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Abstract

Microbial fuel cells (MFCs), as a potentially sustainable biotechnology, can directly convert organic
matter into electricity by using bacterial biofilms as biocatalysts. In a political context where
European legislation favors and imposes the revalorization of organic waste from industries, MFC
seems an inexpensive and promising technology to meet this need. The aim of this thesis is to
improve knowledge of the formation of electroactive biofilms on the anodic surface, and to
understand the mechanisms involved in the competition between electroactive bacteria (EAB) and
other bacteria. Special attention will be paid to shear force as a tool to control the formation of
anodic biofilms. First, bacterial successions have been studied under stationary conditions and in
standard laboratory configurations. The results show that the formation of the biofilm is divided in
two stages. At first, non-specific EAB grow in all MFCs, producing or not electricity. Then, specific EAB
become predominant only in MFCs producing electricity and is associated to an exponential increase
of electricity. From these results, we hypothesize that inhibition of the first step should decrease the
competition between nonspecific and specific EAB. We propose to use the shear stress to select
specific EAB during the adhesion. First, MFCs with a shear stress flow chamber configuration were
designed, constructed and set up. The results show that the proportion of specific EAB such as
Geobacter was higher, up to 30.14% as opposed to a lower shear stress (less than 1%). Then, the
effect of shear stress on microbial selection during biofilm growth was studied. These results confirm
the previous conclusions: specific EAB are selected when shear stress is higher. This work
demonstrates the major role of shear stress in biofilm formation and could be a way to control the
selection of EAB. This factor should be taken into account in the architecture and implementation of
the reactors.
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Résumeé court

Les piles a combustible microbiennes, en tant que biotechnologie potentiellement durable, peuvent
assurer la conversion directe de la matiere organique en électricité en utilisant des biofilms bactériens
comme biocatalyseurs. Dans un context politique ou les législations frangaises et européennes
favorisent et imposent la revalorisation des déchets organiques provenant des industries ou des
collectivités territoriales, les biopiles microbiennes semblent un moyen peu couteux et prometteur
pour répondre a ce besoin. Cette these a pour objectif d'améliorer les connaissances sur la formation
des biofilms électroactifs a la surface de I'anode, et de comprendre les mécanismes impliqués dans la
compétition entre les bactéries électroactives et les autres communautés bactériennes dans le but
d'améliorer la sélection des bactéries électroactives dans le biofilm anodique. Une attention
particuliére sera portée sur les forces de cisaillement comme un outil de control de la formation des
biofilms anodiques. Ces recherches ont pour but a long terme d'améliorer la production d’électricité
produite par les biopiles microbiennes, et plus particulierement d’améliorer les performances du
compartiment anodique, en vue d’appliquer cette technologie dans les stations d’épurations pour la
réduction du co(t énergétique du traitement des eaux usées.

A travers cette these, différents points sur la dynamique des communautés bactériennes lors de la
formation du biofilm ont été mis en évidence. La formation du biofilm est divisée en deux étapes. Dans
un premier temps, les bactéries électroactives (EAB) non spécifiques se développent dans toutes les
biopiles, produisant ou non de |'électricité et dans le milieu liguide comme sur I'anode. Les EAB
spécifiques deviennent ensuite plus compétitives et prédominantes mais seulement dans les biopiles
produisant de I'électricité et seulement dans le biofilm anodique. Cette deuxieme étape correspond a
une augmentation exponentielle de la production d'électricité. A partir de ces résultats, nous émettons
I'hypothese qu'une inhibition de la premiere étape devrait diminuer la compétition entre les EAB non
spécifiques et spécifiques au cours de la colonisation anodique, et favoriser la croissance des EAB
spécifiques dans le biofilm. Nous proposons d'utiliser la contrainte de cisaillement pour sélectionner
les EAB spécifiques pendant |'étape d'adhésion en détachant les EAB non spécifiques. Dans un premier
temps, pour cette étude, des biopiles avec une configuration de chambre a écoulement de cisaillement
ont été congues, construites et mises en place. Les résultats démontrent que sous une contrainte de
cisaillement élevée, I'abondance des EAB spécifiques telle que Geobacter était trés élevée, jusqu'a
30,14% en opposition a une contrainte de cisaillement faible ou I'abondance relative était inférieure a
1%. En outre, la contrainte de cisaillement diminue le pourcentage de couverture de la surface
anodique, ce qui montre que la sélection des EAB spécifiques se produit en détachant d'autres
bactéries. Ainsi, la contrainte de cisaillement pourrait étre utilisée pour sélectionner les EAB
spécifiques durant les premiéres étapes d’adhésion. Enfin, I'effet de la contrainte de cisaillement sur
la sélection microbienne au cours de la croissance du biofilm a été étudié. Ces résultats confirment les
conclusions précédentes: les EAB spécifiques sont sélectionnées lorsque les contraintes de cisaillement
sont plus élevées. Ce travail démontre le réle majeur des contraintes de cisaillement dans la formation
du biofilm L'utilisation de contraintes de cisaillement pourrait étre un moyen de contrdler la sélection
des EAB et la quantité de matiéres mortes dans les biofilms anodiques. C'est un facteur qui devrait
étre pris en compte dans I'architecture et la mise en place des réacteurs.
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Résumeé long

Les piles a combustible microbiennes, en tant que biotechnologie potentiellement durable, peuvent
assurer la conversion directe de la matiere organique en électricité en utilisant des biofilms bactériens
comme biocatalyseurs. Dans un contexte politique ol les législations francaises et européennes
favorisent et imposent la revalorisation des déchets organiques provenant des industries ou des
collectivités territoriales, les biopiles microbiennes semblent un moyen peu couteux et prometteur
pour répondre a ce besoin. En effet, depuis les années 2000, les recherches scientifiques sur ce sujet
ont augmenté, et permis des progres remarquables, augmentant la production d’électricité de
seulement 10pW.m2avant les années 2000 a environ 1W.m< actuellement.

Les biopiles microbiennes sont classiquement composées d’un compartiment anodique contenant les
eaux chargées de matiéres organiques et de microorganismes.. Un biofilm se développe
progressivement sur I'anode (souvent une anode de carbone) et oxyde la matiere organique en COa2.
Seuls certains microorganismes spécifiques appelés bactéries électroactives (EAB) sont capables de
transférer les électrons issus de cette oxydation a une électrode (lI'anode). Ces électrons circulent
ensuite dans le circuit externe a travers une résistance jusqu’a la cathode qui est classiquement une
électrode de carbone dopée en platine catalysant la réduction du dioxygéne en eau.

Cette thése a pour objectif d'améliorer les connaissances sur la formation des biofilms électroactifs a
la surface de l'anode, et de comprendre les mécanismes impliqués dans la compétition entre les
bactéries électroactives et les autres communautés bactériennes dans le but d'améliorer la sélection
des bactéries électroactives dans le biofilm anodique. Une attention particuliére sera portée sur les
forces de cisaillement comme un outil de control de la formation des biofilms anodiques. Ces
recherches ont pour but a long terme d'améliorer la production d’électricité produite par les biopiles
microbiennes, et plus particulierement d’améliorer les performances du compartiment anodique, en
vue d’appliquer cette technologie dans les stations d’épurations pour la réduction du co(t énergétique
du traitement des eaux usées.

Les bactéries électroactives appartiennent a une grande diversité de taxons et peuvent étre séparées
en deux groupes. Un premier groupe, qu’on nommera ici EAB spécifiques, présente une adaptation
tres spécifique aux transferts extracellulaires d’électrons, utilisant un transfert d’électrons direct,
vivant dans un environnement anoxique et capable d’utiliser seulement une gamme réduite
d’accepteurs d’électrons et de substrats. Le deuxiéme groupe, qu’on appellera ici EAB non spécifiques,
comprend des bactéries avec un métabolisme plus versatile, vivant dans un environnement aérobie
ou anoxique, capables d'utiliser une large gamme d'accepteurs d'électrons et de substrats et utilisant
des transferts d’électrons extracellulaires indirects.

La densité de courant produite par les biopiles pourrait étre fortement améliorée par une
augmentation de la densité de bactéries électroactives dans le biofilm anodique. A travers cette these,
différents points sur la dynamique des communautés bactériennes lors de la formation du biofilm ont
été mis en évidence. Premierement, les successions bactériennes ont été étudiées dans des conditions
stationnaires et dans des configurations de laboratoire classiques. Deux résultats principaux ont été



Page |5

montrés. (i) La formation du biofilm est divisée en deux étapes. Dans un premier temps, les EAB non
spécifiques se développent dans toutes les biopiles, produisant ou non de I'électricité et dans le milieu
liguide comme sur l'anode. Les EAB spécifiques deviennent ensuite plus compétitives et
prédominantes mais seulement dans les biopiles produisant de I'électricité et seulement dans le
biofilm anodique. Cette deuxiéme étape correspond a une augmentation exponentielle de la
production d'électricité. Il en résulte que I'abondance relative des EAB spécifiques était positivement
corrélée a la densité de puissance maximale, tandis que I'abondance relative des EAB non spécifiques
était corrélée négativement a la densité de puissance maximale. (ii) Les résultats ne montrent pas
seulement une compétition pour la colonisation de I'anode entre EAB spécifiques et non spécifiques
mais également une compétition au sein des EAB spécifiques, en particulier entre Geobacter et
Desulfuromonas lors de la deuxieme étape. Mais la domination de I'une ou de 'autre n’a pas entrainé
une production d'électricité meilleure ou moindre.

A partir de ces résultats, nous émettons I'hypothéese qu'une inhibition de la premiére étape devrait
diminuer la compétition entre les EAB non spécifiques et spécifiques au cours de la colonisation
anodique, et favoriser la croissance des EAB spécifiques dans le biofilm. Nous proposons d'utiliser la
contrainte de cisaillement pour sélectionner les EAB spécifiques pendant I'étape d'adhérence en
détachant les EAB non spécifiques. De plus, plusieurs études dans la littérature montrent une
augmentation de la production d’électricité lorsque le biofilm se développe sous contraintes de
cisaillement. Mais la compréhension de ces effets sur les biofilms anodiques reste absente. Dans un
premier temps, pour cette étude, des biopiles avec une configuration de chambre a écoulement de
cisaillement ont été congues, construites et mises en place. Les résultats démontrent que sous une
contrainte de cisaillement élevée, I'abondance des EAB spécifiques telle que Geobacter était tres
élevée, jusqu'a 30,14% en opposition a une contrainte de cisaillement faible ou I'abondance relative
était inférieure a 1%. En outre, la contrainte de cisaillement diminue le pourcentage de couverture de
la surface anodique, ce qui montre que la sélection des EAB spécifiques se produit en détachant
d'autres bactéries. Ainsi, la contrainte de cisaillement pourrait étre utilisée pour sélectionner les EAB
spécifiques durant les premiéres étapes d’adhésion.

Enfin, I'effet de la contrainte de cisaillement sur la sélection microbienne au cours de la croissance du
biofilm a été étudiée. Ces résultats confirment les conclusions précédentes: les EAB spécifiques sont
sélectionnées lorsque les contraintes de cisaillement sont plus élevées. Les biofilms anodiques
développés sous 10mPa présentaient une abondance relative plus élevée de EAB spécifiques (35,78 +
6,70%) dominée par Geobacteriaceae, a l'inverse des biofilms anodiques développés sous 1mPa (16,20
t 3,14%). De plus, la contrainte de cisaillement ralentit la cinétique de développement des biofilms.
Mais apres 10 jours, aucune différence de pourcentage de recouvrement ou d'épaisseur n'a été
observée. Cette étude montre également que la contrainte de cisaillement modifie la proportion de
bactéries vivantes et mortes dans le biofilm. Les biofilms développés sous une contrainte de
cisaillement de 5 mPa présentaient la plus faible proportion de bactéries mortes. Il est probable qu’une
contrainte de cisaillement inférieure ne permettait pas le détachement de matiere morte et qu’une
contrainte de cisaillement plus élevée était certainement nuisible aux bactéries. Ce travail démontre
le r6le majeur des contraintes de cisaillement dans la formation du biofilm L'utilisation de contraintes
de cisaillement pourrait étre un moyen de contréler la sélection des EAB et la quantité de matiéere
morte dans les biofilms anodiques. C’est un facteur qui devrait étre pris en compte dans |'architecture
et la mise en place des réacteurs.
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Thesis objectives

The goal of this thesis is to improve knowledges on the formation of an electroactive biofilm on the
anodic surface, and to understand the mechanisms involved in the competition between electroactive
bacteria and other bacterial communities, in order to improve the selection of electroactive bacteria
in the anodic biofilm. A special attention will be put on shear forces as a tool to control the formation
of anodic biofilms. The long-term objective of this research is to improve the electrical production of
microbial fuel cells, and more particularly the anodic compartment performances, for wastewater
treatment plant station, to reduce the energy cost of wastewater treatment.
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Societal challenges of MFC

Microbial Fuel Cell (MFC) is a sustainable technology capable of converting the organic matter
into electricity using a biofilm to catalyze the reaction (Figure 1). The power generated by MFC is
about 1W/m? of anodic surface. The anodic compartment contains water with organic matter and
microorganisms. A biofilm grows on the anode (often a carbon anode) and oxides organic matter into
CO,. Some specific microorganisms called Electroactive Bacteria (EAB) are capable to transfer their
electrons from this oxidation to an electrode (the anode). The electrons from this oxidation circulate
in the external circuit through an external resistance to the cathode. The cathode is classically a carbon
electrode with platinum as catalyzer. The dioxygen is reduced into water on the cathode. This
technology is capable to produce electricity from organic matter as glucose. Even if historically the
main application of MFC is for waste water treatment, this technology could have different
applications in bioremediation, biosensors or bioproduction [1].
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Figure 1. Schematic of a Microbial Fuel Cell
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Bioproduction

Recently, the production of useful compounds from renewable resources attracted a lot of interest
among research world [2]. The hydrogen and methane production occupy a large part of studies. The
other molecules produced can be hydrogen peroxide or acetic acid for example.

Biosensors

The biofilm on the electrode can be used as a bioreceptor for the detection of Biological Oxidation
Demand in carbon (BOD) or specific toxic compounds. The electricity production being proportional to
the BOD, MFC seems to be an ideal biosensor [3], [4]. The chemical toxicants can inhibit the metabolic
activity of anodic microbial population and decrease the electricity production. For this reasons, MFCs
are proposed as a biosensor for toxic compound detection as plumb or phenol for example [5].

Power source

Autonomous robot are being increasingly employed in industry. In this context, the incorporation of
energy source is needed for sustained operation. So, the MFCs can provide viable options [6]. For
example, Gastrobots [7] or EcoBotare [8] autonomous robots employ MFCs as an energy source. MFC
can be a power source for implantable medical devices as glucose sensing and cardiac pacing [9].

Bioremediation

MFC was used to remove a large scale of pollutants. Several studies have shown that MFC can produce
a value-addition for the treatment of persistent organic pollutants as terephthalic acid, diesel organics,
aromatic hydrocarbons or chlorinated compounds[10]-[13]. Another major application in
bioremediation is to remove heavy metal as Chromium, Arsenic, or Uranium[14]-[16]. Also it is
possible to use heavy metals as electron acceptors in the cathodic chamber.

Waste water treatment

Potentially, MFCs can generate the power needed in a conventional treatment process involving
aerating of the activated sludge. Several studies have shown that MFC are capable to remove organic
matter from a large diversity of effluent [17]-[19], and the efficiency of MFC can be very high (90%). It
is a stable and not expensive system which can be implanted in a waste water treatment plant
station[20].

Since the 2000s years, the researches in MFC have increased and allowed progress in this technology.
The generated power density was about 10uW.m2 before 2000s and is today about 1W.m2 [21].
Moreover, the French and European legislations favor and impose the revalorization of organic waste
from industries or regional collectivities [22]. MFC is a way to meet this need.
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Obijectifs de cette these

Cette thése a pour objectif d'améliorer les connaissances sur la formation des biofilms électroactifs a
la surface de I'anode, et de comprendre les mécanismes impliqués dans la compétition entre les
bactéries électroactives et les autres communautés bactériennes dans le but d'améliorer la sélection
des bactéries électroactives dans le biofilm anodique. Une attention particuliére sera portée aux forces
de cisaillement comme un outil de contrdle de la formation des biofilms anodiques. Ces recherches
ont pour objectif a long terme d'améliorer la production d’électricité produite par les biopiles
microbiennes, et plus particulierement d’améliorer les performances du compartiment anodique, afin
que les biopiles microbiennes puissent étre utilisées pour réduire le colt énergétique du traitement
des eaux usées dans les stations d’épurations.
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Enjeux societaux des biopiles
microbiennes

Les biopiles microbiennes permettent de convertir la matiere organique en électricité en
utilisant un biofilm pour catalyser la réaction (Figure 1). La puissance générée par les biopiles
microbiennes est d'environ 1W/m? de surface anodique. Le compartiment anodique contient une
solution aqueuse, de la matiere organique et des micro-organismes. Un biofilm se développe sur
I'anode (souvent une anode de carbone) et oxyde la matiere organique en CO,. Certains micro-
organismes appelés bactéries électroactives (EAB) sont capables de transférer les électrons issus de
cette oxydation a une électrode (l'anode). Ces électrons circulent ensuite dans le circuit électrique
externe a travers une résistance jusqu’a la cathode qui catalyse la réduction du dioxygéne en eau.
Cette technologie est capable de produire de I'électricité a partir de matiere organique sous forme de
glucose par exemple, et en fait donc une source d’énergie renouvelable prometteuse. Méme si
historiquement I'application principale des biopiles microbiennes est le traitement des eaux usées,
cette technologie pourrait avoir différentes applications dont la bioremédiation, les biocapteurs ou la
bioproduction [1].
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Figure 1. Schéma d’une biopile a combustible microbienne.
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La bioproduction

Récemment, la production de composés utiles a partir de ressources renouvelables a suscité beaucoup
d'intéréts [2]. La production d'hydrogene et de méthane occupe une grande partie des études. Les
autres molécules produites peuvent étre du peroxyde d'hydrogene ou de I'acide acétique par exemple.

Les biocapteurs

Le biofilm sur I'électrode peut étre utilisé comme un biocapteur pour la détection de la demande
biologique en oxygene pour |'oxydation de la matiére carbonée (DBO), ou pour la détection de
composés toxiques. La production d'électricité étant proportionnelle a la DBO, les biopiles
microbiennes semblent étre un biocapteur idéal [3], [4]. Les produits chimiques toxiques peuvent
inhiber I'activité métabolique de la population microbienne anodique et diminuer la production
d'électricité. Pour ces raisons, les biopiles sont aussi proposées comme biocapteurs de composés
toxiques comme le plomb ou le phénol [5].

Une source d’énergie

Les robots autonomes sont de plus en plus employés dans l'industrie. Dans ce contexte, l'incorporation
de la source d'énergie est nécessaire pour un fonctionnement permanent. Il a été montré que les
biopiles microbiennes peuvent fournir des options viables [6]. Par exemple, les robots autonomes
Gastrobots [7] ou EcoBotare [8] utilisent des biopiles microbiennes comme source d'énergie. Les
biopiles peuvent également étre une source d'énergie pour les dispositifs médicaux implantables
comme la détection de glucose et la stimulation cardiaque.

La bioremediation

Les biopiles microbiennes ont été utilisées pour dépolluer une large gamme de polluants. Plusieurs
études ont montré que les biopiles peuvent étre une valeur ajoutée pour le traitement des polluants
organiques persistants tels que l'acide téréphtalique, les composés organiques du diesel, les
hydrocarbures aromatiques ou les composés chlorés [10]-[13]. Une autre application majeure de la
bioremédiation consiste a éliminer les métaux lourds comme le chrome, I'arsenic ou l'uranium [14]-
[16]. Il est alors possible d'utiliser des métaux lourds comme accepteurs d'électrons dans la chambre
cathodique.

Le traitement des eaux usées

Les biopiles microbiennes peuvent potentiellement générer une puissance électrique suffisante pour
alimenter les différents processus de traitement des eaux impliquant I'aération des bassins. Plusieurs
études ont montré que les biopiles sont capables d'éliminer les matiéres organiques d'une grande
diversité d'effluents [17]-[19]. Il a également été montré que |'efficacité coulombique peut étre tres
élevée (90%). C'est un systéme stable et peu colteux qui peut étre implanté dans une station
d'épuration des eaux usées [20].
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Depuis les années 2000, les recherches sur les biopiles microbiennes ont augmenté et permis des
progrés remarquables dans cette technologie. La densité de puissance générée était d'environ
10uW.m2 avant les années 2000 et est aujourd'hui d'environ 1W.m™2 [21]. De plus, les législations
francaises et européennes favorisent et imposent la revalorisation des déchets organiques provenant
des industries ou des collectivités territoriales [22]. Dans ce contexte, les biopiles microbiennes sont
un moyen de répondre a ce besoin.
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Introduction genérale

1.1 Evolution historique des recherches sur les
biopiles a combustible microbiennes

1.1.1. Les premiers pas de la recherche sur les biopiles a
combustible microbiennes

Les biopiles a combustible microbiennes (BPCMs) est un sujet relativement récent qui est né il y a un
sieécle. Les premieres recherches proposant d'utiliser des micro-organismes pour produire de
I'électricité sont attribuées a Potter en 1911 [23]. Il a observé une augmentation de I'électricité lors de
la décomposition de la matiére organique par fermentation en utilisant la levure Saccharomyces.
Jusqu'aux années 1960, l'intérét pour les BPCMs était tres faible et les progrés dans ce domaine
restaient mineurs.

En 1962, Davis a été I'un des pionniers a utiliser I'expression "Microbial Fuel Cell" [24]. Il a confirmé
une conversion de la matiére organique en électricité grace au métabolisme bactérien et a conclu dans
ce travail que “microbial metabolism as a source of measurable electrical energy is established, but as
far as we know, no one has made a serious attempt to employ this energy” (« le métabolisme microbien
en tant que source d'énergie électrique mesurable est établi, mais pour autant que nous sachions,
personne n'a fait de tentative sérieuse d’employer cette énergie »). Bientdt, en 1963, la NASA veut
recycler les déchets organiques produits par les astronautes en électricité [25], [26]. L'intérét pour les
BPCMs a été relancé mais I'électricité générée par les micro-organismes restait encore faible et les
progres encore limités.

Au début des années 1980, le travail de Bennetto et de ses collaborateurs sur les médiateurs
synthétiques a été un développement important pour les recherches sur les BPCMs [27]-[30]. Des
médiateurs synthétiques ajoutés au milieu permettent d'augmenter la production d'électricité. La
compréhension du transfert extracellulaire d’électrons (EET) vers I'anode, associée a un grand nombre
de publications a permis de relancer et vulgariser ces recherches. Malgré cela, les applications des
BPCMs semblent encore loin. En effet, I'ajout de médiateurs dans le milieu est une barriere
économique et écologique pour I'utilisation des BPCMs a grande échelle. Pour cela, les recherches sur
les BPCMs étaient plus considérées comme une curiosité qu'une réelle et utile technologie.
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1.1.2. Des avancées en microbiologie fondamentale

L'essor des BPCMs a commencé au début des années 2000, comme le montre la Figure 1.1 par
['augmentation du nombre de publications (A) et du nombre de citations par publications (B). Des
travaux fondamentaux en microbiologie ont permis une meilleure compréhension des BPCMs. Grace
a l'identification de bactéries électroactives (EAB), les stratégies de sélection des EAB ont pu étre mises
en ceuvre. Les études de Kim et al. en 1999 [31], [32] ont permis d'identifier Shewanella putrefaciens
comme EAB, puis Clostridum butyricum dans les travaux de Park et al. en 2001 [33]. La découverte de
Geobacter sulfurreducens comme EAB par Bond et al. en 2003 a marqué un tournant important [34].
Ces découvertes ont conduit a I'étude de BPCMs sans médiateurs redox synthétiques.

En 2002, Kim et al. ont rapporté I'utilisation d'une BPCM sans médiateur en utilisant Shewanella
putrefaciens comme EAB [35]. Son travail suggere que “the electron transfer from bacterial cells to the
electrode also depends on physical contact between the cells and the electrode” (« le transfert
d'électrons des cellules bactériennes a I'électrode dépend aussi du contact physique entre les cellules
et I'électrode »). L'hypothese que les bactéries peuvent transférer leurs électrons directement a
I'anode via des cytochromes sans utiliser de médiateurs s’était répandue.

La découverte de nano-filaments par Gorby et al. en 2006 [36] et Reguera et al. en 2006 [37] a mis en
évidence les mécanismes mis en ceuvre par les bactéries pour transférer leurs électrons et a offert de
nouvelles perspectives pour la recherche sur les BPCMs. Parallelement, différents mutants de
Geobacter et Shewanella ont été construits pour déterminer les génes impliqués dans les Transferts
Extracellulaires d’Electrons (TEEs) [36]—[40]. Ces avancées fondamentales ont rendu les applications
des BPCMs plus concrétes. L'utilisation de BPCMs pour réduire le colit énergétique devient plus
réaliste. Aujourd'hui, la découverte de nouvelles EAB et la compréhension des mécanismes impliqués
dans les TEEs sont toujours un enjeu majeur de la recherche sur les BPCMs.

1.1.3. Les BPCMs comme une nouvelle biotechnologie

Avant le milieu des années 2000, la recherche portait essentiellement sur le compartiment anodique
et la microbiologie du biofilm. Apres cela, la recherche s’est diversifiée et d'autres disciplines comme
les sciences de I'ingénieur, les sciences des matériaux ou la chimie verte sont devenues une partie plus
importante de la recherche sur les BPCMs (Figure 1.1 (C)). En 2004, Liu et Logan construisent une BPCM
avec une cathode a air, permettant de doubler la densité de puissance de la BPCM [19]. Les BPCMs
étaient jusqu’alors construites avec deux compartiments (un compartiment anodique et un
cathodique) séparés par une membrane échangeuse de protons (MEP). La cathode a air a permis de
supprimer la MEP, permettant de créer une BPCM a un seul compartiment. La densité de puissance a
alors augmenté grace a une diminution de la résistance interne, due a I'absence de MEP et a une
concentration plus élevée de dioxygene a la cathode. Cette découverte a conduit a une augmentation
exponentielle du nombre d'articles: 13 articles contenant I'expression «Microbial Fuel Cell» ou
«Electroactive bacteria» dans le titre, le résumé ou les mots-clés de la base de données Scopus en
2000, 57 en 2005 et 767 en 2015 (Figure 1.1 (A)).

La recherche sur les performances cathodiques s'est poursuivie. En 2006, He a écrit une revue sur les
biocathodes suggérant que la biocathode dans les BPCMs pourrait améliorer la cinétique a la cathode
[41] (jusqu'a présent, la réaction a la cathode était abiotique, et catalysée par le platine). Deux ans plus
tard, en 2008, Rabaey et al. ont développé une biocathode dans une BPCM capable de réduire
directement le dioxygéne en eau [42]. L'optimisation des biocathodes et la compréhension des
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communautés bactériennes cathodiques sont toujours une partie importante de la recherche sur les
BPCMs. Une autre partie de la recherche sur le compartiment cathodique porte sur le choix de
I'accepteur d'électrons: par exemple, les composés de chrome [43], de fer [44] ou de chlorure [45]
peuvent étre utilisés comme accepteur d'électrons. Plusieurs études tentent d'augmenter le courant
cathodique en utilisant un autre accepteur d'électrons que le dioxygene ou en utilisant un biofilm
microbien comme catalyseur.

D’autres études ont pour objectif d'optimiser la membrane [46], [47], la structure de I'électrode (anode
ou cathode) [48], [49], I'architecture des BPCMs [50], [51], ou les propriétés physico-chimiques telles
que le pH, la température, ou la force ionique [52]. Ces avancées sont couplées avec des études sur les
applications de BPCMs. Plusieurs études ont testé [|'utilisation de BPCMs avec différents types
d'effluents: eaux usées d’origines domestiques, agricoles ou industrielles [17], [19], [53]-[55].

Le 15 septembre 2011, la Société internationale d'électrochimie et de technologie microbienne
(ISMET) (www.is-met.org) a été fondée: “The goal of ISMET is to link researchers from various areas of
science and engineering towards studying the complex interactions of microorganisms and electrodes,
while finding novel ways to use them for sustainability applications.” («ISMET a pour objectif de mettre
en relation des chercheurs de diverses domaines scientifiques étudiant les interactions complexes des
micro-organismes avec une électrode, tout en trouvant de nouvelles facons de les utiliser pour des
applications de durabilité. »). L'électrochimie microbienne est alors devenue une discipline distincte.
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Figure 1.1. Evolution des recherches sur les biopiles microbiennes.

(A) Nombre d’articles publiés en fonction des années.

(B) Nombre de citations par article en fonction des années: le point bleu est 'article de
Davis J.B. et al. en 1962, les points jaunes représentent les articles de Bennetto et al. sur
les médiateurs en 1983 et 1984, les points oranges représentent les articles majeurs sur
la découverte des EAB et des TEES, les points rouges sont les premiers articles sur les

BPCMs sans médiateurs. Le point vert est I'utilisation de la cathode a air.

(C) Evolution des domaines de recherché dans les BPCMs en fonction des années. La

classification des sujets a été faite en fonction du journal de publication.

Les données proviennent de la base de données Scopus par recherche de I'expression
“Microbial Fuel Cell” ou “Electroactive bacteria” dans le titre, les mots-clés et I'abstract des

articles.
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1.2 Les pertes énergétiques dans les BPCMs

Dans le but d’améliorer la production d’électricité des BPCMs, il est important d’identifier les différents
types de pertes énergétiques. Ce chapitre a pour objectif de décrire les parameétres utilisés pour
caractériser la production d’électricité, d’identifier les puissances maximales théoriques que pourrait
produire une BPCM, et de décrire les pertes énergétiques possibles.

1.2.1. Puissance maximale théorique générée par une BPCM

La puissance générée par une BPCM est définie par I'équation (1.1):
P=U.I (1.1)

avec P la densité de puissance en W/m?, U la tension de la BPCM en V, et | la densité de courant en
A/m2. Pour augmenter la puissance générée par la BPCM, il est donc possible d’augmenter soit la
tension de la biopile soit la densité de courant.

Tension maximale d’une BPCM

La tension maximale d’'une BPCM est fixée par le potentiel redox d’équilibre de chacune des
réactions a I'anode et a la cathode (1.2):

Unax = Eeq,c - Eeq,a (1.2)

avec Umax la tension maximale d’'une BPCM en V, E¢qc le potentiel d’équilibre a la cathode en V et Eeqa
le potentiel d’équilibre a I'anode en V. La tension maximale d’'une BPCM spécifique est mesurée en
circuit ouvert lorsque le courant est égal a zéro. Le potentiel d’équilibre d’une électrode est donné par
I’équation de Nernst (1.3):

Eeq =E°+ (55)In ([fe’j]) (1.3)

avec Eq le potentiel d’équilibre de I'électrode en V, E° le potentiel standard du couple Ox/Red en V,
[Ox] et [Red] la concentration respective de I'oxydant et du réducteur en mol/L, R la constante des gaz
parfaits de 8.31 J.mol2.K?, T la température en K, n le nombre d’électrons échangés et F la constante
de Faraday de 96485.33 C. L’exemple décrit par Logan est reproduit ici [56]. Si la réaction a la cathode
est la réduction du dioxygéne en eau, le potentiel d’équilibre de la cathode devrait étre de 0.805V/ENH
(Electrode Normale a Hydrogéne avec un potentiel standard de 1.229V/ENH, une pression partielle en
0O,>de 0.2 et un pH de 7 (1.4). Si la réaction a I'anode est I'oxydation de I'acétate en HCOs’, le potentiel
d’équilibre a I'anode devrait étre -0.296V/ENH avec un potentiel standard de 0.187V/ENH, une
concentration d’acétate et d’'HCOs de 5mM, et un pH de 7 (1.5). La tension maximale de la BPCM
devrait alors étre de 1.101V.

0, +4H* + 4e~ - 2H,0 E° = 1.229V/ENH (1.4)

2HCO; +9H* + 8¢~ - CH3;C00~ + 4H,0 E°=0.187V/ENH (1.5)
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Courant anodique maximale d’une BPCM

Les réactions a I'anode sont considérées ici comme le facteur limitant de I'intensité maximale. Le
courant maximal est alors dépendant du métabolisme bactérien et de la densité cellulaire sur I'anode
(1.6):

Imax = TpaxXnF (1.6)

avec Imax la densité de courant maximale en A/m?, X la densité bactérienne en cel/m? et rmax la vitesse
maximale d’utilisation du substrat en mol.cell*.s. La densité maximale de courant d’'une BPCM
spécifique est mesurée en circuit fermé lorsque la tension de la BPCM est nulle. La vitesse maximale
de consommation de I'acétate par une bactérie est d’environ 2.30 1023 mol.cel*.j1[57]. Dans le cas
d’une situation idéale, sans aucune perte énergétique, cela correspondrait & un courant de 2.06 102
A produit par une bactérie. La densité cellulaire d’un biofilm peut énormément varier. Par exemple,
dans le cas d’'une monocouche de EAB (en considérant qu’une bactérie a une surface de 2um3), la
densité serait de 5.00 10 cel/m?, ce qui correspond a un courant de 1.03 A/m2. Un biofilm peut
potentiellement croitre jusqu’a plusieurs centaines de micrometres.

A partir d’une tension et d’un courant maximal, la puissance théorique maximale est entre 1 (dans le
cas d’une monocouche parfaite de EAB) et plusieurs centaines de W/m? (pour un biofilm de plusieurs
centaines de micrometres d’épaisseur). La densité des EAB joue un role majeur dans la puissance
générée. De meilleures connaissances sur les mécanismes impliqués dans la sélection des EAB et sur
la structure physique du biofilm anodique permettraient d’améliorer la densité des EAB sur I'anode.

1.2.2. Définition des pertes énergétiques dans les BPCMs.

Dans le but de déterminer la puissance réelle maximale générée par une BPCM, la tension de la BPCM
est mesurée en fonction de I'intensité pour tracer une courbe de polarisation (Figurel.2). La courbe
de polarisation était initialement utilisée pour étudier les systémes électrochimiques (et non
bioélectrochimiques) [58], [59]. Cela permet d’observer les pertes d’énergie associées a une baisse
progressive de la tension de la BPCM en fonction de I'intensité électrique. Les différences entre la
tension maximale de la cellule électrochimique et la tension mesurée pour une intensité donnée est
appelée surtension n (1.7):

n= Umax_ U (1'7)
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Figure1.2. Courbe de polarisation et de puissance. La courbe violette représente la
tension de la pile en fonction de lintensité. La courbe noire représente la densité de
puissance en fonction de l'intensité.

La surtension n est la somme des surtensions anodiques et cathodiques, respectivement n, et n,
définies par I'’équation (1.8):

Nag =Eq — Eeq,a et n.=E — Eeq,c (1-8)‘

A chaque valeur d’une densité de courant corresponds une certaine surtension. Trois types de
surtensions sont habituellement définies : la surtension d’activation, la résistance ohmique et la
surtension de concentration. Chaque perte énergétique est associée a différentes étapes dans le
transport des électrons (Figure 1.3). Les réactions aux électrodes peuvent étre représentées par une
résistance, composée d’une série de résistances représentant les différentes étapes (Figurel.4).

La surtension d’activation

La surtension d'activation est due a I'énergie d’activation nécessaire a la réaction. La surtension
d'activation est prédominante lorsque le transfert de masse n’est pas limitant, donc lorsque la
cinétique est lente. L'énergie d’activation est le facteur limitant de la production d'électricité pour un
courant faible. Il correspond a la perte d'énergie associée a une réaction et au transfert d'électrons
vers une électrode. La surtension d’activation a I'anode est notée nqcq et la surtension d’activation a
la cathode est notée noct..

La résistance ohmique

La résistance ohmique, notée nonmic, correspond a la résistance des connections et a la résistance du
milieu entre I'anode et la cathode. La résistance ohmique dépend de la conductivité du milieu et de la
distance entre I'anode et la cathode. La qualité de la membrane ou du pont salin entre I'anode et la
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Figure 1.3. Schéma du flux d’électrons et des mécanismes associés aux pertes
énergétiques.

cathode peut également modifier la résistance ohmique. Le courant est relié a la résistance ohmique,
notée Ronm, par la loi d’ohms.

La surtension de concentration

La surtension de concentration correspond a la résistance associée au transport des substrats vers
I'électrode. S'il n'y a pas de convection dans le milieu, le transport de masse est seulement di a la
diffusion. Sur la Figure 1.3, la surtension anodique de concentration, notée Nconc,a, €St associée a la
diffusion de I'acétate a I'anode, et la surtension cathodique de concentration, notée nconc, €st associée
a la diffusion du dioxygéne a la cathode. Pour une espéce redox Ox/Red, le courant est lié a la
concentration d’Ox et Red a la surface de I'électrode (x = 0), par I'équation (1.9):

I dCox(x,t) _ OCReq(x,t)
nF Dox ox ]x=0 = ~Drea [ dx ]x=0 (1.9)

avec Cox et Cred la concentration respectivement de I'oxydant et du réducteur en mol/L, Dox et Dred
les coefficients de diffusion respectif de I'oxydant et du réducteur m?/s.

Les autres pertes d’énergie

D'autres pertes d'énergie doivent étre prises en compte dans les BPCMs contrairement au systeme
électrochimique classique. Les autres pertes d'énergie sont représentées dans le circuit électrique de
la Figurel.4, et sont dues aux mécanismes suivants. (i) La présence d'un biofilm sur I'électrode crée
une seconde barriére de diffusion pour les substrats, notée nconcs,q. Cette barriére de diffusion dépend
de la densité du biofilm, de la nature des exopolysaccharides extracellulaires et de |'épaisseur du
biofilm. (ii) La consommation du substrat pour la croissance bactérienne conduit a une perte
d'électrons, notée Ngrowthna. Si 1'acétate n'est pas consommé pour la respiration mais pour la
croissance, une partie des molécules d'acétate n'est pas oxydée en CO; et un pourcentage d'électrons
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est perdu. (iii) Une autre perte d'énergie est due au métabolisme bactérien: c'est I'énergie du substrat
utilisée par les bactéries et qui est notée Nenergiepa- La cascade d'oxydoréduction dans la chaine
respiratoire entraine une baisse successive de potentiel. Le résultat est que le potentiel des protéines
membranaires ou des molécules des navettes est plus faible que celui du substrat d'origine. (iv) Enfin,
une autre résistance est due au TEE ou au transfert de charge de la membrane bactérienne vers
I'électrode, notée nreep,q. Si des navettes redox sont utilisées, la diffusion de ces navettes a l'intérieur
du biofilm entraine également une résistance non négligeable. En revanche, si le TEE est direct via une
protéine membranaire ou via des nanofilaments, la résistance serait trés faible. Les mécanismes de
transfert d'électrons sont décrits plus précisément dans les sections 1.3 et 1.4 de ce chapitre.

