. HOKKAIDO UNIVERSITY

Enhancement Mechanism of Microbial Current Production by Conductive Iron Sulphides

Title Biosynthesized by Sulphate Reducing Bacteria
Author (s) Muralidharan, Murugan
Degree Grantor biEEKE
Degree Name Bt (EF)

Dissertation Number HE140115

Issue Date 2020-03-25
DOI https://doi.org/10.14943/doctoral. k14011
Doc URL https://hdl.handle.net/2115/80666
Type doctoral thesis
File Information Murugan Muralidharan. pdf

kaid
e U"/Le

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




Enhancement Mechanism of Microbial Current Production
by Conductive Iron Sulphides Biosynthesized by Sulphate

Reducing Bacteria

(FEETTHIEIC X ) ESR S W - EEHERLEKRIC X 3
PRAEY A R BB AR 1 BE 9 5 BT 5E)

Muralidharan MURUGAN

Graduate School of Chemical Sciences and Engineering

Hokkaido University

'7.'\"5%{7 )
[ [T] R
1V

2020






Acknowledgement

I would like to express my sincere gratitude for my advisor Associate Professor,
Dr. Akihiro Okamoto for the continuous support and guidance to carry out research throughout
my doctoral study. Knowledges that | receive under my supervisor helped me to design and
perform various scientific experiments and groomed me towards being more professional. | would

be grateful to him for believing on me and providing excellent research environments.

| would like to show my special regards to Dr. Hidenori Noguchi, for his kind support,
valuable advices and guidance during my doctoral study. I am indebted to Dr. Kohei Uosaki for
his advises, useful discussions and providing me an opportunity to join as a Ph.D. student at
GREEN, National Institute for Materials Science (NIMS).

| wish to thank all of the doctoral committee members Dr. Dairi Tohru, Dr. Jinhua Ye,
Dr. Kazuyasu Sakaguchi, Dr. Masuda Takuya for their valuable feedbacks, guidance and
encouragements at various stages. | sincerely thank all of my group members for their support and

discussions that helped me to learn a lot as a researcher.

I wish to show my sincerely acknowledgement to National Institute for Materials Science
(NIMS) for providing me NIMS junior researcher fellowship and Hokkaido University for
providing me opportunity to do my doctoral study. My heartful thanks to all the administrative

staffs for their kind support and assistances.
My sincere thanks go to all of my friends who constantly supported me in various aspects.

Last but not the least, | express my acknowledgement to my parents for their constant love,

support and sacrifices that is always fuelling me to achieve greater heights.

Muralidharan Murugan
Tsukuba

February 2020



Table of Contents

Chapter 1 INtrodUCTION. .. ... ..o e e e e 1
1.1 General INtrodUCHION. ... ...iet it et e e 1
1.2 Need for Microbial Fuel Cells as a renewable fuel SOUrce ..........cccceeeveeeieiieeieeiiie e, 1
1.2.1 Working principle of Microbial Fuel Cells................cooiiiiiiiiiiiii 1

1.3 Sediment Microbial Fuel Cell (SMFC) as a technology
for uninterrupted POWET SUPPIY .....oniiniiee e 3

1.3. 1 ApplicatioN OF SMFCS .....vii e e eee s D
1.3.1.1 SMFCs as renewable POWEN SOUICE. ..........eevinrinrintieiiieieeieseesreseesee e anee s D
1.3.1.2 SMFC mediated organic matter and pollutants removal...............................6

1.3.2 Challenges in SMFC teChnOIOgIes ........ .o 7

1.4 Electroactive bacterial communities in the Microbial fuel cells ... 8
1.5 Electrical interactions and electron transport mechanisms from the electroactive

microorganisms and the electrode. ..o O

1.5.1 Direct electron transfer via conductive Pili ..o, 8
1.5.2 Direct electron transfer via redoX-active Proteins ............coceeeeeeieieneneneseseeieenes 9
1.5.3 In-direct electron transfer via electron ShUttles ..o, 9
1.6 Sulphate reduction at the aquatic SEAIMENLS ...........ccovevviiiiiicie e 10

1.6.1 Iron sulphide mineralization by Sulphate reducing bacteria at marine

170 000 T30 11

1.7 Impact of biomineralized iron sulphides on bacterial electricity generation.................... 12

1.8 Objectives and Outline of the Present TheSiS..........c.ovvviiiiiiiiiiii e, 12
RO ENICE. .. 16
Chapter 2 EXPErIMENTAL. . .......oooiiiiiieiceeeee ettt 27
2.1 BaCteria CUIVALION..........eiieieiie ettt e e e sreenneenns 27

