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Summary

One of the most urgent challenges of our time is tackling the increasingly severe changediméte

of the earth. The transition from a fossil feighsed economy towards more sustainable alternatives is
essential to address this global crisis. One strategy on the path to a greener future is the replacement
of traditional chemical production po@sses with the synthesis of valuable products by microbial
systems. These biotechnological production processes have significantly lower environmental
footprints, but their success depends strongly on the choice of the right microbial hosts. An ideal host
needs to fulfill several characteristics, like efficient substrate utilization, robust metabolic performance,
and resilience to environmental stresséseudomonas putidéP.putida) has emerged as a highly
promising candidate due to its versatile metabol and remarkable stress tolerance. This
microorganism can process a wide range of substrates and withstand exposure to solvents, heavy
metals, organic pollutants, and other environmental stressarsaking it an ideal workhorse for

industrial applications.

However, the obligate aerobic nature &f putida presents a significant limitation for largeale
biotechnological processes. The dependency on oxygen does not only increases operational costs but
also restricts reactor scalability. Overcoming thisthtion is crucial for unlocking the full potential of
P.putida in sustainable bioprocesses. An innovative approach to address this challenge is anodic
electrofermentation via bieelectrochemical systems (BES). This technology replaces the terminal
electron acceptor oxygen with an electrode (anode) under anaerobic conditions, enabling efficient
substrate conversion with reduced energy input. BES offers aeffesttive and scalable solution for

industrial biotechnology.

The first part of this thesis invegates anaerobic glucose uptakeHmputidaKT2440 within a BES. The
research focused on hoWw.putida survives and metabolizes glucose under arddgen anaerobic
conditions provided by the BEB.putida possesses three native glucose uptake pathwagsh with
distinct energy and redox requirements. Gene deletion mutants were utilized to isolate individual
uptake pathways and understand their contributions under eledtonentative conditions. The
findings revealed that while these mutants displayégh#icant differences in sugar consumption,
current output, and product formation, the stoichiometry of glucose uptake was not a limiting factor.
Interestingly, approximately half of the acetate produced in the cytoplasm originated from carbon
present inthe inoculation biomass rather than the substrate. These results suggest that the low carbon
turnover rates in BES are likely due to energy limitations or doybe-identified oxygerdependent

regulatory mechanism rather than constraints in glucose uptadthways.
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Building on these findings, a systems biology approach was employed in subsequent experiments to
unravel the metabolic and physiological adaptation® gfutidain BES. Using mulhimics analyses led

to identifying critical pathways and regtdsy mechanisms involved in the adaptation of the bacterium

to anoxic and anoddriven conditions. Notably, the bacterium reorganizes its carbon fluxes, enhances

i -oxidation, and utilizes alternative ATP and NAD(P)H generation pathways to address energy
limitations. A key discovery was the involvement of polyphosphate (polyP), an energy storage
compound, in supporting energy metabolism under BES conditions. Thegulation of
exopolyphosphatase during the later stages of BES indithéable of polyPin energy management.
Advanced analytical techniques, including scanning electron microscopy, ehspgysive Xay
spectroscopy, and Raman spectroscopy, provictadpelling evidence for polyP utilization during BES

fermentation to compensate for energy deficiencies.

Additional experiments explored the role of redox mediators in facilitating electron transfer from
P.putida to the anode. This research compared tBES performance d?.putida using both an
artificial and a natural redox mediator. The artificial mediator ferricyanide (FeCN) exhibited superior
electron transfer rates and faster substraie-product turnover, making it an excellent choice for
processesrequiring rapid product formation. However, the use of an externally added mediator
increases operational costs and necessitates recycling, which limits its feasibility fosdatgeor
resourceconstrained applications. In contrast, the natural medigithenazinel-carboxylic acid (PCA),
produced endogenously by a genetically engineered strafhmiitida, offered a more sustainable and
costeffective solution for processes where slower but more stable fermentation is acceptable.
However, the need toupplement antibiotics to maintain PCA production is a significant drawback and
limits both sustainability and process efficiency. It is, therefessentialto find a balance between

efficiency, costs, and sustainability when it comes to selecting madiédo BES applications.

The second part of the study evaluated quindresed redox mediators, including Iénzoquinone

(BQ), duroquinone (DQ), and anthraquine@-disulfonate (AQDS), for their potential in BES
applications. Among the tested mediatoB() demonstrated the highest electron transfer rates and
superior substrate conversion rates. However, its low stability limits its use in continuous BES
processes. In contrast, DQ and AQDS were more stable, but their redox potentials were found to be
incompatible with the electron transfer chain &f.putida, resulting in poor BES performance. These
results emphasize the importance of tailoring redox mediator properties to align with the specific
requirements of BES systems and the metabolic charactevisfithe microbial host. However, the
accelerated metabolic rates observedHrputidawith BQ demonstrated the great potential of anodic

electro-fermentation with this versatile microbe.
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This thesis provides valuable insights into the changed physiasgyell as survival strategies of
P.putidaunder anaerobic and anodgriven conditions in a BES. Open guestions related to substrate
utilization, electron transfer, and energy limitations during anodic elefgrmentation were
addressedand the gainecdhisights will help advancing BES as a-effsttive and scalable solution for

sustainable biotechnological production.



Zusammenfassung

Eine der dringendsten Herausforderungen unserer Zeit ist die Bewaltigung der zunehmend drastischen
Veranderungen des &klimas. Der Ubergang von einer auf fossilen Brennstoffen basierenden
Wirtschaft zu nachhaltigen Alternativen ist von entscheidender Bedeutung, um diese globale Krise zu
entscharfen. Unter den Strategien, die diesen Ubergang vorantreiben, ragen biotegisctl®
Produktionsprozesse als Eckpfeiler einer griineren Zukunft heraus. In einem solchen nachhaltigen
Rahmen wiirde die herkdmmliche chemische Produktion durch biotechnologische Systeme ersetzt, die
Mikroorganismenzur Synthese wertvoller Produkte mit ddéiah geringeren Umweltauswirkungen

nutzen.

Der Erfolg der Biotechnologie héangt stark von der Auswahl der richtigieiobiellen Wirteab. Diese

Wirte miissen bestimmte Eigenschaften aufweisen, darunter eine effiziente Substratnutzung, robuste
Stoffwechselfaigkeiten und Widerstandsfahigkeit gegentber Umweltbelastungen.

Pseudomonaputida (P.putida) hat sich aufgrund seines vielseitigen Stoffwechsels, der es ihm
ermdglicht, eine breite Palette von Substraten zu verarbeiten, und seiner bemerkenswerten
Robustleit als vielversprechender Kandidat erwiesen. Dieses Bakterium zeigt eine aul3erordentliche
Toleranz gegentber Losungsmitteln, Schwermetallen, organischen Schadstoffen und anderen

Umweltbelastungen, was es zu einem ideat@ndidaterfur industrielle Anwendngen macht.

Eine wesentliche Einschrankung véhputida ist jedoch seine obligate aerobe Natur, die fir
biotechnologische Prozesse im groRen Malf3stab eine Herausforderung darstellt. Die Abhéngigkeit von
Sauerstoff erhoht nicht nur die Betriebskosten, senmt schrankt auch die Skalierbarkeit von
Reaktoren ein. Diese Einschrankung muss unbedingt behoben werden, um das volle Potenzial de
Bakteriumsfur nachhaltige Bioprozesse zu erschlie3en. Eine innovative Losung ist der Einsatz der
anodischen Elektrofermeation Uber bioelektrochemische Systeme (BES). Diese Technologie bietet
einen alternativen terminalen Elektronenakzeptor, der den Sauerstoff unter anaeroben Bedingungen
durch eine Elektrode (Anode) ersetzt. Die WBEBhnologie ermdglicht eine effiziente
Sibstratumwandlung mit geringerem Energieaufwand und bietet eine kostenglnstige und skalierbare

Lésung flr die industrielle Biotechnologie.

Im ersten Teil dieser Arbeit wurde die anaerobe GlukoseaufnahrRepuatida KT2440 in einer BES
untersucht. Es wurdentersucht, wieP. putidaunter anaerobermund anodengetriebeneBedingungen

im BESUberlebt und Glucosezu Produkten umsetztDas Bakterium verfligt Gber drei native
Glukoseaufnahme&ege mit unterschiedlichen Energieind Redoxanforderungen. Es wurden Gen

Ddetionsmutantenverwendet um die Nutzung der einzelnen Aufnahmewege zu erzwingen und ihre
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Beitrage unter elektrofermentativen Bedingungen zu verstehen. Die Ergebnisse zeigten, dass diese
Mutanten zwar signifikante Unterschiede im Zuckerverbrauch, in dem@roduktion und in der
Produktbildung aufwiesen, die Stéchiometrie der Glukoseaufnahme jedoch kein limitierender Faktor
war. Etwa die Halfte des im Zytoplasma produzierten Acetats stammte aus dem in der
Inokulationsbiomasse vorhandenen Kohlenstoff uithhaus dem Substrat. Diese Ergebnisse deuten
darauf hin, dass die niedrigen Kohlenstofhsatzraten in BES eher auf Energiebeschrankungen oder
einen noch zu identifizierenden sauerstoffabhéngigen Regulierungsmechanismus zurtickzufihren sind

als auf Besclankungen im Zusammenhang mit den Glukésgnahmewegen.

Aufbauend auf diesen grundlegenden Erkenntnissen konzentrierten sich die nachfolgenden
Experimente darauf, die metabolischen und physiologischen Anpassungep.potida in BES mit

Hilfe eines systetriologischen Ansatzes zu entschlisseln. Durch MuaiicsAnalysen wurden
kritische Stoffwechselwege und Regulationsmechanismen identifiziert, die Aufschluss dartiber geben,
wie sich das Bakterium an anoxische und anodengesteuerte Bedingungen anpassoridsbe
NE2NBFYAAASNI RIF&a . F7103dSNRdzy -@&latgnundhatk altSryativa 2 T F F |
ATR und NAD(P)HErzeugungswege, um Energiebeschrankungen zu tberwinden. Eine entscheidende
Entdeckung war die Beteiligung von Polyphosphat (polgiagr Energiespeicherverbindung, an der
Unterstitzung des Energiestoffwechsels unter BE&ingungen. Die HochregulierungsdBroteins
Exopolyphosphatase in den spateren Stadien al@vdischen Elektrofermentatiodeutete auf die
Bedeutung von polyP im Erergiemanagement hin. Fortgeschrittene Techniken wie
Rasterelektronenmikroskopie, energiedispersive Rontgenspektroskopie und Fgpeltroskopie
bestétigten die Nutzung von PolyP wahrend der-B&$nentation als Mechanismus zum Ausgleich

desEnergiemangsl

Weitere Experimente untersuchten die Rolle von Rebli@diatorenfir den Elektronentransfer von
P.putida zur Anodelm ersten Teil dieser Untersuchung wurde die BESormance vorP.putida,

unter Verwendung eines kinstlichen und eines natirlichen Rédiediators, direkt verglicherDer
kunstliche Mediator Ferricyanid (FeCN) zeigte Uberlegene Elektronentransferraten und einen
schnelleren Substratu-ProduktUmsatz, was ihn zu einer hervorragenden Wabhl fiir Prozesse macht,
die eine schnelle Produktbildungrferdern. Die Abhangigkeit von einem extern hinzugefligten
Mediator fuhrt jedoch zausatzlicherKosten und macht ein Recyclidgs Mediatorserforderlich, was
seineEinsatzbarkeibei grof3 angelegten oder ressourcenbeschrankten Anwenduegsrhwert Im
Gegensatz dazu bot der naturliche Mediator Phenglz@arbonséaure (PCA), der von einem
gentechnisch veranderten Stamm véhputida endogen produziert wird, eine nachhaltigere und
kostenguinstigere Losung fur Prozesse, bei denen eine langsamere, stabilenfeéioneakzeptabel

ist. Allerdings stellt der Bedarf an Antibiotika zur Aufrechterhaltung der-FGduktion einen
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erheblichen Nachteil dar, der sowohl die Nachhaltigkeit als auch die Prozesseffizienz beeintrachtigen
kann. Diese Ergebnisse unterstreichéa Notwendigkeit, bei der Auswahl von Mediatoren fiir BES

Anwendungen ein Gleichgewicht zwischen Effizienz, Kosten und Nachhaltigkeit herzustellen.

Im zweiten Teil der Mediator Studie wurden die auf Chinon basierenden Réediatoren 1,4
Benzochinon (BQYurochinon (DQ) und Anthrachingh6-Disulfonat (AQDS) untersucht, um ihr
Potenzial fur BESnwendungen zu bewerterDer Einsatz voBQ generierteunter den getesteten
Mediatoren die besteBESPerformancemit hohen Elektronentransferraten und einer Uberdegn
Effizienz bei der Substratumwandlung. Seine geringe Stabilitdt schrankt jedoch seine Anwendbarkeit
in kontinuierlichen BEBrozessen ein. Im Gegensatz dazu wiesen DQ und AQDS eine hdhere Stabilitat
auf. Dennoch waren sie aufgrund ihrer Redoxpotentialie mit der Elektronentransferkette von
P.putida nicht kompatibel waren, ungeeignet, was zu einer schlechtenlBiE8ing fihrte Diese
Ergebnisse unterstreichen, wie wichtig es ist, die Eigenschaften des -Rediators auf die
spezifischen Anforderumg von BESystemen und die eingesetzten Mikroorganismen abzustimmen,
um eine optimale Leistung zu erzielen. Dartber hinaus unterstreichen die beschleunigten
Stoffwechselraten vonP.putida, die mit BQ als ReddWediator beobachtet wurden, das

vielversprebende Potenzial der anodischen Elektrofermentation mit dieser Mikrobe.

Diese Arbeit tragt zu einem umfassenderen Verstandnis dartiber bePR wigida fiir die anodische
Elektrofermentation nutzbar gemacht werden kann, und bietet Einblicke in metabolische
Entwicklungsstrategien und Systemoptimierung. Indesffene Fragen zurSubstratnutzung,
Elektronentransfer und der Energiebeschrankungem P.putida unter anodengetriebenen und
anaeroben Bedingungen geklart wurddagt diese Arbeit den Grundstein fur di¢eiterentwicklung

der BES als kosteneffiziente und skalierbare Losung fiir eine nachhaltige biotechnologische Produktion.
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1. Introduction

1.1 Microbial Electrochemical Biotechnology

The interdisciplinary field of microbiatlectrochemical biotechnologyntegrates methods and
principles from microbiology, electrochemistry, and engineering to investigate the interactions
between microorganisms and electrically conductive mater{@shréder et al. 2015) Through
extracellular electron transfer, microbial cells can exchange electrons with externatoelest a
process that is particularly significant for developing sustainable technologies to address global energy
and environmental challenges. Key applications of microbial electrochemistry include generating
electrical power coupled with wastewater tremment (Santoro et al., 2017), producing biofuels or

valuable chemicals (Chu et al., 2020), and developing biosensors (Zhai & Dong, 2022).

Bio-electrochemical systems (BES) and electroactive microbes are fundamentalictobial
electrochemical biotechnolgg In BES, the anode functions as the electron acceptor through oxidation,
while the cathode serves as the electron donor through reductifiactroactive microorganismsit

be cultivated on either side of the BES, depending on the goal gfrteess

Pioneering research imicrobial electrochemical biotechnolodpegan with Potter in 1911, who first
measured the electric potential generated Wgcherichiacoli and Saccharomyces cerevisiae a
galvanic cel(Potter 1911) Although the output signals were minimal, this initial microlbiegdl cell
marked the inception of extensive research imticrobial electrochemical biotechnologiicrobial
fuel cellsoffer the potential to convert organic wasténto electrical energy by exploiting microbial
metabolism. In 1931, Cohen enhanced thengeted potential by connecting multiplef these

systemsn series, creating the firghicrobial fuel celstack that generated 2 mA and 3§CGbhen 1931)

Despite significant dwvancements, implementinghis technologyin realworld applications has
consistently faced challenges. The primary bottleneck is the oxygen reduction reaction at the cathode,
which is hindered by high ow@otential and low kinetic§RismaniYazdj et al.2008) Additionally,
microbial fuel cellsexhibit lower energy output compared to chemidael cells and encounter
complex and variable conditions when processing real industrial waste stigandey et al.2016)
Furthermore, he kinetics of electroactive bacteriaxtracellular electrortransfer mechanisms, and
biofilm formation on electrodesare rot fully understood(Read et al.2010; Kielyet al.2011; Dennis

et al.2016)

However, ecent developmentsindicate the potential for commerciaiing microbial fuel cell
technology Progressdn pilot-scalemicrobial fuel cellsmainly through innovations likemodular unit

stacking, hademonstratedpromise for realworld applicationgHiegemannet al.2016; Ge; He 2016;

1



1.1 Microbial Electrochemical Biotechnology

Liang et al.2018; Ly et al.2017; Wy et al.2016) Two groundbreaking examples of microbial fuel

cell applicatbns that have successfully transitioned to commercialization are the iIMETland system and
AQUACYCL. The iMETIand project, initiated in 2014 by Abraham -Hstéz® has demonstrated
exceptional success in urban wastewater treatment by integrating microfliettrochemical
technologies with constructed wetland8VIETland) This innovative system treats sewage up to ten
times faster than conventional methods, generates electricity, and operates without requiring external
energy input(Ramire2vVargas et al.2019) The concept has been commercialized through a startup
called METfilter®, which manages decentralized wastewater treatment systems for small communities

across southern Europg®ETfilter)

Similarly, AQUACYCL leverageseteotrochemical wastewater treatnmt but focuses on industrial
high-strength sewage streams. Their system employs a natural microbial consortium capable of
processing wastewater streams 7 to 10 times more concentrated than those treatable by traditional
methods. AQUACYCL's modular andaddal technology provides a versatile solution for diverse

industrial applications, highlighting its adaptability and efficieffdQUACYCL)

Besides microbial fuel cells, microbial electrochemical biotechnology offers various other technologies,
including microbial electrolysis ardksdination cells.Microbial electrolysis cell$acilitate hydrogen
production at the cathode and organic matter oxidation at the anode, requiring less electrical energy
than water electrolysis. However, scaling up MECs is challenging dbaldaacingantagoristic
processes at the cathode and anode. Efficient electrolysis requires clean, simple electrolytes with high
ionic conductivity and extreme pH values, while microbial processes necessitate complex culture
media and neutral pH. Current compromises regulow current densities, which are insufficient for
efficient industrial production(Rousseau et al. 2020) Microbial desalination cellscombine
desalination, wastewater treatment, and electricdgneration. Electroactive bacteria oxidize organic
matter in wastewater, producing electrons and protons. Electrons generate electric current as they
move to the cathode, while protons migrate through an -mxchange membrane, driving the
desalination preess. Significant drawbacks include variability in wastewater composition and

biofouling of membrane§Zahid et al.2022)

Another significant application of microbial dectrochemical biotechnologyis microbial
electrosynthesis Here, carbon dioxide is reduced at the cathode using biocatalysts like acetogenic
bacteria to produce valuable chemicals such as acetate, methane, alcohols, organic acids,
hydrocarbons, and polyers In 2015, abroader definition forthis technologywas proposed
encompassing the production of complex organic matter through electrochemical reactionzedtaly

by microbes on botlthe cathode and anode sidéSchrdder et al.2015) Microbial electrosynthesiis

valuable for renewable energy mhge, sustainable chemical production, carbon capture, and
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bioremediation. However, challenges such as low current density outputs, high overpotentials, and
high energy demand persist, making the process expensive. Additionally, ensuritigriormgicrobal
performance and developing cesffective and durable electrode materials remain critfoalus areas
(Prévoteau et al.2020) Opportunities formicrobial electrosynthesisnprovement include enhancing
efficiency through genetically engineered pure cultures withriovpd electron uptake and metabolic
pathways, innovations in material and design, and employing synthetic biology to tailor bacterial

strains for optimal adaptation tthe appliedconditions(Harnisch et al.2024)

In contrast to microbial electrosynthesis, where the cathode sideéslto cultivate microorganisms,

in anodic electrefermentation, the bacteria of interest are grown in the anode chamber of the BES.
The aim is to utilizéhe anode as a terminal electron acceptor for microbial metabgli®gulating
redox and energy metatlism to produce valuadded products without the need for oxygen. This

process will be discussed in detfailthe next section

In summary,microbial electrochemical biotechnologyffers promising solutions for sustainable
energy and environmental techragies. Continued research and development are essential to

overcome existing challenges and fully realize the potential of these innovative systems.