1.2.3. Les capacitances dans les BPCMs

Dans tout systéeme électrochimique, l'interface électrode/solution peut étre comparée a un
condensateur. La capacitance d’'un condensateur est définie par I'équation suivante (1.10):

_ 4
€= {-(1.10)

avec C la capacitance en F, q la charge stockée sur le condensateur en C et U, la différence de potentiels
a travers le condensateur en V. La charge sur I'électrode notée g, est compensée par le charge
présente en solution, notée gs, telle que (1.11):

du = —(qs (1.11)

La distribution de I'ensemble des charges a l'interface électrode/solution forme la double couche
électrique (Figure 1.5). La double couche est composée d'une couche interne appelée la couche de
Stern et dont le plan central est appelé le plan interne d’Helmholtz (PIH), et d’'une couche externe
appelée couche de diffusion dont le plan centrale est appelé le plan externe d’Helmholtz (PEH). La
couche de Stern est formée d'ions spécifiques adsorbés et la couche de diffusion est formée d'ions non
spécifiques adsorbés. L'épaisseur de la couche de diffusion dépend de la concentration ionique de la
solution. La double couche peut affecter la densité de courant si les espéces électronégatives sont
adsorbées de maniere non spécifique et ne peuvent donc approcher I'électrode que jusqu'au PEH.

Dans un systéme biotique, la présence d'un biofilm avec sa matrice extracellulaire constituée de
polysaccharides peut étre associée a un condensateur. Les protéines membranaires telles que les c-
cytochromes peuvent stocker une grande quantité d'électrons. En fonction des especes bactériennes
présentes dans le biofilm, de I'expression de leurs génes et de la composition de la matrix
extracellulaire, la capacité anodique peut étre tres élevée. Le travail de Malvankar et al. [60] reporte
une capacitance de 620 puF/cm? de biofilms de Geobacter sulfurreducens due aux cytochromes
membranaires. Les auteurs comparent G. sulfurreducens a un supercondensateur: "En traitant les
héemes de cytochromes comme des matériaux actifs, la capacitance spécifique calculée du biofilm DL-1
est de 111 F.g", ce qui est comparable aux supercapacitance synthétiques.”" (“Treating cytochrome
hemes as active materials, the computed specific capacitance of DL-1 biofilm is 111 F.g, which is
comparable to synthetic supercapacitors.”).



32| Page

(A ) nacl,a ‘ | + r]act.c
- .
Ram‘a Ram‘c

nnhm a
Renma
a'wuoH
n‘mqu

Figure1.5. Circuit électrique équivalent d’une BPCM. Circuit électrique équivalent d’'une
BPCM composée d’'une bioanode et d’'une cathode abiotique telle que représentée dans la
Figure 1.3. Chaque surtension est associée a une résistance. Les résistances violettes et
bleues correspondent respectivement aux mécanismes abiotiques du compartiment anodique
et cathodique. Les résistances jaunes correspondent aux mécanismes biotiques du biofilm
anodique.
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Figure 1.4. La double couche électrique. Ce schéma représente la distribution des charges
a l'interface électrode/solution et I'évolution du potentiel de I'électrode a la solution.
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1.3 Identité des bactéries électroactives

1.3.1. Diversité phylogénétique

Concept de phylogénie en microbiologie

La vie est divisée en trois domaines: bacteria (procaryotes), archeae (procaryotes) et eucaryota. La
taxonomie regroupe les organismes en taxons d'un rang donné. Les groupes d'un rang peuvent étre
agrégés pour former un groupe d'un rang supérieur, créant ainsi une hiérarchie taxonomique. Les
différents rangs du niveau supérieur au niveau inférieur sont le domaine, le phylum, la classe, I'ordre,
la famille, le genre, I'espéce et la souche. Actuellement, la classification phylogénétique des bactéries
est faite en comparant la séquence du gene de I'ARN ribosomique 16S qui est un composant du
ribosome procaryote. Il est utilisé pour la phylogénie en raison de sa faible vitesse d'évolution. Les
différences dans les séquences du gene de I'ARNr 16S sont des marqueurs de la distance
phylogénétique entre les bactéries. Pour cette raison, il est considéré que les bactéries appartenant a
la méme espéce ont 97% de similarité sur leur séquence du géne de I'ARNr 16S, mais il n'y a pas de
regle de similarité pour les autres niveaux taxonomiques. Enfin, les bactéries ayant 100% de similarité
sur I'ensemble de leur génome appartiennent a la méme souche. Compte tenu de ces caractéristiques,
il est possible d'identifier les bactéries au niveau de I'espéce en comparant la séquence du gene de
I'ARNr 16S a des séquences de bases de données comme SILVA ou RDP.

La diversité bactérienne dans les BPCMs

Les EAB appartiennent a une grande diversité de taxons (Figurel.6) [61], [62]. Les travaux de Koch et
al répertorient 69 espéces ayant la capacité de transférer des électrons a I’anode, et appartenant a 37
genres différents [41]. IIs sont présents dans 9 sous-classes: Alphaproteobacteria, Betaproteobacteria,
Deltaproteobacteria, Gammaproteobacteria, Acidobacteria, Cyanobacteria, Actinobacteria, Bacilli et
Clostridia. Les groupes, Deltaproteobacteria et Gammaproteobacteria, sont les groupes les plus
importants contenant respectivement 6 et 10 genres bactériens de EAB. L'identification de nouvelles
EAB est une étape critique en raison du manque de marqueur génétique de I'électroactivité. Pour
identifier une nouvelle EAB, il est nécessaire de passer par une étape d'enrichissement, de culture et
d'isolement. Pour ces raisons, le nombre de EAB est certainement sous-estimé. Aujourd'hui, aucun lien
entre la phylogénie et |'électroactivité des bactéries n'est observé. La démocratisation du séquencage
du géne de I'ARNr 16S a permis d'étudier la diversité taxonomique des biofilms anodiques. Les BPCMs
avec une abondance relative plus élevée de Geobacter ont souvent les meilleures performances
électriques [17]. Cependant, les cultures mixtes ont souvent généré une puissance supérieure a celle
des cultures pures. Récemment, certaines études ont étudié la diversité taxonomique et la structure
de biofilms anodiques mixtes [17], [63]—[68]. Les principaux taxons varient d'une étude a l'autre : les
Deltaproteobacteria [67] [68], Betaproteobacteria [17] et Bacteroidetes [65] ont toutes été détectées
comme les principales bactéries présentes dans un biofilm anodique.

Stratford et al. [66] ont étudié la relation entre différents parametres de diversité et la production
d'énergie. La diversité peut étre divisée en deux composantes: la richesse et la régularité. La richesse
est le nombre de taxons dans un environnement et la régularité est la proportion de chaque taxon et
la facon dont les proportions de ces taxons sont similaires. Ils ont montré que l'indice de Shannon,
défini par I'équation (1.12), (représentatif a la fois de la richesse et de la régularité) était positivement
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corrélé avec la production d'énergie. Mais dans d'autres études, les BPCMs avec une production
d'énergie plus élevée avaient un indice de Shannon inférieur [67].

H=¥Ipi.In(p) (1.12)

avec H l'indice de Shannon, m le nombre total de taxons, p; la proportion du taxon i. Ces résultats
contradictoires sont représentatifs du manque de connaissances sur I'écologie des biofilms anodiques.

Le réle de chaque taxon dans la production d’électricité ou encore dans la formation de biofilm est
encore mal connu. La plupart des études sur la communauté anodique sont souvent des études a un
instant donné. Peu d'études ont observé I'évolution et la formation du biofilm permettant une
meilleure compréhension des successions bactériennes au cours de la colonisation de I'anode [69],
[70]. Hodgson et al. étudient les communautés microbiennes anodiques dans une BPCM en cascade a
différents instants. lls ont mis en évidence la relation entre les populations fermentaires et anodiques
dans les BPCMs. A. Paitier et al. [70] montrent l'intérét de s'intéresser aux changements précoces des
communautés microbiennes et a la compétition entre EAB qui semble étre importante lors de la
colonisation de I'anode. Plus d'investigations sur la dynamique de la formation de biofilms devraient
permettre une meilleure compréhension du réle des communautés bactériennes et de leurs
interactions dans le biofilm anodique.

1.3.2. Le métabolisme énergétique des bactéries électroactives

La vie cellulaire dépend d'une source d'énergie stockée sous forme chimique, I'ATP (Adenosine
Triphosphate) qui est synthétisée par la respiration ou la fermentation. La Figure 1.7 décrit le
métabolisme bactérien en général et la respiration bactérienne en particulier. Le donneur d'électrons
qui est souvent (mais pas toujours) la source de carbone est oxydé en CO.. Les électrons issus de cette
oxydation circulent vers la chaine respiratoire via des molécules redox navettes comme le NADH. Une
fois dans la chaine respiratoire, les électrons entrent dans une cascade de réactions d'oxydoréduction
jusqu'a un accepteur d'électrons tel que le dioxygene (en milieu aérobie), le nitrate, le fer ou une
électrode dans le cas d’une BPCM. Au cours de cette cascade d'oxydoréduction, des protons sont
produits et sécrétés dans le compartiment extracellulaire, établissant un gradient de protons a travers
la membrane. Cette différence de potentiel électrique a travers la membrane est ensuite convertie en
énergie chimique pour la cellule: les protons sont utilisés par I'ATPase pour produire de I'ATP. Le gain
d'énergie pour les bactéries dépend de la différence de potentiel entre le couple donneur d'électrons
et le couple accepteur d'électrons. L'énergie libre, notée G, en J.mol* est la fonction thermodynamique
utilisée pour décrire ce gain d'énergie et est définie a I'équilibre par I'équation suivante (1.13):

AG% = _nF(EOacceptor _Eodonor) (1.13)

Par exemple, le potentiel d'équilibre du couple donneur d'électrons CO,/acétate est de -0.290 V/ENH
[71], et ceux des couples accepteurs d'électrons O,/H,0 et citrate de Fe(lll)/citrate de Fe(ll) sont
respectivement de 0.800 et 0.372 V/ENH. L'énergie libre pour I'oxydation de |'acétate par O, et par le
citrate de Fe(lll) sont alors respectivement de -841,35 ki.mol?! et -330,36 kJ.mol®. La croissance
bactérienne est affectée par ce gain énergétique. Il en découle que les bactéries aérobies se
développent plus rapidement que les bactéries anaérobies. Par exemple, le temps de doublement
d'Escherichia coli dans des conditions aérobies est d'environ 20 min [72]. Cependant, le temps de
doublement de Geobacter uraniireducens a été déterminé a 18,5 heures avec de I'oxyde de Fe(lll)
comme accepteur d'électrons et 50,1 heures dans des environnements complexes tels que les
sédiments [73].
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Figure1.6. Arbre phylogénétique des bactéries électroactives. La figure représente I'arbre
phylogénétique de la vie. Les classes des bactéries sont représentées en violet. Dans le cercle
extérieur, la présence des EAB est représentée en rouge. Le genre des EAB est écrit a
I'extérieur du second cercle. La figure a été réalisée a partir de I'inventaire des EAB anodiques
réalisé dans le travail de [41].

Dans le cas des BPCMs, I'accepteur d'électrons est I'anode: c'est une respiration anodique. Du point
de vue thermodynamique, un fort potentiel anodique favorise la croissance des bactéries, mais
entraine une perte d'énergie importante dans la production d'électricité [74]. Le travail de Wei et al.
[75] met en évidence le role du potentiel anodique sur le métabolisme bactérien. Une culture pure de
G. sulfurreducens est utilisée dans des BPCMs sous différents potentiels anodiques (-160, 0 et +400
mV). Plus le potentiel anodique était faible et plus la quantité de biomasse était faible, mais plus
I'intensité du courant de la BPCM était élevée. Plus le potentiel de I'anode est proche du potentiel du
donneur d'électrons, moins il y a de pertes d'énergie dans la BPCM mais moins la croissance
bactérienne est rapide.

Différents types de métabolismes peuvent étre observés chez les EAB Kracke et al. étudient le
métabolisme de 8 bactéries issues de systemes bioélectrochimiques dont 5 bactéries capables de
transférer leurs électrons a I'anode [76] (Figure 1.8.). Dans cette étude, trois bactéries sont capables
de se développer dans des conditions aérobies: E. coli, S. oneidensis et P. aeruginosa. E. coli et P.
aeruginosa sont capables d'utiliser une large gamme d'accepteurs d'électrons qui peuvent étre des
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Figure1.7. Métabolisme bactérien. Schéma adapté de C.I. Torres et al. [74]

composés inorganiques ou organiques a l'exception des accepteurs d'électrons insolubles qui sont
sous forme de particules de manganese ou de fer. lls ne sont pas non plus capables d'utiliser des
accepteurs d'électrons a faible potentiel redox tels que les sulfates. Contrairement a eux, S. oneidensis
peut utiliser une plus large gamme d'accepteurs d'électrons: solubles ou non, a faible potentiel redox
ou non, accepteurs d'électrons organiques ou inorganiques. Le second groupe est moins flexible: C.
lijungdahlii et G. sulfurreducens. G. sulfurreducens ne peut pas utiliser un accepteur d'électrons
solubles inorganique classique tel que les nitrates ou les sulfates, mais peut utiliser différents
accepteurs d'électrons insolubles. C. lijungdahlii ne peut utiliser que des accepteurs d'électrons a tres
faible potentiel redox (environ moins de -300 mV/ENH).

1.3.3. Diversité fonctionnelle impliquée dans le transfert
extracellulaire d’électrons (TEE)

Plusieurs mécanismes peuvent étre utilisés par les bactéries pour transférer leurs électrons vers un
accepteur d'électrons insoluble : le transfert peut étre direct ou indirect. Dans le cas d’un TEE indirect,
les bactéries utilisent des navettes redox endogenes ou exogenes. De nombreuses bactéries peuvent
utiliser des navettes redox qui peuvent étre des molécules de la famille des phénazines (Pseudomonas)
ou des flavines (Shewanella). Dans le cas d’'un TEE direct, les bactéries peuvent transférer leurs
électrons directement des cytochromes de type c qui sont des protéines membranaires, a I'anode, ou
via des pili conducteurs appelés nanofilaments. Seuls quelques individus ont été étudiés en détails
pour identifier les protéines impliquées dans le TEE, telles que Shewanella oneidensis et Geobacter
sulfurreducens. Pour ces deux bactéries, les cytochromes c de la membrane externe jouent un réle clé.
La Figure 1.9. illustre les modeles proposés de la respiration anodique chez ces deux bactéries.
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Geobacter sulfurreducens

Les voies métaboliques impliquées dans la respiration ne sont pas encore bien comprises, méme si des
avancées importantes ont été réalisées ces dernieres années [76]-[82]. La circulation des électrons
chez G. sulfurreducens est particulierement complexe et diverse. Les voies métaboliques sont
différentes en fonction (i) du potentiel redox de I'accepteur d'électrons, et (ii) du type d'accepteur
d'électrons (fumarate soluble, Fe(lll) insoluble, électrode ...). Mais certains modeles émergent. Les
cytochromes de la membrane interne ImcH et CbclL sont impliqués dans le transfert d'électrons hors
du pool de quinones [79], [83], [84]. L'implication de ImcH ou CbcL dépend du potentiel de I'accepteur
d'électrons: Cbcl est capable de transférer des électrons a une électrode (ou oxydes de Fe(lll)) ayant
un potentiel inférieur a -100mV et ImcH a une électrode ayant un potentiel supérieur a -100mV. Les
mutants AimcHAcbcL (qui ne possédent donc pas les protéines ImcH et Cbcl) ne sont pas capables de
réduire |’électrode ou I'oxyde de Fe(lll) [81]. Ainsi, leur réle est indispensable au TEE.

Le travail de Lloyd et al suggéere que 5 cytochromes-c périplasmiques de la famille PcpA sont également
impliqués dans le transfert d'électrons a travers le périplasme [77], [85]. Enfin, les électrons circulent
vers le milieu extérieur par des conduits de porine-cytochromes. Plusieurs groupes de ces conduits
sont identifiés dans le génome de G. sulfurreducens, mais un seul a récemment été identifié comme
impliqué dans le TEE vers une électrode de -100mV [81]: le cluster ExtABCD.

Plusieurs cytochromes putatifs de la membrane externe avec des multihemes ont été annotés dans la
séquence du génome, dont un est particulierement bien étudié le cytochrome OmcZ qui est
indispensable pour produire de I'électricité: le mutant AOmcZ ne peut pas croitre avec une électrode
comme accepteur d'électrons mais peut croitre avec Fe(lll) comme accepteur d'électrons. De plus,
OmcZ est insoluble et peut étre sécrété dans I'environnement extracellulaire. Il peut alors former une
matrice conductrice en association avec des polysaccharides extracellulaires.

Un dernier moyen possible de transférer des électrons a des accepteurs d'électrons insolubles consiste
a utiliser des pili ayant une conductivité élevée [36], [86], [87]. La conductivité des nanofilaments chez
G. sulfurreducens est due a l'arrangement des protéines PilA constituant les pili, donnant une
conductivité similaire a celle du métal. Le travail de Leang et al. a montré la présence de plusieurs
cytochromes OmcS sur les pili [88]. La délétion du géne omcS élimine la capacité de réduction du Fe(lll)
insoluble mais pas I'électroactivité. Cependant il semble nécessaire au transfert d’électrons a une autre
bactérie et a la formation de biofilms plus épais [39], [89]. D'autres travaux ont mis en évidence la
diversité du potentiel des multihemes des cytochromes : entre -180 et + 200mV. Ceci est en accord
avec le fait que G. sulfurreducens pourrait utiliser différentes voies en fonction des potentiels des
accepteurs d'électrons. Tous ces résultats ont mis en évidence la complexité et la flexibilité du
métabolisme de G. sulfurreducens. Une grande diversité de cytochromes associés a une large gamme
d’hémes avec des potentiels différents permet a G. sulfurreducens d'utiliser différents accepteurs
d'électrons insolubles, montrant une adaptation spécifique au TEE.

Shewanella oneidensis

La voie respiratoire de Shewanella oneidensis est relativement bien comprise [90]. Les électrons sont
envoyés dans le compartiment périplasmique par l'intermédiaire d'une quinol oxydase CymaA,
impliquée dans la respiration des accepteurs d'électrons solubles et insolubles. Puis les électrons
traversent un conduit de cytochromes c multihémiques: le complexe MtrCAB. MtrC est une réductase
terminale impliquée dans la réduction des accepteurs d'électrons insolubles et des flavines [91]—-[93].
Un deuxieme cytochrome de la membrane externe, OmcA, a été trouvé pour étre impliqué dans le
TEE.
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Figure1.8. Potentiels redox des accepteurs d’électrons ou des réactions redox
importantes dans la chaine de transport des électrons catalysés par 5 EAB anodiques.
Les potentiels redox standard sont indiqués par des lignes en pointillées. Les potentiels redox
dans les conditions physiologiques ou environnementales sont indiqués par une ligne continue.
La figure est adaptée du travail de Kracke et al. [76].

S. oneidensis peut également produire des nanofilaments mais qui sont fondamentalement différents
des nanofilaments de G. sulfurreducens. Les nanofilaments de S. oneidensis sont des extensions de la
membrane externe et du périplasme plutdét que des structures faites de piline. Ces extensions
contiennent des cytochromes dans la membrane externe permettant un TEE entre ces cytochromes
[94]. Si Shewanella est capable de TEE direct, elle utilise principalement des molécules redox navettes
de la famille des flavines telles que les riboflavines et les flavomononucléotides (FMN). Le travail de
Kotloski et al. ont démontré que le TEE indirect représentait environ 75% de la capacité des TEEs de
Shewanella oneidensis [95].
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Les autres bactéries

Chez les autres bactéries, les genes impliqués dans les TEEs sont moins bien compris. En outre, « on
pourrait supposer que, quand on les améne au voisinage d'une électrode et en présence d'un produit
chimique redox-actif qui interagit avec des navettes redox intracellulaires (par exemple NADH ou
quinones), presque tous les micro-organismes conduisent a certain courant électrique » (“it might be
assumed that, when brought in the vicinity of an electrode and in presence of a redox-active chemical
that interacts with intracellular redox-carriers (e.g. NADH or quinones), almost every microorganism
will lead to a certain current flow”) [61]. Un marqueur génétique serait donc utile pour détecter les
EAB dans un environnement complexe.

Geobacter et Shewanella ont en commun un nombre élevé de genes codant pour des cytochromes c,
laissant supposer que ces génes pourraient étre utilisés comme marqueurs. Sturn et al. [62] ont
analysé le nombre de cytochromes c de 483 génomes bactériens. Le nombre moyen était de 13 alors
que celui de S. oneidensis MR-1 est de 41 cytochromes c putatifs et celui de Geobacter sulfurreducens
est de plus de cent [96]. Leur travail montre une certaine corrélation entre le nombre de cytochromes
et la capacité des bactéries aux TEEs. Par exemple, Shewanella denitrificans n'a que 14 cytochromes ¢
et est incapable de TEE. Cependant, certaines bactéries ont un plus grand nombre de cytochromes,
mais sont incapables de TEE comme Bradyrhizobium japonicum. D'autres bactéries ont un nombre plus
faible de cytochromes c mais sont capables de TEE tels que Escherichia coli.
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Figure1.9. Proposition de schéma pour le TEE. (A) Modéle de G. sulfurreducens. (B)
Modeéle de S. oneidensis
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En conclusion, il n'y a pas une seule adaptation écologique des EAB mais deux modes de vie existent:
un groupe vivant dans une niche écologique dont les conditions peuvent énormément varier (aérobie
ou anoxique), qui sont capable d'utiliser une large gamme d'accepteurs d'électrons et de substrats, et
qui utilisent principalement les TEE indirects (représenté par Shewanella oneidensis), et un autre
groupe vivant dans une niche écologique plus spécifique, dans un environnement anoxique capable
d'utiliser une gamme limitée d'accepteurs d'électrons et de substrats, et utilisant principalement les
TEE directs (représenté par Geobacter sulfurreducens).
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1.4 Conditions hydrodynamiques et formation de
biofilms

1.4.1. Formation des biofilms

La dynamique de la formation de biofilms est un processus majeur qui conduit a un biofilm mature,
trés résistant et résilient. Cing étapes interviennent dans la formation des biofilms: I'adhésion
réversible, I'adhésion irréversible, la formation de microcolonies, la maturation et la dispersion
(Figure1.10). Dans un premier temps, les macromolécules présentes dans la solution sont adsorbées
a la surface et modifient les conditions de surface et donc la fixation bactérienne. Les bactéries sont
amenées a la surface par les mouvements du milieu liquide ou simplement grace a la mobilité
bactérienne. Lors de la premiere étape, I'adsorption bactérienne est réversible et les bactéries peuvent
étre facilement détachées de la surface par le flux, puis I'adsorption devient irréversible. L'adhésion
n'est pas seulement une adsorption lorsque les bactéries commencent a produire des organelles
extracellulaires comme des pili ou des flagelles pour avoir une adhérence physique avec la surface. Par
la suite, les bactéries adhérant a la surface se développent et forment des microcolonies. Le biofilm
s'étend et les bactéries commencent a sécréter une matrice extracellulaire constituée de
polysaccharides: c’est I'étape de maturation. Les polysaccharides extracellulaires (EPS) jouent
différents réles dans (i) I'adhésion, (ii) la cohésion et la structuration du biofilm, (iii) la protection contre
les antibiotiques et (iv) comme réservoir d'enzymes, de substrats ou de molécules redox navettes.
Dans les BPCMs, la matrice extracellulaire peut considérablement influencer la conductivité du biofilm.
Apres cela, certaines parties du biofilm se détachent pour coloniser d'autres surfaces. Les bactéries
sont dispersées dans I'environnement: c'est |'étape de dispersion

1.4.2. L’adhésion bactérienne

La fixation de bactéries a une surface est souvent considérée comme une étape critique pour la
formation de biofilm. Cette étape peut étre une étape clé pour la sélection des EAB. Il est nécessaire
de comprendre quels parametres influencent I'adsorption des bactéries sur I'anode. Le modele DLVO
(Derjaguin-Landau-Verwey-Overbeek) [97] est un modele fréquemment utilisé pour déterminer
I'adsorption d'une particule sur une surface. Ce modele décrit deux types de forces: les forces de Van

Attachement —— > Maturation —— > Dispersion

Figure1.10. Schéma de la formation d’un biofilm.
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der Waals et les forces électrostatiques. Les forces de Van der Waals sont des forces appliquées entre
dipdbles. Dans I'eau, ces forces sont toujours attractives et agissent sur de longues distances (plus de
10nm). L'énergie libre due a ces forces entre une surface plane et une sphére est donnée par |'équation
(1.14):

Graw = = (1.14)

avec Gyawl'énergie libre entre les bactéries et I'anode en J, A la constante de Haymaker en J, r le rayon
des bactéries en m, et d la distance entre les bactéries et I'anode en m. La deuxieme force, la force
électrostatique, est appliquée entre deux surfaces chargées dans un milieu ionique. Les forces sont
attractives si les surfaces ont des charges opposées, et répulsives si les surfaces ont les mémes charges.
L'énergie libre de ces forces est donnée par I'équation (1.15):

—kd
Getect. = & (2.Py. Pyl (Toy) + (PF + P).In(1—e72+¢)  (1.15)

1-e~kd

avec Py le potentiel de surface des bactéries en V, P; le potentiel de surface de I'anode en V, k I'inverse
de |'épaisseur de la double couche en m™ et € la permittivité absolue du milieu en F/m. L'épaisseur de
la double couche, également appelée longueur de Debye, dépend de la force ionique (1.16):

-1 _ ekgT 1/2
™" = (ZeZNAFI) (1.16)

avec N, la constante d'Avogadro de 6,022 102 mol?, e la charge élémentaire de 1,602 10*° C, ks la
constante de Boltzmann de 1,381 102 m?.kg.s2.K™ et FI la force ionique en mol/L défini par I'équation
(1.17):

1
Fr =% Ciz? (1.17)

avec C;la concentration en ions i en mol/L et zle nombre de charges de l'ion i. L'équation (1.16) montre
que l'augmentation de la force ionique diminue I'épaisseur de la double couche, en diminuant la
distance a laquelle la force électrostatique s’applique (qui peut varier de plusieurs nanometres a
plusieurs centaines de nanomeétres). La force totale, résultant des forces de Van der Waals et des forces
électrostatiques est établie en fonction de la distance a I'anode dans la Figure1.11. Deux minimums
sont observés: un minimum secondaire correspondant a une adhérence réversible et un minimum
primaire correspondant a une adhésion irréversible. Les bactéries doivent traverser la barriere
d'énergie, créée par la force électrostatique pour s'approcher de I'anode et tomber dans le minimum
primaire. Les forces de Van der Waals étant toujours attractives, les forces électrostatiques sont
critiques pour I'adhésion bactérienne. La théorie DLVO est souvent élargie aux forces acide/bases de
Lewis qui considerent les caractéristiques hydrophobes et hydrophiles des deux surfaces [98].
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Figure1.11. Forces impliquées dans la théorie DLVO. Energie d’interaction des forces

électrostatiques (en rouge), des forces de Van der Waals (en violet) et des forces totals (en
noir) en fonction de la distance a I'électrode.

En résumé, I'adhésion bactérienne dépend d'abord de la probabilité de contact de la bactérie avec la
surface. Ce processus est influencé par le flux de la solution, la concentration bactérienne et la mobilité
bactérienne. Deuxiemement, les bactéries doivent étre adsorbées a la surface. Ce processus dépend
des caractéristiques physico-chimiques de la surface inerte et de la surface bactérienne: de leurs
charges de surface (elles-mémes dépendante de la force ionique du milieu) et de leurs caractéristiques
hydrophiles et hydrophobes. Enfin, I'expression des protéines de la membrane externe et des
organites extracellulaires a un impact sur I'adhésion bactérienne au cours de I'étape d'adhésion

irréversible. Les rugosités des deux surfaces sont également un parametre influencant |'adhésion
bactérienne.

1.4.3. La croissance du biofilm

Aprés l'adhésion, le développement du biofilm est principalement dépendant de la croissance
bactérienne. Dans les études sur les BPCMs, la croissance bactérienne a l'intérieur du biofilm est

souvent exprimée comme une équation de Monod avec double limitation en substrats (1.18) [99]—
[102]:
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Sp Sa
= x—=D
P = Gmax Sp+Ksp Sa+Ksa

(1.18)

avec p le taux d'utilisation du donneur d'électrons en mol.cm=.day™, gmax le taux maximal spécifique
d'utilisation du donneurs d'électrons en mol.cell™.day?, Sy la concentration du donneur d'électrons en
mol/L, Sa la concentration d'accepteur d'électrons en mol/L, Ksp le coefficient de demi-saturation de
Monod du donneur d'électrons en mol/L, Ksa le coefficient de demi-saturation de I'accepteur
d'électrons en mol/L et X la densité bactérienne en cell.cm™. Les donneurs d'électrons sont des
molécules carbonatées sous forme d'acétate ou de lactate [103], [104]. L'accepteur d'électrons peut
étre I'anode [99], ou la forme oxydée des médiateurs redox [100]-[102] si le TEE est indirect. Deux
modeles prennent en compte l'effet du potentiel anodique sur la consommation du donneur
d'électrons. Marcus et al. [99] ont lié le potentiel anodique aux cinétiques d’utilisation du donneur
d'électrons par I'équation de Nernst-Monod tandis que Hamelers et al. [100] ont utilisé I'équation de
Butler-Volmer-Monod. Le potentiel anodique modifie la cinétique d'utilisation du substrat et donc la
densité de courant [74], mais modifie aussi la cinétique de croissance des différentes communautés
de EAB et la compétition entre les communautés anodiques. Le travail de Torres et al. a rapporté une
sélection de Geobacter, utilisant un TEE direct, avec un potentiel négatif et une plus grande diversité
bactérienne, utilisant des médiateurs comme TEE, avec un potentiel positif [105].

La cinétique d'utilisation du substrat associée aux parametres de transport de masse a l'intérieur du
biofilm influence la croissance du biofilm. La concentration de substrat diminue de la solution a la
surface et les produits s'accumulent a l'intérieur du biofilm (Figure1.12). Certaines études modélisent
I'effet de I'accumulation de protons sur la croissance du biofilm limitant la production d'électricité
[104], [106]. La diminution du pH sur la surface anodique diminue I'activité bactérienne.
Expérimentalement, il est difficile de mesurer un pH local dans le biofilm. Franks et al. [107] ont utilisé
une sonde fluorescente sensible au pH couplée a la microscopie confocale a balayage laser pour
construire une carte 3D des valeurs de pH dans le biofilm. lls mesurent un pH de 7 a I'extérieur du
biofilm et seulement de 6,1 a l'intérieur. Ce gradient de concentration peut conduire a une
stratification du biofilm avec une couche de bactéries mortes en surface et une couche de bactéries
actives en contact avec la solution [99]. Dans une communauté complexe, ces gradients peuvent
conduire a une sélection spatiale différentielle des taxons bactériens. La nature de la matrice
extracellulaire et la densité bactérienne influencent le processus de transport de masse a l'intérieur
du biofilm, en modifiant la constante de diffusion.

Un autre parametre influencant la croissance du biofilm est la conductivité du biofilm due notamment
a la densité des nanofilaments, mais aussi a la concentration et a la diffusion des médiateurs redox.
Malvankar et al. [108] ont rapporté une conductivité élevée dans un biofilm de Geobacter
sulfurreducens et une diminution du courant associée a une diminution du biofilm. lls ont fait
I'expérience avec un inoculum complexe et observé une conductivité du biofilm comparable a la
culture pure de Geobacter [109].

1.4.4. Role des contraintes de cisaillement sur la structure du
biofilm

Les forces hydrodynamiques, plus précisément les contraintes de cisaillement, influencent fortement
le développement du biofilm que ce soit sur la structure physique ou biologique du biofilm. La
contrainte de cisaillement est définie par I'équation (1.19). Cela dépend du gradient de vitesse de
I'écoulement et de la viscosité du fluide:
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v
T= % (1.19)

avec T la contrainte de cisaillement en Pa, u la viscosité dynamique en Pa.s (environ 1.10 pour l'eau a
20 °C), v la vitesse du fluide a la distance y de la surface en m/s, et y la distance a la surface en m. Dans
un canal soumis a des conditions laminaires, la contrainte de cisaillement dépend de I'écoulement du
fluide et des dimensions du canal (1.20):

61Q
T= th(1.20)
avec w la demi largeur et h la demi hauteur du canal en m et Q le débit du fluide en m3.s™. Les forces
et couples appliqués sur une particule sont (i) la trainée hydrodynamique F,, (ii) le couple
hydrodynamique M et (iii) la portance F; (Figure 1.13). La force de trainée est définie par I'équation
suivante (1.21):

E, = 14, (1.21)

ou Ay est la surface de la bactérie en contact avec le fluide en m? et F, la force de trainée en N.

Effets des contraintes de cisaillement sur la formation des biofilms

La contrainte de cisaillement impacte différents paramétres de la structure du biofilm: (i) I'épaisseur,
(i) la densité, (iii) le pourcentage de bactéries mortes et (iv) I'nomogénéité spatiale des biofilms.
Pendant |'étape d'adhésion, la force de trainée est opposée a la force d'adhésion. La force d'adhésion
peut varier de quelques pN a plusieurs centaines de pN [110]. Une contrainte de cisaillement élevée
peut induire un ralentissement de la colonisation anodique en empéchant I'adhésion bactérienne
[111]. Peu de bactéries adhérentes peuvent alors se développer rapidement et coloniser toute la
surface. Thomen et al. [91] ont observé une augmentation du temps de latence en fonction de la
contrainte de cisaillement pour une valeur comprise entre 0,42 et 10 mPa mais aucun effet n'a été
observé sur le taux de croissance.
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Figure1.12. Schéma du transport de matiére au sein du biofilm.
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A plus grande échelle, la contrainte de cisaillement modifie la structure du biofilm: sous une contrainte
de cisaillement plus élevée, I'épaisseur du biofilm diminue et la densité augmente [110], [112], [113].
Lemos et al. [112] étudient |'effet de la contrainte de cisaillement sur la formation de biofilms de
Bacillus cereus et observent une diminution de I'épaisseur (respectivement 298, 220 et 108 um pour
une contrainte de cisaillement de 20, 120 et 170 mPa) et une augmentation de la densité volumétrique
(respectivement 12.9, 28.4 et 66.8 mg.cm™). Cependant, plusieurs études ont observé une épaisseur
de biofilm plus élevée dans des conditions de contraintes de cisaillement plus élevées [114], [115]. En
effet, la contrainte de cisaillement est d'abord favorable a la formation de biofilms en raison d'une plus
grande probabilité de contact entre les bactéries et la surface et d'un meilleur transport du substrat a
la surface du biofilm et a I'intérieur du biofilm [116]. Si elle augmente trop, la contrainte de cisaillement
devient défavorable, ce qui diminue la croissance bactérienne et augmente la vitesse de détachement.
A. Park et al. [117] ont observé une contrainte de cisaillement optimale de 0.170 dyn s.cm pour le
recouvrement de surface d'un biofilm de Pseudomonas aeruginosa PAO1L. Aujourd'hui, il n'est pas
possible de donner une valeur spécifique de contrainte de cisaillement pour déterminer la gamme de
contrainte de cisaillement séparant ces deux situations.

Peu de travaux étudient l'impact de la contrainte de cisaillement sur les communautés bactériennes
[114], [118], [119]. Rochex et al. [114] ont observé une diminution de la diversité aprés une semaine
lorsque la contrainte de cisaillement augmente (de 55 a 270 mPa). Mais I'analyse de la composition
bactérienne a été faite en utilisant la technique SSCP (PCR-single strand conformation polymorphism)
qui ne permet pas une bonne identification des bactéries. Des résultats opposés ont été trouvés pour
des contraintes de cisaillement plus faibles. Fang et al. [119] ont observé que la diversité augmente
lorsque la contrainte de cisaillement augmente (de 2.79 a 21.2 mPa). L'analyse du gene de I'ARNr 16S
a révélé une composition bactérienne différente dans différentes conditions de contrainte de
cisaillement. En plus du fait que la contrainte de cisaillement modifie la communauté bactérienne du
biofilm en sélectionnant des bactéries plus résistantes, la contrainte de cisaillement modifie la
régulation de l'activité [120]. Par exemple, I'analyse du protéome de Staphylococcus aureus a révélé
des expressions protéiques différentielles sous une contrainte de cisaillement comprise entre 50 et
1000 mPa.

Effets des contraintes de cisaillement sur les BPCMs

Peu d'études étudient I'effet des contraintes de cisaillement sur les performances des BPCMs [115],
[121]-[123]. Pham et al [115] ont observé une augmentation de la production d'énergie sous un taux
de cisaillement de 120 s (environ 120 m Pa) par rapport a un taux de cisaillement de 0.3 s (environ
0.3 mPa). L'épaisseur et la densité du biofilm étaient plus élevées sous une contrainte de cisaillement
élevée qu'une contrainte de cisaillement faible. Les études de Oliveira et al. [121] et Ajayi et al. [122]
utilisent le nombre de Reynolds comme indicateur de la vitesse de rotation et donc de la force
hydrodynamique. Ils montrent une augmentation de la production d'électricité pour un nombre de
Reynolds plus élevé: Ajayi et al. ont observé un courant électrique plus élevé pour Re = 4900 que pour
Re =900, et Oliveira et al. montrent une densité de puissance plus élevée pour Re = 22317 que Re =
2236 ou Re = 11152. Cependant, ces observations conduisent a plus d'interrogations sur |'effet de la
contrainte de cisaillement sur la composition bactérienne et sur la structure physique: (i) y a-t-il plus
d'interactions et donc plus de transferts d'électrons entre bactéries sous contrainte de cisaillement?,
(i) I'épaisseur du biofilm est-elle plus dense sous contrainte de cisaillement conduisant a une densité
de courant plus élevée?, (iii) la proportion de biomasse active est-elle plus élevée en raison du
détachement préférentiel de la biomasse morte sous contrainte de cisaillement? y a-t-il une sélection
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des EAB sous contrainte de cisaillement ?, (v) les contraintes de cisaillement modifient-t-elles les
interactions entre les différentes populations?