2.2 Electrochemical setup and OPEratioN............cceieiiiiriiereie e 27

2.3 Scanning electron microscopy and X-ray photoelectron spectroscopy analysis............ 28

2.4 Coculture electro chemical eXPErimENtS..........cccuviiieiiiiiie e 28

2.5 Electrochemical gating experiments with interdigitated



MICTOIECIIOUR AITAY ....veevieeieieie ettt et e st te et e e e e sraesre e e e eneesreeaeeneenrees 29
2.6 Bioagglomerates embedding for thin SECLIONS............cccveiiiiiiici e, 29
2.7 Fluorescence in Situ NYDIAIZALION .........ccoiviiiiiiiiicieee e 30

2.8 Bottled experiments for FeS precipitation and quantifying dry weight.........................30

2.9 Quantification of total Protein CONLENTt. .........ovuiiieiiit it eeee e, 30
2.10 Quantification of total bacterial cell counts..................oiiii i, 31
2.11 Electrochemical experiments with different metal ions..................cooviiiiiiininnne. 31

REfETONCE. ...t 32

Chapter 3 Biosynthesized Iron Sulphide Nano Clusters Enhanced Anodic Current

Generation by the Sulphate Reducing Bacteria. ...........cccoovevvieiiiieciecieeecceeie e, 33

R B 13 (0T L1 1o 1o ) « VRO 33
3.2 RESUILS @NA AISCUSSION. ... ...t iiiieiiiciieie ettt ettt ettt e aaesbeesaeesa e e sreeneenreenreenee e 34
3.2.1 Anodic current generation by Desulfovibrio vulgaris Hildenborough....................... 34

3.2.2 FeS mediates electron transport from metabolic lactate oxidation to the
L= Tot 1 (oo [P 38

3.2.3 The mechanical insight of FeS-mediated current production ...................ccco.... 4l

3.2.4. Sulphide oxidation coupled anodic current generation.................c.coeeeenennnnn. 43
3.2.5. Comparison of SRB mediated anodic currentwith IRB.....................cooiinls 45
B I 0707 61 10 1S 03 s HO PR URR PP 45
RETETEICES. . ..eeieieeiie ettt ettt e et e e e b nneeas 46

Chapter 4 Iron sulphide nanoclusters induced synergetic relationship between Sulphate Reducing

Bacteria and Iron Reducing Bacteria coculture SyStemS...........ccevveieienencneieneniens 51

g I 1 oo [ Tox 1 o oSSR 51
4.2 RESUILS AN AISCUSSION......vetiiiiiiitietieieie ettt ettt sttt et sbe st sbeerenneas 52
4.2.1 Synergetic current generation in SRB and IRB co-cultures ...............c.cceeevinnnnns 52

4.2.2 Iron sulphides production couples with the synergetic current

Production in the COCUITUTE. ..........oiiiiiee e 54
4.2.3 Enhancement of conductive networks in the coculture system.............ccceevveiieeninnne 56
4.2.4 Need to investigate electron transfer across bioagglomerates ................cccceeen... 58

4.2.5 Source-drain experiments to study the bioagglomerate



(000 To (0T (AL o] (0] o 1=T TSRS 58

4.2.6 FeS based long range electron transfer in the bioagglomerates.......................... 59
e 0] o [1E] o] OSSPSR OPRPRRS 62
RETEIBINCES. ...ttt ettt st e et e e e e s be e beenteere et e eneeereenbe e b 63

Chapter 5 Iron reducing bacteria enhanced synergetic growth and iron sulphide bio

precipitation in the sulphate reducing bacteria...........c.cccecvevevieii e 64

ST 1 (oo [0 od 1 o] o T TSROSO 64
5.2 RESUILS @NA TISCUSSION. ....vieuiiitieitieiie sttt sttt sbeeste et e s beebeaseesreenteenee e 65
5.2.1 Iron reducing bacteria dependent iron sulphides bio precipitation.............cc.ccoceeee. 65
5.2.2 Accelerated microbial activity inside the cocultures. ..........cccooevveviiieiieeie s 66
5.2.3 Increased microbial growth in SRB and IRB coculture System...........ccccocevveeveenenen. 67
5.2.4 Synergetic growth between SRBand IRBcells ... 69
5.2.5 Proposal for accelerated FeS generation by SRB in the presence of IRB.................. 71
I I 1) 1 1e] 1115 (o) s VTSP 71
| 153 (S5 4 11 TSP 72

