Human Gut M icrobes Under P ower - Development

of a Bioelectrochemical System to Uncouple and

Interrogate H 2-Syntrophic Partners in the Human
Gut Microbiota

Dissertation
der Mathematisch-Naturwissenschaftlichen Fakultéat
der Eberhard Karls Universitat Tubingen
zur Erlangung des Grades eines
Doktors der Naturwissenschaften

(Dr. rer. nat.)

vorgelegt von
M.Sc. Ulrike Biehain

aus Gorlitz

Tubingen
2024



Gedruckt mit Genehmigung der Mathematisch-Naturwissenschaftlichen Fakultat

der Eberhard Karls Universitat Tubingen.

Tag der mindlichen Qualifikation: 06.06.2024
Dekan: Prof. Dr. Thilo Stehle
1. Berichterstatter/-in: Prof. Dr. Ir. Largus Angenent

2. Berichterstatter/-in: Prof. Dr. Lisa Maier



Oh my gutWe are notalonein our bodies.

This dissertation aims tanveil a hidden world of syntrbj interactionswithin our gut
microbiome where microbial partnerships navigate a delicate balance of competition and
cooperation. As we delve into the complex landscape dfitingan intestinal microbiome,

challenges abound, demanding a huanced understanding of metabolic potentials and

interspecies relationships.

Motivated by the complexities posed by the microbiome's dynamic nature, this research
strives to decode the metaboliance between microorganisms, fosteringhare
profoundunderdanding that paves the way fatevelopingcultivation methodessential

in shaping the future of gut microbiome studies.
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XV Summary

Summary

The fermentation of carbohydrates is one of the primary functions of the gut microbiome,
which results in the productiof shortchain carboxylate (SCE) and gasses such as
hydrogen Hz) and carbon dioxide (GJJ1]. Fermentative kproduction and interspecies

H. transfer predominantly drive colonic 2Hmetabdism rather than respiration2].
Accumulating Bl disruptsthe gut function, harms humans, and needs to be prevented.
However, His an important energy source for gut microbes such as suifatacing
bacterig acetogas, and methanogeni]. Interspecies Htransfer is a fornof microbial
syntrophy that dominates in the gut, but its role in modulating overall metabolism and
microbial community dynamics is poorly understodgrst investigatiors showed that
Christensenellaceand the archaeal familylethanobacteriaceaeooccurin humanswith

a lean body mass indeghristensenelleninuta is a highly prevalent, heritable, health
associated bacterium from the human gut that crdesds H to the methanogen
Methanobrevibactesmithii [4]. It was previously found that in continuous -calture,

C.minutaproduces less-butyrate whenM. smithiiis abundant.

For Objective 1, wetested if Hx-removal byM. smithii leads tothe downregulation of
n-butyrate production.Therefore, wedeveloped abioelectrochemical system (BE®Bat
removesH; by oxidation at the electrodemimicking a syntrophic microbial partner that
takes up H Theuniquedesign of the BES brings the micraiiea 1 mm distance close to
the platinum-doped carbon electrodend provides a large surface area (~TB2) to
ensure arefficient B removal.Thus, it provides an environment favored byptloducing,
carbohydratedegrading bacteria. Foproof of concept,C.minuta was used as an
Hy-producing microbe With H> removal by the BES electrod€&.minuta shifts its
metabolismtowards more acetate and lessbutyrate production, analogously to when
the methanogen is presenOur findings underscore the importance of thermodynamics
and H transfer in regulating the metabolic output dhe microbiota in thehuman gut.
Furthermore for Objective 2we warted to answer the question: Can the Kmoval by
the BES competwith a syntrophic Hconsumer?This experiment was designed into two
parts. In theexperiment C.minuta was cecultivated with M. smithii in the working

chamber of theBES There, we generated s+t the cathodein addition to the H that
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C.minuta generatedto grow M. smithii without substrate limitationsAgain, we detected

a drop in tre ratio of n-butyrate to acetate production o€.minuta. The second part of
Objective 2was notperformed. Therewe plannedthe co-cultivation of both microbes in
the same BES but separated from each otimetwo chambers where C.minuta would
grow at theanode and M. smithii at the cathode. Thaedea of this experiment was that
C.minuta grows at the anode and produces,hivhich was removed by oxidation. The
resulting H protons migrate through an ion exchange membraméich separateshe
anode and cathode, and ge¢duced to H at the cathode, whereM. smithii grows. For
Objective 3, w wanted to use the BES to enrich syntropHieproducingmicrobes from
the human gut that hide from current lab cultivati@pproachesTherefore, wecultivated

a human fresh stool sampletine BES undertemoval conditions and deteetithe major
fermentation products of the human gut microbiond an enormous araunt of biofilm
formation. Becausave deteckd fluctuation in the production profile of th&sCCsand
gassessuch as Hand CQ, we assume that microbial composition changed during the
cultivation period. Thenicrobial community's evaluatioand statistical analysiseredone
dzaAy3d GKS &2 7F0G6 NEBmdigasand thegeoapyofPibR Dabiel Fusidd Y
Unfortunately, the final correlation between the composition of the microbiota &mel
detected metabolites in relation to H2 removal by the BES was not peefdiout until the

end of my PhD

Future applications of the BES includelatingfastidiousspeciesrequiring an Hsink for
growth. The outcomes of this study are essentiald@veloping an isolation approach for
gut microbes without requiring a microbial (syntrophic) partner. Cultufginuta and

the entire human gut microbiotan the BES will help further technical BES development
and support our ultimate goal of understaindg human gut microbes betteiherefore,
future applications of the BES include isolating particular strains requiring amhifor
growth. This approach could be used to enrich those host microbes that are highly
prevalent, heritable, and healthssocted bacteria without the need for drug treatment

or fecal transplantation to cure intestinal diseases.

! Research groughlgorithms in Bioinformatics, Urevsity of Tuibingen
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Summary (German)

Die Fermentation von Kohlenhydraten ist eine der Hauptfunktionen des Darmmikrobioms
und flhrt zur Produktoin von kurzkettigen Carboxaten und Gasen wie WasserstoffjH
und Kohlendioxid (CQp[1]. Die fermentative HProduktion und dersyntrophischeH,-
Transfer treiben hauptsachlich den-Btoffwechseim Dickdarm von Menschean, anstatt
die Atmung[2]. Kommt es jedoch zur Anreicherung vidnwird die Darmfunktiongestort
und kann sich schadlich auf den Menschen auswirkdierdings ist Haucheine wichtige
Energiequelle fir Darmmikroben wie sulfatreduzierende Bakier Acetogene und
Methanogeneg[3]. Syntrophische Hx-Transferist eine Form von mikrobiellégyntrophie
die im Darm vorherrschyynd deren Einflusbei der Modulationdes Gesamtstoffwechsels
und auf Dynamik der mikrobiellen Gemeinschditsher unzureichend verstanden .ist
C.minutaist ein weit verbreitetes, vererbbares, gesundh#itslerndes Bakterium, daH
an M. smithii, welches Hals Substrat verstoffwechselweitergibt. Unter kontinuierlicher
Kultivierung mitM. smithiiverandet sich der fermentative Stoffweshl vonC.minutaund

wenigern-Butyrat wird produziert.

Im erstenexperimentellenTeil iesteten wir, ob die Aufnahme voreldurch M. smithiidie
Produktion vonn-Butyrat von C.minuta herunterreguliert Dazu entwickelten wir ein
bioelektrochemisches System (BES), deduirth Oxidation am Elektrodentfernt, um so
den syntrophischenund H-konsumierenden mikrobiellen Partnerzu imitieren. Das
spezielle Design des BES bridgt Mikrobenin bis zul mm Abstandzu einer platin-
beschichteterKohlenstoffanode und bietetudemeine grof3e Oberflache (~122 cm?), um
eine effiziente HEntfernung siclerzustellen. Fiur den Proaff-Concept wurdeC.minuta
als H-produzierendeMikrobe verwendet.Die Entfernung von kdurch die BE&lektrode
zeigt sich in einem veranderten Primatstoffwechsel @Gominuta, in welchemmehr Acetat
und weniger n-Butyrat produziert wird, analog zur Anwesenheit des Methanogens
M. smithii. Unsere Ergebnisseerdeutlichendie Bedeutung der Thermodynamik und des
Hp-Transfers bei der Regulatioes mikrobiellen Stoffwechsels im Darm. Im zweiten
experimentellen Teivollten wir die Fage beantworten: Kann digéntfernung von kldurch
das BES mitMikroben konkurrieren, welche in einem syntrophischen Verhdltnis zu

einander stehen und Hals Substrat konsumierenid3es Experiment wurde in zwei Teile
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unterteilt. Im ersten Teil wurde C.minuta mit M.smithii auf der Seite des
Arbetselekrode im BES kultiviert. Dort erzeugten wip Bin der Kathode zusatzlich zum
von C.minuta erzeugten K um M. smithii ohne Substratbeschrankungen wachsen zu
lassen. Wir beobachteten erneut einérferanderury der Produktion vonn-Butyrat zu
Acetat beiC.minuta, und einen Rickgang der Produktion veButyrate Der zweite Tell
dieses Experimentsvurde nicht durchgefiihrtin diesemplanten wir die gemeinsame
Kultivierung beider Mikroben im voneinander getremmt selben BESyo C.minutaan der
Anode undM. smithiian der Kathode wachsen wird@abei wirde das gebildetexkon
C.minutaan der Anode oxidiert werden, und die dabei @arsdenen Protonen gelangen
uber eine lmenaustauschmembran zur Kathode. Dofirdensiezu b reduziert werden

und stehenM. smithiials Substrat bereit.

Im dritten experimentellen Tedollte dasBES al&ultivierungsmethodeur Anreicherung
syntropher, H-produzierender Mikroben aus dem menschlichen Daetestet werden.
Dabei lg der Fokudbesondersauf denH.-produzierendenMikroben, welche sich aktuell
nicht im Labor kultivieren lassen. Hierfur kultivierten wim BESeine frische human
Stuhlprobe an der Anodeunter H oxidierenden Bdingungen um den mikrobiell
gebildeten Haus dem BES zu entfernen und somit den Mikrobigren Wachstumsvorteil

zu verschaffen, welche nur bedingt zusammen maikbhsumierenden Mikroben wachsen
konnen In diesem Experiment konnten widie Hauptfermentationsproduktedes
menschlichen Darmmikrobiotasowie eine enorme Biofilmbildungan der Anode
nachweisen Da wir Schwankungen inProfil der Prodiktion von kirzkettigen
Carbonséauren under Gase Hund CQ feststellten, gehen wir davon aus, dass sich die
mikrobielle Zusammensetzung wéahrend der Kultwagszeitim BESgeandert hat. Die
Auswertung und statistische Analyse der mikrobiellen Gemeinschaft und ihrer
Veranderungen wurden mit dem fweare-Tool MMonitor von TimoLuca$ und der
Arbeitsgruppe vonProf. Daniel Huscndurchgefiihrt. Die endgliltigen Karelationen
zwischen der Zusammensetzung der Mikrobiota und den nachgewiesenen Metaboliten in
Bezug auf die HEntfernung durch daBESwvaren bis zum Ende meiner Doktorarbeit noch

in Bearbeitung.

2 ArbeitsgruppeAlgorithmen der Bioinformatik, Universitdiibingen
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Zukunftige Anwendungen des BES umfassen die Isolierungiahspoller Stamme, die fur

ihr Wachstum einen HSenke benétigen. Die Ergebnisse dieser Studie sind entscheidend
fur die Entwicklung eines Isolationsansatzes fir Darmmikroben, ohne einen mikrobiellen
(syntrophischen) Partner zu benétigen. Die KultivierwoigC.minutaund eines gesamten
menschlichen Darmmikrobioms im BES wird dazu beitragen, die technische BES
Entwicklung weiter voranzutreiben und unser ultimatives Ziel, das Verstandnis der
menschlichen Darmmikroben zu verbessern, zu unterstitzen. Daivertén zukinftige
Anwendungen des BES dazu dienen, bestimmte Stamme zu isolieren, die fur ihr Wachstum
eine H-Senke bendtigen. Dieser Ansatz kdnnte verwendet werden, um diejenigen
Wirtsmikroben anzureichern, die weit verbreitet, vererbbar und gesundheisirnde
Bakterien sind, ohne auf medikamentése Behandlung oder Stuhltransplantation

angewiesen zu seinm Darmerkrankungen zu heilen.
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Chapter 1
Motivation and Ph.D. Objectives

1.1. Motivation

The human microbiomes linked to health and disease amttludes trillims of microbes
such as bacteria, archaea, fungi, viruses, and other life fdReasearchers are still working
out what shapes the community of microbes with hundreds of distinct bacterial species
some are pathogenic, and some beneficial. There is stilhaiderable amount of socalled
microbial dark matter. The microbial dark matter includes the entire micrahiadrsity
that remains unculturedreaching from the millions dfiomes (niches) to the uncultured
microbial species and their genomgs. In 2019, 1.952 uncultured bacterial species were
identified from 92.143 metgenomeassembled human gut microbial genomes. Thus,
sequencing efforts show us thmotential of microbes that are not cultured witturrent

cultivation approachef].

Besides the considerable knteglge about the interaction of gut microbes with the host,
less is understood about the microlmicrobe interactions especially in the human gut's

H> economy. His one of the end products of carbohydrate fermentation and plays a central
role in microbialmetabolism.H> maintains metabolic homeostasis by acting as an electron
sink. Furthermore, H can be taken up as an energy source by other gut microbes.
Therefore, interspecies Hransfer and microbial syntrophy have become increasingly
important to fillone gap in understanding the entire human gut microbiome. We must fill
this gap with knowledge about microbes that hide from standard lab cultivation. These
specifiomicrobesor microbialpatternscarry thevastpotential to help us better understand

the human gut metabolismand their link tohuman health anddisease Thus, we need
cultivation systems that mimic the human gut's natural environmant provide only
specific, uncultured microbes a growth advantage over others. Cultivating and studying
syntrophic microbes is challenging because they count on the metabolic activity of other

microbes in their community.



2 Chapter 1

In this dissertation, bddress the central question ofzHvailability and how iaffects
microbes’ metabolic outputin the human gut. For proof of concept, we used
Christensenella minutavhich isa prominent member othe Christensenellaceamily,
andwhich areheritable members of the human gut and associatgth human healtH?2].
In cocultures with Methanobrevibacter smithii C.minuta supports Cl formation,
suggesting a microbial syntrophy based om dénsumption [4]. Understanding the
underlyingmolecularmechanism®f H transfer and the benefitef microbial syntrophys

central to this research.

To address this question, a bioelectrochemical system (BES) has beemddveanimic
a syntrophic microbial partner that actively takes up Hhe BES, featmg a platinum
doped carbon electrodéPt/C) and &losemicrobeelectrodeinteraction site facilitating k
removal, creates an environment favorable fog-ptoducing, ceébohydratedegrading
microbes. The initial experiments with.minutain the BES successfully demonstrated its

influence on the microbe's metabolism.

The next step involves investigating the BES's ability to compete with a microbial syntrophic
partner fromthe human gut. Oncealidated, wewill consolidate this knowledge to enrich

and isolate syntrophic +producers from the human gut, contributing to a comprehensive
understanding of the Heconomy within the human gutDeveloping new cultivation
strategiescan circumvenin-vivo experiments (performd in mice, rats, and pigsyvhich

have several drawbacksuchasdifferent phylogenygthical commitment, costs, and low
reproducibility. Thereforegreaterattention was brought tan-vitro cultivation modelghat

allow us to recreate, studyand understandhe effects of the human microbiota between
microbes andhe host New innovative cultivation techniques, including new technologies,

materials and screening approachds;ought gut microbiota cultivatiomio a new area

[7].
1.2. Ph.D.Objectives

The aims of the PhD could be separated into three successive obje(ftigese 1). In
Objective 1 we focussedn the BE8evelopment and prooffoconcept of Hremoval with
C.minuta. We usedC.minutaas microbes for the proof of concept because it was shown

by Ruaud and Esquiv&llizondoet al. (2020 that C.minuta shifts its metabolism towards
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more acetate ad less n-butyrate production when a methanogeronsumes b
simultaneously. IrObjective 2 we wanted to answewhether the BES competes with a
microbial syntrophic Hconsumer regardingh removal.In Objective 3 we wanted to test

the BES as a tool for ¢henrichmentof syntrophic H producers from the human gut.

Objective 1 Objective 2 Objective 3

BES as atool for
the enrichment and
isolation of
syntrophic H;
producers.