En conclusion, peu d'études mettent en évidence le role des contraintes de cisaillement sur la
composition bactérienne fonctionnelle et taxonomique dans un environnement complexe. Dans le cas
des BPCMs, certaines études ont observé une production d'électricité plus élevée en fonction du débit
mais la contrainte de cisaillement n'est pas précisément contrélée et aucune étude n'examine I'effet
de la contrainte de cisaillement sur la composition bactérienne ou la structure physique du biofilm.

Figure1.13. Forces appliquées sur une particule en conditions laminaires. La fleche
rouge symbolise la force d’adhésion. Mt est le moment hydrodynamique, Fp est la force de
portance et Ft est |la force de trainée.
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Résultats experimentaux

1.1 Competition bactérienne pour la colonization de
I’anode en conditions stationnaires.

Depuis quelques années les bactéries électroactives (EAB), capables de réduire les particules
magnétiques ou les électrodes, suscitent un vif intérét. Plusieurs applications découlant de cette
particularité semblent de plus en plus réalisables notamment dans les stations d'épuration : les
biopiles microbiennes pourraient étre utilisées comme source d’énergie durable couplée au
traitement des eaux usées ou comme biocapteurs de charges en carbone oxydable dissous.
Cependant, le développement de ces applications nécessite plus d'investigations sur les successions
de communautés bactériennes et sur la sélection des EAB, lors de la spécialisation du biofilm
électroactif a partir des bactéries présentes dans les eaux usées. Le but de cette étude est de
comprendre comment se déroule la sélection des EAB, en suivant la compétition ou la synthrophie
entre les communautés bactérienne durant la formation du biofilm. Pour cela, les biopiles
microbiennes ont été mises en place avec différentes résistances externes, aidant ou bloquant le flux
d'électrons. Les formations de biofilms ont été suivies par microscopie a épifluorescence, I'activité
électrocatalytique par mesures de puissances maximales et par voltammétries cycliques, et les
communautés bactériennes ont été identifiées en fonction du temps par séquencage du géne de
I'ARNr 16S. Les principaux résultats montrent deux étapes dans la formation du biofilm: d'abord les
EAB non spécifiques avec un métabolisme trés flexible et utilisant un transfert extracellulaire
d’électrons indirect se développent dans toutes les biopiles, produisant ou non de I'électricité, puis les
EAB spécifiques adaptées a un transfert extracellulaire direct deviennent plus compétitives et
prédominantes dans le biofilm. La deuxieme étape ne s'est produite que dans les biopiles produisant
de I'électricité et correspondait a une augmentation exponentielle de la production d'électricité. Les
résultats montrent également une compétition entre les EAB spécifiques, en particulier entre
Geobacter et Desulfuromonas au cours de la deuxiéme étape, mais cela n'a pas conduit a une
production d'électricité meilleure ou moindre. Ces résultats donnent plus d'informations pour
comprendre et controler les formations de biofilms.
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1.2 Adhésion des bactéries électroactives sous flux
laminaires

L'adhésion des bactéries sur une surface est souvent considérée comme une étape critique pour la
formation de biofilm, ce qui peut étre une étape clé pour la sélection de EAB. De plus, les forces
hydrodynamiques, plus précisément les forces de cisaillement, influent fortement sur l'adhésion
bactérienne. Dans cette étude, nous émettons I'hypothése que les contraintes de cisaillement peuvent
sélectionner les EAB sur l'anode durant la phase d’adhésion en détachant les bactéries non
électroactives. Les EAB pourraient alors croitre et coloniser I'anode sans compétition avec les autres
bactéries. Tout d’abord, des biopiles microbiennes avec une configuration en chambre a écoulement
de cisaillement, afin d’'imposer une contrainte de cisaillement spécifique sur I'anode, ont été congues
et fabriquées. L'évolution de I'adhésion sous différentes conditions de cisaillement (1, 10 et 50 mPa) a
ensuite été comparée. Le controle utilisé était une biopile classique sans contrainte de cisaillement. La
structure microbiologique a été étudiée par séquencage du gene de I'ARN 16S (rrs), et le pourcentage
de recouvrement a été étudié par fluorescence. Cette étude montre que sous une contrainte de
cisaillement élevée, I'abondance relative des EAB spécifiques telle que Geobacter était tres élevée,
jusqu'a 30,14%, en opposition aux contraintes de cisaillement faible ou I'abondance relative était
inférieure a 1%. En outre, la contrainte de cisaillement diminue le pourcentage de recouvrement de la
surface de I'anode, ce qui montre que la sélection des EAB spécifiques se produit par détachement des
autres bactéries. La contrainte de cisaillement pourrait donc étre utilisée pour sélectionner les EAB
spécifiques afin d’augmenter I'électroactivité des biofilms anodiques. Plus d'investigations sont
nécessaires pour comprendre |'effet des contraintes de cisaillement sur les biofilms matures.

1.3 Développement de biofilms électroactifs sous
flux laminaires

Dans I'environnement comme dans les procédés industriels, les biofilms microbiens sont structurés
par les forces hydrodynamiques. Ces forces et plus précisément les forces de cisaillement impactent
fortement la structure microbienne mais aussi physique des biofilms. Nous formulons I’hypothése que
les contraintes de cisaillement pourraient étre un moyen de controler la formation de biofilms a la
surface des électrodes des biopiles microbiennes. L’objectif de ce travail est donc d’étudier I'effet de
ces contraintes sur la composition biologique du biofilm durant son développement. L’hypothese
principale étant que sous contraintes de cisaillement, les bactéries avec les plus fortes interactions
avec I'anode seront sélectionnées, entrainant la sélection de EAB capable de TEE direct avec I'anode.
Dans un premier temps, des réacteurs permettant de contréler les contraintes de cisaillement ont été
congus et construits. Puis I’évolution de la croissance des biofilms sous trois contraintes de cisaillement
(1, 5 et 10 mPa) ont été comparés. La structure taxonomique et fonctionnelle a été étudiée par
séquencage métagénomique, et la structure physique a été analysée par microscopie a fluorescence.
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Ces résultats confirment les conclusions du précédent: les EAB spécifiques ont été sélectionnées sous
contraintes de cisaillement. Les biofilms anodiques développés sous 10 mPa présentaient une plus
grande abondance relative de EAB spécifiques (35.78+6.70%) dominées par Geobacteriaceae que ceux
développés sous 1 mPa (16.20+3.14%). A cela s’ajoute le fait que les contraintes de cisaillement
ralentissent les cinétiques de croissance des biofilms. Mais aprés 10 jours, aucune différence sur le
pourcentage de recouvrement ou I'épaisseur n’était observée. Ceci est probablement di a la relative
faible gamme de contraintes utilisée. Les contraintes modifient également la proportion de bactéries
vivantes et mortes dans le biofilm. Les biofilms formés sous 5 mPa avaient les plus faibles proportions
de matiere mortes: de plus faibles contraintes de cisaillement ne permettaient peut-étre pas de les
détacher, et de plus fortes contraintes de cisaillement étaient certainement délétéres pour les
bactéries. Ce travail démontre le role majeur des contraintes de cisaillement dans la formation des
biofilms. Ce parameétre devrait étre pris en compte dans la conception des réacteurs. L’application de
contraintes de cisaillement adaptées pendant le développement de biofilms sur 'anode pourrait étre
un moyen de contréler la sélection des EAB mais aussi de conserver un biofilm vivant avec peu de
cellules mortes.

1.4 Etude d’une biopile en configuration de réacteur
de Taylor

Les conditions hydrodynamiques jouent un role majeur dans la formation des biofilms. Ils influencent
la composition bactérienne, leurs activités et la structure physique du biofilm, en contrélant le
transport des substrats et des produits a I'extérieur et a l'intérieur du biofilm. lls contrélent également
les forces de cisaillement appliquées a une surface qui influent la formation du biofilm en termes de
densité, d'épaisseur ou de proportion de biomasse morte. Le transport de masse et les contraintes de
cisaillement dépendent tous deux des vitesses du fluide. Pour ces raisons, il est difficile d'étudier I'effet
de la contrainte de cisaillement indépendamment du transport de masse et du temps de séjour. Afin
de résoudre ce probleme, une biopile microbienne avec une configuration de réacteur de Taylor a été
congue et construite. Les réacteurs de Taylor ont I'avantage d'étre étudiés dans différents domaines,
de sorte que les conditions hydrodynamiques sont bien connues. Ils sont composés de deux cylindres:
un cylindre interne rotatif et un cylindre externe fixe. Le milieu liquide est présent entre ces deux
cylindres. Différents types d'écoulement peuvent étre observés en fonction des dimensions du
réacteur et de la vitesse de rotation du cylindre interne. A partir d'un nombre de Reynolds critique, les
vortex de Taylor peuvent étre observés entre les cylindres. Ce travail présente les caractéristiques
hydrodynamiques de cette biopile et les expériences préliminaires pour tester la production
d'électricité de cette biopile microbienne.

Le réacteur était composé de deux cylindres: un cylindre interne rotatif (6160x380mm) sur lequel était
fixée une anode en tissu de carbone recouvrant toute la surface (1909,12 cm?) et un cylindre externe
fixe (@ 189x380 mm) sur lequel 12 cathodes a air ( @ 40mm) ont été insérées (surface cathodique:
150.80 cm?). Le volume entre les cylindres était de 3,02 L. La distance entre les cylindres, et donc entre
les électrodes était de 14,5 mm. Dans cette configuration, les contraintes de cisaillement ne sont pas
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homogenes sur la surface anodique. Ces variations ont été décrites et devraient étre prise en compte
dans le choix de la vitesse de rotation et de la stratégie d'échantillonnage. Sous une contrainte de
cisaillement comprise entre 76,9 et 131,8 mPa, correspondant a une vitesse de rotation de 80 rpm, la
biopile avait une puissance maximale de 4,52 mW/m? aprés 25 jours et un débit en DOB de 1,29 g.L°
!jour?. La biopile était capable de dégrader 63% de la DOB, soit une activité de 0,32 g.L.jour?. Les
résistances de la biopile apres 25 jours étaient de 14,97 + 0,38 ohms pour la résistance ohmique, de
5,85 + 0,35 ohms pour la résistance liée a la cathode et de 12,04 ohms pour la résistance liée a I'anode.
La croissance du biofilm a été tres longue, due d'une part a une limite en substrat et peut-étre a une
contrainte de cisaillement trop élevée.

La configuration en réacteur de Taylor semble étre une bonne solution pour étudier indépendamment
la contrainte de cisaillement et le transport de masse dans les biopiles microbiennes, qui sont des
paramétres majeurs pour la mise a lI'échelle de cette technologie. Davantage d'expériences a
différentes contraintes de cisaillement et différents temps de séjour sont nécessaires et devraient
fournir plus d'informations sur I'optimisation des paramétres hydrodynamiques pour la mise a I'échelle
des biopiles microbiennes.
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Conclusion

A travers cette thése, différents aspects de la dynamique des communautés bactériennes lors de la
formation du biofilm ont été mis en évidence. Basé sur le travail de C. Koch et al. [[61]], une attention
particuliére a été accordée aux EAB spécifiques et non spécifiques. Les EAB spécifiques comprennent
des bactéries vivant dans un environnement aérobie ou anoxique, capables d'utiliser une large gamme
d'accepteurs d'électrons et de substrats et capables d’utiliser des TEE indirects telles que Shewanella
oneidensis. En revanche, les EAB non spécifiques comprennent des bactéries vivant dans un
environnement anoxique, capables d'utiliser une gamme réduite d'accepteurs d'électrons et de
substrats, et capables d’utiliser des TEEs directs, telles que Geobacter sulfurreducens. Les mécanismes
impliqués dans la sélection des EAB ont été également une partie importante de ce travail.

Premierement, les successions bactériennes ont été étudiées dans des conditions stationnaires et dans
des configurations de laboratoire classiques. Trois résultats principaux ont été montrés:

¢ |a formation du biofilm est divisée en deux étapes: une premiere ou les EAB non spécifiques avec un
métabolisme tres flexible et utilisant un TEE indirect se développent dans toutes les biopiles produisant
ou non de |'électricité, puis les EAB spécifiques adaptées aux TEEs directs deviennent plus compétitives
et prédominantes dans le biofilm. La deuxieme étape ne se produit que dans les biopiles produisant
de I'électricité et elle est associée a une augmentation exponentielle de la production d'électricité. De
plus, I'abondance relative des EAB spécifiques était positivement corrélée a la densité de puissance
maximale, tandis que I'abondance relative des EAB non spécifiques était corrélée négativement a la
densité de puissance maximale.

e Les résultats montrent également une compétition au sein des EAB spécifiques, en particulier entre
Geobacter et Desulfuromonas lors de la deuxieme étape, mais cela n'a pas conduit a une production
d'électricité meilleure ou moindre.

e La sélection des EAB spécifiques s'est produite uniquement dans le biofilm anodique et non dans le
milieu liquide contrairement a celle des EAB non spécifiques.

A partir de ces résultats, nous émettons I'hypothese qu'une inhibition de la premiére étape devrait
diminuer la compétition entre EAB non spécifiques et spécifiques au cours de la colonisation anodique,
et favoriser la croissance des EAB spécifiques dans le biofilm. Nous proposons d'utiliser la contrainte
de cisaillement pour sélectionner les EAB spécifiques pendant |'étape d'adhérence en détachant les
EAB non spécifiques et les bactéries non électroactives. Pour cela, des biopiles avec une configuration
en chambre a écoulement de cisaillement ont été concues, construites et mises en place. Les résultats
démontrent que sous une contrainte de cisaillement élevée, I'abondance relative des EAB spécifiques
telles que Geobacter était plus élevée, jusqu'a 30,14% en opposition a une contrainte de cisaillement
faible ou I'abondance relative était inférieure a 1%. En outre, la contrainte de cisaillement diminue le
pourcentage de recouvrement de la surface anodique, ce qui montre que la sélection de EAB
spécifiques se produit en détachant les autres bactéries. Ainsi, la contrainte de cisaillement pourrait
étre utilisée pour sélectionner les EAB spécifiques dans le but d’augmenter |'électroactivité des
biofilms anodiques.
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Enfin, I'effet de la contrainte de cisaillement sur la sélection microbienne au cours de la croissance du
biofilm a été étudié. Ces résultats confirment les conclusions précédentes: les EAB spécifiques sont
sélectionnés sous contraintes de cisaillement. Les biofilms anodiques développés sous 10mPa
présentaient une abondance relative plus élevée de EAB spécifiques (35,78 + 6,70%) dominée par
Geobacteriaceae, a l'inverse des biofilms anodiques développés sous 1mPa (16,20 + 3,14%). De plus,
la contrainte de cisaillement ralentit la cinétique de développement des biofilms. Mais apres 10 jours,
aucune différence de pourcentage de recouvrement ou d'épaisseur n'a été observée. La contrainte de
cisaillement modifie également la proportion de bactéries vivantes et mortes dans le biofilm. Les
biofilms développés sous une contrainte de cisaillement de 5 mPa présentaient la plus faible
proportion de bactéries mortes: une contrainte de cisaillement plus faible ne permettait probablement
pas le détachement de matiere morte, et une contrainte de cisaillement plus élevée était certainement
nuisible aux bactéries. Ce travail démontre le réle majeur de la contrainte de cisaillement dans la
formation du biofilm, et devrait étre pris en compte dans l'architecture des réacteurs. L'application
d'une contrainte de cisaillement pourrait étre un moyen de contréler la sélection des EAB et la quantité
de matiere morte dans les biofilms anodiques.
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Abstract: Chapter 1

The goal of this chapter is to present the fundamental knowledge concerning microbial fuel cells
(MFCs) and the basis of this work. The objectives are (i) to summarize the historic evolution of MFCs,
(i) to explain the thermodynamic aspects at the scale of MFCs and at the scale of bacteria, (iii) to
present the different limits and the energy losses in MFCs, (iv) to identify the electroactive bacteria
(EAB) from a taxonomic, functional and ecological point of view, (v) to present the different steps of
biofilm formation, and (vi) to highlight the effects of shear stress during the steps of biofilm formation
on the bacterial communities and the physical structure of a biofilm.

The rise in MFCs started in the beginning of 2000s, with the identification of first EAB that became the
EAB models, Shewanella and Geobacter. Today MFC science is divided into two groups: fundamental
microbiology that continues to identify EAB and the mechanisms of electron transfer and engineering
sciences that regroups the large part of current research. Secondly, the energy losses are not only the
classical energy losses in corrosion system but must also to consider the bacterial energy metabolism
losses. Moreover, the maximal power density can be strongly increased by increasing current density
that can be increased by increasing EAB density on the anode, in opposite to the decrease of the
different overvoltages of the MFC that cannot theoretically increase in the same way the electricity
production. (iii) Thirdly, two different EAB groups can be identified: one with a specific adaptation of
electron transfer using a direct electron transfer, and another with a more versatile metabolism, able
to use indirect electron transfer. (iv) Finally, the last chapter presents experiments showing an increase
of electricity production under shear stress conditions in MFC, but highlights also the lack of
knowledges of the effect of shear stress on anodic biofilms.
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1.1 History of the Research in MFC

1.1.1. The first steps of MFC research

MFC is a relatively recent topic that was born one century ago. The first research proposing to use
microorganisms to produce electricity is attributed to Potter in 1911 [23]. He observed an increase of
electricity during the decomposition of organic matter by fermentation using the yeast Saccharomyces.
Until the 1960s, the interest for MFC was low and there were only minor advances. In 1962, Davis was
one of the pioneers to use the expression “Microbial Fuel Cell” [24]. He confirmed a conversion of
organic matter into electricity due to the bacterial metabolism and concluded that “microbial
metabolism as a source of measurable electrical energy is established, but as far as we know, no one
has made a serious attempt to employ this energy”. Soon afterwards, in 1963, the NASA wanted to
recycle organic waste produced by astronauts into electricity [25], [26]. The interest for MFCs had been
revived but electricity generated by microorganisms was still low. In the beginning of 1980s, the work
of Bennetto and his collaborators on synthetic mediators was an important development for MFC
research [27]-[30]. Synthetic mediators added to the medium increased the electricity production. The
comprehension of extracellular electron transfers (EETs) to the anode associated to a large number of
publications allowed to revive and popularize the research. Despite that, MFC applications seem still
away because the addition of mediators in the medium is an economic and ecologic barrier to large
scale and the research on MFC were more considered as a curiosity that a real and useful technology.

1.1.2. The advances in fundamental microbiology

The rise of MFC started really in the beginning of 2000s, as showed in the Figure 1.1 by the increase of
the number of publications (A) and the number of citations per publications (B). Fundamental works
in microbiology allowed a better comprehension of MFC. Due to the EAB identification, the strategies
to select EAB could be implemented. The studies of Kim et al. in 1999 [31], [32] allowed to identify
Shewanella putrefaciens as EAB, then Clostridum butyricum in the work of Park et al. in 2001 [33]. The
discovery of Geobacter sulfurreducens as EAB by Bond et al. in 2003 marked a turning point [34]. These
discoveries led to the study of MFC without synthetic mediators. In 2002, Kim et al., reported the
utilization of a mediator less MFC with Shewanella putrefaciens as EAB [35]. His work suggested that
“the electron transfer from bacterial cells to the electrode also depends on physical contact between
the cells and the electrode”. The hypothesis that bacteria can transfer their electrons directly to the
anode via cytochromes without used mediator was widespread. The discovery of nanowires by Gorby
et al. in 2006 [36] and Reguera et al. in 2006 [37] highlighted the mechanisms employed by bacteria to
transfer their electrons and offered new perspectives for MFC research. In parallel, different mutants
of Geobacter and Shewanella were built to determine the genes involved in EET [36]-[40]. This
fundamental advances made MFC applications more concrete. The use of MFC to reduce the energetic
cost becomes more realistic. Today, the discovery of new EAB and the comprehension of mechanisms
involved in EET is still a major issue of MFC research.
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1.1.3. MFC as a new technology

Before the middle of 2000s, the research was manly on the anodic compartment and the microbiology
of the biofilm. After that, research became more diverse and other disciplines as engineering sciences,
material sciences, or green chemistry became more important in MFC research (Figure 1.1 (C)). In
2004, Liu and Logan reported that they had built a MFC with an air cathode [57]. Before their work,
MFCs were built with two compartments (the anodic and cathodic compartments) separated by a
proton exchange membrane (PEM). The air cathode eliminated the need for the PEM, resulting in a
MFC with one compartment. The power density increased due to a decrease of the internal resistance
due to a lack of PEM, and a higher molecular oxygen concentration at the cathode because of a higher
O3 concentration in air than in water. In the work of Liu and Logan, the air cathode allowed to double
the power density of the MFC. This innovation led to an exponential increase in the number of papers:
13 papers containing the expression “Microbial fuel cell” or “Electroactive bacteria” in the title, the
abstract or the keywords in the Scopus database in 2000, 57 in 2005 and 767 in 2015 (Figure 1. (A)).
The research on cathodic performances continued. In 2006, He wrote a review on biocathodes
suggesting that biocathodes in MFCs could improve the kinetics of the cathode [41] (up until then, the
reaction on the cathode was abiotic, and catalyzed by platinum). Two years later, in 2008, Rabaey K.
et al. developed a biocathode in a MFC capable to reduce O, directly [42]. The optimization of
biocathodes and the comprehension of bacterial cathodic communities are still an important part of
the MFC research. Another part of the research about cathodic compartment was the choice of the
electron acceptor: for example, chromium [43], iron [44], or chloride compounds [45] can be used as
electron acceptor. Several studies tried to increase the cathodic current by using another electron
acceptor than molecular oxygen or by using a microbial biofilm as catalyst. The goal of other studies
was to optimize the membrane [46], [47], the electrode structure (anode or cathode) [48], [49], the
architecture of MFC [50], [51], and the physico-chemical proprieties as pH, temperature, ionic force...
[52]. These improvements were coupled with studies on the applications of MFCs. There are several
studies testing the use of MFCs with different types of effluent: domestic, agricultural or industrial
wastewater [17], [19], [53]—[55].
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The 15 September 2011, The International Society for Microbial Electrochemistry and Technology
(ISMET) (www.is-met.org) was founded: “The goal of ISMET is to link researchers from various areas of
science and engineering towards studying the complex interactions of microorganisms and electrodes,

while finding novel ways to use them for sustainability applications.” Microbial electrochemistry
became a distinct disciplinary.
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Figure1.1. Evolution of MFC research.

(A) Number of published articles as a function of the publication year.

(B) Number of citations per article as a function of the publication year: blue point is the
article of Davis J.B. et al. in 1962, yellow points represent the articles of Bennetto et al. on
mediators in 1983 and 1984, orange points represent the major articles on the discovery of
EAB and EET, red points are the first articles about MFC without mediator. Green point is
the utilization of air cathode.

(C) Evolution of the subject area in MFC as a function of the publication year. The
classification of the subject was done as a function of the journal.

Data come from Scopus database with the research of expression “Microbial Fuel Cell” or
“Electroactive bacteria” in the title, keywords or abstract of articles.
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1.2 Energy losses in MFC

In order to improve the electricity production, it is important to identify the different energy losses.
This chapter describes the parameters used in the electricity production characterization, and
identifies the theoretical maximal power of a MFC and the possible energy losses.

1.2.1. Theoretical maximal power generated by a MFC

The power generated by a MFC can be defined by the equation (1.1):
P=U.I (1.1)

with P the power density in Watts/m? of anode, U the voltage of MFC in Volts, and [ the current
density in Ampere/m?. To increase the power generated by MFCs, the voltage or the current density
of the MFC must be increased.

Maximal voltage of a MFC

The maximal voltage of MFC is fixed by the redox equilibrium potential for each reaction at the
anode and the cathode (1.2):

Unax = Eeq,c - Eeq,a (1.2)

with Upax the maximal voltage of the MFCin V, Ee,  the equilibrium potential at the cathode in V and
Eegqthe equilibrium potential at the anode in V. The maximal voltage of a specific MFC is measured in
open circuit when the current is zero. The equilibrium potential of an electrode is given by the Nernst
equation (1.3):

Eeq =E° + (%) In ([E'\?e};]]) (1.3)

with E, the equilibrium potential of the electrodein V, E’ the standard potential of the couple Ox/Red
in V, [Ox] and [Red] the respective concentration of the oxidant and the reducer in mol/L, R the
universal gas constant of 8.31 J.mol.K, Tthe temperature in K, n the number of exchanged electrons
and F the Faraday constant of 96485.33 C. The example described by Logan is reproduced here [56].
If the reaction at the cathode is the reduction of molecular oxygen to water, the equilibrium potential
of the cathode would be 0.805 V with a standard potential of 1.229V, a O, partial pressure of 0.2 and
a pH of 7 (1.4). If the reaction at the anode was the oxidation of acetate into bicarbonate (HC03), the
equilibrium potential of the anode would be -0.296V with a standard potential of 0.187V, a
concentration of acetate and HCO3 of 5mM, and a pH of 7 (1.5). The maximal voltage of this MFC would
be 1.101V.

0, + 4H* + 4e~ - 2H,0 EV=1229V (1.4)

2HCO3 +9H* +8e~ » CH3C00~ + 4H,0 EY=0.187v  (1.5)

Maximal anodic current of a MFC
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The reactions on the anode are considered here as the limiting factors of maximal intensity. So the
maximal current would be dependent of the bacterial metabolism and the bacterial density on the
anode (1.6):

Iax = TmaxXNF (1.6)

with . the maximal current density in A/m?, X the bacterial density in cell/m? and 74 the maximal
rate of substrate utilization in mol.cell’X.s. The maximal current density of a specific MFC is measured
in closed circuit when the voltage of the MFC is null. The maximal rate of acetate consumption by a
bacteria is about 2.30 102 mol.cell*.day? [57]. In a perfect situation, without any energy losses, it
corresponds to a current of 2.06 10?2 A produced by one bacteria. The bacterial density in a biofilm
can have very large variation. For example, for a monolayer of EAB (considering that one cell has a
surface of 2um?), the density would be 5.00 10! cell/m?, corresponding to a current of 1.03 A/m2. A
biofilm can grow up to several hundred of micrometers thick.

From the maximal voltage and the maximal intensity, the theoretical maximal power is between 1 (for
a perfect monolayer of EAB) and several hundred of W/m? (for a biofilm thickness of several hundred
micrometers). The density of EAB plays a major role in the generated power. A better knowledge about
the EAB selection on the anode and the physical structure of the anodic biofilm would improve the
EAB density on the anode.

1.2.2. Energy losses

In the order to determine the real maximal power generated by the MFC, the voltage of the MFC is
measured as a function of the intensity to draw a polarization curve (Figurel.2). The polarization curve
was initially used to study chemical corrosion [58], [59]. It measures energy losses associated with a
progressive decrease in the MFC voltage as a function of the electrical intensity. The difference
between the maximal voltage of the cell and the measured voltage for a given intensity is termed
“overpotential” # (1.7):

N=Unx—U (1.7)

The overpotential 7 is the sum of the anodic and cathodic overpotential, respectively n. and n, defined
by the equation (1.8):

Ng = Eq — Eeq,a and ne =E;.— Eeq,c (1.8)

Each value of a current density is driven by a certain overpotential. Three types of overpotential are
usually identified in corrosion studies: the overpotential of activation, the ohmic resistance and the
overpotential of concentration. Each energy loss is associated with a different reaction step of the
charge transfer (Figure 1.3). The electrode reactions can be represented by a circuit, which is
composed of a series of the resistances representing the different steps (Figurel.4).

Activation overpotential

The activation overpotential is due to the energy activation of the reaction. The activation
overpotential is the major overpotential when the mass transfer is not limiting, so when the kinetics
are slow. The energy activation is the limiting factor of electricity production for a low current. It
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corresponds to the energy loss associated to a reaction and the electron transfer to an electrode. The
anodic overpotential of activation is noted 74c« and the cathodic overpotential of activation is noted

Nact,c.

overpotantial overpotantial
of activation ohmic resistance of concentration
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Figure1.2. Polarization curve and power curve. The voltage in function of the intensity
is the purple line. The power density in function of the intensity is the dark line.

Ohmic resistance

The ohmic resistance, noted #onmic, corresponds to the resistance of the connections and the resistance
of the medium between anode and cathode. The ohmic resistance is dependent of the medium
conductivity and the distance between the anode and the cathode. The quality of the membrane or
the salt bridge between the anode and the cathode can also modify the ohmic resistance. The current
is related to the ohmic resistance, noted Ronm, by the Ohm’s low.

Concentration overpotential

The concentration overpotential corresponds to the resistance associated to the mass transport of the
substrate to the electrode. If there is no convection in the medium, the mass transport is only due to
the diffusion. In the Figure 1.3, the anodic overpotential of concentration, noted #conc,q, is associated
to the diffusion of acetate to the anode, and the cathodic overpotential of concentration, noted #conc,c,
is associated to the diffusion of O, to the cathode. For a redox species Ox/Red, the current is related
to the concentration of Ox and Red at the electrode surface (x=0), by the equation (1.9):

L_p [2xtxt)]  _ _p  [3Ckeatrt)
nF Dox [ ax x=0 - DRed [ x x=0 (1'9)
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with Cox and Cred the concentration of the oxidant and the reducer respectively in mol/L, and Dox
and Dred the respective diffusion coefficient of the oxidant and the reducer in m?/s.
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Figure1.4. Schematic of the electron flow and mechanisms associated to energy
losses
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Figure 1.3. Equivalent electrical circuit of a MFC. Equivalent electrical circuit of a MFC with
a bioanode and an abiotic cathode such as the MFC represented in the Figure 1.3. Each
overpotential is associated to a resistance. Purple and blue resistances correspond
respectively to the abiotic steps in the anodic and cathodic compartment. Yellow resistances
corresponding to the biotic steps of the anodic biofilm.

Other energy losses

Other energy losses need to be considered in MFC in opposite of classical electrochemical system. The
other energy losses are represented in the electrical circuit in the Figurel.4, and are due to the
following mechanisms: (i) The presence of a biofilm on the electrode creates a second diffusion barrier
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for the substrates, noted #conc,b,q. This diffusion barrier is dependent on the biofilm density, the nature
of extracellular exopolysaccharide and the thickness of the biofilm. (ii) The consumption of the
substrate during bacterial growth leads to a loss of electrons, noted #growtn,b,a. If the acetate is not
consumed for respiration but for growth, part of the acetate is not oxidized to CO; and a percentage
of the electrons is lost. (iii) Another energy loss is due to the bacterial metabolism: it is the energy used
by bacteria from the substrate, noted #cnergy,b,a. The oxido-reduction cascade in the respiratory chain
drives a decrease in potential. The result is that the potential of the membrane proteins or the shuttles
molecules is lower than the original substrate. (iv) Finally, another resistance is due to the EET or the
charge transfer from the bacterial membrane to the electrode, noted 17££75,q. If shuttles are used, the
diffusion of these shuttles inside the biofilm leads to a non-negligible resistance. If the EET is direct via
a membrane protein or via nanowires, the resistance would be lower. The mechanisms of electrons
transfer will be described in the section 1.3 and 1.4 of this chapter.

1.2.3. Capacitance in the MFC

In any electrochemical system, the electrode/solution interface is analogous to a capacitor. The
capacitance of a capacitor is defined by the following equation (1.10):

=4
C= U, (1.10)

with C the capacitance in F, g the charged stored on the capacitor in C and U, the potential across the
capacitor in V. There is a charge on the electrode, noted gu, and a charge in the solution, noted gs,
such as (1.11):

qu = —(qs (1.11)

The distribution of the whole charges at the electrode/solution interface forms the electrical double
layer (Figure 1.5). The double layer is composed of an inner layer called the Stern layer and the locus
of the electrical center is called the Inner Helmholtz Plane (IHP), and an outer layer called the diffusion
layer with an electrical center called Outer Helmholtz Plane (OHP). The Stern layer is formed of specific
adsorbed ions and the diffusion layer is formed of nonspecific adsorbed ions. The thickness of the
diffusion layer is dependent of the ionic concentration of the solution. The double layer can affect the
current density if the electronegative species are nonspecifically adsorbed and so can approach the
electrode only until OHP.

In a biotic system, the presence of a biofilm with his extracellular matrix constituted of polysaccharides
can be associated to a capacitor. The membrane proteins such as c-cytochromes can stock a high
guantity of electrons. Dependent of bacterial species present in the biofilm, their gene expression, and
the composition of the extracellular matrix, the anodic capacitance can be very high. The work of
Malvankar et al. [60] reported a capacitance of 620uF/cm? of Geobacter sulfurreducens biofilm due to
the membrane cytochromes. The authors compare the G. sulfurreducens to a supercondensators:
“Treating cytochrome hemes as active materials, the computed specific capacitance of DL-1 biofilm is
111 F.g™, which is comparable to synthetic supercapacitors.”
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Figure1.5. The electrical double layer. The schematic represents the charge distribution at
the electrode/solution interface and the evolution of the potential from the electrode to the
solution.
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1.3 Identity of Electroactive bacteria

1.3.1. Phylogenetic diversity

Concepts of phylogeny in microbiology

The life is considered to be divided into three domains: bacteria (prokaryotes), archaea (prokaryotes)
and eukaryota domains. The taxonomy groups are organized into taxa of a taxonomic rank. Groups of
a given rank can be aggregated to form a group of a higher rank, thus creating a taxonomic hierarchy.
The different ranks from the higher level to the lower level are domain, phylum, class, order, family,
genus, species and strain. Currently, the phylogenetic classification of bacteria is usually done by
comparing the 16S ribosomal RNA gene sequence which is a component of a prokaryotic ribosome and
is used for phylogeny due to its slow rate of evolution. The dissimilarities in the 16S rRNA gene
sequences are markers of the phylogenetic distance between bacteria. For this reason, we assume that
bacteria belonging to different species have less than 97% of similarity on their 16S rRNA gene
sequence , but there is no accepted rule of similarity for the other higher taxonomic levels. Finally,
bacteria with 99% of similarity on their whole genome belong to the same strain. Considering these
characteristics, the comparison of the 16S rRNA gene sequence to sequences in databases as SILVA
and RDP could provide putative taxonomic identification.

Bacterial diversity in MFCs

EAB belong to a large diversity of taxa (Figurel.6) [61], [62]. The work of C. Koch et al inventories 69
species with the capacity for anodic electron transfer, belonging to 37 genus [61]. They are present in
9 subclasses: Alphaproteobacteria, Betaproteobacteria, Deltaproteobacteria, Gammaproteobacteria,
Acidobacteria, Cyanobacteria, Actinobacteria, Bacilli, and Clostridia. The two groups,
Deltaproteobacteria and Gammaproteobacteria, are the biggest groups containing respectively 6 and
10 bacterial genus of EAB. The identification of new EAB is a difficult step because of the lack of genetic
marker of the electroactivity. To identify a new EAB, it is necessary to enrich, culture and isolate them.
For this reason, the current known number of EAB is underestimated. Today, no link between
phylogeny and the electroactivity of bacteria has been observed. The democratization of 16S rRNA
gene sequencing has led to investigating the taxonomic diversity of the anodic biofilm. The MFCs with
a higher relative abundance of Geobacter often have the best electrical performances [17]. However,
mixed-cultures often generated higher power than pure cultures. Recently, some studies investigated
the taxonomic diversity and structure of mixed-species anodic biofilms [17], [63]-[68]. The major taxa
varied from one study to another as Deltaproteobacteria [67)] [68], Betaproteobacteria [17], and
Bacteroidetes [65] were all observed to be the major bacteria present. Stratford et al. [66] investigated
the relation between different parameters of diversity and power production. Diversity consists of two
components: richness and evenness. Richness is the number of taxa in an environment and evenness
is the proportion of each taxon and how the abundances of these taxa are equal. They showed that
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Figure1.6. Phylogeny tree of electroactive bacteria. The figure represents the phylogeny
tree of the life. The class taxon of bacteria are represented in purple. In the second circle, the
presence of EAB in the corresponding class is represented in red. The genus of EAB are
written at the outside of the second circle. The figure was realized from the inventory of anodic
EAB in the work of Koch et al. [41].

the Shannon index, defined by the equation (1.12), (representative of both richness and evenness)

was positively correlated with power production. While in other studies, MFCs with a higher power
production had a lower Shannon index [67].

H= Y1 pi'ln(pi) (1.12)

H is the Shannon index, m the total number of taxa, p; the proportion of the taxon i. These
contrary results represent the lack of knowledge about the ecology of anodic biofilm.

The role of each taxon in electroactivity and biofilm formation is still not well known. Most of the
anodic community studies study the biofilm at one point in time. Few studies observed the evolution
and the formation of the biofilm, although this would help understand the different bacterial
successions during the colonization of the anode [69], [70]. Hodgson et al. studied the anodic microbial
communities in a MFC cascade at different times. They highlighted the relationship between the
fermentative and anodophilic populations in a MFC. Paitier et al. showed the interest of looking at
early microbial community shifts and that the competition between EAB seemed to be important
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during the colonization of the anode. More investigations about biofilm formation kinetics would help
understanding of the role of bacterial communities and their interactions in anodic biofilm.

1.3.2. Energy metabolism of electroactive bacteria.

Cellular life depends on an energy source, which is stored in chemical form as adenosine triphosphate
(ATP). ATP is synthetized by respiration or fermentation. Figure 1.7 describes the bacterial
metabolism in general and the bacterial respiration in particular. The electron donor, which is often
(but not always) the carbon source, is oxidized to CO,. The electrons from this oxidation move to the
respiratory chain by shuttle molecules such as NADH. In the respiratory chain, there is a cascade of
oxidoreduction reactions until an terminal electron acceptor such as molecular oxygen (in aerobic
environment), nitrate, iron or an electrode in the case of a MFC (in anaerobic environments). During
this cascade of oxidoreduction, protons are produced and secreted in the extracellular compartment,
establishing an ion gradient across the membrane. Then, this difference of electrical potential and
proton gradient across the membrane is converted into chemical energy for the cell: protons are used
by the ATPase to produce ATP. The energy gain for bacteria is dependent to the difference of potential
between the couple of electron donor and the couple of electron acceptor. The free energy, G, in J.mol’
is the thermodynamic function used to describe this energy gain and is defined at the equilibrium by
the following equation (1.13):

! ! !
4G% = _nF(EOacceptor _Eodonor) (1.13)

For example, the equilibrium potential of electron donor couple CO,/acetate is -0.290 V [71], and of
electron acceptor couple 0,/H,0 and Fe(lll)citrate/Fe(ll)citrate are respectively 0.800 and 0.372 V. The
Gibbs free energy for the acetate oxidation by O, and Fe(lll)citrate is also respectively -841.35 kJ.mol™*
and -330.36 kJ.mol ™. The bacterial growth is affected by this energy gain, resulting in aerobic bacteria
growing faster than anaerobic bacteria. For example, the doubling time of Escherichia coli under
aerobic conditions is about 20 min [72]. However, the doubling time of Geobacter uraniireducens was
determined to be 18.5 hours with Fe(lll)oxide as electron acceptor and 50.1 hours in complex

Electron Donor
(Glucose, acétate...)

