proteome heatmaps are not composed from the same genes,
since the definition of a subcluster was arbitrarily chosen based on the second-level node in the

corresponding dendrograms.

Furthermore, it should be noted that the kind of representation provided in Figure 6.7 intends to

make big amounts of complex data evaluable by human visual inspection. Visualization of big and
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heterogeneous data in order to make them accessible for visual evaluation is a common issue in

many areas of research and an active field of research itself [276-279].

Cluster analysis at the transcriptomic level (Figure 6.7A) separates the W65-NprE strain family into
two groups, one group comprising strains having one rrn operon deleted as well as another group
having more than one rrn operon deleted. Surprisingly, strain MBoO1-NprE was also assigned to
the latter group. Unexpectedly, strains W52-NprE and W54-NprE are more similar in terms of gene
expression than strains W52-NprE and W53-NprE, as determined from cluster analysis and as it is seen
by the color-encoded differential transcript levels (Figure 6.7A). When analyzing by visual inspection
the color-coding for the W52-NprE/W54-NprE pair of strains in comparison to strain W53-NprE, genes
assigned to subcluster A are mostly downregulated to the same extended for these three strains, as
indicated by a comparable color scheme. Genes assigned to subcluster B are mostly downregulated
forall these three strains, although downregulations are much more pronounced for strain W53-NprE.
Furthermore, genes from subcluster C are up- and downregulated at a similar ratio for strain W53-
NprE, while those genes are mostly upregulated for strains W52-NprE/Ws4-NprE. Several strongly
up-regulated genes are found in subcluster D for strain W53-NprE (indicated by the dark red bands),

which is not the case for strains W52-NprE/W54-NprE where mostly light blue colored bands are seen.

The clear separation between strains W52-NprE and W53-NprE, as well the high similarity between
strains W52-NprE and W54-NprE would not have been inferred from the corresponding genotypes.
The genomic difference between strains W52-NprE and W53-NprE is, next to shared ArrnB, the ad-
ditional deletion of cgo931, which encodes for a Class | aminotransferase, which is only poorly char-
acterized to date. A double deletion mutant A(cgo931 ilvE) exhibited no altered growth phenotype
in defined medium [280]. Strikingly, the absence of one rrn operon in strains W52-NprE (ArrnB) and
W54-NprE (ArrnC) results in highly comparable transcriptomes, meaning that the additional dele-
tion of cg3261-3298 in W54-NprE does not substantially contribute to the transcriptomic phenotype,

as inferred from cluster analysis and visual inspection of Figure 6.7A.

The second main group of strains (comprising MBoo1-NprE, W25-NprE, W64-NprE and W65-NprE),
according to the clustering based on transcriptomes, share quite similar moderately downregu-
lated gene transcripts constituting subcluster A, with the exception of strain W25-NprE that exhibits
strongly upregulated genes here. Gene expressions found for subclusters B and C are rather similar
for the four strains, while the majority of genes assigned to subclusters B and C are identified as
up- and downregulated, respectively. Like analyzed by visual inspection for subcluster A, the three
strains MBoO1-NprE, W64-NprE and W65-NprE show comparable regulation patterns at the transcript

level for the genes assigned to subcluster D (moderately upregulated), while the majority of those
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genes is found to be strongly downregulated in strain W25-NprE. Conclusively, transcriptomes of the
second group of strains (i.e., MBoo1-NprE, W25-NprE, W64-NprE, W65-NprE) seem to be determined
mainly by the deletion of the prophage regions, as their common genetic characteristic is the geno-
type of MBoo1 and as they produce similar patterns for the genes assigned to subclusters B and C.
The impact of additional deleting cg2801-2828 seems to be restricted to the regulation of genes
assigned to subclusters A and D, although the additional deletion of ArrnB-0931 (i.e., in strain W64-
NprE) and ArrnC-3298 (i.e., in strain W65-NprE) seems to reduce the impact of the W25 genotype on

the transcriptome, for unknown reasons.

Overviewing the heatmap for differently regulated proteomes (Figure 6.7B) reveals a more diverse
picture than the corresponding transcriptomes (cf. Figure 6.7A) for the members of the W65-NprE
strain family. This observation is also reflected in the top dendrogram that separates the strains into
clusters. More specifically, the edges of the dendrogram connect to nodes lately (i.e., the edges are
rather long, which is, e.g. not the case for the transcriptomes of strains W52-NprE and W54-NprE,
cf. Figure 6.7A). Furthermore, clustering of strains is different when looking at the proteomes and
the transcriptome. Based on proteome, two main strain groups cluster together, that is MBoo1-NprE,

W53-NprE and W25-NprE, as well as W64-NprE, W54-NprE and W65-NprE.

When inspecting the protein level patterns for subcluster A, a rather balanced up- and downregula-
tion is seen for MBoO1-NprE and W54-NprE, while mainly down-regulated protein levels are found for
strains W53-NprE and W64-NprE, with the latter one showing mostly strongly down-regulated protein
levels. Strains W25-NprE and W65-NprE show mostly upregulated and mostly strongly upregulated
protein levels in subcluster A, respectively. With respect to the genes assigned to subcluster B, a
trend from mainly downregulation to mainly upregulation is observed from strains MBoo1-NprE to
W65-NprE, as the strains are arranged at the bottom of Figure 6.7B. More specifically, the dominating
color in subcluster B is dark blue for MBoo1-NprE. Strain W54-NprE shows mainly light-blue encoded

protein levels, and for strain W25-NprE some more protein levels are up-regulated.

In the second group of strains, protein levels in subcluster B are predominantly upregulated, with
increasing upregulation from strain W64-NprE over W54-NprE to W6s5-NprE, as inferred from the in-
creasing number of red-encoded protein levels. The majority of genes are assigned to subcluster C,
based on proteome data clustering. Visual pattern analysis for this subcluster shows that almost half
of the genes are down- (upper part of subcluster B) or upregulated (lower part of subcluster B) for
strain MBoo1-NprE. For strain W53-NprE, the corresponding color pattern is distributed quite equally,
with two focused regions observed of strongly upregulated genes (upper part of subcluster C) and

downregulated genes (positioned below the middle part of subcluster C). For strain W25-NprE, genes
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are mainly upregulated in terms of proteome, again with a concentrated region in subcluster C is
found with strongly upregulated protein levels, indicated by the dark red color codings. The same
observation is also found for strain W64-NprE, although the amount of strongly upregulated pro-
tein levels is higher and located more in the mid range of subcluster C. In strain W54-NprE most
protein levels in subcluster C are strongly downregulated, as indicated by the dominating dark blue
color codes, while for strain W65-NprE the distribution of up- and downregulated protein levels in
subcluster C is almost the same. Lastly, this applies also for genes assigned to subcluster D in the
case of strains MBoo1-NprE and W25-NprE, while for this subcluster mainly upregulated protein lev-
els are found for strains W53-NprE and W54-NprE. Remaining strains W64-NprE and W65-NprE are

characterized by mainly downregulated protein levels in subcluster D.

Clustering of strains, as well as clustering of genes, is different at the transcriptomic and proteomic
level. Thus, when reviewing the transcriptomes and proteomes for the W65-NprE strain family (Fig-
ure 6.7A and B, respectively), it becomes clear that conclusions drawn from transcriptomic as well as
proteomic studies should be compared on an individual basis since the proteome cannot be consid-
ered as a proteinaceous mirror of the transcriptome. The same holds true for the relation between
transcriptome and genome, for example as seen in Figure 6.7A, where different genotypes of strain
W52-NprE and W54-NprE result in highly comparable transcriptomes and vice versa (cf. strains W52-
NprE and W53-NprE, which deviate only by A0931). Speculatively speaking, different manifestations
of transcriptomic phenotypes could result in the same certain proteomic phenotype that is to be

maintained, representing a mechanism to compensate for different genetic modifications.

In a more general context of genome reduction, both transcriptomic and proteomic studies can
be helpful to identify genome modifications that result in down- or upregulation of gene products
that may indicate resource savings or wastings, respectively. For example, genomic modifications,
resulting in increased production of mRNAs that encode for cellular functions not needed in the
(artificial) bioprocess cultivation environment, can be detected and avoided in order to save the
resources needed for elevated mRNA production. The same applies in an analogous manner for
proteomic studies, and these considerations apply in the opposite sense for the identification of
genomic modifications that save cellular resources due to the lowered production of mRNA and pro-
teins not needed in the bioprocess cultivation environment. Aside these considerations for applied
research, such studies generate precious knowledge for basic research since functional relationships

between genomes, transcriptome, proteomes and phenotypes can be resolved.
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6.6.2.2. Analysis of genes encoding ribosomal proteins at the transcriptomic and proteomic level

Because the transcriptome- and proteome-wide analysis for the members of the W65-NprE strain
family did not reveal conclusive results with respect to differential gene expression arising from
strain specific genomic deletions, more specific analyses were needed. A common feature of the
W65-NprE strain family is the deletion of one to three rrn operons, which provide rRNA as essential
building block for ribosome formation, next to ribosomal proteins (r-proteins). However, as exten-
sively reviewed for the prokaryotic model organism E. coli, ribosome biosynthesis and thus, control
of ribosome concentration in the cell is tightly regulated in a complex way. rRNA and r-protein make
up more than 50% of the total synthesized RNA [270] and up to one third of the total mass [281] of a
cell, respectively. Moreover, modeling approaches of bacterial growth concluded that the growth rate
for a given environment (e.g., nutrition medium) reached by a microbial culture is mainly determined

by the number of ribosomes [260, 282, 283].

The biosynthesis of r-proteins is regulated on a translational level: Newly synthesized r-proteins
are assembled into ribosomes together with rRNA, resulting in low concentrations of free r-proteins.
As soon as rRNA production is slowed down due to some reasons, a surplus of r-proteins is produced
that is not engaged in ribosome assembly. In this case (i.e., when not assembled in a ribosome), cer-
tain r-proteins act as translational repressor by binding to the mRNA of r-protein operons, which, in
turn, represses translation [284, 285]. To this end, ribosome biogenesis is controlled by rRNA tran-
scription [286] and, in consequence, the feedback regulation ensures the production of rRNA and
r-proteins at stoichiometric amounts needed to assemble ribosomes. The synthesis of stable RNAs
(i.e., rRNA and tRNA) remains undisturbed as long as sufficiently high amounts of amino acids are
present to be loaded to tRNAs, which is measured by the ratio of aminoacyl-tRNAs and uncharged
tRNAs. As soon as amino acid concentrations become limiting, which results in a non-optimal ratio
of aminoacyl-tRNAs and uncharged tRNAs, synthesis of stable RNA is rapidly downregulated, which,
in turn, causes a downregulation of (r-)protein biosynthesis [283]. Whether in C. glutamicum this
non-optimal ratio of uncharged tRNAs to aminoacyl-tRNAs is sensed by increased ppGpp levels like
in E. coli or B. subtilis [270, 287] or the uncharged tRNAs themselves are involved in a negative au-
toregulation of r-protein biosynthesis is not resolved yet [273, 288].

A specific analysis of expression of r-protein genes is given in Figure 6.8 and Figure 6.9, which show
differently regulated transcript levels and protein levels, respectively, of r-protein encoding genes
for the members of the W65-NprE strain family. The grouping of genes in operons is indicated by
the grouping of corresponding genes in panels numbered with small roman numbers. For each gene,

strain specific transcript or protein levels (Figure 6.8 or Figure 6.9, respectively) are color-encoded,
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as indicated in the figure legends. To facilitate inter-operon comparison of r-protein gene expres-
sion at the transcript and protein level, axes are scaled to the same range per figure. Although much
information at different levels is shown in Figure 6.8 and Figure 6.9, the main purpose of these fig-
ures is to facilitate a comparative analysis by visual inspection of r-protein gene expression at the

transcriptome and proteome level among the W65-NprE strain family.

Microarray analysis for the transcriptomes of the W65-NprE strain family (Figure 6.8) shows a di-
verse picture of r-protein gene expressions. For example, the biggest operon of r-protein genes
(operoniin Figure 6.8) shows nearly no differential regulations for strain MBoo1-NprE (red bars), while
many of the corresponding transcripts for strain W53-NprE (orange bars) are upregulated, sometimes
almost by a factor of four (rps/ and rplP). Also, an upregulation for several genes from this operon is
observed for strain W54-NprE. Interestingly, for the strains with two (W25-NprE) or three (W64-NprE
and W65-NprE) rrn operon deletions, transcript levels are found to be mainly lowered. At the pro-
tein level, shown in Figure 6.9, this operon shows for nearly all genes a downregulation in all strains
except MBoo1-NprE, which is inconspicuous in this case. Other operons are found to be upregulated
for all strains (e.g., operon ix), or mainly upregulated for all strains but to different extends of the

single genes (e.g., operon iv).

Some further operons contain other genes than encoding for r-proteins, for example infA and infC,
encoding translation initiation factors IF-1 and IF-3, respectively, are organized with r-protein encod-
ing genes in operons ii and vii depicted in Figure 6.8 and Figure 6.9. With respect to the transcript
levels, infA and infC are downregulated for most and all strains, respectively, while the remaining
r-protein genes of the corresponding operons are mainly upregulated (cf. Figure 6.8). At the protein
level, infA gene products are found not to be differently regulated with a tendency of downregula-
tion for the remaining genes in this operon. On the other hand, the infC gene product is found to be

downregulated for all strains, which is also mainly the case for rpml and rplT in this operon.

In general, when overviewing the differential gene expressions at transcriptomic and proteomic
levels (i.e., when visually comparing Figure 6.8 and Figure 6.9), a higher diversity in up- and downreg-
ulation is seen for the transcriptome with several distinct upregulations seen for strains W53-NprE
and Ws4-NprE (e.g., in operons i, v, xiv and xv in Figure 6.8). However, for some operons specific pat-
terns are observable, like almost no differential regulation (e.g., operon x), a comparable and strong

regulation for all strains (operon vii) or inconclusive regulation among strains (e.g., operon vi).

In contrast, downregulation of r-protein genes at the proteome is dominant in general, with a
preference for the strains having at least one rrn operon deleted. For several operons, protein levels

for strain W65-NprE are more strongly downregulated than for the other strains (e.g., rplC, rplD, and
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Figure 6.8.: Comparison of transcriptomic phenotypes specifically for ribosomal protein (r-protein) encoding genes for
the W65-NprE strain family. Shown are log, values of fold changes of transcript levels for the members of
the W65-NprE strain family, as indicated in the legend. The organization of r-protein genes into seventeen
operons (panels i - xvii) is represented by grouping of respective genes. Likewise, panels xviii - xxii show
r-protein genes that are not organized with other genes in an operon. Operon organization was retrieved from
the online database corynereg.net. n.d. not detectable.
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Figure 6.9.: Comparison of proteomic phenotypes specifically for ribosomal protein (r-protein) encoding genes for the

W65-NprE strain family. Shown are log, values of fold changes of protein levels for the members of the Wés-
NprE strain family, as indicated in the legend. The organization of r-protein genes into seventeen operons
(panels i — xvii) is represented by grouping of respective genes. Likewise, panels xviii — xxii show r-protein
genes that are not organized with other genes in an operon. Operon organization was retrieved from the online

database corynereg.net. n.d. not detectable.
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rpsC in operon i or eplF, rplR, and rpmD in operon iii), which could result in the higher growth rate
reduction for this strain compared to the other strains. Notably, the strongest downregulation at the
protein level is observed for rpll in operon vi (except for strain W65-NprE), which is a unique pattern
among all operons.

As mentioned previously for the global transcriptomes and proteomes, it seems difficult to con-
clude a proteomic phenotype from transcript microarray analysis in general. However, in case the
proteome is deemed more directly causative for a growth phenotype that the transcriptome, the ob-
servation of a general lower abundance of r-proteins (and thus, ribosomes) in the W65-NprE strain
family compared to WT-NprE agrees well with the observed significantly lowered growth rates com-
pared WT-NprE (all p < 0.0013, cf. also Table E.1). This is also the case for the corresponding W65-AmyE
strain family.

The fact that for strain W65 (without an expression plasmid) an unspecific accumulation of intra-
cellular amino acids was observed [222], may indicate that in strain W65 some regulatory mechanism
involving sensing amino acid concentration, ratio of uncharged to aminoacyl-tRNAs, and/or the re-
sulting ratio of actively translating and non-translating ribosomes is disturbed, which finally results
in a significantly reduced growth rate. Another speculation would be that the deletion of three out
of six rrn operons limits the maximal rRNA production rate, which, in turn, limits the production of
ribosomes.

Following these considerations, the highly increased biomass specific cutinase yield found in this
study may be explained like this: The plasmid-based overproduced NprE-cutinase transcripts may
outnumber other mRNAs competing for the (reduced) translational capacity in strain W65-NprE, at
the cost of other proteins needed for cell growth. This is supported by the finding that the reduc-
tion of growth rate for strain W65-NprE (reduction of 61.3 £ 2.9 %) is much higher than for strain W65
(reduction of 26.3 £ 1.2 %) in comparison to strain WT-NprE than for strain WT, respectively (cf. Fig-
ure 6.6, Table E.1). The successful competition of NprE-cutinase transcripts for ribosomal capacity
would then be reflected by the remarkably higher cutinase yield of strain W65-NprE (3.1 + 0.5 fold
of WT-NprE level). Strain W65-AmyE reaches a cutinase yield of only 1.3 + 0.2-fold the level of WT-
AmyE, which coincides with a growth rate reduction of 27.4 + 0.9 %, comparable to strains Wé5/WT
(cf. Figure 6.6, Table E.).

However, these considerations would also apply for the other GRS-NprE comprising multiple rrn
operon deletions, which do not exhibit the remarkably increase in cutinase yield as strains W65-

NprE does. Therefore, detailed experiments with strains W65-NprE and W65-AmyE are needed, for

3 according to Welch test
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example for the determination of ribosome-binding affinities of AmyE-cutinase and NprE-cutinase
mRNAs, copy number estimation of plasmid-borne and chromosomal mRNAs or measurement of
intracellular amino acid pools as well as number of ribosomes.

The human visual inspection of figures showing complex data sets with several dimensions (e.g.,
strains, -omes, phenotypes) is subjected to human bias and thus, conclusions drawn from such
analyses may be elusive. Therefore, the focused analysis of gene targets that were subjected to strin-
gent statistical analysis may add another perception on why strain W65-NprE exhibits its remarkably

increased biomass-specific cutinase yield.

6.6.2.3. Targeted analysis of the significantly differently regulated proteome of strain W65-NprE

Prior to analyzing results from proteome measurements, corresponding data were subjected to strin-
gent evaluation (cf. section 8.8.9) and several requirements had to be met: From pairwise comparison
of detected proteins in members of the W65-NprE strain family and strain WT-NprE, p-values were
adjusted to correct for the multiple testing problem (false discovery rate (FDR) controlled at 0.01).
Next, protein levels had to be differently regulated by a factor of at least two. Finally, the generation
of five to six samples from replicate cultivations in a MBR growth experiment was repeated indepen-
dently, resulting in eleven to twelve samples per strain. All detected proteins that satisfied these

criteria are listed in Table 6.2, together with the corresponding data from microarray analysis.

Table 6.2.: Overview of significantly different protein levels and corresponding transcript levels (given as italics in paren-
theses) of the W65-NprE strain family in comparison to strain WT-NprE.

Fold change in GRS-NprE

Gene Name Annotation MBoo1 W25 Ws3 Ws4 W64 W65

€go131 Putative oxidoreductase / aldo-keto reductase 2.2
(1.8)

€go192 Hypothetical protein, conserved 27 3.6
(n.d.) (1.7)

cgo267 aroT  Hypothetical protein, conserved 2.9 2.9
(07) (3.5)

cgos22  murA  UDP-N-acetylglucosamine  1-carboxyvinyl-trans- 2.4 2.4
ferase, horizontally transferred (12) (1.6)

€go582 rpsG  30S ribosomal protein S7 0.5

(1.2)

Continued on the next page.
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Table 6.2.: Continued.