BES development
and proof of
concept of H;
removel with
C. minuta.

Questions to be answered:
Can the H, removal by the

BES compete with a
syntrophic H, consumer?

—a

[

Figurel: Overviewof three PhD. objectives

The Ph.D. was split into three main objectiesm the initial BES development and proof
of concept to thaBES&pplication asanenrichment toolfor human gut microbesThe figure
was created by BioRender.com
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Chapter 2
Introduction to Microbiay&rophyof
Human GutibfobesInterspeciest
Transfer andthe PotentialUseof
Bioelectrochemistry

2.1. Microbial Ecology¢ How aMicrobial Syntrophic
RelationshipLeadsto Colonic hmeostasis

2.1.1. Fermentation: an htroduction to the Anaerobic Breakdown of
Qbstrates

Fermentation is an anaerobic and enengglding processhat microbes use to generate
energy for their metabolismThis process iglefined bythe production of @enosine
triphosphate (ATP), which is the energyyielding molecule,due to substratelevel
phosphorylatiorthat isassociatedvith redox transformation between organic compounds
[8]. Fermentationcan occurin diverse anaerobic environmes and is applied to many
areas of human life such dke food industry, human health, wasteater and garbage
disposal, environment, and soil managemg®i. Furthermore, fermentation plays a
central role and is economically feasible for tinelustrial production of bidbased products
from renewable sources with less energy and waste. This bioproceapprgachalso
includes genetic and metabolic engineering techniques to produce newbdsed
products, whichhave the potential to overcome the problem of environmental pollution

and the global shortage of fossil fu¢ls).

Inrecent years, the human gut flora and its influence on human health rene\ed more
attention. In the mammaliangut-intestinal system, digestion always follows the same
route, starting from the mechanical digestion of food (carbohydrates, protmd, lipids)
by chewing Further downthe digestion tract,hydrochloricacid, pepsinand mucines of
the stomachdigestchemicallydietary compoundsind resultfor examplein polypeptides

Dietary components that are not digested in the upper intestine of the human gut intestinal
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tractreach the large intestinedbue to its higlcolonizaton of microbes, the large intestine
becomes tle mostcrucialregion for fermentation in the human gut. Epithelial cells of the
large intestine do not produce any digestive enzypesch adile acid, in the gut Thus,
microbial digestion of earlier degilad compounds from food is essential to degrade, for
example, dietay fibers into shorchaincarboxylateSCCs)sed asan energy source by
intestinal cells to maintain growth and development. This procssthe essence of

microbial fermentation irthe human gut.

2.1.2. Fermentation in theHuman Gut Intestinal Tact

Thehumangut intestinal(Gl) systentepresents theroute of digestion, and it consists of
the oral cavity, esophagus, stomach, amall and large intestinelhe Gltract's overall
surface area i450¢ 200 m2 and is colonized by ¥®acteria[11, 12]. Due to chemically
(pH, redox potentidl and physically iderse microhabitatscaused bystomach, large
intestine, andsmall intesting the compositiorof the microbiome changes throughotite
Gl tract (Figure2). For example, the pldhangesfrom the large intestine tothe smadl
intestine fromacidicto neutral pH In parallel, the composition of microbebkangedrom

a high concentration ofctinobacteria BacteroidetesProteobacteriaand Ascomycotan
the large intestine taBacteroidesClostridium and Streptococcusn the small intestine.
Different microbes generallprefer different intestinal environments anthvor specific

niches in the Gtract [11, 13-15].

The large intestie is one compartment of the Gl tradt iscomposed of the caecum, colon
(including the ascending colon, transverse colon, descending colon, and sigmoid colon)
rectum, and anal tractThe colon possess#® highest biodiversity (£6-10'! bacteriaper

g of intestinal content) of the whole GI traclts major characteristics regarding microbial
colonization are its low cell turnover rate, low redox potential, and long transit time. The
cell turnover rateas defined bycell production, cell death, and cetlean lifespan and varies

by cell type and tissue. Gepithelial cells have a turnover rate of3 days[16]. Talking
about redox potentialrefers tothe tendency of a chemical species to acquire electrons
(reduction) from or lose electrons (oxidation) to an electrode. In redox reactiomns
compound's oxidation is coupled to another compound's reductOridants as wellas

reductants,are essential for all living organisms and need to be presentpartcular
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range. Here, redoypotentials are given either in volts (@) millivolts (V). Facultative
anaerobic microbes requir@ redox potential between +300\V I Y R W samd

anaerobes between +100Vandf S&da ( KY[¢7]. b Hp N
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Figure2: Human microbiome composition

The gastrointestinal tract ands different compartmentsconservedifferent microbial
speciesAmong the physiological niches of thetfict, the human microbiome refers to
bacteria,eukaryg andviruses Thecolors of the Gl traatepresent a defined pH according
to the pH scal¢18]. Figurefrom Hillmanet al. (2017)

The most incrediblevariety of microbeghat ferment nondigestedcarbohydrates(e.g,
soluble fiber)as substrates aralsofound in thecolon[8, 19, 20]. Nan-digested dietary
products arecomplex polymerized carbohydratéisat microbes break down into smaller
oligomers Further, fermentative microbes convert the oligomensto SC§ Hp, lactate,
sucinate, ethanoland carbon dioxideSCE, such asacetate (@), propionate (€), andn-
butyrate (G), are quantitatively the most abundant fermentation produ¢isgure3) [21-

23]. SCCyypically have fewer than six carbon atoms in their carbon chain
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oligosaccharides
Depolymerization
reactlons

Sugar monomers
————— Fermentation

Lactate — :L'__—".
1
- — ?
T
— Ethanol ”': |
- Hy == — - HzS —
s | 1
I e
- ! 1l s cotate o
e Bu;yrate:i,__..
|
Ft- Propionate ——p-
- 3 |
g Acetate st |
Excretion in Absorption and
breath and metabolism by
feces host

Figure3: Carbohydrate fermentation in the human large intestine
The figure was adapted from Marfane andG.R. Gibso(1997)

Duringcarbohydratefermentation,anaerobic microbebave a cooperative metabolisrib

is generated by a diversity of hydrogenotrophic microbes and consumed by resident
hydrogenotrophicmicrobes[8, 24]. Hz is produced as wiecularH; in the degradation
process of carbohydratesa hydrogenases ants one of the mst abundant metablites

in the colon The production ofmolecularH; is coupled tothe oxidation of reducing
equivalentssuch as the redox proteifrerredoxin(Fd) In addition electrons can be
removed from the anaerobic environment in the guby producing H.. The main
medanisms by whicli is produced in the gut are explaingdmore detail in section 2.3
Crossfeeding andH. Metabolism of Human Colonic idtobiota H. shapes metabolic
homeostasis and microbiabmmunitiesby creatinga nice environmenfor microbes that

can crosdeed onHo..
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- Mayor
substrates for
fermentation:
carbohydrate <

protein

- Major
hydrogenotrophic
processes: sulfate

reduction,
acetogeneis

-pH 5.6 -5.9

- Major substrates

for fermentation:
protein >
carbohydrates

- Major
hydrogenotrophic
processes: sulfate

reduction,
methanogenesis

-pH 6.6- 6.9

Figure4: Characteristics oAscendingand descendingcolon

The hydrogenotrophic processes are driven by the pH gradient and the differences in the
fermentation of proteins and carbohyates[8]. Figureadaptd from Nakamuraet al. (2010 and
Payneet al. (2012)(created with BioRendezom)

The human colon is divided into four partsigure4): the ascending colon (proximal),
transverse colon, descending (distal) colcemd sigmoid colon. The considerable
differences in the environment of the ascending and the descending colon influence the
fermentation. The pHvalues throughout the colon varfyom 5.6 - 5.9 in the ascending
colonto 6.6- 6.9 in thedescending coloifFigure4). ThispH gradientaffectsthe colon's
microbial composition andhe fermentation pattern. H> production is assumed to be
affectedby the change ipH, different microbial substrates, another hydrogenotrophic
processesSlightlyalkaline and neutral phaluesare the optimal conditions for sulfate
reduction and methanogenesisvhich are hydrogenotrophic processe#és the third
hydrogenotrophic process, acetogeneaigpears to be maximal acidic pH value§s].
Besidesthe compositbn of hydrogenotrophic microbeshanges alongvith the pH of the
colon For exampleJower pH values (pH 5.6.9) in the ascending colon promotke
growth of acetogens andulfatereducing bacteriaand supportthe production of n-
butyrate by these microbs. With changes in the pH to less acidalues(pH 6.6¢ 6.9) in
the descending colormethanogens exist in higheroncentrations In addition sulfate-
reducing bacteriare represent, besidesf snethanogensthe most abundant microbeis

the part of thecolon In contrast,sulfatereducing bacteria magolonize the whole don.
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Overal] the ascending colon is assumed to Hkbe primary environment for
hydrogenotrophic microbes and processesudt plays @ertinentrole inH disposal and

further contributesto a homeostatic colon environmef25-29].

2.2. Energy Metabolismof the Human @it Microbiota and ther
Production of ShodChain @rboxylates

2.2.1. Microbe-HostInteractions

In the intricate ecosystem of the human gut microbiota, microbial fermentation processes
yield substantialproducts, among whicBCE standout prominently.The cecum and colon
are the major sites for the production of SCC, with acetatepimmmate,and n-butyrate is

the most abundant aliphatic organic acid (>95%) in the intesfiheir approximate molar
ratio of 60:20:20 in the colon and stool reflects a dynamic bald2@ 30-32]. The
microbial community consideiSCE as essential waste products, contributcansiderably

to maintainingredox balance within the gut.

SCE play a pivotal rolen the interaction between microbes and their host. Seeorganic
acids, specifically acetate, propionate, andutyrate, have demonstrated therapeutic
potential in the prevention and treatment of various diseases, including metabolic
syndrome, Crohn's dease, ulcerative colitis, and antibictiduceddiarrhea[32, 33]. The
positive effects observed in cloal studies underscore the potential 8CE& in modulating
host health.In the Western diet, humans, on average, consume approximateigstpof
fiber/day in cases of fruit and vegetableh diets, the fiber content canncreaseup to
60g/day[34, 35]. Carbohydrate fermentation can lead to the total protian of 4006600
mmol SCG&/day[36]. SinceSCroduction ischallengingo monitor along the human gut
and the fact that most of the fecaBC& are taken up by the host, the report€fiCC
concentration might not reflect thie actual concentrations angroduction rates in the

intestine[37-39].

Despite the considerable impact of the gut microbiota on human health and its
involvement in the development or progression of diseases, extensive research efforts
have been directed towardsnveilingthat the influence of the gut microbiota is not
restricted to the Gl tracf40]. Moreover, recent revelations have demonstrated that the

microbiota's impact extends beyond the gastrointestinal tract's confiressuming a
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considerableaole inthe bidirectional communication between the Gatt and the central
nervous system. This concept is caltbé microbiotagut-brain axis.[41-46]. Potential
mechanisms througlsC&impact the communication b&teen the gut and the brain are
elucidated too. SCE, which arethe primary metabolites generated by the microbiota
during the anaerobic fermentation of indigestible polysaccharides, notably dietary, fiber
and resistant starch in the large intestifainl the colon) may exert direct or indirect
effects on gubrain communication and brain function. Upon producticBC& are
absorbed by colonocytes, primarily through-#€pendent monocarboxylate transporters

(MCTSs) or sodiurdependent monocarboxylate traporters (SMCTgrigureb) [47].

Engaging with G proteiooupled receptors (GPCRSs), including free fatty esteptors2

and 3 (FFAR2 and FFAR3), GPR109a/HCAR2 (hydxgtaracd receptor), and GPR164,
or inhibiting histone deacetylasesSCE& play a role in influencing intestinal mucosal
immunity, barrier integrity, and function. GPR109a/HCAR2, GPR4&@ GPR41 are
expressed by a vast array of gastrointestinal mucosks egldthe nervous and immune
system[48, 49]. Interaction with receptors on enteroendocrine cells lsaies indirect
signaling to the brairvia the systemic circulation or vagal pathways. This signaling is
mediated through the secretion of gut hormonesich as glucagelike peptide 1 (GLP1)
and peptide YY (PYY), as well as by the neurotransmitters gammabutyric acid (GABA)

and serotonin (8HT) by enteroendocrine and enterochromaffin c§i8-55].
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Figure5: A simplifiedrepresentation of the potential influences of SC@n the gutbrain
communicatian

In the colon, microbesnetabolize soluble and indigestiblepolymers from complex
carbohydratessuch as dietary fiber and resistant starphoducingSCE.In the microbiota
gut-brain crosstalk, it is speculated th&CE play a pivotal rolén the immune response
and affectthe central nervous systenthe illustration is a simplified representatiohthe
connection betweerSCE and the gubrain axis. It is not intended to provigecomplete
descriptionof other functional groupsThe figure was taken frofb6].

SCE originating from the colon reach the systemic circulation and various tissues,

activating brown adipose tissue, regulating liver mitochondrial function, enhancing insulin
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secretion by betgpancreaticcells, and contributing to wholbody energy homeostasis
[56].

Peripherally,SC& impact systmic inflammation by promotingegulatory T cell (Treg)
differentiation and regudting interleukin secretion. The effects ofbutyrate on the
immune systenwere extensively studied. ihducesTreg cell differentiation and controls
inflammation [51, 57-59]. SCE& can traverse the bloedrain barrier BBB) via
monocarboxylate transporters on endothelial cell;fluencing BBB integrity by
downregulating tight junction proteinsuch as claudin and occludin. This affects the BBB
integrity and the controlled passage of nutrients and molecules from thalation to the
brain.[60]. In the @ntral nervous system (CNS)CE contribute to neuroinflammation by
influencing glial cell morpslogy and function, modulating neurotrophic factors, increasing
neurogenesis, participating in serotonin biosynthesis, and enhancing neuronal homeostasis

and function[41, 53, 54, 61-63].

2.2.2. Microbe-Microbe Interactions andMetabolic Buxes

In-vitro, productbn of SCE differs fromin-vivo studies due to changes in the microbiota
caused by isolation anaroduct accumulation during fermentation. The productiorS@&€

by the gut microbiota is influenced by the type of dietary fibthiet changethe microbiota
composition. Furthermore, host genetics, environmental factors, the colonic midied
microbial composition affectSCCproduction [25, 26, 64, 65]. Dietary fiber intake
considerablyinfluencesSC@roduction, with carbohydrate fermentation geraging 400
600 mmolSCE per day. In the context of th&Vesterndiet, where individuals consume
approximately 2e25¢g of fiber daily, this production increases with a fruit and vegetable
rich diet[34, 36]. However, monitoringSCQGconcentrations along t# human gut poses
challenges, becausenost fecal SCE are absorbed by the host, making reported

concentrationgootentially misleading37-39].

BacteroidetesFirmicutes and Actinobacteria are the most abundant phyla in the human
intestine. Bacteroidetes mainly prodie acetate and propionatevhereasFirmicutesare
the dominantn-butyrate producerg66]. The availability of substrates is the highest in the
proximal part of the colon and decreases towards the distal part. Thergtoeenicrobid

activity is higher in the proximal site of the colon than in the distal part. In the proximal
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part of the colonnondigestible carbohydrates are fermented by saccharolytic microbes,
mainly Bacteriodetesyhich are primary fermentersthefermentation praducts areSCE&

and gasses such as &hd CQ[67]. Bacteriodetes are part of a syntrophic community that
mutually crossfeedswith other microbes that take ughese gasses as substratés the
digtal part of the colon, bacterial proteins and amino acids derived from primary
fermenters such as Bacteriodetes, are fermented by secondary fermenters, which are
proteolytic bacteria and result imediumchain carboxylates (MGQVICCshave carbon
chains ontaining 6 to 12 carbon atomB addition toxic metabolitessuch as phenolic and

volatile sulfur compoundand aminesare products of the secondary fermentdGs].