Cell
Catabolism

Electron Acceptor H
(Iron, anode...) H* 4+ H+

Figurel.7. Bacterial metabolism. Schematic adapted to:C.l. Torres et al. [54]
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environments such as in sediments [73]. In MFCs, the electron acceptor is the anode: anodic
respiration. Thermodynamically, a high anodic potential favors the growth of bacteria, but creates a
high energy loss in electricity production [74]. The work of Wei et al. [75] highlighted the role of anodic
potential on the bacterial metabolism. A pure culture of G. sulfurreducens grew in MFCs under
different anodic potentials (-160, 0 and +400 mV). The lower the anodic potential and the lower the
biomass quantity was too, but the higher the current intensity of the MFC was. The closer the anode
potential of the anode is to the potential of the electron donor, the lower the energy loss is in MFC
and the lower the bacterial growth is.

Different types of metabolisms can be observed among EAB. Kracke et al. studies the metabolism of 8
bacteria founded in bioelectrochemical systems including 5 bacteria capable to transfer their electrons
to the anode [76] (Figure 1.8.). In their study, three bacteria were capable of growing under aerobic
conditions: E. coli, S. oneidensis and P. aeruginosa. E. coli and P. aeruginosa were able to use a large
range of electron acceptors such as inorganic and organic compounds except insoluble electron
acceptors such as manganese or iron particles. They were also not able to use low redox potential
electron acceptors such as sulfates. On the other hand, S. oneidensis could use a larger range of
electron acceptors: soluble or not, with a low redox potential or not, both organic and inorganic
electron acceptors. The second group iwas less flexible: C. lijungdahlii and G. sulfurreducens. G.
sulfurreducens could not use classical inorganic soluble electron acceptor such as nitrates or sulfates,
but could use different insoluble electron acceptors. C. lijungdahlii could only use low redox potential
electron acceptors (less than -300 mV).
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1.3.3. Functional diversity involved in the Extracellular Electron
Transfer (EET)

Several mechanisms can be used by bacteria to transfer their electrons to an insoluble electron
acceptor. The transfer can be direct or indirect. During an indirect EET, bacteria used endogenous or
exogenous shuttles to transfer their electrons. Many bacteria can use redox shuttles, such as
phenazine (Pseudomonas) and the flavin (Shewanella) family. During a direct EET, bacteria can transfer
their electrons directly from outer membrane c-cytochrome proteins to the anode or via the
conductive pili named nanowires. Only a few EAB were studied in depth to know the way electrons
flow through membrane proteins such as those in Shewanella oneidensis and Geobacter
sulfurreducens. For both species, outer membrane c-cytochromes play a key role in EET. Figure 1.9.
shows a model for the respiratory chain of these bacteria

Inorganic compounds Organic compounds
+ -500
- N
Nz Ri52 0
2H/H, NADP'/NADPH

(eomae o B —"S o]
A Gors)— > -
E-:——:m ‘k; %%ﬂ Riboflavineyreq) %ﬂ%
—4— -200 + L{@I X’%ﬂ oo

| Phenazine2 oyreq) I \
i ETTy 8 Cytochromes c* gu/red ‘\
100 |Menaquinone/Menaquinol|§;&‘\ % -|: (ox/red) % %

e { Hydroquinone/Hydroquinol |&‘
. . 2+ =
bt g5t S [
@%@ |_ { Fumarate/Succinate %@_x %]—{ Ubiquinone/Ubiquinol |X&‘\
T°T  [Tmao/TMA X@
— /. DMSO/DMS ‘i@

+ +200 I Cytochromes Oyox/red) %x_
- Cytochromes djoyreq) |x‘§§_‘

- +300 ::E Cytochromes ajoyred) |%\\
o T oy e L T

%@\ m 8 +100 "| Fe(lll)citrate/Fe(ll)citrate r@%‘&

X@‘\ [ [Fe(CN)5]3+/[Fe(CN)G]4* ...é % Escherichia coli

+ +500 E‘i Shewanella oneidensis
@%l Mn*/Mn?* } ‘& Pseudomonas aeruginosa

ki |
% Clostridium ljungdahlii

Q& Geobacter sulfurreducens

ASEE-{
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indicated by dashed lines. Redox potential in physiological or environmental conditions are
indicated by solid line. The figure was adapted from Kracke et al. [76].
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Geobacter sulfurreducens model

The metabolic pathway in G. sulfurreducens is not yet completely understood, even if important
progress has been done over the last few years [76]-[82]. The electron transfer pathways in G.
sulfurreducens are particularly complex and diverse. Pathways differ as a function of the redox
potential of the electron acceptor and the type of electron acceptor (soluble fumarate, insoluble Fe(lll),
electrode...). But some patterns have emerged. The inner membrane cytochromes ImcH and Cbcl are
involved in the electron transfer out of the quinone pool [79], [83], [84]. The implication of ImcH and
Cbcl is dependent on the electron acceptor potential: CbclL is able to reduce poised electrode (or
Fe(lll)oxides) with a low potential less than -100mV and ImcH is able to reduce poised electrode with
a high potential more than -100mV. Mutant AimcHAcbcL are not able to reduce poised electrode nor
Fe(lll)oxide [81]. So, their role is indispensable to the EET. The work of Lloyd et al suggested that five
periplasmic c-cytochromes of PcpA family are also involved in the electron transfer across the
periplasm [77], [85]. Finally, electrons are released to the external environment by porin-cytochrome
conduit clusters. Several clusters have been identified in the G. sulfurreducens genome, but only one
was recently identified as involved in the EET to a -100mV poised electrode [81]: the cluster ExtABCD.
Several putative outer membrane cytochromes with multihemes were annotated in the genome
sequence. One particularly well studied protein, OmcZ, is indispensable for the production of
electricity; mutant AOmcZ cannot grow with an electrode as electron acceptor, but it can grow with
Fe(lll) as electron acceptor. In addition, insoluble OmcZ can be secreted in the extracellular
environment forming a conductive matrix by association with extracellular polysaccharides. A last
possible way to transfer electrons to insoluble electron acceptors is to use pili with high conductivity
[36], [86], [87]. The conductivity of nanowires in G. sulfurreducens is due to the arrangement of the
protein pilA constituting the pili and provides part of the metal-like conductivity to nanowires. The
work of Leang et al. showed the presence of several cytochromes OmcS in pili [88]. The deletion of the
omcS gene eliminates the capacity of reduction of insoluble Fe(lll) but not the electroactivity, so it
seems necessary to transfer the electrons to another bacteria and to form thicker biofilms [39], [89].
Other work has highlighted the diversity of multiheme cytochromes potentials between -180 and
+200mV that enables G. sulfurreducens to use different pathways as a function of different electron
acceptor potentials. These results highlight the complexity and flexibility of the G. sulfurreducens
metabolism.

Shewanella oneidensis model

The respiratory pathways of Shewanella oneidensis are relatively well understood [90]. Electrons are
released into the periplasmic compartment via a quinol oxidase CymA that is involved in the respiration
of soluble and insoluble electron acceptors. Then, electrons go through a multiheme c-cytochrome
conduit: the complex MtrCAB. MtrC is a terminal reductase involved in the reduction of insoluble
electron acceptors and the flavin family [91]-[93]. A second outer membrane cytochrome, OmcA, was
found to be involved in EET. S. oneidensis can also produce nanowires but they are fundamentally
different than the nanowires of G. sulfurreducens. Nanowires of S. oneidensis are outer-membrane
and periplasmic extensions rather pilin-based structures. These extensions contain outer-membrane
cytochromes that mediate a multistep redox hopping EET [94]. While Shewanella is able to use direct
EET, it mainly uses shuttle molecules of flavin family such as riboflavins and flavin mononucleotides
(FMN). The work of Kotloski et al. demonstrated that electron shuttling accounts for about 75% of EET
capacity in Shewanella oneidensis [95].

Other bacteria
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In other bacteria, genes involved in EET are less understood. In addition, “it might be assumed that,
when brought in the vicinity of an electrode and in presence of a redox-active chemical that interacts
with intracellular redox-carriers (e.g. NADH or quinones), almost every microorganism will lead to a
certain current flow” [61]. A genetic marker would be useful to detect EAB in complex environments.
Both Geobacter and Shewanella have a high number of c-cytochrome genes. Sturn et al. [62] analyzed
the number of c-cytochromes of 483 proteobacterial genomes. The average number was 13 whereas
S. oneidensis MR-1 has 41 putative c-type cytochromes and Geobacter sulfurreducens has more than
one hundred [96]. EAB would be adapted to large insoluble electron acceptors with large surface
potentials by using a large diversity of c-cytochromes with different redox catalytic sites. Their work
[96] shows some correlation between the number of cytochromes and the ability to mediate EET. For
example, Shewanella denitrificans has only 14 c-cytochromes and is unable to EET. However some
other bacteria, such as Bradyrhizobium japonicum, have a higher number of cytochromes, but are
unable to mediate EET. Other bacteria, such as Escherichia coli, have a lower number of c-cytochromes
but are able to mediate EET.

In conclusion, there is not one ecological adaptation of EAB but two life-style modes inside EAB: one
group, represented by Shewanella oneidensis, living in the large ecological niche in an aerobic or anoxic
environment and capable of using a large range of electron acceptors and substrates and able to
mediate indirect EET, and another group, represented by Geobacter sulfurreducens, living in specific
ecological niche in an anoxic environment and capable of using a small range of electron acceptors and
substrates and able to mediate direct EET.
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Figure 1.9. Schematic proposition of EET. (A) Model of G. sulfurreducens. (B) Model of
S. oneidensis
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1.4 Hydrodynamic and biofilm formation

1.4.1. Biofilm formation

The dynamic of the biofilm formation is a major process that leads to a stable, resistant and resilient
mature biofilm. Five stages have been described for biofilm formation: reversible adhesion, irreversible
adhesion, microcolony formation, maturation and dispersion (Figure1.10). First, macromolecules
present in the solution are adsorbed to the surface and modify the surface conditions and so that the
bacteria can attach. Bacteria reach the surface by hydrodynamic flow and/or bacterial mobility. During
the first stage, the bacterial adsorption is reversible and they can be detached easily by the
hydrodynamic forces. The next step is irreversible adhesion. The adhesion is not just adsorption since
the bacteria start to produce extracellular organelles such as pili or flagella that physically adhere to
the surface. During the third step, bacteria adhering to the surface grow and form microcolonies.
During the fourth step, the biofilm expands and bacteria begin to secret an extracellular matrix
constituted of polysaccharides. The extracellular polysaccharides (EPS) play different roles in (i)
bacterial adhesion, (ii) cohesion and structuration of the biofilm, (iii) antibiotic protection, and (iv)
storage of enzymes, substrates and shuttle molecules. In MFCs, the extracellular matrix can
considerably influence biofilm conductivity. Finally during the fifth step, part of the biofilm detaches
to colonize other surfaces.

1.4.2. Bacterial adhesion

Attachment ———— > Maturation ——— Dispersion

Figure1.10. Schematic of biofilm formation

Bacterial attachment to a surface is often considered as a critical step for biofilm formation. This step
can be a key step for the selection of EAB. The parameters that influence the adsorption of bacteria on
the anode need to be understood. The Derjaguin-Landau-Verwey-Overbeek (DLVO) model [97] is a
model frequently used to determine the adsorption of one particle to a surface. This model describes
two types of forces: Van der Waals forces and electrostatic forces. The Van der Waals forces are forces
applied between dipoles. In water, these forces are always attractive and act at relatively long
distances (more than 10nm). The free energy due to these forces between a plane surface and a sphere
is given by the equation (1.14):
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—Ar
Gvdw = 6_d (114)

with G,4,, the free energy between the bacteria and the anode in Joules, 4 the Haymaker constant in
Joules, 7 the radius of the bacteria in meters, and d the distance between the bacteria and the anode
in meters. The second type of forces, electrostatic forces, are applied between two charged surfaces
in an ionic medium. The forces are attractive if the surfaces have opposite charges, and repulsive if the
surfaces have the same charge. The free energy of these forces is given by the equation (1.15):

1+e~kd -
Goloct. = €TT (Z.Pb.PS. In (;Z—_kd) + (PZ+ PH).In(1—e de) (1.15)

with Pb the surface potential of the bacteria in Volts, Ps the surface potential of the anode in Volts, &
the inverse of the double layer thickness in meters™ and ¢ the absolute permittivity of the medium in
F/meter. The double layer thickness, also called the Debye length, is dependent of the ionic force
(1.16):

-1 _ EkBT 1/2
k™ = (ZeZNAFI) (1.16)

with N4 the Avogadro constant of 6.022 102 molecules . mol?, e the elementary charge of 1.602 10%°
C, kg the Boltzmann constant of 1.381 102® m2.kg.s2.K and F7 the ionic force in moles/L defined by
the equation (1.17):

1
F=2%:Cizf (1.17)

with C; the concentration in ions i in moles/L and z the number of charge of the ion i. The equation
(1.16) shows that the increase of ionic force decreases the thickness of the double layer, decreasing
the range of electrostatic force (which can vary from several nanometers to one hundred nanometers).
The total force resulting from both Van der Waals and electrostatic forces is drawn as a function of the
distance to the anode in Figure1.11. Two minima are observed: a secondary minimum considered as
a reversible adhesion and a primary minimum considered as an irreversible adhesion. Bacteria need to
cross the energy barrier created by the electrostatic force to approach the anode and enter the primary
minimum. As the Van der Waals forces are always attractive, the electrostatic forces are critical for
bacterial adhesion. The DLVO theory is often extended to Lewis acid/base forces that include the
hydrophobic and hydrophilic characteristics of bacterial and anodic surfaces [98].

In summary, bacterial adhesion depends first on the (stochastic) contact with the surface. This process
is influenced by the flux of the solution, the bacterial concentration and bacterial mobility. Secondly,
bacteria have to be adsorbed to the surface. This process is dependent of the physico-chemical
characteristics of the inert surface and the bacterial surface: the surface charge (itself dependent of
the ionic force of the medium) and the hydrophilic and hydrophobic characteristics. Finally, the
expression of outer membrane proteins and extracellular organelles influences the bacterial adhesion
during the irreversible adhesion stage. The roughness of both surfaces is also a parameter influencing
bacterial adhesion.
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1.4.3. Biofilm growth

After the adhesion stages, the biofilm development is more related to the bacterial growth. In MFC
studies, the bacterial growth inside the biofilm is often expressed as a double Monod limitation kinetic
equation (1.18) [99]-[102]:

Sp Sa
SD+KSD SA+KSA

P = AmaxX (1.18)

with p the rate of electron donors utilization in mol.cm3.day?, gma the specific maximal rate of
electron donor utilization in mol.cellt.day?, Sp the electron donor concentration in mol/L, S4 the
electron acceptor concentration in mol/L, Ksp the Monod half saturation coefficient of the electron
donor concentration in mol/L, Ks4 Monod half saturation coefficient of the electron acceptor
concentration in mol/L and X the bacterial density in cell.cm. The electron donor is the concentration
of organic molecules such as acetate or lactate [103], [104]. The electron acceptor can be the anode
[99] or the oxide form of mediators [100]-[102] if the EET is indirect via mediator utilization. Two
models take into account the effect of anodic potential on the rate of the electron donor. Marcus et
al. [99] linked the anodic potential to the electron donor rate by the Nernst-Monod equation while
Hamelers et al. [100] used the Butler-Volmer-Monod equation. The anodic potential modifies the rate
of utilization of the substrate and thus the current density [74], but it also modifies the growth kinetics
of the different EAB populations and the competition between the anodic communities. Torres et al.
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Figure 1.11. Forces involved in the DLVO theory. The interaction energy in function of
the distance to the electrode for the electrostatic force (in red), the Van der Waals force (in
purple), and the total force (in black).
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reported Geobacter selection by using a direct EET with a negative potential and a higher bacterial
diversity using mediators for EET with a positive potential [105].

The kinetics of substrate utilization associated with the mass transport parameters inside the biofilm
influence biofilm growth. The concentration of substrate decreases from the bulk solution to the
surface and the products accumulate inside the biofilm (Figure1.12). For example, some studies
model the effect of proton accumulation on biofilm growth that limits electricity production [104],
[106]. The decrease in pH on the anodic surface decreases bacterial activity. Experimentally, pH is
difficult to measure locally in the biofilm. Franks et al. [107] used a pH-sensitive fluoroprobe and
confocal scanning laser microscopy to build a 3D map of pH in the biofilm. They measure a pH of 7 at
the exterior of the biofilm and only 6.1 at the interior. This pH gradient might lead to a stratification of
the biofilm with a layer of dead bacteria on the surface and a layer of active bacteria in contact with
the solution [99]. In a complex community, these gradients could lead to a spatial selection of bacterial
taxa. The nature of the extracellular matrix and the bacterial density influences the process of mass
transport inside the biofilm and modifies the diffusion constant.

Another parameter influencing biofilm growth is the conductivity of the biofilm due to the density of
nanowires and to the concentration and the diffusion of mediators. Malvankar et al. [108] reported a
high conductivity in the biofilm composed in part of Geobacter sulfurreducens and a decrease in the
current associated to a decrease in the biofilm. They did the experiment with a complex inoculum and
observed biofilm conductivity comparable to pure culture of Geobacter [109].

1.4.4. Role of shear stress on biofilm structure
Hydrodynamic forces, especially shear forces, strongly influence development of the physical and the

biological structure of the biofilm. Shear stress can be defined by the equation (1.19). This force is
dependent on the flow velocity gradient and the fluid viscosity:

-
-
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Figure1.12. Mass transport inside the biofilm
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T=R o (1.19)

with 7 the shear stress in Pa, x4 the dynamic viscosity in Pa.s (about 1.10 for water at 20°C), v the
velocity of the fluid at the distance y of the surface in meter per second, and y the distance to the
surface in meters. In a channel under laminar conditions, the shear stress can be expressed as a
function of the fluid flow and the channel dimensions by the equation (1.20):

=910
wh

with w the half width and h the half height of the channel in meters and Q the fluid flow in cubic meters
per second. The forces and torques applied on a particle are (i) the hydrodynamic drag F,, (ii) the
hydrodynamic torque My, and (iii) the lift F; (Figure 1.13). The drag force can be defined by the
following equation (1.21):

FE, = T4, (1.21)

where Ay is the area of the bacteria in contact with the fluid in square meters and F, the drag force in
Newtons.

Effect of shear stress on biofilm formation

The shear stress influences different parameters of the biofilm structure: (i) the thickness, (ii) the
density, (iii) the percentage of dead bacteria and (iv) the spatial homogeneity of biofilm. During the
adhesion step, the drag force is opposite to adhesion force. The adhesion force can vary from few to
hundreds picoNewton [110]. During reversible adhesion, adhesion is due to the adsorption of bacteria
onto the surface and the force is lower than during irreversible adhesion, when bacterial EPS are linked
by proteins to the surface. A high shear stress can induce a slow-down of the anode colonization
process by preventing bacterial adhesion [111]. Then, the few adhered bacteria could grow quickly and
colonize the entire surface. Thomen et al. [111] observed an increase in the lag time as a function of
the shear stress for values between 0.42 and 10 mPa although no effect was observed on the growth
rate.

Under higher shear stress, the biofilm thickness decreases and the density increases [110], [112], [113].
Lemos et al. [112] study the effect of shear stress on Bacillus cereus biofilm formation and observe a
decrease in the thickness (respectively 298, 220 and 108 um for a shear stress of 20, 120 and 170 mPa)
and an increase in volumetric density (respectively 12.9, 28.4 and 66.8 mg.cm). However, several
studies observed an increased biofilm thickness under higher shear stress conditions [114], [115]. In
fact, shear stress is at first favorable for biofilm formation due to a higher probability of contact
between bacteria and the surface and due to a better substrate transport to the surface of the biofilm
and thus within the biofilm [116], but then shear stress becomes unfavorable, decreasing bacterial
growth and increasing the rate of detachment. Park et al. [117] observed an optimal shear stress of
0.170 dyn s.cm for the surface coverage of a Pseudomonas aeruginosa PAO1 biofilm.

Few papers study the impact of the shear stress on bacterial communities [114], [118], [119]. Rochex
et al. [114] observed a decrease in microbial diversity after one week when the shear stress was
increased (from 55 to 270 mPa). On the other hand, for the microbial community analysis, PCR-single
strand conformation polymorphism (SSCP) technique, which does not identify the bacteria, was used.
Conflicting results were found at smaller shear stress. Fang et al. [119] observed that the bacterial
diversity increased when the shear stress increased (from 2.79 to 21.2 mPa). Their 16S rRNA gene
analysis revealed different bacterial communities under different shear stress conditions. In addition
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Figure 1.13. Forces applied on a particle under laminar conditions. The red arrow
symbolizes the adhesion force. Mt is the hydrodynamic moment, Fp is the hydrodynamic drag
and Ft is the hydrodynamic lift.

to shear stress modifying the biofilm bacterial community by selecting more bacteria that are resistant
the physical force, shear stress also appears to modify gene expression [120]. For example, the analysis
of the Staphylococcus aureus proteome revealed differential protein expression under shear stresses
between 50 and 1000 mPa [120]. But it is difficult to know if this differential expression is due to a
shear stress or a mass transport change.

Effect of shear stress on MFC

Few studies investigate the effect of the shear stress on MFC performances [115], [121]-[123]. Pham
et al [115] observed an increase in power production under a shear stress of about 120m Pa (120 s?)
in comparison to a shear stress of about 0.3 mPa (0.3 s}). The thickness and the density biofilm were
higher under a high shear stress than a low shear stress. Oliveira at al. [121] and Ajayi et al. [122] used
the Reynolds number as an indicator of the rotation speed and thus the hydrodynamic force. They
showed an increase in electricity production at higher Reynolds numbers: Ajayi et al. observed a higher
electrical current for Re=4900 than for Re=900, and Oliveira et al. show a higher power density for
Re=22317 than Re=2236 or Re=11152. However, these observations lead to more questions than
answers about the effect of shear stress on the bacterial composition and on physical structure: (i) are
there more interactions and so more electron transfer between bacteria under shear stress than static
conditions? (ii) is the biofilm thickness more dense under increased shear stress conditions leading to
a higher current density? (iii) is the proportion of the active biomass higher due to the preferential
detachment of dead biomass under increased shear stress conditions? (iv) is there a selection of EAB
under increased shear stress conditions? and (v) does shear stress modify the interactions between
different bacterial populations?
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In conclusion, few studies highlight the role of shear stress on functional and taxonomic bacterial
composition in complex environment. In MFCs, some studies observed a higher electricity production
as a function of fluid flow but the shear stress was not correctly controlled and no study investigated
the effect of shear stress on electroactive anodic biofilms, on bacterial composition, or physical

structure.
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Abstract: Chapter 2

This chapter aims to define the principle of the methods used throughout this thesis. As MFCs are a recent
and multidisciplinary subject, young researchers often have to learn experimental methods outside their field
of expertise. In this context, this chapter aims to define the principles and the limits of the different
experimental methods used such as electrochemical analysis, microscopy or sequencing. In addition, the
design, manufacture and implementation of microbial biopiles is on the one hand an important step in this
work and research on MFCs in general, and on the other hand is a work often overlooked in scientific
publications. This chapter describes this approach in more detail.
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2.1 Reactor conception

2.1.1. MFC bottles

MFCs with a “classical” configuration were used (Figure 2.1). The cathode was an air cathode created by
following the procedure of Cheng et al. [124]. It contains one catalytic slide (the inner side) and one
diffusion side (the outer side). The catalytic side is composed of carbon powder with 5% platinum powder.
The diffusion side is composed of 4 layers of PTFE (Polytetrafluoroethylene). Two different types of anodes
were used: carbon cloth and graphite rod (without platinum). The carbon cloth has a high resistivity in
comparison of graphite rod (respectively about 50 ohms/cm and 2 ohms/cm). The microscopic surface is
very different: the active surface of the carbon cloth is much higher than the active surface of graphite
rod.

2.1.2. Inoculum

Fiaure 2.1. MFC bottle with an air cathode.

The samples of wastewater or sludge come from the wastewater plant station of Feyssine (69120 Vaux-
en-Velin). Wastewater upstream of the plant station was used as medium. Dehydrated active sludge was
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Figure 2.2. Bacterial community composition at class and family levels in
active sludge.

added at 4g/L. The medium was amended by 1g/L of acetate sodium. The Figure 2.2 shows the bacterial
composition of active sludge. The major class was Betaproteobacteria and the major families were
Rhodocyclaceae and Comamonadaceae. The Shannon index was 4.15 (based on the number of genus) and
368.20 genus were detected (mean after 100 replicates on sampling of 26000 sequences).

2.1.3. Microfluidic multichannel MFCs

Reactor design

In the Chapter 4 and 5, the biofilm formation was studied as a function of the time for different shear
stress. First, MFCs with a shear stress flow chamber configuration was designed and built. The goal was to
control shear stress applied on the anodic surface, so the reactor should fit different constraints: (i) a
homogenous shear stress over space and time on the anodic surface, (ii) an easy control of shear stress,
(iii) an anodic surface large enough to extract DNA after an hour, (iv) an easily removable anode for
sampling. The configuration of a shear stress flow chamber was chosen for the quality control and the
homogeneity of the shear stress. The characterized hydrodynamics of this configuration was done
previously by S. Lorthois et al. [125], [126], and the forces applied on a particle wit this configuration were
given by M.E. O’Neil [127]. The dimensions were adapted to have a higher anodic surface. The electrodes
were added to the configuration. Three multichannel reactors were built (Figure 2.3). Each reactor
consisted of (i) one upper PMMA plate B (500x240x20 mm), (ii) one bottom PMMA plate A (500x240x20
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Figure 2.3. Schematic of a multichannel MFC configuration

mm) with different openings for fluid entrance and exit, and for the electrodes, (iii) one hollowed PTFE
plate shim (500x240x0.5 mm) to channel the fluid flow. The plates were held together by 70 screws and
bolts. The electrodes were a graphite rod (¢24x50mm) for the anode and an air cathode (24mm). A plastic
piece held each electrode and is easily removable by removing the two screws. An O-ring maintains seal
of the reactor.

Hydrodynamic of reactors

In order to ensure uniform flow, the Reynolds number should to be very low (less than 1). It is defined by
the following equation (2.1):

Re = ”LT” 2.1)

were Re is the Reynolds number, L the characteristic length in m, p the volume mass in kg.m=3, and v the
characteristic velocity of the fluid in m.s™. A diverging-converging channel at the entrance of the fluid
ensured a homogenous shear stress in the channel. The thickness of the channel was small (0.5 mm) in
comparison to the width of the channel (10 mm). In such a channel, the flow is theoretically a two
dimensional Poiseuille flow. The shear stress was uniform except near a very confined part near the
channel side walls. With this configuration, the shear stress could be expressed by the following equation
(2.2):
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r=32 0y

4w?t

where w is the half width of the channel in m and t the half thickness of the channel in m. The drag force
D applied on an isolated bacteria on a surface can be expressed as a function of the shear stress by the
equation (2.3):

D =32tr* (2.3)

with r the bacterial radius in m (about 1.10® m). The table summarizes the different values of Reynolds
number, shear stress and drag force as a function of the fluid flow.

t (mPa) Q (mL.h") Re D (pN)
1.0 0.75 0.021 0.032
5.0 3.75 0.104 0.160
10.0 7.50 0.208 0.320
50.0 37.50 1.042 1.600

Experimental set up

The experimental set up is illustrated by the Figure (2.4). An external resistance of 1000 ohms was used
for all the channels. The voltage of each channel was recorded every 20 min. A phosphate buffer was used
as medium amended with 1g/L of sodium acetate. Dehydrated active sludge from wastewater treatment
plant was added to the medium at a concentration of 4g/L. The pumps were syringe pumps or HPLC pumps
for higher fluid flow. Contrary to other types of pumps, these pumps ensure a homogenous fluid flow as a
function of the time. A loss of load was added at the outlet to ensure an equal fluid flow in each channel.
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Figure 2.4. Photography of the experimental set up. (A) and (B) Images of
the reactors. (c) Image of the reactor connected to a voltammeter and a
computer to recorder the cell voltage as a function of the time.



90| Page

2.2 Electrochemical analysis

2.2.1. Potentiostat operation

A potentiostat OrigaFlex OGF500 from Origalys using a range of current between 5nA and 500mA was to
characterize the extracellular electron transfer by cyclic voltammetry and to measure the maximal power
by linear voltammetry. A potentiostat controlled a three electrode cell by maintaining the potential of the
working electrode at a constant level with respect to the reference electrode by adjusting the current at
an aukxiliary electrode. By convention, a positive current is due to an oxidation reaction and a negative
current due to a reduction reaction. The Figure (2.5) (A) described a potentiostat. The working electrode
(the electrode where the studied reaction occurred) was the anode in MFC, the auxiliary electrode (or
counter electrode) was the cathode and a silver chloride electrode was used as reference electrode. The
silver chloride electrode is a redox electrode. The redox couple is the silver metal (Ag) and the silver
chloride (AgCl). A schematic of the silver chloride electrode is shown in the Figure (2.5) (B). The silver wire
was coated with a layer of silver chloride. A porous plug provided contact with the solution. The electrode
body contained a saturated solution of potassium chloride to stabilize the silver chloride concentration.
The potential of a silver chloride electrode in a saturated potassium chloride solution at 25°C with respect

Power
supply

Electrochemical cell Q) — Ag
WE m CE
® KClI =

solution
——AgCl
\
RE Porous
(A) plug *—\EJJ (B)

Figure 2. 5. (A) A schematic of a potentiostat representing the counter electrode (CE), the
working electrode (WE), the reference electrode (RE), an ammeter (1) and a voltammeter (V).
(B) A schematic of a silver chloride electrode.
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to the standard hydrogen electrode is + 0.197 V. No current circulated in the reference electrode, so the
electrochemical potential of the reference stayed stable.

2.2.2. Polarization curves

The polarization curves (the voltage of the MFC as a function of the current) were used to determine the
different overvoltages in the MFC and to calculate the power curves and the maximal power of the MFC.
Two methods were used to do this measurement. The simpler method consisted of modifying the external
resistance and measured the voltage of the MFC (Fig. 2.6. (A)). From the voltage as a function of the
external resistance, the voltage as a function of the intensity was calculated using the Ohm’s law (Fig. 2.6.
(B)). The second method used was linear voltammetry. Linear voltammetry consists of applying a linear
range of potential and measuring the current (Fig. 2.6. (C)). The linear range applied to the anode was from
the anodic equilibrium potential of the MFC in open circuit to that when the anodic potential was equal to
the cathodic potential. At the same time, the voltage of the MFC was recorded. This method measured
the voltage as a function of the current and observed the compartment of the anode and the cathode
separately (Fig. 2.6. (D)).

2.2.3. Cyclic voltammetry

During a cyclic voltammetry (CV) measurement, a linear ramp of potential is applied on the working
electrode, then the potential is ramped in the opposite direction to return to the initial value (Fig. 2.7.).
The cycle is repeated until the stability of electrochemical response. The figure (2.7.) represents the cyclic
voltammetry of a molecule redox in its reduced form. In the beginning (the yellow part), the reaction was
thermodynamically unfavorable for an oxidation and no current was observed. Then the molecules are
oxidized at a potential about -100mV and the current increased. In the second part (in red), the current
decreases due to limits of mass transfer. When the potential decreases (the green part), the oxided
molecules on the electrode surface are reduced and the current decreases. When all the molecules are
reduced (the purple part), the current increases until 0. In this example of voltammogram, an oxidation
peak (positive current) is observed at a potential of 20 mV and a reduction peak (negative current) at a
potential of -20mV. The equilibrium potential of this reaction is OmV. The height and the area of the peaks
give also some information about the velocity of the reaction.
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Figure 2.6. Polarization curves. (A) Method of measure with an adjustable resistance. (B)
Voltage as a function of the current obtained by the method (B) or deduced from the curves

(D). (C) Method of measure by linear voltammetry. (D) Potential of the anode and the cathode
as a function of the current obtained by the method (C).
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Figure 2.7. Cyclic voltammetry. (A) Potential applied at the anode as a function of the time
for one cycle. (B) Current as a function of the anodic potential.
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2.3 Microscopy and image analysis

2.3.1. Anodic biofilm observation by epifluorescence microscopy

An epifluorescence microscope was used to observe the biofilms. The biofilms were labelled using the
LIVE/DEAD BaclLight Bacterial Viability kit (ref. L7007). This kit is composed of two acid nucleic stains: SYTO
9 and propidium iodide. These stains differ both in their spectral characteristics and in their ability to
penetrate healthy bacteria. Bacteria with a damaged membrane are considered as dead as opposed to
bacteria with an undamaged membrane, which are considered as healthy bacteria. SYTO 9 is a green
fluorescent stain that can penetrate all bacteria whether their membrane is intact or not and the
propidium iodide, which is a red fluorescent stain, can penetrate only bacteria with a damaged membrane
causing a reduction in the SYTO 9 stain fluorescence. The biofilms were observed at magnification x200
and x500. A z-stack acquisition was used by stepping (every 1um) through the thickness of a sample using
a focal drive. The figure (2.8) shows an example of an image acquisition. For each sample, two series of
images were performed. Each series was composed of two images for each stain (green and red) multiplied
by the number of z-stacks.

2.3.2. Image analysis with image J

The images were analyzed by using the image J software. The green channel and the red channel were
treated separately. In the order to remove the out-of-focus signal recorded for each individual image,
different filters were applied. First, a 3D median filter was applied, then the background was subtracted
(Fig. 2.8). The green channel and the red channel were then grouped together to form a composite image.
Finally, the maximal intensity z-projection was used to quantify the percentage of coverage or to have a
general view of the image. The maximal intensity z-projection built an image from the maximal intensity
of each pixel as a function of the thickness z. The orthogonal view was used to observe the general
structure of the biofilm and to measure the thickness of the biofilm.
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Figure 2.8. Representation of a multidimensional stack. The channel 1 corresponds to the live
cell labelled by SYTO 9, and the channel 2 corresponds to the dead cell labelled by propidium
iodide. The thickness between each z-stack was 1um (only one stack every 2um is represented
here to facilitate the observations). The background was subtracted in the filtered images. The
composite image is the sum of the filtered channel 1 and 2 images.
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2.4 Sequencing

2.4.1. MiSeq lllumina technology

Flow Cell Cycle 1 Cycle 2

Q.

Cycle 3 Cycle 4

Cycle 5 Cycle 6

Q-

illumina

Cycle 7

Cycle 8

Base Calling Cycle 9

GATGCTACG QS

Figure 2.9. MiSeq lllumina technology (adapted from www.lllumina.com). (A) Image
of a MiSeq. (B) Image of a flow cell and the images taken at each cycle to detect the
fluorescent signal to identify the bases.

The lllumina MiSeq technology is a new generation sequencing (NGS) which sequences several millions of
small fragments (about 300bp) at the same time (Fig. (2.9.) (A)). The technology consists of a DNA fragment
amplification on a flow cell and a sequencing of these clusters by chemical synthesis (Fig. (2.9.) (B)). The
sequencing by chemical synthesis consists of the synthesis of the second DNA strand by incorporation of
fluorescent nucleic acid. Each base has a specific fluorescent, and at each incorporation an image is taken
to identify the base. The principal steps of sequencing are described in the Figure (2.10). The library
preparation obtained DNA fragments with the adapters which interact with the flow cell, the index to
recognize fragments from a same sample and the sequencing primer binding. Then DNA fragment are
loaded in the flow cell. The fragments are linked on the surface flow cell by adapters. The fragments are
amplified generating a cluster of identical DNA fragments. Finally, the fragments are sequenced: one base
is incorporated per cycle. Each cluster emits the same fluorescent signal allowing to identify the base. It is
possible to do pair-end sequencing which allows to sequence both ends of a fragment (2x300 bp) to obtain
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a longer sequence (about 550 bp). For example, for a DNA fragment of 550bp, it is possible to sequence
one end and generated a read of 300bp (readl), to sequence the other end and to have another read of
300bp (read2). Read 1 and read 2 are pair-end sequences. There is a coverage of 50 bp in the central region
which can be used to assemble both reads to generate a longer sequence of about 550bp. More
information is available in the Illumina website in the rubric Support >> Training (here).