Chapter 6 Microbial current generation enhancement by metal

sulphide with better conductive properties. ............ovieeiriiiiiriiie e 73

B.1 INErOAUCTION. ... .ot 73
6.2 RESUITS @Nd DISCUSSION. .....utetee et et et 74
6.2.1 Microbial electricity generation with different metal ions........................o 74

6.2.2 Microbial electricity generation with different metal ions in the presence

OF FeS DIOPIECIPItates . ...vvei et eeee 75

6.3 CONCIUSION. ...ttt ittt e et ettt et e eee e e sree e s nneeesneeesneeesnsneessnnessnnnnans [ ]
RO NGRS, . ... 78
Chapter 7 General conclusion and fUuture ProSPECES.........coviiiuieiieecie e 80
7.1 GENEral CONCIUSION. ......iiiiiiiiiieie ettt be b 80

7.2 FULUIE PIOSPECES. . uvteueeieietteiee ettt b ettt b e 81



Chapter 1

Introduction

1.1 General introduction

The consumption and demand of energy around the globe is undeniably increasing and in
terms of energy sources the non-renewable energy sources like fossil fuels and nuclear energy still
accounts for an enormous share of energy consumed by the global countries.* The energy derived
from the fossil fuels served as the backbone for the industrial revolution which however has its
own grey side. Carbon dioxide emissions from burning fossil fuels is causing huge environmental
and ecological problems in the 21% century.®> Nuclear energy and nuclear power plants proved to
be catastrophic in previous incidents because of the emission of nuclear radiations and unavailable

long-term protocol to dispose nuclear wastes sustainably. *
1.2 Need for Microbial Fuel Cells as a renewable fuel source

The focus on using renewable energy sources are increasing exponentially in areas like
solar, wind, tidal, hydro power and biomass energy generation.>*° In addition to them, the usage
of bio electrochemical systems (BES) has recently gained attention among the academic
researchers in recent decades. A BES, mimics the bacterial interaction with the insoluble electron
donors and acceptors. Microbial Fuels Cell (MFC) is the most extensively studied BES where
bacteria oxidize organic and inorganic matter and generate electricity.!* The MFC works similar
to that of a traditional fuel cell where the microorganisms which can use a range of organic fuel
sources for converting the energy stored in the chemical bonds into electricity.1?1

1.2.1 Working principle of Microbial Fuel Cells

The original idea of using microbes for electricity generation was initiated in 1911 and then
the practical developments with catalysts and synthetic mediators were made in the later periods.*
1" Microorganisms like bacteria can produce electrical energy by oxidizing organics substrates and
even biodegradable substrates from the waste water simultaneously applying for treatment

opportunities for municipal waste waters.*> 18 Electrons which are produced from the oxidation of



the substrates are transferred to the anode from the electroactive bacteria. Usually the anodic part
of the MFCs are maintained anaerobic to facilitate the growth of anaerobic bacteria which are
capable of donating electrons to the anodes such as Geobacter sulfurreducens which are obligatory
anaerobic bacteria.’® Also, maintaining an anaerobic condition eliminates the electron acceptor
oxygen. The active microbial biocatalysts oxidize the organic substrates in to form electrons and
protons. A typical oxidation reaction catalyzed by the anode grown electro active bacteria is shown

below where acetate is oxidized at the anodic chamber.
CH3COO—+4H,0—2HCO3 +9H"+8e~ )

The protons are transferred to the cathode chamber through a proton exchange membrane
(PEM) and the electrons are conducted to the cathode by and external circuit.® !* The migrated
protons combine with electrons and a catholyte such as oxygen which gets reduced on the cathode
surface. The oxygen is major oxidant on cathodes because of its abundance and high reduction
potential. The oxygen reduction reaction (ORR) generates production of water which can be shown

as below.
O+4H*+4e —2H,0 2

This reaction establishes the flow of electrical current similar to that of a chemical fuel cell,
except that the microbes act as the biocatalysts to generate electron and protons. Generally, the
catalysts, increase the reaction rate without gaining energy form the reactions they catalyse or they
don’t get changed. However, in case of electroactive microbes at MFC anodes, it’s not the same
as they utilize the energy obtained by oxidation for their growth and create energy loss. Hence,
they as not true catalysts as they may gain all their carbon and energy requirements for cellular
growth by the complex organic substrate oxidation and thus the MFC technology is self-
sustainable. They can generate energy as long as the conditions for electro active microbes found

on anode surface gets favourable energy source for their survival.?0-2
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Figure 1-1 Schematic diagram of a typical two-chamber microbial fuel cell