The gut microbiota plays a crucial role égonverting nondigestible carbohydratesa
hydrolysis into oligosaccharides amibnosaccharides. The latter are getting fermented
into SCG&throughintricate anaerobic processdsey metabolic routes inwe theEmbden
MeyerhofParnas glycolytic pathwafor sixcarbon sugars and the pentogpdosphate
pathway for fivecarbon sugars, ultimately converting monosaccharidego in
phosphoenolpyruvate (PERP9]. Subsequently, PER convertedinto fermentation

products, sich as organic acids or alcohols.
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Figure6: Bacterial pathways banaerobicSC@roduction and concomitant formation of
H. and CQ
See theexplanation on the next page.
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Figure 6Bacterial pathways of anaerobiSC@roduction and concomitant formation of
H.and CQ

Gut microbes use three pathways teliminate excess reducing equivalentwhen
convertingmonosaccharides int&Ce6. (A) Via the classical fermentation pathways (1),
where pyruvate is reduced to either lactate ahanol (not shown) and NADH is oxidized
to NAD. Primary fermenters produce moleculap to sink reducing equivalentga two
routes(2a+2b). The exergonf2a)route involves the pyruvateferredoxin oxidoreductase
and ferredoxin hydrogenase enzymeédearwhile, the endergonic route(2b) goesvia
NADHferredoxin oxidoreductase and ferredoxin hydrogenase. In the third pathway type
(3), SCCare produced from the electron transport chain, starting from taboxylation
of PEP into propionate and @®rodudion of acetate, propionate, and-butyrate from
carbohydrates(B) Acetate is the product from either the Woddungdahl pathway using
formate or directlyproducedfrom acetyl CoA. Propionate is produced from PERhBy
succinate decarboxylation pathway wa the acrylate pathway, where lactate is reduced
to propionate (C)n-Butyrate is being produced from condensation of two moleaaetyt
CoA by butyrat&kinase oiby butyrylCoA:acetateCoAtransferase which usesxogenously
derived acetatdo form n-butyrate. The figure was adopted fromhen Besteret al. (2013)
[70]andwascreated withBioRender.com
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At the glyceraldehyd@&-phosphate dehydrogenaskevel within the glycolytic pathway
glyceraldehyde phosphate is ransformed into glyceratd-3-bisphosphate combined
with the formation of the electron carrier NADHAnaerobically,NADH needs to be
reoxidized to NADfor reuse as an electron carrier for glycoly3istee pathways exist to
eliminate excess reducing eqalents fFehler! Verwesquelle konnte nicht gefunden
werdenA). The first is the classical fermentation pathway, where pyruvate is reduced to
lactate or ethanol, oxidizing NADH NAD. Second, some primary fermengchannel
excess reducing equivalents into moleculartkrough two major routes: an exergonic
route 0 noDx O)via pyruvate:ferredoxin oxidoreductase and ferredoxin hydrogenase, and
an endergonic routed noD> 0)via NADH:ferredoxin oxidoreductase and ferredoxin
hydrogenase, the latter operating at low. Hressure in the large intestine lumenz-H
consiming bacteria, in turn, influence primary fermentaetabolism by depleting H66].

The third pathway involves a primitive anaerobic electron transport chain starting with PEP
carboxylation, leading to the reduction of oxaloacetdb fumarate. Fumarate, in turn,
accepts electrons from NADH through a simple electransfer chain, ultimately
contributing to chemiosmotic ATP synthessiccinatewhich isthe product of fumarate
reductase, is converted into methylmalonate and fiathinto propionate only when the
partial pressureof CQ is low. Via carbaxylation, CQ can be recycled int@EP to form

oxaloacetatg70-72].

The primary end products of fermentation pathwayslescribed previouslyare SCG.
Pyruvate conversion to acet@loA results in the simultaneous formation of &hd CQ.
Acetate is formed either by acet@loA hydrolysis ovia the WoodLjungdahl pathway
(Figure6B), where CQis reduced to CO, converted with a methyl group aodnzyme A
to acetylCoA73, 74]. Propionate can be generated through the primitive electron transfer
chain or by lactate reduction to propionate, known as the acrylate path{izayure 6B)
[69]. Both pathways involve additial NADH reduction compared to lactate fermentation.
n-Butyrate production initiates with the condensation of two aceBdA molecules,
followed by reduction to butyryCoA(Figure6Q). Lactateutilizing bacteria an contribute

to n-butyrate production through acetyCoA generation from lactate. In the classical
pathway, phosphotransbutyrylase and butyrate kinase convert butgoA ton-butyrate

andcoenzyme Aaccompanied by ATP formation. An alternative pathinaglving butyry
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CoA:acetate CoAransferaseutilizes exogenously derived acetate, generatidgutyrate
and acetylCoA. This pathway, supported by labeling studies, suggests-feexiag
between acetate ancdh-butyrate producers, with the alternative patvay dominating the

human gut microbiotd75].

Collaborative functioning of the gumicrobiota is essential foSCCproduction and
symbiotic associations with the hosbther bacteria must utilize molecular2kbroduced
during acetate formationto prevent H accumulation, which can hinder primary
fermenters' NADH oxidatio.he host partly supplies G@eeded in the primitive electron
transfer chainas humans produce apptimately 0.7kg of CQdaily. This C&s excreted

into the gut lumen as HGAN exchange foSEC@nions, serving as a crucial pH regulatory
mechanism. Despite extensive knowledge about the biochemistrycasbohydrate
conversion intdSC& by the microbiecommunity, there is a lack of data #C@roduction

rates by the gut microbial community. The challenge lies in sampling the large intestine,
emphasizing the neetb measureSCQroduction rates accuratelgnd understandhe
impact of specific cémohydrates and microbiota orSCCmass and compositiofi7(].
Syntrophyis classically defined as obligatory mutualism between cooperative microbial
partners that crosgeed on eaclother's products Grasping the full scope of mudlistic
crossfeeding interactions within the gut microbiome is essential for elucidating key
features: the remarkable diversity of species and the extraordinary stability in maintaining
consistent taxa over periods spanning years to decddés Two grous of metabolites

are crosgfed by microbes: sugars and electron donors/acceptors are directly used in the
central metabolism whereas essential nutrients, such as amino acids, cofactors, and

vitamins, require direct uptake mechanisiits].

2.3. Crossfeeding andH; Metabolism of Human Colonic
Microbiota

Diversity as well as communitydescribe the humargut-intestinal microbiome. The
diverse and compleanatomical shape of the gut, its pH gradients, and ieatr supply, as
well as thehost geneticandsecretionscontinuously influencéhe composition of the gut
microbiome. Due to diérent physical characteristicand nutrient supply, different

microbial populations are found inifterent specific microhalbats. Thesemicrohabitats



18 Chapter 2

serve as niches for distinct microbial groagpsl arediverseregarding presented substrates
and physical characteristidd8, 78, 79]. This diverse ecological landscapemprises
trillions of microbial celland controlsa person's health and disease stafdd, 80, 81]. In
detail, the colonic microenvironmentis composd of bacteria, viruses archaea and
eukaryotes thatnteract with each otheandthe host's immune systen holistic approach

to understanding the microbiome composition, host physiology, and disease susceptibility
must include dynamic interactions, conunity characterization, and microbiorteost

interactions €.g, epithelialcells and innate lymphoid cells)

In nature, microorganisms seldomist in monoculture under constagbnditions; rather,

they create intricate communities capable of enduringcfliating environments. The
interplay among these microbes yields synergistic effects, often unpredictable when
examining individual species. Competitive and antagonistic interactions limit the growth of
certain members, while the collective metabolic aityivof the community provides
resilience against nutrient stress. Many of these ecological dynamics rely on diffusible
metabolites, which serve as nutrients and play crucial roles in mediating interactions.
Crossfeeding, which involves the exchange of @eoblites as energyamong various
microbes, plays a pivotal role in forming stable communities of gut commensals that exhibit
resistance to invasion and resilience against external disturbaMmssbolites engaged in
crossfeeding within the microbiome cahe broadly categorized into two groups: those
directly utilized in central metabolism such as sugars and electron donors/acceptors, and
those essential nutrients necessitating biosynthesis or uptake like amino acids, cofactors,
and vitamins Regardinghe central metabolism, crosteeding establishe trophic levels,
where primary degradershydrolyze complex polysaccharides, releasing oligand

monosaccharides accessible to other species.

Primary fermentersither liberatethese sugars independently or @in them from other
microbes. They channel these sugars through glycolykisre theresultingPERs utilized
for substratelevel phosphorylatioor SCC¢formate, acetate, succinat@y alcohols €.g.
1,2-propandiol) generationSubsequently, secondafermenters utilize these bgroducts
through various fermentative or respiratory pathways of their own, produc8@QCs

(acetate,n-butyrate, propionate)including acetate, butyrate, and propionate. Lastty,
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generated ly primary/secondary fermenteracts as an electron dan for sulfatereducing

bacteria, methanogens and acetogdiis].

In the colon, arbohydrate fermentationsthe centralenergygeneratingprocessor most
intestinal microbeswhichalso in theresults in incompletely oxidizearganic compounds
and reduced fermentation products serve as terminal electrorcegtors. Terminal
electron acceptors are needed to recycle energy carriers (ATP}, NAD). The whole
metabolism is based on redox reactions, where the oxidation of one metabolite isecbup
to the reduction of anothepne. Duringthe colonicfermentation process, the reoxidation
of reduced coenzymes NAD&hd FADHmaintainsthe redox balance and leado the
formation of Hz [3]. During the microbial metabolism @frbohydrates and proteins, the
production of His an efficient mechanism to dispoeéthe generated reducing powein
parallel any accumulation df needs to be avoided because a rise in the partial pressure
thermodynamicallyrestricts further anaeiwobic fermentationin the colon As describd in
section 2.2.2 Microbe-Microbe hteractions andMetabolic Fuxes H from bacterial
fermentation is primarily derived from three differenéactions(Figure6A). One reaction

is the reoxidation of pyridine and flavin nucleotidesvhich involves the ferredoxin
oxidoreductaseand hydrogenasesnzymes The other tworeactionsare the cleavage of
pyruvate to formate byhe formate hydrogen lyase and the generatiorHefrom pyruvate

through the enzymspyruvate: ferredoxin oxidoreductase and hydrogeng&erQ].

H. can be efficiently removed withk excretion in flatus and breath (30% ofH, for each
route). In addition,H> accumulatiorand a rising partial pressurean also be preventeby
H>-consuming (hydrogenodphic) mcrobes Generally any metabolic process aim®
generate products with a high energy yield. flus H> must be removed to shift the
fermentation to nore oxidized end productBriefly, a sufficient exergonic reaction is
enabled by an interaction ahicrobes that producé+ to maintain the redox balancand
other microbes that utilize o keep theH: partial pressure lowThis effect is calle#t

syntrophy and reliesmthe production and the removal (consumptiawf) H.
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2.3.1. Interspecies HTransfer

Duringthe fermentation of organic matter, interspecié$ transfer isa mutually beneficial
and unidirectional proess where moleculaH, (reducing equivalent) produced by
hydrogenogenic microbeis transferredto and oxidized by a group diydrogenotrophe
microbes. Becausevery little energy isavailable from specific substates, microbial
communities have adapted to consengmall quantities of energy across a chatge
membrane from one microbe to another microbe(s). This is the principle of a syntrophic
microbial relationship[8]. The classic definition of syntrophy refers to a metabolic
interaction between dependent microbes (microbial partners)and is based on close
proximity in a microbial communityin other words syntrophy isobligatory mutualistic
catabolicmetabolismwhere microbesshareessentialmetabolic ppducts The metabolic
product of one microbeservesasa substrate for anothemicrobe Besides substrates,
syntrophic microbial community shares growth factors, vitamins, and electrons
Furthermore, removing toxic productsor thermodynamic constraints can also define

microbial syntrophy82, 83].

MolecularH serves as a crucial electron sink in numerous pathways facilitating anaerobic
growth. In these microbesproton reduction is linked to the oxidation of ferredoxin,
formate, NADH, and FARHeading to Hproduction However, the low redox potential of
H/H2 implies that these reactions are favorable only under loywphttial pressure, as its
accumulation can impede or hinder growth, typically by restraining MAKidation The
elimination of H by partner bacteria or archaea, known as interspecigsdhsfer, holds
paramount importance for the growth of these bacteria and stands aassicl illustration
of syntrophy.In H syntrophy Hz never joins the dissolvel, pool due to interspeciesk
transfer [83, 84]. Thusthe whole anaerobic fermentation processtieermodynamically
feasible Methanogenesis andsufate reduction are processes for terminal electron
acceptancavhereH; is oxidized and the electrons aransferred toCH (methanogenesis)
or H:S (sulfate reduction) These reactions consume less eneffgblel). Thus several
microbesshare available energy prodgcDuringreductiveacetogenesiskh and CQ are
taken up and synthesized into acefybA whereas energy and assimilating £&re

conserved into cell carbon. This process is called the Waatgdhal pathway.
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Tablel: The competion between hydrogenotrophsin the human gut8, 29

Methanogens Sulfatereducing Acetogens
Bacteria
Methane Non
producers| Methane
Producers
CFU/g
in human 10° 104 10°to 10 10°to 108
feces
Utilization (  # (3 ( © 1( c# O
of H o # ¢/ (3 t(/ ##ll (| (
k&
(kd/mol] -1310 -1522 -95.0
Hz
Threshold 30-100 10-20 400950
[ppm]

In the colon, oxidation of Hby sulfatereducing bacteria(kG® = -152.2kJ/mo) is
energetically mordavorablethan by methanogenesi& G =-131.0kJ/mo). An important
acetate productiorresulting fran H>-dependentCQ reduction is only observedithout
methanogenesis. #CQ» acetogenesis (4H 2CQA CHCOO+ H + 2H0) has & G’ of -
95.0 kd/mol andis, thus, less efficient than either sulfate reduction or methanogenesis
(Tablel) [29, 85-88)].

2.3.2. Hydrogeneseg Metalloenzymes for HDisposal in the Human @

Hydrogenotophic microbes are the major playsaof the central molecular ftycle in the
humangut and thusareresponsible for the Gtact'smetabolic homeostasig.he evidence
is rising that imbalances in the colonic 2Hnetabolism influence colorectal cancer,
gastointestinal infections, obesityand inflammatory bowel diseasd8, 8, 89]. Thus,
investigations of the human colonie Fhetabolism are becoming increasingly important.
The reversible oxidation of molecular K is performed by metalloenzymes called
hydrogenasesArchaea, bacterigand eukarya possess tleegbiquitous enzymes and their

variants adaptedo anaerobically and anaerobic environmef@§, 91].

Hydrogenases have grephylogeneticdiversity and can be subdivided into three distinct

classes. The subdivision is based on the nsti of the hydrogenase3herefore, [NiFe],
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[FeFe], and [Fe] hydrogenasaee distinguisled. A comprelensiveclassifiation, which
correlates the primary phylogeny of these enzymes with their functishewed that these
three main groups can be further distinguishéidwas found that [NiFejlydrogenasesan
be subdivided intofour groups including 22 subgroups. In thecase of [FeFek
hydrogenases, three groupsd six subtypes can be functionally distinguisf#l. [FeFe]
chydrogenasegsepresent a small homogenous group thlese enzymeswhereas the
diversity ofhydrogenasedrom the classes ofNiFe} and [FeFejhydrogenasess much
larger. Their functionsin anaerobic environmentsre hydrogenotrophic respiration,
hydrogenogenic respiration, dyogenayenic fermentation, electron bifurcation and
sensingDueto the enzymatic functionality, these hydrogenaseh likelybe located in the
human colon91]. Wolfet al. (2016) slowed that twothirds of all microbial species (343)
included in the Human Microbiome Project Gastrointestinal Tract harbor hydrogenases
60% of the investigated microbes encode for [Feffgjdrogenases and 21% for [Ni€e]
hydrogenasegFigure 7). All representatives of Clostridiales and Bacteroidadeador
[FeFe]chydrogenasegienes as well as some microbes of the kingdéhroteobacteria,

Fusobacteria, Actinobacteria, and Synergist€¢kegure?).