1.2 Anodic ElectreFermentation

The process of energy generation during respiration is calldative phsphorylation Here,
electronstravelalong anETGwith redox-activeproteinsfrom low potentialsoward higher pdentials
A proton gradient across the membrane builds up duethe thermodynamic energy difference
between electron donors and acceptorsvhich fuels ATP production by the ATP synthase via
chemiosmosigAnraku 1988) Under aerobic conditionsoxygenis the electron acceptor with the
highest formal redox potential, leading tahe highest energy yiell compared to other energy

generation strategies.

Forbiotechnological production, anaerobic processes are often preferred over aerobic cspecific
applicatilms due to their potential for lower operating costs, higher yields, and better volumetric
production rates. In aerobic processes, the-figgid mass transfer kinetics remains the limiting factor
(Weusthuis et al.2011) The sufficiat supply of oxygen requires high energy inputs, which account
for up to 20% of all operation cos(dunker et al.1998)and limits possible reactor sizéglcMillan;
Beckham 2017)Additionally, the need for aeration of the bioreactors leads to heat generation and
foaming of the mediumpecessitating cooling and addiramti-foaming reagents. These measures
further increasdhe costs of aerobic processé3elvigne; Lecomte 1981ffurthermore, substrate loss

through complete oxidation to Gh aerobic metabolisrand high biomass productidawers product
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yields. Redox imbalances caused Isufficient oxygen supply can also result in increasegroguct

formation (Hannon 2007)

In contrast, anaerobic processes eliminate the need for oxygen supply, significantly reducing energy
and equipment costs associated with aeration. Under anaerobic conditicasy @wrganisms channel

more substrate into product formation rather than energy production, resulting in higher yields of
desired metabolites, such as ethanol or organic acids. Furthermore, the reduced focus on biomass
formation in anaerobic pathways can leamce volumetric productivity as more metabolic flux is
allocated to product synthesis. However, fermentation and anaerobic respiration have lower energy
conservation than aerobic metabolism. Fermentative processes deliver a mix of reduced products (e.g.,
organic acids like lactate, acetaimd succinate), which are valuable as platform chemicals but often
lead to lower yields and titers, as well as more challenging downstream proc¢géirsger; Gescher
2014) While anaerobic processes have significant advantages in reducing costs and improving product
yields inspecificcontexts, they also havémitations. The lower energy (ATP) yield in anaerobic
processes can sometimes constrain microbial growth or productivity. Moreover, not all
biotechnological processes are suitable for anaerobic conditions. Manyhlgh products, such as
antibiotics, secondary metabolites, and recombinant proteins, require aeralnidittons for optimal
synthesis. Additionally, some microorganisms, suchP gmitida, are obligate aerobes and cannot

function effectively without oxygen.

Anodic electrefermentation ould deliver a solutiorthat combines the advantages of aerobic and
anaerobic processes by introducing an anode derminal electron acceptor. Thispproachwould
diminish the need for oxygen dke terminal electron acceptor in aerobic respiration. At the same
time, the anode isnon-depletable and, therefore, guaranteescontinuous product formation and
prevents redox imbalance€ompared to aerobic processes, the usage of anodic eléatnoentation
resultsin very high product over substrate yields due to only minor production erbgucts,less
substrate loss due to bmass formationand no complete oxidation of substrate to £Qaj et al.
2016b) Not only aerobic bioprocesses but also anaerobic oaae improved as the anode can help
to balancethe redox and energy state of anaerobic cells due to the regeneration-fdators at the

anode instead of the productioof reduced byproducts(Kracke et al.2015)

Proof of concept studies on the usage oodic electrefermentation for the transformation of an
aerobic into an anaerobic process were, amongst others, carried out @ithynebacterium
glutamicum (Vassiley et al. 2018) and P.putida (Laj et al. 2016bHowever, significant challenges
remain before implementation into reatorld applications is possible. The most critical steps might
be understanding and improving the extracellular electron transfer rate and enhatt@ngroduct

formation rates



1.3 Electroactive Mioorganisms

1.3 ElectroactiveMicroorganisms

Physical barriers such as the cytoplasmic rheane and other membrane layers (e.g., peptidoglycan,
outer membrane) function as insulators, leading to the evolution of mechanisms that enable bacteria
to utilize insoluble electron acceptors outside their membranes. This adaptation is crucial in

envirorments lacking soluble electron acceptors.

Electroactive microorganisms are involvedtive extracellular electron transfein both microbial

biofilms and planktonic celldDirect electron transfer occurs in biofilmeshereas planktonic cells
typically engge in mediabr-based indirecelectron transfer Pureand mixed cultures participate in
indirect electron transferwith mixed cultures often containing neslectroactive species alongside

electroactive ones.

Exoelectrogens oxidize substrates and translectrons to an anode, encompassing microorganisms
from the Bacteria, Archaea (specifically within the Euryarchaeota phylum), and Eukarya (notably fungal
species in the Ascomycota phylum) domaiB8sresh et al.2022) Conversely, electrotrophs capture
electrons from a cathode for their metabolism, with representation solely among prokaryotes,
including both Bacteria and Archaea (also within the Euryardagsdtylum)(Logan et al.2019; Logan;
Rabaey 2012)me microorganisms, such @&acillus subtilis Geobactersp., Shewanellasp., and
Pseudomonasspp., exhibiteither electrogenic or electrotrophic capabilitiesdepending onthe

environmental conditiongKoch; Harnisch 2016)

1.3.1Exoelectrogens

Exoelectroges utilize anodes as electron acdeps, producing power ranging from 4.4 to
3900mW/mz (Logan et al.2019) The primary groups of exoelectrogens identified to date are gram
negative bacteria within the Gammaproteobacteria and Deltaproteobacteria classes of Proteobacteria,
including Geobacterand Shewanellaspecies. The ts-studied electroactive microorganisms are
Shewanella oneidensiand Geobacter sulfurreducensserving as model organisms for direct
extracellular electron transfer mechanisn&hewanellaspecies employ various cytochromes in their
outer membrane extensius for electron hopping across insulating spa¢@shnalkovaet al.2011)
while Geobacterspecies use porigytochrome transouter membrane protein complexes afud
aromaticamino acids enrichedonductive nanowiregKumar et al.2017) Additionally,Shewanella
secretes the endogenous redoxediator riboflavin(Marsili et al. 2008) Geobacterspecies are
typically found in biofilms(Sydow et al. 2014) whereasShewanellaspecies can exisas both
planktonic cells and biofilm@redricksonet al.2008) Nowadaysthe electron transfer mechanisms
of variousother electroactive microorganisnere alsoexaminedout remainmostlyunresolved(Zhaq

et al.2021)
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Previously, grampositive bacteria were thought incapable of interacting with anodes due to their
thicker, nonconductive cell wall@Milliken; May 2007)However, many grarpositive bacteria are now
recognized as electroactiy@®aquete 2020)Notably, several species within the Firmicutes phylum,
such asBacillus(e.g.Bacillussubtilis(Nimje et al.2009), Clogridium (e.g.Clostridium propionicuin
Enterococcuge.g. Enterococcus faecal{®ankratova et al. 2019), Lactobacilluge.g. Lactobacillus
plantarum), and Lactococcuge.g. Streptococcus lachigPankratova et al. 2019) can interact with
anodes, likely irough mediator diffusion across the peptidoglycan layer, conductive cell wall

associated proteins, or the formation of electroactive biofilms.

Exoelectrogenic bacteria are often found in extreme environments, including thermophilic conditions
(e.g.,Caldierrivibrio nitroreducens$fFu et al.2013)and Thermincola ferriacetic@Parameswararet al.
2013), acidic pH (e.gAcidiphilumsp.(Malki, et al.2008), or alkaline pH and high saltr@entrations
(e.g.,Geoalkalibactespp. (Badalamenti et al.2013)and Geoglobusahangari(Kashefi et al.2002).
These adaptations enhance the potential for MET developrf@haudharyet al.2022)

Energy generation in exoelectrogenic microorganismsbearespiratory or fermentative. Respiratory
exoelectrogens utilize electron transport through membraassociated proteins to generate a proton
gradient that drives ATP synthase, producing ATP. Fermentative exoelectrogens conserve energy

through substratdevel phosphorylation. Respiratory exoelectrogens typically exhibit faster

extracellular electron transfeNJ G Sa LISNJ Y2fS |yR O02YLX SGS adzmai

fermentative exoelectrogens produce more oxidized products like organic acids and aldaividy;
Holmes 2022)Similar distinctions apply to electrotrophic microorganisms, which can be classified into

respiratory and nofrespiratory electron consumef€hoi; Sang 2016)

Exoelectrogenic bacteria aemployed intechniques of microbial electrochemical biotechnolpgy
which cultivate electroactive microorganisms on the anode side of BES, including microbial fuel cells,
microbial electrolysis cells, microbial desalination cells, anddic electrefermentation. Common
exoelectrogens used includ&. sulfurreducensS. oneidensjsP. aeruginosaYong et al. 2017)
genetically engineeredscherichiaoli (Feng, et al. 2018)andKlebsiellgpneumoniag(Zhang et al.

2008) Additionally,Desulfovibricspp. andClostridiumspp. are ufized inmicrobial electrolysis cells

for their high hydrogenase activifjNoori, et al.2024) Weaker exoelectrogens, suchRseudomonas
spp.,Thaureasp., and_actobacilluspp.(Aiyer; Doyle 2022hs well as anaerobic ammonitowidizing
bacteria likeCandidatus Brocadiap. andCandidatus Scalindusp. (Shaw et al. 2020) are also
employal. Grampositive, redox mediateproducing bacteria such &ysinibacillus sphaeric(idandy

et al.2013)and Corynebacteriunspp.(Liu et al.2010)are reported to be used imicrobial fuel cells
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1.3.2Electrotrophic Bacteria

Electrotrophic bacteria use cathodes as electron donors, with current consumption ranging frtom 0.2
1000 mA/m?(Logan et al.2019) Electrotrophs are primarily found withithe Proteobacteria (e.g.,
Acinetobacter sp., Pseudoalteromassp., Branhamella catarrhaljs Brevundimonas diminuta
Burkholderia cepacjdMarinobactersp.,Mariprofundus ferrooxydaneandRoseobactesp. (Debuy et

al. 2015) and Firmicutes (e.gBacillussp., Clostridiumsp., Sporomusasp., andStaphylococcus

carnosugErable et al.2010) phyla.

In microbial electrochemicabiotechnology electrotrophs are cultivated on the cathode side. ¥he

support hydrogen productionin microbial electrolysis cellsi K NB dzprigducing biofilms,
predominantly featuring Desulfovibrio sp. and G. sulfurreducens(Geelhoed; Stams 2011)
Electrotrophs are also used for metal ogery from wastewater, including species suctKébsiella
pneumoniagBerge] et al.2005) G. sulfurreducensandS. oneidensiérates et al.2013) In microbial
electrosynthesis, electrotrophic bacterieduce/ hi G2 @It dzZ- 6t S 2NHI yhyO Y2f S«
acetogenic bacteria likBporomusap. andClostridiumsp.(Nevin et al.2011) or alcohol byRralstonia

eutropha(Li et al.2012)

1.4 ExtracellularElectron Transfer

Electroactve bacteria interact with external electrodes through a process known as extracellular
electron transfer. This transfer of electrons beyond the cell membrane can occur directly or indirectly
(Gralnick; Newman 2007)

Direct electron transfemivolves electroactive microbes delivering their terminal electrons directly to
the anode after substrate oxidation withoutsingsoluble electron shuttles or redox mediators. This
process requires the cells to be in direct contact with the electrode seida¢o form conductive pili,
also known as nanowires. Biofilm formation by electroactive bacteria on the electrode surface
facilitates this direct contact, reducing the distance between the electrode and cells. Electron transfer
across the cell membranecours through redoactive membrane proteins, such as cytochromes,
which transfer electrons from a reaction partner with a lower redox potential to one with a higher
potential (Seeligeret al.1998) Most electroactive bacteria utilize multiheme cytochromes to support
their electron transfer activities. These cytochromes are-lo@lind prdeins crucial for intracellular
electron transport andespiration Other proteins involved in electron transfer across the cell surface
include porincytochrome complexes, cedlrface exposed cytochromes, and other redox proteins like
copper and irorsulfur proteins(Costa et al.2018b) Conductive pili, or nerobial nanowires, provide
another mechanism for direct electron transfer. These filamentstiactures first discovered in
Geobacter sulfurreducerend found in various phyla, exhibit conductivities similar to metals and
7
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enable electron transport withoutequiring direct celelectrode proximity(Malvankar; Lovley 2012)
and, therefore, can transport electrons across the biofild notable example of diredongrange
electron transferis found in cable bacteriaThese electroactive, multicellular microbdésrm
conductive filaments severatentimeters long. They connect anoxic and exobic environments,
transferring electrons produced durirgulfide oxidation in anaerobic sediment to regions where

oxygen or nitrate acts as an electron accepieffer, et al.2012; Nielsen; RisgaaRktersen 2015)

In contrast, electroactive bacteridat lack proteins for exelectron transfer are considered weak
electrogengAiyer; Doyle 2022; Doyle; Marsili 2018hese bacteria rely on external compounds such
as redoxmediators or electron shuttles to facilitate indirect electron tran3f@hese compounds can
be reducedandoxidizedby the microorganism and the electroded can therefore,shuttle electrons
between them.Redoxmediators, though effective in enhancing current densities comparedirart
electron transfer can be environmentally toxic and undermine the sustainability of mediated
processeqRoller et al. 1984; Park; Zeikus 2000h the following section, redomediators will be

discussed in detail.

Some electractive bacteria employ multiple electron transfer mechanisms, such ais giinjunction

with biofilm formation, demonstrating the adaptability and complexity of microbial interactions with
electrodes (Steid| et al. 2016) Redox mediators have also been measured in the extracellular
polymeric substances (EPS) of biofilms, further highlighting the diverse strategies used by electroactive

bacteria in electrodénteractions(Yang et al.2012)
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Direct Electron Transfer Indirect Electron Transfer
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Figure 1. Extracellular electron transfer mechanism&hown are schematic pictures of direct and indirect
electron transfer between an electrode and electroactive microorganifhinect ekctron transferis possible via
biofilm formation or electroactive pili/ nanowires. Fardirect electron transfera shuttle substance (redox
mediator) is needed. (Created in BioRender.com)

1.5Redox Mediators

As mentioned before, redorediators areredox-active compounds that can accephd donate
electrons from cells and electrodes in multiple cyeed shuttle them between the two entitieFhey
can be either natura{Rabaey et al.2005)or artificial (Delaney et al.1984)compounds, also called

endogenousind exogenous mediators.

Exogenous or artificial mediators are synthetic compouth@ds$ can be added to BES to facilitate or
improve the electron shuttling between microbes and electsed Research on synthetic redox

mediators gained momentum in the 1980s and 1990s, notably through the work of Bei{Bettaetto

9



1.5 Redox Mediators

1990) In his work, he focused on the improvementroicrobial fuel cellby the usage of various
artificial redox mediators e.g., thionine and resurofine He was among the first scientists who
systematically studied and characterized these electron shuttle compo(Belnettq et al. 1983)
Building on these findings, additional redmediators were explored. Neutral red was among the first
synthetic redox mediatorthat were extensively studie(Pak; Zeikus 1999Nowadays, a wide range
of artificial electron shuttle compounds is known and has been investigated in various@&8ng
methylene blue, methylene red, thioren ferricyanide(FeCN)methyl viologen, humic acidnalogs

and flavins.