Fold change in GRS-NprE

Gene Name Annotation MBoo1 W25 Ws3 Ws4 W64 W65
cgo598 rplB 50S ribosomal protein L2 0.5
(0.9)
cgo601 rpsC  30S ribosomal protein S3 0.4
(0.8)
€go674  rpsl 30S ribosomal protein S9 0.5 0.4
(0.7) (0.8)
€go693 groEL 60 KDa chaperonin (protein CPN60 GroEL), 0.2
C-terminal fragment, putative pseudogene (n.d.)
€go752 Putative secreted or membrane protein 0.5
(0.9)
cgo755 metY  O-acetylhomoserine sulfhydrylase, loss causes me- 2.4 2.9
thionine auxotrophy (2.7) (3.5)
€g1049 Putative enoyl-CoA hydratase / isomerase, car- 3.2 2.4
nithine racemase (0.4) (2.0)
g4 Putative protein, homolog of lactam utilization pro- 3.4
tein B, UPFo271-family, conserved (1.6)
cg1216  nadA  Quinolinate synthetase 0.5
(1.3)
cg1479  malP  Maltodextrin phosphorylase 0.4 0.4
(2.2) (0.3)
cg1553 gor2  Quinone oxidoreductase, involved in disulfide 2.4
stress response (19.2)
€g1740 Putative nucleoside-diphosphate-sugar epimerase 3.5 2.3
(0.8) (3.7)
€g1811 cIHF Putative integration host factor, conserved 0.5 0.5
(1.2) (1.0)
€g1966 cgpS  Prophage silencing protein 0.3 03 03 04 03 03
(0.0) (0.1) (0.1) (0.1) (0.0) (0.0)
€g2025 Hypothetical protein CGP3 region 02 02 02 02 03
(0.0) (0.1) (0.1) (0.0) (0.0)
€g2026 Hypothetical protein CGP3 region 01 0.2 02 0.2
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Table 6.2.: Continued.
Fold change in GRS-NprE
Gene Name Annotation MBoo1 W25 Ws3 Ws4 W64 W65
€g2238  thiS Sulfur transfer protein involved in thiamine biosyn- 0.3
thesis (0.6)
C82444 Hypothetical protein 12.6 10.8 17.3
(7.5) (11.8) (15.3)
€g2558 Putative protein, related to aldose 1-epimerase 2.3 2.2
(0.6) (2.6)
cg2708 musK  ABC-type maltose transport system, ATPase compo- 0.5
nent (1.9)
€g2782  ftn Ferritin 2.3
(1.0)
cg2847 mshD  Acetyltransferease, 1-D-myo-inosityl-2-L-cysteinyl- 2.4
amido-2-deoxy-a-D-glucopyranoside (3.4)
N-acetyltransferase
cg2958 butA  L-2,3-butanediol dehydrogenase / acetoin reduc- 27 3.4
tase (2.6) (3.7)
cg3079 clpB ATP-dependent protease heat shock protein WA 3.9 4.8
(7.2) (61) (15.2)
cg3186 cmt2  Trehalose corynomycolyl transferase 0.5 0.5
(1.0) (0.5)
cg3264 rsmP  Cytoskeletal protein RsmP, regulates rod-shape 0.2 0.2
morphology, conserved (n.d.) (n.d.)
cg3335 malE  Malic enzyme (NADP*) 2.2 21
(1.3) (2.8)
€g3350 genF  Fumarylpyruvate hydrolase L4 4.7
(1.8) (5.3)

Functional annotation of gene products according to [48]. Empty entries indicate no significant differences in protein level.

n.d. indicates no detectable microarray signal.

One group of differently regulated genes is located within the prophage regions of the wild type

strain. These genes are found to be significantly downregulated, as expected since all members of

the W65-NprE strain family are based on strain MBoo1. Thus, the proteome analysis resembles the

ACGP123 genotype of the strains. From the group of r-proteins, four genes (rpsG, rplB, rpsC and rpsl)

are significantly downregulated in strain W65-NprE, providing further evidence for the impact on the

141



6. Evaluation of a genome reduced C. glutamicum strain library for heterologous cutinase secretion

observed phenotypes discussed in the previous section.

Another group of genes is regulated the same way for strains sharing specific genomic deletions.
For example, only in strains W54-NprE and W65-NprE aroT and metY are upregulated, while cmt2
and rsmP in both strains are downregulated at the protein (i.e., functional) level. Therefore, genes
with the same regulation found for W54-NprE and W65-NprE are deemed to be differently expressed
due to the ArrnC characteristic, which is the only common genomic deletion specifically for these
two strains. Likewise, the same regulation at the protein level observed for clpB and cg2444 for
strains W25-NprE, W64-NprE and W65-NprE is attributed to the deletion of cg2801-2826, which is
the exclusively shared genomic deletion in these three strains. Noteworthy, cg2444 is found to be
strongly upregulated in these strains (12.6-, 10.8- and 17.3-fold at the protein level, as well as 7.5-, 11.8-
and 15.3-fold at the transcript level). Interestingly, the cg2444 gene product (a protein with unknown
functional relation to the cytochrome bc,-aa; supercomplex [289]) was also found to be upregulated
in an L-lysine producing C. glutamicum strain [290]. This might indicate an increased energy demand
in strains W25-NprE, W64-NprE and W65-NprE, probably coinciding with the upregulation of ClpB,

which creates additional ATP demand.

Some proteins involved in cell envelope formation are differently regulated in strains W54-NprE
and W65-NprE: murA [291] (upregulated), as well as cmt2 [292], rmsP [293] (both downregulated).
Furthermore, some proteins involved in carbohydrate metabolism are also found to be differently
regulated (cg2558 and cg1740: both up, malP (cg1479) [294]: down). It is not clear how these contribute

to the observed phenotypes of the corresponding strains.

The probably most interesting group of proteins comprises those that encode for cellular functions
which drain or replenish metabolites from the central carbon metabolism and connected pathways
(e.g., amino acid anabolism). The upregulation of malic enzyme specifically in strains W54-NprE and
W65-NprE is deemed to ArrnC, as stated above. Malic enzyme catalyzes the conversion of malate
into pyruvate with the generation of an anabolic reducing equivalent NAPDH. Activity of malic enzyme
was reported high between growth rates of y = 0.1 and 0.33 h™ [295], which may indicate a pivotal

role of malic enzyme for NADPH replenishment at lowered growth rates.

The activity of fumarylpyruvate hydrolase (genF, cg3350) feeds into the pyruvate pool as well as
into the malate pool indirectly via fumarate. Its upregulation would therefore result in a higher flux
into these metabolite pools, although the origin of the reaction educts for fumarylpyruvate hydrolase
remains unclear. The same holds true for the question whether an increased pyruvate demand in
strains W54-NprE and W65-NprE exists. Formation of fumarylpyruvate by genfF is a reaction of the

catabolic gentisate and 3-hydroxybenzoate pathway [296]. For strain W65-NprE, also an upregulation
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is seen for MshD (cg2847) catalyzing the formation of mycothiol, which is needed as cofactor for the

isomerization of maleylpyruvate into fumarylpyruvate [297].

Quinolinate synthetase (nadA, cg1216) is also closely connected with the central carbon metabolism.
It catalyzes the second reaction in the NAD biosynthesis by converting iminoaspartate (produced
from aspartate by nadB gene product) and phosphoenolpyruvate (PEP) into quinolinate [298]. Con-
sequently, downregulation of nadA results in a lowered drain of PEP from glycolysis, as well as as-

partate derived from oxaloactetate.

MetY provides additional methionine synthesizing capacity in C. glutamicum via direct sulfhydry-
lation by omitting the need for cysteine as sulfur-donor [299]. Thus, the observed upregulation of
metY in strains W54-NprE and W65-NprE may be due to increased methionine demand since metY is
strongly repressed by low amounts of methionine. Another possible explanation of metY upregula-
tion would be a shortage of cysteine, which is needed in the transsulfuration branch of methionine
biosynthesis [299]. Interestingly, among the unspecific accumulation of several amino acids in strain
W65, no methionine or cysteine was detected [222]. Since MetY utilizes disulfide as sulfur donor
[299, 300], this might explain the upregulation of gor2, which is involved in disulfide stress response

[301]. However, no interrelation on the expression of metY and qor2 has been reported yet.

A class | aminotransferase, aroT (cgo267), is also found to be upregulated. A high affinity for
L-glutamate as substrate was reported [302] and together with the observation that an A(aroT ilvE)
mutant was auxotrophic for L-leucine, L-isoleucine and L-phenylalanine [280] supports the assump-
tion that aroT upregulation maybe due to an increased demand for these amino acids in strains
Ws54-NprE and W65-NprE.

The observed upregulation of butA (cg2958) would contribute to an increased production of
2,3-butanediol although its physiological role remains unclear, as well as the reason for the observed
upregulation of butA. Probably, it is used for recovery of NAD* from excess NADH by the reduction
of acetoin or diacetyl [303], as excess NADH probably cannot be reduced by oxidative phosphoryla-
tion, although upregulation of cg2444 may indicate a correspondingly increased capacity. However,
a detoxifying function of butA for acetoin can be excluded since C. glutamicum was reported to be

able to produce acetoin at titers exceeding 90 g L™ [304].

For the highly interesting strain W65-NprE, which shows the highest increase in cutinase yield YP/X
among all GRS tested, the impact of the above described alterations of the proteome is sketched as
proposed metabolic scenario in Figure 6.10: Flux into pyruvate pool is increased by the upregulation
of malE and genF. The latter one additionally increases malate availability for malE via fumarate.

Glutamate is drained from the tricarboxylic acid circle presumably by aroT, which is upregulated at
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6. Evaluation of a genome reduced C. glutamicum strain library for heterologous cutinase secretion

the protein level to compensate for an increased demand for isoleucine, leucine and phenylalanine.
A drain of phosphoenolpyruvate is reduced by downregulation of nadA, which at the same time
lowers the demand for aspartate. Also, a shortage of methionine and/or cysteine is presumed, which
leads to upregulation of metY for compensation. The physiological purpose of increased production
of 2,3-butanediol from acetoin remains unclear in this scenario.
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Figure 6.10.: Proposed metabolic scenario resulting from observed differential regulation of protein levels in strain W65-
NprE. Arrows indicate known reaction pathways. Green and red arrows indicate a possible increase and de-
crease, respectively, in flux due to observed protein levels of aroT, butA, genF, malE, metY, and nadA gene
products. Presumed in-vivo reactions of AroT are not known, which is indicated by a question mark. Depicted
scenario is no complete stoichiometric model and arrows may comprise several reactions.

In summary, the differential regulation of proteins connected with the central carbon metabolism
may be a result of the increased energy demand due to heterologous cutinase production in these
strains. In a variety of studies, C. glutamicum demonstrated a remarkable flexibility by adaption to
environmental condition and metabolic perturbations (e.g., [11, 299, 305]). In this sense, the pro-
teomic changes due to deletion of rrnC-3298 (yielding strain W54) enable C. glutamicum to achieve
high cutinase yields, though at the cost of low growth rates. The additional deletion of rrnD and
rrnE covered by Acg2801-2828 (yielding strain W65) would then be the trigger for the NprE-cutinase

transcript to be translated more efficiently than in strain W54-NprE, probably due to more successful

144



6.7. Global analysis of genome reduced cutinase secreting strains by a multiple regression approach

competition for the reduced lowered ribosomal capacity, according to the hypothesis discussed in
section 6.6.2.2.

The resulting depicted metabolic scenario in Figure 6.10 does not acknowledge all reactions of
current metabolic genome-scale models (GSMs) for C. glutamicum (e.g., [306, 3071), but attempts to
highlight and visualize possible metabolic perturbations in this strain. To verify or falsify the pro-
posed metabolic scenario, further detailed analyses are needed, including metabolomics and inte-
gration of new reactions (e.g., cutinase biosynthesis) into GSMs, which may help to identify metabolic

engineering targets affecting heterologous cutinase production.

6.7. Global analysis of cutinase secreting genome reduced C. glutamicum

strains by a multiple regression approach using dummy variables

Detailed discussions were provided on effects due to the application of different Sec SPs in com-
bination with genomic deletions on extracellular phenotypes (section 6.), specific strains showing
surprising phenotypes (section 6.2 to section 6.4), differential phenotypical analysis of strain fam-
ilies (6.5 and section 6.6), as well as deciphering of transcriptomes and proteomes (section 6.6.2).
Finally, a general global analysis in terms of a practical route towards the definition of a streamlined
genome with respect to improved cutinase secretion performance (i.e., YP/X) is envisaged. Beside
the fundamental knowledge generated in this study, the question for practical application is: Which
genotype is needed to obtain the highest cutinase yield by means of genome reduction? To answer
this question a "score" needs to be assigned to each genomic deletion that was investigated in this
study. The fact that for many strains data on cutinase yield was obtained, for both the AmyE and NprE
Sec SP, with accompanying determination of growth rates enables to carry out a multiple regression
using dummy variables encoding the genetic characteristics of the GRS tested.

The strain characteristics (i.e., genomic deletions, Sec SPs), which can be described by Boolean
variables, were encoded by dummy variables, which take a value of one if the characteristic is present
(e.g., gene cluster is deleted) or zero (e.g., gene cluster is not deleted). In total, 33 strain character-
istics are taken into account, that is the presence of the AmyE and NprE Sec SP (which cannot take
a value of 1 at the same time) and 31 genomic deletions that characterize all strains investigated in
this study under the same conditions. The linear model takes the form y = By + Zfil Bixi; + €
where each (3; encodes a different genetic characteristic (with z; € {0, 1}) and [ is interpreted as
response (i.e., growth rate or cutinase yield) without any of the genetic characteristics being present

(i.e., z; = 0). Consequently, estimated values for 51 to B33 are interpreted as above mentioned
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"scores". Results from multiple regression analysis are shown in Table 6.3.

Table 6.3.: Results from multiple linear regression analysis of growth rate y and cutinase yield Yp,x as responses in
dependence of genetic strain characteristics, encoded by dummy variables.

Response: [t Response: Yp, x

Genetic characteristic Coefficient 3; Estimate (error) p-value Estimate (error) p-value

Bo (Intercept)  0.449 (0.014) <0.01 -0.093 (0.068) 018
AmyE SP B1 -0.016 (0.029) 0.59 0.306 (0.145) 0.04
NprE SP B2 -0.071 (0.029) 0.02 0.645 (0.145) <0.01
ACGP123 AISCg12 53 -0.033 (0.028) 0.26 -0.009 (0.41) 0.95
ArrnA B4 0.007 (0.029) 0.80 0.043 (0.145) 0.77
ArrnB Bs -0.008 (0.016) 0.62 0.100 (0.078) 0.21
ArrnC Be -0.007 (0.017) 0.69 -0.010 (0.086) 0.91
ArrnD B o n/a o n/a
ArrnE 5 -0.042 (0.025) 0.10 -0.066 (0.124) 0.59
ArrnF Bo -0.017 (0.017) 0.34 -0.035 (0.086) 0.69
Ao414-0440 B1o ) n/a ) n/a
A0635-0646 Bi1 0.091 (0.035) 0.01 -0.044 (0.172) 0.80
A0704-0748 512 o n/a o n/a
A0822-0845 B3 o} n/a o n/a
A0931 514 -0.012 (0.021) 0.57 -0.060 (0.105) 0.57
A1018-1033 B15 o n/a o) n/a
A1172-1213 B16 o) n/a o n/a
A1281-1289 Bir -0.095 (0.024) <0.01 0.076 (0.120) 0.53
A1291-1305 Bis o n/a ) n/a
A1340-1353 B19 -0.127 (0.038) <0.01 0.034 (0.188) 0.86
A1370-1385 B20 -0.153 (0.035) <0.01 0.026 (0172) 0.88
A2312-2322 Bo1 o n/a o) n/a
A2621-2643 B22 o) n/a ) n/a
A2663-2686 Bo3 o n/a o n/a
A2755-2760 Baa o} n/a o n/a
A(2801-2812 2822-2824 2828) o5 -0.019 (0.030) 0.53 0.242 (0.151) 012
A2990-2999 Ba6 -0.027 (0.029) 0.36 0.009 (0.145) 0.95

Continued on the next page.
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Table 6.3.: Continued.

Response: [t Response: Yp, x
Genetic characteristic Coefficient 3; Estimate (error) p-value Estimate (error) p-value
A3000-3006 Bar -0.115 (0.024) <0.01 0.118 (0.120) 0.33
A3072-3091 Bas ) n/a ) n/a
A3102-3111 Bag -0.002 (0.019) 0.92 0.048 (0.094) 0.61
A3261-3262 B30 ) nfa 0 n/a
A3263-3298 B31 -0.066 (0.024) <0.01 0.208 (0.119) 0.09
A3299-3301 532 -0.036 (0.032) 0.26 -0.188 (0.157) 0.24
A3324-3345 Bs3 -0.011 (0.016) 0.48 0.115 (0.079) 0.15
Regression diagnostics
R2 0.832 0.769
adjusted R? 0.770 0.683
SSE 0.069 1.695
RMSE 0.036 0477
Standardized residuals * p = 0.015 p < 0.001

Values for cutinase yields for strains without either AmyE or NprE SP are set to zero. Data on growth rates for strains
without cutinase secretion plasmids was published previously [48, 55, 222]. Regressions were calculated using MATLAB's
fitlm function. RMSE root mean squared error. SSE sum of squared errors. # p-value according to Anderson-Darling test.

n/a not available.

As stated above, intercepts 3y represent the growth rate and cutinase yield without further genetic
characteristics. For growth rate, a value of 0.45 h™ is determined which is in excellent agreement
with literature [48, 55, 218]. For cutinase yield, a value of -0.09 kU gx ™ is determined. Since a negative
cutinase yield is not possible and by considering the corresponding p-value of 0.18, this deviation
from zero is attributed to the regression method itself.

For both growth rate 1 and cutinase yield Yp, x, several coefficients in Table 6.3 show negative
or positive values. The interpretation would be that when corresponding genetic characteristics
are present (i.e., use of a Sec SP or deletion of genes), the resulting response (i.e., i and YP/X) is
decreased or increased, respectively. With respect to calculated error estimates and corresponding
p-values for coefficients, for many of them a rather high uncertainty needs to be taken into account.
Uncertainties of coefficient values for cutinase yield are often higher than for growth rate, which

could be attributed to the generally higher uncertainties of determined cutinase yields in comparison
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to growth rate, as seen in Table E.1. However, this regression approach is a purely phenomenological
analysis of the collected data without considering any functional effects of genomic deletions and
without considering any expert knowledge. For example, only one Sec SP can be used at the same
time, as well as the deletion of all rrn operons would result in a lethal phenotype. This has to be
considered for results interpretation.

By arbitrarily choosing a minimum positive effect on cutinase yield of 0.1 for each genetic charac-
teristic, strain "GRS_Pred1" is proposed with its genetic characteristics (see Table 6.4, compare also
Table 6.3). The resulting predictions of growth rate and cutinase yield are ,up’”ed = 016 + 0.06 h™
and Yg;;j =133 £+ 0.30 kU gx™, respectively, with bootstrapped standard deviations as metric for
prediction uncertainty (cf. Table 6.4). By additionally considering genetic deletions with negligible

effects on growth rates (i.e., arbitrarily defined as coefficient values between -0.01 and 0.01 with re-

Y},’;;? = 1.4

+ 0.35 kU gx™. Presumably, such strain exhibits a slightly higher predicted cutinase yield without

spect to /1), strain "GRS_Pred2" is proposed in Table 6.4 with 17" = 016 + 0.07 h™ and

further compromising biological fitness. Additionally, additional genomic deletions could be con-
cluded that do not affect both growth rate and cutinase yield according to the regression analysis
results from Table 6.3: Thereby, proposed strain "GRS_Pred3" would show the same predicted res-
ponses as strain GRS_Pred2 (see Table 6.4). Many of these gene clusters were previously classified
as non-essential in terms of biological fitness [48, 55]. However, in this study, cutinase yield was an

additional evaluation criterion in terms of non-essentiality of gene clusters in C. glutamicum.

pred

Table 6.4.: Overview of proposed genotypes of strains with predicted growth rates p and cutinase yields Yﬁ;f(d, based
on results from multiple regression analysis presented in Table 6.3.
Predicted response
Strain Genetic characteristics pPred [h] Ylf;;d [ku gx "]

GRS_Pred1  ArrmmB A2801-2812 A2822-2824, A2828 A3000-3006 0.16*0.06 1.33*0.30
A3263-3298 A3324-3345 pEKEx2-NprE-cutinase

GRS_Pred2  GRS_Pred1 ArrnA ArrnC A3102-3111 0.6 * 0.07 141+ 0.35

GRS_Pred3 GRS_Pred2 ArrnD Ao414-0440 /A0704-0748 /A0822-0845 0.16 + 0.07 141+ 0.35
A1018-1033 A1172-1213 A1291-1305 A2312-2322 A2621-2643
A2663-2686 A2755-2760 A3072-3091 A3261-3262

Predictions represent bootstrapped mean values and standard deviations (ngr = 5000). Parametric bootstraps were calcu-
lated using coefficient values for specified genetic characteristics with corresponding errors assuming normality. It should
be noted that these errors are not taken as any metric for significance.
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6.8. Concluding remarks

Despite its weaknesses, the multiple regression approach using dummy variables represents a
strategy that condenses the high amount of data generated in the untargeted GRS screening ap-
proach. Thereby, the interpretation of coefficient estimates as scores, assigned to the according
genetic characteristics, can be used for decision making in metabolic engineering to generate im-

proved cutinase secretion strains.

6.8. Concluding remarks

In this study, comprehensive data on growth and cutinase secretion at different levels (i.e., extra-
cellular rates, transcriptome and proteome) was collected for a C. glutamicum GRS library, which
represents a typical task in microbial quantitative phenotyping. For specific strains, detailed in-
sights at the transcriptomic and proteomic level were provided, attempting to explain the resulting
observed phenotypes. Also, the collected data were subjected to a regression analysis and, despite
the weaknesses of this approach, essential genomic deletions we proposed to improve cutinase
yield, together with prediction of resulting phenotypes. Although experimental validation is out of
scope in this study, this would be highly interesting and could contribute to further refinement of
this approach.