Bl Euryarchaeota
Synergistes
Fusobacteria
Firmicutes
[NiFe] + [FeFe] Gammaproteobacteria
Epsilonproteobacteria
Deltaproteobacteria
Betaproteobacteria

o | m Bacteroidetes
[FeFe] only 0 Actinobacteria

r T T T
0 20 40 60 80 100 120 140 160 180
Number of Microorganisms

[NiFe] + [Fe]

EOERECED

Figure7: Microbial phyla from the human colon that encode hydrogenases

From the Human Microbiome Project Gastrointestinal Tract genome databaseas
determined that, in total, 343 microbial species from 11fadént phyla harbor
hydrogenase sequencdsigure from24]

Furthermore, it was foundhat [NiFethydrogenasegyenes are present but unevenly
distributed in all nicrobial phyla relevant to the human gut microbiomexcept
Fusobacteria. In contrast, Bacilli and Bifidobacteria do not hdrpdrogenasgenes Wolf

et al. (2016 also showed that the most abundant hydrogenase genes encoded for ffFeFe]
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hydrogenasesnediae H. production, favinbased electrorbifurcation, and possibly H
sensing. The analysis of [Ni@&®Jdrogenasesshowed that the functionalities of the
encoded genes are me diverse. These genes angolved in the Hoxidation coupled with
physiologicdy relevant electron acceptors (sulfate and fumarate). In addition,
enterobacteriatype hydrogenlyases were detected,subgroup of [NiFehydrogenases
and couple formate oxidation to H production and methanogenic Eha, Ehb, and Ech
hydrogenases These methanogenic hydrogenase$orm proton/sodiumtranslocation
respiratory chains, which couple ferredoxin oxidation to proton reduct®rersible The
study showed that the Fcycle is dominated by [Fekglydrogenase$érom Bacteroidetes
and Firmicutesfrom the human gut while Bacteroideteshydrogenase genes are more

abundant than those ifrirmicuteq24].
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2.4. Bioelectrochemistry: An Approachto Study Hydrogen
Syntrophy

2.4.1. Introduction to @mpartmentsof aBES

In bioelectrochemistryBES convert chemical energy into electric energy. This process can
be used for energy storagend bioelectrosensorshut alsoto study microbial interactions
[92]. Any BESs divided into a working chamber ana counter chamberIn the working
chamber when operated in the anodic mogdexidation of an organic compountbkes
place, which results in the formatiaf protons and eleitons. Simultaneous|yprotons are
being reduced in the counteshamberwhile the electrons (negative charge) travel from
the anode to the cathodeia a connection siteq.g, silver wire) Anion transport system
enables the transport of protons and cations (positive charge) from the anode to the
cathode chamber throgh an electrolyteThis guarantees electroneutrality amctpresses

the fact that zero net charge is carried. It is also possible to transfer anions from the
cathode to the anodeTo manage the transfer of either cations, protons, or anions from
one chambe to the other, the working and counter chamberare separatedby a
membrane barrier This barrieronly allows seletive ions, such as protongo pass.
Furthermore, the resulting electron stream is measured against a reference electrode. The

reference eletrode is the thirdorincipalpart of aBES93].

2.4.2. Electrode Materials

Depending on the application, various electrode materials are available. An electrode
materialneedsto fulfill the following characteristics: i) electrical conductiyiiy corrosion
resistance; iii) high mechanical strength; iv) biocompatibility; v) dpesl surface area; vi)
environmentally friendlyand vii) low cost$94, 95]. Mainly, carbonaceousand metdlic-

based materials are used as electrod€srbonaceous materials includarbonbrushes,
carbon cloth, carbon veil, carbon paper, carbon rods, carbon mesh, carbon felt, carbonized
cardboard, granular activated carbon, and graphite plaf@6]. The most common
carbonaceous material is carbon clofks major advantages are the high surface area,
relativelyhigh porosityand high electrical conductivity. Besides that, flexibility, mechanical

strength, and complex 3D structusecontributeto manyapplications irBES[97, 98].
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On the one hand, microhi electrochemistry relies on biocompatibility, which describes
the interaction of microbes with the electrode surface. On the other hand, electron transfer
mechanisms and environmental parameters of microbial colonization shape the
performance of @BBES The general idea of BESs the exchange ahicrobialgenerated
electrons with solid substrate(electrodes) Specifically coated electrodein the anode
compartment, for examplewith platinum, can act as a (metalcatalyst to oxidize H

produced from merobes, which leads tthe generation oprotons and electron§99-101].

2.4.3. Metal Catalysts that Enable HDxidation

One essential component of BESs the anode Structurally anddnctionally, it can act as
a site for bacterial attachment in, for exampfaicrobial fuel cefi and as amtermediate
electron acceptor The majoirimitation of the anode ioften the interior conductibility
Commorty used anode matéals are besides thereviouslynamed materialsfor example
graphite, activated graphite felt, graphite foil, graphite felt, carbdath, carbon paper,
activated carborcloth, Pt, Piblack, tungsten carbideand reticulated vitreous carborits
inherent hydrophobic charactecan limit the anode functiorirom functioningcorrectly
and prevent microbial adhesiofowever, lab protocols, such as autoclavingve been

developed to circumvent this problem.

Besidesthe insufficient electron transfer, surfaciouling can also be a considerable
challenge By using different anode materials in combinatiomhwnaterial modifications,
for example by coating witlconductive materialsthe problemshave been solved tead
to a better bacterialttachmentand increase the electron transfer ratélhus, sbstrate
metabolism andextracellular electron transfesire enhanced bymaterial modificatiors to

improveelectrical condutvity. [102-104].

Pt and Pt-black electrodes perform better in comparison to carbdath or graphite
variants Besidesmproving the overall electrode performance, metals, such as Pt, can also
act as catalystsThese specifically coated electrodm® called electrocatalytic electrodes.
Niessenet al. (2006 showed intheir experiments with Escherichia coliClostridium
butyricum andClostridium beijerinckithat electrodes coated with FRFFA hae a better

catalytic propertytowardsH. oxidation n comparison to Rtoated electrode$101, 105.
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2.4.4. Mechanisms Involved in Electrorrdnsport

The interaction of a microbial cell and an electrode can ba o&pacitive oFaradaynature.

In a capacitive interaction, thdouble-layer capacity of an electrode is changed by the
attachment or detachment of amicrobial cell. The lipid layer of the cell membea
displaces water molecules and ions from the double layer of the electtade¢omicrobial
cell attachment It leadsto a flow of the chargdalancing(capacitive) electric current.
Oxidation and reduction processes of microbial cells or molecular epetie part of
microbial extracellular electron transfer and belong Earaday'snature. Microbial
extracellular electron transpodefineselectrons as exchangirgptween an electrode and

an intracellular electron transfer chain

In aBESelectrons carbe eithertransferreddirectly (Figure8) or indirectly (= mediated
Figure9) to the electrode Direct electron transfeoccuis between the outer membrae of
an electreactive mcrobe and the electrode Synonyms for electractive microbes are
electricigens,anoderespiring bacteria, andexoelectrogenic bacteria at anodeand
electrotrophes at cathoes[99, 106-108]. The microbe imearthe electrode, which means
a permanent attachmenat the electrodein the form of a biofilm formation(Figure8A).
Mediated electron transfer is based on molecular redox compouhdsact as electron
carriers (Figure 9A-B). In technical systemsnicrobial redox mediatorse(g. flavins or

phenazinesgre more common tharartificial redox mediators.
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(A) Electron transfer at a biofilm anodé€B) via microbes in suspensiomy (C)via capacitive
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Figure9: Mediated electron transfer in different anodibioelectrochemicahalf-cell

(A)Integrating microbes in thbioelectrochemical hal€ell, or (Bleparaing microbesfrom the
bioelectrochemical haltell Figurewasadapted fromSchrdder, Harnisch and Angenent (20!
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Typec cytochromes and conductive pili or bacteriahowires are know for the direct
transfer ofelectronsacross the membranéne examfe of a direct electron transfer was
demonstrated withGeobacter sulfurreducens$t could be clearly demonstrated by the
model microbesthat direct transfer is accomplished by cytochrome ¢ membrane proteins
(e.g, MacA, PpcA, OmcB, OmcA, and OmcS) achessiher membrane, the periplasm,
and the outer membrane to the electrode surfaf06, 109-111]. The knavledge aboti
direct electron transfer aabe used to study microbial syntroplelationshipghat rely on
interspecied, transfer. Guzmaret al,, 2019 designed BEShat allows theinvestigation

andthe enrichment of +producing syntrophic bacterid 12].

2.4.5. Designand Developmentof a BESo Oxidize H

The idea of 8ESsto study and ench HB-producing syntrphic microbes by Guzmaat al.
(2019 wasto develop a desigased on theconceptof a close physical contact the
microbe with the anodeThe anodexidizes the biologically produced,ldnd the resulting
electronscan be recorde@s generated current. This approach is calleddthoving anode
and was implemented taompete with the methanogenin the syntrophic microbial

partnership.

BESareused in environmental and biotechnological applications for waste treatment as a
biotechrology platform for producing valuable chemicals aedergy generation
Furthermore,electrochemcal activity withinthe microbial culturecanbe studiedusing a
BESThe development of BESo study microbial syntrophy wadevelopedby Gemanet
al. (2019 in three steps. First, the maximumzHoncentration to select for syntrophic
bacteria was determinetly mathematicamodeling The Hthreshold is 5InM in the bulk
liquid, where both the syntrophic bacterium and the methanogenic partmeridgrow at
identical rates. Thus, lawer H> concentration(<51 nM) would promote the gowth of the
syntrophic bacterium and higher H concentrations (>51nM) the growth of the
methanogen Second, the maximum distanoé the microbe away from the Fbxidizing
electrode was evaluatetly mathematicamodelingto provide a growth advantager the
syntrophic(H-producing)microbe over the methanoge(tb-consuming)within the BES
The model showethat 1 mmis the maximum space away from the anoddée third step

was toenrich a syntrophi¢H-producing)oacteria.Here, he microbiatproducedH. can be
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measured as current and relies on oxidatiana Pt-coated anodeThe basic idea of this
system was to separate the neveeforeseparated ceculture  of
Syntrophomonagemderiand Methanobacterium formicicurwhere S.zenderigrows only
in the presence dfl. formicicum Guzmanret al.(2019) were able to enricB.zenderirom
the coculture in the electrochemical systerand adetectable increase in electric current
was found when microbial kHwas provided to the electrodé-igurel0). To ensurehat the
electrical current was generated dwe anaerobic conditions, vas introduced into the
system,and a decrease in the current wagtdcted Eigure10). A short and minimal

exposure taO; did not harm the activity of both microbg$12].
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Figurel0: Current production during ceulturing a syntrophic acetogen
Syntropusaciditrophicusand itsmethanogenic partheMMethanobacteriumformicicum
The asteriskmarksthe O introduction into the BESo check if the generated electrical
current isgenuinelygenerated from microbial hydrogeRigurefrom Guzmaret al.(2019

The increased detected current verified that the syntrometogensS.zenderjprovided

H. to the anode rather than to the metimogen. The baseline current waseasured at
about 7.5 *10' pA and increased throughotie batchoperation periodto 3.2pA at the
end of the first batch periodHdowever, the performance of thBESeed to be impoved

to achieve a statically relevant data s€urthermore, an upgraded reactor architecture is

necessary that allows continuous enrichment while maintaining a close interaction of the
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microbes with the electrode to adhere to the ultimate goal to isolsyatrophic microbes

from a natural microbiota.

2.4.6. Microbial Hectrochemistry

The interactiorof livingmicrobid cells and electrodegdefines microbial electrochemistry.
This research fielditilizes microbial fuel cells thatonvert chemical energy from, for
example, wastewater into electric power. Furtherore, microbial electrochemical
technologyalso useshe knowhow ofderivative technologies such ascrobial electrolysis
cells, photomicrobial fuel cedl microbial electrosynthesis desalination cells and

biocomputing[113].

The nature and the degree of interaction define the type microbial electrochemical
technology. A distinction is drawn betweemprimary and secondary microbial
electrochemical technologyPrimarymicrobial electrochemical technolodpelongs to the

field of microbial electrochemistryg.g, Faraday or capacitive interactions of microbes and
electrodeg. Extracellular electron transfédirect or mediated) to an electrode tsuch as
electroactivemicrobes is one of the extensively studied processes in thi§ 8] 106, 108,
114-118. NowadaysBES are used as a synonym for primanjcrobial electrochemical
technology Still, BES alsoconsiderthe fields of enzymology, microbiology, DNvAgtein
chemistry, and neuro-electro-chemistry In secondary microbla electrochemical
technologies, the biological system is connected to an electrochemical cell to control
microbial processes or environmental parameters. Seconddcyobial electrochemical
technologyfocuses on indirect interactionglere, the reaction enronment of microbes

and electrochemical processes is indirectly influenced by pH, oxygen partial pressure, and
metabolites, such as microbial substrates and products. Besides, the electrochemical
system must be close to the microbial system to be courde@ secondarymicrobial
electrochemical technologyThe applied electrode potential can differentiate between
primary and secondarsnicrobial electrochemical technolog$trong positive or negative
potentials (high voltagesindicate secondarymicrobial electrochemical technologyin
contrast, primarymicrobial electrochemical technologyly considers electrode potentials

within the physiological and thermodynamicaange of the microbe or microbial
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community. For both systems, anyicrobial electrochengial technologygonsists of at least

two electrodesc an anode for oxidative reactions and a cathode where reduction occurs

The field of microbial electrochemistry cdre used to study and eXpin processes
observed in, for examplegeomicrobiology The mteraction of microbes with electron
conductors can be either capacitive or Farddagature. If microbes attacho the
electrode, water molecules and ions are displaced from the double layer, whichtteads
diminishing electrochemical (double layer) eamgy. his leads to a flow of a
chargebalancing (capacitive) electric current. Microbial oxidation and reduction reagtion
are themajor characteristics describduay Faraday’s process. Thus, any microbial species
involved in microbial extracellulareztron transfer can be investigatettheoretically. All
microbes require a physiological environment to live and grdWwerefore, microbial
electrochemistry shouldccurat physiologically important potentiaend depends on the
microbes used in the setujndetail, the applied potentiadhould not be eithetoo positive

for anodic activitieor too negative for cathodic activities. Both approaches would cause
the degradation of physiologically essential biomoleculeslzaminthe microbe ora whole
microbialcommunity.Aerobic and anaerobic systems need to be distinctively considered
because the presenoaf oxygenleadsto high redox potentiglwhich anaerobic microbes
cannot tolerate Aerobic systems can manage an anodic potential of +0.6 V vsTBKE.
potential would cause a degradation of cytochromeroteins in the microbial cell wall of
anaerobesTo overcome this discrepancy, MEre designed as physiological technolpgy
which unites electrochemical interactions with trenvironmental physiology of miobes

[113 117,119,
2.5. DNA Sequencing

2.5.1. DNA-SguencingApproaches

Studying the smallest building blocks of microbes living in BiieS is necessary to
understand the underlying metabolic pathway and the different protein expression levels
Nucleicacids in a polynucleotide chain are arrangedyenes andfurther translated into

amino acids that are the building blockspbteins,regulate thelives of every organism,
andmake up the DNA. Thus, DNA sequencing tells us about gene availability to identify and

classifymicrobes Furthermore,the identfication of genes allows us to manipulate the
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genetic information to knock outoverexpressor mutate a gendo achieve gparticular

characteristicor expression of a foreign gene

After Watson and Crickuccessfully solved the thre#mensional structug of the DNA
molecule in 1953 and understodte function of ribonucleases, Robert Holley and Fred
Sanger developed a technigbased on radiolabeled partialigestion fragmentskEurther
sequencing techniques had been developed following the first stef3N# sequencing
DNA sequencing strategies adivided into first-, second, and thirdgeneration DNA
sequencingFirstgenerationsequencingcomprises Sanger, Maxa@ilbert,and Sanger’s
chaintermination sequencing. These techniques are baseler on radio- or fluorescent
labelled ddNTP nucleotides. If oddNTRvas incorporated into the consensDiNAstrand
the reaction of DNAvolymerization was stoppe@nd base by base could be detected to
encode the base sequenc&he major featuref first-generaton sequencing is theead
length ability of 2000bp with 99.999% accurgd?0, 121].

Due to the disadvantages of high costs and low throughgrdpndgeneration sequencing
becamemore popular Herg no radie or fluorescentlabeleddNTPs or oligonucleotides
were used. Besidesthe increasesin sequencing throughputthe read lengthof the
sequenced DNAvasmuch shorter than that of the first generatioithe pringple behind
this aproach is duminescent methodlogy, wherepyrophosphatesynthesis during DNA
polymerizationis usedto visualize and realizihe base sequencfl22]. Sanger slideoxy
and the seconegeneration pyrosequencing method are categorized as sequbwyce
synthesis technigues, which require the reaction with the DNA polymerase anddbthit

approaches.