1.3 Sediment Microbial Fuel Cell (SMFC) as a technology for uninterrupted power supply

At the anoxic subsurface environments and aquatic sediments, the organic matters that are
formed by the degradation of dead organisms and plants has a large potential for energy source.
One such form of energy is the petroleum which is a rich source of concentrated form of energy
that is readily available for use. However, most of the other forms of organics are able to be used
as energy source with current commercial technologies. These anoxic regions are usually inhabited
by anaerobic subsurface microorganisms which rely on these organic sources for their survival.
The MFC technologies can be applied at these environments to tap the energy stored at the
subsurface environments. In SMFC, the electrical energy can be generated by placing an electrode
into these anaerobic sediments which acts as anode which was connected to a similar electrode
(cathode) in the overlying relatively aerobic marine water.?2-23 Thus, electroactive microorganisms
form biofilms on the anode surface and donate electrons and protons. There is no need for separate
PEM in this setup as the water filled pores in the sediments does the part of proton transfer to the

overlying water. The current generated was sufficiently enough theoretically support low power

3



devices and when the sediment bacteria were killed, the electricity generation was affected.?®
Recently it has attracted many interests because of its capability to reduce organics in the

sediments.?*

The decomposition of organic matter in marine sediments utilizes a succession of oxidants
based on energy of the reaction. In rich sediments, the oxygen reduction reaction can be found at
the subsurface followed by nitrate, MnOz2, Fe2Os, and iron reduction within next few centimetres
and the sulphate reduction can be observed after nearly one-meter depth. With increasing depth
each layer is accumulated with potential reductants. These distinct chemical reactions happening
at different depths develop a potential gradient across the marine sediments. This potential
gradient can be utilized by placing electrodes that can resemble the fuel cell technology where the
anode is kept buried inside the anoxic sediments connecting to a cathode electrode placed in the
marine water. It is claimed that the electrons are derived to the anode by the direct action of
electron transfer from the anode grown electrogenic microbes and also through dissolved and solid
phase forms of reduced compounds formed in the sediments. For example, hydrogen sulphide
produced by the action of Sulphate Reducing Bacteria (SRB) can get oxidized on the anodes.
Unlike MFCs, a typical SMFC don't require a PEM or redox mediators. The presence of
uninterrupted flux of organic rich sediments ensure that the SMFC can operate SMFC

indefinitely.® 23

Sediment Microbial Fuel Cell

Cathode reaction:
20, +8H* + 8¢~ » 4H,0 4H,0 20,
8e
[ cathode J\
Water v
8H* )
Sediment -/
Anode i
8e
Fermentation Anode reaction:
Sediment organic matter e=————==2 Acetate CHO; + 2H,0  2C0, 48H* + 8o~
CO,

Figure 1-2 Schematic set up of a sediment microbial fuel cell.
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Figure 1-3 Microorganism roles and main reactions in SMFCs.
1.3.1 Application of SMFCs

The application of SMFCs can be broadly classified into two: (1) Acting as the energy
source for electrical devices operating at marine environments, rivers, lakes, fresh waters and

oceans for long term monitoring. (2) removal of unwanted organic wastes from the sediments.
1.3.1.1 SMFCs as renewable power source

Earlier studies have demonstrated that the SMFCs can be practically used to power
meteorological buoy which measures air temperature, pressure, relative humidity and water
temperature with a radio frequency communication system. Thus, they can readily power wireless
devices used for environmental monitoring, oceanographic sensors and even military surveillance
systems where real-time data acquisition from remote locations is required.?*?” Usually these kind
of instruments need a stable power supply. Since they cannot be connected with a wired power
source, they need setup like batteries for power supply which however, is not effective in longer
run and they need to be replaced periodically in the deep waters. This problem can be solved by
using SMFCs as the power source. SMFCs has potential to be used for various wireless sensors
that monitor temperature, salinity, tidal patterns, the presence of algae and other life forms,
migration patterns of fish and other marine wildlife, organic contamination from oil production,
metallic compounds from other industrial processes, pH, humidity, aquatic life, invasive species,

and also biological oxygen demand (BOD) biosensors, and dissolved oxygen (DO) sensors.?* 2831



1.3.1.2 SMFC mediated organic matter and pollutants removal

Organic-rich sediments which are an important component of aquatic environment can be
considered as an abundant potential source of renewable energy. But the surface layer of the
aquatic sediments is affected by the effluents of industrial wastewater and municipal sewage which
are rich in pollutants such as organic matter, nitrogen, and phosphors, resulting in water-quality
issues and even methane emission. These pollutants are lethal for marine organisms because of
their carcinogenic and mutagenic properties. SMFCs has immense potential to remove these
components by using them as fuel sources for their operation. The removal efficiency of the
sedimental organic matters can be linearly related with the generated electricity.32* Even, the
microbial communities present at the anodes has the capability to reduce toxic heavy metals into
their non-toxic forms. Thus, this opens the use of SMFCs as a tool for bioremediating toxic heavy

metals. *°
1.3.2 Challenges in SMFC technologies

Although demonstrations have been made with SMFCs as a power sources for instruments,
a significant amount of SMFC research is still made on improving the SMFC performance with
better electricity generation over a longer time frame. Areas to improve their performance is
focussed on sedimental properties, overlying water, equipment configurations, operating

conditions and electrode materials.