P5 DNA Insert Rd2 SP
5 s Sl
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Index Index

@ % 0o°®

Cyclet : Add sequencing reagents
First base incorporaled
Remove unincorporatad bases
Ditect signal, deblock and defluor

Cycle 2-n : Add sequencing reagents and repeat

Figure 2.10. Schematic of the different steps for sequencing (adapted from
www.lllumina.com). (1) Library preparation. (2) Sample load in the flow cell. (3) Cluster
generation. (4) Sequencing by chemical synthesis.
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2.4 2. Bacterial identification

The bacterial identification was performed with the sequences of the 16S rRNA gene, which is the
molecular clock of evolution (see Chapitre 1 for more explanations). The 16S rRNA gene has about 1500
bp (which is too long to sequence by MiSeq) and contains nine hypervariable regions from about 30 to
100bp. These hypervariable regions can be used to identify bacteria. In this work, the region V3-V4 was
amplified (creating an amplicon of about 460bp) and sequenced using the lllumina protocol “16S
Metagenomic Sequencing Library Preparation” [128]. The library preparation was performed using the
Nextera XT kit. 4x96 samples were loaded in a version V3 flow cell generating about 25 000 reads per
samples. After obtaining the sequences, they were compared to a database to identify bacteria. Two major
databases exist for 16S rRNA gene: SILVA and RDP databases. The difference between these databases is
the way they have been curated. In SILVA database, environmental sequences are accepted but not in the
RDP database. In this work, the RDP database was used. The alignment of the sequences against the
database was performed using the RDP classifier software. As the DNA fragments were from just one
region of the 16S rRNA gene, the taxonomic assignation was not performed at the species level but at the
genus or higher level (two bacteria belong to different species if there is less than 97% of homology
between their entire 16S rRNA gene)

2.4.3. Functional identification

In this work, metagenomics analysis was done to identify the potential function involved in the EET. The
library preparation was done using the Nextera XT kit, and following the protocol of lllumina “Nextera XT
DNA Library Prep Kit”. The protocol consists of a fragmentation of DNA sample into small fragment size
and to tag DNA with adapter sequences. This step is done by an enzyme. For this reason, the size of the
fragment was not still centered on 500bp and the standard error around this mean was more or less high
dependent of samples. Then, the DNA fragments were loaded in a version V3 flow cell and sequenced. As
the DNA fragment sizes were large (often more than 550bp), the sequences were not paired. The
sequences of the read 1 and the read 2 were considered as technical replicates. The sequences were then
identified by comparison to a database. The database used was the non-redundant protein database (nr)
from NCBI (National Center for Biotechnology Information). This database contains a high quantity of
sequences from curated (RefSeq, SwissProt, PDB databases) and non-curated databases (Genbank,
GenPept, trEMBL databases). This alignment was done to obtain a general view of the potential functions
present in the samples. A second alighnment was done against more precise databases containing only
protein sequences coding for a function involved in the EET. These databases were created from the non-
redundant curated protein database, RefSeq.
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Abstract: Chapitre 3

Recently, electroactive bacteria (EAB), which are capable of reducing magnetic iron oxide particles or
electrodes, created a strong interest in their capacity to produce electricity. Several applications of this
capacity, such as sustainable energy production and biosensors for dissolved organic carbon (DOC)
have been studied especially in wastewater treatment plants. However, the application development
needs more investigations about bacterial community succession and selection of EAB during the
specialization of the electroactive biofilm from original bacterial communities of wastewater. The goal
of this study was to understand how EAB selection takes place by following bacterial competition or
synthrophy in microbial succession during electroactive biofilm formation. MFCs were set up in
duplicate under different external resistances in order to aid or hinder electron flow. Biofilm formation
was followed by fluorescence microscopy. The electrocatalytical activity was measured by maximal
power measurements and cyclic voltammetry. Bacteria were identified by 16S rRNA gene sequencing
over time. Major results show two steps in biofilm formation: first, nonspecific EAB with flexible
metabolisms and using indirect EET grow in all MFCs whether they are producing electricity or not,
then specific EAB adapted to direct EET become more competitive and dominant in the biofilm. The
second step happened only in MFCs producing electricity and corresponded to an exponential increase
of electricity production. The results show a competition between different specific EAB, especially
between Geobacter and Desulfuromonas, during the second step, but this did not lead to differences
in electricity production. These results help us understand biofilm competition and could improve our
control of biofilm formation. An inhibition of the first step should decrease the competition between
nonspecific and specific EAB during anode colonization and increase final electricity production.
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3.1 Introduction

Bacteria that are capable to reduce metal oxides, such as ferric or manganese particles, created strong
interest in both their metabolism and their potential industrial applications. These bacteria, called
electroactive bacteria (EAB), can use an electrical electrode as electron acceptor. Several applications
of this capacity were considered, such as sustainable energy production for wastewater treatment and
biosensors for the dissolved organic carbon (DOC). Unfortunately, the development of EAB
applications for wastewater treatment has slowed since electricity production has not reached hoped
for levels. These low levels could be due in part to the number and activity of EAB in the anodic biofilm.
The biofilm formation on the electrode is a crucial step for the selection of EAB in the biofilm. However,
the technological development needs better control of the bacterial community succession and
selection of EAB during the development of the electroactive biofilm from the original wastewater
bacterial inoculum.

While EAB are mainly represented by Geobacter sulfurreducens [34] and Shewanella oneidensis [31],
[32], they can belong to a large diversity of taxa [61], [62]. They are present in nine classes:
Alphaproteobacteria, Betaproteobacteria, Deltaproteobacteria, Gammaproteobacteria,
Acidobacteria, Cyanobacteria, Actinobacteria, Bacilli, and Clostridia. The two classes,
Deltaproteobacteria and Gammaproteobacteria, contain the largest numbers of EAB genus, six and
ten, respectively [61]. Several mechanisms can be used by EAB to transfer their electrons onto an
insoluble electron acceptor. The transfer (EET) can be direct or indirect. In indirect EET, bacteria used
endogenous or exogenous shuttles to transfer their electrons. Many bacteria can use redox shuttles
such as phenazine (Pseudomonas) [129] or members of the flavin (Shewanella) family [90], [95], [130],
[131]. These bacteria are often facultative aerobic bacteria that are capable of using a large diversity
of soluble and insoluble electron acceptors [61]. Shuttle molecules can play other roles than EET, such
as intercellular communication, which has been well studied in Pseudomonas [132]-[134]. In direct
EET, EAB can transfer their electrons directly either from outer membrane c-cytochrome proteins to
the anode or via conductive pili named nanowires [36], [37]. These bacteria are often strict anaerobes
(e.g., Geobacter sulfurreducens) that are only capable of using a limited number of electron acceptors
(which are often insoluble). Most environmentally inoculated systems (such as with bacteria from
wastewater treatment plants) have a potential diversity of EAB in the subsequent electroactive biofilm.
The taxonomic diversity of these anodic biofilms can be determined through 16S rRNA gene
sequencing. The MFCs with a higher relative abundance of Geobacter often have the best electrical
performances [17]. However, mixed-cultures often generated higher power than pure cultures.
Recently, some studies investigated the taxonomic diversity and structure of mixed-species anodic
biofilms [17], [63]-[68]. The major taxa varied from one study to another as Deltaproteobacteria [67]
[68], Betaproteobacteria [17], and Bacteroidetes [65] were all observed to be the major bacteria
present in one study or another. Stratford et al. [66] investigated the relation between different
parameters on bacterial diversity and electrical power production. They showed that the Shannon
index was positively correlated with power production. In other studies, MFCs with a higher power
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production had lower Shannon indexes [67]. The role of each taxon in electroactivity and the biofilm
formation is still not well known. Most of the anodic community studies are often a study at one point
in time. Few studies observed the evolution and the formation of the biofilm during the colonization
of the anode [69], [70]. Hodgson et al. studied the anodic microbial communities in a MFC cascade at
different times during biofilm formation. They highlighted the relationship between the fermentative
and anodophilic populations in MFC. Paitier et al. showed the interest in examining early microbial
community shifts and that the competition between EAB seemed to be critical during the colonization
of the anode. More investigations about the dynamic behavior of biofilm formation would help our
understanding of the role of bacterial communities and their interactions in anodic biofilm.

The goal of this study was to understand how EAB selection takes place by following bacterial
competition or synthrophy in microbial succession during electroactive biofilm formation. MFCs were
set up in duplicate under different external resistances in order to aid or hinder electron flow. Biofilm
formation was followed by fluorescence microscopy. The electrocatalytical activity was measured by
maximal power measurements and cyclic voltammetry. Bacteria were identified by 16S rRNA gene
sequencing over time.
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3.2 Materials and methods

3.2.1. MFC setup and sampling

Single-chamber batch MFCs were set up in in 250mL Wheaton bottles in the laboratory at ambient
temperature. The anode consisted of one 10 x 15 cm piece of carbon cloth. The carbon cloth would be
cut during sampling to have 25 0.5 x 8 cm pieces as shown in the Figure 3.1. The cathode was prepared
with PTFE coating and 5% of platinum catalyst as described by Cheng et al. [124]. The MFCs were filled
with 250mL of primary effluent and 1g of dehydrated sludge from a Grand Lyon domestic wastewater
treatment plant (Lyon, France) and fed with 1g/L of sodium acetate. The experiment was done in
duplicate (a and b) separated by a period of 3 months. 2x4 MFCs were started with different external
resistances: 1000 ohms (M1000a and M1000b), 330 ohms (M330a, M330b), without resistance (MOa
and MOb) and two with an open circuit simulating an infinite resistant (Minfa, Minfb). The MFC voltage
was recorded every 5 minutes with a precision of 1pV.

For each time point (0.5, 1, 4, 8, 24, 48, 72, 96, 168, 240 and 360 hours), two samples of 800uL were
taken from liquid medium and two anodic samples of 0.5 x 8 cm were taken in each MFC. One part of
the anode (0.5 x 6 cm) was used for DNA extraction and one part (0.5 x 2 cm) was used for microscopic
observations. In order to compare the evolution of electroactivity, the maximal power was determined
by polarization curve analysis and cyclic voltammetry for the time points 48, 96, 168, 240, and 360
hours.

Current collector

'9%17 Carbon cloth

8100 mm

ww og

25 strips

Figure 3.1. Schematic of the anodes. The anode was constituted of 25 carbon cloth
strips of 80 x 5 mm. A titanium strip was use as the collector.

3.2.2. Electrochemical measurements

The polarization curves of MFCs were measured at different time points by linear voltammetry with a
rate of either 1 mV/s or 0.5 mV/s in a three electrode system. The anode was used as the working
electrode, the cathode as the auxiliary electrode and an Ag/AgCl electrode was used as the reference
electrode. The potential of the reference electrode Ag/AgCl was +198mV versus a standard hydrogen
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electrode. All electrochemical potentials were expressed versus Ag/AgCl. A voltammeter was added to
measure the cell voltage during the linear voltammetry measurements. Under these conditions, the
voltage of the cell, and the anodic and cathodic potential could be determined as a function of the
current density. The cyclic voltammetry (CV) of the anodes was performed using the same three
electrode system. The CV experiments scanned the potential range from -0.6V to 0.8V vs Ag/AgCl with
a rate of 10mV/s.

3.2.3. Microscopic observations and image analyses

The anodic biofilms were observed by fluorescence microscopy. The samples were labelled using a
LIVE/DEAD Baclight Bacterial viability kit (Invitrogen). An aliquot (1.5uL) of SYTO9 and 1.5uL of
propidium iodide were mixed in 2mL of sterile NaCl 0.8%. Then, 200uL were deposed on each sample
anodic biofilm. Samples were incubated for 15 min in the dark before observations. Four images were
taken per sample using a z-stack of one image per 10 um and a focus of x 200. The image size was 1388
x 1040 pixels with a resolution of 150 ppp.

The coverage percentage and the proportion of active and inactive bacteria were determined using
the Imagel software [135]-[137]. The green and red channels were treated separately. In the order to
remove the out-of-focus signal recorded for each individual image, different filters were applied. First,
a 3D median filter was applied and then the background was subtracted with a rolling ball radius of 50
pixels. After which, the maximal intensity z-projection was applied. Finally, a threshold was applied for
each channel. The number of white pixels of each channel divided by the total number of pixels was
calculated for the coverage percentage of active and inactive bacteria.

3.2.4. Sequencing analyses

For each sample (0.5 x 6 cm?2), DNA was extracted using the Nucleospin Soil kit. The solution SL1 was
used for the cell lysis and DNA was eluted using 2 x 25uL of the elution solution. Then, the V3-V4 region
of 16S rRNA gene was amplified using Platinum Tag DNA Polymerase of ThermoFisher Scientific. The
forward primer sequence was:

5' TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG 3,

and the reverse primer sequence was:
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5 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC. The PCR program was
95°C for 3 minutes, 25 cycles of 95°C for 30 seconds, 55°C for 30 seconds and 72°C for 30 seconds, then
a final step of 72°C for 5 minutes. The resulting amplicon size was about 550 bp. The library preparation
was performed following the lllumina protocol [128]. The amplicons were sequenced by a paired-end
MiSeq sequencing using the technology V3 of lllumina with 2 x 300 cycles. The adapter sequences were
removed by internal lllumina software at the end of the sequencing (forward overhang
5'TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG and reverse overhang
5'GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG). Due to bad base quality at the end of the read 2,
the read 2 sequences were cut at the 200" base using the command —fastq_filter and the option —
fastq_trunclen of USEARCH [138]. Pandaseq [139] was used to linked the read 1 and 2 using a minimal
and maximal length of 430 and 490bp, a minimal and maximal overlap of 30 and 60bp, and a quality
threshold of 0.9. Other parameters were left at the default values. The mean and the median of the
paired sequence percentage were respectively 90.59% (standard error 6.00%) and 90.62%. The
repartition of the sequence number after paired-end assembling is shown in the Figure 3.2. (mean =
51446 + 18240 sequences per sample). The resulting sequences (length mean: 460bp) were annotated
by the RDP classifier [140] using the RDP database and an assignment confidence cutoff of 0.8. The
statistical data of the annotated percentage as a function of the taxonomic rank are shown in the
Figure 3.3. The annotated percentage median decreases in respect of the hierarchical taxonomic
group: 99.95% of sequences were annotated at the domain level, 95.07% at the phylum level, 89.00%
at the class level, 82.84% at the order level, 78.61% at the family level, and only 56.01% at the genus
level. In the bacterial community analysis, family rank was chosen as a good compromise between the
precision of the taxonomic rank and the annotated percentage. Two bacterial communities were
particularly examined: the nonspecific adapted EAB (composed of Pseudomonadaceae,
Comamonadaceae, and Moraxellaceae), and specific adapted EAB (composed of Geobacteraceae,
Desulfuromonadaceae, Clostridiaceae, and Desulfovibrionaceae).
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Figure 3.2. Histogram of the repartition of the number of samples in function of
the number of sequences



Page | 107
3.2.5. Statistical analysis

The diversity analysis was done at the genus level using R software [141] and the R package vegan
[142]. Two hundred random subsamples of 10000 sequences each were repetitively taken in each
sample in order to compare the diversity between samples. The mean of the number of genus and the
mean of the Shannon index was calculated for each sample from these 200 subsamples. Statistical
tests were done using R software. Normal distribution of data was tested using the function
shapiro.test. If the data followed a normal distribution, parametric tests were privileged. Otherwise,
non-parametric tests were used.
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Figure 3.3. Boxplot of the annotated percentage in function of the hierarchical
taxonomic group.
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3.3 Results

3.3.1. Evolution of the electroactivity function of the anodic
biofilms

Electricity production

The cell voltage was recorded as a function of the time during the experiments (Figure 3.4).
The open circuit MFC (MFCinfa and MFCinfb) increased quickly from the first day, until an equilibrium
voltage of 700mV. But no current could circulated in the external circuit. The electricity production of
MFCs operating with an external resistance of 330 or 1000 ohms started to increase at the same time:
the 3™ day of the experiment “a” and the 5™ day of the experiment “b”. The electricity became stable
after 5 and 7 days in the experiments a and b, respectively. In both experiments, the electricity
production was similar under the same conditions: a cell voltage of about 200mV (corresponding to a
current density of about 20mA/m?) for MFC330a and MFC330b, and about 350mV (corresponding to
a current density of about 23mA/m?) for MFC1000a and MFC1000b. The cell voltage of the MFCs
without external resistance stayed low at about 600uV after 2 weeks. The current density started to
increase on the 4™ day and the 6 for MFCOa and MFCOb, respectively. The current density became
stable on the 5" and 8" day (corresponding to a current density of 26 and 20 mA/m?) for MFCOa and
MFCODb, respectively.

The maximal power density was measured at different times in order to compare the electroactivity
activity of biofilms (Figure 3.5). After 2 days, the maximal power density was similar for the eight MFCs
(3.74 £1.33 mW/m?). The maximal power density was calculated for a current density of 15.54 + 7.26
mA/m?2. In the experiment a, the maximal power density increased quickly for MFCOa, MFC330a and
MFC1000a until reaching a similar power density of 50.21 + 10.83 (for a current density of 173.06 +
31.61 mA/m?). MFCinf stayed low even after 2 weeks in both experiments. The maximal power
densities increased faster in the experiment a than in the experiment b. While the maximal power
densities were higher in the experiment b than a for MFCO, MFC330 and MFC1000, the current
densities for these MFCs were more similar between the experiments. In both experiments, MFC330
produced the best maximal power density of 58.82 +.5.45 mW/m? (corresponding to a current density
of 208.99 + 3.41 mA/m?).
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Figure 3.4. Electricity production as a function of time of MFCs. The experiment
was performed in duplicate (a and b). The MFCs were set up with different external
resistance: 1000 ohms (purple), 330 ohms (yellow), 0 ohms (green) and an infinite
resistance (electrode are disconnected) (gray).

(A) Voltage of the MFCs as a function of time. The voltage of MFC with different
external resistance was measured as a function of time during two weeks.

(B) Current density as a function of time, calculated by the equation I1=U/R. The
resistances for MFC0Oa and b was considered of 2 ohms (the cable resistance).

Cyclic voltammetry

In order to characterize the EET of biofilms, cyclic voltammetry was performed at different times
(Figure 3.6). No catalytic activity was observed in MFCinf a and b. In the experiment a, an oxidative
peak was observed after two days at around a potential of -100mV versus Ag/AgCl and a reductive
peak at around -550mV versus Ag/AgCl in MFCOa, MFC330a, and MFC1000a. This profile was similar to
profile from redox molecules with an equilibrium potential of -300mV versus Ag/AgCl. After 10 days,
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the profiles were no longer similar to those of redox molecules. An oxidative peak was observed at
around a potential of -450mV in MFCOa, MFC330a and MFC1000a. This peak was still observed after
15 days in MFCOa and MFC330a. A second oxidative peak at -300mV versus Ag/AgCl was present after
10 and 15 days in MFC330a and MFC1000a, respectively. A third peak at -250mV was observed in
MFC1000a after 15 days. The number of catalytic sites seemed to increase over time. In the experiment
b, an oxidative peak at around -100mV versus Ag/AgCl was also detected after 2 days, but only in
MFCOb and MFC330b. After 10 days, an oxidative peak was observed at -350mV in MFCOb, MFC330b,
MFC1000b. A second oxidative peak was detected at -250mV in these MFCs after 15days, and a
reductive peak at -300mV. It is interesting to note that after 10 days an oxidative peak can be observed
in MFCO, MFC330 and MFC1000 of the experiment a or b during the back sweeping of the cyclic
voltammetry. This profile can be observed for direct EET for some proteins [143].

(A) Experiment a (B) Experiment b
60.00 1 T R
:E‘ ~&—MFC0a
£ 45.00 ~0—MFC330a
£ A~ MFC1000a
; —{O0-MFCinfa
8 30.00 -
TEH & MFCOb
= MFC330b
£ 15.00 1 e
A& MFC1000b
&;/D\D—/D ~B-MFCinfb
0.00 & . : : : . .
2 4 6 8 10 12 14 2 4 6 8 10 12 14
Time (days) Time (days)
b 250.00
70.00 - —
T E
E 60.00 - < 200.00
E E
E 50.00 1 - B MFCO
= 2 2 150.00
% 40.00 § g B MFC330
£ 3000 | 5 £ 100,00 BMFC1000
E R ]
% 20.00 o8 O MFCinf
= @
10.00 4 ‘f‘ 50.00
(=]
e
0.00 - T 0.00
2 14
Time (days) Time (cays)

Figure 3.5. Electricity production as a function of time. (A) Maximal power density
of the experiment a as a function of time. (B) Maximal power density of the experiment
b in function of the time. (C) Maximal power density mean of the experiments a and
b. The error bars are the standard error. The letters a and b indicate significantly
different groups after a Wilcoxon test at a p-value< 0.01. (D) Current density means
of the experiments a and b corresponding to the maximal power. The letters a and b
indicate significantly different groups after a Wilcoxon test at a p-value< 0.01. The
error bars are the standard error.
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Figure 3.6. Cyclic voltammetry analysis. Cyclic voltammetry measurements were
done at different time points in a three electrode system: the anode as the working
electrode, the cathode as the auxiliary electrode and an Ag/AgCl electrode as the
reference electrode. The electrochemical anodic potentials were expressed versus the
electrochemical potential of the reference electrode Ag/AgCl (+198mV). The cycle rate
was 10mV/s. (A) and (D) were measured after 2 days. (B) and (E) were measured
after 10 days. (C) and (F) were measured after two weeks.

3.3.2. Growth of biofilms

The biofilm formation was followed as a function of the time by fluorescence microscopy in all eight
MFCs (Figures 3.7 and 3.8). During the first two days, the biofilm growth on the anode is low, with a
total coverage percentage of 17.44 +5.25 % in the experiment a, and 8.11 £ 1.90 % in the experiment
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b after 2 days (Figure 3.7). After 4 days, the coverage percentage became stable with a total coverage
percentage of about 40% in the experiment a and 20% in the experiment b. However, the images (F)
and (G) of the Figure 3.8 show that even if the coverage percentage stayed stable, the biofilms
thickened between 4 and 15 days.

3.3.3. Evolution of the bacterial communities
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Figure 3.7. Surface coverage percentage of the anode as a function of time. The
coverage percentage was determined by image analysis from microscopy
observations of biofilms, previously labelled with a LIVE/DEAD kit. The coverage
percentage of live bacteria is in green, dead bacteria in red and the total biofilm
coverage is in black. Points represents the mean at each time of the four MFCs for
the experiment a and the four for experiment b. The error bars represent the standard
error calculated from eight different images.

In order to know the bacterial community dynamic for the anode colonization, DNA was extracted at
different times and the 16S rRNA gene was sequenced by MiSeq Illumina paired-end sequencing. The
sequences were annotated using the RDP databases [140], [144]. From annotated sequences, two
major communities were identified: EAB specifically adapted to EET using a direct EET as
Geobacteraceae, and EAB nonspecifically adapted to EET using mainly an indirect EET and which could
use diverse other soluble electron acceptors as Pseudomonodaceae (Figure 3.9). The relative
abundance of nonspecific EAB increased very quickly until reaching over 80% at the second day in every
MFC. Then, from the 4" day onward, their relative abundance decreased until reaching 24.19, 20.78,
31.35, and 40.51% for MFCO, MFC330, MFC1000 and MFCinf, respectively. The major genus present
of the nonspecific EAB were Pseudomonas, Acinetobacter, and Comamonas. The relative abundance
of specific EAB increased from the 4™ day onward in MFCs producing electricity (i.e., MFCO, MFC330,
and MFC1000), and more in MFCs with a higher electricity production (MFCO and MFC330). After two
weeks, the relative abundance of specific EAB was 51.61, 39.61, 30.37, and 8.74% in MFCO, MFC330,
MFC1000 and MFCinf, respectively. The major genus of specific EAB were Geobacter and
Desulfuromonas.
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15 days

Figure 3.8. Anodic biofilm growths. Biofiims were observed in fluorescence
microscopy using a focus x200 (A-E) or x500 (F and G). Biofilms were labelled using
a LIVE/DEAD Bactlight viability kit. Dead bacteria with damaged membrane are red,
whereas bacteria with an undamaged membrane are green. Presented images are
biofilms from the MFCOa taken at different times: after 1 hour (A), 2 days (B), 4 days
(C and F), 7 days (D) and 15 days (E and G).

In order to know if the EAB selection was mirrored in the liquid medium, samples from the liquid
medium were taken and the 16S rRNA genes were sequenced over time. We observed a similar
increase in the relative abundance of nonspecific EAB in the liquid medium until the 4" day (around
80%), followed by a decrease in the relative abundance of this community as in the anodic samples.
Contrary to anodic samples, the specific EAB did not increase in the liquid medium. After 2 weeks, the
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relative abundance of specific EAB was only 11.40, 14.32, and 11.44% in MFCO, MFC330, and MFC1000,
respectively. Their relative abundance in the MFCinf was 9.03%. So, the EAB increase was not observed
in the liquid medium. In conclusion, two steps were observed, a first step where the relative abundance
of nonspecific EAB increased in the liquid medium and in the anodic biofilm and a second step where
specific EAB increased in the anodic biofilm.
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Figure 3.9. Relative abundance of two bacterial communities: specific EAB and
nonspecific EAB. The relative abundance of these communities is represented as a
function of time for biofilm (left column) and liquid medium (right column). The points
represent the means of samples from the experiments a and b. The error bars
represent the standard errors of samples from the experiments a and b.



Page | 115
3.3.4. Evolution of the biofilm diversity

A decrease of the biofilm diversity was an indicator of specialization of an environment. The first group,
A, represents the microbial communities in the initial state. Two other groups were defined as a
function of the dynamic communities previously described in the paragraph 3.3.3 above: a group, B,
consisting of anodic biofilms from day 1 to day 4 and a group, C, consisting of anodic communities from
the 4th to the 15th day. For these three groups, the number of genus was calculated as an indicator of
the richness of the microbial community and the Shannon index was also calculated as an indicator of
richness and evenness of the microbial diversity. A strong decrease of the number of genus was
observed after one day. The median of the genus number was 232.88 in the group A and only 95.20
and 114.91 respectively in the group B and C (Figure 3.10). So an estimated difference of 126.4 + 12.5
genus between the group A and B, and of 115.8 + 9.1 genus between the group A and C was observed.
No difference was observed before and after 4 days (group B and C), with an estimated difference
between both groups of 10.7 + 15.2 genus.

The Shannon index decreased after one day. The median was 2.836 in the group A and 1.526 in the
group B, presenting difference with a p value = 2.0 10 (Table 3.1). Although the number of genus did
not increase after 4 days, the Shannon index increased to 2.168 after 4 days. In conclusion, the diversity
decreased strongly in the anodic biofilms during the first days in terms of richness and evenness and
then the richness stayed low while the evenness increased again.

Shannon index

Group A/B Group A/C Group C/B
p value 5.0E-02 6.2E-01 1.7E-02
estimated difference 0.658 0.125 0.533
[0.264-1.052]  [-0.221-0.471]  [0.292 - 0.774]
Number of Genus
Group A/B Group A/C Group C/B
p value 2.0E-06 3.9E-07 3.8E-01
estimated difference 126.4 115.8 10.7

[113.9-138.9]  [106.7 - 124.8] [-5.5 - 26.8]

Table 3.1. Statistical paired Student test from diversity data. The groups
correspond to means of samples from each MFC before day 1 (Group A), after one
day and before 4 days (Group B), and after 4 days (Group C). Normality conditions
were previously tested using a Shapiro-Wilk test. The difference between paired data
was tested between the three groups. P value, estimated difference and the interval
of confidence at 80% of this estimated difference are presented in this table.
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Figure 3.10. Evolution of the biofilm diversity. Boxplot of the means of genus
number and Shannon index in function of time. Three groups were formed in function
of time from biofilm samples: samples before day 1 (Group A), samples from between
day 1 and day 4 (Group B), and samples after 4 days (Group C). Means were
calculated for each MFC. Resulting data were three groups of 8 values.
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3.4 Discussion

3.4.1. Specialization of the anodic biofilms

The goal of this study was to understand when and how the selection of EAB happens in the anodic
biofilm formation. The results showed that there are two steps in the biofilm formation. First, the
richness and the evenness of the diversity decreased during the first four days. Nonspecific EAB, using
mainly indirect EET grew. They can use a large diversity of carbon source and electron acceptors. In
our study, Pseudomonas was the major genus of this group as shown previously [129]. Bacteria
identified in the cathodic community were Acinetobacter also as observed previously [42], [145], [146].
During this phase, the electricity production began but stayed relatively low. We hypothesized that
this community used other electron acceptors such as oxygen and nitrate to grow quickly. Since they
used soluble electron acceptors, they grew on both the anode and in the liquid medium. They probably
secreted redox molecules for EET to the anode, but maybe also to communicate for the biofilm
formation as Pseudomonas is known to use quorum sensing during biofilm formation [132], [133]. In
addition, quorum sensing could favor the electroactivity in mixed biofilm community [147]. The cell
voltage was low and the electrochemical potential of the anode was relatively high at this stage
(Table3.2. . We hypothesized that electrons could be taken up by bacteria usually present in the
cathodic community. In conclusion, this community might use EET to communicate and grow, and the
electron flux would evolve progressively from a chaotic flux to a directional flux. This step would occur
in all the MFC regardless of the external resistance or electrical conditions.

Experiment a

Time MFCOa MFC330a MFC1000a MFCinfa
2 -40.25 -60.25 64.75 -490.25
4 -200.25 -435.25 -504.25 -577.25
7 -430.50 -479.25 -460.25 -511.00
15 -266.25 -458.25 -435.25 -461.25

Experiment b

Time MFCOb MFC330b MFC1000b MFCinfb

2 36.75 56.75 19.75 -254.25
4 -28.73 -70.41 -82.34 -420.76
10 -299.25 -367.25 -385.25 -437.25
15 -488.25 -475.25 -496.25 -526.25

Table3.2. Anodic potential in mV for the 8 MFCs and at different time. The results
are expressed versus Ag/AgCI
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During the second step, the relative abundance of nonspecific EAB decreased, potentially due to the
decrease of the other electron acceptors such as oxygen and nitrogen. The electrochemical potential
of the anode decreased. Specific EAB that are more dependent on EET for their growth increased.
Geobacter and Desulfuromonas were the major genus of this community in our study. The microbial
richness stayed low but the microbial evenness increased. The electricity production increased in terms
of current density and maximal power density (Figure 3.11). The growth of specific EAB was more
dependent of electricity production. Their relative abundance increases as a function of the maximal
power density with a Spearman correlation coefficient of 0.79 (p-value<0.001). On the other hand,
nonspecific EAB were negatively correlated with the maximal power density (Figure 3.11). The
Spearman coefficient correlation was -0.72 (p-value<0.001). So, this step could not happen in the
MEFCinf. For this reason, this community can only grow on the anode and not in the liquid medium.
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Figure 3.11. Correlation between the maximal power density and (A) specific

EAB, and (B) nonspecific EAB. The points represent the experimental data and
the line represents the linear tendency function.
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3.4.2. Bacterial competition/colonization in the anode biofilm

Different competition happened during anode colonization. First, there was a competition between
nonspecific and specific EAB. Nonspecific EAB colonized the anode first, because their growth was
faster, and because they could use soluble electron acceptors that are energetically more favorable,
such as oxygen and nitrate. They grew fast but the anode coverage percentage was still low after 4
days. After the consumption of soluble electron acceptors, specific EAB became more competitive and
colonized the anode (as there was still plenty of available anodic surface). During the second step, the
space for the anode colonization decreased and there was competition between different specific EAB
(e.g., the major bacteria in the specific EAB community) as observed in the 20 samples where the
relative abundance of specific EAB was higher than nonspecific EAB. When Geobacteriaceae increased,
the relative abundance of Desulfuromonodaceae decreased (Figure 3.12). The Spearman coefficient
correlation was -0.735 with a p-value< 0.001. If there was no competition between these two families,
these groups should have increase simultaneously. However, it difficult to know if this competition is
due to anode accessibly or to the carbon source.

3.4.3. Effect of external resistance on the bacterial community

Several studies have examined the effect of external resistance on electricity production [148]-[151].
In our study, no significant difference of maximal power density was observed for MFCs with
resistances of 0, 330 and 1000 ohms. However, the bacterial communities (measured by the relative
abundance of EAB, genus numbers, and Shannon index) were different as a function of external
resistance. After two weeks, the relative abundance of specific EAB was lower when the external
resistance was higher (51.61+17.53, 39.61+5.89, 30.37+7.12 and 8.74+5.87% for MFC0O, MFC330,
MFC1000 and MFCinf, respectively). After two weeks, the genus number and the Shannon index
increased when the external resistance was higher (genus number: 123.348.5, 127.549.0, 137.7+17.5
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Figure 3.12. Bacterial competition between EAB. The relative abundance of
Desulfuromonadaceae is drawn in function of the relative abundance of
Geobacteriaceae. Only the 20 samples where the relative abundance of specific EAB
were higher than nonspecific EAB were used.
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and 162.7+13.1 for MFCO, MFC330, MFC1000 and MFCinf, respectively; the Shannon index: 2.09+0.40,
2.54+0.12, 2.76+0.40, 3.20+0.23 for MFCO, MFC330, MFC1000 and MFCinf, respectively). Previous
studies showed the effect of external resistance on bacterial communities and electricity production,
but without identifying the bacterial populations [148].

3.4.4. Conclusion

Our major results show a two-step process in the biofilm formation. The first is the selection for
nonspecific EAB with their flexible metabolism and ability to use indirect EET to grow in all MFCs
whether they are producing electricity or not. The second step is the selection of specific EAB adapted
to direct EET only in MFCs producing electricity and their growth corresponded to an exponential
increase in electricity production. Also, the results showed competition between different specific EAB,
especially between Geobacter and Desulfuromonas during the second step, although it did not seem
to affect electricity production. These results could be used to understand and control biofilm
formation. An inhibition of the first step should decrease the competition between nonspecific and
specific EAB during the anode colonization and potentially increase the electricity production.
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Abstract: Chapter 4

The attachment of bacteria to a surface is often considered as a critical step for biofilm formation and
could be a key step for the selection of electroactive bacteria (EAB). The hydrodynamic forces and
more specifically the shear forces, strongly influence bacterial adhesion. We hypothesized that the
shear stress could select EAB on the anode during the adhesion step by detaching non EAB. MFC
reactors with a shear stress chamber that created specific shear stress on the anode were designed
and built. Then, the evolution of the adhesion under different shear stress conditions (1, 10 and 50
mPa) were compared. The control was a classical MFC without shear stress. The microbiological
structure was studied by 16S RNA gene (rrs) sequencing and the biofilm coverage percentage was
studied by fluorescence microscopy. This study showed that the relative abundance of specific EAB,
such as Geobacter, was higher (up to 30.14%) under a high shear stress than under low shear stress
(1%). In addition, the shear stress decreased the biofilm coverage percentage on the anodic surface
and is consistent with the increase in the relative abundance of specific EAB occurs by detaching other
bacteria. Thus, the shear stress could be used to select specific EAB to increase the electroactivity of
the anodic biofilms. More studies are necessary to understand the effect of the shear stress on mature
biofilms.
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4.1 Introduction

Biofilm formation is a major process that leads to a stable, mature, resistant and resilient biofilm. Five
stages are involved in biofilm formation: reversible adhesion, irreversible adhesion, microcolony
formation, maturation and dispersion. In natural environments and in industrial reactors, microbial
biofilms are structured in part by hydrodynamic forces. The hydrodynamic forces, especially shear
forces, strongly influence bacterial adhesion. The shear stress can be defined by the equation (1.19).
The stress is dependent on the velocity gradient and the fluid viscosity:

T=u Z_Z (4.1)

with 7 as the shear stress in Pa, 4 is the dynamic viscosity in Pa.s, v is the velocity in m/s of the fluid at
the distance y from the surface, and y the distance to the surface in meters. The forces and torques
applied on a particle are (i) the hydrodynamic drag F,(1.21), (ii) the hydrodynamic torque M;(4.3), and
(iii) the lift F¢(4.4):

F, = 32tr?  (4.2)

M, = 12.161r3(4.3)

9.267%1r%
F, = e (4.4)

where r is the bacterial radius in m, v the kinematic viscosity in m2.s™* and F, the drag force in N. The
bacterial radius is small, so the high order terms, M; and F; are negligible. The drag force (which can
vary from few to hundreds pN [110]) is opposite of the adhesion force, and so a high shear stress can
induce a slow-down of the anode colonization by preventing bacterial adhesion. Thomen et al. [111]
observed an increase in the lag time as a function of the shear stress between 0.42 and 10 mPa. If the
shear stress could detach some specific bacteria, it might be used to select EAB that could grow and
colonize the anode without competition from other bacteria.

Few papers study the impact of the shear stress on bacterial communities [114], [118], [119]. Rochex
et al. [114] observed a decrease in diversity after one week when the shear stress increased (from 55
to 270 mPa), but the analysis of bacterial diversity was done using the PCR-single strand conformation
polymorphism (SSCP) technique that does not identify bacteria and only compares gel band diversity.
Opposite results were found for smaller shear stresses when Fang et al. [119] observed that the
diversity increased when the shear stress increased from 2.79 to 21.2 mPa. Their 16S rRNA gene
analysis revealed different bacterial composition under the different shear stress conditions.

A few studies have investigated the effect of the shear stress on MFC performances [115], [121]—-[123].
Pham et al [115] observed an increase in the power production under a shear rate of 120 s (about
120m Pa) in comparison to a shear rate of 0.3 s (about 0.3 mPa). The thickness and the density of the
biofilm were higher under a high shear stress than a low shear stress. The studies of Oliveira at al.
[121] and Ajayi et al. [122] use the Reynolds number as an indicator of the rotation speed and, thus,
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the hydrodynamic force. They showed an increase in electricity production at a higher Reynolds
number: Ajayi et al. observed a higher electrical current for Re=4900 than for Re=900 and Oliveira et
al. observed a higher power density for Re=22317 than for Re=2236 and Re=11152. However, no study
explained the effect of shear stress on bacterial adhesion and bacterial composition of the biofilm.

We hypothesized that shear stress plays a major role in the bacterial adhesion and the selection of EAB
on the anode. MFC reactors with a shear stress chamber that created specific shear stress on the anode
were designed and built. Then, the evolution of the adhesion under different shear stress conditions
(1, 10 and 50 mPa) was compared. The control was a classical MFC without shear stress. The
microbiological structure was studied by 16S RNA gene (rrs) sequencing and the coverage percentage
was studied by fluorescence microscopy.
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4.2 Materials and methods

4.2.1. MFC set-up under no flow conditions

Single-chamber batch MFCs in 250mL Wheaton bottles were set up in the laboratory at ambient
temperature. The anode consisted of one (10 x 15 cm) piece of carbon cloth. The carbon cloth was cut
to have 25 (0.5 x 8 cm) pieces as described in the Chapter 3. The cathode was prepared with PTFE
coating and 5% of platinum catalyst as described by Cheng et al. [124]. The MFCs were filled with
250mL of primary effluent and 1g of dehydrated sludge from a Grand Lyon domestic wastewater
treatment plant (Lyon, France) and fed with 1g/L of sodium acetate. The experiment was done in
duplicate (a and b). The anode was connected to the cathode by an external resistance of 10000hms
(M1000a, M1000b). Two MFCs were started without external resistance and were used as negative
controls (MFCcta and MFCctb). The MFC voltage was recorded every 5 minutes with a precision of 1uV.
For each time point (0.5, 1, 4, and 8 hours), two anodic samples (0.5 x8) cm were taken in each MFC.
One part of the anode (0.5 x 6 cm) was used for DNA extraction and one part (0.5 x 2 cm) was used for
microscopic observations.

4.2.2. MFC set-up under flow conditions

Reactor design

Three specific MFCs were designed and built to control the shear stress applied on the anodic surface.
The configuration of the shear stress flow chamber was chosen for improved quality control and the
homogeneity of the shear stress field. Each reactor (Figure 4.1) consisted of (i) one upper PMMA plate
B (500x240x20 mm), (ii) one bottom PMMA plate A (500x240x20 mm) with different openings for fluid
to enter and exit and for the electrodes, and (iii) one hollowed PTFE plate shim (500x240x0.5 mm) to
channel the fluid flow. The plates were held together by 70 screws and bolts. The electrodes were a
graphite rod (24x50mm) for the anode and an air cathode (p24mm). A plastic piece held each
electrode and was easily removed by removing the two screws. An O-ring maintained the seal around
the electrode.