In advance of the present study, the screened GRS library was constructed for a different aim, that is
the construction of a genome streamlined C. glutamicum chassis that exhibits no impaired biological
fitness compared to the wild type strain and thus, gene clusters were classified under this premise. In
this study, cutinase secretion efficiency was introduced as another screening objective. In this con-
text, several initial gene classifications could be confirmed, whereas others need to be revised when
considering this new screening objective. Also, similar to observations made in the initial genome
reduction project of C. glutamicum, surprising effects of gene deletions with respect to growth and
cutinase secretion phenotypes were seen, which again highlights the need for experimental confir-
mation of in-silico predictions. Overall, the results obtained in this study may contribute to a more
rational design of improved C. glutamicum hosts for heterologous protein secretion. Conclusively,
the current extensive knowledge about C. glutamicum is still rather incomplete, providing option
for exciting fundamental and applied research on this microbial, even after more than 60 years of

investigations after its discovery.
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7. Summary, conclusions and outlook

This chapter provides a summary of this work. Furthermore, a few future aspects
outreaching the scope of this work are presented as outlook. These aspects con-
cern the application of C. glutamicum as potential alternative hast for heterologous
protein production, the demand for further development of microbioreactor sys-
tems, as well as the need for smart solutions for warehousing, (re-)processing and
interpretation of heterogeneous data to cope with foreseeable increase of infor-
mation output generated from high-throughput experimentation in combination
with powerful analytical methods. Parts of this chapter are based on Publication V

and Manuscript Il.

Author contributions:
Johannes Hemmerich wrote the chapter, and prepared the figures. Stephan Noack, Marco Oldiges and Wolfgang

Wiechert helped with writing section 7.3.

741. Summary

This study concerned the investigation of bioprocesses for secretory production of heterologous
protein with C. glutamicum, and the outcomes of this work are organized in several chapters in this
text.

In Chapter 1, an introduction for the topics covered in this work was given to provide a general
background. The MCF C. glutamicum and its relevant protein secretion pathways were introduced, as
well as the use of SP libraries for optimizing heterologous protein secretion. Furthermore, current
progress in the generation of genome-streamline chassis strains was described, followed by a short
outline on the development of industrial protein production bioprocesses.

In Chapter 2, to discuss the fundamental need for higher experimental throughput, MBR systems
were introduced and the importance of deriving Pls as criteria allowing rapid evaluation of exper-
imental results was highlighted. A method for automated growth rate determination from high-

throughput MBR experimentation was presented and discussed in detail, since the growth rate is
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probably the most often used metric in biological fitness testing of mutant strain libraries during

quantitative microbial phenotyping.

In Chapter 3, the necessity of re-validating established workflows from previous studies for micro-
bial phenotyping as with changing and/or additional optimization objectives was shown. Further-
more, a well-established MBR workflow for determination of time-resolved changes of concentration
from MBR cultivation that is accompanied by a loss of throughput was improved. The new workflow
combines best of both worlds, that is the whole cultivation throughput of the MBR system is main-
tained while additionally acquisition of time-resolved substrate consumption and secretory product
formation is enabled. As application example, this new workflow was demonstrated on Pl determi-

nation of several cutinase secreting genome reduced C. glutamicum strains.

In Chapter 4, a general iterative workflow for bioprocess optimization was presented where high-
throughput MBR cultivation, lab automation and Kriging-based DoE complement each other in a
synergistic manner. As illustrating application study, the optimization of a well-known and widely
applied cultivation medium used for amino acid production with C. glutamicum was conducted to
maximize secreted GFP titer as optimization objective. Extracellular GFP titer could be doubled by
adjusting other compounds like magnesium or calcium but without changing the available amount
of the main carbon source. This highlights again the necessity to re-validate established screening

protocols when changing screening objectives, even if these changes are considered as small.

In Chapter 5, the interrelation between Sec SP and bioprocess condition for the optimization of
heterologous cutinase secretion with C. glutamicum was investigated for the first time. Since the
envisaged bioprocess control strategies could not be realized in MBR systems, this was done using
laboratory scale bioreactors. Previous knowledge about the fundamental question "Which signal
peptide is best suited for a target protein of choice?" was that an optimal specific combination of
SP, target protein of choice and expression host cannot be predicted in-silico but needs to be de-
termined each time from scratch. This study adds important aspects about the impact of biopro-
cess condition to this topic. It was highlighted that careful adjustment of bioprocess conditions is
needed to fully maximize the optimization objective (here, cutinase secretion efficiency). It could be
concluded that general trends from determined empirical relations can be deduced which point to
the direction of fruitful bioprocess optimization. Thus, the big design space comprising bioprocess

variables can be narrowed, thereby shortening development timelines.

In Chapter 6, a library of genome reduced C. glutamicum strains was screened for heterologous
cutinase secretion, addressing the question whether current trends in the construction of "genome

streamlined" platform strains are meaningful in terms of biotechnological applications. In general,
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this study revealed surprising extracellular phenotypes which would not have been supposed from
the genotypes of the different strains. Therefore, the data generated in this work provides new know-
ledge about the classification of poorly characterized genes in the context of heterologous protein
secretion. Also, the wealth of phenotypical data was used in a data-driven approach to determine
the essential genomic deletions needed for improved cutinase yield from an application-focused
point of view. The fact that two strains with impaired growth phenotypes and completely different
genotypes showed remarkably increased cutinase yields when using one specific signal peptide il-
lustrates that the current extensive knowledge on C. glutamicum after 60 years of intensive research
is still rather incomplete and thus, future studies are expected to still reveal highly interesting results
concerning both basic and applied research.

Finally, in this chapter, a few important future aspects arising from the results of this work are

discussed in the following, to address questions beyond the scope of this work.

7.2. C. glutamicum as alternative protein secretion platform

The great potential of C. glutamicum for secretory production of heterologous protein is increasingly
recognized since several years now [17, 210]. The fact that it is used as workhorse in industrial pro-
duction of small molecules like, for example, amino acids makes it attractive due to the accompanied
gained industrial experience. This represents a tremendous advantage that is typically lacking when
developing new MCFs for industrial scale application. This study adds several new aspects that indi-
cate further potential of C. glutamicum as MCF for heterologous protein production beyond current
benchmarks.

First, it turned out that nutrition media developed for amino acid production are suboptimal when
using C. glutamicum for protein secretion. Consequently, further research should focus on the nu-
tritional demand during heterologous protein secretion as well as on how this demand impacts the
robustness and flexibility of the metabolism of C. glutamicum, also in dependence of different bio-
process control strategies. The expectation is that strains optimized for heterologous protein pro-
duction can be generated.

Second, genome reduction of C. glutamicum, although originally intended to generate chassis
strains without comprised biological fitness [48, 55], turned out as powerful tool for assessing poorly
characterized genomically encoded cellular functions in terms of heterologous protein secretion.
Therefore, this study identified several genetic targets which have been unattended previously for

detailed investigation with respect to protein secretion. From both a basic and applied research
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point of view, further research would add highly valuable knowledge to advance understanding of

C. glutamicum.

7.3. Expansion of measurement and control capabilities for

microbioreactor systems

In this study, a considerable amount of data was generated during quantitative phenotyping of a
C. glutamicum GRS library, as well as medium optimization. One key to success was the use of
robotics-integrated MBR systems, which enable a higher cultivation throughput and thus, enable
the collection of phenotyping data in a high amount. It is foreseeable that MBR systems will be-
come increasingly important in the context of microbial quantitative phenotyping and bioprocess
development. This holds true especially with further improvements for such systems concerning
measurements that are needed that capture both the microbial phenotype and the bioprocess char-

acteristics.

Next to state-of-the-art monitoring capabilities for biomass and other culture parameters, the
incorporation of methods for individual determination of respiration activities from sub-mL cultiva-
tions [308, 309] and metabolite quantification by multi-wavelength fluorometric techniques [310],
Fourier-transformed infrared spectroscopy (FTIR) [311] or impedance spectroscopy [312] were re-
ported to be valuable extensions for MBR systems. Especially the high information content from
2D fluorescence spectra and FTIR requires chemometric models that rely on training and validation

datasets, again highlighting the need for novel data evaluation procedures.

The combination of several measurement techniques to construct soft sensors has been applied
several times in bioreactor cultivations [103] and these are also promising tools for MBR cultivations.
To make the wide range of soft sensors routinely available for MBR systems, intense research is
needed as a driver to the miniaturization of sensing probes providing rich analytical data [313] and
increased flexibility to act on the individual cultures by integrated microfluidics [145, 314-316]. In
combination with liquid handling systems [112, 122, 158], software modules connecting multiple input
data streams with multiple hardware actors will be used to control the individual cultures and, finally,

enable the robust interplay of all hardware and software components.
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7.4. Library screening and modularized workflows

To facilitate rapid progress in development of biotechnological production processes, the construc-
tion of an efficient biocatalyst (i.e., strain) is needed. Preferably, such strain can utilize a wide range
of carbon sources, does not waste provided building blocks and energy as by-products, and provides
the ability to control growth (i.e., biocatalyst formation) and product synthesis independently [256].
To design such ideal strain on a rational basis, its genetic modifications need to be compiled by el-
ements that haven been characterized earlier. Such approach requires the employment of genetic
libraries that are easily configurable as "plug-and-play" modules [7, 31, 35, 72, 73]. By combining sev-
eral well established methods in metabolic engineering, platform technologies operated at systems

levels are aimed for [317].

However, as was seen in this work, the compilation of a genotype from individually characterized
modules does not necessarily result in a predictable phenotype of the engineered strain. This fact
can be described by the phrase "The whole is greater than the sum of its parts" and makes the char-
acterization of newly designed strain indispensable. This core task of quantitative microbial phe-
notyping can be accomplished in reasonable timeframes using MBR systems, as seen in this study.
However, owing to the combinatorial explosion arising from the use of several genetic libraries and
cultivation conditions, a trade-off between experimental throughput and coverage of possible strain
variants is needed due to practical reasons. Here, straight-forward and simple modeling approaches
[37, 318] can help to develop a feeling on how much experimental effort is needed to catch strain

variants with a certain probability out of a library.
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C Source Temp. Feed Regime  pH Profile

Toolbox ,Biological Application” Toolbox ,Analytics”

Biocatalysis Bioplastic Biofuel Animal Feed | I I I I I I I
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Figure 7:1.: Modularized assembly of methods from several toolboxes. For a current topic of research, previously acquired
knowledge on methods is re-used by compilation of individual modules to assemble a new particularly needed
method.
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Ideally, the newly generated knowledge about the impact of genetic library elements in a new
context (e.g., a strain variant) needs to be preserved as additional annotation of the corresponding
library items. Importantly, this procedure is not restricted to genetic libraries (e.g., for promotors,
ribosome binding sites, strain variants) but should cover also analytical methods, cultivation condi-
tions, or data processing routines. By doing so, the idea is that generated knowledge can accelerate
the exploration of future research topics by methods that can be readily compiled from existing and
validated component. This is depicted in Figure 71, where a current topic of research is elaborated

by specific methods that are compiled from modules provided in different toolboxes.

7.5. Continuous knowledgebase improvement

As outlined previously, it can be expected that during each biotechnological development project
rich datasets are generated that contribute to a better understanding of genotype-to-phenotype
relationships in different platform hosts. Moreover, the integration of further intracellular measure-
ments following proteomics, metabolomics and fluxomics will be the key to faster unravel the com-
plex mechanisms of metabolic regulation. However, to take full advantage of these technologies, it
will be important to facilitate the acquirement, (pre-)processing, compressing, filing, managing and
evaluation of the resulting complex and heterogeneous datasets. Consequently, further research is
needed concerning the establishment of flexible and expandable data warehousing solutions, which
should provide convenient software user interfaces, a topic that was put into spotlight again very re-
cently [319, 320].

It will be increasingly important to conserve previously acquired knowledge and, in addition, to
enable the re-evaluation of such existing knowledge and raw data in the context of new research.
This is summarized by the headline "continuous knowledgebase improvement", which goes beyond
the simple filing of data. It is rather about the repeated and continuous analysis of historic raw data
in combination with newly acquired raw data and by this, increasing information is transformed into
knowledge that is continuously developing. With that, it can be expected that new biotechnology
development projects can be conducted within accelerated time lines. This principle of continuous
knowledgebase improvement is visualized in Figure 7.2.

To finally conclude, it can be said that research in industrial biotechnology is moving towards an
improved knowledge-based strain and bioprocess design. Furthermore, the already existing move-
ment in biotechnology towards small-scale high-throughput experimentation will speed up in the

next years [321], making automated and smart routines for data analysis indispensable. This truly
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Accelerated development time lines by increasing prior knowledge
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Figure 7.2.: The principle of continuous knowledgebase improvement for accelerated development project time lines. Dur-
ing each development project, substantial amounts of raw data are generated and by analyzing these data,
knowledge is produced. The storage of all raw data in combination with continuously developing data process-
ing and data mining routines, the collected raw data can be re-evaluated and re-analyzed. By doing so, previous
knowledge can be improved. Finally, the improved knowledge will contribute to accelerated development time
lines and thus, accelerates the development of new projects, whose newly generated raw data update the data
warehousing.

demands for interdisciplinary work in the fields of biology, biotechnology, information technology,
data science, software engineering, hardware and mechanical engineering, providing great opportu-

nities for the upcoming generation of researchers.
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All chemicals were of analytical grade and purchased from Sigma, Merck or Roth, if not stated other-
wise. In case methods were carried out with modifications, this is noted in the text. Data processing
was conducted with Microsoft Excel (vers. 2010, 2016) and MATLAB with Statistics Toolbox (vers. 2013a

to 2017b). In case other software packages were used for specific tasks, this is noted in the text.

84. Strains and plasmids

Table 8..: C. glutamicum strains and plasmids used in this study.

Name Relevant characteristics Reference
Strains

ATCC 13032 Wild type strain (WT) [1]
AcgIMRR WT A1996-1998 [53]
MBOO1 WT ACGP123 (A1507-1524 A1746-1752 A1890-2071) [53]
W25 WT ACGP123 AISCg12 A2801-2828 [55]
W28 WT ACGP123 AISCg12 A2990-006 [55]
W31 WT ACGP123 AISCg12 A3324-3345 [55]
Ws7 WT ACGP123 AISCg12 A1281-1289 [55]
Ws2 WT ACGP123 AISCg12 ArrnB [55]
W53 WT ACGP123 AISCg12 ArrnB-0931 [55]
Wss WT ACGP123 AISCg12 ArrnC-3298 [55]
W64 WT ACGP123 AISCg12 A2801-2828 ArrnB-0931 [55]
W65 WT ACGP123 AISCg12 A2801-2828 ArrnC-3298 [55]
W73 WT ACGP123 AISCg12 A0158-0183 [222]
W86 WT ACGP123 AISCg12 A3000-3006 [222]
W115 WT ACGP123 AISCg12 A3102-3111 A3263-3301 [222]

Continued on the next page.
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Table 8..: Continued.

Name Relevant characteristics Reference
W116 WT ACGP123 AISCg12 A3102-3111 A3263-3301 A3324-3345 [222]
W127 WT ACGP123 AISCg12 A2312-2322 A2621-2643 A2663-2686 A2755- 48]
2760 A3102-3111
w130 WT ACGP123 AISCg12 A2312-2322 A2621-2643 A2663-2686 A2755-  [222]
2760 A3102-3111 A3324-3345
W34 WT ACGP123 AISCg12 Aos14-0440 A0635-0646 A0704-0748  [222]
A0822-0845 A1018-1033 A1172-1213 A1291-1305 A1340-1353
A1370-1385
W121.7 WT ACGP123 AISCg12 Aos14-0440 A0635-0646 A0704-0748  [48]

A0822-0845 A1018-1033 A1172-1213 A1291-1305 A1340-1352
A2312-2322  A2621-2643 /A2663-2686 A2755-2760 /A3072-3091

A3102-3111
W127.6 W127 A0635-0646 A0704-0748 A0822-0845 A1018-1033 A1172-  [48]
1213 A1291-1305
rrBC WT ACGP123 AISCg12 ArrnB ArrnC [222]
rrnBF WT ACGP123 AISCg12 ArrnB ArrnF [222]
renCF WT ACGP123 AISCg12 ArrnC ArrnF [222]
rrnBCF WT ACGP123 AISCg12 ArrnB ArrnC ArrnF [222]
rrnABCEF WT ACGP123 AISCg12 ArrnA ArrnB ArrnC ArrnE ArrnF [222]
rrnBCDEF WT ACGP123 AISCg12 ArrnB ArrnC ArrnD ArrnE ArrnF [222]
ZwfBR 1 zwf A243T point mutation [214]
Plasmids
pCGPhoDB-GFP gfp gene ligated to phoD Tat SP from B. subtilis cloned into pEKEx2  [239]

plasmid under control of Py, KmR
pEKEx2-SP-cutinase #  Cutinase gene from F. solani pisi ligated to Sec SP sequence [amyE,  [30, 249, 322]
epr, nprE, ypjP or ywmcC] from B. subtilis, cloned into pEKEx2 plas-

mid under control of Py, KmR

" Strain was kindly provided by Jan Marienhagen, IBG-1, Forschungszentrum Jiilich. * Plasmids were kindly provided by

Sarah Jurischka, IBG-1, Forschungszentrum Jiilich
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8.2. Cultivation media

8.2. Cultivation media

BHI medium was prepared from 37 g L™ BHI broth and sterilized by autoclaving. BHIS medium
was prepared likewise, but with additionally 91 g L™ sorbitol. CgXIl medium [56] for shake flasks
and MBR cultivations was prepared using different solutions, listed in Table 8.2. For bioreactor
cultivations, CgXll medium was modified as follows: urea, KH,PO,, and MOPS were omitted, but
3.027 g L' NaH,PO,, - 2 H,0 was added, while concentrations of glucose, K,HPO, and MgSO,, - 7 H,0
were changed to 10, 5.331 and 0.5 g L™, respectively. In case strains with plasmids were grown,

25 mg L™ kanamycin was added to the medium to maintain selection pressure.

Table 8.2.: CgXll stock solutions used for shake flask and MBR cultivations.

Name Addition Components / preparation Storage Sterilization

Salts stock 8oomLL" 25gL"(NH,),SO,, 6.25gL" Urea,1gL" RT Autoclaving
KH,PO,,1gL" K,HPO,, 52.5 g L™ MOPS, to
pH 7.0 with 4 M NaOH

Glucose 4omLL" 500 g L™ glucose RT Autoclaving
Mg stock imLL" 250 g L MgSO, - 7H,0 RT Autoclaving
Ca stock 1mLL" 13.25 g L™ CaCl, - 2 H,0 RT Autoclaving
Trace elements 1mLL" 10gL" FeSO, - 7H,0,10gL" MnSO,, - H,0, RT Filtration

1. g L' ZnSO,-7H,0, 031 g L
CuSO, -5H,0, 0.02 g L™ NiCl, - 6H,0,
a few drops of 1 M HCL

PCA 1mLL” 30 g L"'protocatechuic acid in 1M NaOH  Aliquots at -20 °C  Filtration
Biotin 1mLL"’ 0.2gL"in1M NaOH Aliquots at -20 °C  Filtration
Kanamycin 1mLL" 30 mg L™ kanamycin - H,SO, Aliquots at -20 °C  Filtration

8.3. Agar plates

Agar plates were prepared as the corresponding liquid media, but with additional 20 g L™ agar agar
(Difco). Additional compounds were added aseptically from concentrated stock solutions after ster-
ilization by autoclaving and the media have been cooled to being lukewarm, prior to pouring the
plates. Additional compounds used were kanamycin (25 mg L™) to establish selection pressure, IPTG

(100 pM) and Tween 20 (1% v v™).
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8.4. Further solutions

Stock solutions of isopropyl-3-D-1-thiogalactopyranoside (IPTG, 500 mM) and kanamycin (30 g L™
kanamycin sulphate) were sterilized by filtration and stored in aliquots at 20 °C. Saline contained
9 g L™ NaCl and was sterilized by autoclaving. phosphate buffered saline (PBS) with a pH of 7.4 + 0.1
contained 8 gL™ NaCl,0.2gL™" KCl,1.78 gL' NaH,PO,, - 2 H,0, and 0.27 g L™ K,HPO, and was sterilized
by autoclaving. Freezing solution was prepared by combining 1 volume PBS and 1 volume of glycerol
solution (500 g L™). TG buffer was prepared from 1 mL L™ of a 1 M tris-(2-hydroxyethyl)-ammonium
chloride solution and 101.26 g L' glycerol and was adjusted to pH 7.5 using 1 M NaOH prior to steril-

ization by autoclaving.