The microorganisms themselves produce endogenous or natural redox mediatications for the
existence of such compounds were a wide range of bacteria, which were known to be able to reduce
minerals (Turick et al. 2003; Hernandezet al. 2004) Following these hints, the first identified
endogenous mediators were pyocyarand phenazinel-carboylic acid(PCA) pigment molecules
produced byPseudmonas aeruginosgdRabaey et al. 2005) Today, several bacteria, such as
Shewanel oneidensigAskitosariet al.2019; Marsiliet al.2008) andPseudomnoas alcaliphildZhang

et al. 2011) are knownto produce redox mediators naturallyfhese bacteria can either be used
directly in BESr their medator production pathways can be copied via genetic engineering into other
strains, e.gE.coli(Feng et al.2018) andP.putida (Askitosar,i et al.2019)

Whenever redoxnediatorsare usedn BESseveral factors must beonsideredo ensurethe efficiency

and sustainabilityf the proces§Geminde et al.2022; Bedendliet al.2022) As redoxmediators are

often toxicto the environment and/oican becostlycompounds effective methods for the removal or
recycling of mediators from the BES broth are essential to reduce costs and mitigate environmental
impact (Fruehauf et al.2020) Additionally, the chosen mediator should have good solubility and no
negative effects on theunival of the microbe metabolism or activity of cruciaenzyneswithin the

BES. Furthermore, ediators should exhibit good electrochemical reversibility and stability in both
redox states, ensuring efficient electron transfer and prolonged use. The reoiexti@al of the
mediator must be compatible with the interaction site, and tedls must becapable of talng up the

respective mediator and transfengthe electronsat high rates

The removal of mediators from fermentation brotban make the downsti@m processingxpensive

and technically challenginbut it is of high importanceparticularlywhen it comes tausingtoxic or
costly mediators.Redox mediators like menadione and methyl viologen are already in low
concentrations highly toxic for organisrfiyonej et al.1986; Castrpet al.2008) Therefore, removal
techniques or biodegradable compounds are needaudt, research in this field is scarce. However,
techniques from other biotechnological fields, such as membrane or chromatoghszey

separation, can be adapted for this purpo@dwang et al. 2013) Additionally, methods from the

10
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textile industry may be useful for removing dljee mediators from the fermentation brotfCoruh;
Gurkan 2014)Utilizing biodegradable compounds, such as humic substamcasalogies thereof,
suchasanthraquinone2,6-disulfonate(AQD$or flavins, can potentially eliminate the neeat fcostly
downstream processingXin et al.2020) Immobilizing mediators at electrodes is another strategy
avoid the necessity of downstream remoy#ioughthis drasticalllimits possiblereactor volume

(Huang et al.2017; Kochiuset al.2012)

Mediator stability against chemical, biological, and physical stresses is emdizdn bereflected in
the total turnover numbe(TTN)YGemunde et al.2022) As the name suggestthie TTN describes the
number of cycles anediator canbe oxidized and reduced before losing its activiigiditionally, to a
decrease in activitymediator moleculescanalsobe lostdue to cellular accumulation, differences in
membrane permeability betweetheir redox stateqe.g. benzyl viologen and methyl viologgones

et al. 1976), permanent dsorption to cell componentée.g. neutral red binds to the cell membrane
of gramnegative bacterigPark; Zeikus 199p)irreversible attachment to electrodeg.§. thionine
(Allen; Bennetto 1993) or due topolymerizationor semireversibleredox reactionst the electrodes.
Many artificial redoxmediators are stable under certain BES conditions, likeydtoxy1,4-
naphthoquinoneandFeCNLuq et al.2017) Continuous feeding can mitigate these issues for unstable
mediatorsbut increases costs and toxicity riskgiother more sustainabland cheapeipossibility is
the usage of microorganisms secret@mgdogenous mediators, either natura(ly.g. thealready earlier
mentioned Pseudomonas aerugingsahich producespyocyaninand phenazinel-carboxylic acid
(PCA (Hassett et al.1992) or through genetic engineering\skitosar;j et al.2019)

These natural redox mediators offer several advantagesthey integrate seamlessly into the
metabolic pocesses of the cell. Their high specificity for electron transfer pathways can enhance
energy generation, particularly in their native environments. Howetlggse mediators also have
several disadvantagesOne significant drawback is thadditional metabdic burden on the
microorganisms and the drainage of carbon, which could otherwise be used for the production of the
desired product(Gemiinde et al.2022) Moreover,the use of endogenous mediatoris limited to
naturally occurring bacteria with the appropriate biosynthetic pathways or to metabolically
engineered strainsThisrestricts the range of species and mediator combinatitimst can be used

The production of natural mediators is often insufficient, and their effectivenessitamgebased on
environmental conditiongBosire; Rosenbaum 201 Which potentially reduesthe overall efficiency

and scalability oBESFurthermore, natural mediators are prone to degradation over time, leading to

a gradual loss of activiffCosta et al.2018a)

On the other handartificial redox mediatorgan be synthesized in large quantiti@sd can be used

consistenly and controlled in BES. They are often more stable and can be designed to optietitie sp
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1.5 Redox Mediators

electrochemical properties, such as redox potential and solubilifyich help enhanceelectron
transfer efficiency. However, artificial mediators nfegve disadvantages, such as cell toxjdégding

to reduced microbial viability and system perftance over time. Furthermore, artificial mediators can
accumulate or bind irreversibly to cell components or electrodes, resulting in a loss of mediator activity
and system inefficiencfChen et al.2021) Therefore, while artificial mediators offer greater control
and stability, thg can introduce additional complexitiesgardingsystem sustainability and microbial
health.

However, for many electroactive microorganisrttee exact extracellular electron transfers, as well as
the redox mediator interaction sidgre still not fully urderstood.For many years, thextracellular
electron transfer mechanisnof only a fewelectroactivemodel organisms, lik&.oneidensisand
G.sulfurreducensrelished extensive researchin the past yearsmore and more insights ia the
electron transfemechanisms of other strairtsave beergained(zZhaq et al.2021) This knowledge is
crucial to understanithg the interaction between mediator and cells and subsedlyeimproving the
BES performancdn general, a redox mediatozan only withdraw electrons from aredoxactive
enzyme in the ET&hen it has anore positive standard redox potential than the respective molecular
interaction sie. For the donation of eleobns, in contrast, it needa more negative standard redox
potential compared tothe molecular interaction sitéKracke et al.2015; Bedendiet al.2022) For
example the redox potential of theartificial redoxmediator FeCNs in the right range tonost likely
withdraw electrons from the cytochrome reductase cRnputida F1(Laj et al. 2020) As theredox
potentials ofsomemediators(particular organic moleculesan changeccording to the conditions in
the system, e.g. pH, ionic strengind surroundinglipids (Melin; Hellwig 202Q)also the interaction
site can change, resitigin changed energy yields in the cdlheETf bacteria igypicallylocated

on the cytoplasmic membree. Hencethe uptakeof the mediatorthrough the outer membrane of the
cellsis necessaryeither by diffusion or certain transportesystems. fiis transport can be one of the
limiting stepsof BES processdsiit the uptake pathways for most mediatoese still unclear One of
the few examplesof an already elucidatednediator transporter is an efflux pump for phenazines in
P.aeruginosacalled MexGHDpmD(Sakhtah et al.2016) For FeCNuptake inP.putida KT2440new
findings suggest thatonBdependent transporter systemmight play a roleas they are involved in
iron uptake and FeCNs aniron-containing compleNoinaj et al.2010; Nguyen Anh Vu 2028eutral

red, in turn, can permeate the cell membrane via fionic diffusion(Repettq et al.2008)
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1.6 Pseudomonas putida
1.6 Pseudomonagputida

Pseudomonaputida is a gramnegative,rod-shaped obligate aerobidacterium within the class of
Gamma proteobacterigPalleroni 1984)Its natural habitat is soil and water environments, where
constantly changing conditionhave evolved the metabolim of this microbe to be very versatile
(Weimer, et al.2020) Not only carP.putidagrow on abroad spectrum of substrategTimmis 2002)

but it also tolerates the presence of solverf@amoset al.2002) heavy metalgBruins et al.2000)

and organic pollutants and is resistatt environmental stresses, like oxidative stress, high salt
concentrationsand temperature extreme@Rojo 2010) These properties mak®. putidaan important
microbe for environmental biotechnology, especiallytie bioremediation of contaminated soil. Due
to its promising characteristics and possible application ati@xtensive research waarried outon

the microbe, resulting in genorrscale modelgNogales et al.2020)and various tools for metabolic

engineering and systeravel profiling(Cook et al.2018; MartinezGarcia; Lorenzo 2017)

The most commonly used ameststudiedstrainof P.putidais KT2440This strain emerged from the
wild-type mt-2 bythe removal of theTOL plasmidBagdasariaret al.1981; Regenhardiet al.2002)
This plasmiagnalled the strain to degrade toluene and other possibly harmful aromatic compounds
Theremoval of this plasmid simplifighe genome of the strain, making it more stable and predictable
and reducindhorizontal gene transfeKT2440s classified aa non-pathogenic strainmaking it more
convenient to be used asmodel organism for lab research and industrial applicatibis used for
bioremediation, bioplastic production, biofuel synthesiad biotransformation(Nelson et al.2002)
Furthermore, various othestrainsare used for bioremediation by the utilization of the supedivent
tolerance of the microbe and its ability to withstand stresdest examplethe strainDOTFT1E can
degrade different toxdi chemical and organic pollutanftf/daondq et al. 2013) CSV86 degrades
aromatic compoundgPaliwa] et al.2014) GB1 can precipitate manganesand isused on heawy
metal contaminated sitegBrouwers et al.1999) and the strainF1 degradsaromatic hydrocarbons
like toluene(Wackett; Gibson 1988Dther drains, in turn,were developed for productionpurposes,
like for examp the strain S12for biofuel and biochemicals productigiierckx et al.2005) andCA3

for the synthesis dlbioplastics from polyhydroxyalkanoates (PH@&®ard; O'Connor 2005)

1.6.1 GlucoséMetabolism of P.putida

P.putida has aversatileglucose metabolismits adaptation to thrive under various environmental
stressesoriginates from its efficient mode of energy and reducpmwver generation. Its glucose
metabolism functions primarily vide EntnerDoudoroff pathway and a unique combination of other
pathways, resulting in theo-calledEDEMP cycle. This pathway consists of enzymes otlweer-

Doudoroff EmbderMeyerhofParnas, angientosephosphatepathways(Nikel et al.2015)
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Figure2. Central carbon metabolism oP.putida KT2440 under aerobic condition§.he microbe uses the
EDEMP cycle consisting of enzymes of thenEr-Doudoroff, EmbdenMeyerhofParnasandpentose phosphate
pathways to metabolize glucos&lu ¢ glucose; Glcrg gluconate; 2KG¢ 2-ketogluconate; G6R, glucoset-
phosphate ; 6P 6-phosphogluconate ; F6P fructose6-phosphate; E4R; erythrose4-phosphate; SP ¢
sedoheptuloseZ-phosphate ; FBP fructose-1.6-bisphosphate ; 2KDP§2-keto-3-deoxy-6-phosphogluconate ;
DHAR; dihydroxyacetone phosphate; G&Rjlyceraldehyde3-phosphate ; 3P glycerate3-phosphate ; PER
phosphoenolpyruvate; PYR, AcCo/A; aceyl-coenzyme A ; AGEacetate ; OAA oxaloacetate ; CIT citrate;
MAL ¢ malate ; GLX glyoxylate ; ICt isocitrate ; FUM; fumarate ; SUG succinate ; AKG 2-ketoglutarate
(Figure modified fronKohlstedt; Wittmann 2019)Created in BioRender.com)
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1.6 Pseudomonas putida

The glucose metabolism i putidamainly begins with the transport and subsequent oxidation in the
periplasm. Instead of directly transportitige glucose into the cytosol to feed glycolysis, a membrane
bound glucose dehydrogenase enzyme converts glucose to glucorte periplasmNow, a second
oxidation step in this periplasmic oxidation chbacomegossible generating Zetogluconatg2-KG)

(del Castillpet al.2007) Ineach oftheseoxidation reactioms, electrons are released, witi contribute

to the generation of a proton gradient across the membrane, which fuels ATP generation through ATP
synthase(Ebert et al.2011) However, he main share of glucosis only oxidized ore togluconate

then taken up into the cytosol via a specific transporter and phosphorylated iptm6phogluconate.

By preferring this uptake pathway, before the direct uptake of glud@gaytidagenerates a large ATP
surplus as the ARbinding casste transporterand following phosphorylation via glucokinasehich
isneeded for the uptake of glucose, consun2anol of ATP per glucose moleculehile the gluconate
uptake only costs one mol of AT#Rr phosphorylation (Kohistedt; Wittmann 2019) The
6-phosphogluconate then enters thetaer-Doudoroffpathway, which is the primary route of glucose
catabolism irP.putida. In most bacteria, therebdenMeyerhofParnasglycolytic pathway is common

for glucose metabolism as it is yielding more ATP. However rtmeEDoudoroffpathway generates

a higher amount of NADPH molecules, which are important as reducing agents in many biosynthetic
and stressresponse processedn summary, the Ener-Doudoroff pathway converts one mol of
glucose into two pyruvate moleculegielding one mol of ATP, one mol of NADH, and one mol of

NADPH.

Next to the usage of therner-Doudoroff pathway, P.putida also uses ezymes of thepentose
phosphate pathwayand the EnbdenMeyerhofParnaspathway. Thepentose phosphate pathway
provides additional NADPH and necessary precursor molecules for biosynthetic reactions like the
synthesis of nucleotides and amino acids. On ttiephand, the nbdenMeyerhofParnaspathway
requires the direct uptake of glucose and therefore, less energy efficient foP.putida. Only

approximately 10% of the glucostaken up via this pathwagKohlstedt; Wittmann 2019)

Furthermore, a combination ofrher-Doudoroff EmbdenMeyerhofParnas and pentose phosphate
pathway enzymes forrthe EDEMP cycle, which is used to recycle tripb®sphates from the lower
part of the glycolysis and thenther-Doudoroffpathway back to hexosphosphatesWhen grown on
glucoseP.putidafavorsthis pathway to producadditional NADPIb encounterenvironmentalstress

(Nikel et al.2015)

Another differencefrom other bacteria is thatP.putida does not heavily rely osubstratelevel
phosphorylation for energy production. Instead, the dominant role in ATP generation is played by
oxidative phosphorylationwhich is driven by the proton gradient created by the periplasmic oxidation
chain(del Castillpetal. 2007)
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1.6 Pseudomonas putida

The glucose metabolisimadvantageougor P.putidasinceit has a higher energy efficiendye tothe
conservation of ATP by the usage of periplasmic oxidation anghtiner-Doudoroff pathway,a better
redox balance due to large amount§ NADPH being produced, amdntributing to higher stress

tolerance due to both ATP and NADPH production.

1.6.2ElectronTrangport Chain of P.putida

P.putida is typically considered an obligate aerobe atiterefore, requires oxygen for growth and
energy production (Schmitz et al. 2015) P.putida utilizes a series omembrane-bound protein
complexes and electron carriers situated in ttyoplasmicmembrane to transfer electrons from
metabolic intermediates to oxygen, the terminal electron accepi®weet; Peterson 1981Yhe
electron transport chai (ETC) in bacterianot as linear as in eukaryatieut may be branchednzyme
expression deperglon oxygen availabilityHence electronscan take different routes depending on
the environmentakonditions. Anywayshe protein complexesvolved in EChaveincreasing redox
potentials and therefore, an increasing affinity for electronsvhich determines the direction of the
electron flow (Simon et al. 2008) In general, he ETC begins witdehydrogenasese.g., NADH
dehydrogenase and succinate dehydrogenase, which receive electrons from the oxidadiomoos
like NADH and succinate, respectielhe electrons are thefunneled into the quinone pool. From
there, the electronsare shuttled by ubiquinon& cytochromec reductasewhich transfers them to
the mobile electron carriecytochrome c Finally, the electrons reach cytochrome ¢ oxidaggere
they reduce oxygen to watem parallel, the involved protein complexestas proton pumps, which
translocateprotons across the membrangyenerating a proton motive force thatives ATP synthesis

via ATP synthas@&his process of energy generatisrtermed oxidative phosphorylation.

The ETC d?.putidais uniquely adaptable to varying oxygen leyfds example by the expression of
alternative terminal oxidases such as cytochrome bo3 and cytochronfiddida et al.2016; Morales
et al. 2006; Sevillaet al.2013) Under anaerobic or microxic conditionsP.putida can even switch
to alternative terminal electron acceptors like nitratesurviveand maintain metabolic activiCarter
et al.1995) This versatility enablake bacterium to survive in diveeenvironments makingP.putida
an excdlent candidate foranodic electrefermentation However,growth and optimal metabolism

require oxygen and is therefore considered an obligate aerobe anyway
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Figure3. Electron tranport chain ofP. putida. Electronsenterthe ETC via oxidation of electron donor molecules

at different dehydrogenase®.g.,NADH and succinate dehydrogenase. The electrons pass the quinone pool and
are transferred to cytochrome c at the cytochrome c reductase. Ultimately, cytochrome ¢ shuttlegahtbm
cytochrome c oxidase, where oxygen is reduced to water. The proton motion, fafteh is builtup by the
enzymes of the ETC that are proton pumps simultaneously, is used to fuel ATP synthesis by ATP synthase.
(Created in BioRender.com)

ADP + P, ATP

1.6.3Anodic Hectro-Fermentation with P.putida

P.putidais a verypromising hosffor various biotechnological production processbst its obligate
aerobic naturdimits its efficientusein large-scalebioreactors.The input of oxygen into bioreactors is
alwaysa challenge. Heat and foam generation in these systems require special netsatiacrease
the costs and limit the possible reactor sizes. In the past, many efforts were invested to genetically
engineerP.putida towards anaerobic metabolisfKampers et al.2019) but the complexity of its
metabolism makes this a very challenging task extensive in silico analysis combining the
comparison ofthe genomes ofover 1,500 Pseudomonasstrains, genomescale modeling and
transcriptomics datadentified 49 geneswith known functions, 8 genes of unknown functions, and
three vitamins that musbe added externallygsnecessaryto enableanaerobic respiration iR. putida
(Kampers et al. 2021) Microbial electrochemistrydelivers an alternativeapproach to solwg the
problem The solution i@nodic electrefermentation (seel.2 Anodic Electrd-ermentatior), a BESn

which thecells cartransfer their terminal electrons to aanode instead of oxygen.
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Figured. Schematidllustration of the concept of anodic electrdermentation with P.putida. Under normal
conditions, the obligate aerobic oroorganisnP. putida cannotsurvive when oxygen is depleted. The provision

of an anode as terminal electron acceptor, however, enables them to survive under anaerobic conditions and
metabolize substrates into products. An artificial redox mediator hdsetsupplied as electron shuttle between

the electrode and the exoelectrogenic bacteriuBiectrons travel to the cathode from the anoded producea

current output signal. At the cathode a counter reaction takes place. (Figure modified/assileyet al.2021)
(Created in BioRender.com)
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Already in 1984, it was shown thRtputida can survive under anaerobdonditions ina microbial fuel

cell supplying an electrode aan inexhaustibleterminal electron acceptoi(Roller et al. 1984)
Additionally, this methoatnables the electrochemical control of the redox and carbon metabolism of
the microbetowards the generatio of a product of interestSeveral studies have demonstrated the
potential of P.putidain anodic electrefermentation to improve the yield ofalue-addedchemicals

(Schmitz et al.2015; Hintermayeret al.2016; Akitosarj et al.2019; Lagiet al.2016b)

A major task foranodic electrefermentation involves setting up an effective extracellular electron
transfer from the microorganism to the anode while integrating it with the central carbon metabolism.
The usa@e of a fitting redox mediator is essentiat P.putidato enable the transfer of electrons to the
anode. As a result ahe absence of fermentative pathways the obligate aerobeand the redox
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balance on the external electron sirdnodic electrefermentation procesgslead toremarkablyhigh
product over substrate yield$-or example, if glucose is used as the sole carbon source, the organic
acid 2KG is produced with a yield ofer 90% with only very minor fyroductgeneration(Laij et al.
2016b)

However, despite the high yields,istprocess withP.putidais a very slow process, with substrate
uptake and product formation rates far lower thanoe of aerobic processes ifP.putida.
Furthermore,as ofthis date, bacterial growthhas not been achievednder anaerobic and anode
driven conditionsRecat advancements in metabolic engineering have shown promising potential in
overcoming some of these limitations. In 2018, Yu et al. demonstrated that targeted genetic
modifications could substantially improve the productivityRoputidain anaerobic andinodedriven
conditions By overexpressing glucose dehydrogenase, an enzyme involved in the oxidation of glucose
to gluconate via the periplasmic oxidation chain, both the electron transfer rate a6@ RBroductivity

were increased by 327% and 644%, resipety (Yu et al. 2018). Such findings indicate that strategic
metabolic interventions can enhance the performanceanbdic electrefermentation systems and

potentially make them more competitive with traditional aerobic processes.