Finally third-generation sequencing the third and latest approach for DNA sequing.
Thirdgeneration sequencing is also known as loagd sequencing. It is characterized by
singlemolecule sequencing (SMS), réiate sequencing, simple divergence from previous
technologies, and circumventinthe requirement of DNA amplificatiofil23]. Pacific
Bioscience (PacBio) and Oxford Nanopore Technologies are two examples of companies
that have developed different thirgieneration sequencing technologies. PacBios’
sequencing platformdoes single molecule reaime sequencing (SMRT), where DNA

polymerization occurs in arrays of microfabricated nanostructures calisgo-mode
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waveguides (ZMW). These ZMW nanostructures are tiny little holes in a metallic film on a
chip platform and allowthe visualizationof single fluorescence molecules close to the
bottom of the ZMW These processes will enable teequencing of single DNA molecules

in a very short time. The potential of nanopore sequencing, where DNA and RNA molecules
can be driven across &pid bilayer through large| -hemolysin ion channels by
electrophoresis, was known before secegeneration sequencing had emerged. In
principle, detecting bases that pass through the ion chanfdbcks the current flow by
decreasinghe current for a legth of time proportional to the length of the nucleic acid
molecule Oxford Nanopore Technologies was the first compémyoffer nanopore
sequencingMore information about nanopore sequencing can be foundention2.5.3

Naropore fquencing

2.5.2. 16S rRNA Gene8uencing

Besides the claim, having an entire genome sequentictobes can be differentiatelly
16S rRNA gene sequencirithis approach isainly appliedto bactetia andarchaea and
uses the 16S gene locus of the rRIBAS rRNA gene sequencisgused forphylogenetic
surveys of microbial communitieHere, the similarityof a ribosomal genewhose
sequence is known and stored idatabase, decides whethene micobe is taxonomically
the same, closely relatedr far relatedto another microbein a phylogenetic treeA
phylogeneticor evolutionary tree is a branching diagram (=treedlemonstrating the
similarities and differences of various microbes in their genetiaracteristics and
evolutionary relationshipBy evolution, microbeshave either 16S or 18S rRNA genes that
are conservedConserved genetisequences across the entire genome are found in
housekeepingienes andare widely distributed among different ganisms. One of these
genes is the small subunit (16S) ribosomal RNA ,g&peesentinga taxonomic genomic
marker [124]. The 16S rRNA gensubunit is divided into variable regign8anked by
conserved stretches in moshicrobes. Conserved regions are usedadarget for FCR
primers during sequencingvhereas variable regions providgpeciesspecific information
necessary for identificatiorthe length of these RNA gesie around 1500 base pajrand
the characteristics are mergedo be specific enough forthe identificaton and

differentiation of microbes andhort enough to allow easy sequencing.
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The identification of unknow microbes follows the protocadf: 1) amplification ofthe
conserved stretchwithin the 16S rRNA gerlecus by specific primerg) calculation oftie
genetic distance between pairs of microbes in the dat@gpeésa matrix of similarities; 3)
construction of a phylogenetic tree by aligning sequences from different micrainels})

further analysis of the matrix by, for exampieighborjoiningmethod. [125].

The major advantages a6S rRNA gene sequenciag the abundane of 16S rRNA gene
locus and theexisting methodologies to develgghylogenetic tres across different taxa.
On the other hand16S rRNA gene sequencaigo hasome disadvantages. The variation
of the 16S rRNA geneopy numberper genome among strainshé amplification bias
which leads to usreliable relative abundanceandthe overestimation of the diversity of
genes. Furthermoreif the resolution of thel6S rRNA genis too low, differentiation of
closely related species ispossible Nowadays, thanicrobiome researclareais moving
away from 163utilizing sequencing to more comprehensive afuhctional sequencing
approachesof whole genome and shotgun metagenomics sequentingvercome the

disadvantages df6S rRNA gene sequencing

2.5.3. Nanopore Squencing

Nanopore sequencing is, perhaps, the most anticipated area in the field ofgbirdration
sequencingThis technique uses nanoporesdetect and quantifypiological and chemical
moleculesA lipid-bilayer oflargeh -hemolysin ion channels the primary interaction site

for this methodology. By electrophoresRNA or DNA molecules thpaissthrough the
channel block the ion flow. Thaecreaseshe current forsome timeproportionalto the
length of nucleic acidfgL26, 127]. The principle of nanopore sequencing is based on the
differences in the baseswhere each of themprevents the membrane'son flow
distinctively(when the moleale passes through the nanopgré-igurell). By monitoring

the current, the sequence of the DNA molecule can be inferred at each channel of the

nanopore sequencindevice[123 128 129.

The MinlONand GridIONplatforms of OxfordNanopore Technologies (ONT) wehe first
nanopore sequencing devices on the marke30-132]. A gigabase of DNAeadscan be
generated by the MinlON instruménwhereas the GridION is designed for genescale

sequencing. Both provide individual nanopores embedded within a synthetic membrane.
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Changesin the current caused by different nucleotidese further translated into base
sequence datéFigurel?2) [130.

Direction of
current/
translocation

efee e PP

Figurell: Nanopore DNA sequencing

Thepossessivenzyme ¥) denaturesthe doublestrandedDNA which further ratchets one

of the strands through a biological nanopotg.(The nanopore (in grey) is embedded in a
synthetic membranevhere a voltages applied. Figuréom Heather and Chain, 2016
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Figurel2: Separation and detection of nucleotides during nanopore sequencing

(@) Recording of residual pore current in pA of a single channel: nucleotides thsthea
nanopore and induce a change in therrent of the electric field (b) Thecolored bands
represent the residual current digbution for each nucleic acjdhe Peak position of DNA
basesThe residual current histogram of a nucleotide bound in glsinphannelFigurefrom
Clake et al. (2009

The Minlon platforncanobtain ultralongreads of up to 10@b. In comparisorhy Sanger
sequencingup to 1200bp can be achieve@ndMiSeq lllumina systems can achieve up to
300bp. Besides that ultra-long reads can be generated by Minlon sequencitige

circumventing of DA or RNA amplification, raprdattime of 48h, ultra-long DNA reads,
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andhigh-qualityresultsare the key features of Oxford Nanopore MinlON sequendBg

131, 133. All these advantages togethegn combination with high read delptand accuracy
afforded by shorread sequencing, nanopore sequencing represents the best opportunity
for decentralized sequencing away from core services that are common tdciane
facilities offer a full sequencing service from DNA extraction to the @aalysis of the

sequencing output.
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Chapter 3
Development of tie=Sand Proof of
Concept of HRemoval withC.minuta

3.1. Abstract

Very little is understood about theslconomy of the human gut; therefore, interspecies
H. transfer and microbial syntrophy have becernmcreasingly important to fill one gap in
understanding the entire human gut microbiom€.minuta, which isone prominent
member of theChristensenellacedamily, was already isolated from the human gut and is
an h-producing microbe. In coultures of C.minuta and M. smithii, H production
supports Chkiformation by the methanogen4]. Due to thermodynamic limitations,H
accumulation predicts a microbial syaphy in which carbohydrate degradation can only
occur when a microbial partner consumes dimultaneously{134]. The major questions
are: how do these syntropt microbes transfer molecularkh the gut, and how do they
benefit from it? We developed &ESfor this investigation mimickinga syntrophic
microbial partner that takes up2HTheBESrovides a Pt/@lopedworking electrodeand

a close interaction gt of microbes with theworking electrodewhere H is actively
removed by oxidation. Thus, it provides an environment favored byréducing,
carbohydratedegrading bacteria. Foproof of concept, C.minuta was used as an
Hx-producing microbeWe found ashift of the fermentation products of.minutatowards
more acetate and less-butyrate under conditions when theBESremoved H.
Furthermore, we foundy scanning electron microscoplyat C.minuta adheredto the
Pt/Gdoped working electrodeas abiofilm. The outcomes of this study are essential to
developing an isolation approach for gut microbes withaequiring a microbial
(syntrophic) partner.Culturing C.minuta in the BESwill help further investigate and
potentially isolate gut microbes that hideom lab cultivation Furthermore, this supports

our ultimate goal of understanding human gut microbes better
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3.2. Introduction

Besides the considerable knowledge about the interactimingut microbes with the host,
less is understood about the microlmicrobe interactiong especidl in the human gut's

H> economy. His one of the end products of carbohydrate fermentation and plays a central
role in microbial metabolisrbecausetiacts as an electron sinka addition, H can also be
used as a source of ener@py other microbes in the gut. Therefore, to fill a gap in our
understanding of the entire human gut microbiome, interspecigeg&hsfer and microbial
syntrophy have become increasingly important. There is a need to fill this gap with
knowledge about mi@bes that are not accessible to standard laboratory cultivation. These
microbes have the potential to give us a better understanding of interspeci¢ésuhkfer

and a deeper insight into human gut metabolism and its overall community function.
Syntrophic nicrobes are difficult to culture and study because they rely on the metabolic
activity of other microbes in their community. Therefore, we need cultivation systems that
mimic the natural environment of the human gut or that give only certain uncultivated

microbes a growth advantage over others.

Colonic H metabolism is predominantly driven by fermentativee production from
hydrogenogenic microbes and interspeciestidnsfer[1, 2]. Research on mouse disease
models reveals thanicrobialderived H exhibits potent antioxidative, antiapoptotic, and
anti-inflammatory properties[3]. Colonic K metabolism imbalances may lead to; H
accumulation, disrupting gut function anlklarming humans, necessitating preventive
measureqd1]. In colonic microbiome models, the group of mibesthat metabolize and
crossfeed H are underrepresente@nd challenging to study due toconsistencies and

low relative abundance in the human populatipii35]. Demonstrated and hypothesised
effects of hydrogenotrophs on both the microbiota and the host are reported, with effects
on carbohydrate fermentation, host adiposity, and correlations with the development of
irritable bowel syndrome, inflammatory b disease, and colorectal cancdibe main
question is: How can d$yntrophy with bioelectrochemistry be revealed? Guzmenal.
(2019) designed BESo investigate and enrich syntrophie4droducing microbes. THBES

is based on the concept of close physical contact between the microbe anddtikéng
electrode Theworking electrode oxidizes the kfrom anaerobic fermentationand the

resulting electrons can be recorded as generated current. This appreacimplemented
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to compete with the methanogen in the syntrophic microbial partnersMpathematical
modeling was used tdetermine the maximum Hconcentration that would select for
syntrophic microbesThe Hthreshold was found to be 94 in the bulk liquid, where both

the syntrophic bacterium and the methanogenic partner could grow at identical rates.
Therefore, alower concentration of H (< 51nM) would promote the growth of the
syntrophic bacterium, while gher concentrations of H(> 51nM) would promote the
growth of the methanogen. The study evaluated the maximum distance of the microbe
from the H-oxidizing electode. This gives a growth advantage to the syntrophic microbe
that produces bHicompared to the methanogen that consumesikithe BESAccording to

the modelof Guzmaret al. (2019), efficient Hoxidation takes place at a distance of 1 mm
from the workingelectrode By enriching a syntrophic bacteria that produces®uzman

et al. (2019) were able to measure the electric current produced by the bacteria's H
through oxidation at a Ptoatedworking electrode This resulted in a confirmed increase
in electic current, indicating that the syntrophic acetogens providedtdithe working

electrodeinstead of to the methanogen

We continued this project, further optimizing thBESfor the microbesto study of H
syntrophy To demonstrate the concept, we us€iminuta as the H-producing microbe
to test the ability of theBES0 consume Hand to observe iC.minutaresponded with a
metabolic change to the Hlemoval by theBESAfter theBESemoved H, C.minutashifted

its production towards lese-butyrate and more acetate. In comparison to the operating
condition where H was added, in addition to the sHoroduced byC.minuta, more
n-butyrate was produced. In addition, biofilm formation was detecetdthe working

electrode demonstrating the biocompatitiy of the BES

3.3. Material and Methods

3.3.1. Setup of theBES

The experimental setupf a BESonsisted otwo glass chambers equipped with a three
electrode configuration(Figure 13). The two glass chambers are theorking chamber

equipped with a working electrodeand a counter camber containing acounter
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electrodgFigurel3d). An ion exchange membrane separated therking electrodeandthe
counter electrode ensuring thatC.minuta was only in contact witthe working electrode
in the working chamber of thBESA three-electrode configuratiorof working electrode,
counter electrode, and AdAgCl reference electrodewas used to control the
electrochemical pantial, where it was et to E=350mV vs Ag/AgCI for kHiremoval by
oxidation or toE=650mV vs Ag/AgClfor H; evolution at the workig electrode.Both
electrodesworking electrodeand counter electrodewere made of carborcloth and had

a size of 122 cmTheworking electode was doped with 4ng/cm? of platinated carbon
(10%)which wasspray-coated on both sites of the carbon cloth for oxidation or evolution
of Hp from or to the microbes. Fdhe reference electrodewe used an Ag/AgCl reference
electrode composed of a mallic silver wire coated with silver chloride embedded ikl 3
potassium chlorideand 0.7g agarose The Nafion 117 membrane was activated byl 1
sulfuric acid for 24 and equilibra¢d in a salt solution (85.5 mMdium chloride, 16.9nM
disodiumphosphaté2H,0, 41.9mM sodium bicarbonate) for 24 beforethe assembly of

the BESo ensure good chemi¢atability prior the assembly.

TheBES (n=3) including the electrodeandthe ion-exchange membrane, were assembled
in their sandwich configuration and stkzed at 21°C for 20 min under aerobe conditions.
After autoclaving, thehambersof the BESwere filled with anaerobicreduced media and
sparged with XCQ. TheBEShas a working volume of 2fiLin both, workingand counter,
chambers[tigurel3). TheBESvas designed to minimize the space between the microbes
and the working electrode Therefore, the distance betweerhd microbes and the

electrode wasapproxumatelyl mm.
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Figurel3: BESeactor setup for the cultivation ofC.minuta under H oxidation or

evolution reactions at theworking electrode

The BESconsistsof a working and counter chamber, separated by an ion exchange
membrane (Nafiorll7). Equipped with ahree-electrode configuration, a working
electrode (ke), counter electrode (), and a reference electr@d(Eef), a constant
potential can beapplied to theBESor either B oxidation (E= 350mWs. Ag/AgCI) or
evolution (E=-650mV vsAg/AgCl)A potentiostat contrad the electrode potentialThe
working electrodeis coated with Pt/C (10%) for catalytica} bkidation or evolution
reactions.C.minutawas cultivated in the working chamber at thrking electrode

3.3.2. Cultivation and Gowth of C.minuta

C.minuta was thaved from -80°C cryo stocks and precuitd in anaerobe 5@nL Brain
Heart Infusion Broth (BHI) (VWR)media in serum bottles with one transfeprior to
inoculation to theBES. Brain Heart Infusion Brot{pH 7.4) was buffered with 15g/L PIPES
(Sigma) and spged with N:CQ. After sparging with NCQ, L-cysteineHCL (Sigma) was
added to a final concentration offaM to obtain reduced media conditions. The start OD
was calculated to be 0.01 from a growing precultutbat we measured

spectrophotometrically (NaoDrop Photometer NP80, Implen).
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3.3.3. Operation of the BES

ThreeBES (RXR3)with C.minuta were operated for more thari704h, where different
operation conditionswith regard to the removal or supply of:iere applied(Figurel4
and Figure15). In the establishment phase (before 1343, all threeBES (R1R3) were
operated under the same experimental setting theoperating phasdéafter 1343h) of the
experiment, eactBESwas operated under a differentperating condition to compare
simultaneously different experimental settings. The experiment started with a
enrichment phase, where we tested tlogerationconditions ofwith H, removal,with Hy
supply and without electrodemistry (Table 2) in parallel in all threeBES and how
C.minutarespond to the different operating conditionB the beginning of the enrichment
phase we startd with a batch cultivatiorwith C.minutaof 96 h without electrochemstry,
where theBES are not connected to the potentiostaifter 96h all BESran in continuous
cultivation, and we switched betweenH> removal H> supply and without
electrochemistryDue to the high bubble formation by, at the waking electrodeunder
the operating conditionof with H> supply, we decided to run thegghases for a shrter

operation periodthan thewith H, removalphases.

Table2: Operating conditions and electrochemical potentials

Operatingcondition  Abbreviation Electrochemical potential

With H, removal -Hz E=350mVvs Ag/AgCI

With Hz supply +H E=-650mVvs Ag/AgCl

Without w/o Electrodes are disconnected from
electrochemistry the potentiostat

After the batch cultivationywe switched tocontinuous cultivation anéi supplyfor 216h.
In the next phaseth was removedor 456h and a fdow-up with H> supply phase of 96.
The phase without electrochemistry raior another 120h. Afterward, we cultivated
C.minuta againat with H, removalfor 287h, which followed byanotheroperationphase
without electrochemistryfor another 72h. Over a period of 1348, we switched between
the conditions ofvith H. removal,with He supply,andwithout electrochemistryThis phase

was the astablishment phase for th€.minuta cultureandthe BES.



Chapter 3 43
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i cultivation bioelectrochemical system
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Figurel4: C.minuta cultivation in the BES

C.minuta was cultivated in threeBESsunder different operation conditions without
electrochemistry(w/o), with Ho supply(E =-650mVvs Ag/AgQOl (+Hb), or with H, removal
(E=350mWs Ag/AgQIl(-Ho). The threeBESran as triplicates in the establishment phase,
and the same operationonditionwasapplied. In the finaphase R1 was set teH,, R2 to
w/o, and R3 toH..