8.5. Construction of cutinase secretion strains

8.5.1. Competent cells

For the generation of competent C. glutamicum cells, the respective strain was streaked out on BHIS
agar plates and incubated for 24 - 48 h at 30 °C. A single colony was used to inoculate a 15 or 50 mL
BHIS overnight shake flask culture. The next morning, 1.5 mL of this culture served as inoculum for a
100 mL BHIS shake flask culture. As soon as an optical density (ODgoo) of 1.5 was reached, the cells
were separated by centrifugation (4500 g, 20 min, 4 °C). Resulting supernatant was discarded and the
pellet was resuspended in 6 mL ice cold TG buffer and again centrifuged (4500 g, 10 min, 4 °C). This
step was repeated once. Afterwards, the cells were washed twice using 6 mL ice cold 100 g L™ glycerol
solution (4500 g, 10 min, 4 °C). Finally, the cells are resuspended in 1 mL ice cold 100 g L™ glycerol
solution and stored in 150 pL aliquots at -80 °C. All steps from culture harvest on were carried out

on ice.

8.5.2. Transformation

Transformation of competent cells was done by electroporation [323]. Competent cells to be trans-
formed were thawed on ice. In a 1.5 mL microtube, 50 UL of competent cells were mixed with 1 pL
plasmid solution. As control, one transformation mix without plasmid was prepared and treated
equally throughout the whole procedure. The transformation mixes were transferred into ice cold
electroporation cuvettes and 800 L ice cold 100 g L., glycerol solution was overlaid carefully. Im-
mediately after electroporation in a Gene Pulser Xcell device (Biorad, Hercules/USA, 25 pF, 2500 V,

12.5 kV cm™, 200 (1), the transformation mix is poured into 15 mL tubes with 4 mL BHIS medium, pre-
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warmed to 46 °C, and incubated at 46 °C for 6 min with subsequent cooling on ice for a few minutes.
After further 1.5 h of incubation at 30 °C with shaking (170 rpm), cells were centrifuged (3000 g, 10 min,
20 °C) and the resulting pellet was plated on selective BHIS-Km agar plates. For the transformation
mixes with plasmid, single colonies needed to appear after two days of incubation at 30 °C, while no
colonies should appear for the control transformations. To confirm cutinase secretion, transformed
cell material was plated on indicator agar plates containing IPTG to induce cutinase secretion and

Tween 20 which is hydrolyzed by cutinase, visible by halo formation.

8.6. Strain maintenance

8.61. Master cell bank

From each transformation, a single colony was spread on a new agar plate for generation of a suf-
ficient amount of isogenic cell mass. After incubation for two days at 30 °C, the cell material was
removed using sterile inoculation loops, resuspended into freezing solution and stored in 2-mL
aliquots at -80 °C.

8.6.2. Working cell bank

A few hundred pL from a master cell bank (MCB) aliquot was used to inoculate an overnight shake
flask culture with 50 mL CgXll medium containing 10% (v v™") BHI medium and, if appropriate, 25 mg L™
kanamycin. After grown to saturation, one volume of the cell suspension was combined with 1 vol-
ume of sterile glycerol solution (500 g L™) and aliquots were stored at -80 °C as working cell bank.
Strain C. glutamicum pCGPhoD®S-GFP was grown to saturation in 50 mL BHI medium with 25 mg L™
kanamycin using a MCB aliquot ' and 1 volume of resulting cell suspension was combined with 1 vol-

ume of glycerol solution (500 g L) and stored in aliquots at -80 °C.

8.7. Cultivations

8.71. Shake flask cultivations

Unless otherwise specified, C. glutamicum shake flask cultivations were carried out at an orbital
shaking frequency of 250 rpm in a shaking incubator ("Multitron", Infors HT, Einsbach/DE) with 25 mm

shaking diameter. For a cultivation volume of 15, 50 or 100 mL, baffled shake flasks with a nominal

" kindly provided by Katja Schéler, IBG-1, Forschungszentrum Jiilich
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volume of 100, 500 or 1000 mL, respectively, were used. Flasks were equipped with a sampling port

(except 100 mL flask) and covered with an aluminum cap. Cultivation temperature was 30 °C.

8.7.2. Microbioreactor cultivations
8.7.21. Pre-culturing

For MBR cultivation experiments with cutinase secretion C. glutamicum strains, two sequential pre-
cultures in shake flasks were conducted. The first pre-culture was inoculated from a frozen working
cell bank (WCB) aliquot and cultivated in 15 mL BHI medium. After approx. 6 h, 300 pL from the
first pre-culture served as inoculum for the second pre-culture (50 mL CgXIl medium, approx. 16 h
incubation). Then, the pre-culture was centrifuged (4000 g, 5 min, 4 °C) and resuspended in sterile
PBS and was used to inoculate the MBR culture to an initial ODgoo 0f approx. 0.2. For MBR cultivation
experiments with C. glutamicum pCGPhoD®3-GFP, a pre-culture of 50 mL BHI medium, inoculated with
one WCB aliquot, was grown for approx. 5 h until an ODgo, Of 3 - 4 was reached. Then, the pre-culture

was used at 5% (v v') of the final MBR cultivation for inoculation.

8.7.2.2. Automated media preparation

Automated media preparation was conducted for media optimization studies. For the preparation
of different medium variants according to the respective experimental plan, a LHS, ("Janus", What-
man/USA [36]) was used. Depending on the target concentrations of selected medium components,
different volumes of stock solutions were pipetted into the wells of a cultivation MTP. Concentrations
of stock solution were adjusted to realize pipetting volumes between 10 and 1000 L. The cumula-
tive volume of all solutions in each MTP well was 95% of the final volume, leaving 5% of inoculum
volume to be added by the LHS. For each MBR media optimization experiment, at least 5 cultures
with the reference medium composition were grown, serving for normalization of results for each

experiment.

8.7.2.3. Main cultivations

Main cultivations were carried out in MBR devices with 48 well flower shaped microplates ("BioLec-
tor" and "Flowerplate", m2p-labs, Baesweiler/DE), integrated in different LHS ("Freedom Evo", Tecan,
Mannedorf/CH [206] or "Janus"). Cultivation conditions were as follows: CgXll medium with 20 g L™
glucose, 800 pL per well, 1300 rpm at a shaking diameter of 3 mm, 30 °C. For cultivations with C. glu-

tamicum pCGPhoDB5-GFP 10 g L™ glucose, 1000 pL per well and 1200 rpm was applied. The integrated
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BioLector devices are capable of quasi-continuous monitoring of GFP fluorescence (488/520 nm),
biomass concentration via BS measurement [199], as well as pH and DO via fluorescence sensor
spots (optodes) integrated at the bottom of each cultivation well. Flowerplates were covered with
as sterile barrier acting self-adhesive sealing films that reduce evaporation while ensuring sufficient

gas exchange and robotic access to the culture (F-GP-10 and F-GPRS48-10, m2p-labs, Baesweiler/DE).

8.7.2.4. Automated harvesting and sampling procedures

Automated harvest and sampling procedures were based on pre-defined triggers, which utilize the
online monitored MBR process data [158]. Triggers are defined using a supervising software ("RoboLec-
tor Agent", m2p-labs, Baesweiler/DE), which activates the integrated LHS to act on the individual MBR
cultures by writing pipetting lists ("handshake files"). The LHS devices run a program containing all
necessary steps (pipetting, washing, plate movement, etc.) in a loop. A new iteration of this loop
is started as soon as a new handshake file is written by the supervising software. After completion
of all LHS steps, the handshake file is deleted as last step in the loop, which is the signal of the
supervising software to continue with the MBR cultivation.

Automated harvest of MBR cultures was based on the dynamics of the online monitored DO signal
to detect the end of the exponential growth phase by a sharp increase in the DO signal. This detection
was implemented by two sequential conditions that had to be fulfilled. First, the DO signal had
to fall below 50% air saturation (a.s.). After that, the DO had to rise above 80% a.s., which is the
trigger condition to cause the pipetting of cell suspension out of the BioLector device. With that,
the supervising software ordered the opening of the cover of the BioLector’s incubation chamber
and the LHS to aspirate the cell suspension 1 mm above the bottom of the cultivation MTP placed in
the BioLector device. Per culture, 700 pL cell suspension was removed and pipetted into a 96 deep
well plate ("Riplate", Ritter, Schwabmiinchen/DE). Afterwards, the cover of the BioLector was closed
and sent to the next measurement cycle. In parallel, the 96 deep well plates containing the cell
suspensions was placed into a LHS accessible centrifuge ("Ixion", SIAS, Hombrechtikon/CH) to pellet
the cells for 10 min at 2000 g. Resulting supernatant was afterwards transferred to another 96 deep
well plate, covered with a self-adhesive aluminum foil ("SILVERseal", Sigma Aldrich, Steinheim/DE)
and cooled to 4 °C. After the completion of the MBR cultivation experiment, supernatants were stored
at -20 °C until analysis.

Automated repeated low-volume sampling from MBR cultures was based on the online monitored
BS signal, which served as trigger signal to sample repeatedly (six times) 20 L of cell suspension from

each well. More specifically, for each of the six 20 uL samples to be removed a specific backscatter
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signal was predefined. Expected amplitude of BS signals during growth was determined in prelimi-
nary reference cultivations for the specific BioLector devices using C. glutamicum WT in CgXll medium
containing 20 g L™ glucose. The aspiration of cell suspension was carried out as described above
and was pipetted into standard 96-well MTPs (Greiner, Frickenhausen/DE), which were covered with
a self-adhesive aluminium foil ("SILVERseal", Greiner) and an additional plastic foil ("X Pierce", Excel
scientific, Victorville, CA/USA). The sample receiving plates were placed in cooling carriers controlled
at 4 °C on the worktable of the LHS. Directly after that, 230 yL PBS was added to the taken samples,
resulting in a 1:12.5 dilution of the samples. After the cultivation run, the pre-diluted samples were
centrifuged as described above. Afterwards, 200 pL of the resulting supernatants were transferred

to new 96-well MTP, which were stored at -20 °C until analysis.

8.7.3. Bioreactor cultivations

Cultivations were carried out in 2 L lab-scale stirred tank reactors (DASGIP, Jiilich/DE), equipped
with two six-bladed Rushton turbines, pH-electrodes (Mettler-Toldeo, Urdorf/CH) and DO electrodes
(Hamilton, Bonaduz/CH). DO was maintained above 30% a.s. by adjustment of stirrer speed between
400 and 1200 rpm with constant gassing of air at 60 sL h™. The pH value was maintained at 7.0 using
18% w w-1 NH,OH. Exponential feeding profiles were calculated to control the culture at a desired
specific growth rate ({1 5¢), according to (8.1). Feed medium was 400 g L™ glucose and initial reaction
volume (Vg o) was 0.8 L. Cultivation temperature was set to 30 °C. Process control was conducted by
DASGIP Control 4.0 software (DASGIP, Jiilich/DE). Bioreactors were inoculated with 5 mL WCB aliquots
to an ODgg, Of approx. 0.05, resulting in a batch growth for approx. 18 h on 10 g L™ glucose. After
complete consumption of the batch glucose, indicated by a sharp increase in DO signal, fed-batch
phase was initiated by starting the exponential feeding profile and IPTG was added to induce re-
combinant cutinase secretion. IPTG concentration was varied between 0, 50, 250 and 1000 UM as
indicated in results section. In the fed-batch phase, samples were drawn every hour to obtain an

expression profile resulting in eight sampling points

Reference batch cultivations have been carried out likewise, with the exception that after the de-
pletion of the initial batch glucose indicated by DO increase, a second batch phase was initiated by

adding glucose and IPTG to a final concentration of 40 g L™ and 1000 pM, respectively.

csoVroY-
F(t) = (55“ +m5> S R sl (81)
X/8 CSF
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8.7.31. Determination of culture performance indicators

From the induced fed-batch phases with controlled growth rate, three Pls are derived from exper-
imentally data obtained from regular sampling: (1) Observed specific growth rate /15, since the
adjusted growth rate pges, cf. (8.1), is a parameter defining the exponentially increasing feed rate
and does not necessarily match the observed growth rate 11, (2) Biomass specific cutinase yield
YP/X and (3) biomass specific cutinase productivity gp. The first two Pls are calculated using regres-
sion methods [100], covering the whole time course of the induced cutinase secretion. In the case
of (Eep, values of mx were In-transformed for ordinary least squares (OLS) regression, cf. (1.12).
Values of m x are obtained from cell dry weight measurements, according to (8.2). For estimation of
Yp,x, a linear orthogonal total least squares (TLS) regression was applied [324], cf. (113), and val-
ues for mp are calculated from taken samples according to (8.3). Since cutinase activity as product
concentration cp sy is determined from the supernatant of the cultivation volume, it is necessary
to correct the measurement value for the volume fraction that is occupied by the cell mass, which
is done by the incorporation of the correlation factor k¢, ¢, 1.,» S€€ Section 8.7.3.2. Values for gp
are calculated according to (1.14). All cultivations were carried out in biological duplicates and /iy,

Yp/x as well as gp are reported as mean with min/max values as errors.

mx =Cx - (VR70 + VFeed + VBase - VSample) (8.2)

mp==cp- (VR,O + Vieed + VBase — VSample) : (1 —Cx - k:CX—WBioVol) (8.3)

8.7.3.2. Biomass / biovolume conversion factor

To account for the volume fraction of the cultivation suspension which is occupied by the cells, an
empirical conversion factor k., ¢, Was determined to deduce the biovolume from cell dry
weight. Biovolume was measured in technical triplicates for each sample using a MultiSizer 3 (Beck-
man Coulter, Krefeld/DE) particle counter [325]. Samples were adjusted to an optical density (ODggo)
of approx. 0.4, and 500 pL were diluted in 9.5 mL CASYton buffer (Scharfe Systems, Reutlingen/DE). All
particle counts between 0.9 and 4 pm were considered as cells. The conversion factor kcy —scp;000;
was calculated as mean ratio of biovolume per cell dry weight from the samples.
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8.8. Analytics

8.8.1. Optical density

Optical density was measured at 600 nm (ODgoo) against PBS. Samples were diluted with PBS to a

range of approximately 0.5 - 0.05 ODgqpo.

8.8.2. Cell dry weight

Cell dry weight was determined gravimetrically. Samples of 1 mL were pipetted into pre-dried (80 °C,
min. 48 h) and pre-weighted 2 mL tubes and centrifuged at max. speed for 10 min at using benchtop
centrifuges ("BIOFUGE pico", Heraeus, Hanau/DE). Resulting supernatants were collected and stored
at -20 °C. Cell pellets were washed once with PBS, centrifuged again and the supernatant was dis-
carded. The pellets were dried as before with subsequent weighting to calculate the cell dry weight

cx [gx L.

8.8.3. Backscatter calibration

To convert backscatter reading from the BioLector MBR cultivations into cell dry weight, calibration
series were performed for different C. glutamicum strains. A sufficient amount of cell suspension was
produced from 100 mL shake flask cultivations in CgXll grown to saturation and resulting biomass was
washed and resuspended to different cell concentrations in CgXll medium without glucose. For each
dilution step, cell dry weight from 2 or 10 mL of cell suspension was determined in three analytical
replicates, and backscatter was determined in three technical replicates by filling three times 800 pL
of each dilution step into a Flowerplate, which was measured in the BioLector devices using the
cultivation protocol. Afterwards, values for backscatter and cell dry weight were correlated by linear

regression.

8.8.4. Glucose assay

Glucose from cultivation supernatants were quantified by enzymatic assay in 96 well MTPs, which
relies on the formation of glucose-6-phosphate from glucose by hexokinase (HK) with subsequent
formation of NADH by glucose-6-phosphate dehydrogenase (G6P-DH). Two dilutions from each sam-
ple were prepared using 50 mM phosphate buffer, pH 8, and 20 pL of each dilution (1:12.5 and 1:50)
was transferred to 96 well MTPs. Next, three identical glucose dilution series for calibration were

prepared from a glucose aliquot (20 g L™, stored at -20 °C) using 50 mM phosphate buffer, pH 8, as
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diluent. HK activity was verified to be not inhibited by the applied phosphate content in the dilution
buffer. Into each measuring plate, 20 pL of each dilution series was copied to determine a glucose
calibration for each measuring plate in technical triplicates. Afterwards, 180 pL of reaction mix was
added and after incubation of 45 min at RT, the absorption at 340 nm was recorded. Reaction mix
contained 4.4 mL L™ enzyme mix (containing 340 U mL™ HK and 170 U mL™" G6P-DH, Roche Diag-
nostics, Mannheim/DE), 4.4 mM MgSO,, 1 ¢ L™ NAD-2H,0 and 0.68 g L™ ATP-2Na in 100 mM Tris
maleate buffer, pH 6.8. Finally, the glucose concentration in the sample was calculated, according to
equation (8.4). Only measurements in the linear range of the calibration series were considered.
A3za0 — baie

CGle = ————— fD (8.4)
aGic

8.8.5. Cutinase activity assay

Cutinase activity from cultivation supernatants was determined using p-nitrophenylpalmitate (pNPP)
as substrate analogue with the anion of pNP as spectrophotometrically detectable reaction product
[326]. Samples were diluted appropriately using PBS and 20 pL of the diluted samples were copied
into three 96 well MTPs, serving as analytical triplicates for cutinase activity measurements. In each
MTP, three replicates of a pNP dilution series were pipetted (20 pL each dilution step) to convert
absorption readings a 410 nm into micromoles of pNP formed during pNPP hydrolysis by cutinase.
Enzymatic reaction was started by rapid addition of 200 pL reaction mix with subsequent transfer
into a MTP reader pre-warmed to 37 °C, and absorption at 410 nm was recorded in 25 sec intervals. The
resulting linear increase over time (AA,;o nm, R? > 0.99) was used for cutinase activity determination,
according to equation (8.5). Reaction mix consisted of 1 volume substrate solution (30 mg pNPP in
10 mL isopropanol) and 10 volumes reaction buffer (2.3 g L' Na-desoxycholate, 1.1 g L™ gum arabic
in 55 mM K-P; buffer, pH 8).

EFEA=AAqp- apNPp - fD (8.5)

8.8.6. Protein quantification by Bradford assay

From cultivation supernatants, protein content was determined by colorimetric Bradford assay. From
each sample, 30 uL were pipetted into 96 well MTPs, as well as 30 uL from a dilution series of bovine
serum albumin (BSA) as calibration standard (o - 200 mg L™) in triplicates. After addition of 200 pL
ready-to-use Bradford reagent (Sigma, Taufkirchen/DE) and an incubation time of 5 min, absorption

at 595 nm was measured and protein concentration was calculated according to equation (8.6).
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CProtein = As95 - QBradford T bBradford (8.6)

8.8.7. GFP specific fluorescence of cultivation supernatants

To distinguish between GFP specific fluorescence of GFP secreting C. glutamicum cell suspensions
and cell free supernatants, 800 pL of each cultivation suspension were transferred to 1.5 mL reac-
tion tubes to obtain supernatants by centrifugation, as described in section 8.8.2. Then, 200 pL of
resulting supernatants were transferred to black MTPs with transparent bottom ("uclear", Greiner,

Frickenhausen/DE) for GFP specific fluorescence measurement.

8.8.8. SDS-Page

Visualization of the amount of secreted GFP was performed by denaturing SDS-Page using 12% Bis-
Tris gels according to the supplier’s instructions ("TruPage", Life Technologies, Darmstadt/DE). For

staining of protein bands in the gel, a microwave-based protocol was used [327].

8.8.9. Proteome analysis

Cell pellets for untargeted proteome analyses were generated from at replicate cultivations as in-
dicated. Cells from 1 mL samples were pelleted using a bench top centrifuge ("himac", Hitachi Koki,
Tokio/JP, 1 min, 13000 rpm, 4 °C), washed once with 1 mL ice cold PBS and stored at -20 °C until
analysis. Sample preparation and data processing was essentially carried out as described else-
where [11]. Briefly, cell pellets were disrupted mechanically and tryptically digested after addition of
5N-labeled cell extract as internal standard. Quantification was performed on a LC-MS/MS system
(Agilent Infinity 1260 HPLC with Q-ToF 6600 mass spectrometer, AB Sciex, Darmstadt/DE). Peak in-
tegration, and protein identification and quantification were done using PeakView and ProteinPilot
software packages, respectively (both AB Sciex). Differences in protein levels (ration of means) were
calculated using MarkerView (AB Sciex) and p-values were calculated using a Welch test. Resulting
p-values were adjusted for multiple testing to control the FDR [328, 329]. Briefly, fold-changes from
all m protein levels were listed by their corresponding p-values in ascending order and the result-
ing ranked-ordered p-values were denoted as pg to p,,. Then, the p-value of highest rank, pg, was
determined for which the condition pxg < % -a,1 < k < m holds, with « denoting the desired
FDR to be controlled. Finally, for all fold-changes up to rank k, Hy is rejected. Additionally, protein

levels need to show a at least two-fold regulation to be considered as significantly different.