Looking forward, thentegration of multitomics approaches, such as proteomics and transcriptomics,
may uncover additional target genes that can be engineered to optimize electron transfer and improve
overall system performance. Further exploration into the role of key metaslisuch as
polyphosphatgpolyP) and the development of novel redox mediators may help address the current
bottlenecks in substrate consumption and growth rates, paving the way for more efficient applications

of anodic electrefermentationwith P.putida.
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Scope of the Thesis

Scope of the Thesis

This thesis aims to provide andiepth understanding of the physiology BEeudomonaputidain a
bio-electrochemical system (BES), particularly under anodic eketnoentation conditions.
P.putida, an obligate aerobe, hasdhremarkable ability to survive under anaerobic conditions as an
exoelectrogen, where an anode serves as the terminal electron acceptor instead of oRymelic
electrofermentation can lead to exceptionally high product yields from substrates due taltbence

of fermentative pathways when applied to aerobic bacterft@r instance, the wiltype strain of
P.putidaachieves a yield of over 90% eK&from glucose. However, despite these promising yields,
substrate consumption and product formation ratesmain significantly low, and the underlying

metabolic processes in such systems are still poorly understood.

The scope of this research focuses on unraveling the key physiological limitations within the BES,
particularly investigating the carbon uptakeathway across the periplasmic membrane. This
exploration aims to identify which factors limit glucose uptake rates, thereby constraining system
efficiency. A multbmics approach, encompassing systems biology techniques such as transcriptomics,
proteomics,and metabolomics, was employed to compare the physiolody.pfitidain the BES with

that under standard aerobic conditions. This comparative analysis aims to pinpoint target genes for

future genetic engineering, facilitating the construction of mutawith enhanced BES performance.

Furthermore, energy generation, which is a limiting factor in the anaerobic and adrdgn
conditions of BES, was closely studied through the investigatiggolgP as a key energy storage
compound. Lastly, the role of redanediators in facilitating efficient electron transfer was critically
evaluated. This thesis reaffirms the importance of selecting an appropriate redox mediator for optimal
exoelectrogenic performance. A comparative analysis of natural and artificiahtoeglialong with a
broader comparison of various artificial redox mediators, was conducted to assess their potential to

improve system efficiency.

The findings from this thesis provide key insights into the metabolic and physiological constraints of
P.putida in BES and suggest strategies for improving the sustainability and efficiency of anodic electro

fermentation for industrial applications.
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2. Materials and Methods

2.1 Chemicals

Chemicals used in this dissertation were purchased at the highesty pisam SigmaAldrich
(Steinheim, Germany), Merck (Darmstadt, Germany), orRath GmbH (Karlsruhe, Germany) unless
otherwise indicatedUltrapure water, generated by a M@ purification system (Millipore, Merck),
was used for all experiments. The M)l systencombinesdfiltration methods, including ion exchange,

reverse osmosis, and ultrafiltratioio remove ions, organic molecules)d microorganisms.

2.2 BacterialSrains

Table 1 lists all bacterial strains used in this dissertation. Dr. Nikotdls &dd Prof. Pablo Nikel from
the Technical University of Denmark engineered and kindly provided the three gene deletion mutants
KTG, KTIGL, and KKG. Prof. Miriam Rosenbaum from Leibniz Institute for Natural Product Research

and Infection Biology Harndll Institute in Jena kindly shared the strainsRCIA and Kdontrol.
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Tablel: Bacterial strains

2.3 Cultivation of P. putad

P. putida strains

Genotype

Source

KT2440NT

KTG

KTGL

KTKG

KTPCA

KT-control

nglk
ngad

nalk
ngnuK

NPP_0652

Wild-type strain

P.putida KT2440
nged

P.putida KT2440
NngtsABCD

P.putida KT2440
NgtsABCD

ngntT

P.putida KT2440

14.phz2pBNT

P.putida KT2440

pBNT

Description

Derivative of strain m®, cured from the pWWC
catabolicplasmid

Inframe gene deletion mutant of glucos

dehydrogenasegcd PP_144% streamlined for cross

membrane transportation pathway via glucose

Inframe gene deletion mutant of glucose AE
transporter QtsABCDPP_1015°P_1018 glucokinase
(glk, PP_101}, and gluconate dehydrogenasegad,

PP_3382P_338% streamlined for crosamembrane
transportation pathway via gluconate

In-frame gene deletion mutant of glucose AE
transporter GtsABCDPP_1015PP_1018 glucokinase
(glk, PP_101}, gluconate transportergatT, PP_3417
and PP_0652 and gluconokinasegfiuKk PP_341§

streamlined &r crossmembrane transportation
pathway via Zetogluconate

PCAproducing strain with kanamycin resistance

Kanamycin resistarstrain

(Bagdasarian,
Lurz et al
1981)
(Sanchez
Pascuala,
Fernandez
Cabezén et
al. 2019)
(Pause et al.
2024)

(Pause et al.
2024)

(Askitosar, et
al. 2019)
(Askitosai, et
al. 2019)

2.3 Cultivation of P. putida

2.3.1Media

Media stocks for cultivation wengreparedaccording toTable2. LB media was prepared by solving all

ingredients in water, adjusting the pH to 7 (pH electrolht,ab Micro PrdSM, Mettler Toledq)and

sterilization by autoclaving at 12T for 20 minFor DM9minimalmedia(Laj et al.2016b) the basic

salts were prepared in Hold concentration, the pH adjusted to 7.2 the addition of NaOH solution

and sterilized by autoclaving. Trace elements, calcium cleloadd magnesium sulfate stocks were

prepared in 1008old concentration, sterilized by filtration (PES, pore size of 0.22 um, Th. Gayer),
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2.3 Cultivation of P. putida

stored at 4°C. To obtain the final DM9 media, the-fblld salt stock solution was added to sterile water

in a raio of 1:1Q and the additives and trace element solution were added tatio of 1:1000 under
sterile conditions. For Delftinimalmedia(Hartmans et al.1989)All stock solutions were prepared at

a 100fold concentration. The buffer and nitrogen solution were autoclawdl the salt solution was
filtered for sterilization. The final Delft media was obtained by adding all components to water in a

ratio of 1:100respectively.

Table2: Media composition

Medium Stock solutions Composition
LB 10 dL tryptone, 5 g/L yeast extract, 10 g/L NaCl
DM9 Salt Stock (10x) 60 g/L NaHPQ, 30 g/L KHPO, 10 g/L NHCI 100g/L
Magnesiim sulfate Stock (1000x) MgSO4 * 7 kD
Calciumchloride Stak (1000x) 15¢/L CaGlF 2 HO

Trace Elements Stock (1000x) 1.5 g/L FeGF 6 H0O, 0.15 g/L EBG, 0.03 g/L CuSO
5 H0, 0.18 g/L Kl, .0.121gMnCt * 4 HO, 0.06 g/L
NaMoOs * 2 HO, 0.12 g/L ZnSO 7 H0, 0.15 g/L
CoCl* 6 HO, 12.74 g/L Na EDTA, 0.023 g/LNigkO

Delft Buffer Solution (100x) 388 g/L KHPQ, 163 g/L NakPO
Nitrogen Source Stock (100x) 200 g/L (M4)2SQ
Salt Solution (100x) 10 g/L MgClI* 6 HO, 1g/L EDTA, 0.2 g/L ZnSDH:0,

0.1 g/L CaGt 7 H.0, 0.02 g/L NéloOs* 2 H:O, 0.5 g/L
FeS@* 7 H:0, 0.02 g/L CuS®5 HO, 0.1 g/L MnGF
2 HO, 0.04 g/L Cofl 6 HO

2.3.2Storage ofBacterial Srains

All bacterialstrains were kept in crystocks at-80 °C for bngterm storage For the preparation of
cryo-stocks, lacterial cell material of each strain was taken from the strain collecspreadon LB

agar platesand incubated at3@ / 61 S NJ & K S NJY incubatof) Nrind iengfidyar e €
strainsP.putida KFPCA andP.putida KTcontrol, 50 pg/mLkanamycin Kar?®) was added tahe agar

as well as to the liquid media, ensure the presence of the plasmidfter about 24 h of incubation,

a single coloy was pickedplaced in 3 mL of liquid LB med#nd incubated for 7+ in a test tube
coveredby a metal caat 30°C and 200 rpm (Multitron Pro, INFORS HT). Then 500 pL of cell suspension
wasthoroughly mixed with 500 pL glycerol solution (50% w/v glyieand stored at80 °C.

23



2.3 Cultivation of P. putida

2.3.3AerobicCQultivation

A defined M9 medium (DM9) with glucose as the saldbonsubstrate was usefbr the cultivation of
P.putida KT2440, KG, KTGL and KTKGcells.ForP.putida KT-PCA andTcontrol, Delft media with
glucoseand Kart® was usedThe detailed recipe can be fouradhove For aerobic cultivation 5 g/L of
glucosewas added to the media respectivelyTo minimize systematic errors, each batch of
experiments was started from crygtocks of the respective straify streaking oran LB agar plate

(with Km50 forP.putidaKFPCAand kD2 Yy i N2 f 0 | YR Ay Odzml GAy3 F2NJ | o2
Microbiologicallncubator, Thermo Scientificfterward, a single colony was picked from the LB plate

and transferred intaa baffled shake flaskith a metal capcontaining DM9 mediunor Delft medium

with Kn?? for inoculation. A maximum of 20% of the working volume of the flasks was filled with
medium for all growth experiments in this work. The liquid culture was incubdt8d &C and 20€pm
(Multitron Pro, INFORS HT) until the desired cell density was reached, which was measured using a
spectrophotometer (Libra S12, Biochrom Ltd, Cambridge, Great Britain; DM9 medium as blank) at the
wavelength of 60(hm (OD600). The celhdweight (CDW) was then calculated using the following
formula: CDW [g/L] = 0.486 * OD60fy et al.2018) The correlation factor was assumezltie the

same for all strains used in this study.
2.3.4AerobicGrowth Kinetics Determination

To determine the lag phase of the growth, the cistocks were activated on the LB agar plate for
24-36 h. Afterward, colonies were picked using an inoculationp and then inoculated into the DM9
liquid medium with 5 g/L glucose. Samples were then taken in regular intervals to monitor the growth
at OQwo. The exponential growth phase kinetics were determined by preparing the DM9 liquid
precultures from LB plategresh DM9 medium were inoculated witéll material from the preculture

to reach an initial O of ~0.1, and then the growth profiles were monitored over the day time. The
exponential growth phase was defined by the linear plotofODxg) against thetime, while the
maximum growth ratesy(, h') were determined by the slopes. The biomass yield of the exponential
growth phase Yws, [gcowdgiucosd) Was determined by the slope of linear fitting between the biomass
density (in cell dry weight, fggwL]) measured by O3 versus the glucose concentrations ([g/L])
measured by HPLC. Finally, the glucose consumption gates{fmmolyucesdgcowh]) was calculated

by the following equation:gficoselMMOlgucosdgcowh] = p[h™] / (Yus [9cowTgiucosd ¥ MW giucose[@/mmol],

while MWygiucoselS the molecular weight of glucose (0.18016 g/mmol).
2.3.5BES

A detailed descriptiolf the setup and operation of the useBESan be found irfLaj et al.2019)

24



2.3 Cultivation of P. putida

2.3.5.1BESSetUp

A bioreactor with an integrated threelectrode system was used for the BES fermentati@ebon
cloth (25 cm, 1071HCB, FuelCellStore, Texa#)u@s pretreated by soaking i@ mM cetrimonium
bromide and incubaéd overnight at 30°C and 200 rpnto clean the surface aniinprove its surface
hydrophilicity. It was thenwashed in water, dried ianoven (60 °Gandused as theanode Stainless
sted mesh (FE621018, Advent Research Materials, Oxford, England) was ubedcathode. An
Ag/AgCI electrode in saturated KCI{(REP, Als, Tokyo, Japan, Cat. B83691)was deployed as
reference electrodeThe bioreactor consists of a douhbcketed dass cylinder with a filling volume
of 350 mL, which can be tightly closed using a polyether ether ketone (PEEH)d&land a metal
clamp. The anode and the cathode chamber are separated lmatian exchange membrane
(MembranesinternationalINC., Rigwood, USACat. No.: CMI,000). The reference electrodsitsin

a bridging tube with a porous glass frit (pore size of < 1 um) at the end, which is also ptadéeé in
anode chamber. A cooled glass condenser, sealed with an autoclavable membraneiZpooé s

0.22um), ensures the release of gas under sterile conditionsraimimizesevaporation.

Potentiostat

Condenser
Exhaust gas (out)
Cooling water (in)
Cooling water {out)

Sampling port
Na (in)

Reference electrode
(AgCI/KCI (sat'd))

Anode
(Carbon cloth)

Mediator

Heating water
(in}
J—Heating water

(out)

Inoculum port /— Stirrer bar

Heating jacket

Magnetic stirrer

Figureb. TheBESDepicted is a redlfe picture(A)and a schematic picturgB)of the BES used in this study.
The reactor consis of a doublgacketed glass vesseith a threeelectrode system connected via
potentiostat. (Figure modified fromWeimer, etal. 2024)
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2.3 Cultivation of P. putida

2.3.5.2BESDperation

After setting up, the reactors were sterilized by autoclaving. Under sterile conditions, 300 mL DM9
media supplemented with 1.5 g/L glucose was filled into each reatier cathode chamber was filled
with DM9 salt solubn, and the reference electrode chamber was filladth sterile saturated
potassium chloride solutiai\fterward, the counter and reference electrodes were sterilized with 80%
ethanol, placed in the respective chambeasd connected to the anode and thetentiostat (Bio-

logic science instrument, Seyssidriset, France)Theheadspaceof the reactors was gassed with
nitrogen (~20 mU/min) through a sterile syringe membrane filter (pore size of &g to ensure
anaerobic conditionsThe reactors werenixed at400 rpmviaa magnetic stirrer, the working chamber
washeated to30 °C, and the connected condensers cooled at@Qo decrease evaporatioRinally,

the working electrode potential was set to O/5vs Ag/AgCI/KGl:for the majority of BES exgarents

and the monitoring of the current output signal was startédter reaching a stable baseline signal
the redoxmediator was added through the injection port using a syringe. Unless otherwise indicated,

the experiments were conducted using 1 nff¢@\ as redox mediator.

For the inoculation of the BES reactobscterial cell material was obtained by cultivation under
aerobic conditions in DM9 medias described aboveThe cells werdharvestedat the end ofthe
exponential growth phase an ODseo0f ~3. All BES reactors were started wéthinitial OQyo of ~1

For this purpose, a respective preculture volume was centrifuged0@07gand 25 °C for 10 min,
resuspended in fresh DM9 media without glucose, and injected into the BES reactor usimgye. syri
After inoculation and afteevery24 h, samples were taken from each reagtand Olgy, mediator

concentration, pHand exemetabolite concentrationsvere measured.
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2.3Cultivation of P. putida

aerobic anaerobic
Cryo- LB agar Liquid , BES , Analysis
stock preculture : ,

N: (headspace)
30 mL/min

streak Q'\°k CDJ‘O{)—P narvesy \noCUlagg

store at incubate 30°C, ( ) &
h S S
-80°C 24h T H
— centrifuge 7000 g, '
DM9 medium, 26°C, 5 min

incubate 30°C,
200 rpm, over

night ) . cell physfology, exo-

: DM9 medium + 1.5 g/L glucose H metabolites, ,PH, mEdfarar
H + redox mediator H concentration, -omics

incubate 30°C, 400 rpm

Figure6. Standard procedure of a BE&mentation with P. putida. Cell material for the BES reactor inoculation

was obtained under aerobic conditionsB plates were inoculated from chgtocks, and formed single colonies

used for the inoculation of liquid precultures. After incubatmvernightat 30°C and 20 rpm, the cell material

was harvested by centrifugation at 7,000 g for 5 min. The BES fermentation was run under anaerobic conditions.
Samples were taken ia regular manner and analyzed for cell physiology,-reetabolites, pH, mediator
concentration,and -omics.

2.3.5.3BESDperation forthe Comparison oExogenous vEndogenouskedoxMediators

An exception to the standard operation protodolr BESfermentation was madefor experiments

comparing the usage of an endogenousesogenous redox mediator.