The microbes at the SMFC anodes are primarily depend on sedimental organic matters for
their survival and hence their activity is dependent on the amount of organics present. The overall
SMFC power output can be increased with higher sedimental organic matters. The usual
proportion of sediment organic content ranges from 0.4% to 2.2% by weight.> % The sediments
with higher flux of organics would be preferable for better power output.®” The sedimental bed
conductivity can be also impacting the performance of SMFCs. Sediments with more conductive
materials can improve their conductivity therefore enabling electron conduction between microbes
and anodes. Graphite flakes and colloidal iron hydroxides are studied as effective conductive
materials for SMFC performance improvement.®° Even the sediment pH can impact the power

generation in SMFC.%



The parameters of sediment overlying water such as its nature, origin, flow conditions,
characteristics, functional activities, total dissolved solids, pH and temperature can affect the
function of the SMFCs. The power density of the SMFCs were found to be higher in case of
stagnant water when compared to flowing water bodies. In addition, the dissolved oxygen content

is a significant factor since oxygen is the electron acceptors at cathodes.

SMFC equipment configurations such as electrode spacing, water depth, depth of the
embedded anode, the anode chamber, cathode arrangement is needed to be considered for a better
performing system. AT different depths in sediments different microbial communities are found
to be active which showed better anode performance at greater depths. Since each sedimental

environments differ significantly, the anode embedding depths should be considered locally.

Similar to a typical MFC system, utilizing better electrode materials are always necessary
for higher current densities. The electrode material, geometry and surface modifications are
important factors in SMFC operations. These parameters are crucial for harvesting electricity from
the sedimental microbes as they influence microbial adhesion to anode, electron transfer and
substrate oxidation.?* #* Usually anodes should have better conductivity, environmental stability
and better redox reversibility. Graphite, stainless steel and carbon materials are one of the most
widely used anode materials. Several anode surface modification studies have been performed to
increase its power density. SMFCs with low power densities require higher electrodes with higher
surface area for powering the devices. This usually increases the cost of production of the SMFC
devices. Hence it is crucial that the power densities of the electrodes are high enough to reduce the
device costs.*? At the cathodes, the electron transfer rate and oxygen reduction reaction are quite
important phenomenon.*® Even in some cases, the oxygen reduction reaction is catalysed by
microorganisms growing on cathode surface, emerging the formation of bio-cathodes. It is usually
cheap, has better sustainability and mediator less.*" %4> Some of the common microbes at cathodes
are oxygenic phototrophs and iron oxidizing bacteria. In some cases, even mixed bacterial cultures

are found on the bio-cathodes.*>
1.4 Electroactive bacterial communities in the Microbial fuel cells

A diverse range of microorganisms are found in association with electrodes in MFC

systems, especially when an environmental inoculum is used to seed the MFC?% 475° A general



term for bacteria associated with a surface is a biofilm. It is likely that not all of the organisms
associated anode biofilm interact directly with the anode but may interact indirectly through other
members of the electrode community. For example, Brevibacillus sp. PTH1 was found to be an
abundant member of a MFC community. Power production by Brevibacillus sp. PTH1 is low
unless it is cocultured with a Pseudomonas sp. Or supernatant from a MFC run with the
Pseudomonas sp. Is added®. Pure cultures capable of producing current in a MFC include
representatives of the Firmicutes and Acidobacteria, four of the five classes of Proteobacteria as
well as the yeast strains Saccharomyces cerevisiae and Hansenula anomala®?%2, These organisms
interact with an anode through a variety of direct and indirect processes producing current to

varying degrees.?°

1.5 Electrical interactions and electron transport mechanisms from the electroactive

microorganisms and the electrodes

Exoelectrogenic bacterial species have the ability to facilitate electron transfer via two
mechanisms, direct and indirect electron transfer ®3. Direct electron transfer requires a physical
connection between the bacterial cell and the electrode surface, namely nanowires and/or redox-
active proteins. Indirect electron transfer does not require a physical connection but instead this
mechanism relies on electron shuttling molecules®. There are currently three established methods
of electron transfer (e.g. nanowires, membrane bound cytochromes and electron mediators) which

bacteria can utilize to donate electrons to the anode in a MFC configuration .
1.5.1. Direct electron transfer via conductive pili