170



8.8. Analytics

8.8.10. Transcriptome analysis

Samples of 1 mL were pelleted using a bench top centrifuge (30 sec, 13000 rpm, 4 °C) and, after rapidly
discarding the supernatant, snap-frozen in liquid nitrogen. Cell pellets were stored at -80 °C until
preparation of RNA using a kit system according to the manufacturer’s instructions ("RNeasy", Qiagen,
Hilden/DE). Fluorescently labeled cDNA was produced from isolated RNA using reverse transcriptase
("Superscript IIl", Life Technologies, Darmstadt/DE). Purified cDNA samples were pooled together in
the form of reference against sample. The prepared two-color samples were hybridized at 65 °C while
rotating for 17 h using Agilent’s (Santa Clara, CA/USA) gene expression Hybridization Kit, hybridization
oven and hybridization chamber with subsequent washing using Agilent’'s Wash Buffer Kit according
to the manufacturer's instructions. Hybridized microarrays were read for fluorescence emission at
532 and 635 nm (cy3 and cys dye, respectively) using GenePix hard- and software ("4000B laser" and
"Pro 7.0", Molecular Devices, Sunnyvale, CA/USA). Obtained raw images were saved as TIFF-files for
quantitative analyses using GenePix image analysis software with GPR-files as output. These were
further processed for background correction, ratio calculation and normalization with the help of
Bioconductor R-packages 1imma and marray [330]. Fold-changes of mRNA levels are reported as

ratio of median values.
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A. Supporting material for Chapter 2

The presented MATLAB code for automated determination of growth rates from high-throughput MBR
cultivations (cf. Figure A1) was used to calculate growth rates from a BioLector raw data set of a pre-
viously reported characterization of a library of genome reduced C. glutamicum strains derived from
wildtype ATCC1303 [55] or lysine producer DM1933 [160], detailed results are listed in Table A1. When
comparing the deviation of the automatically calculated growth rates to the data from literature,
Dev. [%] = ‘1 — Houtom.
less is seen, few values (8 out of 23) deviated by 15% or less, and only two growth rates show a higher

, the following is found: In most cases (13 out of 23) a deviation of 10% or

deviation of 16% and 21%. Consequently, growth rates calculated from automated detection of the
corresponding growth phase agree very well with literature, where manual effort was required, for

example, to remove backscatter readings form the stationary phase before data fitting.
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Table Aa.: Automated calculation of growth rates from different genome reduced C. glutamicum strains, with comparison
to literature.

Growth rate i [h™]

Strain Literature  Re-calculated from automated procedure (95% Cl)
DM1933 0.32 £ 0.01 0.30 (0.29 - 0.30)
DM1933 ACGP1 0.30 + 0.03 0.30 (0.29 - 0.31)
DM1933 ACGP2 0.31+0.03 0.32 (0.31- 0.32)
DM1933 ACGP3 0.31* 0.02 0.32 (0.31-0.32)
DM1933 ACGP123 0.33 £ 0.03 0.33(0.32 - 0.34)
GRLP16 0.31+0.02 0.35 (0.34 - 0.35)
GRLP23 0.33+ 0.02 0.31(0.30 - 0.32)
GRLPz1 0.31+ 0.01 0.29 (0.28 - 0.30)
GRLPs2 0.36 £ 0.06 0.30 (0.29 - 0.31)
GRLP46 0.30 + 0.04 0.32 (0.32 - 0.33)
i 0.43 + 0.04 0.46 (0.45 — 0.46)
0.46 (0.45 — 0.46)
MB0O1 0.43 * 0.04 0.48 (0.47 - 0.48)
GRS16 0.4 * 0.03 0.49 (0.48 - 0.50)
GRS23 0.46 + 0.02 0.47 (0.47 - 0.48)
GRS37 0.45 + 0.03 0.51 (0.51 - 0.52)
GRSs0 0.44 * 0.03 0.50 (0.49 - 0.51)
GRS41 0.41 + 0.04 0.47 (0.46 - 0.47)
GRSz2 0.39 + 0.01 0.47 (0.46 - 0.48)
GRS46 0.43 + 0.03 0.50 (0.49 - 0.50)
GRS45 0.31+0.02 0.34(0.34 - 0.34)
GRS47 0.41 £ 0.03 0.48 (0.47 - 0.49)
GRS48 0.45 + 0.01 0.49 (0.49 - 0.50)
GRS53 0.44 £ 0.03 0.47 (0.47 - 0.48)

Data originate from a BioLector raw data set and results are compared to previously reported data collections from litera-
ture [55, 160]. # For strain WT, two data sets from growth duplicates were processed. Data from literature is given as mean
+ standard deviation. Cl confidence interval.
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1 ** Calculate BS blank from first BS signal with cell concentration below

2 limit of detection (LOD)

3 Blank := mean(BS[1:3])

4 ** Estimate measurement error for BS signal from first BS readings.
5 BS_Std := std(BS[1:3])

[ ** Find first measurement cycle where BS signal exceeds user defined
7 threshold for limit of quantification (LOQ)

8 for (i := 1 to Nuaet) {

9 if (BS[i]) »= BSThres) {

16 Muin = i

11 break

12 }

13 }

14 ¥* Set Ngng = Naee. Calculate growth rate from BS signals between
15 measurement cycle ny, and ngg. If StopCriteria are not fulfilled, set
16 Nend = Neng-1 and repeat procedure

17 Ngng 2= Niast

18 while (g > nwn) {

19 BSSubset := BS[nuin] to BS[nend]

20 Blank BSSubset and make log-transformation

21 BSBlanked_Std := sqrt(BS_Std~2 + BS_Std*2) ** Error propagation
22 Calculate growth rate by weighted linear regression (WLR) using
23 corresponding inverse squared BSBlanked_Stds

24 if StopCriteria

25 break

26 else

27 Neng += Ngpg-1

28 }

29 StopCriteria {

30 R2adj > @.99

31 (BS[Ngag] = BS[Meaa=1]) > (BS[Ngaa=1] = BS[nena=2])

32 (BS[I"IE"d] = BS[nE..,,—l]) > e

33 (BS[neng-1] - BS[ngna-2]) > @

34 }

Figure Aa.: Pseudocode for automated calculation of growth rates, using backscatter signal as example biomass signal.
The procedure starts with the calculation of the blank (zero) value from first BS signals, where the cell concen-
tration is below the limit of detection (LOD) (lines 1 to 3). These first BS signals below the LOD are also used to
calculate the BS measurement error which is considered to be additive for all BS signals (lines 4 to 5). Next, the
measurement cycle is identified where the BS signal exceeds the user defined limit of quantification limitation
of quantification (LOQ) (lines 6 to 13). To detect the exponential growth phase from the complete BS data set, a
BS subset is extracted ranging from measurement cycles where the BS signal reaches the LOQ to the last one.
For this BS subset, the growth rate is calculated by WLR after In-transformation and several stopping criteria
are evaluated. If these criteria are not fulfilled, a new BS subset is evaluated from which the last measurement
is removed. This procedure is repeated until the stopping criteria are fulfilled. Please note: this is implemented
as for-loop in the MATLAB function (lines 14 to 28). Three stopping criteria are defined: A certain adjusted R>
from the regression has to be reached. The last biomass increase has to be higher than the previous one, and
these two increases need to have a positive sign (lines 29 to 34). Figure reprinted from [200].

207






B. Supporting material for Chapter 3

0.15 40
A OSlope
O Offset
—_ L 30
A
5 01 4 5
= - — ] E £
g - 20
= 2
1] =
o 4
§oos (<)
v L 10
0 : . : : : : : 0
500 600 700 800 900 1000 1100 1200
Filling volume [uL]

0.15 40
—_ L 30
7
5 01 =
s e e e e I S I I S I S = g S b s e g
2 | =
z 20 §
1] =
o 4
§005 (<)
@ L 10

0 . . . . . : . . T : 0

500 600 700 800 900 1000 1100 1200 1300 1400 1500
Shaking frequency [rpm]

Figure B:.: Check for linearity of BS signal for different filling volumes and shaking frequencies. (A): Variation of filling
volume at a shaking frequency of 1300 rpm. (B): Variation of shaking frequencies at a volume of 800 pL. For
each condition, a turbidity standard dilution series (100, 200, 500, 1000, 2000, and 4000 NTU) was applied and
a OLS linear regression was calculated, resulting R? was always > 0.99.
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Figure B.2.: Impact of urea on biomass formation and pH development during growth of strain WT-NprE in CgXIl medium.
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(A): Time courses of biomass growth. (B): Corresponding pH time courses. Cultures were induced with 100 pM
IPTG upon reaching a BS value of 15 a.u., using an automated MBR protocol. Data represent mean and standard
deviations from eight replicate cultivations, of which two were harvested 1, 2, 4 and 6 h after induction.
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Figure B.3.: Comparative induction profiling for C. glutamicum cutinase secretion strains zwf *"-NprE, AcgIMRR-NprE and
MBoo1-NprE. Each panel shows the extracellular cutinase activity over time after induction, determined from
BioLector MBR cultivations. Induction profiling conditions copmrise three strains, four IPTG concentrations and
three different growth stages at induction. The latter parameter is represented by a BS signal of 15 a.u. (early
growth phase), 30 a.u. (mid-time growth phase), and 45 a.u. (late growth phase), which serves as trigger signal
for IPTG addition. Tested IPTG concentrations are 50, 100, 200 and 500 pUM. Panels A, B, and C show time profiles
of cutinase activities obtained with strains zwf *-NprE, AcglMRR-NprE and MBoo1-NprE, respectively, while
panels 1,2, and, 3 show results for these strains induced at early, mid-time, and late growth phase, respectively.
In each panel (i.e., for a specific combination of strain and growth stage where IPTG was added, as indicated
at the top of each panel), results for the four tested IPTG concentrations are shown. The corresponding color
coding is given in panel A1, which applies to all panels. For clarity reasons, biomass signals are not shown. Error
bars indicate standard deviations from replicates (n = 3) of cutinase activity determination from each sample.
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Figure B.4.: High-resolution time courses for cell dry weight, glucose and extracelluar cutinase activity (panels 1, 2 and 3,
respectively) for strains MBoo1-NprE and zwf =" -NprE (panels A and B, respectively). For both strains, the NprE
SP is used. For induction of each culture replicate, 100 pM IPTG was added upon reaching a BS signal of 15 a.u.,
and each strain was cultivated in 48 replicates. Cell dry weight is calculated from BS signal at time point of
harvest via linear calibration. cx cell dry weight. cp cutinase activity. cs glucose concentration.
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Figure B.5.: Impact of interrupted shaking on growth of C. glutamicum WT, MBoo1, W127, W121.7, W127.6, and zwf™" during
repeated low-volume sampling. (A): Cultivations with stopped shaking for sample taking. (B): Cultivations
where sampling was conducted without interruption of shaking. Black dots indicate time points of sampling.
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Ca. Step-by-step protocol
Part A: Conceiving the study and definition of methods (Figure 4.4, first box)

Note: Definition of the optimization objective: Is a time course of product formation needed or is only a
limited time interval or even a fixed time point relevant? Also, consider potential issues such as stabil-
ity, effort of analytical quantification, or cultivation time. As an alternative to final protein titer, other
objectives could be considered such as biomass or cultivation time. Biomass is considered by biomass
specific product yield, while cultivation time is considered by space-time-yield. (Minimum) product qual-
ity could also be an aim. Multi-objective optimization may be required in certain situations, as discussed
elsewhere [248]. In this study, GFP titer after 17 h of cultivation was chosen as the optimization objec-
tive. GFP fluorescence can be followed online using the equipment available in this study, which greatly
simplifies determining the concentration of the model protein.
Note: Definition of the parameters to be optimized: CgXIl medium consists of 16 individual components
[56] and investigating all of these in a full factorial design would result in 2™ (i.e., > 65000) experi-
ments. Consequently, the search space needs to be reduced on a rational and experience-driven basis.
The selection of media components considered for optimization can be supported by available expert
knowledge or literature data.

1. Decide which medium component concentrations should not be varied. For the optimization of CgXIl
medium, the following components were chosen to be fixed:

14. Glucose is fixed at 10 g L™". This optimization is trivial because more glucose yields more GFP
secreting biomass. The aim was to reveal non-intuitive medium effects.

1.2. 3-(N-morpholino)propanesulfonic acid (MOPS) is fixed at 42 g L™. This provides sufficient buffer-
ing capacity during batch cultivation and is not metabolized.
Note: The addition of MOPS at this final concentration ensures a starting value of pH 7, even
with the different volumes of the other stock solutions added, which are not at pH 7. However, to
exclude any deviation in starting pH values, the pH should be checked for medium compositions
where all stock solutions are added at their maximum and minimum volumes.

1.3. KH,PO, and K,HPO, are fixed at 1 g L each. These provide also buffering capacity, and serve as

a phosphate source.
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1.4. Ureais fixed at 5 g L™". This serves as a basal nitrogen source and pH-stabilizing agent, sufficient
to prevent N-limitation.

1.5. Biotin is fixed at 0.2 mg L™. C. glutamicum ATCC13032 is auxotrophic for biotin.

1.6. Protocatechuic acid (PCA) is fixed at 30 mg L™. It serves as an iron chelating agent.

1.7. Isopropyl-3-D-1-thiogalactopyranoside (IPTG) is fixed at 100 pM. It induces expression of the gfp

gene.

2. Select high and low concentrations of media components for initial sensitivity screenings. Here, com-

ponents from three typical groups of media components were chosen. The investigated low and high

concentrations for each component are:

21. Standard nitrogen source: (NH,),SO, (8 - 32 g L™); the variation of nitrogen source was reported
to be promising for optimization of biomass-specific GFP signal [36].

2.2. Trace elements: FeSO,-7H,0 (4 - 16 mg L"), MnSO,, - H,0 (4 - 16 mg L™"), ZnSO, - 7H,0 (0.4 -
1.6 mg L"), CuSO, - 5 H,0 (125 - 501 pg L™), NiCl, - 6 H,0 (8 - 32 pg L™") and CoCl, - 6 H,0 (52 - 208
ug L™"). The composition of trace elements is inherited from the first publication of CgXll medium
[56]. In addition, Na,MoO,, - H,0 (26 - 104 pg L) and H;BO; (20-80 pg L™) were included as trace
elements, as they are used in a published variant of CgXll medium [237].

2.3. Macro elements: MgSO,, - 7H,0 (0.2 - 0.4 g L), CaCl, -2 H,0 (5.3 - 21.2 mg L™). These were found
among other divalent cations to enhance secretory GFP production in another study [227], where
C. glutamicum strain R was used with a different medium background and the CgR0949 Tat signal

peptide.

3. Preparation of materials and definition procedures

Note: It is advised to define and fix the experimental methods at a detailed level. This standardization
ensures that different results can be traced back to intrinsic biological variability or different medium
compositions.

Note: Media stock solutions: Prepare individual stock solutions for all investigated media components.
Prepare highly concentrated stocks to allow for the dilution of different volumes for all components. This
means that after combining all stock solutions at their highest volume according to the design plan,
this cannot exceed the final cultivation volume, cf. paragraph "Generation of medium stock solution
pipetting list". If the addition of a highly concentrated solution results in a very low addition volume, e.g.
<1/100™ of the final cultivation volume, dilute the stock solution accordingly. For instance, in this study
a pipetting volume of less than 10 L was defined to be infeasible. Typically, trace element solutions
are concentrated as high as 1000-fold with respect to final standard concentration in the medium. It
is advantageous to concentrate media components as multiples (x-fold) with respect to concentrations
in the reference recipe. By doing so, infeasible pipetting volumes of fractional decimals are avoided.

Detailed recipes for all stock solutions of CgXll medium are given in section C.3

3.1. Working cell bank (WCB)
Note: For each growth experiment, one WCB aliquot is used. If more aliquots are needed, use
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3.2.

3.3.

100 mL BHI medium in 1000 mL baffled shake flasks or inoculate multiple shake flasks, which are

pooled before the addition of glycerol solution.

344. Prepare single colonies of the recombinant expression strain C. glutamicum pCGPhoD®s-GFP
[239] on agar plates (37 g L™ BHI powder, 20 g L™ agar, 25 mg L™ kanamycin). Plating material
can either come from fresh transformation or from a cryopreserved aliquot. Incubate at
30 °C until the appearance of single colonies; this takes usually one to two days.

3.1.2. Inoculate a shaker flask culture (50 mL BHI medium with 25 mg L™ kanamycin, 500 mL baffled
flask, 250 rpm, 25 mm shaking diameter, 30 °C) with colony material and incubate overnight
(approximately 16 h).

3.1.3. Combine one volume of resulting cell suspension with one volume of 500 g L™ sterile glyc-
erolsolution and distribute in2 mLaliquots in sterile cryopreservation vials. Store at-80 °C.

MBR cultivation protocol
Note: For the employed BioLector MBR system in this study, scattered light (biomass) and GFP
fluorescence are intensity measurements, which need a certain gain value assigned. The higher
the gain, the higher the optical signal is amplified; this is also why scattered light and fluores-
cence are measured in arbitrary units (a.u.). Determine suitable gain values for biomass and GFP
detection in preliminary experiments, along with suitable shaking frequency and filling volume
to avoid oxygen limitation at higher biomass concentrations during later process stages. The em-
ployed cultivation conditions ("Flowerplates", i.e., flower-shaped 48-well MTPs, shaking frequency
of 1200 rpm, filling volume of 1000 L, 10 g L™ glucose as main carbon source) ensured oxygen
unlimited cultivations. For maximum oxygen transfer rates resulting from other combinations of
filling volumes and shaking frequencies in flower-shaped 48-well MTPs, datasheets from the sup-
plier are available. Also, growth defects of individual cultures may occur due to low amounts of
secondary substrates (e.g., nitrogen, trace elements). Therefore, check the biomass concentra-
tions at the end of cultivations. In this study, no such growth effects were observed.

3.2.1. Define the cultivation protocol for the MBR system ("BioLector") as follows:

3.214. Filterset 1: Biomass, gain 14. Filterset 2:pH, gain is preset. Filterset 3: p02, gain is preset.
Filterset 4: GFP, gain 80.

3.21.2. Shaking frequency: 1200 rpm.

3.21.3. Temperature: 30 °C.

3.2.1.4. Cycle time: 15 min.

3.21.5. Experiment time: manual (Cultivation will not be stopped automatically).

Generation of medium stock solution pipetting list

Note: Almost any liquid handling robot system is capable to read pipetting actions from external

files. Basically, the minimal information needed is the transfer volume and position of reagent

source, as well as the destination of each represented by a labware position on the robotic deck
and a specific cavity within the labware. However, different syntaxes for different liquid handling

systems must be considered. Figure C.1shows an example file structure for the employed pipetting
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system in this study.

3.3.1.

Four types of stock solutions are pipetted into each cultivation well:

3.3.14. Stock solutions of media components that are varied ("Variation Stocks").

3.3.1.2. Water to compensate for different cumulative volumes of above stocks.

3.31.3. A stock solution ("Rest Stock") containing all components that are fixed. This stock

solution can be composed from stocks containing the different components that are,

e.g., stored at different temperatures or sterilized by different methods.

3.31.4. Inoculum, which should be added as the last component and put onto the worktable

3.3.2.

3.3.3.

3.3.4.

3.3.5.

just before addition to avoid settling of the cells.

Per cultivation well, calculate the volumes to be transferred for all media components

Ci,Stock —

accordingto: V; = Vi - 1. The volume to be added for certain Variation Stocks

Ci,Targe

maybe zero, i.e., when this é;ecgiﬁtc component is omitted.

Revise all calculated volumes V; for suitable numbers. Pipetting increments in volume
steps should not be too small. If necessary, adjust the concentrations of Variation Stocks.
For instance, the minimal pipetting volume here was defined as 10 yL, and the minimal
increment was defined as 5 pL. In general, these volumes should be defined based on ex-
perimentally determined precision and accuracy for the used liquid handling station.
Calculate the volume of Rest Stock containing the fixed components 5 for all wells as fol-

; -1 . . .
lows: V; = Vipp - —L5tock ™% \where the maximum cumulative volume of Variation Stock

Ci,Target
(Zz Vi)max is used. Consequently, calculate the required concentrations of the fixed com-
ponents in Rest Stock as follows: ¢ Rest = C; n ‘3; e Prepare Rest Stock accordingly.

Per cultivation well, calculate the volume of water to be added as follows: Vi,0 = Vit —
VRestStock — VInok — Zl V5. Per cultivation well, list all volumes to be added in the fol-
lowing order of addition: Vi, 0, VRestStocks Vi» Vinok. Format the pipetting list according
to the specifications of the liquid handling station, as shown for an example in Figure Ca.

4. Seed culture, automated media preparation, and start of main culture

4.

Create a protocol for the liquid handling robot. See Figure C.2 and Figure ?? for an example

protocol for a "Janus" system, implemented in corresponding "WinPREP" software. The protocol

should consider the following aspects:

44..
4.2,
44.3.