Before 1343h of cultivation all threeBES were operated with the same experimental
conditions(Figure14). In the final phase (ger 1343h) of this experiment, eacBESvas
operated underadifferent condition R1 was operatedith H, removal R2with Hz supply,
and R3 without electrochemistry. The final operation period had a duration28&h. The
feed rate with BHI medium was set either to 1mBh (before 148&) or to 5Sml/h (after
1488h)
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Figurel5: Potentiostatic operationconditions of the BES

The cultivation ofC.minutawas carried out under two different operating conditions: (A)
with H> removal by oxidatiofg = 350mWs. Ag/AgC), and (Bwith Hz supply by reduction
(E=-650mWvs Ag/AgC). Both operating conditions took plaeg the Pt/Gdoped working
electrode.

3.3.4. Monitoring of Metabolic Product Brmation by C.minuta

The production oSC&and the presence of Hvere monitored over the entireoperation
period of 104 h. 300uLof gas from theBESvasanalyzed by an SRI gas chromatograph for
trace concentrations of H(6"13x Molsieve column, UV RDG detector, SRI Instruments).
1 mLwas sampled from the cultivation broth and centrifuged18000x g to separate
biomassfrom supernatant containinCe&. The supernatant was stored &20°Cfor later
analysis o65CCSCCgcetate anch-butyrate)were measured by gas chromatography {DB
FATWAX Ul column, Agilent Technologies) using-ev&k standard calibration curve
where each standard contained 2B of 30mM ethyl-lactate as internal standard and
475uL of a mixture ofSCC¢Supelcops external standards ranging from 0.47%.5 mM

for eachSCGtandard mixture. Th&CGtandard mixture cotained acetate, propionate,
iso-butyrate, n-butyrate, isevalerate,n-valerate, isecaproate,n-caproate,n-heptanoate,
and n-caprylate.Prior analysis, 5QuiL sampleswere mixed with 425uL 2% formate and

25 pLinternal standard (1.5nM ethyklactate) The pH was monitored using autagable,
optical pH sensor spst(SFHP5v3D10USSA, Presens), which vedtached to theinner

side of theBES)lass O» concentrations were detected using autoclavalptical O, senses
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(SPPSt3YAUD10YOP, Presens) to ensureaanobicoperating conditons. We glued both

sensors on the g&s with durable and heastable silicon glue (PreSens).

3.3.5. Scannindelectron Mcroscopy(SEM)maging

SEM was used to investigate biofilm formatiorCominuta at the working electroden all

three BES. Electrode piecesf 1x1 cm were placed into separate wells of-avel plate,

each containing 2L of PBS. 25% electron microscegnade glutaraldehyde (GA) was
added to each well for a final 2.5% concentration. The-plele was covered with a lid

that was secured with prafilm to avoid contamination or spillage. The samplesewe
incubated for at least 24 at 4°Cto allow for thorough fixation of the bacterial cells. After
incubation, the fixative solution was removed, and 25% ethanol was immediately added to
each wellNote that the plate was always covered with a lid during incubations to prevent
evaporation. Tk samples were incubated for 18in at room temperature (ca. 21°@iter

which the ethanol solution was removed. This dehydration procedure was repeated with
50, 75, and (3x) 100% ethanol with 15 min incubations for each concentration. A solution
containing a 1:1 ratio of 100% ethanol and hexamethyldisilazane (HMDS) was then added
to each well and incubated for 30 min. The ethartdMDS solution was removed after
incubation, immediately replaced with 100% HMDS, amclbated for an additional

30 min. After incubation, tk wellplate lid was placed slightly opeo allow the HMDS to
evaporate overnight. Once dryaeh sample was attached to a 86n diameter aluminum

stub using Tempfix adhesive (Plano GmbH) and coated with ca. 8 nm of gold using a BAL
TEE@ SCD 005 sputter coater. The electrodes wenaged insecondaryelectron mode

using a Zeiss Crds=am 550L Focused lon Begi@@nning Electron Microscopeperating

with an acceleration voltage of 2 kV.

3.4. Results

The growth behavior ofC.minuta was studied in differet operating conditions H2
removal, H supply andwithout electrochemistryunder continuousultivation. Switting
between different operatingconditions affected the H> concentrationin the BESand

C.minuta sproduction ofacetateand n-butyrate (Figurel16).
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3.4.1. Establishment of theBES*tup

TheBESwas designed to fulfill two aim3.he first aim was to provida close interaction
between the microbes and the electrode and grow the microbes to a maximum distance of
1 mm away from the electrodeél'he second aim was the sufficient removal or symslH

from or to C.minutaby the BESTherefore, together with Hetut Kammerlander from the
MPHS Stuttgart, wedesigned andbuilt a glass diskke reactor system made out of
borosilicate glass, where thetackof electrodes and Nafiehl7 membrane perfectly fit
inside.lIt needed five differentrersionsof BESto fulfill all requirements. The final version

of the BEScan be sterilized by autoclaving, is yuliquid and gadight up to lbar
overpressureand prevents contamination from the outside environmeirt addition it
keeps the electrodes separated, and iigefconnection ports can be used for sampling or
to connect feed and effluent lines to tHBESor continuous cultivationFor the efficient K
removal in parallel to a sufficient biofilm formatipwe provided a largelectrodesurface
area of 12Zmz2. Bath glasseof the final BESrersionhadtwo sets of ering sealigs. The
inner sealing ring kepthe electrode and ion exchange membrane lay@risplace In
contrast, theouter sealing ring tightenedhe BESand prevened contamination with
microbes from he outside. The sampling ports were designed not to create a dead volume
next to the electrode to prevent the enrichment of microbasa more considerable
distance to the electrode. The feeding of tB&E St the working electrodevith media was
performedthrough one sampling port at the bottom of tHBESo0 ensure sufficient mixing
and supply with nutrients. The port for the effluent sat on top of BEESThe design of the
inlet and outlet ports supported a continuous flow of media and therefore homogeseo
biofilm formation over the entireelectrode area The feeding and effluent port
configurationwasthe same for both chamberdVe needed tensurethat the volumein

both chambers of thESs constantly the sametherwise,the Nafion membrane would
bend due to more or less volume on oneeid herefore, the feeding ratéhe flow ofthe
medium) was always the same for both chambers to prevent influences on the cultivation

volume and space fdC.minutaat the working electrode
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3.4.2. TheH, Concentration Cale @ntrolled by the BESProofof-Concept)

The experiment was dided into two phases: the establishment phageultivation
between Oh and 1343h) and the final phase (cultivation betweer843h and 1704h)
(Figurel4). Within theestablishment phase, wested the performance of aBES,R1, R2
andR3 for operatingconditionsof with H, removalor with H, supply. The concentrations

of H are lowerunderwith Hz removalthan underwith H, supply(Figure16A). At 1008h,

we were not able to set the potential on R2the next operation condition. Therefore, we
disconnected this reaction from the potentiostat and ran without electrochemistry until

the end the experiment.

In the BES final phase, we detected a clear difference in fhevelsbetweenthe operation
conditions ofwith H> removal in Rland with Hz supply in R3The H. level during the
operating condition of withH, removal in R1 was lower than durimgth Hz supply in R3
and without electrochemistry in RZThe levels of iHdetected under the operating
conditions ofwith Hz supply in R3 and without electrochemistry in R2 were found to be
very similar. This led to the conclusion that there is an upper limit ofhist can be
produced byC.minuta and the working electrode of thBES which can be maintained

under continuousoperating conditiors.
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Figurel6: H, acetate and n-butyrate concentratiors of C.minuta from different
operatingconditions

(A) Ho, (B) acetate and (Q)-butyrate were measuredn three BES (R1R3)throughout
different operating conditionswithout electrochemistryw/o), with H, removal (-H), and
with Hz supply ¢H). ForR2: x indicates anerror in potentiostatic cotrol at t=1008h.
Therefore,R2 was disconnected from the potentiostat arath without electrochemistry
until 1704h.

3.4.3. SCC Production @&.minuta Was Affected by the HConcentrations in
the BES

In the BES establishment phaseetate andn-butyrate prodiwction dependson the H
concentration(Figure16). In particular,during thewith H> removal operating condition,
less acetate anch-butyrate were produced compared to theith H> supply condition.
(Figurel6BQ. To prove our hypothesis that the availability efikfluences the production
of n-butyrate, whereC.minuta produces less-butyrate under reduced klconcentrations
we applied multiple statistics on the data oktlfinal BES phas&hereforewe investigated

n-butyrate-to-acetate ratiogn detail (Figurel?). A low ratio ofn-butyrate: acetate means
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that more acetate and less-butyrate was producedwhereas higher valuespresent a

higher concentration oh-butyrate.
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Figurel?: Stacked concentrations of acetate amdbutyrate

C.minuta produced acetate andn-butyrate in the BES(RER3) throughout different
operating conditionswithout electrochemistry (w/9, with H, removal.(-Hz), andwith Hy
supply (+H). ForR2 x indicates arerror in potentiostatic controht t=1008h. Therefore,
R2 was disconnected from the potentiostat and ran without electrochemistry until h704

In the final phase, weompared the linear correlation of thebutyrate: acetate ratios to
H. concentrations between the three different operating conditiokge found thatlower
H> concentrationscorrelate negatively withn-butyrate: acetate ratios, resultingn a
negativeslope of thelinear regression curv@=igure18A). In the case oWith H> supply in
R3, higher H concentrationsand positive slope oh-butyrate: acetate ratio to the
concentration of Hwasfound. Even thoughherewas no statisticallifferencein the linear
correlations oin-butyrate: acetate ratio and klconcentraton between the threeperating

conditions of the finaphase tendencies were detected.
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Higher concentrations of Hed to higher n-butyrate: acetateratios, whichwere observed
during the operating conditianwithout electrochemistry in Rand with H supply in R3
(Figure 18B). By applyingan unpaired ttest of the means oh-butyrate: acetate (90%
confidence mterval), we detected significant differences between titbutyrate: acetate
ratios rations forwith H: removalvs.with H: supply P=0.0079), and farith H; removal
vs. without electrochemistry(P=0.0013)Figure 18A-B). No significant difference was
found between theoperating conditions with H supply vs. without electrochemistry
(P=0.2793)where higher Econcentrations were detecte(Figure18B-C). Toinvestigate
andprove furtherthat the concentration ofi-butyrate to acetate changed when the levels
of H changed, we pedrmed a cluster analysisThe cluster analysis shows that low
amounts of H lead to a reducedn-butyrate: acetate ratiQ whereas higher H
concentations increase thigatio. The operating conditions withHlemoval did not show
a clustering patternogether with the operating conditions without electrochemistry and
with H supply for which higher concentrations of Hwere present(Figure 18C). The
concentrations of Hin R2 and R3eached similar levels in thenal phase, and therefore

the values fon-butyrate: acetate cluster in the sanagea of the scatter plotHigure180.
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Figurel8: n-Butyrate to Acetateratio of the BES final phase.
Different operationconditions were applied to each reactor in the firgthase (between
t=1343h andt=1704h). R1 was set twith H.removal (H), R20 without electrochemistry
(w/o), and R3 tawith Hz supply(+H). Different statistical approaches investigated the
butyrate: acetate ratio in relation to Hconcentration in the BESA)Linear regression
between n-butyrate: acetate ratio and H concentations. (B) Unpaired-test of means
from n-butyrate: acetate ratios from the final BES phase (C) Cluster an@isiSonfidence
ellipse with 95% confidence intervadf n-butyrate: acetate ratis in relation to H
concentrations. The statistical analysvas done by GraphPad Prism 9 (Version 9.5.1); n.s.,
P >0.10; *, PKD.05; **, P>XD.01; *** P>.001,

3.4.4. C.minuta Attaches to the Pt/Gdoped Working HBectrode

After 1704h cultivation of C.minuta, 1x1 cm pieces of thevorking electrodewere
collectad from R1, R, and R3 at the end of thiznal phase to investigate the biofilm
formation of C.minuta at the Pt/Gdoped carbon cloth materiallThe working electrode
sample was collected from the sanedectrode positionfrom R1, R2and R3.The SEM
microgrghsindicate that during the entire operationgpiod,some Pt/C coatings detached
from the carbon cloth, anthus some uncoated fibers of the carbon cloth were exposed
(Figure 19). Nonetheless, theworking electro@ looked still fully coated with Pt/C to

remove or supply kHfrom or to C.minuta. Several factors can contribute to the structural
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variation of the Pt/C coating, ranging from different electrode potentials to the resulting
different Hb concentrationsTheH, gas formation under the operating condition of with
supplycouldexplainthe differentshapesof the Pt/C coating. Furtherme, the cell length

of C.minutaobservedat the working electrodén R3increased from 4 to 8 um compared
to in R1. FoR1,we found shoter cell lengthsof C.minuta between 1 to 2um. In R2¢ell
lengths ofC.minutawere similar to those foR3. With SEM imaginge showed that with

H> removal or supplycaused by different electrode potentialaffected thecell size of
C.minuta, where greater cell sizes were detected for the operating condstairwith H

supply and without electrochemistry.
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Figurel9: SEM micrographs d.minuta growingat the Pt/C-doped working electrode
of the final phase (£1704h)

Duringthe final phasgbetween t=1343 and t=1704). R1 was set to with Hemoval
(-H2), R2 to without electrochemistry (w/0), and R3viith H> supply (+H).1x1 cm?pieces
of the working electrodevere investigated foC.minutagrowingat the electrode material
at magnifications of 2.03KX, 6.08KX, and 1823

3.5. Discussiorand Outlook

The first part of this experiment was toedign aBESthat provides optimal growth
conditions for an anaerobic gut microbe, such@sninuta, and can be operatl as a
continuousoperatingsetup. We had to redesign the BES reactor five times until we solved
the problems of sterility, leaking, durability, dead volumes in the sarggborts, anda
closeelectrodemembrare setup. We establishe@BESn this experinent that can remove

H. that wasproduced byC.minutaor it can be operated under withk supplyto C.minuta

in continuousoperating conditions This BESalso enabld a close interactionof the
microbes with theworking electrodeand led to a biofilm formation of C.minuta. The
maximum gap of Inm between the microbes and the electrode enabled sufficient H

removalwithin the entire volume The biofilm formation enhanced theggocesses and
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brought the microbe<loser to the reaction siteFloc formation vas observed in a eo
culture of C.minuta and M. smithii, which enhanced the syntrophic;kransfer between
these two microbedq4]. Besidesthe syntrophic interadbn that is related to adhesion
in-vitro, the adhesion of beneficial bacteria on the intestinal mucosa enhances the

intestinal barrier function and modulatéle immune systenn-vivo[139-141].

Furthermore, ve were able to switcback and forthbetween threeoperating conditions:
with H removal, with H supply, and without electrochemistrifhe Hconcentration in the
BESnfluenced theSC@roduction ofC.minuta, where less-butyrate wagproduced under
operating condition of with Hremoval where we kpt the H concentrations to a
minimum. Highern-butyrate concentrationswere found whenH; was not removed
electrochemicallyunder operating condition of witout electrochemistryor under with H
supply n-Butyrate igproduced from crontonylCoAwhich is educed tobutyry-CoA by the
butyryl-CoA dehydrogenase electraransferring flavoprotein complexThis complex
couples the reduction of crotory@oAto the endergonic reduction dierredoxin (oxidized)
and oxidation ofNADHby electron bifurcation makingthe reactionthermodynamically
feasible[142 143. By reducingorotons to H, ferredoxin (reduced)s reoxidizedby the
ferredoxin hydrogenasgl 44, 145]. In the metabolism of microbes that produnébutyrate
in the human Gl tractp-butyrate production is favored over acetate at higher gut H
concentrations.Alsq C.minuta producedmore n-butyrate under high blevels[4]. The
limitation of this experiment in terms of Hemoval coms from the BE$iself, where we
could not completely remove all Hfrom C.minuta electrochenically. Due to the
attachment of the microbes to the electrode surface, eannot controlthe cell density.
Thus, with increasing cell concentrations in continuous cultivatoore H may be
produced byC.minutathan theelectrod€ s capacity can oxidiz€herefore, fluctuations in
cell density can lead to fluctuations the amount of H that the BEScan remove
electrochemicallyandto changes in the acetate andbutyrate production rateproduced

by C.minuta.