Bacterial colonies isolated in the anodic chamber of a fuel cell are incapable of transferring
electrons directly to the electrode!®. However, anodophiles have the ability to use electrons (in the
anode) as their end electron acceptor. Thus, these specific bacterial species are involved in electron
transfer, leading to the generation of an electrical charge. A major breakthrough in MFC
technology was observed by Kim et al. who demonstrated that electron transfer does not always
need mediator (electron transfer) compound molecules . The bacterial cell surface of specific
isolated bacterial species, such as Shewanella spp., and Geobacter spp., have utilize long

proteinaceous filaments that extend from their outer surface into the extracellular matrix. These



appendages are thought to be involved in extracellular electron transport processes, referred to as

microbial nanowires due to their long filament-like appearance and conductive attributes ©’.

Nanowires can be either flagella or pili, both of which have very distinct properties, and
therefore we propose the terms micro-nanowires and macro-nanowires. Traditionally, the major
role of the flagellum of bacteria is to mediate the motility of the cell via swarming and swimming,
allowing for colony expansion on a surface. One of the roles of Type IV pili is to mediate twitching
to pull the cell across a surface (often in dense aggregates) %8. Nanowires have the ability to partake
in direct electron mediated transfer. Type IV pili play vital roles in secretion systems for effectors,
microbial adherence and bacterial movement, establishing contact between the bacterial species
and the electrode surface®. Reguera et al. showed that wild type G. sulfurreducens could attach to
Fe (I11) oxides after 48 h, as demonstrated by an increase in biomass. However, in the same time
period, the pilA deficient strain could not grow, which was indicated by a decrease in biomass °.
In regards to the bacterial species evaluated for electricity generation for potential application in
microbial fuel cell technologies, G. sulfurreducens is currently the “gold standard”, producing the

highest recorded current densities of any known pure culture, utilizing micro-nanowires -3,
1.5.2. Direct electron transfer via redox-active proteins

Most studies suggest that the direct contact by pili of the conductive bacterial biofilms and
the iron oxides is essential for the reduction of iron oxides. However, another mechanism of
electron transfer requires redox active proteins and allows for short-range electron transfer to take
place ™. C-type cytochromes are commonly known for their primary function in mitochondria, as
these molecules play a pivotal role in ATP synthesis™. Smith et al. revealed that deletion of the
gene encoding for PilA, a structural pilin protein in the KN400 strain of G. sulfurreducens inhibited
iron oxide reduction "®. One possible explanation for the continued iron reduction even with

structurally damaged pili is the utilization of c-type cytochromes, such as OmcS and OmcE .
1.5.3. In-direct electron transfer via electron shuttles

Bacteria can generate electricity due to the production of secondary metabolites, which are
able to act as endogenous redox mediators, often referred to as electron shuttles. Electron shuttles
are organic molecules with a low molecular weight that have the ability to catalyze both reduction

and oxidation reactions, using for example phenazines and quinones . Bacterial cells can utilize
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both added/in solution (exogenous) or self-produced/on bacterial cell surface (endogenous) shuttle
compounds for extracellular electron transfer. However, for effective electron transfer to take place,
electron shuttles must be both chemically-stable and not easily biologically degraded 8. Unlike
conductive pili, electron shuttles eliminate the need of direct contact between the bacterial cell and
the electron acceptor (which in the case of MFCs is the electrodes) ¢’. Within the bacterial cells,
electrons are first transported to the cell surface via a metabolic pathway, which involves redox-
active proteins and low molecular weight compounds. Subsequently, electrons are then transported
to cytochromes or potential shuttles in either the periplasm or the outermembrane 8. Soluble
electron shuttles can diffuse into the medium surrounding the bacterial cell, and once outside, the
electrons can be transferred to suitable external acceptors, with examples including insoluble Fe
(111) oxides or a MFC anode "®. Some compounds shown to be effective electron shuttles include
thionine, methyl viologen, 2- hydroxy-1,4-naphtoquinone, methylene blue, humic acids and

anthraquinone- 2,6-disulfonic acid %2,

Other more common examples of electron shuttles are molecules known as flavins. Flavins
demonstrate enhanced efficiency when partaking in biogeochemical iron cycles, and redox
potentials, which improves electron transfer. Thus, flavins have the potential to be applied to MFC
technologies as such molecules can be used as endogenous electron transfer mediators &. Further,
the importance of flavins as electron shuttles, have been shown, as the concentration of flavins
increased from 0.2 um to 0.6 um to 4.5-5.5 um the peak current produced by S. oneidensis became
four times greater . Flavins are often produced as secondary metabolites in bacteria, for example,
riboflavin which is also known as vitamin B». This compound has been shown to act as an electron
shuttle by Marsili et al. when S. oneidensis biofilms were analysed 8. Results showed that the
removal of riboflavin from biofilms resulted in a reduction of electron transfer rate to the electrodes
by more than 70% 8.