Include a sufficient runtime of sterile housing prior to media preparation.

Include an initial excessive cleaning and washing of all pipetting tips and tubing.

Choose appropriate labware containers for stock solutions. Here, deep well plates with
12 columns are suitable for storage of Variation Stocks, as all eight pipetting tips can dip in
a parallel arrangement into the well columns. This greatly speeds up media preparation. If
15 mL or 50 mL reagent tubes are used as reservoirs, only one pipetting tip can dip into it
at once. For other stocks like water and Rest Stock, 100 mL troughs are used, as these stock

solutions require higher volumes in total.



C.1. Step-by-step protocol

4.2,

4.3.

4.4,

4.5.

4.6.

4.7.

4.8.

4.9.

410.

4.4. Provide a sufficient total volume for each stock solution to compensate for waste volumes,
height pipetting offsets, etc.
4.5, Insert a user prompt before the inoculation step, ensuring that this step is carried out

immediately prior to the seed culture procedure.

Prepare all stock solutions in a sterile manner and store until use, in appropriate containers, e.g.,
sterile 15 mL and 50 mL test tubes.

Sterilize the deep well plates for stock solution storage on a worktable, e.g., by wiping with 70%
ethanol and subsequent drying in a laminar flow hood.

Start the seed culture by inoculating 50 mL BHI medium containing 25 mg L™ kanamycin with one
aliquot from the WCB. Before the MBR cultivation, prepare fresh, vital inoculum from exponen-
tially growing seed cultures in a sufficient amount.

Place all necessary labware on the robotic worktable and pour stock solutions in the correspond-
ing labware.

Start the robotic workflow for media preparation, so that the last step (inoculation), is reached
in time with the start of seed culture. The total runtime of the robotic workflow needs to be
evaluated previously.

Sample the seed culture after approximately 2 h, then each hour, to monitor the growth by optical
density (ODgoo). After approximately 5 h, the culture reaches 3-4 ODgoo and is used to inoculate
the main cultures.

Place the seed culture on the liquid handler worktable and continue the media preparation pro-
tocol. Seal cultivation MTP after inoculation.

Place the sealed cultivation MTP in the BioLector device and start the pre-defined cultivation
protocol.

Dispose the remaining stock solutions, according to biosafety regulations if necessary, and seed
the culture from the robotic worktable. Clean the re-usable labware and start the liquid handler

decontamination protocol.

5. Product quantification and preprocessing of raw data for analysis

5.
5.2.

5.3.

5.4.

Stop the main culture after a 17 h runtime.

Transfer the measurement data from the MBR device to the connected computer using the asso-
ciated software package according to the manufacturer’'s user manual.

Use the "Data Management -> Transform Data" function of the software package that accompa-
nies the MBR system to convert the raw data file into an easy access spreadsheet format. Copy
the GFP signal data for all cultivation wells from the timestamp column closest to 17 h. Identify
the GFP signals from the reference cultivation wells and the average. Normalize all remaining
GFP signal by the average reference signal.

Quantify the GFP titer using additional methods (if required)

5.41. Transfer the cell suspensions from all cultivation wells into prelabeled reaction tubes and
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obtain the cell-free supernatant after centrifugation for 10 min at maximum speed using a
benchtop centrifuge.

5.4.2. Transfer 200 pL of each cell-free supernatant into a black 96-well MTP with transparent

bottom, and read the GFP specific fluorescence at 488/520 nm using an appropriate mi-
croplate reader. Normalize the GFP signal from all wells with average signal from reference
cultivations.
Note: The absolute GFP fluorescence signals cannot be compared for different measurement
devices. Therefore, the 5 reference strains from all main cultivations serve as an internal
standard. The improvement of GFP titer can be expressed in relation to the internal stan-
dard. This allows for comparison of results from different experiments and different GFP
quantification methods (see next two steps).

5.4.3. Determine the protein content of the cell-free supernatants with standard protocols, e.g.,
Bradford or BCA assay. In combination with the results on GFP signal, the determination of
a protein specific GFP titer is possible.

Note: After fluorescence measurement, use the sample directly from this microplate. Use of
multi-channel pipettes greatly facilitates the necessary liquid handling steps.

5.4.4. Perform an SDS-Page visualization of cell-free supernatants following standard protocols
to verify that most of the increase protein content is due to increased GFP secretion.
Note: SDS-Page is more laborious than the previously mentioned methods, especially with a
high sample load. For verification purposes, it is often sufficient to run SDS-Pages of cell-free

supernatants from reference medium and final optimized medium cultivations [167].

Part B: Sensitivity analysis (Figure 4.1, second box)

Note: The goal of this part is to identify the important factors that have a significant effect on the
objective.

. Choose aninitial concentration range of media components. The reference medium composition should

lie inside the chosen concentration ranges.

. Choose an appropriate DoE. Such designs can be found in literature, e.g., from the NIST/SEMATECH e-

Handbook of Statistical Methods ". The chosen design depends on number of media components of
interest (here, 11) and the number of performed experiments (here, 32). In the given example, design

ny  11-6n
2y

was chosen that results in 32 experiments and allows estimation of the effect of increasing
the concentration of one of the eleven components on the objective of interest. To be more specific,
the main effects are not confounded with pair-wise factor interactions. They can be confounded with

higher order interactions that are, however, most likely not significant.

. Use the remaining wells (here, 16) for performing multiple replicates with the reference medium to

assess the reproducibility of the process. Replicates should be equally spread over the plate to discover

" available at www.itl.nist.gov/div898/handbook/pri/section3/pri3347.htm
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Part C:

1.

positional effects. The mean value of the measured output from the reference experiments is used for
normalization. That is, each measured output of the sensitivity analysis is divided by the mean value
of the reference output.

Calculate the main and, if possible, the combinatorial effects using appropriate statistics software. The
classic design of experiment is based on a polynomial approximation [223]. For instance, the MATLAB
function mvregress can be used for the estimation of the polynomial coefficients. The mvregress
function is part of the statistics and machine learning toolbox.

Identify the relevant effects of various media components on the objective using a t-test. In the ex-
ample, NH,” has a significant negative effect, and Ca>* and Mg>* show the strongest positive effects
(Figure C.s). Because GFP signal was normalized, the coefficients represent the average relative change
in the GFP signal when increasing concentration of the particular component from its center value,
W + Min, to its maximum value. Fixed components without a relevant effect are at their

reference value during the optimization.

Iterative optimization (Figure 4.4, third box)

Note: The MATLAB tool KriKit was used for the interpretation and statistical data analysis [233]. KriKit
allows the user to construct a data-driven Kriging model. This Kriging model predicts the functional
relationship between the media components and the objective. It also provides information on the
prediction uncertainty. High uncertainty indicates noisy data and/or insufficient data density.

Design of Experiments

Note: New experiments are iteratively designed, based on the results of the previous run.

14. Inthe first iteration, design new experiments for detailed investigation of identified media com-
ponents of interest. Experimental results from Part B cannot be transferred to the iterative opti-
mization (Part C), as the concentrations of components without relevant effect are now fixed to
the respective reference value. Consequently, experiments from the sensitivity analysis and the
iterative optimization are not comparable.

1.2. Otherwise, follow the scheme illustrated in Figure 4.1, frame "Iterative optimization". If the poten-
tial optimum lies inside the defined concentration range, new experiments are designed using
the expected improvement [225, 248]. The experimental design based on the expected improve-
ment is integrated in the KriKit toolbox. If the optimum lies on the boundary, expand the con-

centration range.

2. Perform experiments at the designed sample points according to experimental methods defined in

Part A.

3. Statistical analysis

3.1. Construct a Kriging model using the combined data from all iterations, including the current.
3.2. Investigate the model output by visualization using the comprehensive tools of KriKit (2/3D in-

terpolation, movie analysis, screening plot, etc.).
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4. If an optimal area was estimated with sufficient accuracy, stop optimization. If not, continue.
Note: Figure C.5 illustrates the iterative optimization for the test study. The concentration range was
successively expanded until a plateau was found (iterations 1 to 6). The seventh iteration was used for

exploring the boundaries in more detail.

PartD: Verification of results (Figure 4.1, fourth box)

Note: After finishing the iterative optimization, the initial assumptions need to be checked for validity.
1. Redo sensitivity analysis for optimal medium composition. That is, the concentrations of components
that are investigated in Figure 4.1, third box, are fixed to their optimal values. Concentrations of other
components are varied according to an appropriate DoE.
Note: Similar results in both screenings indicate that the concentration levels of the investigated com-
ponents do not alter the effect of the other components. If the screening shows significant differences to
the results from part B, components with a changed effect should be added to the pool of investigated
components and part C should be repeated.
2. In the case of indirect measurement (e.g., fluorescence as indicator for product concentration), apply
orthogonal measurement approaches (e.g., activity assay, Bradford or BCA protein quantification, SDS
page) to confirm the change in the objective of interest by comparing results from the reference medium

and the optimized medium [167].

C.2. Additional figures

A | s c ) E F G H 1 ] [3 L M N o B ¢

1 sin-01 sin-02 sin03  Sin04  SIn0S  SIn06  SIn07  SIn08  SIn09  Sin10  Sin-11 sin-12 sin-13  sin1a  sin1s

2 I Stock H20 Fe-40X Mn-40X Zn-40X Cu-40X NH4-20X betain-40X Ni-40X Co-40Xx Mo-40X BO-40X Ca-40Xx Mg-40X Inoculum
3 |#1 300 425 25 25 25 25 50 o 25 0 0 0 25 25 50
4 #2 300 310 10 40 40 40 80 o 40 40 o o 40 10 50
5 |#3 300 390 40 10 40 10 20 0 ) ) ) 40 10 10 50
6 #4 300 425 25 25 25 25 50 o 25 o o o 25 25 50
7 |#s 300 370 10 ) 40 40 20 0 ) ) ) 40 10 40 50
8 #6 300 425 25 25 25 25 50 o 25 o o o 25 25 50
9 w7 300 340 10 40 10 40 20 40 10 40 40 40 10 10 50
10 #8 300 425 25 25 25 25 50 o 25 o o o 25 25 50
11 %9 300 290 10 10 40 10 80 40 ) ) 40 40 40 10 50
12 #10 300 425 25 25 25 25 50 o 25 o o o 25 25 50

Figure Ca.: Screenshot from the volume pipetting list for sensitivity analysis. Entries in the first column assign a unique
identifier to all volumes of a row; this identifier is the MTP well number of the target cultivation MTP on the
liquid handler worktable, cf. Figure C.3C. Remaining columns encode volumes for different solutions ("Sln-01"
to "Sln-15") to be pipetted. The cumulative volume of one row corresponds to the final cultivation volume of
the corresponding well.
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O
@~ 2 Initial User Query
&3 B morning wash_1
(#-w Stock (xFile: Records)
(#-glf H20 (xFile: Records)
(-9l 1_Fe (xFile: Records )
#-wl 2_Mn (xFile: Records)
(-wl 3.Zn (xFile: Records)
#-wl 4_Cu (xFile: Records)
(-wl S_Ni (xFile: Records )
#-wf 6_Ca (xFile: Records)
-wY 7-Mg (xFile: Records )
-wY 8_Co (xFile: Records )
#-wlf 9_NH4 (x File: Records )
(-9 10_Betain (xFile: Records )
(#-wlf 11_Mo (xFile: Records)
(-9 12_BO (xFile: Records)
@- 1 User - Message_2
(- Inokulum (x File: Records)
63 ﬂ programmende

2 End of Protocol

Container for
other stocks

= —

iners for

Pipetting
target

Stocks

Figure C.2.: Screenshot from the liquid handling control software "WinPREP". Left: Row-ordered commands, including a
transfer command for each stock solution to be pipetted. Before the final command for inoculum addition, a
user prompt is inserted to ensure the seed culture is placed at the table just in time. Right: Schematic of the
worktable, including the source labware for Variation Stocks (two deep well plates with 12 column-like wells),
the reagent trough for Rest Stock, water and inoculum, and the media preparation target cultivation MTP.
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-4 Dispense
@ T Flush_1
® LE_, Wash_1
. End of Transfer
2 End of Procedure
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o . e = nenesi
25 |1 2 3 45678 910111213141516 &
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Figure C.3.:

224

Compilation of detailed screenshots for setup of pipetting of a stock solution. (A): Unwrapped command for
pipetting of Fe stock. Source labware and source well within are marked on the worktable by the read frame
and red column of the corresponding deep well plate. Destination labware and destination wells within are
marked by the blue frame around and blue wells of the target cultivation MTP. (B): Detailed example view on
assignment of pipetting volumes for this step (Fe stock solution). Number of destinations is read from the
pipetting list, which has 48 rows. The dispense volumes for all destination wells for Fe stock solution is found
in column 4 in the pipetting list. Note that the first column in the pipetting list contains identifiers and not
volumes to be transferred, see Figure Ca. (C): Details on destination well numbering. Volumes written in the
row #1 of the corresponding pipetting list will be pipetted into well marked as #1, and so on. Wells #01, #08,
#41 and #48 correspond to wells Ao1, Ao8, Fo1 and Fo8 for the alpha-numeric coding, which is also printed into
the cultivation MTP itself.
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Figure C.4.:
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Detailed results from the first iteration. (A): Kriging interpolation based on experimental data of iteration 1.
Red dots indicate the data set. For comparison, all three interpolation surfaces are overlayed in one plot (dark
blue: ox Ref, checkered: 1x Ref, light blue: 2x Ref). An alternative representation of the results can be found
elsewhere [167]. (B): Kriging interpolation based on the experiments performed in iteration 1 (red dots) and
iteration 2 (yellow squares). Parts of the data presented in this figure have been previously published [167].
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Figure C.5.: Summary of results from iterative workflow. (A): Final Kriging model prediction. (B): Statistical identification of
optimal area (red) based on the statistical z-test, which is provided by KriKit. Boxes indicate successive steps of

iterative design and execution of experiments. Parts of the data presented in this figure have been previously
published [167].

C.3. Component stock solutions for automated media preparation

C.34. Stock solutions for preparation of "Rest Stock"

Biotin stock 1000X

Biotin 0.02¢g
dH,0 ad 100 mL

Sterilize by filtration, store in aliquots at -20 °C
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Glucose stock 50X

Glucose 250
dH,0 ad 500 mL

Sterilize by autoclaving, store at RT

IPTG stock 200X

IPTG 119 ¢
dH,0 ad 50 mL

Sterilize by filtration, store in aliquots at -20 °C

Kanamycin stock 1000X

Kanamycin 125¢
dH,0 ad 50 mL

Sterilize by filtration, store in aliquots at -20 °C

PCAstock 500X

PCA 0758
dH,0 ad 50 mL

Sterilize by filtration, store in aliquots at -20 °C

Salts stock  4X

Urea 108
KH,PO, 2g
K,HPO, 2g
MOPS 848

4 M NaOK adjust pHto 7
dH,0 ad 500 mL

Sterilize by autoclaving, store at RT
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Rest stock 3.33X
Salts stock 4X 75 mL
PCA stock 500X 0.6 mL

Kanamycin stock 1000X 0.3 mL

IPTG stock 200X 1.5mL
Biotin stock 1000X 0.3 mL
Glucose stock 50X 6 mL
dH,0, sterile ad 9o mL

C.3.2. Stock solutions for varied components ("Variation Stocks")

Betaine stock 40X

Betaine 1g
dH,0 ad 50 mL
Sterilize by filtration, store at RT

BO stock 40X
H,;BO;, 18
dH,0 ad 1000 mL, yields 1000X BO solution

1000X BO solution 16 mL

dH,0 84 mL, yields 160X BO solution
160X BO solution 25 mL

dH,0 75 mL, yields 40X BO solution
Sterilize by filtration, store at RT

228



C.3. Component stock solutions for automated media preparation

Ca stock 40X

CacCl, - 2H,0 0.994 ¢

dH,0 ad 75 mL, yields 1000X Ca solution
1000X Ca solution 16 mL

dH,0
160X Ca solution

dH,0

84 mL, yields 160X Ca solution
25 mL

75 mL, yields 40X Ca solution

Sterilize by filtration, store at RT

Co stock 40X
CoCl, -2 H,0 0.013 g
dH,0 ad 100 mL, yields 1000X Co solution

1000X Co solution
dH,0
160X Co solution

dH,0

16 mL
84 mL, yields 160X Co solution
25 mL

75 mL, yields 40X Co solution

Sterilize by filtration, store at RT

Cu stock 40X
CuSO, - 5H,0 0.0313 g
dH,0 ad 100 mL, yields 1000X Cu solution

1000X Cu solution
dH,0

160X Cu solution
dH,0

16 mL
84 mL, yields 160X Cu solution
25 mL

75 mL, yields 40X Cu solution

Sterilize by filtration, store at RT
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Fe stock 40X

FeSO,-7H,0 o0.04¢g
dH,0 ad 100 mL
Sterilize by filtration, store at RT

Mg stock 40X
MgS0, - 7H,0 1874 ¢
dH,0 ad 75 mL, yields 1000X Mg solution

1000X Mg solution 16 mL

dH,0 84 mL, yields 160X Mg solution
160X Mg solution 25 mL

dH,0 75 mL, yields 40X Mg solution
Sterilize by filtration, store at RT

Mn stock 40X

MnSO,-H,0 0.04g
dH,0 ad 100 mL
Sterilize by filtration, store at RT

Mo stock 40X

Na,MoO, -2 H,0 0.065 g

dH,0 ad 1000 mL, yields 1000X Mo solution
1000X Mo solution 16 mL

dH,0 84 mL, yields 160X Mo solution

160X Mo solution 25 mL

dH,0 75 mL, yields 40X Mo solution
Sterilize by filtration, store at RT
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NH,* stock 40X

(NH,),S0, 40g

dH,0

ad 100 mL

Sterilize by filtration, store at RT

Ni stock 40X
NiCl, - 6 H,0 0.02¢g
dH,0 ad 1000 mL, yields 1000X Ni solution

1000X Ni solution
dH,0

160X Ni solution
dH,0

16 mL
84 mL, yields 160X Ni solution
25 mL

75 mL, yields 40X Ni solution

Sterilize by filtration, store at RT

Zn stock 40X
Znso, - 7H,0 0.04 g
dH,0 ad 100 mL, yields 400X Zn solution

400X Zn solution
dH,0

10 mL

90 mL, yields 40X Zn solution

Sterilize by filtration, store at RT
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Table D:.: Comparison of observed growth rates pg.p for five cutinase secretion strains denoted by the applied Sec SP
(AmyE, Epr, NprE, YpjP, Ywmc) for different bioprocess conditions.

Observed specific growth rate 4 g, [h™'] for C. glutamicum strains

Bioprocess condition AmyE Epr NprE YpjP YwmC

Batch, 1000 puM IPTG 0.34 £ 0.00 0.33 £ 0.01 0.32 £ 0.01 0.32 £ 0.01 0.34 £ 0.02
[bSet = 0.10,1000 UM IPTG  0.09 £ 0.00 0.09 + 0.00 0.08 + 0.01 0.10 + 0.00 0.09 + 0.00
[4Set = 0:15,1000 UM IPTG 0.4 + 0.00 0.14 + 0.00 0.13 £ 0.01 0.14 £ 0.01 0.14 t 0.00
[bSet = 0.20,1000 UM IPTG  0.20 + 0.01 0.21+0.00 0.20 £ 0.00 0.18 £ 0.00 0.19 £ 0.00
[4Set = 0.25,1000 UM IPTG  0.25 + 0.01 0.24 £ 0.00 0.24 £ 0.00 0.24 + 0.00 0.24 £ 0.00

HSet = 0.0, 250 pM IPTG 0.08 £ 0.00 0.08 + 0.00 0.08 * 0.00 0.09 £ 0.00 0.08 + 0.00

HSet = 0.415,250 UM IPTG 0.14 * 0.00 0.13 + 0.00 013 + 0.02 0.4 * 0.00 013 + 0.00
HUSet = 0.20, 250 pM IPTG 0.20 * 0.00 0.19 £ 0.00 0.20 * 0.00 0.18 £ 0.01 0.19 £ 0.00
HUSet = 0.25,250 UM IPTG 0.24 £ 0.00 0.24 + 0.00 0.24 + 0.00 0.22 + 0.00 0.24 + 0.01
HUSet = 0.0, 50 UM IPTG 0.10 * 0.00 0.07 £ 0.00 0.07 £ 0.00 0.09 £ 0.01 0.10 £ 0.00
HUSet = 0.5, 50 UM IPTG 0.14 * 0.00 0.13 + 0.00 0.13 + 0.00 014 + 0.01 014 + 0.01

HSet = 0.20, 50 pM IPTG 0.21 £ 0.01 0.18 £ 0.00 0.19 £ 0.00 0.18 £ 0.00 0.19 £ 0.00
Set = 0.25, 50 UM IPTG 0.25 £ 0.00 0.23 £ 0.00 0.23 £ 0.00 0.24 + 0.00 0.23 £ 0.00

Tested bioprocess conditions comprise batch cultivations as well as fed-batch cultivations with glucose added in a growth-
limiting manner at different exponentially increasing feeding rates for growth rate adjustment (use+ = 010, 0.15, 0.20 and
0.25 h™). Fed-batch bioprocesses were conducted without IPTG added (strains WT, NprE and YwmC) and IPTG concentrations
of 50, 250 and 1000 pM (all strains), as indicated. In batch cultivations, 1000 pM IPTG was added. Data represent mean

with deviations from min/max values as errors from two biological replicates. n.t. not tested.
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Table D.2.: Comparison of observed cutinase yields Yp, x for five cutinase secretion strains, denoted by the applied Sec

SP (AmyE, Epr, NprE, YpjP, Ywmc), for different bioprocess conditions.