The hydrodynamic characterization of this configuration was done previously by Lorthois et al. [125],
[126] and the forces applied on a particle for this configuration were given by O’Neil [127]. The
thickness of the channel was small (0.5 mm) in comparison to the width of the channel (10 mm). In
such a channel, the flow is theoretically a two-dimensional Poiseuille flow. A diverging-converging
channel at the entrance of the fluid ensures a homogenous shear stress in the channel. The shear stress
was uniform except near a confined part near the channel side walls. In this configuration, the shear
stress can be expressed by the following equation (2.2):

_ 3mQ
4wt

(4.5)

where w is the half width of the channel in meters and t is the half thickness of the channel in meters.
The drag force D applied on an isolated bacteria on a surface can be expressed as a function of the
shear stress by the equation (2.3):

D = 32tr? (4.6)
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with r as the bacterial radius in m (about 1.10° m).

Experimental set-up

MFCs were started under three different shear stresses (1, 10 and 50 mPa) within hydrodynamic
characteristics are presented in the Table 4.1. An external resistance of 1000 ohms was used for all
channels. The voltage of each channel was recorded every 5 min. A phosphate buffer was used as
medium amended with 1g/L of sodium acetate. Dehydrated active sludge from wastewater treatment
plant was added to the medium at a concentration of 4g/L. The pumps were syringe pumps to ensure
a homogenous fluid flow as a function of time. A loss of head was added at the outlet to ensure an
equal fluid flow in each channel.

Electrode support
Anode

O-ring joint
Cathode

Flow outlet

Plate B

Flow inlet

PTFE sheet

Plate A

Figure 4.1. Schematic of a multichannel MFC configuration

T (mPa) Q (mL.h") Re D (pN)
1.0 0.75 0.021 0.032
10.0 7.50 0.208 0.320
50.0 37.50 1.042 1.600

Table 4.1. Reynolds number, shear stress and drag force as a function of the fluid
flow.

4.2.3. Microscopic observations

The anodic biofilms were observed by fluorescence microscopy. The samples were labelled using a
solution of SYBR green diluted to 1/50. Five uL of SYBR green were mixed in 2mL of sterile NaCl 0.8%.
Then, 200uL were deposed on each sample. Samples were incubated for 15 min in the dark before
observations. Four images were taken per sample using a z-stack of one image per 10 um and a focus
x 200. The image size was 1388 x 1040 pixels with a resolution of 150 ppp.

The biofilm coverage percentage was determined using the Imagel software [135]—[137]. In the order
to remove the out-of-focus signal recorded for each individual image, different filters were applied.
First, a 3D median filter was applied, then the background was subtracted with a rolling ball radius of
50 pixels. Then, the maximal intensity z-projection was applied. Finally, a threshold was applied for
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each channel. The number of white pixels of each channel divided by the total number of pixels was
calculated and used as the coverage percentage.

4.2.4.16S rRNA gene sequencing

For each sample (0.5 x 6 cm?), DNA was extracted using the Nucleospin Soil kit. The solution SL1 was
used for the cell lysis and DNA was eluted using 2 x 25l of the elution solution. Then, the region V3-
V4 of 16S rRNA gene was amplified using Platinum Taq DNA Polymerase of ThermoFisher Scientific.
The forward primer sequence was:

5' TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG 3,

and the reverse primer sequence was:

5’ GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC. The PCR program was
95°C for 3 minutes, 25 cycles of 95°C for 30 seconds, 55°C for 30 seconds and 72°C for 30 seconds, then
a final step of 72°C for 5 minutes. The resulting amplicon size is about 550 bp. Then the library
preparation was performed in respect of the lllumina protocol [128]. The amplicons were sequenced
by a paired-end MiSeq sequencing using the technology V3 of lllumina with 2 x 300 cycles. The adapter
sequences were removed by internal lllumina software at the end of the sequencing (forward
overhang 5'TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG and reverse overhang
5’'GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG).

To remove the low base quality at the end of the read 2, the read 2 sequences were cut at the 200%™
base using the command —fastq_filter and the option —fastq_trunclen of USEARCH [138]. Then,
Pandaseq [139] was used to link read 1 and 2 using a minimal and maximal length of 430 and 490bp, a
minimal and maximal overlap of 30 and 60bp, and a quality threshold of 0.9. Other parameters were
left at default values. The resulting sequences (length mean: 465bp) were annotated by RDP classifier
[140] using the RDP database and an assignment confidence cutoff of 0.8. In the bacterial community
analysis, family rank was chosen as a good compromise between the precision of the taxonomic rank
and the annotation percentage. Two bacterial communities were particularly researched: nonspecific
adapted EAB (composed of Pseudomonadaceae, Comamonadaceae, and Moraxellaceae), and specific
adapted EAB (composed of Geobacteraceae, Desulfuromonadaceae, Clostridiaceae, and
Desulfovibrionaceae).

4.2.5. Statistical analysis

The diversity analysis was done at the genus level using R software [141] and the R package vegan
[142]. 200 subsamples of 10000 sequences were repetitively taken in each sample, in order to compare
the diversity between samples. The mean of the number of genus and the mean of the Shannon index
was calculated for each sample from these 200 subsamples. Statistical tests were done using R
software too. Normal distribution of data was tested using the function shapiro.test. If data fit a normal
distribution, parametric tests (t.test) were used. If data did not fit a normal distribution, non-
parametric tests were used (wilcox.test). In order to compare the adhesion rates, linear models using
the R function Im were built and compared. Linear models were of type y = Ax. The coefficients A were
compared using a student test. This test was calculated using the following equation (4.7):

[A1—4s|

/5d§+5D22

where A; and A; are the coefficients of the model 1 and 2, Sd; and Sd; are the standard errors of A;
and A,.

T = (4.7)
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4.3 Results

4.3.1. Anodic biofilm coverage

The coverage percentage of the anode was determined from microscopic observations during the first
hours of the biofilm formation. Under static conditions, there was no significant difference in the
biofilm coverage between MFC1000 and MFCct (Figure 4.2). The coverage percentage was respectively
0.54+0.16% and 0.35+0.20% after a half hour for MFC1000 and MFCct. After one hour, there was no
significant change, but after 4 hours, the coverage percentage increased and was 1.27+0.15% and
1.44+0.28% for MFC1000 and MFCct, respectively. After 8 hours, the coverage was 1.45+0.16 and
1.66+0.20%, respectively.

The coverage percentage was measured also under flow conditions under three different shear
stresses: 1, 10 and 50 mPa. After a half hour, the coverage percentage was 2.37+0.71%, 1.14+0.23%
and 0.53+0.19% for 1, 10 and 50 mPa, respectively. After 8 hours, the difference was higher between
the different conditions with the coverage percentage at 7.50+1.69%, 6.38+1.02% and 2.15+0.59% for
1, 10 and 50 mPa, respectively. In order to compare the coverage rates for the different shear stresses,
linear models of type y=Ax were built (Figure 4.3), where y is the coverage percentage, x the time and
A the linear coefficient. The three linear models fit a high proportion of the coverage variability with a
R2>0.7 and were significant with a p-value<10*. The coefficients A were 1.11+0.12%, 0.77+0.06% and
0.27+0.04% for 1, 10 and 50 mPa, respectively. A student test between the coefficients A was
performed showing significant difference between coefficients at a p-value<0.01. So, the adhesion
rates under shear stresses of 10 mPa and 50 mPa were respectively 1.44 and 4.11 times slower than
under a shear stress of 1 mPa.

4.3.2. Selection of bacteria under shear stress conditions

The bacterial composition of the biofilms was determined in order to know if shear stress selects EAB.
There was no statistical difference between MFC1000 and MFCct without shear stress (Figure 4.4). No
evolution of specific EAB as a function of time was observed. From a half-hour to 8 hours, the relative
abundance of specific EAB was 1.02+0.44% on average. So there was no specific EAB selection during
bacterial adhesion. The relative abundance of nonspecific EAB increased as a function of time from
61.16+17.26% after a half hour to 79.40+12.71% after 8 hours. So under static conditions, nonspecific
EAB were selected (p-value< 0.05).
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Figure 4. 2. Anodic coverage percentage as a function of time under static conditions.
The coverage percentage was calculated from 8 fluorescence microscopic images taken at a

focus x200. The error bars represent the error deviation. The letters correspond to statistical
group after a Wilcoxon test at a p-value<0.05.
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Figure 4..3 Coverage kinetic models. The models are linear and of the type y=Ax. Three
models were built corresponding to three shear stress conditions: 1 mPa (blue), 10 mPa
(green), and 50 mPa (red). The lines represent the linear models. The points represent the
experimental data. The coverage percentage was calculated from 4 fluorescence microscopic

images taken at a focus x200. The error bars are the error deviations. The colored area is the
confidence interval at 90% of predicted values.

The relative abundance of EAB was also measured under different flow conditions creating shear
stresses of 1, 10 and 50 mPa (Figure4.4). There was no significant difference of specific EAB between
a shear stress of 1 mPa and 10 mPa. The relative abundances were between 0.09% and 0.69%. So,
there was no specific EAB selection under shear stresses of 1 and 10 mPa during bacterial adhesion.
Under a shear stress of 50 mPa, the relative abundance of specific EAB was significantly different than
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Figure4.2. The relative abundance of EAB under shear stress conditions. The error bars
represents the standard deviations.

under a shear stress of 1 mPa (p-value<103) and or of 10 mPa (p-value<10™?). Globally, there were 61
and 38 times more specific EAB under a shear stress of 50 mPa than under a shear stress of 1 and of
10 mPa, respectively. The high shear stress selected specific EAB. Geobacteriaceae,
Desulfuromonodaceae, Peptostreptococcaceae and Clostridiaceae were the major families selected
during the adhesion phase under a shear stress of 50 mPa (Figure 4.5). In addition, this selection
happened during the first hour, when the relative abundance increased from 6.13% after a half hour
to 30.14% after 1 hour. The relative abundance of specific EAB decreased to 6.79% after 4 hours and
0.74% after 8 hours. After 8 hours, no difference was detected between a shear stress of 50 mPa, 1,
and 10 mPa.

Nonspecific EAB were not different between a shear stress of 1 and 10 mPa at any times. The values
ranged between 75.39% and 96.99%. On the other hand, under a shear stress of 50 mPa, the relative
abundances of nonspecific EAB were lower than under stresses of 1 mPa (p-value<0.01, mean of
differences = 50.39%) and of 10 mPa (p-value<0.01, mean of differences = 50.37%). These counter
selections happened during the first hours as the relative abundance decreased from 35.23+5.23% to
12.96+6.96%. After four hour, the relative abundance increased again to 46.83+24.36%. After 8 hours,
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the relative abundance of nonspecific bacteria was similar under all stress conditions (96.0+50.05%,
95.94+0.64% and 84.71+6.71% under a shear stress of 1, 10 and 50 mPa, respectively).

| T f 3.68 107"
50 mp — | B 13510
mrFa
— | 2
| | 4.98 10"
— | N
_: - 1.83 102
10 mPa _: | 674103
— L
| 248103
— g
] i 9.12 104
- — | - B 335104
— | :
| 12310
—__|

Figure4.3. Relative abundance of each family considered as specific EAB present
in the anodic biofilms

4.3.3. Evolution of bacterial diversity

The diversity was calculated for each sample under static and different flow conditions (Figure 4.6).
The number of genus was higher on the anode under static conditions than under any shear stress
conditions. Genus numbers were 262.0 genus after a half hours and 204 after 8 hours under static
conditions. However, under a shear stress of 1 and 10 mPa, the number of genus was lower at 55.6
and 50.9 genus were detected after a half hour under a shear stress of 1 and 10 mPa, respectively and
63.1 and 69.2 after 8 hours, respectively. When the shear stress was 50 mPa, the number of taxon was
higher than under other stress conditions but lower than under static conditions. Under shear stress
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of 50 mPa, there was 142 genus after a half hour and 139 after 8 hours. After 8 hours, the Shannon
index was 2.12, 086, 0.90 and 1.35 under shear stresses of 0, 1, 10 and 50 mPa, respectively.
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Figure 4.4. Evolution of the diversity as a function of time for shear stresses of 1, 10
and 50 mPa. The genus number (richness) and the Shannon index (richness and evenness)
are represented.
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4.4 Discussion

4.4 1. Complex effect of the shear stress on bacterial adhesion

In our study, the coverage rate decreased as a function of the shear stress. The coverage percentage
was modeled by a linear equation of type y=Ax. The coefficient A was 1.11+0.12%, 0.77+£0.06% and
0.27+0.04% for a shear stress of 1, 10 and 50 mPa, respectively. This rate led to a coverage percentage
after 8 hours of 7.50+1.69%, 6.38+1.02% and 2.15+0.59% under a shear stress of 1, 10 and 50 mPa,
respectively. In contrast to detachment experiments where bacteria attach to the surface without
shear stress during the adhesion [152], [153], the adsorption force is not the only one involved in
adhesion. The flow velocity modifies the probability that the bacteria will contact the surface. The
effect of the shear stress is even more important if the bacterial load is taken into account. The flow
rates were 0.75, 7.5 and 37.5 mL.h! corresponding to a shear stress of 1, 10 and 50 mPa, respectively.
After 8 hours, the cumulative volume through the reactors was 6, 60 and 300 mL for the 1, 10 and 50
mPa shear stresses, respectively. The higher volume put more bacteria in contact with the surface.

The sedimentation force can also influence the bacterial adhesion that is dependent on the residence
time of bacteria inside the reactor. The residence times inside the reactor were about 176.0, 17.6 and
3.5 minutes for a reactor volume of 2.2 mL. The sedimentation velocity can be estimated at 5.45 10°°
mm.s* using the Stokes equation (4.8):

_ 2r2gAp

o (4.8)

S

with r is the particle radius estimated for a bacteria to 0.5 um, g is the gravitational acceleration of
9.81 m.s?, Ap is the volume density difference between the fluid (estimated to 1000 kg.m3) and the
bacteria (estimated to 1100 kg.m3[154]) and u is the dynamic viscosity of the fluid (103 kg.m™.s).
The characteristic sedimentation time for a distance of 500 um (the channel height) is 152.9 minutes.
The sedimentation favors the adhesion by increasing the contact probability only under the shear
stress of 1 mPa but not under the other shear stresses, where the residence time is too fast in
comparison to the characteristic sedimentation time. Other forces, such as the shear gradient lift force
or the Magnus force, could modify the contact probability but in the case where the particle is not
buoyant, these forces are considered as negligible [155]-[157].

4.4.2. Specificity of electroactive bacteria adhesion

In our study, a higher shear stress selected specific EAB up to 30.14% relative abundance after 1 hour
under a shear stress of 50 mPa and selected less than 1% EAB relative abundance under shear stresses
of 1 and 10 mPa. Geobacteriaceae was the major family selected. This bacterium has a better adhesion
to the surface than other bacteria. These results can be explained by the fact that in natural
environment, specific EAB, such as Geobacter, use insoluble metal oxide particles as electron
acceptors. Under these conditions, this bacterium has to adhere more competitively then other
bacteria to these particles to survive and grow. This capacity can be due to (i) the
hydrophilic/hydrophobic membrane characteristics, (ii) the membrane potential and/or (iii) the
membrane proteins. The extended DLVO theory [98] includes three forces: the Van der Waals force,
the electrostatic force and the Lewis acid/base force. The Van der Waals force is not dependent of
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bacterial membrane proprieties and so can be not responsible of a differential adhesion force between
bacterial species. On the other hand, the electrostatic force is dependent of bacterial membrane
potential and the Lewis acid/base force is dependent of hydrophilic membrane characteristics of the
bacterium. So, these forces could be responsible for a better adhesion of Geobacter. The production
of some membrane proteins could also explain the higher adhesion. The nanowires and other specific
proteins could help the metal-reducing bacteria to adhere strongly to the surface.

After 8 hours, the relative abundance of specific EAB was not statistically different under a high shear
stress than under a low shear stress. This can be explain by the (i) first bacteria create a more favorable
surface for the adhesion of other bacteria and/or (ii) the growth of other bacteria is faster than specific
EAB. For example, with two bacteria, one with a double time of 1h and one with a double time of 10h,
the first bacterium will multiplied its concentration by 256 and the other by only 1.07 after 8 hours.

4.4.3. Potential impact on MFC performances

The shear stress could be a way to increase the current density in MFCs by favoring a high density of
specific electroactive bacteria in the anodic biofilms. This study shows that after one hour under a
shear stress of 50 mPa, the percentage of specific EAB was 30% and less than 1% under a shear stress
of 1 and 10 mPa. On the other hand, a high shear stress decreased the coverage percentage. Some
studies suggested that the power density was correlated to the coverage percentage [158], [159]. Li et
al. showed a correlation between the current density and the biomass density on the anode. A high
shear stress could become negative if it prevented the biofilm formation with a high anodic coverage.
More investigations are necessary to understand the effect of the shear stress over a longer period. In
addition, the percentage of specific EAB after 8h was not significantly different between MFCs at
different shear stresses. A study of the biofilm formation during several days would be necessary to
confirm the selection of specific EAB under a high shear stress.
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Abstract: Chapter 5

In natural environments and in industrial reactors, microbial biofilms are structured by hydrodynamic
forces. The hydrodynamic forces, especially shear forces, strongly influence the microbial and physical
structure of biofilms. We hypothesized that the shear stress could be a tool to control biofilm
formation on the anode in MFCs. The goal of this work was to study the effect of the shear stress on
the microbial selection during biofilm growth. We hypothesized that under increased shear stress
conditions, bacteria with a higher interaction with the anode would be selected and, thus, lead to an
increase in EAB that mediate direct EET. MFC reactors with a shear stress chamber that created specific
shear stress on the anode were designed and fabricated. Then, the evolution of the biofilm growth
under different shear stress conditions (1, 5 and 10 mPa) were compared. The taxonomic and
functional structure was studied by 16S rRNA gene and metagenomic sequencing, and the physical
biofilm characteristics were measured via fluorescence microscopy. These results support the
conclusion of Chapter 4 that specific EAB are selected under different shear stress conditions. Initially
(first 10 days), the anodic biofilms growing under 10mPa had a higher relative abundance of specific
EAB (35.78+6.70%) dominated by Geobacteriaceae as compared to the anodic biofilms growing under
1mPa (EAB=16.20£3.14%). In addition, the shear stress decreased the biofilm development rate. After
10 days, no difference of coverage percentage or thickness was observed. This was probably due to
the relative low range of shear stress used. However, the shear stress modified the proportion of live
and dead bacteria in the biofilm. The biofilms growing under a shear stress of 5 mPa had a lower
proportion of dead bacteria than at lower shear stress, which did not cause the detachment of dead
matter, and than at higher shear stress, which appeared to inhibit bacteria. This work demonstrated
the role shear stress can play in biofilm formation. Applying a shear stress could be a way to control
the selection of EAB and the quantity of dead matter in anodic biofilms.
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5.1 Introduction

Currently, one of the critical steps in MFC start-up is the initial colonization of the anode by EAB
as this step affects the bacterial community and the physical structure of the mature biofilm and,
thus, the overall electron transfer rate. In natural environments and in industrial reactors, microbial
biofilms are structured by hydrodynamic forces. The hydrodynamic forces, especially shear forces,
strongly influence the microbial and physical structure of biofilms. We hypothesized that the shear
stress could be a tool to control the biofilm formation on the electrodes in MFCs.

Recently, few studies investigated the effect of the shear stress on MFC performances [115], [121]-
[123]. Pham et al [115] observed an increase in power production under a shear stress of about 120m
Pa (120 s) in comparison to a shear stress of about 0.3 mPa (0.3 s2). The thickness and the density
biofilm were higher under a high shear stress than a low shear stress. Oliveira at al. [121] and Ajayi et
al. [122] used the Reynolds number as an indicator of the rotation speed and thus the hydrodynamic
force. They showed an increase in electricity production at higher Reynolds numbers. However, no
study has explained the effect of the shear stress on the bacterial composition in anodic biofilms. In
addition, the bacterial composition in the other MFC studies is often measured by 16S RNA gene
sequencing, which is only useful for evaluating the taxonomic structure. The composition of functional
genes should provide insight into the biofilm potential activity, which is critical for evaluating how the
biofilm responds under shear stress. Two of the rare studies that described the potential functional
capabilities of microorganisms in the anodic biofilm were done recently with metagenomic data
annotated sequences to genes known for enzymes potentially involved in the extracellular
electron transfer [160], [161]. In these studies, the authors highlighted the differences of
metabolic pathways in different MFCs.

The goal of this work was to study the effect of the shear stress on the microbial selection during
biofilm growth. We hypothesized that under increased shear stress conditions, bacteria with a higher
interaction with the anode would be selected and ,thus, lead to an increase in EAB that mediate direct
EET. MFC reactors with a shear stress chamber that created specific shear stress on the anode were
designed and fabricated. Then, the evolution of the biofilm growth under different shear stress
conditions (1, 5 and 10 mPa) were compared. The taxonomic and functional structure was studied by
16S rRNA gene and metagenomic sequencing, and the physical biofilm characteristics were measured
via fluorescence microscopy.
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5.2 Materials and methods

5.2.1. MFC set-up under flow conditions

Reactor design

In order to control the shear stress applied to the anodic surface, three specific MFCs were designed
and built. The configuration of a shear stress flow chamber was chosen because of the quality control
and the homogeneity of the applied shear stress. See Chapter 2 and the Section 4.2.1 of the Chapter 4
for more information.

Experimental set up

The MFCs were started with three different shear stress (1, 5 and 10 mPa) with the hydrodynamic
characteristics presented in Table 4.1. An external resistance of 1000 ohms was used for all the
channels between anode and cathode. The voltage of each channel was recorded every 5 min. A
phosphate buffer was used as medium and amended with 1g/L of sodium acetate. Dehydrated (25%
humidity) active sludge from wastewater treatment plant was added to the medium at a concentration
of 4g/L. The pump was a HPLC pump to ensure a homogenous fluid flow as a function of time. A head
loss was added at the outlet to ensure equal fluid flow in each channel.

t (mPa) Q (mL.h") Re T (min)
1.0 0.75 0.021 176.0
5.0 3.75 0.114 35.2
10.0 7.50 0.208 17.6

Table 5.1. Reynolds number, shear stress and residence time as a function of the fluid
flow.

5.2.2. Electrochemical measures

The polarization curves of the MFCs were measured at different time points by measuring the cell
voltage as a function of the external resistance. The current density was calculated using Ohm’s law

(I = g ), and the power density was calculatedas P = U.1.

5.2.3. Microscopic observations

The anodic biofilms were observed by fluorescence microscopy. The samples were labelled using
LIVE/DEAD Baclight Bacterial viability kit of Invitrogen. SYTO9 (1.5uL) and propidium iodide (1.5uL)
were mixed in 2mL of a sterile NaCl solution (0.8%). Then, 200uL were deposed on each sample.
Samples were incubated 15 min in the dark before observations. Two images were taken per sample
using a z-stack of one image per 1 um and a focus x 500. The image size was 1388 x 1040 pixels, with
a resolution of 150 ppp.
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The coverage percentage and the proportion of active and inactive bacteria, were determined using
the Imagel software [135]—[137]. The green and red channels were treated separately. In the order to
remove the out-of-focus signal recorded for each individual image, different filters were applied. First,
a 3D median filter was applied. Then the background was subtracted with a rolling ball radius of 50
pixels. Then, the maximal intensity z-projection was applied. Finally, a threshold was applied for each
channel. The number of white pixels for each channel divided by the total number of pixels was used
to determine the coverage percentage of active and inactive bacteria. In order to determine the
thickness of the biofilms, the z-stacks of active and inactive bacteria were added. The thickness of the
biofilm was determined by the observation of the light intensity as a function of the z-axis. The total
anodic coverage was determined by applying a threshold on the Z-projection of the maximal intensity.

5.2.4. Metagenomic sequencing and bioinformatics

For each sample (0.5 x 2 cm?), DNA was extracted using the Nucleospin Soil kit. The solution SL1 was
used for the cell lysis and DNA was eluted using 2 x 25uL of the elution solution. Then, the metagenomic
library was prepared following the lllumina protocol of the Nextera XT DNA library prep kit [162]. One
ng of DNA was tagmented according to Illumina instructions. Then, the indexes were added during 12
PCR cycles. The libraries were purified and normalized using AMPure XP beads. The fragments were
sequenced by a paired-end MiSeq sequencing using the technology V3 of lllumina with 2 x 300 cycles.
The reads 1 and 2 were trimmed as a function of the base quality using the command —fastq_filter and
the option —fastq_trunqual of USEARCH [138]. The sequences were trimmed in order to have no base
with a quality value, Q, below 20. A minimal sequence length of 50 bp was imposed using the option —
fastq_minlen. The metagenomic DNA sequences were assigned using the non-redundant protein (nr)
database from NCBI using a BLASTx with Diamond software [163]. Only the matches with a percentage
of identity higher than 40 % and a p-value less than 10° were kept. The best assignments were kept
for each sequence. In order to study the relative abundance of genes involved in the extracellular
electron transfer, specific functions associated with cytochrome, hydrogenase, shuttles, acetate and
adhesion functions were recovered by using these keywords in the BLASTx output files. Statistical
analyses were performed using the R environment.
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5.3 Results

5.3.1. Electrical performances

The cell voltage was recorded as a function of time during the experiments. The current density was
deduced using Ohm’s law (Figure 5.1). Under a shear stress of 1 mPa, the electricity production
increased linearly to about 5 pA/cm? from 0 and 4 days (increasing at 1.25 pA/cm? per day). After 4
days, an increase of the electricity production was observed, followed by stable electricity production
with a current of about 23 pA/cm? of anode (Figure 5.1). Under a shear stress of 5 mPa, the current
density also increased linearly as a function of the time during the experiment, but without any
exponential phase. The current density after 10 days was about 20 uA/cm? (increasing by 2 pA/cm?
per day). Under a shear stress of 10 mPa, the current density did not increase during the first three
days, then increased and tended to become stable at about 14 pA/cm? after 7 days (increasing at about
3.5 uA/cm? per day between day 3 and 7). While the electricity production during the first few days
seemed relatively similar, the current density after 8 days decreased as a function of the shear stress.
The mean of the current density from both replicates between 8 and 10 days (n=4) decreased with
increasing shear stress (Figure 5.2). The current density was different (at p< 0.05) under the three
conditions: 22.61+4.98, 17.12+2.36 and 13.15+2.01 pA/cm? under a shear stress of 1, 5 and 10 mPa,
respectively.

Time (day) Time (day)

10 mPa

I (pAicm?)

Time (day)

Figure 5.1. Current density produced in function of the time. Two replicate were done
for each shear stress condition.
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Figure 5.2. Maximal power density as a function of time under three different shear
stress coditions. The maximal power was modeled by a bacterial growth function. A non-

linear model of type Pax = ﬁ was built. The panels A, B and C represents the

power density models. The points represent the experimental data. The dark line is the model
values. The color area represents the confidence interval at 80% of the model. The parameter
R is the Pearson correlation coefficient between the predicted data and the experimental data.
The panel D describes the statistical data. The table contains the value of the parameters
Nmax and U of the three different model fittings and their confidence interval at 95%. The stars
at the right of the parameters value correspond to the p-value associated to the parameters
(***: p-value<0.001, **: p-value<0.01). The letters represent the statistical groups based on p-
value <0.05 with the Student t-test).

The maximal power density was measured at different times (Figure 5.3). In order to compare the
evolution of the maximal power density under the three conditions, models were built and the
parameters were compared. Since electricity production generally follows bacterial growth, a model
based on bacterial growth models was used (5.1):
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N
Prax = W (5.1)

with Nmqx the limited maximal power density that the MFC can produce, and U the kinetic parameter.
The three fittings to the model were significant at p-value<0.001. The parameter R is the Pearson
correlation coefficient between the predicted and the experimental data. R was greater than 0.5 for
the three fittings. The Nmo parameter was higher under a shear stress of 1 mPa than 5 mPa,
38.39+10.46 mW/m? and 20.23+3.11 mW/m?, respectively. Under a shear stress of 10 mPa, the
maximal power never stabilized and so the Ny parameter was not applicable. The U parameter was
similar between the results for the MFCs at 1 and 5 mPa shear stresses. The maximal power density
under both these conditions increased at similar rates: 0.617+0.096 and 0.903+0.173 mW.m?2.day?,
respectively. Under a shear stress of 10 mPa, the power density increased more slowly: 0.351+0.026
mW.m=2.day™. In conclusion, under a shear stress of 5 mPa, the power density increased somewhat
faster than under 1 mPa of shear stress, but became stable at a lower value. Under 10 mPa of shear
stress, the maximal power density increased slowly and a stable phase was not observed during the
experiment. The shear stress modified the evolution of the power density as a function of time. The
mean of the power density between 7 and 10 days was similar in the three conditions: 30.24+18.80,
22.63+7.72 and 22.07+6.74 mW/m? respectively under 1, 5 and 10 mPa.

5.3.2. Physical structure of biofilms

In order to know if the difference of electricity production is due to the percentage coverage, the
thickness or the active percentage of the biofilm, fluorescent microscopic observations were done at
different times.

Anodic coverage kinetics

30.00

1 S Bl -
7

| (WA/cm?)

20.00

.

15.00

10.00

5.00

0.00

1 mPa 5 mPa 10 mPa

Figure 5.3. Current density between 8 and 10 days. The graphic represents the mean of
the current density from both replicates between 8 and 10 days. The error bars represent the
standard errors. The letters indicate the significant statistical group (p-value < 0.05 after a
student test).
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The anodic coverage kinetics are presented in the Figure 5.4.(A). Under a shear stress of 1 mPa, the
coverage increased slowly until 5 days (9.68+3.09%), then an exponential phase was observed until 7
days (48.68+17.79%) and became stable. Under 5 mPa, the coverage percentage increased faster: after
5 days, the coverage percentage was of 22.25+8.36%. No stable phase was observed, and it was of
52.46+5.54% after 10 days. Under 10 mPa, the anodic coverage kinetic was slower. It was only of
11.13+7.56% after 6 days. But after 10 days, the value was of 51.15+9.84% and was similar than under
1 or 5 mPa. In conclusion, the shear stress modified the anodic coverage rate as a shear stress of 5 mPa
increased the rate relative to the 1mPa shear stress, but a higher shear stress of 10 mPa decreased the
rate. After 10 days, the coverage was similar at around 50% under the three conditions.

Thickness of biofilms

The biofilm thickness increased linearly as a function of time under the three conditions (Figure 5.4B).
Under 5 mPa, it seems that the thickness increased faster during the first days of the experiment. The
biofilm thickness was of 3.25+1.27um after two days under 1 mPa shear stress, 4.08+1.13um after
three days under 10 mPa and 7.67+£2.19um after two days under 5 mPa. After 10 days, less difference
was observable as the thickness was 10.33+2.02um, 13.25+2.44um and 13.56+1.31um under 1, 5 and
10 mPa shear stress, respectively. Under 10 mPa shear stress, the power density continued to increase
after 10 days.
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Figure 5.4. Coverage (A) and thickness (B) of the biofilms as a function of time. The
points represent the mean of the coverage percentage and biofilm thickness from fluorescent
microscopy observations (2 observations per sample). A threshold was applied on a Z-
projection of the maximal intensity using imaged. The error bars represent the standard error.

Active and Inactive biofilm percentage
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The active and inactive microbial fraction was determined by the analysis of fluorescent microscopy
biofilm labelled using the Live/Dead kit. The proportion of active bacteria between 7 and 10 days was
72.304£16.28%, 86.17+4.71% and 58.13+11.65% under 1, 5 and 10 mPa shear stress, respectively
(Figure 5.5). A medium shear stress of 5 mPa increased the proportion of active bacteria by 13.87%
relative to the 1mPa shear stress, but the shear stress of 10 mPa decreased this proportion by 14.17%.

5.3.3. Bacterial community analysis

In order to know if the shear stress could select EAB, the bacterial community was identified from
metagenomic data annotated with the nr database from NCBI (Figure 5.6 and 5.7). The mean of the
sequence number per sample was of 230783.2+183325.3 sequences. The mean of the annotated
sequence percentage in each sample was 59.7£10.7%. The relative abundance of specific EAB that
were mainly from the Geobacteriaceae family increased strongly with the shear stress (Figure 5.7). The
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Proportion of active and inactive bacteria

Figure 5.5. Percentage of active and inactive bacteria after 7-10 days. The graphic
represent the mean of the active and inactive bacteria percentage from microscopy
observations of samples between 7 and 10 days. Green bars are active and pink bars are
inactive microorganisms. The error bars represent the standard error.

percentage was only of 2.37+£0.34% (within 0.34+0.13% of Geobacteriaceae) in the inoculum and it was
of 16.20+3.14% (within 11.46%+2.32% of Geobacteriaceae), 20.40+8.56% (within 16.06+7.20% of
Geobacteriaceae) and 35.78+6.70% (within 28.41+5.49% of Geobacteriaceae) under a shear stress of
1, 5 and 10 mPa, respectively. Unspecific EAB, which were mainly Pseudomonas and Comamonas,
decreased as a function of the shear stress with 2.44+0.38%, 8.95+2.45%, 6.20+2.05% and 1.77+0.37%
in the inoculum and under 1, 5 and 10 mPa shear stress conditions, respectively. In conclusion, a high
shear stress modified the competition between specific and unspecific EAB. It favored the growth of
specific EAB in the biofilm and mainly the Geobacteriaceae family.
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Figure 5.6. Relative abundance of specific and unspecific EAB in the inoculum and after
5 days under different shear stress in the MFCs. The error bars represent the standard
errors. Data presented here are from metagenomic sequencing annotated against the nr
database from NCBI. The bars represent the mean of samples after 5 days under each shear
stress. The letters indicate statistical groups based on p-value<0.05 after a Wilcoxon test.
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Figure 5..7. Relative abundance of some specific EAB in the inoculum and after 5 days
under different shear stress conditions. The error bars represent the standard errors. Data
presented here are from metagenomic sequencing annotated again the nr database from
NCBI. The histogram bars represent the mean of samples after 5 days under each shear
stress. The letters indicate statistical groups based on p-value<0.05 after a Wilcoxon test.

5.3.4. Functional analysis

In order to know if an applied flow favored direct EET over an indirect EET by redox mediators, the
relative abundance of the genes associated to this functions were compared between 7 and 10 days
(Figure 5.8 and Figure 5.9). The cytochromes C are ubiquitous proteins involved in the microbial
respiration. Here, the only cytochrome C gene detected was not evidence of direct EET, however outer-
membrane cytochrome C is a key protein for a direct EET. The relative abundance of genes coding for
cytochromes C was higher in the biofilms than in the inoculum. More specifically, the genes coding for
cytochromes C from specific EAB which used mostly a direct EET, were statistically more abundant in
the biofilms than in the inoculum, and increased all the more as the shear stress increased: respectively
0.01+0.01%, 0.27+0.06%, 0.37+0.18 and 0.51+0.07% for the inoculum and after one week under 1, 5
and 10 mPa. So, anincrease of the shear stress seems favor a direct EET. On the other hand, the relative
abundance of genes associated with redox shuttles was lower in the biofilms after 7 days than in the
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inoculum (2.65+0.20%, 1.80+0.10%, 2.02+0.12% and 2.65+0.20% for the inoculum and after one week
under 1, 5 and 10 mPa, respectively). These results confirm that this function was not specifically
involved in the EET. In addition, the relative abundance of the redox mediator genes increased with
the shear stress, which suggest that fluid flow does not reduce redox shuttles. The main genes coding
for proteins involved in shuttles were genes coding for the production of the flavin family (1.89+0.20%,
1.11+0.05%, 1.28+0.11% and 1.41+0.05% for the inoculum and after one week under 1, 5 and 10 mPa,
respectively). The other genes were relatively less abundant and coded for the production of quinone
and phenazine families.
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Figure 5.8. Relative abundance of genes coding for major functions of the electron flux
between 7 and 10 days: functions associated to cytochromes C, hydrogenases and acetate
consumption family. For each function the relative abundance of functions belonging to specific
EAB (dark gray), unspecific EAB (white) and to the other bacteria (gray) is indicated. The error
bars represent the standard error. The letters represent the statistical group (p-value < 0.05
after a Wilcoxon test).
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In order to know if a shear stress selects genes coding for bacterial adhesion, the relative abundance
of genes coding for the production of pili was (Figure 5.10). The relative abundance of these genes was
higher in biofilms growing under shear stress conditions than in the inoculum (0.33+0.04%,
0.52+0.05%, 0.46+0.02% and 0.52+0.01% for the inoculum and after one week under 1, 5 and 10 mPa
shear stress, respectively). The relative abundance of genes coding for pili in the biofilm under 10 mPa
was similar to that for the biofilm under 1 mPa.
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Figure 5.9. Relative abundance of genes coding for major functions of electron shuttles
between 7 and 10 days: functions associated to the production of flavin, FMN
(FlavoMonoNucleotid), quinone and phenazine family. The error bars represent the standard
error. The letters represent the significant statistical group (p-value < 0.05 after a Wilcoxon
test).
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Figure 5.10. Relative abundance of genes coding for major functions of adhesion
between 7 and 10 days: functions associated to the production of pili. The error bars
represent the standard error. The letters represent the statistical group (p-value < 0.05 after a
Wilcoxon test).
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5.4 Discussion

5.4.1. Anodic coverage vs EAB selection for electricity production

This study shows that the selection of specific EAB increased as a function of shear stress after 5 days.
The power density was not correlated to the relative abundance of specific (R? = 0.35) or unspecific
EAB (R?=-0.04),but, it was linearly correlated to the coverage percentage (R?= 0.95) (Figure 5.11). Two
hypotheses could explain these results: (i) other bacteria were not taken into account in this study and
are also involved directly or indirectly in electricity production and/or (ii) the power density was limited
by other factors such as mass transport or electrochemical conditions and not microbiological factors.
For the first hypothesis, other bacteria might be needed to provide essential nutrients to EAB. For the
second hypothesis, the mass transport might be limiting due to the low Reynolds numbers in
microfluidic system. However, the initial concentration in acetate, the residence time and the fact that
the power density was not higher under conditions where the Reynolds number was higher, make this
hypothesis unlikely. The electrochemical conditions such as the electrochemical anodic potential
seems a more probable hypothesis. The reactor design should be adapted to include the insertion of a
reference electrode to verify this parameter during the biofilm development.