Further research is required to determiriee maximum cell density in relation to the
amount of H produced byC.minutathat can be removed by the BEBhis also included
control over the cell density that forms a biofilm on and within the electrode surface.

Surfacessuch as biomaterialprovide more excellengrowth conditions for microbes than
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suspension cultivation can providéicrobial adhesion, which defines the adhesive
junction between microbes and surfaces, is driven by physicochemical interactions, the
target surface material, environemtal factors and microbes' characteristicsMicrobes

have a diversaepertoire of adhesins for different surfacgd, 146]. In addition, the
combination of Lifshitwan der Waals interactionscidbase bonds, and electrostatic
doublelayer interactions are present in the first phase of adhesion. In the second phase of
adhesion, microbes create a connectiontt® surfacevia external appendages on the
bacterial surfacesuch as flagella, pilor fimbriae, and the production of extracellular
polymeric substancgl47-152]. In addition, surface properties such as wettability, stiffness,
topography, surface charge and roughness can influence microbial adhesion and surface
sensing, and it is important to note that these factors provide physical support for the
microbes.[153]. Since we detected massivecolonization ofC.minuta at the Pt/c-coated
electrode, we can conclude that thisetup of the BESmimics physiological growth
conditions and provides an environmelgadingto biofilm formation with an evenly

distributed microbial colonizatioron and within the electrode material.

We also detected thaacetate andh-butyrate productiors areless inthe begnning of the
operating phaseswith H, removal comparedto with Hy supply The production always
dropped by switching to theperating phases of with-Hemovalbut recovered to almost
the same levelTherefore, it would be helpful to compare the proteomes of electrode
attached cells and supernatant cells under different Ebncentrations and investigate
whether specific proteins from catabolic pathways are apdownregulated under high

or low H concentrations.
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Chapter 4
Can the by theBESompete with a
Syntrophic HConsumer?

4.1. Abdract

In Chapter 4 we wanted to studyvhether the H removal by the BES can compete with a
syntrophic partner ofC.minuta, such a#. smithii. Therefore, we had planned to perform

two bioelectrochemical experiments, where thomicrobes would be cultivated together

at the cathode in the BES or separated into the anode and the cathode chamber of the BES.
Here, we were only able to perform the first of two experiments. In the second experiment,
which still needs to be performe@;,.minutawould grow at the anode anill. smithiiat the
cathode so that both microbes would be technically separated but in a connected
electrochemical fashion with electrons flowing from the anode to the cathode and ions
crossing the protorexchange memtane. The preliminary results of the first experiment
showed that, whenM. smithii is growing, then-butyrate: acetate ratio changes and
decreases throughout the operating period whigh smithiiis present in ceculture with
C.minuta. Unfortunately, in oe BESM. smithii was not growing in ceulture with
C.minutain the last operating period; therefore, only the results of two BESs were used.
This experiment gave insight into the potential of the BES as a research tool and how it can
be used to study tb Hx syntrophy of already isolated microbes. To get a more detailed
understanding, this experiment needs to be repeated, and the second experiment needs
to be performed to verify (or falsify) the hypothesis that separated syntrophic partners in

a BES canutcompete the ceculture in a similar experimental conditions.

4.2. Introduction

Goodrichet al.(2014) reported that theabundance of many microbial taxa are shaped by
host genetics, andhat especially theChristensenellaceamily ccoccurred in humans
with methanogenic arcéiea and othetheritable bacteriain humans with dow body mass

index The positive association @hristensenellaceaand lean BMI was studied in mice
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where anobeseassociated microbiomé&om a human donomwas supplementedvith
C.minuta, which isa cultured member oChristensenellaceaand transplated to germ
free mice.Here,addingC.minuta before transplantation reduced the level of adiposity in

the test group comparetb the micein the control group that had not received.minuta

[154.

Methanobacteriaceaere often reported as part of th€hristensenellaceam-occurrence
consortium, whereadVl. smithii is the most abundant methanogen in the human gut
microbiome [155-158]. In addition, both families correlateia physical and metabolic
interactions. Ruaud and Esquiiizondcet al. (2020 studied specific interactions of two
abundant species of each family. They showed thatHb@roduction of Christensenella
spp. havesupported the growth oM. smithii. This effect is coupled with the immediate
consumption ofH. by the methanogen (which uses it to make methane) and shifts the
metabolic activity of Christensenellapp towards acetate rather than n-butyrate
production. In additionC.minuta and M. smithiiwere found toco-localize in dense flocs
throughoutthe operating periodwhereasM. smithii has better access tbh produced by

C.minuta[4].
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Figure20: Metabolic activity of C.minuta, C. timonensisC. massiliensjB.
thetaiotaomicron, andM. smithii after six days of growth (gas anB8C& production)

from Ruaud and Esquél-Elizondoet al. (2020

Blue border C.minuta (C) green border:M. smithii (M); yellow border:M. smithii and
C.minutaat 2 bar(MCO); red borderM. smithiiandC.minuta (MC)at atmospheric pressure
(atm)

Furthermore H:CQ was provided in excess the coculture of C.minutaand M. smithii
at different pressure conditions to prove that the close contact betwé&&rsmithii and
C.minuta gave a growth advantage to the methanogérigure 20). Here, the CH
production was supported b€.minutato similar extents independent of the pressure of

additional H:CQ, whichwaseither atmospheric or darsoverpressure. In atlases for the
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co-culture, with and withoutadditional H:CQ, M. smithii aggregated withC.minuta
(Figure2l).

C. minuta =1 M. smithii T ®w === 1 B. thetaiotaomicron

M. smithii / C. minuta M. smithii / B. thetaiotaomicron

Figure21: Confocal images of.minuta, M. smithii, andB. thetaiotaomicron (after 3

days of growthin pure and ceculture) from Ruaud and Esquivetlizondoet al. (2020

(@ and (f) C.minuta in pure culture, (b) and (g)M.smithii in pure -culture,
(c)B.thetaiotaomicronin pure culture, (d) and (. smithii/ C.minutaco-culture, (e) and
(i) M. smithii/ B. thetaiotaomicronin co-culture and. For confocal imamgj, microbes were
visualized by staining with SYBR gre#lnorescence (DNA staining, red), aidsmithii's
was visualizedy itsautofluorescenceoenzyme ko (blue) Scale bares represent 10 pum.
All images were taken frolRuaud and Esquiv&llizondcet al. (2020 publicationand were
configured by Biorender.com

Fick's law of diffusion can describe the flux of metabolites between microlbkghis
directly proportional to the concentration gradient and inversely proportional to the
distance between prducer and consumer. In other words, the closer the microbes
aggregate, the better the Hransfer. In all scenariosv{th and withoutadditional H:CQ)

for C.minuta in coculture, the n-butyrate production was inhibited, and the carbon
metabolism was shted to acetate production[4]. It has been suggested that the
consumption of K by the methanogen decreased the; idartial pressure within the
aggregation in clee proximity toC.minuta. This favoured more oxidised fermentation

products, such as acetate, resulting in increased @bduction.[66, 70, 144, 159, 160].
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After the development of th&ESand the proof of concept witlC.minuta, we wanted to
test the ability of theBEremoving Hat the anode}o compete with a syntrophic partner.
Therefore we planned to split thistudy into two experimentswhere Cminuta and
M. smithiiare physicallyr not physically separated in the sane@vironment(Figure22).
Forthe first experimentFigure22A), we planned to culture botl.minutaand Msmithii
in one of the chmbers of theBESwithout current flow, where the Hwas onlyremoved
by M. smithii. Forthe second experimer(Figure22B), C.minutawould grav atthe anode,
where H isremoved by oxidation. The resulting protoasoss the Nafion membrane and
move to the cathodewhere theyare reduced back to M. smithiiwould grow atthe
cathode wherd isgenerated. In thé>h.D dissertation | will only focus on the first of the

two experiments.

potentiostatic g — potentiostatic g —
control control

— &

O
o

(]

C. minuta

M. smithii

. y
H; oxidation by methanogen Ha exidation on PtC doped anode H, evolution on cathode

Figure22: Setup of theBESo test whether the H> removalat the anodecan compete
with the Hz removal byM smithii

(A) Ceculture of C.minuta and M. smithii together in one of the chambers of th&ES (B)
Cultivation ofC.minutaat the anode andv. smithii at the cathode in the samBE$ut then work
with potentiostatic control.

In the first experiment, we want to investigate the emoval by the methanogen.
Therefore, we gr& C.minuta under different operating conditions: i) without
electrochemistry i) with B supply forC.minuta; and iii) with H supply forC.minuta plus

M. smithii, where the His removed only by the methanogen.
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4.3. Material and Methods

4.3.1. Setup and Operationof the BES

For the first experimentwhereC.minutaand Msmithiiwere co-cultured togetherat the
cathode(Figure22A), the BESvasset upin athree-electrodeconfiguration asexplained

in section3.3, Material and MethodsThe twochambers of theBESvere separated by a
Nafion 117 ion exchange membrane (Sigma) to separate the working and counter
electrodes and kee.minuta and M. smithiionly in contact with theworking electrode

Both electrodesthe working electrodeand counter electrode were made of carbon cloth

and hada size of 122 cmZTheworking electrode reference electrodeand Nafion 117

membrane were prepared atescribed irsection3.3, Material and Methods

Three BES$RER3)were assembled in their sandwich configuration and sterilized at 121°C
for 20 min under aerobe conditionBorthe firstexperiment we set upthree BES. The pH
was monitored using an autoclavableptival pH sensor spots SRP5v3D10USSA
(PreSens Precision sensigfached to the middleof the inner glass sidefdhe BES &
concentrations were detected using an autoclavable, opticadeDsors SIPSt3YAUD10

YOP (6100% @, PreSens Precision sensing) to ensure anaeogacating coditions.

We stared this experiment by growinG minutain monoculture(between Oh and 24h)
and laterin co-culture with M. smithii (between 24Ch and 432h). The BESwith C.minuta
monoculture was operatedfirst in batch cultivation without electrochemistry for an
operating period of72h and later incontinuous cuivation for 360h (Figure 23). The
continuous cultivation was split into two operating conditions:with H supply for
C.minuta (E =-650mV vs.Ag/AgCl) for a period of 168 h; andhb supply forC.minuta
plusM. smithii (E =-650mVvs.Ag/AgQifor a duration of 192.
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Batch Continuous cultivation
cultivation
C. minuta C. minuta C. minuta / M. smithii
w/o +H, +H,
72h ke 168 h A 192h .
| | 1 I>
0 72 240 432

Incubation time [h]

Figure23: Operatingperiods andconditions for the cecultivation of C.minuta and

M. smithii in the BES

Operating conditionswithout electrochemistry (w/9, with H> supply(+H) for C.minuta,
with H supply (+H) for C.minuta plusM. smithii

4.3.2. Media Preparation and Qiltivation

The assembledBESwas not completely tightenedduring autoclavig and under oxic
conditions to prevenbreakingthe glass part®f the BESAfter autoclavingwe carefully
tightened all screws of theBESIn the sterile bench and made sure that the sandwich
configuration consisting ofelectrodes and Nafion ioexchange membrane stayed in
place. Anoxioperating conditios of the BESvere providedafter autoclavingoy addinga
sterile BHI medium to both sites tfie BESand by sparing with NCQ. Therefore,two

bottleswith each 200nL medium were preparefibr each ofthe three BES.

For the cultivation and for fillingof the BES we usedmodified BHI (37g/L) that was
supplemented with yeast extract (5 g/L)ClysteirHCL % mM, pH 7, adjusted with NaQH
andsodium bicarbonate (42mM, pH 7, adjusted with HE&br fillng theBESwith modified
BHI medim, after autoclavingthe medium bottles were connected to ttiBESnd sparged
with N2:CQ for 1 h while the medium circulatedetween the medium bottle and thBES
Afterward, after sparging for h, L-CysteirHCland sodum bicarbonate were added to the
bottle to fill the BESwhile the medium circulatiokept running for another hour. For the
continuous cultivationfeed bottles were connected to both sites of tBESo preventthe
accumulation of products oanly one die of the BESand to avoid anmbalance in thdBES
volume which might change the distance from the inner rector glass to whueking

electrode The feed rate of the modifieHHI medium was set toraL/h.
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4.3.3. Inoculationand Cultivation Tmes

C.minutaand M. smithiiwere precultured from yostock inserum bottlesusing the same
cultivation media Both microbes were inoculated at a theoretical OD of 0.05 fram a
exponentially grown precultureThe actual OD in themedium of the BESwas not
determined afterinjection due to impurities of particles from the Pt/@ped working
electrode which came offand wouldlead to an artificially elevatedOD measurement.
C.minutawas inoculatedo the working electrodeat t=0h and was cultivated for 72 in
batchcultivation and for another 16& incontinuous cultivationAfteran operating period
of 240h, M smithii was inoculated to thevorking (Figure22A). Both microbeswere co

culturedfor 192h.Analytic of SCE and Gasses

The production ofSCE& and the presence of Hand CHwere monitored once per day
throughoutthe entire operatingperiod of 430h. 200uL of gas taken from thé8ESwvere

analyzed for the Hand CH content by agas chromatogaph with a HayeSep D colum

(length3Y X 2 dzi SNJ RA I YS{ S NJThe couinittenpevdturelaydpressmey Sy i a
were set to70°Cand 20psi.Athermalcoupled detecto(TCDvas used to measurextdnd

CH.

1 mLwas sampled from the cultivation broth and centrifuged at 12000 rprsdparate
biomass fom supernatant containinggC& The supernatantwas filtered through a
0.22pm syringe filter andwas stored at-20°C for later analysis 3C& SCE& were
measured by gas chromatography (BBTWAX Ul column, AgiléR¢chnologiel using a
sixlevel standard calibration curve where eastandard contained 2fL 30 mM ethyl-
lactate asan internal standard and475uL of a mixture of SCE as external standals
ranging from0.475- 9.5mM for eachSCGtandard mixture. Th&CGtandard mixtue
contained acetate, propionate, idautyrate, n-butyrate, isovalerate, n-valerate, ise
caproate,n-caproate,n-heptanoate, andn-caprylate.Prior analysis 50 uL sampleswere
mixed with 425uL 2% formic aicl and 25uLinternal standard.

4.3.5. Statistical Aalysis

To testwhether the production oh-butyrate and acetate b€.minutawas affected by the
H> consumption ofM. smithii, the n-butyrate: acetate ratis were calculated for the

operating conditios: i) with Hy supplyfor C.minuta and ii) with H supplyfor C.minuta
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plus M. smithii. We testedwhether the slopes oh-butyrate: acetate ratios produced by
C.minutadiffer in the last twooperating conditionsWe performed the statistical analysis
with a simple linear regression analysis usitvgsm @GaphPal (Version 9)Simple linear
regressioranalysidits a straight line througkhe data to find the besfit value of the slope
(slope =nXinY) andintercept The pvalues were calculated from an F tesind a 95%
confidence band surrounding the befit line definesthe confidence interval of the best

fit line.