Biomass specific cutinase yield Yp, x [kU gx™]for C. glutamicum strains

Bioprocess condition AmyE Epr NprE YpjP YwmC
Batch, 1000 pM IPTG 0.33 £ 0.01 0.92 + 0.09 0.86 * 0.15 0.56 + 0.03 0.37 £+ 0.02
[4Set = 0:10,1000 PM IPTG ~ 2.01 ¢ 0.07 3.06 * 0.06 3.42 + 0.26 2.68 + 0.06 1.65 £ 0.01
[4Set = 05,1000 UM IPTG 158 * 0.02 212 % 0.5 2.39 + 0.01 2.23+ 018 1.29 * 0.08
[4Set = 0.20, 1000 UM IPTG 1.7 £ 0.05 1.61 £ 0.02 1.66 + 0.05 1.48 + 0.02 14 % 0.00
[4Set = 0.25,1000 UM IPTG  0.89 * 0.09 1.40 £ 0.08 1.50 £ 0.1 118 £ 0.08 1.06 * 0.07
[4Set = 0:10, 250 UM IPTG 2.46 * 0.04 2.87 £ 0.04 2.96 * 0.00 272 + 0.06 1.42 £ 0.02
[hSet = 05,250 UM IPTG 1.72 £ 0.07 2.23 + 0.07 2.02 + 014 2.05 + 0.05 119 £ 0.03
[4Set = 0.20,250 UM IPTG 147 £ 0.02 1.63 £ 0.01 1.67 + 0.02 1.50 £ 0.03 113 + 0.01
[hSet = 0.25,250 UM IPTG 1.03 * 0.05 1.29 + 012 1.51 % 012 1.22 £ 0.03 1.00 £ 0.08
[4Set = 0:10, 50 UM IPTG 213+ 0.12 3.39 £ 012 416 £ 0.07 2.56 + 0.34 1.91 % 0.04
[4Set = 0.5, 50 UM IPTG 1.67 £ 0.03 2.23 £ 0.06 3.00 + 0.11 2.09 + 018 172 £ 0.21
[4Set = 0.20, 50 UM IPTG 1.06 * 0.03 1.54 + 0.05 1.94 + 0.27 1.26 + 0.03 1.22 £ 0.02
[4Set = 0.25, 50 UM IPTG 0.90 £ 0.06 1.33 £ 0.07 2.00 + 0.35 1.04 £ 0.10 0.98 * 0.03

Tested bioprocess conditions comprise batch cultivations as well as fed-batch cultivations with glucose added in a growth-
limiting manner at different exponentially increasing feeding rates for growth rate adjustment (use+ = 010, 0.15, 0.20 and
0.25 h™). Fed-batch bioprocesses were conducted without IPTG added (strains NprE and YwmC) and IPTG concentrations of

50, 250 and 1000 pM (all strains), as indicated. In batch cultivations, 1000 uM IPTG was added. Data represent mean with

deviations from min/max values as errors from two biological replicates. n.t. not tested.
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Table D.3.: Comparison of cutinase productivities gp for five cutinase secretion strains, denoted by the applied Sec SP
(AmyE, Epr, NprE, YpjP, Ywmc), for different bioprocess conditions.

Biomass specific cutinase productivity gp [U gx™ h™] for C. glutamicum strains

Bioprocess condition AmyE Epr NprE YpjP YwmC
Batch, 1000 uM IPTG 112 £1 303 +38 274 * 43 180 +7 126 + 11
[4Set = 00,1000 UM IPTG 182 %10 260 £ 2 2803 264 + 12 142+ 6
[4Set = 045,1000 UM IPTG 214 % 2 296 + 11 312 £13 309 13 179 + 16
[4Set = 0.20,1000 UM IPTG 230 %1 33310 3293 2725 218 + 1
[Set = 0.25,1000 UM IPTG 219 £ 17 31+ 14 363 £27 283 £20 250 + 18
[4Set = 0.0, 250 pM IPTG 195+0 240+ 8 236 £ 6 251+ 15 109 + 1
[4Set = 045,250 pM IPTG 235+8 299 * 4 257 + 17 293 +1 1535
[4Set = 0.20, 250 UM IPTG 229 £ 4 3125 3274 269 7 213 +1
[4Set = 0.25, 250 UM IPTG 245+ 13 304 t 26 363 +28 273+ 8 242 15
[4Set = 0.0, 50 UM IPTG 205 £ 4 252+ 8 3087 235+ 10 183+7
[4Set = 045, 50 UM IPTG 240+8 287 + 12 375+ 15 2899 242 +18
[4Set = 0.20, 50 pM IPTG 219+ 4 2807 362 50 233+3 233+3
[4Set = 0.25, 50 UM IPTG 226 + 16 303+ 14 470 £ 83 248 + 23 2276
HSet = 0.25, no IPTG n.t. n.t. 22+3 n.t. M*1

Tested bioprocess conditions comprise batch cultivations as well as fed-batch cultivations with glucose added in a growth-

limiting manner at different exponentially increasing feeding rates for growth rate adjustment (use+ = 010, 0.15, 0.20 and

0.25 h™). Fed-batch bioprocesses were conducted without IPTG added (strains NprE and YwmC) and IPTG concentrations of

50, 250 and 1000 pM (all strains), as indicated. In batch cultivations, 1000 uM IPTG was added. Data represent mean with

deviations from min/max values as errors from two biological replicates. n.t. not tested.
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D. Supporting material for Chapter 5

Table D.4.: Results from multiple regression analysis using the full model comprising an intercept term, linear terms, and
interaction terms between the different predictor variables.

Description Model parameter Estimate SE p-value

Intercept Bo 2.10e-15 3.04€-01 1.00€+00

Linear terms

AmyE 51 3.11€+00 3.64e-01 1.74e-13
Epr Ba 4.22e+00 3.64€-01 3.86e-20
NprE Bs 4.77€+00 3.64e-01 2.53e-23
YpjP Ba 3.70e+00 3.64€-01 5.24e-17
YwmC Bs 2.20€+00 3.64e-01 2.78e-08
Uset Be -1.80e-14 1.66€+00 1.00€+00
IPTG B -2.89e-04 2.25e-04 2.01e-01

Interaction terms

AmyE * Epr Bi,2 o o n/a
AmyE * NprE B1,3 o o n/a
AmyE * YpjP B1,4 o o n/a
AmyE * YwmcC Bi,5 o o n/a
AMYE * Uise Bi,6 -9.08e+00 1.96€+00 1.14€-05
AmyE * IPTG B,7 6.15€-06 1.85€-04 9.74e-01
Epr * NprE B2,3 0 o) n/a
Epr * YpjP B2,4 o o n/a
Epr* YwmcC Ba,5 o o n/a
Epr* Uset B2,6 -1.23e+01 1.96€+00 1.05e-08
Epr * IPTG Bo,7 5.02€-05 1.85€-04 7.86e-01
NprE * YpjP B3.4 o o n/a
NprE * YwmcC B35 o o n/a
NPrE * Uset Bs.6 -1.30€+01 1.96€+00 1.94€-09
NprE * IPTG Bs,7 -2.39€-04 1.85€-04 1.98e-01
YpjP * YwmcC Bas o o] n/a
YPjP * Uset Ba,6 -110e+01 1.96e+00 213e-07
YpjP * IPTG Ba,7 2.16€-04 1.85€-04 2.44€-01
YwWmC * set Bs.6 -4.86€+00 1.96e+00 1.51€-02
Ywmc * IPTG Bs.,7 o o n/a

Continued on the next page.
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Table D.4.: Continued.

Uset * IPTG Be,7 113e-03 1.05e-03 2.81e-01

Regression diagnostics
R? (adjusted R?) 0.914 (0.900)
RMSE 0.262

Data were fitted against the model Yp,x = o + 23:1 Bixi + Z?Zl 237:2 Bijxixj,i # 7 with the categorical
predictor variables x1...x5 encoding the used SP (i.e., AmyE, Epr, NprE, YpjP, and YwmC) and the predictor variables g
and x7 encoding the adjusted growth rate and applied IPTG concentration, respectively. Data from batch cultivations were
not incorporated since for this kind of bioprocess no growth rate can be adjusted. Calculations were made using MATLAB's
fitlm function. SE standard error. RMSE root mean squared error. n/a not available.
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E. Supporting material for Chapter 6

Table Ea.: Summary of extracellular phenotypes (u: specific growth rate, Yp,x: biomass specific cutinase yield) from
microbioreactor screenings of C. glutamicum strains with either AmyE SP or NprE SP for cutinase secretion.

AmyE SP NprE SP

Background strain ph™] Yp/x[kugxl n  plh™] Yp/x [kUgx™l n
WT 0.42 +0.01 0.23+0.04 20 0.40%0.02 0.53+043 46
MBooO1 0.39%0.01 0.29 t 0.09 12 033£0.02 0.52%0.10 26
W25 0.32+0.01 0.35%0.07 12 030%0.01 0.69+0.4 27
w28 0.30%0.01 0.29 + 0.07 12 016%0.01 0J4%0.09 9
W31 0.40£0.01 0.24%0.07 14 037+0.03 0.56%0.10 22
Ws7 0.29+0.01 0.37 0.2 12 0.28+0.01 0.51%0.12 12
W52 0.38+0.01 0.45*0.15 12 034%0.02 0.49 022 26
W53 0.39%0.01 0.30%0.04 12 0.33%0.02 0.49 t0.09 33
W54 0.34+0.01 0.28 + 0.04 12  020:0.01 0.82%0.22 26
W6z 0.31£0.01 0.40 % 0.04 12 027+t0.01 0.88:0.15 28
W65 0.30%0.01 0.31%0.05 12 015+0.01 1.62+0.26 23
w73 * 0.24+0.02 nit. 7 024%0.03 nit 7
w86 0.30£0.01 0.29 + 0.06 12 026:0.01 0.71+0.09 1
W115 0.32+0.01 0.28 £ 0.05 14 023+0.03 0.25%0.0 25
W116 033+0.01 0.24%0.04 14 0J18:0.01 129+0.25 36
W127 0.42+0.01 0.29 + 0.06 14  034%0.03 0.65%0.13 22
W130 0.41+0.01 0.23+0.04 12 034%0.02 0.78%0.15 1%
W134 019 £0.03 0.01%0.01 10 0.26:0.01 0.69 £0.17 18
W121.7 0.34+0.01 0.30%0.08 11 033£0.01 0.47 +0.06 12
W127.6 0.39%0.01 0.34%0.09 12 033%£0.01 0.55%0.08 12
rrnBC 0.38+0.01 0.39 *0.09 12 033%0.01 0.63%0.27 15
rrnBF 0.37£0.01  0.44 * 0.09 12 032%0.02 0.51%0.22 16
renCF 0.36:0.02 0.24*0.03 11 0.33%£0.03 0.36+0.4 17
rrnBCF 0.34%0.02 0.24*0.04 11 031:0.02 0.40 012 26
rrnABCEF 031+0.02 0.35%0.11 10 0.28+0.03 0.40*0.13 19
rrnBCDEF 0.30%0.02 0.25%0.04 10 025%0.02 0.37 +0.08 31

Results are given as mean with standard deviation from n replicate cultivations, as indicated, and originate from two to five
independently carried out BioLector growth experiments. * Strain W73 was cultivated in CgXIl defined medium containing
10% (v v') BHI medium. n.t. not tested.
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E. Supporting material for Chapter 6

Table E.2.:

Overview of deleted genes with corresponding annotations in strains W28 and W86, according to [48, 55].

Deleted in stain

cDS Name  Annotation W28 W86

€g2991 Putative membrane protein X

€g2992 Putative secreted protein X

€g2993 Conserved hypothetical protein X

€g2994 Putative secreted or membrane protein X

€g2995 ptsX Phosphotransferase system (PTS), disfunctional enzyme 1IC component, putative  x
pseudogene

€g2996  ptsX Phosphotransferase system (PTS), disfunctional enzyme 1IAB component, putative  x
pseudogene

€g2997 Hypothetical protein X

€g2998 Putative ferredoxin reductase X

€g2999 Putative thiosulfate sulfurtransferase X

€g3000 Putative transcriptional regulator, MarR-family X X

€g3001  Cps Putative L-aminoadipate-semialdehyde dehydrogenase large subunit X X

cg3002 gabD1  Succinate-semialdehyde dehydrogenase (NAD(P)") X X

€g3003 Hypothetical protein X X

€g3004 Hypothetical protein X X

€g3005  speE Putative spermidine synthase with a transmembrane domain X X

€g3006 Putative membrane protein X X
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Table E.3.: Overview of deleted genes with corresponding annotations in strain W73, according to [48, 55].

cDS Name Annotation

€go158 Putative membrane transport protein, MFS-family
€go159 Hypothetical protein

€go160 Hypothetical protein

€g0161 Putative membrane protein

€g0162 Putative membrane spanning protein

€g0163 Putative N-acetylglucosaminyltransferase

€go165 Putative ABC-2-type transporter

€go166 Putative Ankyrin repeat containing protein, conserved
€go167 Putative membrane protein, DUF81-family

cgo168 Putative secondary chloramphenicol transporter, drug/metabolite transporter DMT superfamily
€go170 Putative transmembrane protein

€go171 Putative secreted protein

€go172 PanD Aspartate 1-decarboxylase precursor

€go173 Hypothetical protein, conserved

€go174 Putative transport protein, conserved

€go175 Putative secreted protein, signal peptide
€go176 Putative membrane protein, DUF81-family
cgo177 Hypothetical protein

cgo178  HrpB Probable ATP-dependent RNA helicase protein
€go179 Putative membrane protein

cgo180  Maa Maltose O-acetyltransferase

cg0181  AlkB Alkylated DNA repair protein

cgo182  TagA2 DNA-3-methyladenine glycosylase | protein

€go183 Putative LysE-type translocator, threonine efflux transporter, resistance to homoserine/threonine
RhtB-family
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E. Supporting material for Chapter 6

Table E.4.: Overview of deleted genes with corresponding annotations in strain W134, according to [48, 55].

CcDS Name Annotation
cgosly  wzz Cell surface polysaccharide biosynthesis/chain length determinant
cgoy15  ptpA2 Putative protein-tyrosine-phosphatase
€goL416 Putative secreted protein, carrying a eukaryotic domain
€goL17 capD Putative dTDP-glucose-4,6-dehydratase, transmembrane protein
€g0418 Putative aminotransferase, involved in cell wall biosynthesis
€goL19 Putative glycosyltransferase
€g0420 Putative glycosyltransferase
cgoL21  wzx Putative PST O-antigen protein, multidrug/oligosaccharidyl-lipid/polysaccharide (MOP)
translocase
€go422 murA UDP-N-acetylglucosamine 1-carboxyvinyltransferase
€go423  murB UDP-N-acetylenolpyruvoylglucosamine reductase
Cg0L2Y Putative glycosyltransferase
€g0426 tnp17a Transposase, putative pseudogene
(Iscg17a)
cgo427  tnp1z7b Transposase, putative pseudogene
(Iscg17a)
cgo428  tnp17c Transposase, putative pseudogene
(Iscg17a)
€go431 Putative membrane protein, involved in polysaccharide acetylation
€go432 Putative lipopolysaccharide modification acyltransferase
€g0433 Hypothetical protein
€go434 Hypothetical protein
€go435  udgA1 UDP-glucose-6-dehydrogenase
€g0436 Hypothetical protein
cgou37  wzy Putative membrane protein, involved in polysaccharide polymerization
€go438 Putative glycosyltransferase
€g0439 Putative acetyl transferase
€go440 Hypothetical protein
€g0635 Putative NAD-dependent aldehyde dehydrogenase
€go636 Putative membrane protein
cgo637  betB Putative betaine aldehyde dehydrogenase (BADH)
€g0638 Hypothetical protein
€g0639 Putative ferredoxin reductase
cgo640  fdxB 2Fe-2S ferredoxin
cgobs1  fabG2 Putative secreted short-chain dehydrogenase
€go642 Conserved hypothetical protein, probably DNA-binding
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Table E.4.: Continued.

CDS Name Annotation

Cg0644 Pyruvate phosphate dikinase, PEP/pyruvate-binding
€go6s5  cytP Putative cytochrome P450

€g0646 Putative transcriptional regulator, IcIR-family
€go704 Conserved hypothetical protein

€go705 Hypothetical protein

€go706 Conserved putative membrane protein

€go707  €gtS7 Two-component system, sensory histidine kinase
€go709  CgtR7 Two-component system, transcriptional response regulator
€go710 Putative membrane protein

€go711 Putative membrane protein

€go712 Putative secreted protein

€go713 Conserved hypothetical protein

€go714 Hypothetical protein

€go715 Putative secreted protein

€go716 Conserved hypothetical protein

€go717 crteb Lycopene elongase

cgo718  crtYf C50 carotenoid e-cyclase

€go719 crtYe C50 carotenoid e-cyclase

€go720  crti2 Phytoene dehydrogenase (desaturase)

€go721 crtB2 Phytoene synthetase

€go722 Putative multidrug efflux protein, resistance-nodulation-cell division (RND) superfamily
cgo723  crtE Geranylgeranyl pyrophosphate synthase

€go725 Putative transcriptional regulator, MarR-family
€g0726 Putative secreted lipoprotein

cgo727 Putative nucleoside-diphosphate-sugar epimerase
cgo728  phr Deoxyribodipyrimidine photo-lyase

€go730 Putative glycosyl transferase

€go731 Hypothetical protein

€g0732 ABC-type transporter, permease subunit

€go733 ABC-type transporter, ATPase subunit

€go735  metl ABC-type methionine transporter, permease subunit
cgo736  metN ABC-type methionine transporter, ATPase subunit
cgo737  metQ ABC-type methionine transporter, substrate-binding lipoprotein
cgo738  dnak2 Putative DNA polymerase Ill, a-chain

€g0739 Putative integral membrane protein

€go740 Putative membrane protein

Continued on the next page.
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E. Supporting material for Chapter 6

Table E.4.: Continued.

CDS Name Annotation
cgo7L1 SirR Transcriptional repressor, DtxR-family
cgo7L42 Putative integral membrane protein
Cgo745 Putative NAD-dependent protein deacetylase, SIR2-family
cgo7L47 Conserved hypothetical protein
cgo748 ABC-type putative iron-siderophore transporter, substrate-binding lipoprotein
cgo822 Conserved hypothetical protein
€go823  ntaA Putative nitrilotriacetate monooxygenase, subunit A
cgo824  tnpsa Transposase
(1scgsa)
€g0825 Putative short chain dehydrogenase related to 3-oxoacyl-(acyl-carrier protein) reductase
€g0826 Putative membrane protein
€go828 Putative dihydrofolate reductase
€g0829 Conserved hypothetical protein, glyoxylase-family
€go830 Putative membrane protein
€go831 tusG ABC-type trehalose transporter, permease subunit
€go832  tusF ABC-type trehalose transporter, permease subunit
€go833 Conserved hypothetical protein
cgo834  tusk ABC-type trehalose transporter, substrate-binding lipoprotein
cgo835  tusk ABC-type trehalose transporter, substrate-binding lipoprotein
€go836 Hypothetical protein
€go837 Hypothetical protein
cgo838 Putative helicase
€go839 Hypothetical protein
€go840 Conserved hypothetical protein
€go841 Conserved hypothetical protein
€go842 Putative DNA helicase
cgo843 Putative helicase
€go844 Type Il restriction enzyme, methylase subunit
€go845 DNA/RNA helicase, superfamily Il
cg1018 Putative ATP-dependent DNA helicase
€g1019 Conserved hypothetical protein, probably metal-dependent hydrolase
€g1020 Hypothetical protein
cg1021 Hypothetical protein, probable esterase/lipase
cg1022  tnpéa Transposase
(Iscg6a)
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Table E.4.: Continued.