5.4.2. Limits of the functional metagenomic analysis

Functional metagenomic analyses provide access to useful information about the mechanisms
involved in EET in electroactive biofilms. The genes involved in EET in Geobacter and Shewanella are
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Figure 5..11. Linear model of the power density in function of the coverage percentage
of the anode. Points: mean of the power density in function of mean of coverage percentage
from MFC under the three shear stress and from all the time points. Line: associated linear
model of type y = ax.
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relatively well known, but those in other bacteria are not. Both bacteria have high numbers of c-
cytochromes type genes. Sturn et al. [62] analyzed the number of c-cytochromes in 483 proteo-
bacterial genomes. The average number was 13 whereas S. oneidensis MR-1 has 41 putative c-type
cytochromes and Geobacter sulfurreducens has more than one hundred [96]. EAB could be adapted to
a large insoluble electron acceptor with a large surface potential by using a large diversity of c-
cytochromes with different redox catalytic sites. Some correlation between the number of
cytochromes and the ability to EET has been shown [14]. Yet, Shewanella denitrificans has 14 c-
cytochromes and is unable to mediate EET. However, some other bacteria, such as Bradyrhizobium
japonicum, have a higher number of cytochromes and are also unable to mediate EET. Other bacteria,
such as Escherichia coli, have a lower number of c-cytochromes and are able to mediate EET. So, a
genetic marker of direct EET does not yet exist.

Genetic markers for indirect EET are less ambiguous. For example, the presence of genes coding for
the synthesis of flavins involved the bacterial capacity of an indirect EET. But, the production of flavin
or phenazine family (within the function is present in a large diversity of taxon) has other role than EET
in bacteria such as the intercellular communication, the quorum sensing [132], [133]. So, if the
presence of genes involved in the synthesis of redox shuttles predicates the capacity of indirect EET,
the real activity of an indirect EET cannot be concluded. For this reasons, functional analysis on the
DNA level is limited and should be coupled to a metaproteomic analysis (see Appendix 1). The
sequencing of proteins had been planned (i.e., proteins were extracted) and making possible this
approach in the future.

5.4.3. Conclusion

These results support the conclusion of the Chapter 4: specific EAB are selected under shear stress
conditions. Three shear stress were tested in this study: 1, 5 and 10 mPa. The anodic biofilms growing
under 10mPa presented a relative abundance of specific EAB of 35.78+6.70% (within 28.41+5.49% of
Geobacteriaceae), in opposite to the anodic biofilms growing under 1mPa which presented a relative
abundance of 16.20+3.14% (within 11.46+2.32% of Geobacteriaceae).

In addition, the shear stress decelerates the kinetic of biofilm development. But after 10 days, no
difference of coverage percentage or thickness was observed. It was probably due to the relative low
range of shear stress used. However, the shear stress modified the proportion of live and dead bacteria
in the biofilm. The biofilms growing under a shear stress of 5 mPa had the lower proportion of dead
bacteria: a lower shear stress did provoke the detachment of dead matter and a higher shear stress
was probably harmful for bacteria. More analyses are necessary to observe the density of the biofilm
and the spatial repartition of live and dead bacteria in the biofilms.

This work demonstrated the major role of the shear stress in the biofilm formation and should be taken
into account for the architecture of reactors. Applying a shear stress could be a way to control the
selection of EAB and the quantity of dead matter in anodic biofilms.
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Abstract : Chapter 6

Hydrodynamic conditions play a major role in the biofilm formation. They impact the bacterial
composition of the biofilm, their activities and the physical structure of the biofilm by a control of the
substrate and product transport outside and inside the biofilm. They control also the forces applied to
the surface, the shear stress, which impact the biofilm formation in terms of density, thickness or dead
mass proportion. Mass transport and shear stress are both dependent of the fluid velocities. For this
reasons, it is difficult to study the effect of the shear stress independently to the mass transport and
the residence time. In order to resolve this problem, a MFC with a Taylor reactor configuration was
designed and build. The Taylor reactors have the advantages to be studied in different domains, so the
hydrodynamic conditions are well known. It is composed of two cylinders: an inner rotating cylinder
and an outer fixed cylinder. The liquid medium is present between this two cylinders. Different flow
types can be observed in function of the reactor dimensions and the rotation velocity of the inner
cylinder. From a critical Reynolds number, Taylor vortices can be observed between cylinders. This
work presents the configuration characteristics and preliminary experiments to test the MFC with a
Taylor configuration and the electricity production.

The reactor was composed of two cylinders: a rotating inner cylinder (160 x 380 mm) on which a
carbon cloth anode was fixed covering the whole surface (1909.12 cm?), and a fixed outer cylinder
(9#189x380 mm) on which 12 air cathodes (¢ 40mm) were inserted (cathode surface: 150.80 cm?). The
volume between cylinders was 3.02 L. The distance between cylinders, and so between electrodes was
14.5 mm. In this configuration, the shear stress is not homogenous on the anodic surface and the
variation were described and should be taken into account for the choice of the rotation velocity and
the sampling strategy. Under a shear stress between 76.9 and 131.8 mPa, corresponding to a rotation
velocity of 80 rpm, the MFC had a maximal power of 4.52 mW/m? after 25 days and a substrate flow
of 1.29 g.Lt.day®. The MFC degraded 63% of the BOD, that to say an activity of 0.32 g.Lt.day. The
resistances of the MFC after 25 days were 14.97+0.38 ohms for the ohmic resistance, 5.85+0.35 ohms
for the resistance linked to the cathode and 12.04 ohms for the resistance linked to the anode. The
biofilm growth was very long, due firstly to a limit of substrate concentration and maybe due to a high
shear stress.

The Taylor configuration seems a good solution to study independently the shear stress and the mass
transport in MFC which are major parameters for the scale-up of MFCs. More experiments at different
shear stress and different residence times are necessary and should give more information about the
optimization of hydrodynamic parameters for the scale-up of MFC.
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6.1 Introduction

Hydrodynamic conditions play a major role in the biofilm formation and their activities [113], [114],
[164]-[168]. They impact the bacterial composition of the biofilm, their activities and the physical
structure of the biofilm by a control of the substrate and product transport outside and inside the
biofilm. They control also the forces applied to the surface, the shear stress, which impacts the biofilm
formation in terms of density, thickness or dead mass proportion. Mass transport and shear stress are
both dependent of the fluid velocities. For this reasons, it is difficult to study the effect of the shear
stress independently to the mass transport and the residence time.

In order to resolve this problem, a MFC with a Taylor reactor configuration was designed and build.
The Taylor reactors have the advantages to be studied in different domains such as cellular culture and
fluidic dynamic [114], [169]—-[174], so the hydrodynamic conditions such as shear forces but also mass
transport are well known in this type of reactor. It is composed of two cylinders: an inner rotating
cylinder and an outer fixed cylinder. The liquid medium is present between this two cylinders. Different
flow types can be observed in function of the Taylor number which is a one dimension value
determining the flow type. It is calculated by the following equation (6.1) [175]:

7 2 )3
Ta =4 Re?.t7tint = 4 (2) 2 Uen=Tind) (6.1)

TexttTint v TexttTint
. r =T
with Re = (). Tint- % (62)

where rint and rex are the inner and outer cylinder radii in m, Re the Reynolds number, v the cinematic
viscosity of water in m%.s?, and Q the rotation velocity in rad.s™®. For Re. < 134.57, the flow is tangential
and laminar (a Couette flow). Then there is a formation of Taylor vortices (Rec>134.57). The flow is first
still laminar (134.57<Re.<955.45) and after become turbulent keeping unstable vortex structure.

In MFC domain, several studied are interested by mass transport [176], but no study takes care
precisely of both mass transport and shear stress. The MFC with a Taylor configuration was designed
for this goal. This work presents the characteristics of the reactor and preliminary experiments to test
the MFC and the electricity production.
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6.2 Materials and methods

6.2.1. Reactor configuration and setting up

The Taylor reactor configuration was described in the Figure 6.1. It was composed of two cylinders: a
rotating inner cylinder (160 x 380 mm) on which a carbon cloth anode was fixed covering the whole
surface (1909.12 cm?), and a fixed outer cylinder (#189x380 mm) on which 12 air cathodes (g 40mm)
were inserted (cathode surface: 150.80 cm?). The cathodes were built by following previous protocol
[124], [177]. The volume between cylinders was 3.02 L. The distance between cylinders, and so
between electrodes was small (14.5 mm), decreasing the ohmic resistance. The anode and the cathode
were connected by an external resistance of 1000 ohms. The motor driving the inner cylinder was
controlled by the Biostat B control unity. A rotation velocity of 80 rpm was applied during the whole
experiment, corresponding to a Taylor number of 4137, a Reynolds number of 9718 (turbulent flow)
and a shear stress of 50 mPa. A peristaltic pump controlled by the Biostat B control unity, applied an
axial flow through the reactor, controlling the residence time in the reactor. The dimensions of the
reactor were determined in order to have a Taylor vortex regime for small rotated velocities and a
shear stress lower than 100 mPa.

The medium was wastewater from a wastewater plant station (Feyssine, Lyon, France) amended with
1.2 g/L (20mM) of sodium acetate. The biochemical oxygen demand (BOD)5 was only of 16 mg/L before
the amendment. The bacterial concentration was of 3.2 10° cells/mL, and was measured by direct
counting using a Malassi cell. The pH was 7.66 and the conductivity was 2.25 mS/cm. They were
measured using electrochemical probes. The cell voltage was reordered every 10 minutes.

Shear stress calculation

The shear stress mean was calculated with the following approximation [114]:
3
2

Tint
Tint_ )
7=213 M Re**5 P2 forRe>800 (6.3)

S5 2 anint
(5+T‘int)
3
(srint )2 5
T=0.113 2 Rel764 PV ¢45rRe>10000  (6.4)
5 2 21TTint
(8+’r‘int)
with  Re = 2mt (g 5)

where rintis the inner cylinder radius in m, & is the distance between cylinders in m, p the liquid density
in kg.m3, v the cinematic viscosity in m?.s%, and Q the rotation velocity in rad.s™.

6.2.2. Residence time distribution

The residence time distribution was measured by pulse experiment using a solution of E122-Azorubine
as marker. Its maximal wave length was at 515 nm. The absorbance at 515 nm was 0.523 for a
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concentration of 1mL/L. 3.02 mL were injected in the reactor (volume: 3.02L) in order to have a
maximal concentration of 1mL/L. After the injection, the absorbance in the output was measured every
minutes during the first 10 minutes, then every 3 minutes until 30 minutes, and finally every 5 minutes
until 110 minutes. The results are expressed in relative absorbance as a function of the time. The
applied flow was 28mL/min, and the rotated velocity was 80 rpm.

6.2.3. BOD5 measures

The BODS5 is measured after 5 days of incubation with microorganisms at 20°C. It was measured using
an OxiTop. The BOD5 was measured in output of the reactor in order to determine the carbon
consumption percentage and the coulombic efficiency defined by the equation (6.6):

i

EC =———
F.n.Q.ABOD5S

(6.6)

where EC is the coulombic efficiency, i the current in A, F the faraday constant of 96485 C.mol?, n the
number of electrons produced per mole of substrate (8 electrons per mole of acetate), Q the fluid flow
in mL.s?, and ABODS5 the difference of substrate concentrations in mol.mL™.

6.2.4. Electrochemical analysis
The maximal power density was measured by linear voltammetry using a Voltalab potentiostat. A two

electrode configuration was used: the anode as working electrode and the cathode as auxiliary
electrode. The potential scanning started from the cell voltage in open circuit to 0 mV, with a rate of 1
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"\ rotated cylinder

\

<« \
‘Cathodes on the
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Figure 6.1. (A) Photography of the Taylor reactor. (B) Schematic of the Taylor reactor.
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mV/s. This measures were done with a rotation of 80 rpm. The power density was calculated from the
following equation (6.7):

P=Ul (6.7)
where P is the power density in W/m?, U the cell voltage in V, and / the current density in A/m?

Impedance spectroscopy was also measured in order to determined different resistances: the
anodic and cathodic resistances of charge transfer and the ohmic resistance. The resistances were
determined by fitting the results against a circuit model described in the Figure 6.2. The scanning was
of 10mV around the cell voltage in open-circuit, with frequencies from 1000 Hz to 100 mHz. Because
of a too important noise due to the cylinder rotation, the measures were done without rotation of the
inner cylinder.

6.2.5. Model
Qdl,a Qdl,c
& K
O— — —O0
— Rohm —

Figure 6.2. Circuit model for impedance spectroscopy studies. Rohm corresponds to
the ohmic resistances, Rp,a and Rp,c to the charge transfer resistances of respectively
the anode and the cathode.

A model was built using Comsol to verify the fluidic regimes in function of the rotated velocity and to
observe the repartition of the shear stress on the anodic surface. Thanks to the reactor geometry, an
axis symmetric hypothesis was used to simplify the three dimensional geometry into two dimensional
one. The space between cylinders was then represented by a rectangular area (0.0145x0.380 m?),
composed one mobile wall for the inner cylinder and one fixed wall for the outer cylinder. The mesh
was built from recommended parameters of Comsol and was refined closed to the walls to take
account of boundary layers. The flow inlet and outlet were neglected. The model was ran for different
rotation velocities. The liquid medium was considered as water with a density of 1000 kg.m?3 and a
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dynamic viscosity of 0.001 Pa.s. The model resolved the incompressible Newtonian Navier-Stokes
equations, and turbulences were modeled by a RANS k-& model.
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6.3 Results

6.3.1. Model

The rotation velocity of the model was between 20 and 125 rpm. The Table 6.3 shows the Reynolds
and Taylor number calculated by the equation (6.1) and (6.2), and the flow regime theoretically
associated at each rotation velocity. In order to verify that the model described correctly the flow
regime of the Taylor reactor, the normed velocity was observed (Figure 6.5 and Figure 6.4). Taylor
vortices were observed at each rotation velocity even in turbulent regime. The reactor was modeled
to describe the distribution of the shear stress on the anodic surface. The modeled shear stress was
closed to the theoretically shear stress calculated from the equations, (6.4), (6.4), (6.5) (Figure 6.7).
The repartition of shear stress on the anodic surface is represented in the Figure 6.6, and follow the
vortex formations. In opposite to microfluidic channels, the shear stress is not perfectly homogenous
on the anodic surface. The shear stress can vary between 76.9 and 131.8 mPa (standard error = 15.8
mPa) on a distance y of about 3 cm. This information should be considered in the future if anode
samples are taken.

Rotation velocity (rpm) Reynolds Taylor flow regime
10.0 1214.7 517.2 Taylor vortex
20.0 24295 1034.3 Taylor vortex
30.0 3644.2 1551.5 Taylor vortex
40.0 4859.0 2068.6 Taylor vortex
50.0 6073.7 2585.8 Taylor vortex
60.0 7288.5 3103.0 Taylor vortex
70.0 8503.2 3620.1 Taylor vortex
80.0 9718.0 4137.3 Taylor vortex
90.0 10932.7 4654 .4 Taylor vortex
100.0 12147.5 5171.6 Turbulent
125.0 15184.4 6464.5 Turbulent

Table 6.3. Characteristics of the flow regime as a function of the rotation velocity (rpm).
Reynolds and Taylor number were calculated with the equations (6.1) and (6.2). The flow
regime was determined from Reynolds numbers.
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Figure 6.5. Flow regime at 80 rpm. The 3D graphic represents the normed velocity in
cm.s™. Taylor vortex can be observed at 80 rpm.
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Figure 6.6. Shear stress in mPa in function of the y axe for a rotation velocity of 60, 80
or 100 rpm.

6.3.2. Residence time distribution

In a perfect mixed reactor, the concentration evolution of an injected marker by pulse experiment in
function of the time is defined by the equation (6.8):

C=Che t’/t (6.8)
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where C is the marker concentration in the output flow, Cp the maximal concentration of the marker,
t the residence time mean, and t the residence time. In this study, the maximal relative absorbance is
1 and the residence time mean is theoretically given by the equation (6.9):

F=2=39_ 10714 min o

2= ooz = 0.009 min~! (6.9)

il =

where V is the reactor volume of 3 liters and Q the fluid flow in L/min. The Figure 6.8 shows the
marker concentration in the fluid output in function of the time for experimental measures and
theoretical distribution. The residence time mean was very smaller than theoretical residence time
mean (6.10):

il =

=0.018 & t=55.6min (6.10)

This results demonstrate that there is a dead volume of 1.46L in the reactor. Raguin L.G. and al. [169]
showed that the matter transfer is preferentially between the vortices than inside the vortices. The
vortex centers could be considered as dead volume. This effect can be observed in the Figure 6.9
showing the x and y normed velocity. The velocity in the vortex centers was only of 0.15 cm.s™, while
the velocity outer the vortices was 7.31 cm.s%. The Figure 6.9 shows also a low velocity of 0.5 cm.s™
between the vortices where a dead volume can exist too.

6.3.3. Electricity production
The Figure 6.11 shows the cell voltage in function of the time. Firstly, the fluid flow was 88.8mL.h™ (£ =

1.42 day), but the cell voltage stayed low (less than 180mV) after two weeks. So the fluid flow had
been increased until 136.0 mL.h! (£ = 0.93 day) the 18" days. Immediately after this change, the cell

Residence time distribution

1.20

1.00

0.80

Relative absorbance

0.60

0.40

0.20

0.00
0 20 40 60 80 100 120

Time (min)

O Measured —— Theoritical = - Expon. (Measured)

Figure 6.8. Residence time distribution. The red curve represents the theoretical
distribution in a perfect mixed reactor. The points represent the experimental measured
and the dotted curve represents the tendency curve from experimental points.
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voltage increased from the 18" day to 524 mV the 30th day corresponding to a current density of 2.75
mA/m? and a power density of 1.44 mW/m?.

The maximal power density was measured after 17 and 25 days (Figure 6.11). After 17 days, the cell
voltage was 153.5 mV and the maximal power density was 0.91 mW/m? at a current density of 12.43
mA/m?2. After 25 days the cell voltage was 350.4 mV and the maximal power density increased until
4.52 mW/m? at a current density of 27.47 mA/m?.
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Figure 6.9. Flow normed velocity in x and y axis at 80 rpm

6.3.4. BOD consumption

The BOD consumptions were measured the 17" and the 25" day. The initial BOD5 was 1241.67 + 58.45
mg.L. After 17 days, the BOD5 was of 120.00+69.28 mg.L?, corresponding to a consumption of 90.34%
of the BOD and to an activity of 0.19 g.L™%. Day™. At the 25" day, the BOD5 was 458.894+81.92 mg.L"
corresponding to a consumption of 63.04% of the BOD and to an activity of 0.32 g.L™*.day™ of BOD. The
mixing inside the reactor allows a good consumption of the organic matter but lead also to a very low
columbic efficiency. It was 0.4 103 at the 17" day and 0.2.107 at the 25" day.
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Figure 6.11. Evolution of the cell voltage in function of the time. An external resistance
of 1000 ohms was used during whole the experience.
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6.3.5. Impedance

The impedance spectrometry was measured in order to determine the anodic charge transfer
resistance. The Figure 6.12 shows the Nyquist graphic from the impedance spectrometry measures
after 17 and 25 days. The ohmic resistance was similar at 17 and 25 days and it was 14.97+0.38 ohms.
The resistance at the cathode was also similar at 17 and 25 days and it was 5.85+0.35 ohms. However
the anode resistance evolved in function of the time. It was difficult to determine the anode resistance
at 17 days but it was superior to 700 ohms. After 25 days, the resistance can be measured and it was
only of 12.04 ohms.
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Figure 6.12. Impedance spectrometry at 17 and 25 days (Nyquist graphic).
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6.4 Discussion

6.4.1. Microfluidic vs Taylor reactors

The hydrodynamic conditions influence dependently different parameters: the shear stress, the
residence time, the mass transport in the liquid medium but mostly at the biofilm surface and inside
the biofilm. The MFCs with a configuration of a laminar flow chamber were designed to observe the
biofilm formation under flow conditions. It should be used to observe the mass transport inside the
biofilm under different flow. Several studies modeled mass transport in MFCs [101], [106], [178]—[181].
Picioreanu C. et al. in 2010 [106] and Marcus A. K. et al. in 2011 [182] studied the limits of protons
transport as a limiting factor of the biofilm growth. However, it is difficult to compare this models to
experimental data. For that microfluidic reactors coupled to fluorescence microscopy seem
unavoidable.

However, it is not possible with this reactors to study independently the shear stress and the residence
time or the mass transport. For that a MFC with a Taylor configuration was designed, built and set up
in the Chapter 6. This reactor was built as an intermediate step towards scaling-up. The Taylor reactors
is well studied in different domains such as cellular culture and fluidic dynamic [170]-[172], [172],
[183], so the hydrodynamic conditions are well known. The knowledge in hydrodynamic
conditions (mass transport, shear stress and residence time) should lead the choice of architecture
and parameters of applied MFCs, particularly for MFCs with a 3D anode such as carbon granule or
foam. Indeed, the researches show a particular interest this last years for 3D anodes which offer
a larger active surface than plane anode. The knowledges about the effect of the shear stress and
the mass transport inside the biofilm should lead the choice of the size of interstices in the anodes.

The optimization of hydrodynamic conditions is a major lock for the MFC development that can
be unbolted by a unique approach but the association of different methods: (i) microfluidic
coupled to microscopy to study the biofilm formation (kinetics, density, thickness...) and the mass
transport inside the biofilm, (ii) scaled up MFCs with a well-known architecture model for process
engineering studies and evaluation of the organic charge abatement, coulombic efficiency and
electrical performances, (iii) pilot building.

6.4.2. Conlusion

The Taylor configuration seems a good solution to study independently the shear stress and the mass
transport in MFC which are major parameters for the scale-up of MFCs. The shear stress is not
homogenous on the anodic surface and the variations were described and should be taken into
account for the choice of the rotation velocity and the sampling strategy. Under a shear stress between
76.9 and 131.8 mPa (corresponding to a rotation velocity of 80 rpm), the MFC had a maximal power of
4.52 mW/m? after 25 days and a substrate flow of 1.29 g.L ™ .day™. The MFC degraded 63% of the BOD
in 0.93 days, that to say an activity of 0.32 g.L .day™. The resistances of the MFC after 25 days were
14.97+0.38 ohms for the ohmic resistance, 5.85+0.35 ohms for the resistance linked to the cathode
and 12.04 ohms for the resistance linked to the anode. The biofilm growth was very long, due firstly to
a limit of substrate concentration and maybe due to a high shear stress: after 30 day the electricity
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production seemed to just starting to be stable. More experiments at different shear stress and
different residence times are necessary and should give more information about the optimization of
hydrodynamic parameters for the scale-up of MFC.
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Conclusion

Through this thesis, different points about the dynamic of bacterial communities during the biofilm
formation were highlighted. Based on the work of C. Koch et al. [61], special attention was given on
specific and non specific EAB. Specific EAB include bacteria living in aerobic or anoxic environment,
able to use a large range of electron acceptors and substrates and able to indirect EET such as
Shewanella oneidensis. In opposite, non specific EAB includes bacteria living in anoxic environment,
able to use a low range of electron acceptors and substrates, and able to direct EET, such as Geobacter
sulfurreducens. The mechanisms involved in the selection of EAB were also a major part of this work.

First, the bacterial successions were studied under stationary conditions and in classical laboratory
configurations. Three main results were showed:

e the biofilm formation was divided in two steps : first non specific EAB with a very flexible
metabolism and using indirect EET grow in all MFCs producing or not electricity, then specific EAB
adapted to direct EET become more competitive and predominant in the biofilm. The second step
happened only in MFCs producing electricity and corresponded to an exponential increase of electricity
production. In addition, the relative abundance of specific EAB was positively correlated to the
maximal power density while the relative abundance of non specific EAB was negatively correlated to
the maximal power density.

e  The results show also a competition between specific EAB, especially between Geobacter
and Desulfuromonas during the second step, but it did not lead to better or lesser electricity
production.

e The selection of specific EAB happened only in the anodic biofilm and not in the liquid
medium contrary to non specific EAB.

From this results, we hypothesis that an inhibition of the first step should decreases the
competition between non specific and specific EAB during the anode colonization, and favors the
growth of specific EAB in the biofilm. We propose to use the shear stress to select specific EAB
during the adhesion step by detaching none and non specific EAB. For that MFCs with a
configuration of a laminar flow chamber were designed, built and set up. The results demonstrate
that under a high shear stress the abundance of specific EAB as Geobacter was very higher, until
30.14% in opposite to low shear stress where the relative abundance was lower than 1%. In
addition, the shear stress decreases the coverage percentage of the anodic surface, showing that
the selection of specific EAB happens by detaching other bacteria. So, the shear stress could be
used to select specific EAB.

Finally, the effect of the shear stress on the microbial selection during the biofilm growth was
investigated. This results confirm the precedent conclusion: specific EAB are selected under shear
stress conditions. The anodic biofilms growing under 10mPa presented a higher relative
abundance of specific EAB (35.78+6.70%) dominated by Geobacteriaceae, in opposite to the
anodic biofilms growing under 1mPa (16.20£3.14%). In addition, the shear stress decelerates the
kinetic of biofilm development. But after 10 days, no difference of coverage percentage or
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thickness was observed. However, the shear stress modifies the proportion of live and dead
bacteria in the biofilm. The biofilms growing under a shear stress of 5 mPa had the lower
proportion of dead bacteria: a lower shear stress did not allow the detachment of dead matter,
and a higher shear stress was certainly harmful for bacteria. This work demonstrates the major
role of the shear stress in the biofilm formation, and should be taken into account for the
architecture of reactors. Applying a shear stress could be a way to control the selection of EAB and
the quantity of dead matter in anodic biofilms.
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Résumeé de 'Annexe 1

Les piles a combustible microbiennes, en tant que biotechnologie potentiellement
durable, peuvent assurer la conversion directe de la matiere organique des eaux usées en
électricité en utilisant des biofilms bactériens comme biocatalyseurs. L'un des points
critiques dans les biopiles microbienne est de comprendre quelles bactéries électroactives
(EAB) et quels mécanismes sont impliqués dans le transfert d'électrons extracellulaires vers
I'anode. Le but de cette étude était d'évaluer comment une tension appliquée entre 1'anode
et la cathode influence la structure et l'activité de la communauté bactérienne anodique.
Deux biopiles ont été exploitées avec une résistance externe de 1000 ohms. L'une a été
soumise a une tension électrique appliquée de 500 mV pendant les quatre premiers jours de
formation du biofilm et l'autre a été démarrée sans tension appliquée supplémentaire.
Lorsque la production d'électricité était stable, 'ADN total et les protéines ont été extraits et
séquencés. L'approche couplée métaprotéomique/métagénomique montre que lorsqu'une
tension était appliquée pendant1'étape de colonisation, un transfert direct d'électrons via les
cytochromes C, était le mécanisme majeur détecté et principalement réalisé par Geobacter
sp. Dans l'autre biopile, une plus grande diversité de bactéries, telles que Pseudomonas et
Aeromonas, semble étre impliquée dans la production d'électricité en utilisant le transfert
d'électrons via des navettes redox de la famille des flavines
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Abstract: Appendices 1

Microbial fuel cells (MFCs), as a potentially sustainable biotechnology, can mediate
the direct conversion of organic matter from wastewater into electricity using bacterial
biofilms as biocatalysts. One of the critical points in MFCs is to understand which
electroactive bacteria (EAB) and which mechanisms are involved in the extracellular
electron transfer to the anode. The goal of this study was to evaluate how an applied voltage
between anode and cathode influences the anodic bacterial community structure and
activity. Two MFCs were operated with an external resistance of 1000 ohms. One was
submitted to an applied electrical voltage of 500 mV during the first four days of biofilm
formation and the other was started without additional applied voltage. When the electricity
production was stable, both total DNA and total protein were extracted and sequenced. The
combined metaproteomic / metagenomic approach shows that when a voltage was applied
during the colonization step, a direct electron transfer via cytochrome c was the major
mechanism detected and mainly mediated by Geobacter sp. With the other MFC, a higher
diversity of bacteria, such as Pseudomonas and Aeromonas, seemed to be involved in the
electricity production using mediated electron transfer via flavin family members when no
voltage was applied during the colonization step.
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A1. INTRODUCTION

Microbial fuel cells (MFCs) have been recognized as a potentially sustainable
biotechnology that involves the direct conversion of organic matter from wastewater into
electricity using bacterial biofilms as biocatalysts [1]-[3]. Electroactive bacteria (EAB) use
organic matter as electron donors and are capable of extracellular electron transfer to the
anode. Over the last 10 years, reported MFC power densities have increased up to 6.9 W per
m? of anode [4]. Currently, one of the critical steps in MFCs start-up is the initial colonization
of the anode by EABs as this step affects the bacterial community structure of the mature
biofilm, and thus, the overall electron transfer rate. In order to control this step, a better
understanding of the EAB community involved in the extracellular electron transfer and the
mechanisms used by these bacteria to transfer their electrons is needed. Many bacteria use
redox shuttles such as Flavin- (Shewanella) or phenazine- (Pseudomonas) type molecules.
Another mechanism is a direct electron transfer via c-type cytochrome as in Clostridium,
Geobacter or Shewanella [5], [6]. The electrons can be transferred directly from c-type
cytochrome to the anode or through nanowires as in Geobacter or Shewanella [6).

Different methods have been proposed to favor the development of EABs on the
anode. Different substrates have been tested to see if some bacteria could be preferentially
selected on the anode and several studies have shown that the addition of acetate favors the
growth of Geobacter [7], [8]. This use of acetate selects the acetotroph bacteria Geobacter,
which is an electroactive bacterium and, thus, leads to an increased electricity production.
However, the chemical nature of the electron donor might not be the only parameter that
affects the selection of bacteria in MFCs. Electrical and electrochemical parameters might
play major roles in selecting the type and level of anodic respiration. Two electrochemical
parameters have been extensively studied: the electrochemical anodic potential and the
external resistance. Some studies have shown the influence of the anodic potential on
microbial community structure and electrical performances of MFCs [9]-[13]. Wang et al. [12]
reported that the MFC start-up could be accelerated by the application of an anode potential
of 200mV (vs Ag/AgCl), but the bacterial community analysis was not performed. In addition,
Wei et al. [13] showed that a positive anode potential (vs Ag/AgCl) decreased the start-up
time and increased the current generation for G. sulfurreducens. On the other hand, Alterman
et al. [9] reported that a negative anode potential (-200mV vs Ag/AgCl) improved current
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generation and did not influence the start-up time. Torres et al. [11] reported that a negative
anode potential selected Geobacter and that a positive anode potential produced a diverse
bacterial community. The external resistance also appears to have an impact on electrical
performance and the selected bacterial communities. Alterman et al. [14] and Zhang et al. [15]
concluded that the external resistance needed to be the lowest possible but close to the
internal resistance to produce a better power density. Lyon et al [16] reported that
differences in the external resistance induced different bacterial communities on the anode.
While the influence of electrochemical anodic potential and the external resistance have
been widely studied, other parameters such as the potential between anode and cathode
have not been studied. The potential between the anode and the cathode should influence
the anodic bacterial community of the MFC by creating an electromotive force during start-
up, and thus, this potential should favor the movement of microorganisms to the anode.
Therefore, the voltage between anode and cathode might modify the taxonomic and
functional characteristics of the anodic biofilm. Environmental EABs belong to diverse
taxononomic groups such as Firmicutes (Clostridium), Betaproteobacteria (Rhodoferax),
Deltaproteobacteria (Geobacter), Epsilonproteobacteria (Arcobacter), or
Gammaproteobacteria (Shewanella) [5], [17]-[21]. The MFCs with a high relative abundance
of Geobacter often have the best electrical performances [22]. However, mixed-cultures often
generated higher power than pure cultures. Recently, some studies have investigated the
taxonomic diversity and structure of mixed-species anodic biofilms [22]-[29]. The major taxa
varied from one study to another as Deltaproteobacteria [27], [28], Betaproteobacteria [22],
and Bacteroidetes [25] were all observed to be the major bacteria present. Stratford et al. [26]
investigated the relation between different parameters of diversity and power production.
They showed that the Shannon index (representative of richness and evenness) was
positively correlated with power production. In other studies, MFCs with higher power
production had lower Shannon indices [27]. One of the rare studies that described the
potential functional capabilities of microorganisms in the anodic biofilm was done recently
with metagenomic data annotated sequences to genes known for enzymes potentially
involved in the extracellular electron transfer [30]. Unfortunately, the presence of these genes
represents only the microbial potential and not their activity. A functional analysis based on
both metaproteomics and metagenomics would provide both. Metaproteomics has been
recognized as a promising method to access bacterial ecosystem function [31]. Leary et al
used metaproteomics to investigate the impact of the cathodic electrochemical potential on
gene expression in the cathodic biofilm [32]. To our knowledge, studies applying
metaproteomics to anodic biofilms have not been reported. The goal of this study was to
investigate how an applied voltage between anode and cathode influences the bacterial
community structure and activity using a combined metaproteomics / metagenomics
approach.
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A2. MATERIALS AND METHODS

A2.1. MFC setting up

Single-chamber batch MFCs in 250mL Wheaton bottles were set up in the
laboratory at ambient (24°C) temperature. The anode consisted of two 3 x 5 cm pieces of
carbon cloth. The cathode consisted of carbon cloth (designation B) 2.5 cm in diameter. It
was prepared with PTFE coating and 5 % platinum catalyst as described by Cheng et al. [33].
The MFCs were filled with 250mL of primary effluent from a domestic wastewater treatment
plant (Lyon, France) and fed with 1g/L sodium acetate every 2 days. The anode and cathode
were connected to a generator and were polarized with a direct current voltage of 0.5V. The
voltage was applied for 4 days (MFC4d). After 4 days, the polarization in the MFC4d was
stopped. The external circuit was closed with an external resistance of 1000 ohms. A classical
MFC without initial polarization and with an external resistance of 1000 ohms was used as
the control (CtrIMFC). The evolution of the voltage was measured every 30 min using
Hewlett Packard 3456A Digital Voltmeter combined with Agilent 34970A Data
acquisition/Switch Unit in both MFCs over 20 days.

A2.2. Polarization Curve Analysis and Cyclic Voltammetry

After the electricity production stabilized (after 17 days), the polarization curves of
the MFCs were measured. A variable external resistance and voltmeter were used. The
surface current was determined with the following equation (1)

=Yl

RS (1)
where U is the voltage of the cell, R the external resistance and S the surface of the anode.
The power density was calculated with the following equation (2)

P=UI (2)

The cyclic voltammetry (CV) spectra of the anodes was performed with a
potentiostat (Voltalab) using a three electrode arrangement consisting of the working
electrode (anode), a saturated Ag/AgCl reference electrode, and a platinum wire serving as
the counter electrode. The CV measurement scanned the potential range from -0.8 Vto 1V vs
Ag/AgCl with arate of 10m V/s.
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A2.3. DNA extraction and Sequencing

After 17 days, two 1 cm ? pieces of anode were cut and placed into 1 mL 0.8 % sterile
NaCl solution with 1 sterile ceramic bead (MP Biomedicals, Illkirch, France). The pieces of
anode were then bead-beaten using a FastPrep machine (MP Biomedicals) at a speed of 6
m/s for 20s. Five hundred microliters of the suspension were used for total DNA extraction
using a modified Genomic DNA from Tissue kit (Macherey-Nagel GmbH and Co. KG, Duren,
Germany). The manufacturer’s instructions were followed except that the pre-lysis
incubation was performed by first incubating the centrifuged sample with 180 uL T1 and 25
uL of proteinase K for 5 min at room temperature, then vortexed and incubated for 10 min
at 70°C. The reaction was stopped by exposing the tubes to 95°C for 5 min. The metagenomic
DNA was sequenced with the 454 technology. The 16S ribosomal RNA gene amplicons were
sequenced with the [llumina MiSeq System. The region V3-V4 of the 16S rRNA gene (rrs) was
amplified by the forward primer 5
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG 3’ and the reverse
primer 5 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC 3’
(amplicon size: 460bp).

A2.4. Proteins Extraction and Sequencing

Each cell pellet was lysed, denatured, and reduced in a solution of 6 M guanidine
and 10 mM DTT in 50 mM Tris buffer (pH 7.6) and shaken overnight at 37°C. The solution
was diluted 6-fold with 50 mM Tris buffer 10mM CaCl2 (pH 7.6), the proteins were digested
into peptides with 1/100 (wt/wt) sequencing grade trypsin (Promega, Madison, WI) and the
insoluble cellular material was removed by centrifugation (2000 g for 10 min). Peptides
were desalted off-line by C18 solid phase extraction (Waters, Milford, MA), concentrated,
filtered and aliquoted as previously described by Verberkmoes et al. [34]. Two-dimensional
nano-LC MS/MS analysis of each sample was carried out on a LTQ-Orbitrap hybrid mass
spectrometer (Thermo Fisher, San Jose, CA) as described elsewhere [19]. In brief,
chromatographic separation of the tryptic peptides was conducted over a 22 hour period of
increasing (0-500 mM) pulses of ammonium acetate followed by a 2 hr aqueous to organic
solvent gradient. The LTQ was operated in a data-dependent manner as follows: MS/MS on
top five ions detected in full scan, two microscans for both, full and MS/MS scans, centroid
data for all scans, and dynamic exclusion set at 1.

Proteomic data for each sample can be found at the following links:
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https://compbio.ornl.gov/mspipeline /vogel /dtaselect Sample Set 050208 Sample33 tr
JMM S33.html

https://compbio.ornl.gov/mspipeline /vogel /dtaselect Sample Set 050208 Sample35 tr
C02 S35.html

Quantitative value for proteins sequences is reported in NSAF (normalized spectral
abundance factor). The NSAF is based on spectral counts detected for peptides belonging to
a given protein. A correction factor is applied to account for the higher probability of
detecting a longer protein (due to it yielding more peptides) and is normalized to total
spectral count for the run.

A2.5. Sequence Analyses

1. 16S Ribosomal RNA Gene Amplicon Sequence Analysis

The sequences were joined with Pandaseq [35] with a minimal overlap of 50bp and
a final sequence length between 500 and 600bp. Then, the OTUs were defined arbitrarily at
97 % of identity with QIIME [36] using the pick —closed —reference.py script. The associated
taxonomy was assigned using the Greengene database. The number of sequences for all the
samples was adjusted to the same number of sequences of the smallest sample. The Shannon
index was calculated on a pseudo-genus level by the following equation (3):

H' Z_Zpi'ln(pi) (3)

where pi is the proportion of the OTUi considered to belong exclusively to the annotated
genus. The relative abundance of the major genus present in the samples was analyzed.
Bacterial genus considerate as potential EABs were Geobacter, Arcobacter, Desulfovibrio,
Clostridium, Pseudomonas, Shewanella, Streptomyces, Bacillus, Aeromonas, Rhodoferax,
Escherichia.