1.6 Sulphate reduction at the aquatic sediments

Throughout Earth’s history the burial of solid phases of Fe and S has controlled the redox
state of Earth’s surface environments®®. While iron is one of the most abundant elements on Earth,
sulfur represents <1% of the Earth by mass 8, although its importance to life and earth systems is
greater than its abundance would suggest. Though the sulfur cycle was the first elemental cycle to

be studied, research on sulfur biogeochemistry is far from complete, and novel aspects of sulfur’s
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transformations on Earth are still being discovered®’. In Earth’s biosphere, sulfur may be gaseous
(e.g., sulfur dioxide), dissolved (e.g., sulfide, polysulfides, thiosulfate, sulfite, or sulfate) or solid
(e.g., metal sulfides, elemental sulfur). Much of the interest in sulfur is due to its redox versatility—
from sulfide (—2) to sulfate (+6), with numerous redox transformations possible in between 8.

Microorganisms can take advantage of this diversity of oxidation states for energy
conservation, which can be achieved by: (1) coupling the oxidation of organic compounds or
dihydrogen to the reduction of oxidized organic and inorganic sulfur compounds (e.g., dimethyl
sulfoxide, sulfate, elemental sulfur, and thiosulfate) 8%°°; (2) disproportionating elemental sulfur,
thiosulfate and sulfite®*2; and (3) oxidizing organosulfur compounds, hydrogen sulfide, sulfur,
sulfite, and thiosulfate chemosynthetically with oxygen and nitrate during respiration, or by

anoxygenic photosynthesis®.

Organic matter deposited on the seafloor provides food for the benthic communities, either
at the sediment surface or upon burial into the sediment layers below. Oxygen is available for
respiration and chemical reactions near the surface and through faunal burrows. Beneath this
mixed surface zone, marine sediments constitute an anoxic world inhabited by anaerobic
microorganisms. These subsurface organisms become increasingly sparse with depth, yet they
account for half of all microbial cells in the ocean %. Their energy source in most of the seabed is

the buried organic matter, which they oxidize to CO and inorganic nutrients.
1.6.1 Iron sulphide mineralization by Sulphate reducing bacteria at marine sediments

Due to the high concentration of sulfate in seawater, sulfate generally penetrates meters
down into the seabed and supplies the sulfate reducing bacteria (SRB) with an electron acceptor
for their respiration. Sulfate is the dominant sulfur species at 28mM in the modern oxic oceans,
while reduced sulfur species, including hydrogen sulfide and organosulfur compounds, are often
abundant where oxygen is low or absent. In these low-oxygen environments, sulfur and iron can
be immobilized in the form of iron sulfide minerals, primarily the iron(ll) monosulfide
mackinawite (tetragonal FeS), the iron(ll,111) sulfide greigite (Fe3Ss4), and the iron (II) disulfide
pyrite (FeSy).%5%

Ninety-seven percent of the sulfide produced on Earth is attributable to the activity of

sulfate-reducing bacteria (SRB) in low-temperature environments 97  while the remaining three
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percent are produced at volcanoes and deep-sea hydrothermal vents %°, SRB are present in an
enormous diversity of environments including freshwater %191 hypersaline %2, hydrothermal

sediment 1%, polar 1%41% and oceanic crust 1 habitats.

1.7 Impact of biomineralized iron sulphides on bacterial electricity generation

The iron sulphides which are ubiquitous at the anoxic marine environments exhibit various
biogeochemical processes by microbial interactions. Rather than an energy source for microbial
interactions, these minerals exhibit various physical and conductivity properties which can be
exploited by electrogenic microbes as well. They exhibit as microbially occurring electrical wires
and shows electrocatalytic properties. Especially, mackinawite which exhibit metallic conductive
properties can be utilized by electro active bacteria for performing extracellular electron transfer.
In addition to iron sulphides, even iron oxides also showed better electrical conductive properties
which helped intercellular and interspecies electron transfer mechanisms. They can electrically
bridge discrete redox environments at the natural environments which can be observed at the

marine sediments.