CDS Name Annotation
cg1023  tnp6b Transposase
(Iscg6a)
cg1024  tnpza Transposase
(1scg7a)
€g1025 Hypothetical protein
€g1027 dld p-lactate dehydrogenase
€g1028 Putative restriction-modification system methylase
cg1030  tnpé6c Transposase
(Iscgéc)
€g1031 tnpéd Transposase
(ISCgéc)
€g1032 Putative transcriptional regulator, ArsR-family
cg1033 Putative secondary Cd*" transporter, cadmium resistance (CadD) family
cg1172 Conserved hypothetical protein, putative plasmid maintenance system killer protein
cg1173 Conserved hypothetical protein, putative plasmid maintenance system antidote protein
cg1174 arcB Putative ornithine carbamoyltransferase
€g1175 Putative acetyltransferase, GNAT-family
cg1176 Putative short chain dehydrogenase
cg1178  tnpoa Transposase
(IsCg9a)
cg1179 Putative membrane protein
cg1180 Glycosyltransferase, probably involved in cell wall biogenesis
cg1181 Glycosyltransferase, probably involved in cell wall biogenesis
cg1182 Putative membrane protein
cg1183 Hypothetical protein
cg1184  tnp1oc Transposase, putative pseudogene
(IsCg10a)
cg1185  tnp1ob Transposase, putative pseudogene
(Iscg1oa)
cg1187  tnp1oa Transposase, putative pseudogene
(IsCg10a)
cg1189 Hypothetical protein
€g1190 Hypothetical protein
cg1191 Hypothetical protein
cg1192 Putative oxidoreductase, aldo/keto reductase family
€g1193 Conserved hypothetical protein, putative carboxymuconolactone decarboxylase

Continued on the next page.
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Table E.4.: Continued.

CDS Name Annotation
cg1194 Predicted nucleoside-diphosphate-sugar epimerase
€g1195 Putative permease, sulfate permease (SulP) family
cg1197 ABC-type putative lipoprotein release transporter, ATPase subunit
€g1198 Hypothetical protein
€g1199 Hypothetical protein
cg1200 Hypothetical protein
€g1201 Hypothetical protein
€g1202 Conserved hypothetical protein
€g1203 Putative magnesium chelatase, Chll subunit
€g1204 Conserved hypothetical protein, similar to 2,3-PDG dependent phosphoglycerate mutase
€g1205 Conserved hypothetical protein
€g1206 Conserved hypothetical protein
€g1207 ABC-type transporter, ATPase subunit
cg1208 Conserved hypothetical protein
€g1209 Putative Zn-ribbon-containing protein, involved in phosphonate metabolism
€g1210 Putative membrane protein
cg121 Putative transcriptional regulator, MarR-family
cg1212 Putative antibiotic efflux permease, MFS-type
cg1213 tnp1a Transposase
(IsCg1a)
€g1291 Putative membrane protein
€g1292 Flavin-containing monooxygenase 3
€g1293 Putative secreted protein
€g1294 Putative esterase, a-3-hydrolase superfamily
€g1295 Putative hydrolase/acyltransferase, o-3-hydrolase superfamily
€g1296 Conserved hypothetical protein, putative non-ribosomal peptide synthetase module
€g1297 Hypothetical protein
cg1298  cydC ABC-type putative multidrug/protein/lipid transporter, ATPase and permease subunit
€g1299 cydD ABC-type putative multidrug/protein/lipid transporter, ATPase and permease subunit
cg1300 cydB Cytochrome d ubiquinol oxidase subunit Il
€g1301 cydA Cytochrome d ubiquinol oxidase subunit |
€g1302 Putative nuclease, HKD-family
€g1303 NTP pyrophosphohydrolase
€g1304 Putative secreted protein
€g1305 Amino acid permease
cg1340  arnR Transcriptional regulator ArsR-family

Continued on the next page.

246



Table E.4.: Continued.

CDS Name Annotation

cg1341 narl Respiratory nitrate reductase 2, y-chain

cg1342 narf Respiratory nitrate reductase 2, 8-chain

cg1343 narH Respiratory nitrate reductase 2, 3-chain

cg1344  narG Respiratory nitrate reductase 2, a-chain

€g1345 nark Putative nitrate/nitrite permease, MFS-type

cg1346  mog Putative molybdopterin biosynthesis protein Mog

€g1347 Putative secreted or membrane protein

cg1348 Putative membrane protein, containing a CBS domain
€g1349 Putative membrane protein, containing a CBS domain
cg1350  mob Putative molybdopterin-guanine dinucleotide biosynthesis protein
cg1351 moeA3 Molybdopterin biosynthesis protein MoeA

€g1352 moaA Molybdopterin biosynthesis protein A

€g1353 fadD4 Putative acyl-CoA synthetase

cg1370 Conserved hypothetical protein

€g1371 Putative nuclease, RecB-family

€g1372 Conserved hypothetical protein

cg1373 Putative glyoxalase

Cg1374 Conserved hypothetical protein

cg1375 Putative thioredoxin

€g1376 ssuD1 FMNH,-dependent aliphatic sulfonate monooxygenase
cg1377 ssuC ABC-type aliphatic sulfonate transporter, permease subunit
€g1379 ssuB ABC-type aliphatic sulfonate transporter, ATPase subunit
cg1380  SsuA ABC-type aliphatic sulfonate transporter, substrate-binding lipoprotein
€g1381 glgB 1,4-0-glucan branching enzyme

€g1382 glgE Putative o-amylase

€g1383 ABC-type putative molybdenum transporter, ATPase subunit
€g1384 Putative NUDIX hydrolase

€g1385 Putative SAM-dependent methyltransferase
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E. Supporting material for Chapter 6

Table E.5.: Overview of deleted genes with corresponding annotations in strains W31, W115, W116, W127 and W130, according

to [48, 551.
Deleted in strain
n o N o

CcDS Name Annotation é é é S g
€g2312 gip Hydroxypyruvate isomerase X X
cg2313  idhA3 Myo-inositol 2-dehydrogenase X X
€g2314 Putative transcriptional regulator, Lacl-family X X
€g2315 ABC-type putative iron-IIl dicitrate transporter, ATPase subunit X X
cg2317 ABC-type putative iron-lll dicitrate transporter, permease subunit X X
€g2318 ABC-type putative iron-Ill dicitrate transporter, substrate-binding X X

lipoprotein
€g2320 Putative transcriptional regulator, ArsR-family X X
€g2321 DNA-directed DNA polymerase, DNA polymerase Il esubunit X X
€g2322 Conserved hypothetical protein X X
€g2621 Conserved hypothetical protein X X
€g2622  pcal Putative 3-oxoadipate CoA-transferase X X
€g2623 pcal Putative 3-oxoadipate CoA-transferase X X
€g2624  pcaR Transcriptional activator of the protocatechuate branch of the X X

[3-ketoadipate pathway, IclR-family
cg2625  pcaF Putative 3-ketoadipyl CoA thiolase X X
€g2626  pcaD Putative 3-oxoadipate enol-lactonase X X
cg2627  pcaO Putative transcriptional regulator, LuxR-family X X
€g2628  pcaC Putative 4-carboxymuconolactone decarboxylase X X
€g2629  pcaB Putative 3-carboxy-cis,cis-muconate cycloisomerase X X
€g2630  pcaG Protocatechuate 3,4-dioxygenase, o-subunit X X
€g2631 pcaH Protocatechuate 3,4-dioxygenase, 3-subunit X X
€g2633 Putative restriction endonuclease X X
€g2634  catC Putative muconolactone delta-isomerase X X
€g2635  catB Putative muconate cycloisomerase X X
€g2636  catA Catechol 1,2-dioxygenase X X
€g2637  benA Putative benzoate 1,2-dioxygenase, a-subunit X X
€g2638  benB Putative benzoate 1,2-dioxygenase, 3-subunit X X
€g2639  benC Putative benzoate 1,2-dioxygenase, electron transfer subunit X X
€g2640  benD Putative  1,6-dihydroxycyclohexa-2,4-diene-1-carboxylate  dehydro- X X

genase
€g26141 benR Putative transcriptional regulator, LuxR-family X X
cg2642  benk Putative MFS-type benzoate permease X X
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Table E.5.: Continued.

Deleted in strain

5 £ 88 8
CcDS Name Annotation = = = = =
€g2643 benE Putative secondary benzoate symporter, benzoate:H* symporter (BenE) X X
family
€g2663 Hypothetical protein X X
€g2664 Putative type IV restriction endonuclease X X
€g2665 Hypothetical protein X X
€g2666 Hypothetical protein X X
€g2667 Hypothetical protein X X
€g2668  ’crtl Putative phytoene dehydrogenase, putative pseudogen (C-terminal X X
fragment)
cg2670  crtl’ Putative phytoene dehydrogenase, putative pseudogen (N-terminal X X
fragment)
€g2672  crtB Geranylgeranyl-diphosphate geranylgeranyltransferase X X
€g2673 Putative multidrug efflux permease, MFS-type X X
€g2674 Alkylhydroperoxidase, AhpD-family core domain X X
€g2675 ATPase component of ABC-type transport system, contains duplicate X X
€g2676 ABC-type dipeptide/oligipeptide/nickel transport system, permease X X
component
€g2677 ABC-type dipeptide/oligipeptide/nickel transport system, permease X X
component
€g2678 ABC-type dipeptide/oligipeptide/nickel transport system, secreted X X
component
€g2679 Hypothetical protein X X
€g2680 Aminotransferase, AT class Il X X
€g2683 Conserved hypothetical protein X X
€g2684 Conserved hypothetical membrane protein, DedA-family X X
€g2685 Putative short-chain dehydrogenase/reductase X X
€g2686 Putative transcriptional regulator, TetR-family X X
€g2755 Conserved hypothetical protein X X
€g2756 Conserved hypothetical protein X X
cg2757  tnpisa Transposase X X
(ISCg15a)
€g2758 Conserved putative membrane protein X X
€g2759  tnpisb Transposase X X
(ISCg15b)
€g2760 Conserved hypothetical protein X X

Continued on the next page.
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Table E.5.: Continued.

Deleted in strain

5 £ 8§ 8
CcDS Name Annotation = = = = =
€g3102 Secreted nucleoside phosphorylase X X X X
€g3103 Conserved hypothetical protein X X X X
€g3104 Conserved hypothetical protein X X X X
€g3105 Hypothetical protein X X X X
cg3106 Conserved hypothetical protein X X X X
cg3107 adhA Alcohol dehydrogenase X X X X
€g4L002 Hypothetical protein X X X X
cg3108 Putative secreted protein X X X X
€g3109 Putative membrane protein X X X X
€g3110 Hypothetical protein, slightly similar to aquaporin X X X X
cg31M Putative secreted protein X X X X
€g3263 Conserved hypothetical protein X X
€g3264 Conserved hypothetical protein X X
€g3266  tnpsc Transposase X X

(IsCgsc)
€g3267 Putative membrane protein, putative pseudogene (C-terminal fragment) X X
€g3268 Putative membrane protein, putative pseudogene X X
€g3269 Putative membrane protein, putative pseudogene X X
€g3270 Putative membrane protein, putative pseudogene (N-terminal fragment) X X
cg3271 SAM-dependent methyltransferase X X
€g3272 Putative membrane protein X X
€g3273 Hypothetical protein X X
cg4011 Transposon Tn501 resolvase X X
cg3274 Putative DNA invertase, putative pseudogene X X
€g3275  fdxA Putative ferredoxin X X
€g3277 Hypothetical protein, containing double-stranded beta-helix domain X X
€g3278  tnp2oa Transposase, putative pseudogene X X
(IsCg20a)

€g3279 Putative dehydrogenase, putative pseudogene X X
€g3280 Putative secreted protein X X
€g3281 Putative Cu®" transporting P-type ATPase X X
€g3282 Putative Cu” transporting P-type ATPase X X
€g3283 Hypothetical protein X X
€g3284  cgtS9 Two-component system, sensory histidine kinase X X

Continued on the next page.
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Table E.5.: Continued.

Deleted in strain

5 £ 88 8
CcDS Name Annotation = = = = =
cg3285  cgtR9 Two-component system, transcriptional response regulator X X
€g3286 Putative secreted protein X X
€g3287 Putative secreted multicopper oxidase X X
€g3288 Hypothetical protein X X
€g3289 Putative Thiol-disulfide isomerase or thioredoxin X X
€g3290 Putative oxidoreductase X X
€g3291 Putative transcriptional regulator, Crp-family X X
€g3292 Putative heavy-metal ion transporting P-type ATPase X X
€g3293 Hypothetical protein X X
€g3294 Hypothetical protein X X
€g3295 Putative Cd** transporting P-type ATPase X X
€g3296  tnp19c Transposase, putative pseudogene X X
(IsCg19a)
€g3297 tnp19b Transposase, putative pseudogene X X
(IsCg19a)
€g3298  tnp19a Transposase, putative pseudogene X X
(Iscg19a)
€g3299  trxB1 Thioredoxin (TRX) X X
€g3300 Putative Cu* transporting P-type ATPase X X
€g3301 Putative sugar/metabolite permease, MFS-type X X
€g3324 Putative secreted protein X X X
€g3325 Conserved hypothetical protein X X X
€g3326 Hypothetical protein X X X
cg3327 dps Putative starvation-induced DNA protecting protein X X X
€g3328  mutM2 DNA-formamidopyrimidine glycosylase X X X
€g3329 Conserved hypothetical protein X X X
€g3330 Putative secreted protein X X X
€g3331 ogt Methylated-DNA-[protein]-cysteine S-methyltransferase X X X
€g3332 qor NADPH:quinone reductase X X X
€g3333 Hypothetical protein X X X
Cg3334 Putative sugar permease, MFS-type X X X
cg3335 malE Malic enzyme (NADP") X X X
€g3336 gntK Gluconokinase X X X
€g3337 Putative membrane protein X X X

Continued on the next page.
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Table E.5.: Continued.

Deleted in strain

n © ~ o

= - = N [}

. (3] = = = =

cDS Name Annotation = = = = =
€g3338 Putative membrane protein X X X
€g3339 merA Putative Hg2+ reductase X X X
€g3340 dadA p-Amino-acid dehydrogenase X X X
€g3341 Putative membrane protein X X X
€g3342 Putative secreted protein X X X
€g3343 Putative secreted membrane protein X X X
€g3344 Putative nitroreductase X X X
€g3345 Hypothetical protein X X X
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Table E.6.: Overview of deleted genes with corresponding annotations in strains W25, W52, W53, W54, W64 and W65, accord-
ing to [48, 55].

Deleted in strain

n [>] < 3 LN
cDs Name Annotation / function E E £ g g
rrnB rRNA operon X X
€g0931 Putative aminotransferase, AT class | X
cg2801  crcB’ Putative membrane protein, CrcB-like protein, putative pseudo- x X X
gene (N-terminal fragment)
cg2802  ’crcB Putative membrane protein, CrcB-like protein, putative pseudo-  x X X
gene (C-terminal fragment)
€g2803 Conserved hypothetical protein X X X
cg2804  tnp21a Transposase X X X
(ISCg21a)
€g2805  psp4 Putative secreted protein X X X
€g2806 Putative membrane protein X X X
cg2807  tnpma Transposase, putative pseudogene X X X
(Iscg11a)
€g2808  tnp13a Transposase X X X
(IsCg13a)
€g2809 Putative membrane protein X X X
cg2810  cynT Cyst(e)ine importer X X X
€g2811 ABC-type lipoprotein release transporter, permease subunit X X X
€g2812 ABC-type lipoprotein release transporter, ATPase subunit X X X
rrnD rRNA operon X X X
€g2819 Hypothetical membrane protein X X X
€g2822 Sugar phosphate isomerase/epimerase X X X
€g2823 Hypothetical protein, dehydrogenase or related protein X X X
€g2824 SAM-dependent methyltransferase X X X
rrnE rRNA operon X X X
€g2828 Putative membrane protein X X X
rrnC rRNA operon X X
€g3261 Putative transcriptional regulator, GntR-family X X
€g3263 Conserved hypothetical protein X X
€g3264 Conserved hypothetical protein X X
€g3266  tnpsc Transposase X X
(1sCgsc)
€g3267 Putative membrane protein, putative pseudogene (C-terminal frag- X X

ment)

Continued on the next page.
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Table E.6.: Continued.

n o (32 & ~ LN
CcDS Name Annotation / function g 5 lgn LEn g g
€g3268 Putative membrane protein, putative pseudogene X X
€g3269 Putative membrane protein, putative pseudogene X X
€g3270 Putative membrane protein, putative pseudogene (N-terminal X X
fragment)
€g3271 SAM-dependent methyltransferase X X
€g3272 Putative membrane protein X X
€g3273 Hypothetical protein X X
cgLoM Transposon Tn501 resolvase X X
€g3274 Putative DNA invertase, putative pseudogene X X
€g3275  fdxA Putative ferredoxin X X
€g3277 Hypothetical protein, containing double-stranded (3-helix domain X X
€g3278  tnp20oa Transposase, putative pseudogene X X
(ISCg20a)
€g3279 Putative dehydrogenase, putative pseudogene X X
€g3280 Putative secreted protein X X
€g3281 Putative Cu®" transporting P-type ATPase X X
cg3282 Putative Cu>* transporting P-type ATPase X X
€g3283 Hypothetical protein X X
€g3284  cgtS9 Two-component system, sensory histidine kinase X X
€g3285  CgtR9 Two-component system, transcriptional response regulator X X
€g3286 Putative secreted protein X X
€g3287 Putative secreted multicopper oxidase X X
€g3288 Hypothetical protein X X
€g3289 Putative Thiol-disulfide isomerase or thioredoxin X X
€g3290 Putative oxidoreductase X X
€g3291 Putative transcriptional regulator, Crp-family X X
€g3292 Putative heavy-metal ion transporting P-type ATPase X X
€g3293 Hypothetical protein X X
€g3294 Hypothetical protein X X
€g3295 Putative Cd** transporting P-type ATPase X X
€g3296  tnp19c Transposase, putative pseudogene X X
(1scg19a)
€g3297 tnp19b Transposase, putative pseudogene X X
(IsCg19a)
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W25
W52
W53
Ws4
W64
wes

CcDS Name Annotation / function

€g3298  tnp19a Transposase, putative pseudogene

(IsCg19a)
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Table E.7.: Composition of subclusters shown in Figure 6.7 based on functional categories for transcriptome data and pro-
teome data, as assigned by cluster analyses.

Distribution of genes assigned to subclusters

Transcriptome Proteome
Functional categorization A B C D A B C D
Metabolism
Central carbon metabolism 21% 2.6% 1.5% 1.8% 4.0%  57% 3.3% 1.5%
Carbon source transport and metabolism 10.6% 8.3% 6.3% 5.8% 18.0% 6.6% 8.3% 2.9%
Anaerobic metabolism 0% 0.5%  01% 05% 0% 0.6% 05% 0%
Respiration and oxidative phosphorylation 0% 1.9% 1.3% 0.5% 0% 2.4% 21% 1.5%
Amino acid transport and metabolism 6.4% 8.2% 72% 3.3% 6.0% 11.0% 101% 7.4%
Nucleotide transport and metabolism 21% 31% 2.8%  23% 6.0% 4.8%  49% 2.9%
Lipid transport and metabolism 0% 0.6% 1.0% 1.0% O 1.2% 1.2% 0%
Coenzyme transport and metabolism 3.2% 4.8% 4.6% 2.8% 6.0% 6.0% 5.0% 10.3%
Inorganic ion transport, metabolism, and storage 0% 6.6%  40% 65% 2.0% 42% 37% 2.9%

Transport and metabolism of further metabolites  5.3% 57% 4.4% 4.3% 2.0% 57% 3.7% 5.9%
Cell wall/membrane/envelope biogenesis 5.3% 4.0%  3.4% 5.5% 4.0%  42% 4.7% 5.9%

Information storage and processing

DNA replication, recombination, repair, and degra-  3.2% 31% 4.5% 5.5% 2.0% 3.0% 4.5% 4.4%
dation
Cell division, chromosome partitioning 0% 0.7% 1.3% 1.3% 2.0% 06% 13% 0%

Transcription including sigma factors, RNA pro- 11% 1.5% 2.5% 1.8% 2.0% 1.5% 3.2% 0%
cessing and modification

Translation, ribosomal structure and biogenesis 4.3% 5.0%  53% 3.3% 6.0% 2.7% 12.5% 5.9%
Prophage genes 0% 0% 0% 0% 0% 1.2% 1.8% 1.5%

Cellular processes and signaling

Protein secretion 3.2% 06% 08% 05% 0% o o4% 0%
Protein turnover and chaperones 11% 1.9% 2.8% 1.3% o] 51% 21% 2.9%
Posttranslational modification 21% 1.3% 1.4% 1.3% 4.0%  15% 07% 0%
Signal transduction mechanisms 5.3% 6.2%  6.5% 6.0% 6.0% 51% 4.7% 4.4%
Poorly characterized

General function prediction only 16.0% 9.6%  135% 155% 8.0% 11.6% 8.4% 14.7%
Unknown function 28.7% 23.8% 25.0% 29.8% 22.0% 155% 12.8% 25.0%

Functional categorization according to [48]. Definition of subclusters corresponds to Figure 6.7. Transcriptome subclusters
A, B, C and D comprise 91, 976, 928 and 384 genes, respectively. Proteome subclusters A, B, C and D comprise 49, 322, 719

and 66 genes, respectively.
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