4.3.6. SEM maging

We investigated the ibfilm formation of the ceculture of C.minutaand M smithii at the
working electrodefrom all threeBES$R1R3)by SEM. Electrode pieces of 1x1 cm were
placed ino separate wells of a-@ell plate, each containing 2L of PBS. 25% electron
microscopygrade glutaraldehydevas added to each well for a final 2.5% concentration.
The wellplate was covered with a lid secured with parafilm to avoid contamination or
spilage. The sample preparation and imaging procedure is describedhiapter3.3.5

Scanningelectron Mcroscopy(SEM)maging

4.4. Results

The experimental setup included the replicaBES, R], R2 andR3. Since we dl not
observe any growth dfl. smithiiafter its inoculatiorto R3 we decided to discuss only the
results of R1 and R2ower SCQoroduction was detectedn R1duringin the first two
operating conditionsC.minutawithout electrochemistry ad with H supplyfor C.minuta,

in comparison td=2 (Figure24A). We concluded thatC.minutagrew less irRlL than in R2
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Figure24: Production of aetate andn-butyrate by C.minuta in pure and ceculture
with M. smithii

(A)Acetate (violet) andh-butyrate (orange) produced b@.minutain R1-R2 throughout
different operating conditionsC.minutawithout electrochemistry (w/o)with Hz supply
(+Hp) for C.minuta, with Hz supply (+H) for C.minuta plusM. smithii. (B) Operating
periods of the experiment

Therefore wedecided to investigaténe n-butyrate: acetate rationgFigure25C). Thisratio
increased in the second operating condition, withddpplyfor C.minuta, indicating that
C.minuta produced moren-butyrate in the R1 and R2. After the inoculationMf smithii
at 240h, the n-butyrate: acetate ratio dropped almogb the ratio in the BES phase
C.minutawithout electrochemistry irR1 and even more for RZ herefore, less-butyrate
and more acetate was produced in the presencesMofsmithii. In addition, the H
concentration in R1 and R2 deased after inoculation witiM. smithii and was almost
completely consumed afte800 h(Figure25A). After the inoculation oM. smithiito study
the coculture activity together withC.minutain the BESCH was only detected in R1 and

R2 (but not in R3Fgure25B).
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Figure25: Production of H, CH, andn-butyrate: acetateratios

(A) H, (B)CH and (C)n-butyrate: acetate ratio®f R:R3 throughout different operating
conditions:C.minuta without electrochemistry (w/o) with H, supgy (+H) for C.minuta,
with Hx supply (+H) for C.minutaplusM. smithii. (D) Operation periods of the experiment.
The plotting and curve fitting by polynomial interpolation (95% confidence beusai@
done with the software Origin (version 2023). The pirm were arranged using
BioRender.com
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Hgure 26: Statistical analysis ofi-butyrate: acetateratios

Linear regression test ofbutyrate: aetate ratios between the operating conditiomsth

Hz supply (+H) for C.minuta, with Hz supply (+H) for C.minuta plus M. smithii. In RL and
R2, bestfit slopes in the phaswith H supply (+H) for C.minuta s significantly different
from with Hz supply (+H) for C.minuta plusM. smithii, RL: P<0.0001R2: P=0.0070)R3's
bestfit slopes are not significantly differemtithout and withM. smithii. C.m., C.minuta,

M. s.,M. smithii, 95% confidence band. The statistical analysis was done by GraphPad Prism

9 (Version 9.5.1)he graphs were arranged using BioRender.com.

M. smithiicompgetely consumed KHduring the last oprating condition {ith H supplyfor

C.minuta plus M. smithii), resulting in the production of GHFigure 25). With linear

regression, we tested-butyrate: acetate ratios irR1 and R2nd compared the operating

conditionswith H> supplyfor C.minuta and with Hy supplyfor C.minuta plus M. smithii

(Hgure 26). We found that thébestfit slopesare sigrificantly different between thes two

operating conditions in RP&0.000} and R2 (P=0.007(Higure 26).
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Figure27: O; and pH fromR1-R3

(A) Oz and (B) pH were measuredn RER3throughout different operating condibins:
C.minuta without electrochemistry (w/o) with Hx supply (+k) for C.minuta, with H
supply (+H) for C.minuta plus M. smithii. (Q Operatingperiods of the experimentThe
plotting and curve fitting by polynomial interpolation (95% confidence bamebe done
with the software Origin (version 2023). The graphs were arranged Bsaiepnder.com

Furthermore, we investigated the >Gconcentration and pHhroughout all operating
periods (Figure 27). & concentraton increasd two times in the first two operating
conditionsabove 1%in R1 and R2F{gure 27A). We did not detect areffect on the
production of acetate ana-butyrate and on the Hx supply by theBES The pH stagd for
Rl andR2 in the physiological cultivation range Gfminuta and M. smithii, which is pH

6.0-9.0 forC.minutaand pH 6.5 to 8.0 favl. smithii[161, 162] (Figure27B).

At the end ofthe operating conditiorwith Hz supplyfor C.minuta plus M. smithii, allBES
were disassembledand 1x1 cm piece from the working electrodewere taken for
investigation of the electrodenicrobe interactionby SEM. FoRL andR2, a biofilm of

C.minuta and M. smithii embedded in the Pt/€oating was detected Figure 28).
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Furthermoee, for both R1 and R2, we found th& minutawas growng at a higher density

than M. smithii.

Figure28: SEM fromworking electrode of R1 and Rét t=432h
Biofilmformation of C.minutaandM. smithiifrom the end of theoperating period with H
supply forC.minutaplusM. smithii. Magnification = 18.23X

4.5. Discussion and Outlook

In the experiment performed irChapter 3we showed thaC.minutaalso grows and forms
a biofilm when His supplied g the BESFigurel9). In this experimentjn which weco-
cultured C.minuta and M. smithii, the two microbes grew abiofilm at the working
electrodein the BESFurthermore, we detected a drom the n-butyrate: acetate ratis
after the inoculation oM. smithii, where less butyrate was produced thiarthe operating
period with Ho supply forC.minuta. The change in the-butyrate: acetate ratio and the
close proximity of the microbes in the biofilat the workirg electrodeindicate that the
BESs a suitable tool to study #syntrophy betweenC.minuta and M. smithii and other
microbial synthrophs, which arebased on EHavailability Due to contaminatiorobserved
in R3, the results of thiBESare misleading, ahthe reduced production of acetate and
n-butyrate throughout the entire operating period of R1 (in comparison to R2) led to the
conclusion that the experiment with threBES needdo be repeated to get reliable and
reproducible results. We did not furén investigate other metabolic products froRB, so
we cannot concludevhichtype of contaminationt could be. Furthermore, the pBlightly
changed afteM. smithii was inoculatedn RL andR2, rangingbetween pH 6.8 and 7.3.

Therefore a different buffercompound with a higher buffer capacity might be suitatale
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minimize changes in the pH. Another technical approach coulabldeng more pH sensor
spots across thehamber of theBESecause we only used one spmdr BESn the middle

of each chamberlt was impossible to set up an autonmatontrol until we experienced
that the pH slightly changedhere, we had only one pH meter for optical pH measurement
for three BES, and there wasno controller set upavailable for continuous pH
measurements and thautomatc pH adjustment by adding acid base.By adding
additional ports to theBESand stacking up the technical equipment, the pH can be
controlled more preciselyand its influence on the production of acetate andutyrate
can be neglected. Besiddse pH, the biofilm formatiorat the electrode might play a role

and can influence the 2$upplyreaction.

The second part of the experiment needs to be performed to answer the question whether
the H supplied by theBESan compete with a syntrophiczldonsumer.There,C.minuta
would grow at the anode where H is removed by oxidationand M. smithii will be
cultivated atthe cathode, wiere H from C.minuta is reduced again to 1 With these
results we will be able to answewhether the BEScan competewith a methanogen in
terms of syntrophic FHuptakeand if theBESan be used to studyne H> syntrophy of other
microbes from the human gut or other environmeniis.addition to the second part of this
investigation, we need to evaluate@hether M. smithi can grow on the amount of H
produced byC.minuta in the BESor if an additional supply of His required to achieve

suitable cell densities.

In addition, the SEM microgragmd the first preliminary dathave already given ugeat
insighsinto the biofilm formation at theelectrode surface. The ability of biofilm formation
in-vitro and its investigation can give asetter understanding of the action of syntrophic
communities from the human gut, such @minuta and M. smithii, and might helpto
understand betterthe role of biofilms in the human intestinal tra@iofilm formationsin
the human gutare found in the luminal and mucodakationsand maybe a mechanism
for bacterial retention in the gUutl63. Inaddition, they are organized in complex microbial
communities andyreatly impact the function of the intestinal microbiomandtherefore
human health and diseadd64]. Several studies showed that thmicrobial composition
associated with particles/food residues in stool differs from the commuextyacted from

the liquid phasd165]. Furthermore in fermentation experimentghe biofilm population
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was more efficient in digesting polysaccharides thaon-adhering communities and
produced mainly acetateHigher amounts oih-butyrate were found for nonadhering
microbial commuities, and the biofilm population is metabolically distinct from a

nonadherent populatiof16q.
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Chapter 5
ABESas a Tool for the Enrichment of
Syntrophic EHProducersfrom the Human
Gl Tract

5.1. Abstract

In Chapter 3we designed and operatedBESapable of mimicking thedd¢onsumption of

a methanogen as found in microbia si/ntrophy.Furthermore, inChapter 4we showed
that the BES is a suitable tool to study thesihtrophy of the ceculture of C.minutaand

M. smithii as an example. Both microbes wegrown together as a biofilm ahe same
electrode. By combining the outcomegrom these two experimerg we wanted to test
whetherthis BESan be useds acultivationapproach toenrich and isolate syntrophicoH
producersfrom the human gut Therefore, we add a bioinformatics pipelinie this
experiment to continuously tracthe development of the micrall community based on
full-length 16S rRNA gene sequenciigith this realtime monitoring approach, we could
better define time points for microbial isolation in future experiments and understand

interspecies bitransfer and microbial syntrophy.

Chapter 5focuses on applying this BES setup to enrich micrdtiglroducers froma
human fecesampleand monitormicrobial dynamison the species levelThese dynamic
variationswill be observed in the BES by ngeneration sequecingof the 16S rRNA gene
using the Oxford Nanopore sequencing platform. Nanopore sequencing is known to study
complex microbial samples by sequencing long reads in real time using inexpensive and
portable technologies. Therefore, a human fecal sample fthenlab of Ruth Leywas
cultured in the BES witH, removal by oxidatiorat the working electrodeThedynamics

of the communitywill be investigatedthroughout the entire operating periodusing

3 Department Microbiome Scienc®lax Planck Institute for Biology Tlbingen
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continuously fedBES andthe MMonitor softwaredeveloped ly TimoLucadand the group

of Prof. Daniel Husdn

Microbial fermentation productssuch asSCE& and gassesvere monitoredthroughout the
complete operating periodFurther, we wantd to track the diversity of the microbial
community by full-length 16S rRNA gene sequencinging the Nanopore Minlon
sequencingplatform. This combined approach using genomic informattoat waspaired
with the produced metabolites allowedis to have a fast answer about the relative
abundance ofpecific microbe and their metabolic activityn this study, wecultivated
microbesfrom human feces in a BEfd grewthem asa biofilm. H from microbial
fermentation was removedt the working electrodeand only micremolar concentrations
were deteced in the BES. Furthermore, we detectggical concentrationgor SC&and
other organic acids, GCand ethanol. No CHvas detectedduringthe BES cultivatiorThe
microbial community changedynamically during the cultivation, but no uncultured-H
producing microbes were detected by MMonitasing16S rRNA gene sequenciagd a

0.1% relative abundance threshold.

5.2. Introduction

5.2.1. Isolation Srategiesfor new Microbial $ecies from the humarG| Tract

As understanding the human microbiome has become a popojaic in the scientific
community and its role in health and disease has become critical, the potential for
developing new thepeutic approaches is enormous$equencing approaches made
considerableefforts to decipher and profile the composition of therhan microbiota at
different sitesof the body.In addition, netagenomic$averevealed thanicrobial diversity

in the human gutand showedhat only a few species can be cultivated in the. lditil
2012, it was generally accepted that 80% of all classbacteria were not cultivable due

to the limitations of cultivation approaches. In order to find the best methods and
appropriate tools forthe cultivation and identification of unknown bacteria and to
overcorre the limited detection of minomicrobial populations, anew cultivation approach

was introduced by Lagieet al. (2015)[167-170]. This cultivation approach, which uses

4 Research grouplgorithms in Bioinformatics, University of Tubingen
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multiple  culture conditions in  cobination with  matrixassisted laser
desorption/ionizationtime of flight and 16S rRNA gene sequencing for identification. It has
led to a tremendous increase in new microbial isolates from the human gut, expanding our
understanding of bacterial diversityd broadening the scope of human microbiota studies

and potentid implications for human healtf171].

5.2.2. Bioreactor Systems to Studyuihan Gut Microbiota in-vitro

Besidesdevelopingnew isolation approachesexciting new perspectives came up by
studying theentire microbial community andts interaction with the host Therefore,
in-vitro fermentation systems were developed that allow precise control over many
physiological parameters and exclude confounding factors from the human host. Different
reactor models are available to study microbial community ecology and function. The Mini
Colon Model is alow-cost benchtop multi-bioreactor system that simulatesthe
physiological relevant conditioof the human colon environment where pH, temperature
and fermentation fluidics can be controlled automatically and runs independently of an
anaerobic chambef172]. Other reactor systems, such as Robogut, which is a satadg
bioreactor system that mimics the conditions of the distal human colon, but have the
disadvantage of being litrsized bioreactord.173. The most wetknown bioreactor type
isthe Smulator of HumanintestinalMicrobialEcosystem(SHIME). This ieactorconsists

of a 5stage chemostat reactareplicating different human Gl tract sectiof74]. The
disadvantages of this bioreactare the lack of multiplexig, low experimental throughput,
large footprint and stabilizationof the microbiota which can take up to a few weeks.
Besides the available bioreactsystemso study the microbiota of the human Gl tract
there is no setup availabtbat is ableto mimic syntrophic interactionsSince the beginning

of the great debate about the importance of direct electron transfer, our
bioelectrochemistry resealcgroup has been developing different BE&sthe intensive
study of electrically connected microbial communities and the direct exchahgjectrons

with an electrode Basedon thesebioelectrochemicatechnologiesand the BESsetup of
Guzmaret al. (2019, we developedBESto study theH: syntrophy of microbes from the
human Gl tratto enrich and later isolate a syntrophie producer without its syntrophic

H.-consumingpartner.
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5.2.3. Bioinformatic Tools to TackMicrobial Taxonomy

The complexity of bacteal communities cate characterizeen the species levddy 16S
rRNA gene sequencingrhich is a reliable way to characterize microbial diversity iand
important in clinical applicationsuch agliagnosis and treatmerjtL75. Highthroughput
sequencing isow mostly performedy lllumina sequencing, but the sequences are limited
to approximately 500 nucleotidgser joined pairedend read Thus, lllumina sequenains
limited to only a portion of the 16S rRNA gene, which consists of nine hypervariable regions
and targets only a selected subset of the 16S rRNA gene. Distinguishing between highly
similar species and making reliable taxonomic classifications bassidoolread data is a
major limitation of Illumina sequencing. Furthermore, in most cases, taxonomic profiles are
only classified to genus ledl76]. To overcome this limitation, the assembly of short reads
by the synthetic long read method and samygleecific barcoding are two approaches to
increase accuracybut alsoincrease sample prepation time and sequencing cost#/ith
longread sequencing of the entird6S rRNA genave can overcome this limitation and
gain a higher resolution for speciesvel identification. In the past, long reads came with
one notable drawbck: high sequencing error ratdd77, 178. With the ongoing
improvementin Oxford Nanopore Technologekit chemistryand the reduction of error
rates, the sequencing reads become less ndigye better accuracy, and haeehigher
species classification. Compariting Nanopae sequencing platform and lllumirfar 16S
rRNA genesequencing, Nanopore shows beetter speciedevel taxonomic resolution,
enables the investigation of rare taxaand gives a more accurate estimation of microbial
richnesq179.

Besides continously monitoring the metabolic fermentation products from the microbiota
in the BES we will analyze the dynamics of thaicrobialcommunity and how stable or
fluctuating the commuity is with MMonitor developed byTimo Lucasand the group of
Prof. Daniel Husdn(Figure 29). MMonitor is a tool for metagenomic monitoring,
taxonomic and functional insights, speciesel microbiota monitoring and quality cawnl
using nanopore sequencing datéhe software consists of a desktop application for data
analysis and an accompanying webserver dashboard for remulalization MMonitor

provides reatime data analysis withmmediatesample overviewsnd was develogd in
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collaboration with the Environmental Biotechnology Lab of Lars Angénkrtan run on
personal or lab computers or external servers to enhance processing capabilities.
Furthermore, the softwarecan assemble genomes from pure microbial cultures.
Depending on the user, MMnitor can be operated through a uséiendly graphical

interphase otthe command tool on a remote server.

A B

Metagenome Monitor v1.0.1 beta

Local

Create Local DB

Choose Local DB

Start Local dashboard

Webserver

User authentication

Add Data

Add metadata from CSV

Process sequencing files

Quit

Figure29: Graphical user interfaces of MMonitarsingNanopore sequencing data

(A) MMonitor consistsof a desktopapplication for data analysis an@) a web server
dashboard for resulvisualizationand quality control of the sequencing reads. MMonitor
wasdeveloped by Timo Lucasom the research groupf Prof. Damel Husor.

For the experimental part of this study, which included an enrichment stueygrew a
human fecal sample in theBESwith H, removalto enrich for microbial,syntrophic H
producers(Figure30). We monitored the microbial community on an almost daily basis
throughout thecompleteoperating period As a first step, we wanted to define sampling
times to sample for Hproducing microbes, which we wanted to gradually bring iotioe
culture in a followup experiment Here only the results on theenrichment part of
Objective 3 are showrand possible isolation strategies atescussed in the outlook part

of Chapter 5

5> Research grougtnvirormental BiotechnologyUniversity Tubingen






















































































































