The production of the endogenous redox mediator PCA bystran P.putida KFPCA is only possible
under aerobic conditionsTherefore, istead of growing the bacterial cell material in shaking flasks,
the cells were grown directly in the BES reactaisg Delft media with 3 g/L glucoaad Kni®instead

of DM9 media. After setting up the BES, the media inside of the reactors was bubbled with 50 mL/min
compressed ajrand no potential was applied. The reactors were then inoculated with cell material of
P. putidaKT-PCA oKTcontrol, respectivelyThe strainP.putida KFcontrol only contained the empty
vector with the kanamycin resistance and wHeerefore,unableto produce PCAAfter incubation for

3 h, 1M of sodium salicylate was added to induce fmduction of PCA. The reactors were then
further incubated for about 24 until an Oyof ~1 was reached hE concentrations ofjylucose and
PCA were measured via HPLC. Based on the PCA concentraticontieatration ofFeCN in the
reactors containinghe KT-controlwas adjustedo the same levelAlso, glucose was added to reach a
concentration of 2 g/L in each reactdkfterward, the aerobic mode was switched to thaaerobic

mode by exchanging the compressed air bubbling with flushing the headspidiceitrogen at a rate
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2.3 Cultivation of P. putida

of 20-30 mU/min. Simultaneously, a potential of 0.24qcfor FeCNcontaining reactors and 0.2ay/agc
for PCAcontaining reactors was applied. Finally, the pH was readjusted to a value of 7.0 by the addition

of sodiumhydroxide(NaOH). The following sampling and analysis were dsdescribed before

aerobic
Cryo- Agar Liquid BES
stock plate preculture compressed air
50 mL/min
streak single cg, wnoculate J after « 1
/\ Q\C’\é-/\%, /\ ?—\36 \\.LJ:L
4 g \ W]
o 'l'i"[ "-_:'
P P N Inducer sodium salicylate
/ ‘ “ ‘ (end concnentration 1 mM)
—_—
store at LB agar+ Km™  Delft medium + Km*
-80°C incubate 30°C, incubate 30°C,
24 h 200 rpm, over night ‘ \—/‘
Delft medium + Km® Sample
+3g/L glucose HPLC analysis of
incubate 30°C, 400 rpm glucose and PCA
concentration
switch to
................................................. after 24h anaerobic ...
and anode-
. driven
anaerobic
N: (headspace)
Analysis 30 mL/min
adjust
/\‘ \\N_Iy]\‘
. L
glucose, pH
add
’/ only to FeCN
cell physiology, exo- reactors
metabolites, pH, mediator
FeCN

concentration, proteomics

Delft medium + Km?° +
2 g/L glucose
incubate 30°C, 400 rpm

Figure7. Procedure for comparison of exogenous vs endogenous redox mediator Rifsutida. Cell material

was grown in the BES reactors directly underobic conditions for PCA secretion. LB plates were inoculated
from cryostocks, and formed single colonies used for the inoculati@endllliquid precultures. After incubation
overnightat 30°C and 200 rpm, thpreculturewasused for the inoculation fothe Delft medium in the BES to

an ODo of 0.1.Aerobic conditions were ensured by gassing compressed air into the medium with 50 mL/min.
PCA expression was induced 3 h after inoculation by the addition of sadilicylateto an end concentration of

1 mM. After an OD600 of ~1 was reache&3onditions were switched to anaerobic by gassing the headspace
with 30 mL/min N and applying potential Samples were taken ia regular manner and analyzed for cell
physiology, exanetabolites, pH, mediator conceration, and proteomics
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2.4 Analytical Methods
2.4 AnalyticalMethods

2.4.1Measurement ofExtracellular Metabolites

Supernatants fronshale flasks and BES reactors were obtained by centrifuging liquid samples at 4 °C
and 17000 g for 10 min. The obtained supernatants were tetared at-20 °C until further analysis.
Highperformance liquid chromatography (UltiMateO®0, Thermo Fisher Scientific, Massachusetts,
USA) witha Hi-Plex H column (PL11-8830, 300 x 7.7 mm, Agilent Technologies) was used to detect
and quantify glucoseand organic acids (including gluconateK@ acetate, succinate, pyruvate,
formate, etc) (Lai et al.2016a}-or organic acids, 14 mM sulfuric acid (H2S0O4) was used as mobile
phase with a flow rate of 0.4 mL/min for 38 min. The column oven was heated to 40 °C. The detection
was done via a UV/Vis detector at 210 nm. Glucose wadyzthusing water as eluent with a constant
flow rate of 0.4 mL/min for 22 min. The column compartment was cooled to 15 °C, and a refractive

index detector (RefractoMax320, ERC, Czech Republi@masyed for detection.
2.4.21sotopicLabelingMeasuremaents

For the isotope tracer experiments in BES, precultures were grown in media with nataballgd
glucose as substrate and then inoculated into BES reactors contafainglucose(99%,BIOMOL
GmbH)

The presence of acetatas well as its mass isotmer distribution,were verified and determined
using ion chromatographys(A 2 Yy SBanb/ { F LIAf £ F NB | t L/ }cojpleditdisS Y ¢ K-
mass spectrometer (Orbitrap Explotis H n n X ¢ K S(NGMS).THe supddratSntslivere desalted
using butanbextraction to prepare the samples forMS For this purpose, the pH of the samples was
decreased to 2 by the addition of b5Q. At a low pH, salt molecules will be converted into neutral
or less charged forms, which in turn enhandesir solubiliies in the butanol phase and makes the
extraction more efficientSubsequently, -butanol was added in a ratio of 1:1 and mixed thoroughly.
While theacetic acids extracted to the organic phase, the salts will remain in the aqueous phase
hence,the butand phase was used for the-MS measurement. Afterwards, 20% of methanol and
KOH (final concentration of 1 mM) was added to the desalted samptasion chromatography, a
Dionew lonPaet ! {H@ MC column was used. The eluent flow was adjusted to 0.38imkimd the
injection volume was set to 2j0L. Thesodium hydroxideconcentration of the eluent was gradually
increased from 1 mM to 60 mM over the course ofr8 for elution plus 10 mins for equilibratian
The regenerant pump was set to 0.5 mL/mémdvia a makeup pump,methanol was spiked into the

flow with 0.15 mL/min to improve the ESI efficiency. The MS was operated in targetedejsadent
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2.4 Analytical Methods

MS2 mode in the range of 400m/z with a vaporizer temperature of 300 °C and ion transfer tuber

temperature of 325 °C.

The mass isotopomer distribution of secreted acetate wasa@dsermined using gas chromatograph
coupled to mass spectrometry (84S)(Agilent 7890A, Quadrupole Mass Selective Detector 5975C,
Agilent Technologies, Santa Clara, Califordi@A). The instrument was equipped wah HR5MS
O2ftdzyy +a adlkiAz2ylINE LKFAS d6on YI Hpn P ndup >YZ
mobile phaseBeforeanalysis, acetat@vasderivatized with Apentanol, followed by extraction with
n-hexane (Adler, et al.2013; Adler et al.2014) For this, 50 pul of culture supernatant was mixed with
100 pl HSQ (10% vol/vol) and 20 plL-mentanol, incubated at 80C for 15 min, subsegutly cooled
down to 5°C and extracted with 200 pthrexane. The oven program was as follows: 75 °C for 2 min,
ramp: 25°C mit?, final temperature: 300C). Samples weamnalyzedn selected ion monitoring (SIM)
mode atm/z 43 to 45 to obtain the massdapomer fractions m+0, m+1 and m+2 of a fragment ion
that contained both carbon atoms of acetate. For method validation, 0.5% (w/v) solutions of naturally
labeled sodium acetate and®(;] acetic acid (99% isotopic purity, Cambridge Isotopes) were tieate

as described above and the respective ion clusters were evaluated.

The obtained®C enrichmentiatawas corrected fothe natural abundance offCto differentiate the
labeling obtained by the supplied labeled substrate from the naturally occuti@yan Winden et
al. 2002) This calculation is crucial as approximately 1.1% of all carbon atoms naturally oé¥@ir as
The corrected enrichment values were then quantifiggsummed fractionalabeling (SFI(Wittmann;
Heinzle 2005)where thefractional abundance ol isotopologues containing at least ob€ atom
are summed up.
0D B(I)(I)({é 'Qm’mﬁi'ﬁ 0€EnNéEaé¢ Qo Qi

BOwoOE QeI € 0 €N € aQo Qi

2.4.3Measurement ofRedox Mediators
2.4.3.1RedoxMediatorConcentrations

The concentration oFeCNand itsreducedform, ferrocyanide can be quantified using @lorimetric
method of measuring the optical density of the supernatant at 420 nm and 320espectively(Lai,
et al., 2016)

The concatrations of all other used redomediators were determined via HPLC (UltiMate(®,

Thermo Fisher Scientific, USA).

Forquantification ofPCAan Acclaim™ 120 G18 column(Thermo Fisher Scientific, US#d UV/Vis

detection at 363 nmvasused The analsis protocol was adapted frotfAskitosari et al.2020) Eluents
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2.4 Analytical Methods

were 0.1% trifluoroacetic acid in wateglent A) and0.1%trifluoroacetic acidn acetonitrile €luent
B).The flow rate was constantly 1 mL/min, but the share of the eluents was changed over time. During
the first 2 min 90% eluent A and 10% eluent B were used, and the share of eluent B then constantly
increased to 50% after 12 min, then 70% after 20 min, and 100% after 21 min after injection. The
column was then washed with 100% eluent B for 5,maimd finally, the share of eluent A again

increased to 90% until 27 min and kept steady for the last min. Vae temperature was set to 2IC

The concentrations df.4-benzoquinongBQ) duroquinone (DQ)and anthraquinone2,6-disulfonate
(AQD$% were as well determined via HP{ditiMate 3000, Thermo Fisher Scientific, Massachusetts,
USA) but with aPrimesep 00 (Sielc Technologies, Usalumn. 0.1%rifluoroacetic acidn water was
again used as eluent A and pweetonitrileas eluent B. The starting condition was once more set to
90% eluent A and 10% eluent B, followed by a slight increase of eluenttB 18t in 4 min, and then
to 35% until 8 min after injection. During the next 2 ptime share of eluent B was further increased
to 100%,and the column flushed for 4 mirfterward, the share of eluent A was rapidly increased
back to 90% in 1 mjrand the column waghen washed with constant eluent composition for 5 min.
The flow rate was 0.61/min over theentire course of the run, and the oven temperature was set to

35°C. Detection of the analytes was done via UV/Vis at 210 and 280 nm.

2.4.3.23ability Measurement oRedoxMediators

To determine the stability of BQ, DQ, and AQDS in DM9 minimal media at 30 °C, standard solutions of
different concentrations of each redox mediator in DM9 media were prepared and placed in the HPLC
sample vial compartmentvhich was heated to 30 °C. Each sample was analyzed every 24 h with the
HPLC method developed for BQ, DQ, and AQDS, described above, and the differences in the measured

concentrations werealculated.
2.4.3.3RedoxPotential Determination ofMediators

Cyclic voltammetry measurements were used to identify thielpointredox potentials of the different
redoxmediators under the applied BES conditioBsncentrations of 0.1 and 0.5 mM of the different
redoxmediators were added into BES reactfited with DM9 media (pH 7yespectively. The cathode

and reference electrode chambers were filled with DM9 salt solution and saturated KCI solution as
usual. The reactors were heated to 3Dbefore the measurements. During the measuremgtite
applied working eletrode potential wasadapted to the respective redox mediatemweptbetween-1

and 1 Vwith a scan rate 010 mV/s. The midpoint redox potentials were calculated as the average

between anodic and cathodic peak potentials.
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2.4 Analytical Methos

2.4.4FluxBalanceAnalysis

Hux balance analysis was conducted based on the product yields on glucose and glucose consumption
rates over BES fermentation The product yieldy(Yys, [mmol_product/mmol_glucose]were
calculated by plotting the product (i.e. gluconateK& acetate, gruvate) concentration versus
glucose concentration over the BES batches, whereatheplute value of theslope of a linear fit
representedthe yield. Due to the dynamic biomass change over the BES batch, the specific glucose
consumption rate ¢ [mmol/gow/h]) was calculatedh two steps: 1) the rate in the unit of [mmol/L/h]

was calculated by plotting the glucose concentration versus time over the batch; 2) the rate value was
then further divided by an integral averaged biomass densitypgl]) to read the unit of

[mmol/gcowh]. The flux of the product was then calculated using the formpiag * Yys.
2.4.5Proteomics

2.4.5.1ProteomicssampleProcessing antfleasurement

A shotgun/bottomup proteomics approach was applied &malyzeprotein compo#ion changes

before and after BES fermentatiohwomL of samplevastaken from the precultures and from each
bioreactorat 24 h, 100 hand 380 h after inoculatianThe samples were immediately centrifuged at
13,000 g for 1 min at 4C and the obtainedcell pellets were frozen in liquid nitrogen and stored

at -80 °C until further processing.

The cell pellets were resuspended in 50 yL of 50 mM ammonium bicarbonate buffer for sample
processing Three cycles of freezbaw were carried out to disrupt theedls. For this purpose, the
pellets were subjected to alternated freezing in liquid nitrogen and heating 4C4&nd 750 rpm for

60 s. After the last round, the samples were placed in an ultrasonic bath fer B@ther processing

was carried out with oly 10 pg of proteins. Quantification of the protein concentration was done by
the usage of a 2[Quant kit (Cytiva, USA). A8 internal standard, 0.04 pg of GapDH (from
Staphylococcus aureldrsa252, 336 aa residues) was added. The filileubonds of the gsteines in

the proteins were reduced by the addition of 1 pL dfl Dithiothreitol and incubation at 30C for 1 h

and 400 rpm. Afterwards, 15 pL of 400 nNbdoacetamidewas added to prevent the rexidation.

The samples were again incubated for 1 H@® rpm andoom temperaturein the dark. The proteins
were digested due to the addition of 6.3 pug trypsin (from porcine, sequencing grade, Promega, USA).
After incubation overnight at 37C and 400 rpm, the reaction was stopped by adding 1 pL of 100%
formic acid. ZipTHuC18 columns (MercKiillipore, Merck KGaA, Germany) were used to desalt the
samples to decrease ion suppression inithrézation Finally, the samples webhgophilizedand stored

at -80 °C until analysis.
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Justbefore the measurement, thesamples were resuspended in 0.X¥&mic acidin water and
subsequentlyanalyzedusing a nandiquid chromatograph (nLC; Dionex Ultimat@@RSLC, Thermo
Scientific, USA) connected to an Orbitrap Fusidmribridt tandem mass spectrometer (MS/MS;

Thermo Seintific, USA). The measurement parameters were adjusted accord{Bgide| et al.2018)
2.4.5.2ProteomicPata Analysis

The data obtained from the measurement of the proteomics samples amgiy2d using the software
program Proteome Discoverevérsion 2.4Thermo Fisher Scientifit)SA SequestHT was used as the
search engine with thé. putida KT2440 genome database fradniProt.In the applied workflow
trypsin was denoted athe digestion emryme with a cleavage error allowance of up2toA mass
tolerance of 0.1 Da and 3 ppm was $setdeterminefragment and precursor ions. Furthermore, the
Target Decoy PSM Evaluator module wasdto maintain a false discovery rate (FDR) of below 1%,
and to obtain intensitybased labefree quantification of protein abundance, the Minora module
implemented in Proteome Discoverer was activatdthe proteins identified by the Proteome
Discoverer workflow were cleaned from contaminants, normalized by meanagilun and Log
transformed. Samples from BES reactors were compared to the aerobic preculimgthe students'
T-test. Here, changes were only chosen to be signifivdrn the calculated palue was smaller than
0.05 and thelLog. fold changgLog(FC)washigher than 1 or lower tharl, respectivelyFor proteins

that could not be identified in both compared conditions (preculture and BES), the missing values were
replaced by a small imputed value @Qo enable the following calculations witholdsing these
proteins in the analysis. It has to be stated that the resulting(Eqt) values for these condition
exclusive proteins do not reflect a quantitative difference in the expression but rather only indicate

their presence or absence, respectivel
2.4.6 ATPMeasurement

2.4.6.1SampleProcessing

For the quenching and extraction of intracellular metabolites, especially ATP, an approach using hot
ethanolwas choser(Wordofa et al.2017) Samplescontaining ~2.5 mg of CDWere taken from
aerobic precultures and BES reactamsirapidly processed. The bacterial cell material was harvested
by vacuum filtration (cellulose membrane filters, pore size of 0.22 pm, Millipore). The filters with the
bacterial cells were then transferreéhto falcon tubes containing 4 mL dboiling ethand
(ethanolwater 75:25, 70°C), vortexed for 30 s to extract the intracellular metabolites, and transferred
into liquid nitrogen. The samples were then stored&@ °C until further processingrinally, amples

from -80°C were thawed and centrifugéadr 5 minat 17,000 g and 4C. The cell pellets were discarded

and the supernatant walyophilizedand stored at80 °C until analysis.
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2.4.6.2ATPMeasurement vikuminescence AssHit

The ATP, ADRnd AMP amounts in thaerobic precultures and BES ctars samplesvere analyzed
vialuminescence AT&ssay (ab113848Luminescent ATP Detection Assay Kit, Abcam, United States).
The freezedried metabolites were diluted in 500 pL assay buffer and centrifuged for 5 min@GRQ.7

g and 4°C to remove possielremaining cell debris and filter parts. The supernatant was transferred
into spin filter columnq10 kDa, Vivaspin 500, GE dthcare, UKo remove cellular proteins that

would otherwise interfere with the assayhe columns were centrifuged for 30 nah 12000 g and

4°G and thedeproteinized extractvasdivided into 3aliquots As the luminescence assay is specialized
for the quantification of ATP, thaDP and AMIh the sample hee to be transformed into ATP first

For the transformation of ADP tol/R, one share of the extract (100 pL) was incubatéu 25 pL of a
reaction buffer containing 75 mM potassium phosphate (pH 7.3), 15 mM magnesium chloride, 0.5 mM
phosphoenolpyruvate and 20 pg pyruvate kinasealo transform AMP to ATP, another shafé¢he
extract (100 pL) was incubated with 25 pL of a second reaction buffer, which contained 25 pg
myokinaseBoth reaction mixes were incubated for 15 min at°87and the enzyme activitwasthen
stopped by heating for 2 min to 10@.Afterward, the AP quantification of the three extracts was
determined by following thduminescence assay kit protocdADP and AMIRoncentrationswere
determined from the differencem the ATP concentrations in the respects@mples The calculation

of the adenylate eargy charge (AEC) was done accordingpédollowing formula:

% 500

6 'Oé ooy 5 DU 5 o w5
Ouv ovv

2.4.7PolyphosphateMeasurement

PolyphosphatépolyP)granuksin bacterial cells can be visiblescanningelectron microscopyS#).
Energy dispersive-bay chromatography (EDX) was used to identify the elemental composition of the

granules SubsequentlyRamarspectroscopy was applied to verifithie granules consist gfolyP.