2. Metagenomic and Metaproteomic Sequence Analysis

The metagenomic DNA sequences were assigned using the non-redundant protein
(nr) database from NCBI using a BLASTx with Diamond software [37]. For the metaproteomic
data analysis, only the proteins matching with the metagenomic sequences from the MFCs
were kept. This step was done using R software [38] with the package seqinr [39]. The
metaproteomic sequences were assigned with the database from each specific MFC using a
BLASTp of Diamond software [37]. Only the matches with a percentage of identity higher than
40 % were kept. The best assignments were kept for each sequence. Then, the NSAF of
sequences were added for each assignment. The results were analyzed with Megan software
[8] and STAMP [40]. The gi map was used to analyze taxonomic structure. The SEED
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classification with RefSeq map was used to analyze the functional genes. In order to study
the relative abundance of genes and proteins involved in intracellular and extracellular
electron transfer, data were also BLASTed against different functional-specific databases.
The databases were created from the Bacteria RefSeq database of NCBI by research of key
words. Five specific databases were created with proteins associated with cytochrome
function, hydrogenase function, shuttles function, acetate function and adhesion function.
The databases can be found at genomenviron.org. Only the matches with a percentage of
identity higher than 40% were kept. The better assignment was kept for each sequence.
Then, the number of sequences and the relative abundance for each assignment were
calculated. In order to study the functional diversity, a Shannon index was calculated using
RefSeq protein identifier as the unit for metagenomic and metaproteomic data.
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A3. RESULTS

A3.1. Effect of the Applied Voltage on Electricity Production

The exponential phase of the electrical current production started within one day
after the applied voltage was stopped in MFC4d (Fig. 1), so after 4.5 days total time. On the
other hand, the exponential phase started after 8 days from the start-up point for the control
MFC (CtrIMFC). The MFC4d also had a higher voltage (50% greater than the control) after
reaching the stationary phase (between 450 and 500mV) than the CtrIMFC, which had a
maximum voltage of about 340mV. The applied voltage for 4 days appeared to decrease the
latency phase and increase the voltage of the stationary phase. The maximal power for
MFC4d and CtrIMFC was 38.2 and 29.5 mW/m? with a density current of 150.0 and 134
mA/m?2 and an open circuit voltage of 545 and 554mV, respectively (Supplementary Data
Fig. S1). Despite the fact that MFC4d had a higher voltage, the maximum power density was
similar to that for the CtrIMFC. For both MFCs, the cyclic voltammetry spectrum from each
MFC showed one unique peak of oxidation (Supplementary Data Fig. S2). The peak was
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Figure.1. Evolution of the microbial fuel cell voltage as a function of time after the applied
voltage (MFC4d) and without preceding phase of applied voltage (CtrIMFC). The external
resistance was set at 1000 Ohms.
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observed at 300mV vs Ag/AgCl for MFC4d and at 450mV vs Ag/AgCl for CtrIMFC. This
difference might explain in part the difference in the voltage between theMFCs.

A3.2. Bacterial Composition of Biofilms

The 16S ribosomal gene (rrs) sequences of V3-V4 region were annotated to
determine the bacterial community structure (Fig. 2). There were 122 834 sequences for the
CtrIMFC (sequence length: 457.07 +/- 11.14 bp; 59.18 % annotated), and 52 901 for the
MFC4d (sequence length: 463.30 +/-6.55 bp, 59.61 % annotated). The number of observed
OTUs was respectively of 289 and 316. However, the Shannon index was higher for the
CtrIMFC than for the MFC4d (2.38 and 1.84, respectively). The major taxa in the CtrIMFC
were Epsilonproteobacteria (30.24%), which was 100% Arcobacter; Deltaproteobacteria
(18.64%), which was 98.50%  Geobacter;  Betaproteobacteria  (15.38%);
Gammaproteobacteria (13.24%); and Flavobacteria (13.16 %). Some minor taxa included
Bacteroidia (3.82%), Alphaproteobacteria (2.35%) and Clostridia (2.67%). For the MFC4d,
the Geobacter genus itself was the highest abundant taxon (58.86%). The other major taxa

MFC4d MFC4d CtrIMFC

Legend
[[] Bacteroidia 6.00 % 3.82 %
. Flavobacteriia 2.36 % 13.16 %
within - Flavobacterium 97.68 % 100.00 %
. Clostridia 430 % 267 %
[[] Betaproteobacteria 9.39% 15.38 %
within [] Commamonas 79.47 % 42.69%

Ctrl MFC . Deltaproteobacteria 59.15 % 18.64 %
within [l] Geobacter 99.39 % 98.50 %
D Epsilonproteobacteria 0.85% 30.24 %
- Gammaproteobacteria 16.16 % 13.24 %
[l Others
Known electroactive bacteria

Figure 2. Bacterial community structure. The relative abundance of major classes and
genus are represented for CtrIMFC and MFC4d samples



Page | 205

were Gammaproteobacteria (16.16%), Betaproteobacteria (9.39%), Bacteroidia (6.00%)
and Clostridia (4.30%). However, Flavobacteria represented only 2.36%. The relative
abundance of total putative electroactive bacteria (EAB) was 69.0% in MFC4d and 56.6% in
CtrIMFC. The development of Geobacter on the anode appears to have been favored in MFC4d
by the application of a voltage during the colonization step. Geobacter appeared to be the
major genus responsible for electricity production in the MFC4d. However, in the CtrIMFC,
Arcobacter seemed to be the major genus putatively responsible for electricity production.

A3.3. Comparison of Functional Gene Expression

DNA extracted from CtrIMFC and MFC4d samples were sequenced by
pyrosequencing and proteins extracted for both CtrIMFC and MFC4d were sequenced by LC-
MS-MS. The number of DNA sequences was 251 718 (sequence length: 239.79 +/- 37.30 bp)
and 201 041 (sequence length: 239.42 +/- 41.57 bp), respectively. The number of unique
peptide sequences (with variable abundances) was 3443 (sequence length: 77.08 +/- 12.06
aa) and 2348 (sequence length: 77.54 +/- 13.22 aa), respectively (Supplementary Data Fig.
S3). These metagenomic and metaproteomic sequences were BLASTed against the non-
redundant protein database from NCBI and analyzed with Megan and STAMP software
(Supplementary Data Fig. S4 and Table S1). Then, the electron transfer function was more
effectively targeted by BLASTing metagenomic and metaproteomic data against specific
databases (Fig. 3, 4 and 5) (the data are available at www.genomenviron.org). Hydrogenases
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Figure.3. Acetate uptake function in microbial fuel cell communities. Proportion of
sequences annotated as acetate uptake and difference between proportion of CtrIMFC and
MFC4d in Panel A: metagenomic data and Panel B: metaproteomic data. Error bars are the
95 % confidence intervals and were calculated with STAMP software.
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and proteins associated with acetate and linked to electron donors and cytochrome c oxidase
were the proteins involved putatively in direct electron transfer mechanisms. Geobacter
proteins were more abundant in MFC4d than CtrIMFC for each of these functions. In addition,
about 95% of cytochrome c oxidases identified in MFC4d were assigned to Geobacter (only
18% of cytochrome c oxidases in CtrIMFC were assigned to Geobacter). This result implicated
Geobacter as a major player in the electron transfer in MFC4d. Overall acetate uptake
proteins were lower in the MFC4d than in the CtrIMFC. Since the hydrogenase proteins were
higher in the MFC4d, acetate might not have been as important a source of electrons as
hydrogen for the dominant Geobacter in the MFC4d.

To explore which bacteria might be involved in the electricity production in the
CtrIMFC, the functions associated with other EABs were evaluated. The EAB include
members of the genus Bacillus, Pseudomonas, Shewanella, Desulfovibrio, Aeromonas,
Arcobacter, Streptomyces, Clostridium, and Rhodoferax. Although there was three times more
cytochrome c oxidase from EABs in the CtrIMFC than from those in the MFC4d, the relative
abundance of these proteins was still relatively low. Since many EABs use shuttles to transfer
their electrons to the anode, the relative abundance of proteins and genes associated with
shuttle production was evaluated (Fig. 6). The relative abundance of the genetic sequences
associated with electron shuttle production were approximately the same for both MFCs.
However, the relative abundance of proteins associated with electron transfer shuttles was
four-times higher in the CtrIMFC than in the MFC4d (0.0056 and 0.0014, respectively). The
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Figure 4. Cytochrome c oxidase function in microbial fuel cell communities. Proportion of
sequences annotated as cytochrome ¢ and difference between proportion of CtrIMFC and
MFC4d in Panel A: metagenomic data and Panel B: metaproteomic data. Error bars are the
95 % confidence intervals and were calculated with STAMP sofware.
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relative abundance of proteins associated with FMN (FlavoMonoNucleotide) was also higher
in the CtrIMFC than in the MFC4d (0.0014 and 0.0001, respectively). In the CtrIMFC, about
87% of these proteins were assigned to Pseudomonas and 13% to Bacillus. The proteins
annotated as flavins were not detected in the MFC4d and their relative abundance was
0.0014 in the CtrIMFC. All flavins were assigned to Pseudomonas and identified as flavin
reductases. Flavoproteins were the most abundant proteins in the CtrIMFC (0.020) and were
assigned to Streptomyces. Finally, the relative abundance of proteins associated with
riboflavins was 0.0050 in the CtrIMFC and 0.0003 in the MFC4d. In the CtrIMFC, riboflavin
proteins were identified as riboflavin biosynthase and assigned to Aeromonas. So, the
electricity production in the CtrIMFC seemed to be the result of redox mediators belonging
to a more diverse bacterial community than those in the MFC4d.
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Figure.5. Hydrogenase function in microbial fuel cell communities. Proportion of
sequences annotated as hydrogenase and difference between proportion of CtrIMFC and
MFC4d in Panel A: metagenomic data and Panel B :metaproteomic data. Error bars are the
95 % confidence intervals and were calculated with STAMP software.

In order to evaluate the impact of the applied voltage on functional diversity and
selection pressure, the Shannon index was calculated using the RefSeq protein identifier
(Table 1). The Shannon index was similar for cytochrome c oxidase, hydrogenase and acetate
functions at the gene level. However, the Shannon index was lower for these functions in
MFC4d than in the CtrIMFC at the protein level. So, the applied voltage appeared to increase
the production of more specific proteins for these functions in the MFC4d. On the other hand,
the Shannon index was higher in the CtrIMFC than in the MFC4d at both the gene and protein
level for the electron shuttle function. Thus, the protein diversity was different between
MFC4d and CtrIMFC (Fig. S1).
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Metaproteomic Data Metagenomic Data Expression

Ctrl MFC MFCad Ctrl MFC MFCad Ctrl MFC MFCad
FMN I:l 1.38E-03 | 1.33E-04 I:|1.06E703 Dg.aoem |:|1.29E+OO I 1.36E-01
quinone [| 4.95E-04 I:l 6.73E-04 |:| 4.17E704| |:| 7.21E-04 |:|1.19E+00 |:| 9.34E-01
riboflavin |:| 5.45E-04 |] 3.13E-04 |:| 3.54E-04 |:| 3.13E-04 I:"_54E+00 |:| 1.00E+00
flavin |:| 1.37E-03 0.00E+00 I:l 6.67E-04 [l 2.29E-04 6E+OO 0.00E+00
flavoprotein Dz.owe-os I 2.47E-04 D 5.40E-04 D 4.73E-04 3.72E+00 |:| 5.22E-01
phenazine 0.00E+00 0.00E+00 I 9.53E-05 | 6.47E-05 0.00E+00 0.00E+00
ferredoxin 0.00E+00 0.00E+00 | 5.16E-05 | 2.49E-05 0.00E+00 0.00E+00
Shuttles 5.62E-0 |:| 1.37E-03 | 3.06E—04 | 2.77E-C|3 4E+OO |:| 4.93E-01

Figure 6. Shuttles Function. The relative abundance of functional gene and proteins is
represented by the bar graph with the corresponding values for Ctrl MFC and MFC4d
samples.

Metaproteomic Data Metagenomic Data

Functions Crtl MFC MFC 4d Crtl MFC MFC 4d

Cytochrome c oxidase 2575 1.602 5.836 5277
Hydrogenase 2457 1.944 5.517 5.439

Function associated to acetate 2.862 1.661 4613 4477
Shuttles 3.310 2.656 6.125 5.453

Table.1. Functional diversity. Shannon index calculated with individual enzyme for Ctrl
MFC and MFC4d samples and for metaproteomic and metagenomic data.
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A4. DISCUSSION

A4.1. Electron transfer mechanisms in the biofilms

The apparent mechanisms for electron transfer in both biofilms were different. In
the MFC4d, the high abundance of Geobacter and Geobacter proteins annotated as
cytochrome c is consistent with Geobacter as the major bacteria responsible for the observed
electricity production. Geobacter is known to use a direct electron transfer via the
cytochrome c [6]. In addition, the low relative abundance of proteins associated with electron
shuttles was interpreted as an indication that this mechanism of electron transfer was not
the primary one responsible for electricity production in the MFC4d. So, the direct electron
transfer was probably the mechanism driving electricity production in the MFC4d. Geobacter
is able to produce nanowires, but the protein PilA involved in the nanowires formation were
not observed in either MFCs (Supplementary data, Fig. S5). This lack of detection should not
be due to the detection limit as Geobacter was abundant in the MFC4d and nanowires are
composed of many PilA proteins. Geobacter can (and in this case might have) transfer their
electrons directly from cytochrome c to the anode and not via nanowires.

In the CtrIMFC, the production of proteins associated with redox shuttles was
higher than in the MFC4d. There was a relatively high abundance of FMN reductases and of
flavin reductases from Pseudomonas. Pseudomonas has been reported to transfer their
electrons via shuttles, but the reported shuttles were phenazines [21], which were not
detected in either sample. On the other hand, Pseudomonas might have played a key role in
the electricity production using flavin family proteins to transfer their electrons in the
CtrIMFC. The presence of riboflavin biosynthase protein from Aeromonas in the CtrIMFC
indicated that Aeromonas might have also participated in the electron transfer via flavin
family. Aeromonas is known to be an EAB. The formulated hypothesis for the mechanism for
the electron transfer was cytochrome c, but no experiment has shown that yet [20]. The role
of flavoprotein reductases from Streptomyces is more debatable. Streptomyces is capable of
electricity production [41], but the electron transfer mechanism is unknown. Flavoprotein
reductases are involved in its respiratory chain, but the role of flavoproteins in the
extracellular electron transfer has not been established for Streptomyces. Streptomyces was
active based on the protein analysis and might be involved in the electricity production in
the CtrIMFC. While cytochrome c is an important enzyme involved in extracellular electron
transfer, few of these proteins associated with Geobacter were observed in the CtrIMFC. The
resulting conclusion that Geobacter is relatively inactive in the CtrIMFC is further supported
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by the lower expression of cytochrome and hydrogenase genes in the CtrIMFC than in the
MFC4d. About 47% of cytochrome c proteins in the CtrIMFC were from Acidovorax.
Acidovorax was found in several samples from anodic [42] and cathodic biofilms [43]. So these
bacteria might play a role in the electron transfer.

A4.2. Taxonomic and Functional Diversity in Microbial biofilm

The impact of the applied voltage on taxonomic and functional diversity was
evaluated by calculating the Shannon index. The Shannon index was chosen because this
index includes both richness and evenness. Stratford et al. reported that the Shannon index
was the best correlation between taxa and power density in MFC [26]; the power density was
higher when the taxonomic diversity was higher. Unlike Stratford et al., Sun et al. observed
that MFCs with higher power density had lower taxonomic diversity [27]. In our study, an
imposed voltage for 4 days induced the selection of Geobacter in the anodic biofilm (59 % in
the MFC4d and 18 % in the CtrIMFC) and reduced the diversity. The taxonomic diversity was
much lower for the MFC that had the start-up phase with the voltage applied (Shannon index:
1.84 for the MFC4d and 2.38 for the CtrIMFC) and much higher for the operating electrical
production (500mV versus 340mV at 1000 Ohms). The measured maximum power density
was the same for both system, but as this could be due to cathode limitations, the electricity
production during normal operations was also determined. At the gene level, the functional
diversity was relatively similar for cytochrome c oxidases, hydrogenase and acetate
functions between the MFC4d and the CtrIMFC. This could be explain by the relatively high
proportion of the Geobacter genus, which has a high relative diversity of cytochrome c
oxidases and hydrogenases [44], [45]. For example, Butler et al. compared six genomes of
Geobacter and reported that Geobacter has on average 76 genes coding for cytochromes.
Contrary to the functional gene diversity, the protein diversity for cytochrome c oxidases,
hydrogenases and acetate functions decreased in the MFC that had the voltage applied. The
functional diversity for shuttle functions was higher at the gene and protein level in the
CtrIMFC than in the MFC4d. Indeed, these functions are very common in bacteria but absent
in the Geobacter genome(s) and are involved in other cellular processes than extracellular
electron transfer, such as quorum sensing. This bacterial communication can control
different process as biofilm formation [46], [47]. The start-up applied voltage appeared to
induce the production of more specific proteins for the electron transfer activity and to select
for the Geobacter genus and the production of more specific proteins for the extracellular
electron transfer.
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A4.3. Effects of the Applied Voltage on Geobacter selection

We showed that an applied voltage between anode and cathode during the
colonization step influenced the bacterial communities that grew on the anode. The
functional expression and the electron transfer mechanisms were different, too. In addition,
an applied voltage decreased the time of the start-up phase. One hypothesis is that the
imposed voltage favored the activity of anodic respiration of Geobacter by the presence of
electromotive force during the start-up phase. To study if the metabolic regulation of
Geobacter was different in the CtrIMFC and MFC4d MFCs, the ratio of the relative abundance
of proteins to the relative abundance of the corresponding gene was calculated (Fig.7). The
expression of cytochrome c was higher in the MFC4d than in the CtrIMFC (0.69 and 0.27,
respectively). This ratio for hydrogenase was also higher in the MFC4d than in the CtrIMFC
(4.43 and 2.43, respectively). Therefore, the applied voltage increased the long-term (after
the voltage was stopped) electron transfer gene expression of Geobacter. Geobacter cannot
use a large diversity of soluble electron acceptors contrary to other EABs, such as Shewanella.
Initially in CtrIMFC, there was no electromotive force. Therefore, the first bacteria on the
anode could not use anodic respiration to grow and might have used soluble electron
acceptors. Over time, the voltage of MFC increased and an electromotive force might have
been created and favored anodic respiration in the control. This could explain the higher
diversity of bacteria in CtrIMFC with less specific adaptation to extracellular electron
transfer than Geobacter. More experiments studying the impact of soluble electron acceptors
on anodic bacterial community development are needed. In the MFC4d, an electromotive
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Figure 7. Ratio of relative abundance of proteins to genes for different functions A:
cytochrome oxidase, B: hydrogenase, C: acetate uptake.
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force probably favored the electron transfer on the anodic surface. So, the growth of
Geobacter was possible earlier. The competitivity of Geobacter might have been better than
other EABs in the MFC4d for two reasons. First, the choice of acetate as substrate favored
acetotroph bacteria such as Geobacter. Secondly, Geobacter might be more competitive using
a direct electron transfer that involved less energetic losses during the extracellular electron
transfer than bacteria that use shuttle mediated electron transfer [48].

A4 .4. Advantages and Limits of Metaproteomic Analysis

The metaproteomic approach appeared to evaluate the microbial community
activity better than just metagenomic approaches. We use it to answer the question who
does what in a microbial ecosystem [31], [32]. The LC/MS/MS approach has a higher
sensitivity for the detection and identification of proteins than the 2D-page analysis [49].
However, the number of identified sequences is much lower than the number of sequences
in the metagenomic dataset. So, the comparison of the metagenomic and metaproteomic data
was limited. In this study, we compared the protein relative abundance versus gene relative
abundance as an indicator of gene expression, but this comparison cannot be considered as
a direct measurement of gene expression. In addition, the protein annotation process is more
complex than that for the metagenomic database and by consequence, generic metagenomic
databases cannot be used for assigning proteins. By annotating proteins on the same
samples’ metagenomic dataset, errors of identification can be reduced [31]. In spite of that,
the more complex an environmental sample is, the less robust the identification is. MFCs
have lower diversity than some environments, such as soils, and therefore, provide favorable
conditions to investigate functional expression and to link function and taxonomy in
microbial ecosystem. However, one of the difficulties in investigating the functional
expression of electron transfer in MFCs is the ubiquity of the functions themselves.
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Figure S3. Normalized spectral abundance factor (NSAF) for each protein sequence in A:
MFC4d and B: CtrIMFC

Samples non_redundant acetate
nb_seq filtred  nb_seq _db %seq  nb_seq _db Y%seq
DNA Ctrl MFC 251718 - 96063464 82.48% 12168 0.26%
MFC 4d 201041 - 96063464 77.49% 12168 0.24%
Protein Ctrl MFC 112308 3522 96063464 99.36% 198 0.76%
MFC 4d 104383 3232 96063464 97.74% 161 0.16%

hydrogenase cytochrome pili

nb_seq _db %seq nb_seq_db %seq  nb_seq_db %seq
DNA Ctrl MFC 60977 2.08% 351535 5.96% 115382 3.20%
MFC 4d 60977 2.64% 351535 5.90% 115382 3.10%
Protein Ctrl MFC 1001 0.35% 3953 1.33% 1543 0.32%
MFC 4d 954 0.98% 2649 1.48% 1159 0.24%

Table S1. Functional Gene Structure. The relative abundance of functional gene and the
difference between proportion are represented for Ctrl MFC and MFC4d samples in
function of SEED classification. The error bar are the 95 % confidence interval and were
calculated with STAMP software.



"Fatty Acids, Lipids, and Isoprenoids"
Metabolite damage and its repair or mitigation
Metabolism of Aromatic Compounds

Cell Wall and Capsule

Respiratory Complex |

Biotin biosynthesis

Dehydrogenase complexes

Biotin synthesis & utilization

Regulation and Cell signaling

Calvin-Benson cycle

Pyruvate:ferredoxin oxidoreductase
Dihydrooratase (EC 3.5.2.3)
Calvin-Benson-Bassham cycle in plants
Lipoate transport

Heme biosynthesis orphans

Cytochrome cd1 nitrite reductase (EC:1.7.2.1)
Nucleotide sugars

Mannose Metabolism

Butanol Biosynthesis

Riboflavin HMP

"Riboflavin, FMN and FAD biosynthesis in plants"
"Riboflavin, FMN and FAD metabolism Extended"”
Heme Biosynthesis: protoporphyrin- and coproporphy...
Core tetrapyrrole biosynthesis in plants
Experimental tye

Acetyl-CoA biosynthesis in plants

"Acetoin, butanediol metabolism*"

B12 Cobalamin HMP

Coenzyme B12 biosynthesis

B12 Biosynthesis (Tavares copyl)

NAD regulation

L-aspartate oxidase (EC 1.4.3.16)

"Niacin, NAD and NADP biosynthesis in plants”
Thiamin

NAD Niacin HMP

Page | 215

|
—_— | —_—
— . |
— | _—
L —— —— |
= —_— |
— ! ——i
— : ——
= | ——
o —_——
— —
[—] —_—— |
= —e— |
B —e—
= e
|
= |
= | —o—
=] —o—I
=) —o—!
=] :»—0—1
o] ——
L —e—q
=] ——
=1 ——
= —e—
= —o—{
= (o
b ——
5 ——
=] —o—
b —o—
: |
a e
a ng
a o
b o
|
0.0 1215 -1.0 0.5 0.0 05 1.0 1.5

Proportion (%)

Difference between proportions (%)

4.77e-6
1.12e-4
7.35e-7
3.88e-4
2.67e-3
2.0le-5
9.90e-5
1.86e-3
9.26e-4
8.86e-3
6.68e-3
4.88e-4
0.019
9.80e-3
9.80e-3
9.80e-3
0.017
0.010
0.015
0.043
0.043
0.043
0.021
0.021
0.021
0.023
0.043
0.020
0.020
0.020
0.044
0.044
0.044
0.044
0.044

Figure S4. Functional Proteins Structure. The relative abundance of proteins and the
difference between proportion are represented for Ctrl MFC and MFC4d samples in
function of SEED classification. The error bar are the 95 % confidence interval and were
calculated with STAMP software.

p-value



216 |Page

——0— 1.1le-15

p-value

Other
bacteria F

0.0 29.4 -20 =15 -10 -5 0 5 10 15 20
Proportion (%) Difference between proportions (%)

A @ cti MFC [ MFCa4d
|
I
Geobacter &I —e—i | <le-15
|
< Electroactive
5 bacteria EI o 2.59-3
| ]
=1
Other 1 2
bacteria [ ! —o—1 st §
|
1
0.0 243 -8 -6 -4 -2 0 2 4 6 8
B Proportion (%) Difference between proportions (%)
1
|
Geobacter h o | 44267
g I
& Electroactive |
o bacteria b —o0— < 1e-15
& 1
== |
I
|
|

Figure S5. Pili function in microbial fuel cell communities. Proportion of sequences
annotated as pili and difference between proportion of CtrIMFC and MFC4d in
A:metagenomic data and B:metaproteomic data. Error bars are the 95 % confidence
interval and were calculated with STAMP software.

A [ cirMFC ] MFC4d
|
I
Geobacter &I —o— | <1le-15
< m i ‘
= ectroactive i
a bacteria ‘i—O—< 4.20e-3 .
3
Other I 2
bacteria [ | —e—i <11 ]
I
L |
0.0 11 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4
B Proportion (%) Difference between proportions (%)
1
|
Geobacter |:| —o— | < le-15
z |
& Electroactive
= 4 I .
o bacteria F : —o— < 1le-15
& . g
Other T
bacterss T | e—imes §
|
1

0.0 05 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2
Proportion (%) Difference between proportions (%)

Figure S6. Cytochrome function in microbial fuel cell communities. Proportion of
sequences annotated as cytochrome c and difference between proportion of CtrIMFC and
MFC4d in A:metagenomic data and B:metaproteomic data. Error bars are the 95 %
confidence interval and were calculated with STAMP software.



Page |217

References

[11 K. Rabaeyand W. Verstraete, “Microbial fuel cells: novel biotechnology for energy generation,” Trends
in Biotechnology, vol. 23, no. 6, pp. 291-298, Jun. 2005.

[2] Z. Du, H. Li, and T. Gu, “A state of the art review on microbial fuel cells: A promising technology for
wastewater treatment and bioenergy,” Biotechnology Advances, vol. 25, no. 5, pp. 464—-482, Sep.
2007.

[3] B.E. Logan et al., “Microbial Fuel Cells: Methodology and Technologyt,” Environ. Sci. Technol., vol.
40, no. 17, pp. 5181-5192, Sep. 2006.

[4] B. E.Logan, “Exoelectrogenic bacteria that power microbial fuel cells,” Nat Rev Micro, vol. 7, no. 5, pp.
375-381, May 2009.

[5] H. S. Park et al., “A Novel Electrochemically Active and Fe(lll)-reducing Bacterium Phylogenetically
Related to Clostridium butyricum Isolated from a Microbial Fuel Cell,” Anaerobe, vol. 7, no. 6, pp. 297—
306, Dec. 2001.

[6] Y. A. Gorby et al., “Electrically conductive bacterial nanowires produced by Shewanella oneidensis
strain MR-1 and other microorganisms,” Proceedings of the National Academy of Sciences, vol. 103,
no. 30, pp. 11358-11363, 2006.

[71 K.-J. Chae, M.-J. Choi, J.-W. Lee, K.-Y. Kim, and I. S. Kim, “Effect of different substrates on the
performance, bacterial diversity, and bacterial viability in microbial fuel cells,” Bioresource Technology,
vol. 100, no. 14, pp. 3518-3525, Jul. 2009.

[8] D. H. Huson et al., “MEGAN Community Edition - Interactive Exploration and Analysis of Large-Scale
Microbiome Sequencing Data,” PLOS Computational Biology, vol. 12, no. 6, p. €1004957, Jun. 2016.

[9] P. Aelterman, S. Freguia, J. Keller, W. Verstraete, and K. Rabaey, “The anode potential regulates
bacterial activity in microbial fuel cells,” Applied Microbiology and Biotechnology, vol. 78, no. 3, pp.
409-418, Mar. 2008.

[10] D. A. Finkelstein, L. M. Tender, and J. G. Zeikus, “Effect of Electrode Potential on Electrode-Reducing
Microbiota,” Environ. Sci. Technol., vol. 40, no. 22, pp. 6990-6995, Nov. 2006.

[111C. I. Torres et al., “Selecting Anode-Respiring Bacteria Based on Anode Potential: Phylogenetic,
Electrochemical, and Microscopic Characterization,” Environ. Sci. Technol., vol. 43, no. 24, pp. 9519—
9524, Dec. 2009.

[12] X. Wang et al., “Accelerated start-up of two-chambered microbial fuel cells: Effect of anodic positive
poised potential,” Electrochimica Acta, vol. 54, no. 3, pp. 1109-1114, Jan. 2009.

[13] J. Wei, P. Liang, X. Cao, and X. Huang, “A New Insight into Potential Regulation on Growth and Power
Generation of Geobacter sulfurreducens in Microbial Fuel Cells Based on Energy Viewpoint,” Environ.
Sci. Technol., vol. 44, no. 8, pp. 3187-3191, Apr. 2010.

[14] P. Aelterman, M. Versichele, M. Marzorati, N. Boon, and W. Verstraete, “Loading rate and external
resistance control the electricity generation of microbial fuel cells with different three-dimensional
anodes,” Bioresource Technology, vol. 99, no. 18, pp. 8895-8902, Dec. 2008.



218 |Page

[15] L. Zhang, X. Zhu, J. Li, Q. Liao, and D. Ye, “Biofilm formation and electricity generation of a microbial
fuel cell started up under different external resistances,” Journal of Power Sources, vol. 196, no. 15,
pp. 6029-6035, Aug. 2011.

[16] D. Y. Lyon, F. Buret, T. M. Vogel, and J.-M. Monier, “Is resistance futile? Changing external resistance
does not improve microbial fuel cell performance,” Bioelectrochemistry, vol. 78, no. 1, pp. 2—7, Apr.
2010.

[171V. Fedorovich, M. C. Knighton, E. Pagaling, F. B. Ward, A. Free, and |. Goryanin, “Novel
Electrochemically Active Bacterium Phylogenetically Related to Arcobacter butzleri, Isolated from a
Microbial Fuel Cell,” Appl. Environ. Microbiol., vol. 75, no. 23, pp. 7326—-7334, Jan. 2009.

[18] H. J. Kim, H. S. Park, M. S. Hyun, I. S. Chang, M. Kim, and B. H. Kim, “A mediator-less microbial fuel
cell using a metal reducing bacterium, Shewanella putrefaciens,” Enzyme and Microbial Technology,
vol. 30, no. 2, pp. 145-152, Feb. 2002.

[19] J. Niessen, U. Schréder, and F. Scholz, “Exploiting complex carbohydrates for microbial electricity
generation — a bacterial fuel cell operating on starch,” Electrochemistry Communications, vol. 6, no. 9,
pp. 955-958, Sep. 2004.

[20] C. A. Pham et al., “A novel electrochemically active and Fe(lll)-reducing bacterium phylogenetically
related to Aeromonas hydrophila, isolated from a microbial fuel cell,” FEMS Microbiology Letters, vol.
223, no. 1, pp. 129-134, Jun. 2003.

[21] T. H. Pham, N. Boon, K. D. Maeyer, M. Héfte, K. Rabaey, and W. Verstraete, “Use of Pseudomonas
species producing phenazine-based metabolites in the anodes of microbial fuel cells to improve
electricity generation,” Appl Microbiol Biotechnol, vol. 80, no. 6, pp. 985-993, Aug. 2008.

[22] S. A. Patil et al., “Electricity generation using chocolate industry wastewater and its treatment in
activated sludge based microbial fuel cell and analysis of developed microbial community in the anode
chamber,” Bioresource Technology, vol. 100, no. 21, pp. 5132-5139, Nov. 2009.

[23] A. S. Commault, G. Lear, and R. J. Weld, “Maintenance of Geobacter-dominated biofilms in microbial
fuel cells treating synthetic wastewater,” Bioelectrochemistry, vol. 106, Part A, pp. 150-158, Dec. 2015.

[24] S. Jung and J. M. Regan, “Comparison of anode bacterial communities and performance in microbial
fuel cells with different electron donors,” App! Microbiol Biotechnol, vol. 77, no. 2, pp. 393—402, Nov.
2007.

[25] D. Ki, J. Park, J. Lee, and K. Yoo, “Microbial diversity and population dynamics of activated sludge
microbial communities participating in electricity generation in microbial fuel cells,” Water Science &
Technology, vol. 58, no. 11, p. 2195, Dec. 2008.

[26] J. P. Stratford, N. J. Beecroft, R. C. T. Slade, A. Grining, and C. Avignone-Rossa, “Anodic microbial
community diversity as a predictor of the power output of microbial fuel cells,” Bioresource Technology,
vol. 156, pp. 84-91, Mar. 2014.

[271Y. Sun, J. Wei, P. Liang, and X. Huang, “Electricity generation and microbial community changes in
microbial fuel cells packed with different anodic materials,” Bioresource Technology, vol. 102, no. 23,
pp. 10886-10891, Dec. 2011.

[28] M. D. Yates et al., “Convergent development of anodic bacterial communities in microbial fuel cells,”
ISME J, vol. 6, no. 11, pp. 2002—2013, Nov. 2012,

[29] A. Paitier, A. Godain, D. Lyon, N. Haddour, T. M. Vogel, and J.-M. Monier, “Microbial fuel cell anodic
microbial population dynamics during MFC start-up,” Biosensors and Bioelectronics, vol. 92, no.
Supplement C, pp. 357-363, Jun. 2017.

[30] L. Kiseleva et al., “Taxonomic and functional metagenomic analysis of anodic communities in two pilot-
scale microbial fuel cells treating different industrial wastewaters.,” Journal of integrative bioinformatics,
vol. 12, no. 1, p. 273, 2015.

[31]1 P.-A. Maron, L. Ranjard, C. Mougel, and P. Lemanceau, “Metaproteomics: A New Approach for
Studying Functional Microbial Ecology,” Microb Ecol, vol. 53, no. 3, pp. 486—493, Mar. 2007.



Page | 219

[32] D. H. Leary et al., “Metaproteomic evidence of changes in protein expression following a change in
electrode potential in a robust biocathode microbiome,” Proteomics, vol. 15, no. 20, pp. 3486—3496,
Oct. 2015.

[33] S. Cheng and W. Liu, “How to make Cathodes with a diffusion layer for single-chamber microbial fule
cells.” 2008.

[34] N. C. VerBerkmoes et al., “Determination and Comparison of the Baseline Proteomes of the Versatile
Microbe Rhodopseudomonas palustris under Its Major Metabolic States,” J. Proteome Res., vol. 5, no.
2, pp. 287-298, Feb. 2006.

[35] A. P. Masella, A. K. Bartram, J. M. Truszkowski, D. G. Brown, and J. D. Neufeld, “PANDAseq: paired-
end assembiler for illumina sequences,” BMC Bioinformatics, vol. 13, p. 31, Feb. 2012.

[36]J. G. Caporaso et al., “QIIME allows analysis of high-throughput community sequencing data,” Nat
Methods, vol. 7, no. 5, pp. 335-336, May 2010.

[37] “Fast and sensitive protein alignment using DIAMOND | Nature Methods.” [Online]. Available:
https://www.nature.com/articles/nmeth.3176. [Accessed: 21-Nov-2017].

[38] R Development Core Team, “R: A Language and Environment for Statistical Computing,” R Foundation
for Statistical Computing, Vienna, Austria, 2008.

[39]1 D. Charif and J. R. Lobry, “SeqinR 1.0-2: A Contributed Package to the R Project for Statistical
Computing Devoted to Biological Sequences Retrieval and Analysis,” in Structural Approaches to
Sequence Evolution, Springer, Berlin, Heidelberg, 2007, pp. 207—-232.

[40]1 D. H. Parks, G. W. Tyson, P. Hugenholtz, and R. G. Beiko, “STAMP: statistical analysis of taxonomic
and functional profiles,” Bioinformatics, vol. 30, no. 21, pp. 3123-3124, Nov. 2014.

[41]S. H. A. Hassan, Y. S. Kim, and S.-E. Oh, “Power generation from cellulose using mixed and pure
cultures of cellulose-degrading bacteria in a microbial fuel cell,” Enzyme and Microbial Technology, vol.
51, no. 5, pp. 269-273, Oct. 2012.

[42] A. P. Borole, C. Y. Hamilton, T. Vishnivetskaya, D. Leak, and C. Andras, “Improving power production
in acetate-fed microbial fuel cells via enrichment of exoelectrogenic organisms in flow-through
systems,” Biochemical Engineering Journal, vol. 48, no. 1, pp. 71-80, Dec. 2009.

[43] Y. Sun, J. Wei, P. Liang, and X. Huang, “Microbial community analysis in biocathode microbial fuel
cells packed with different materials,” AMB express, vol. 2, no. 1, p. 21, 2012.

[44] J. E. Butler, N. D. Young, and D. R. Lovley, “Evolution of electron transfer out of the cell: comparative
genomics of six Geobacter genomes,” BMC Genomics, vol. 11, p. 40, 2010.

[45] M. V. Coppi, “The hydrogenases of Geobacter sulfurreducens: a comparative genomic perspective,”
Microbiology, vol. 151, no. 4, pp. 1239-1254, 2005.

[46] M. B. Miller and B. L. Bassler, “Quorum sensing in bacteria,” Annual Reviews in Microbiology, vol. 55,
no. 1, pp. 165-199, 2001.

[47] C. M. Waters and B. L. Bassler, “Quorum sensing: cell-to-cell communication in bacteria,” Annu. Rev.
Cell Dev. Biol., vol. 21, pp. 319-346, 2005.

[48] C. I. Torres, A. K. Marcus, H.-S. Lee, P. Parameswaran, R. Krajmalnik-Brown, and B. E. Rittmann, “A
kinetic perspective on extracellular electron transfer by anode-respiring bacteria,” FEMS Microbiology
Reviews, vol. 34, no. 1, pp. 3—-17, Jan. 2010.

[49]1R. J. Ram et al., “Community Proteomics of a Natural Microbial Biofilm,” Science, vol. 308, no. 5730,
pp. 1915-1920, Jun. 2005.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