2.4.7.1SamplePreparationfor Visualizatiorof PolyP

ForSEM EDXand Raman spectroscopy, bacterial cells cannot contain any water. Heaseater in

the cells has to beemoved without destroying the cell structureA cell fixing and dehydration
procedure developed by Dr. Hryhoriy Stryhanyuk (ProVI3, Gérmany) was applied to achieve this

A sample(2 mL, Olgy of ~1) of bacterial cell material from an aerobic precultarela BES reactor
after 250 h of fermentation astakenand centrifuged at 1900 g for 5 min and 4 °C. The supernatant
was discardd, and the resulting cell pellet was resuspended in 1 mL of 2% paraformaldehyde in

sodium cacodylate buffelCaO buffer0.2 M, pH 7.4), vortexed and incubated at@ overnight to
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end all metabolic activigsof the cells Afterward, the procedure forhe SEM and EDX samples had to
be slightly changed compared to the preparation of the samples for the Raman spectroscopy. For SEM
and EDXthe cells wereplaced on dilter (iso pore pore size of 0.22 ungndfixed using hydrogen
peroxide(H0,). ForEDXthe filter hasto be conductive hence,jit was firstcoated in chrome using a
sputter coater (SCD050, Lei¢@ermany)Then, the cells were placed on the coated filterasfdtration

unit; the filter wasplaced in 1% D, and incubated for 30 mirAfterward, the water in the cells was
replaced byethanolto enable the subsequent drying procedure. For this purpose, the cells were
successively placed in gthanol solutions with increasingthanol concentrationg30 %, 50 %, 70 %,

90 %, 95 %, and 100 %®ach step of thiethanol series was incubated for 2 miand the filter was
then transferred to the next solution without allowing the filter to dry. Once the cells on the filter
reached the absolute (100 %thanol solution the ethanolwas evaporated t@btain dry cells using a
critical point dryer (EM CPD300, Leica, Germdfyr)Raman spectroscopy, it was not possible to place
the cells on a filter, as the filter material would cause a disturbing background sigmaefore, the
cells were placed onraetal SEM plate instead, as metal does not induce Raman shifts. For this purpose,
the ethanol series was carried out in an Eppendorf tube. Pheaformaldehyddreated sample was
centrifuged at 7,000 g and 4 °C for 10 min, and the supernatant was disdardbthin a cell pellet.

The cells were then fixed by adding 1%Hn CaO buffer into the Eppendorf tulaed resuspension

of the pellet. Afterward, the cells weresubjected to an ethanol series in the same concentrations
described for the SEM and EDXngdes The former solution was always exchanged by centrifuging
the sample for 10 min at,d00 g and 4C and discarding the supernatant. In this process, it was made
sure that the cell pellet never dried out. When the cells were finally dissolved in &b@¥tol, the cell

suspension was dropped on the metal SEM plateandried.
2.4.7.2SBM andEDX

The dried bacterial cells on tlehromecoatedfilter were visualized using highresolution scanning
electron microscop (Zeiss Merlin VP Compact, Caisg Microscopy, Oberkochen, Germanie
electron acceleration applied was 2 kV, and the imaging of the secondary electrodermeawith an
EverhardThornleytype detector EDXBruker Quantax -klash, Bruker Nano Gmbwas additionally
coupled to the EMto identify the elemental composition of the sample, withspecial focus on

phosphous.
2.4.7.3ConfocaRamanMicro-Spectroscopy

For the identification of the compounish whichthe detected phosphars was present a confocal
Raman microscop&\(ITecalpha300Ra, Wec GmbH, Germahwas usedThe lasepower of the 785

nm infrared laseXWITech GmbH, Germany), which served as the excitation light source, was set to
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4.6mW. The Raman measurement spots were chosen based on previously acquiren/&tzigv
images.An integration time of 0.5 s and 300 spectra accumulations per analysis were cHAdsen

Raman spectra were acquired by a grating monochromator coupled Petided CCD detector (600
g/mm grating, UHTS 300, WITech, Germany).
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3. Results

Thefollowing results outline the key findings of this sjabout the anodic electrdermentation with

P. putida and are presented irfour sections The first section focuses amraveling the anaerobic
glucose uptake oP.putida. The second part shows rdwmifrom a systems biology analysis of the
electrogenic phenotype. The third section investigates the role of polyP for energy generation in BES.
Finally, in the fourth partdifferent redox mediators were tested and compareegarding their

influence on he BES fermentation.

3.1 Benchmark BE®rformance ofP. putida with FeCN

To evaluate the performance & putida in BESan exampleof a classical BES run with putida
KT2440and FeCN as redox mediator und¢andard conditionss shown inFigure8. The durationof
the process, the current output profile as wedls the rates of glucose consumption and product
formation can vary due to biological varianesdthe BES performanaef P.putida under standard
conditions was alredy established in previous studi@saj et al.2019) Nevertheless, this figure serves

as a benchmark to enhantlee understanding of the subsequent results.
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Figure8. Benchmark performance d?. putida KT2440 in BEShe left yaxis indicates the current output of the
respective BES fermentations, and the rigfays shows the numbef metabolites (mmol) in the reactors. The

line or linesymbol presented the averaged values and the shading indicates the standard deviations of biological
replicates (n3).
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3.2 Anaerobic Glucose tage of P. putida KT2440 in BES

During anodic electréermentation, a current output signalan bemeasured This ginalresembles
the electrons transferred from the cells to the anodathe redox mediator. Therefore, the metabolic
activity of the cells can be derived from this signal. Whem\V ofFeCN is used as mediator, the current
profile rigesinitially as the eactors are inoculated with biomass, followed by an adaptation time with
a relatively constant current. Subsequentlyhe signal increases constantly until a peak current of
about 1.7 mA is reached. After a plateau with constant currémg signal will dereaseuntil the
baselineis reached Thewild-type needs about 250 bn average taconsume the 28 mmolof glucose
initially supplied ashe sole carbon source in the systeMost glucose is transformed with very high
yields above 90% into the main endoduct 2KG.As 2KG is produced in the periplasm by glucose
oxidation, thecarbonmetabolism ignainly constrainedo the periplasmic spacd&he mairbyproduct

is acetate but small amounts of pyruvate, succinate, or lactate are aften released. Thesarganic
acids originate from the central carbon metabolism in the cytobldwever, the rate of glucose
consumption is drastically decreased to only about 5% of the rate under aerobic standard conditions.
As there is no cell growth, tHEomassdensitydeaeasesrom aninitial ODso 0f 1.3 to 0.6duringthe

first 76 h after inoculation. For the remaining time of the BES fermentatiba biomass densitgtays

roughly stableat an Olgyaround 0.45.

3.2 AnaerobicGlucoseUptake of P. putida KT2440 irBES

This part was pblished in Microbial Biotechnologg023 DOI: 10.1111/175¥%915.14375

Even thought was shown thaf.putida can use glucose dke solesubstratefor highyield product
generationunder anaerobic and anoddriven conditionsn a BE$Laj et al.2016b) the exact uptake
pathway remained asignificant knowledge gap Therefore, an extensive studyas conducted to
unravel the glucose uptake i putidacells in BES with FeCN as a redox mediAsatescribed earlier,
P.putida has three potential pathways to convert glucose into glucor@&osphate (the common
entry point into cytosolic central metabolisnAfter the glucose is taken up into the periplasm, it can
either be transported directly into the cytosol via glucose transporter (gIcT pathway) or is oxidized in
a periplasmic oxidationrtie one or two times to gluconate orGrespectively, and then taken up via
respectivetransporter (glaT and 2kgaT pathwalgachof thesepathways results in a distinct NADPH
yield Figure9). Under aerobic contlons, P.putida mainly takes up glucose vigaTpathway (Nikel,
Chavarria et al. 2015, Kohlstedt and Wittmann 201®)ich leads to a reduction of pyrroloquinoline
guinone, but without affecting the NADPH pootetitly. Carbon uptake vithe 2kgaT pathway
generates four electrons (PQQH2 and FAOMP)oxidizes one NADPH. The uptakegl& pathway
does not lead to periplasmic oxidation but requires one NADP2/3 NAD and 1/3 NADPproposed

by (Olavarria, Marone et al. 2015) The three pathways also pose differedemandson ATP
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3.2 Anaerobic Glucose Uptake of P. putida KT2440 in BES

hydrolysis. The glcT pathway was watlldied with outer membrane porifSaravolac, Taylor et al.
1991)and inner membrane ABC transpor{&andey, Modak et al. 201B¢ing involved, and requires

two ATPs from glucose to reach the gluconétghosphate. In contrast, the biochemical mechanisms

of the gluconate and-KGtransporters irP. putidaare notyet understood Still, itis generally accepted

that they do not belong to the ABC transporter family and do not require the hydrolysis of ATP for their
biochemical functior{del Castillo, Ramos et al. 200Therdore, both glaT and 2kgaT pathways only

require one ATP to convert glucose to glucoréghosphate.

The following study unraveled the prevalent carbon uptake across the cytoplasmic membrane in
P.putida KT2440 during anaerobic cultivation in a BES cgatb find outwhich of the pathways is

the favored one under BES conditions, three strairB.pfitidaKT440 were constructed, which could
import glucose exclusively through only one of the three distinct pathwalide the other two were
disabled thraugh respective gene deletions. These strains were name@,KHIGL, and KKG,

corresponding to the gIcT, glaT, and 2kgaT pathways, respedtively
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3.2 Anaerobic Glucose Uptake of P. putida KT2440 in BES

Tablel; Figure9). These knockout (KO) mutants were cultivated in a B&tBer with naturallylabeled
glucose or fully labeletfG-glucoseas the sole substratédcetateis the only reliably detectable by
product of this electrefermentation processindis exclusively produckin the cytosalTherefore, the
labeling information of the excreted acetate was used to quantify the amount of carbon from the
substrate, which was ultimatelfransported into the cytosol and further metabolized thefEhe
activity of glucose oxidation as studied through generated current, the formation of extracellular

metabolites, the metabolization ofG-glucose as an isotopic tracer, metabolic and flux balance

analysis.
Glucose Gluconate 2-Ketogluconate Acetate CQ,
(DoR of 4) (DoR of 3.67) (DoR of 3.33) (DoR of 4) (DoR of 0)
extraceilular
2-Ketogluconate co
Glucose —-— PQQH2 Gluconate FADH " g Acetate 2
periplasmie FAD * *
P pp 1015 N PP_ 3382 ' ]
TITTTT 2P 1016 TRAT.CE.. 1444 CYTTTT PP 341 PP_3383 - F |
QKL PP—1017 fiiiiviiy PP 0652 1yt PP=3384 i ooy 1y ;
Wivoray ; :
ATP b ADP +Pi : -
1 1
Glucose Gluconate 2-Ketogluconate : -
P
PP_1011 PP_3416 PP_3378 : .
/| " N : .
> = : -
atp | ADPHPI o NADPH arp | ADP*PI ap | ADP*Pi E :
1 n
NADP' NADPH ! -
Glucose-6-P i I
Gluconate-6-P 45—4 2-Ket0%I_L;’conate Acetate  CO,

*

KT-G: executing glcT pathway (glucose — glucose-6-P — gluconate-6-P)
KT-GL: executing glaT pathway (glucose — gluconate — gluconate-6-P)

KT-KG: executing 2kgaT pathway (glucose — gluconate — 2-ketogluconate — 2-ketogluconate-6-P — gluconate-6-P)

Figure9: Glucose oxidation pathways d¥.putida in BESThree pathways exist to convert extracellular glucose

to intracellular gluconatés-P (which is further converted to acetate): Left (blue): via glucgeT pathway);
Centre (green): via gluconatgléTpathway); Right (red): viaRG(2kgaTpathway). The three deletion mutants
KTFG, KIGL, and KKG were engineered to each use only one of the three entry routes. Each pathway affects
the NADP'NADPH ratio differentlyas does the ATP demaridoR: degree of reduction.

3.2.1HEfects of Gene Deletion of SugarKinases andviembraneTransporters onAerobic Growth

In addition to molecular confirmation (e.g. by PCR of the cognate loci), the phenotypic nature of the
respective gene deletions based on aerobic extracellular metabolite praflssonfirmedFigurel0).
The wildtype consumed glucose and produced gluconate aidG2as intermediate products during
glucosedependent growth. The secretion of gluconatdf®was eliminated for the KG strain, while

40



3.2 Anaerobic Glucose Uptake of P. putida KT2440 in BES

2-KGsecretion was not dected for the KIGL mutant. The KKG strain produced both intermediates

but with higher 2KGamountsthan the wild-type strain.

The deletion of genes can lead to adverse effects on microbial growth and phys{dkguchi,
Tamura et al. 2014)herefore, we further determined the aerobic growth kinetics of the recombinant
strains compared to the parental strain KT2440 (VFigUurelo;
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3.2 Anaerobic Glucose Uptake of P. putida KT2440 in BES

Tablel). The mutant KTGL exhibited growth profile similar to that ofhe WT. In contrast, the growth

of the strains KIG and KKG was significantly impaired, with maximum growth rates only reaching
about 50% of the WT. Addbnally, forcing the utilization of the 2kgaT pathway (i.e-KG strain)
resulted in amore extendedag phase when cells were initially transferred from solid agar to liquid
cultures(see6. AppendixFigure 3). Once the cells adapted to glucose conditions, this lag phase was

eliminated in subsequent cultivations @&liquid medium
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Figure 10. Cultivation of P.putida KT2440 WT and three gengeletion mutants in minimal medium with
glucose as substrate under aerobic conditiorighe growth of all four strains measured viad@A) and the
extracellular concentrations of glucose, gluconate, afti2in mmo(B-D) are depicted The presented datare
averages and standard deviations dfi8logical replicates. All cultures were inoculated to arsdo@f about 0.1.

The gene deletions affected not only the growth rate but also the glucose consumptiot.itethe
growth rate, KIGLdiffered fromthe WT in terms of the specific glucose consumption ratelaochass
yield (Table3). However,despite the lower growth rate, KKG consumed glucose at a similar rate as
the WT, especially when comparing the net glucose consummfter excluding the periplasmic
intermediate products Table3). Despite the similar glucose uptake rate, the biomass yield fe¢®&T
was less than half of that for the WT, corresponding to the pattern of maximum growth rage. Th

opposite phenomenon was observed for the®&Btrain. The glucose consumption rate was decreased
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3.2 Anaerobic Glucose Uptake of P. putida KT2440 in BES

by ~50% aftethe deletion of the glucose dehydrogenase gene, but the biomass yield remained at a

comparable level to the WT.

Table3. Growth kinetics of wildtype P.putida KT2440 and the respective gene deletion mutants in minimal
medium with glucose as substrate under aerobic conditionRates and yields were calculated for the
exponential growth phase from 3 biological replicat€se exponential growth phases for the WT;&TKTGL,

and KTKG were defined as 1:6.3h (R=0.991), 3.99.8h (R=0.993), 1.76.3h (R = 0.999) and 1.49.9h

(R =0.976) respectively6. AppendixFigure 8), corresponding to the timeling Figurel0. The rate and yield
values marked by * were calculated by excluding the periplasmic oxidative products (glucod&danfrom

the calculations, thus indicating the net glucose being taken up into the cytosol during the exponential growth
phases being examined. The growth curves determined using thkedstor online cultivation were provided

Figure Sin 6. Appendix Abbreviations: dgiucose Specific glucose uptake rategsybiomass/glucose yield.

P. putidastrains Umax[h-l] l'glucose Yuis *T glucse *Yyis

[mmol/gcowh]  [9cowdglucosd [mmol/gcowh]  [gcowdglucosd

KT2440 WT  0.74+£0.05 -14.17+1.48 0.29+0.02 -10.69+ 0.95 0.38+0.02

KTG 0.37 +0.00 -7.99+ 0.58 0.26%0.02 -7.99+ 0.58 0.26%+0.02
KTGL 0.75+0.10 -14.91+ 440 0.28 +0.07 -11.56+ 3.08 0.36 £ 0.08
KTKG 0.35+0.00 -16.77+1.35 0.12+0.01 -11.92+1.18 0.16+0.02

3.2.2ElectrogenidActivity of P.putida Mutants during BESermentations

The electrogenic activity and the corresponding glucose metabolism of the WT and the three
recombined strainsvere tested in the BE&igurell). The mutanKTKG showed a similar pattern to

the WTregardingcurrent density and metabolic products. The peak current reached 1.56 + 0.22 mA,
slightly higher than that ahe WT, but it took KTKG about 200 after inoculation, compared to ~120

h for WT Figurell D). Glucose was consumed slower than in the WT at a ra@0& = 0.01
mmol/gcowh (Table 4), but the product spectrum was comparable, resulting mainly in glucose

conversion to KG

In contrast, tke strain KIGL produced a lower current output with a peak of 0.80 + 0.15 mA at ~150 h
after inoculation Figurel1C) compared to the WT. Despite the lower current output@Tconsumed
glucose at a rate0(18 + 0.00 mmol/gowh) about 55% faster thalVT, with gluconate as the main
end-product. In all, KIGL was able to reach an extracellular electron transfer cdit6.45 + 0.01
MmMOkiecronddcowh, only about 13% decrease from the value 0.51 + 0.10 nmeld/gcowh for the

WT (Table4). Regarding metabolic products from cytosolic metabolistetate was secreted as the

only byprodua of both KFGL and KKG mutants. The molar acetate yield of®I was the same as
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3.2 Anaerobic Glucose Uptake of P. putida KT2440 in BES

that of the WT (both 7.1+ 1.1%), while it was higher for KIG (17.5 0.9%)see6. AppendixTable

Sl). The carbon ad electron balances for the strains that consumed significant amounts of glucose

could be closed for each biological replicate and react@@?o and 101.1% for the WT, 101.3% and
102.2% for KTGL, as well as 103.9% and 104.8% feK&Trespectivelisee6. AppendixTable 3).
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Figurell Representative performance d®.putida KT2440 WT and the three gene deletion mutants in BES.
The left yaxis indicates the current output of ¢hrespective BES fermentations, and the riglaixis shows the
numberof metabolites (mmol) in the reactors. Due to the low sugar consumption by thé Wtitant, a control
experiment without glucose was conducted to check the current response from caegyopnover originating
from the preculture. The line or lingymbol presergthe averaged valugand the shading indicates the standard

deviations of biological replicat¢a=3)

The current output measured for the strain4&Twas significantly lower coraped to the other two

mutants and theWT, with a peak current of only 0.290.03 mAFigurell B). The current output also

only lasted for a short period. Furthermore, only about 0.3 mmol glucose was consumbee K§¥®

mutant over 30Ch of cultivation in BES, and the average consumption

rate was only

~0.01mmol/gcowh (Table4). Nogluconate and2-KGwere detected; however, a similar amount of

acetate was measured for K3 as for the othr strains(see6. Appendix Figure 8). In a control

experiment without added glucos¢here was also an observable current response (peak at around

0.05 mA)(Figurell B). This indicates that current output could also be generated from intracellular

44



3.2 Anaerobic Glucoddptake of P. putida KT2440 in BES

metabolism when acetate formation is observed. A very low amount of pyruvate was measured in
HPLC and further confirmed by ®S with isotopic tracer analysis.shniar low current output was

also observed for the KGL strainwhile gluconate was useds the sole substrate in the BES system.
Only about 0.35 mmol gluconate was consumed and a similar amount of acetate to the glucose cases
in BES was measurésee6. AppendixFigure 8 andFigure $0 A).Isotopic enrichment analysis also
confirmed about 64% of the carbon in acetate came from the gluconate in th¢sBES Appendix

Figure $0B).

Table4. Yieldsand rates ofP.putida KT2440 and the respective gene deletion mutants in BE® standard
deviations were calculated from at least four biological repésaVT: 6 replicates with 55 data points-&T6

replicates with 51 data points; K3L: 4 replicates with 26 data points;-KG: 6 replicates with 56 data points).
More information can be found in the supplementary matefiable 3.

P. putidastrains Ymmol_acetate/mmol_gl  Ymmol_electrons/mmol_  Iglucose lelectrons

glucose [mmoligcowh]  [mmoligcowh]
KT2440 WT 0.07 £0.01 4.37 £0.08 -0.19 £ 0.02 0.51+0.10
KTG 0.48 + 0.06 0.17 +£0.13 -0.01+0.01 0.002+ 0.002
KTGL 0.07 +£0.01 244 +0.12 -0.18 £ 0.01 0.45+0.01
KTKG 0.18 +0.01 4.69 + 0.10 -0.08 £0.01 0.39 +0.03

3.2.3¥Chrichment inExtracellular Acetate during BESermentation

Acetate was the only significant4pyoduct in all fermentatiosunrelatedto the periplasmic oxidation
pathway. We observed only small amounts of acetate after the BES fermentations. An increase in
acetate formation was observed over the batch when glucose was pravitdda trace amount of
acetate was detectechithe BES controls without glucose additigee 6. Appendix Figure 8). To
identify the origin of the carbon and to determine the ratio between gluedsgved acetate and
acetate from other sources, wprovided *Gs-glucose as a carbon source and analyzed ‘i@

enrichment in extracellular acetate using mass spectromeiigurel?).

For all strainst®C labeling was detected in acetate. After correctingnfaturallyoccurring isotopes in

the analytes, thesummed fractional labeling (SFL) for carbon was calculated. The determined SFL
values indicated &C enrichment in acetate between ~26% for thek strain and about 50% for the
KTGL strain. This means that half of trerlmon in the acetate could be traced back to the substrate

BG-glucose in the BES reactor in one case, while in other ctmeshare was well below 50% and
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3.2 Anaerobic Glucose Uptake of P. putida KT2440 in BES

carbon sources originating from the initial biomass inoculum (e.g. products of cell lysis iIBHE&g
experiments or usage of intracellular storage compounds, such as PHAbeiag the major

contributor to acetate formation.

WT KT-G
40.56%
59.44% 64.04%
KT-GL KT-KG
50.41% hZGAS%
49.59% 73.52%

Figure 12. The summed fractional labeling (SFL) ¥C in endogenous acetate for the wiliype and
recombinant strains in BES withiG-glucose as the substrat& he isotope enrichment was detected using both
GCMS and 1avMS on samples from three independent biological replica@sorcode: red, the'*C originated
from the de novo synthesis from tHed-in 2*Gs-glucose; dark grey, thC originated from other sources.

3.2.4 FluxBalanceAnalysis

A flux balance analysis was conducted to further elucidate the carbon and electron fluxes in the
different strains in BE®ased on measured and calc@dtrates(see6. Appendix Table &) and the

ratio of labeled vs notabeled carbon in acetate. Due to the extremely low metabolic turnover for the
KFG strain, measurement uncertainties hadcansiderabd impact Thecarbon balance remained
below 10% when accounting for carbon partitioning in acetate. Thereforefliukebalance analysis

was only performed for the WT, K3L, and KKG strainsKigurel3).

The gene deletions onblightly altered the intracellulamet fluxes Despite the difference in terms of
current densities, glucose consumption ratasd acetate production yields stated above, the three
strains maintained the intracellular carbon flux through thrier-Doudaoff pathway to pyruvate at
low levels (3.4, 6.5, and 3j@mol/gcowh for WT, KIGL, and KKG, respectively). Relative to the
glucose uptake ratghe highest glycolytic flux was observed in theK@ strainKigurel3). Acetate

production rates ranged from ~8 to ~1dnol/gcowh and were strongly influenced by acetate from
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3.2 Anaerobic Glucose Uptake of P. putida KT2440 in BES

the unlabeled carbon pool (Biomass pool). In theKKdT strainthe relative contribution of acetate

production from biomass reached almost 13 % of the glucpsake flux.

In a previous studyt wasshown that cytochrome C reductase is the likely site of electron withdrawal

by the mediator irP.putida (Laj et al.2020; Chukwubuikerret al.2021) When balancing the redox
equivalents (PQQHFADH UQH, and NADH)t can beassumed that they enter thETGat the usual

sites and would contrib@t to the generation of a proton gradient accordingly. A further assumption
considered charge balance. Per electron harvested via the anode, a positive charge has to be
transferred to the cathodelt wasassumel these charges are protons since fermationis driven at

the cathode. The number of protons translocated across the cytoplasmic membrane exceeds the
charge transfer to the cathode. This means protons can drive the ATP synthase. Estimating the ATP
synthase flux shows that the WT would have the higlabsolute ATP flux available (47% better than

the KTFKG strain)but in relative termsKTKG had the highest flux through the ATP synth&égufe

13). For WT, KGL, and KKG, the substratéevel phosphorylation in lower glyis (at the level of
phosphoglycerate and pyruvate kinase) will balance with sugar phosphorylation in the upper part of
metabolism (at the level of glucokinase and phosphofructokinase), leaving only the ATP synthase as an
additional source of ATP. In tl&-G strain, the upper part needs 2 mol ATP per mol of GluceRie

which means that this route provides no net ATP gain. Compared to the lowest reportegtowth
associated maintenance in aerolitcputida KT2440 at 92Qumolardgcowh (Ebert, Kurth et al. 2011)

or even in the genomeeducedP.putida KT2240 mutant at 71Qmolatdgcowh (Lieder, Nikel et al.

2015) the maximum ATP generation of 14imolardgcowh for the wild-type under anaerobic and

anodedriven conditions might explain why cells are barely surviving in the BES.

When matching thenodedriven flux through the cytochrome C reductase with the fluxes producing
redox equivalentsa small deviation could bebserved. The anode harvested experimentally more
electrons tharnthe flux balanceanalysis suggests. This might indicate that the catabolism of biomass
components towards acetate also released redox equivalelRtgute 13). This $ experimentally

supported by the observed currents in sudae control experimentsKigurell B).
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Figurel3. Flux balance analysis maps for tReputida KT2440 wildtype (black nuniber), KFGL (green number),

and KTKG (red numbers) strains in BE3uxes are normalized to the glucose uptake raterimpl/gcowh] and
calculated basedn 6. AppendixTable 3. The fluxes through acetate and ©fere estimated based on thEC
enrichment and on the assumption that cytoplasmic oxidation of sugar to acetate will release stoichiometric
amounts of Cg) while degradation of storage carbon (e.g. pbiydroxybuyric acid) might not. The ATP rate was
calculated based on the stoichiometric balance, considering the proton pumping effect of dehydrogenase and
membrane reductase. In addition, the charge balance that one electron transferred to the anode would take one
proton from the periplasm tahe extracellular space. Three protons are assumed to be needed for the synthesis

2F 2yS 1 ¢t Y2fSOdzZ S® ¢KS aKé Ay GKS FtdzE AYRAOFGSE (K
to resolve the exact crosmembrane flux for the WT. Herave assumed it followed the periplasmic oxidative
LI GKgl& FYR (GKSYy OUG2%52H% A0 IKSEe QBRLBDIRIEK I @Kol & gl &

means a minimum flux is given. Also, a mismatch between anggtitrens and predicted reductase activid (
electronprocess) coul@lso point towards some redox equivalents originating from the biomass pool

In conclusion, thalifferent glucose uptake pathways . putida under anaerobic and anoddriven

BES condibns exhibit distinct impacts on metabolic fluxes, growth rates, and current generation. The
experiments with pathwasgpecific knockout mutants highlighted the glaT pathway as the most
efficient for maintaining metabolic activity and extracellular electrinansfer, even under
energetically constrained conditions. However, the reduced ATP generation and the reliance on
intracellular storage compounds for acetate production underscore the physiological lirRifsutfda

in BES. These findings emphasize riked for targeted metabolic engineering to enhance energy

efficiency and substrate utilization in future BES applications.

48



3.3 Systems Biology of Electrogenic P. putida KT2440

3.3 SystemsBiology of HectrogenicP.putida KT2440

Parts of the results of this section were yblished in Microbial Cell Factes, 2024
https://doi.org/10.1186/s12934024-025098.

In a collaborative effort, a systems biology approach was employed to deepen the current
understanding of the physiology &f putida KT2440ri the BESwith FeCN as redox mediatdn the
anodedriven and anaerobic systerR, putida has to faceconditionscharacterized byhe absence of
oxygen andimitations inenergygeneration. Furthermoreas described before, the uptake of glucose
into the cytosol is drastically decreased, with the majority of glucose being oxidized \parip&asmic
oxidation chainUsingmulti-omicsanalysischanges in the proteomeanetabolomeand transcriptome

of P.putida cells during anodic electrdermentation compared to aerobic conditions were
investigated. This study aimedo expandthe knowledge about the aerobic and electrogenic
phenotype ofP.putida. Based on these findings, target genes should be identifiednamdified to
construct genetically engineered mutants, yielding an improved BES performance oP.putida

regarding2-KG productivityyield and titer.

To obtain the samples for this study, a set of BES fermentationdPupthitida KT2440 under standard
conditions was performedand samples for thenidepth omics analysis were taken directly after
inoculation (TO, start of the processfter 24 h (T1, exponential current increase), 100 h (T2, peak
current), and 380 h (T3, end of the fermentatioréspectively Figurel4).
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Figurel4. BES cultivation oP.putida KT2440 with FeCN as redox mediat@epicted are the current output
signal, mediator concentratigrand ODso0 Of the cell suspensioifA), as well as the concentrations of the
substrate gluose and the excreted products gluconate ank@(B)and the concentrations of the produced-by
products acetate, pyruvate, succinate and lact&igover time.The BES cultivation was divided into 4 phases
labeledI-1V.(Figure adapted froritVeimer, et al.2024)

The current profile of the BES fermentations used to obtain samples fowthi&s analysis closely
mirrored that of the benchmark BES fermentation wihputidaKT2440 and FeCHigure8). Similarly,

glucose consumption, biomass density, and the product spectrum aligned with expected outcomes
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Therefore, the success of tlaodic electrefermentation process was confirmedand the samples
were used for the systemside analysisAnodic electrefermentation processes witR.putidaKT2440
proceed in four phasesvhich were expected to differ in the cell physiology. Therefore, samples for
omics amlysis were takeim each phase. The phasstarts with the inoculation of the cells into the
BES and runs for ~24 h. In this adaptation phase, the current output gigesgl the biomass
concentration decreases steadignd product formation starts.-KG, gluconate, acetate, succinate,
pyruvate and lactate can be found in small concentrations in the supernatarghasel (24¢ 75h),

the exponential increase in the current outpamd the decrease in the cell number continuétihile

the production of2-KG, gluconate, acetatand pyruvate continued, lactate waseensumedand the
succinate production stopped. The phadd (75¢140h) is characterized by the highest
electrochemical activity of the cells, which can be seen at the peak formatidwe alirrent curvevith
close to 1.2 mAIn this phase, the cell concentration stabilizeohd the formation of KG, gluconate,
and acetate accelerateb phasdV(140¢ 380h), the electrochemical activity decreased again, visible
by the decrease of theurrent output signal, and gluconate, succinate, and pyruvate were taken up
again. The concentration ofRG and acetate continued to increase. During the whole BES process,
the oxidizedandthe reduced form of the redox mediator were present, witle lowest shares of the

oxidized form at peak current.

Furthermore, it has to be mentioned that the calculation of the carbon balance at the end of the
process resulted in numbers higher than 100%. The carbon recovery was higher than the amount of
carbonavailable from glucose, suggesting tham additional source of carbon must have been used.
Results obtained from further analysis done by Anna Weimer suggestebiitmass was most likely
broken down and used to ensure survivalichresulted in the additionbformation of products.

These analyses will be described and discussed in the discussion section.
3.3.1Development ofthergy Metabolite Goncentrations during BES

In previous studies, limitations in the energy generatiofPqfutida under anaerobic coritions had
already beerdetermined Nevertheless, the concentrations of energy metabolites were analyzed in
the samples taken at theeginningof the fermentation and during the BES proceBsecomparison

of these metabolites showed drasticallyower ATPlevek after 100 h of anodic electrfermentation
(Figurel5Fehler!Verweisquelle konnte nicht gefunden werden. TheATP concentratiodecreased
from 6.9+ 0.1 umol/gcowbefore the start of the fermentadn to 1.2+ 0.02mol/gcowl00 h later The
adenylate energy charge (AEC) during, BB®ever, was higher than the one measured dotygen
starvedcells(Weimer, et al.2020; Nikel; Lorenzo 2013)ith a value of 0.52n the aerobically grown

precultures an AEC of 0.71 was found.
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Figure 15. Adenylate energy charge (AEC) and ATP concentrationgimol/gcow were measured at the
beginningof the BES fermentation and 100 h after inoculation.

3.3.2ProteomeChanges during BES

To better understand the molecular adaptations Bfputida during anodic electrdermentation,
proteomic analysis was conducted to identify significant ¢esnin protein expression under anoxic
and anodedriven conditionver timecompared to standard aerobic conditiorss described above
(see2.4.5.2ProteomicsData Analysi3, for proteins that were only found ithe samples of one of the
compared conditions, an imputed low value €)@vas used to replace the missing abundances. While
this method ensured that no proteins were lost for the analysis, the resulting E@Y values were
noticeably higher or lower thathoseobtained for proteins present under both conditiondence,in

the volcano plotsKigurel6 B-D), these proteins appear as subsets withle@) of below10 for
proteins only present in the preculture anth@e 10 for BE8Xxclusive proteinsWhile the resulting
Log(FC) values cannot be used to make quantitative statements about the expression of these
proteins, they still showhe presence or absence of potentially biologically relevamtdition-specific
proteins.

During the first 24, 190 proteinsshowed alog,(FG below -10, indicating that these proteins were
only present in the aerobic precultur@5 proteinswere significantlydownregulated under BES
conditions compared to the preculture with LEgQG values betweenl and-4. On the other hand,

12 proteins were significantly upregulatednd 4 were only found in samples from the BES reactors
In the samples taken durirtge later stages of the process, tmaimber of proteins exclusively found

in the precultures decreased strongly, while the number of proteins significantly up or downregulated
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increasedAt all sampling pointsnore proteins were downregulated than upregulat@dgurel6 B-D).
Reasonablythe imposed stress of®.putida, created by the anaerobic conditiorgadsto a more
energyconserving stateThe alreadystated shortage in energy metabolites also supports this theory
The bacterium may prioritize essential processes and shut dowressatial ones to survive in such
an environment In general, proteins connected to carbon and nitrogen metabolism, transport

processesandtranslation were found to be significantly changed during the BES pr{f€igssel6 A).
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Figurel6.Heatmap and volcano plots of proteins &.putida KT2440 during BES fermentation with FeCN as
redox mediator and glucose abe sole substrateln the heatmapA), changes in the proteome during the BES
fermentation can be seermhe volcano plots depiall proteins found inP.putida KT2440 at the time points T1
(24h after inoculatiorg exponential current increaséB), T2 (100 h after inoculationpeak currentYC) and T3
(380 h after inoculatiorg, end of processYD). Samples were taken 24 h (T1), 100 h,(&@y 380 h (T3) after
inoculation of the BES. Highlighted are the proteimat are significantly (gvalue < 0.05) up (yellow) or down
(blue) regulated by Laff-C) of at least higher 1 or lowdrcompared to the aerobically grown control culture.
Proteins with extreme Le@-C) of above 10 (transparent yellow) or beld®@ (transparent blue) were only found
in one condition(n=3) (Figure modified froM/eimer, et al.2024)

Several key enzymes from tHETCexhibited an increase in abundancsuch asNADHquinone

oxidoreductase subunit C (NuoC), Succinate dehydrogenagepifaein subunit (SdhA), NABH
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guinone oxidoreductase subunit E (NuoE), Cytochrome bo terminal oxidase subunit |1 (CyoB), NADH
dehydrogenase (Ndh), arfeP_2867a protein from the pyridineucleotidedisulfideoxidoreductase
family, which isuspectedo beinvolved in theETGas well.These proteins arkkely upregulateddue

to their involvement in transferring electrons to the external redox mediator. Furthermore, enzymes
associated with alternative metabolic pathways, including the glyoxylate shunt erigpaitrate lyase
(AceA, gluconate 2dehydrogenase (PP_3383), and the acetate sympartetate permeaseActRl),
showed elevated expression. On the other hand, several eratggsive ABC transporters displayed
reduced abundance, indicating a metaloahift towards conserving energy.

In samples taken at later stages of the fermentation process (100 anh)38@e overall proteomic
profile remained comparable to that observed at I24exceptthat proteins involved in translation
exhibited notable chages in the later stages. Ribosomal proteins showed relatively stable levels during
the first 24h of the process, suggesting that active protein translation was still ongoing during this
early phase. However, aftdéi00 h, many translatioassociated proteis showededucedabundance
Therefore, the proteomic analysis highlighitanslationas a biological process significantly impacted
during the BES fermentation, with proteins related to translation genedabreasingn abundance

after 100h. This indiates asubstantialreduction in protein synthesis activities, which aligns with a
shift towards energy conservation and reduced cellular actiniytably, the translation initiation
factor IF1 (InfA, PP_4007) was reduced, while the abundance of EttAOG?®), a known ADP/ATP
ratio sensor and translation inhibitor, increased. In addition, 27 structural ribosomal proteins exhibited
decreased abundance

Another proteinto be highlighted herewhich is foundin decreased abundanceafter 24 h but
upregulatedin the later stages of the anodic electfermentation is exopolyphosphatase (ppxjhis
enzymeis responsible for breaking dowsolyPchains, releasinghnorganic phosphatg whichother
enzymes can ude generate ATP. Therefore, this enzyme is invoimele stress response &f putida

and might support the compensation of lacking energy metabolites dine@ESrocess

Unfortunately, asignificant number of affected proteins remaihuncharacterized.

3.4 PolyPasEnergy Sorage Compound inP.putida

In BESR. putidais enduring high stress due to the absence of oxygen, and as described previously, the

cells also suffer from gevereenergy shortage. The maximum ATP generation calculated via flux

balance analysis is far below the lowest mgnowth associated maintenance demand reported for

aerobic cultures. Furthermore, the measurement of the energy metabolite concentradiansgthe

systems analysis confirmed that the concentrations of the energy metabolites are significantly

decreased during # BES process. Interestingly, the proteomics analysis revealed that the enzyme
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exopolyphosphatasdegrades polyRndis upregulated during the later phases of BES. This suggests
a potential involvement of polyP in energy generation during this phase jjppssimpensating for the

energy shortage.

P.putida, among many other bacteria, is known to be able to produce inorganic polyP as an energy
storage compound@Nikel et al.2013) Therefore, it was hypothesized thhe depletion of polyP could
compensate for the lack of energgneration This storage compound is a linear polymer composed

of tens to hundreds of inorganic orthophosphate (Pi) residues linked byémigigy phospher
anhydride bonds, which are also found in ARRQ et al.2009) It serves as an energy reservoir and
phosphate storage molecule and plays a crucial role in stress tolerance. PolyP can be synthesized and
accumulated during favorable conditions when nutrients, particularly phosphate, argdalt. When

the bacterium faces nutrient limitation or stress, it can utilize the stguetyPas a source of energy

and phosphatdo sustaincellular activities. The compound helps the bacterium to adapt to adverse

conditions such as nutrient starvationxidative stress, and changes in (Mkel et al.2013)

Toinvestigate the role gbolyP inP.putidaunder anaerobic and anoddriven conditions, the presence

of polyP before and after BES fermentation was compared. There are many different methods possible
to analyzepolyP, like metachromasy (e.g. with methylene blue), enzyme assays (e.g. PKK assay, assay
from Christ et al.), 31P nuclear magnet resonance spectroscopy, Fourier trariefaaned
spectroscopy and so on. A further method is the visualization of phoaphi@EDXcoupled with SEM
(Gomes et al. 2013For EDXhe atoms in the sample are excited by a specific energytierelectron

beam. The Xays released from the sample are characteristic of the elements the saroptains.
Therefore, the method can visualize phospi®in the sample, but the compounth which the
phosphorus is boundill not be revealed. Raman spectroscopy is an analytical technique that can be
used to provide detailed information about moleculatrustures by the measurement of the
vibrational, rotational, and other lorequency modes of the molecules. Hence, after EDX, Raman
spectroscopy can aid in identifying the molectdevhich the detected phosphorus might be bound

The Raman spectrum of g shows a dominant peak in the area of 1145677 cmt, released by the
symmetric stretches of POand a smaller peak at 68200 cm?, occurring from FO-P stretches
(Christ .et al. 2020; Fernando et al. 2Q1Berefore, comparingthe Raman spectrum in these areas

before and after BES fermentation might indicate the presence and fate of polyP in the samples.
3.4.1 Scanningdectron Microscopy and Energiispersive Xray Sectroscopy

In Figurel7, the SEM and EDX visualization of phosphan P.putida KT2440 before and after the
cultivation in the BES system can be seen. The small black dots in the electron scanning pigtunees (

17A; C) are the pores of tHater to which the cells are attached he cloudy particles in these pictures

are residues of the paraformaldehyde, which was usedix the cells. TheP.putida cells are rod
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shaped. Before the cells were incubated in the BES system, the EDX sjadptfous showed very
bright signals in the same spots where thgoutidacells in the SEM picture are located. This indicated
very high phospharscontent (Figurel7 B). Furthermore, the shapes of these signals were round and
granuleshaped In contrast, the phosphaos signals in the sample taken at the end of the BES
cultivationwere significantly weakegnd the contrast between the background noise and the signal
clearly decreased{gurel7 D). Thigprovesthat the cells containedhigher amounts of phosphas
during the aerobic cultivation in the preculture. After fermentation in the BES sy#tésiphosphous

is significantlydepleted. The decrease of phosphsiin the sample might indicate a conaption of
polyP. However, as described earlier, EDX spectrosoafyyshows the presence of a certain element
but gives no evidence about the molecule in which the element is boRathan spectroscopy was

applied in the next step to investigate this questifurther.

Figurel7: SEM pictureA, Q and EDX visualization of phospha(B, D of P.putida KT2440 before (A) and
after (C,D) BES fermentation.

3.4.2 RamarYoectroscopy

For the identification of suitable targetingpints of the Raman laser, overview pictures of the cell

suspensiongried on the SEM metal plates were taken by SEM. To enable the relocation of these spots
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in the microscope attached to the Raman deviceross was engraved into these metal plateag\ire

18). The laser was then aimed at areasne clumps of cells were locateBigurel8, orangecircles).

Figurel8. Overview SEM picture d?.putida KT2440 samples before (A) and after (B) BES fermentafidre
cell suspensions were dried on metal SEM plates with engrenesdto enable the identification of suitable laser
target points for the Raman measuremenfheorangecirclesmark the pants where the Raman laser beam
was targeted

The Raman spectra obtained from tReputida samples were very complex due to the presence of a
huge amount of various cellular biomolecules in the cdllgerature references suggest two
characteristic peles for polyP. Due to POstretching vibrations, a strong peak in the area of
1145-1177cm can be expected. In the area of 68Z200cm?, P-O-Pstretches are supposed to cause

a comparably weaker signal in the Raman spectmith the peak maximum a@90cm* (Christ et al.

2020; Fernandpet al.2019) The analyzed spectral range was chosen to be between 465 andc2i45

In this rame, cellular components like proteins, nucleic acids, lipids, and carbohydrates also emit
different vibration modeswhich arevisible in Raman spectroscopy. Hentee obtained Raman
spectra showed a wideariety of peaks over the whole analyzed speaizalge. However, the average

intensities measured for the ranges, which are characterigtiwlyP are depicted irFigurel9.
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Figurel9. The averagéntensity of Raman signals &. putida KT2440 samples taken before (black, continuous
line) and after plue, dotted line) BES fermentationShown is the measured range of 68200 cm' and
1145- 1177 cm'. The depicted average was calculated from 10 measured speespectively. The shauh
marks the standard deviation.

Analyzing the Raman spectrum taken from the aerobically grown samhglee are indeed peaks in
the areas of interestA peak with an average intensity of ~1.8 can be seen at 690amd also, in the
spectral area of 1451177 cml, a broader and higher peak with a maximum intensity of 7.6 on
average was found. Comparing this measurement to the average spectrum obtain@dpidrda
KT2440 cells after the BES fermentation, a decrease of both peaks can be recogtiimeldwer end

of the spectrum, the peak at 690 crdisappearedInsteadtwo smaller peaks with an intensity of 0.6
and 0.9 on average appeared at 685 and 698.0hts0, in the higher range of the analyzed spectrum,
a decreasein the peak area was obsexd. Between 1145 and 11%M!, no Raman signal was
registered, but two more narrow peaks were appearing at 1163 and tai*1 However, both of these

peaks had a lower intensity in comparison to the spectrum obtained from the aerobically cultured cells.
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3.5RedoxMediator Testing

3.5.1Endogenous vsExogenousRedox Mediator

The questiorof whether the usage of endogenous or exogenous redox mediators is more favorable
for BES applications haxcupiedscientistsfor years. Both method$ave clear advatages and
disadvantage¢seel.5Redox Mediatork but a comparison of the twpossibilitiesn the same system

with the same microorganism was still lacking. Therefore, a study was conceptualized to at least
diredly compare one natural and one artificial redox mediatorPirputida KT2440 in BES. As
artificial redoxmediator, the standard mediator used in all previous experiments, Fa@dlchosen.

The endogenous mediator chosen watenazinel-carboxylicacid (PCA, asa genetically engineered
mutant of P.putida KT2440 with the ability to produce PCAasw available (named here
P.putidaKTPCA). A strain containing the empty vector with a kanamycin resistance (hamed here
P.putida KTFcontrol) was used for thex»genous mediator FeCN. Both strains were cultivated in the

BESand current output signals, exuetabolite generation, and proteomics data warempared.
3.5.1.1CurrentOutput 9gnak and MediatorGoncentratiors

In BES systems, the current output sigstlabws the electrons released by the microorganisms, and
therefore, gives information about the metabolic activity of the respective cells. After inoculation of
the BES systems, the reactors wérst run in an aerobic mode, without potential, to enableetcells
to growandto enable theKFPCAstrain to produce the redomediator and secret it into thesactor.
In Figure20, theincrease in PCA concentratidnring the aerobic phase can be sedéifterward, the
mode was switched to anaerobi@and FeCN waadded to the reactors without PCA. During the
anaerobic modethe mediator concentrations of all reactors stayed roughly constant, showing that
the amount of redox mediator in the systems was ndinaiting factorduring the runs. When the
potential was turned on, an immediate increase in the current output signal was measured in all
reactors. While the reactors with PCA as mediator reached a first peak current of about 0.2 mA after
the initial time, the reactors th FeCN showed significantly higher signals with about 1 mA. In the
following ~ 70 hthe current output signal of the reactors with FeCN as mediator decreslsedyby
about 0.3 mA, followed by anothsubstantiaincrease to ~1.3 mA until 145 h afteoculation. Then
the signal dropped back to near baseline about 155 h aftesstad of the experimentindicating the
end of the fermentation processThe current output signal of the reactors with PCA as mediator,
however, did show a completely diffefeand more stable profile. After the initial rise, the current
only increased very slightly further until the peak current of ~0.25 mA was reached ~75 h after
inoculation. Thenthe signal slightly decreased over the following 300 h until the experimeast w
manuallystopped.
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Figure20: current output signals and redox mediator concentration of BES fermentations with PCA or FeCN
respectively.The measured current in mA and the redox mediator concentrations in mM over time angsh

3.5.1.2ProductectraComparison

In the aerobic phase, theate of glucose consumption of both strains was expected, significantly
higher than in the anaerobic modgigure21). TheKT-PCA strain took up the substeaslightly faster
with an average rate of 2.60 + 0.5¥mol/h/gcow compared to the K€ontrol strain,with an average
rate of 2.35+ 0.97mmol/h/gcow Hence, after ~28, the glucose concentration in all reactors was
decreasedrom initially 16 mMto 2 - 3 mM. To ensure comparability and prevent glucose limitation,
shortly before the switch to the anaerobic and anediéven BES mode, glucose was refilled to each
reactor to afinal concentration of ~6 miyrespectivelyThe2-KGproductionduring the aerobiphase

on the other hand sidedifferedsignificantlybetween the two strains. While the-RGconcentration

in the reactors with the KIPCA strain reached about 6 mM in average, the reactors Kitontrol
only contained aboutl.8 MM 2-KG. The acetate pductionwas similar in all reactors and reached

concentrations of aboud.8 mM at the end of the aerobic phase.

After the switch to the anaerobic BES phabe KTcontrol strain showed faster glucose consumption
and 2KG production than the KHCA strai. FeCNwas added to the kontrol BESeactorsto the
same concentration as the PCA in theRTA BES reactoiBhe significantly higher current output
signals measured for the KoOntrol strain indicated higher metabolic activityThe glucose

consumptian rate of the KIPCA strain was only 0.0%/0.003 mmol/gcowh on average, while the
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control strain reached an average rate of 0.089.019 mmol/gcowh driven by the artificial redox
mediator. In line with the very low glucose uptake ofRCTA, the XGproduction was also very slow,
leading only to an increase 6f205 mMon average in 305 h. TheKXG concentration in the reactors
with FeCN asa mediator increased by 2.43 mM awerage in only 137 h. The concentration of the
primary by-product acetatereached similar values for both strains at the end of the electro

fermentation processes of about 2.6 mih average.
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Figure2l: Extracellular sbstrate and product concentrations in mMver time during the BES fermentations
of P.putida KT-PCA and K-€ontrol with PCA and FeCabk redox mediatorsrespectively.

3.5.1.3Comparisomf ProteomeChanges between thdsage of FeCN and PCA

To gain a more comprehensive understanding, the changes in the protéome use of the
endogenais mediator PCA versus the artificial mediator Fe@xe compared Aerobically grown
P.putida cultures of the two respective strairfR. putidak -PCA andP. putidaKTcontrol) were used
asthe control condition A Ftest was carried out to identify onlgroteins wlose abundances were
changed significantlgp-value < 0.05)TheLog,(FC)alues of the proteins under BES conditions versus
aerobiccontrol conditions were used tanalyzewhether these proteins werap or downregulated.In

P. putidaKT-PCA witlPCA as a mediator, 349 proteins were found to be upregulated, and 204 proteins
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were downregulated. IrP.putida KTcontrol with FeCN as mediator, 254 Proteins were up and
158 proteins downregulatedAs described before (s&:3.2ProteomeChanges during BEESroteins

with extreme Log(FC) values of belowlO or above 1Qvere only found inthe precultures or BES
samples, respectivelif his applied for 27 proteins from the samples of the BES reactors with PCA, and
26 proteins fromsamples of BES reactors with FeORNthese, 25 in each condition were found only

in the BES samples.
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Figure22. Volcano plos of proteomesfrom BES fermentatioawith FeCN or PCAs redox mediatorDepicted
are all detected prteins faund inthe strairs P. putida KT-control cultivated with FeCNA) and KTPCAcultivated
with PCAB) as redoxmediators,respectively Highlighted are the proteinghat are significantly (walue<0.05)
up (yellow) or down (blue) regulated by Lg§Q of at least higher 1 or lowel compared to the aerobic control
culture. Proteins with extreme Le@~C) of above 10 (transparent yellow) or beld® (transparent blue) were
exclusivelyfound in one condition. (n=3)

A big share of the significantly wggulated proteins under BES conditions in both strains are connected
to stress response and energy metabalifFigure22). Heat shock proteins, universal stress protein,
alcohotdehydrogenase, mediurohain aldehyde dehydrogenas® AD/NADRlependent betaine
aldehyde dehydrogenase, decarboxylatinggt®sphogluconate dehydrogenase, and Pgignule
associated proteimare known to play a role in stress response in bactérlgey areupregulated in
both P.putida KTcontroland KTPCA.

The Cbb3ype cytochrome c oxidasmatalyzeghe last step of thd&eTGQinder aerobic conditions, which

is the transport of electrons from cytochroneg¢o O,. This enzyme was found in increased abundance
in the KFPCA strain anexclusively in the BES spi@s for Kicontrol. Even though @is absent under
BES conditions, the upregulation of this proteirght indicate an overproduction of the protein as

attempt by the cells to balance the lack 0$.0

A similar pattern applie® the enzyme acetyltransfase, withthe protein found only in samples from

the BES in the case of FeCN and an upregulation farRi3*enzyme transfers an acetyl group from
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acetylCoAto various substratedt isknown to be involved in various processes like the regulation of
metabolic pathways and the response to environmental stressestributingto the survival of the
cellsin changing environments. The MotA/TolQ/ExbB proton channel family pretasexclusively
found in the BES sample§both strains. As a proton channgilotein, the protein enables transport
across the inner membrane and is involved in ATP synthesis, nutrient tranapdrhaintainingthe

pH balance.

Further enzymeswhich were found to be upregulated in both straibslong tothe central carbon
metabdism, like enzymes of theitric acid cycle.g.aconitatehydratase fumarate hydratase, NADP
dependent Isocitrate dehydrogenase, awéhydrolipoyl dehydrogenase; enzymes of thatrier-
Doudoroffpathway likephosphogluconate dehydratase; proteins of thentose phosphate pathway
e.g.glucose6-phosphate tdehydrogenase, decarboxylatingpghosphogluconate dehydrogenase, and
enzymes of the glycolysis and gluconeogenesigiiteephosphate isomeraseglucose6-phosphate
isomerase, andglucokinase. All of thse proteins are crucial for the energy generation and
maintenance ofP.putida. Furthermore,gluconate 2dehydrogenase is upegulated in both strains,

catalyzinghe oxidation of gluconate to-KG.

For KIPCA, some proteins responsible for the degramatf aromatic compounds are more abundant
thanthosein KTFcontrol, like Catechol 1;8ioxygenase and Beteetoadipy}CoA thiolase, of which the
latter is evendownregulatedin KTcontrol. Two further examples ofip-regulation in KIPCA and
down-regulation inKT-controlcan be found for the enzymes thiamine triphosphatase, which is needed
for thiamine (vitamin B1) synthesis, amthydroorotaselike protein, a protein of the pyrimidine

nucleotide synthesis.

However, the biggest share of downregulated pintewasfound downregulated in both straing\ big
group of downregulated proteins is connected to cell division, protein syntlagistranscriptionlike
Peptidytprolyl cistrans isomerase G0sand50sribosomal proteinstibosomehibernation promoting
factor, DNAdirected RNA polymerase, am@nsposaseAlsq proteinsinfluencing the cell structure
like flagellin, NLPA lipoprotein, and ow@embrane lipoprotein carrier proteinyere downregulated.
Finally nearlyall AB@&ransporters, identified a significantly changed compared to the control group,
were found in decreased abundancies in both strains. The transport via ABC transpdttelsdsia
ATP consumptiarDueto the lack of energyn the cells, these transporters might not be usable end

BES conditions.

Overall, the changes in the proteome between BES and aerobic control conditions are mostly similar
for the two compared strains, independent of the usage of PCA or FeCN. Most aiptbe

downregulated proteins in kdontrol with FeCN amediator were also found up or downregulated for
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3.5 Redox Mediator Testing

KTFPCA with PCA as mediatdherefore, it can be hypbeszed that theabsence of oxygen and the
associated shortage of energy have a significamibye prominentinfluence on protein abundance

than the cloice of mediator.

Figure23. Heatmap for poteome comparison betweerihe usage of FeCN and PCA as redwediator in BES.

In the heatmapa direct comparison of proteins of certain functions between the two strains can be E&en.
in the volcano plotsthe yellow color indicatesa significantincrease irthe abundance of the protein compared
to the control with a LogfFC) of over 1, while the bluelorindicates asignificantdecreasdan the abundance by

a Log(FC) belowl.
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