Even several reports showed that sedimentation of iron sulphides in microbial fuel cells
and they are reported to be involved in electron transfers in microbial communities involved in
bioremediation of industrial and mine waste water, biocorrosion and direct and indirect
bioleaching. All forms of extracellular electron transport chain both direct and indirect ways might
be involved in electron transfer to these metallic/ semi conductive minerals. Earlier reports showed
better reports on extracellular electron transport chain mechanisms increased by Fe** and Mn**

oxides.

In one earlier report, Shewanella oneidensis MR-1 used bioprecipitated iron sulphide
minerals for increasing their EET current production. They used these minerals as conductors for
long-distance electron transfer. The microbially generated electric current was seen to be one
hundred folds larger than the current produced by Shewanella oneidensis MR-1 when there was
no iron sulphide minerals. This extended the role of conductive iron sulphide minerals for

enhancing the electron transfer efficiency of electro active microbes'%1,
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1.8 Objectives and Outline of the Present Thesis

The objective of this current thesis is to examine the role of biologically precipitated metal
sulphides, especially the more conductive iron sulphide (FeS) nanoparticles on impacting the
bacterial interactions and subsequently the microbial current generation at the anode surfaces. At
the aquatic sediments, even though there might be competition between different microbes for
survival with the limited organic sources, the SMFC anodes show growth of wide range microbial
communities. This also rises questions on interaction among different bacterial species at the
anodes. This work shows the involvement of SRB biomineralized iron sulphides and its impact on
the current generation of pure SRB species and also with a coculture system with electro active
bacteria. Utilization of limited organics by SRB for FeS biomineraliztion can affect the microbial
current production by the Iron Reducing Bacteria (IRB) that are observed at the anode surface.
We observed the synergetic microbial electrical generation, based on iron sulphide minerals and
studied the conductive properties of the bioagglomerates formed on the anodes.

We used Desulfovibrio vulgaris Hildenborough and Shewanella oneidensis MR-1 as model
species for SRB and IRB respectively. These two were the first to be performed with whole
genome sequencing studies in their respective categories. Their metabolic pathways are well
studied. They are used as the model organisms in various microbiological studies. Since both of
these bacteria can efficiently utilize lactate as their electron donor for their energy production and
the preculture growth culture mediums also contain lactate for their growth, we used lactate as the

electron donors in their culture medium throughout the experiments.

In the SMFC systems, the anode which is usually buried inside the sediments is surrounded
with microbial precipitates. Even though different studies have been conducted on the cathode
improvements at SMFCs, the overall power density at the cathodes are almost one tenth lesser than
that of anodic power densities even after trying with different materials such as graphite felts, disk,
activated carbon and stainless steel. Moreover, much of the microbial interactions with electrodes
happen at the anodes when compared to cathodes, which directly complies with our current
objective. Hence, in the current study we focused on the microbial interaction at the andic surfaces

by using an anodic half-cell bio-electrochemical system.
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In Chapter 1, the general introduction for MFC, SMFC and their electricity generation
mechanisms and designs are introduced. The mechanisms for direct and indirect extracellular
electron mechanisms are briefly discussed followed by applications and challenges of SMFC
systems. Biomineralization of conductive iron sulphides by sulphate reducing bacteria and past

works based on microbial current enhancement by conductive nanoparticles are discussed.

In Chapter 2, the description of the experimental details such as the three-electrode
electrochemical system design, microbial cultivation, conditions for electrochemical experiments,
electrochemical measurements, characterization techniques like Scanning Electron Microscopy,
Fluorescent In-Situ Hybridization and X-ray Photoelectron Spectroscopy Analysis are given.

In Chapter 3, the impact of FeS biosynthesis on the current production of SRB is explained.
Desulfovibrio vulgaris Hildenborough has been used as a model organism to investigate the
mechanism behind anodic current generation in SRB at sulfidic environments. The anodic current
generation by SRB pure culture and the role of FeS on the current density is explained. The
mechanism of FeS and hydrogen sulphide mediated anodic current generation is shown after
analyzing the characterization results.

In Chapter 4, the current generation mechanism in SRB and IRB cocultures and its relation
with the biomineralized FeS is discussed. Shewanella oneidensis MR-1 and Desulfovibrio vulgaris
Hildenborough were used as the model organism for IRB and SRB respectively. Here, the
dominance of FeS biomineralized by SRB on the coculture current is shown. The thickness of
coculture bioagglomerates formed on the anode surface by making cross sectional thin sections
and its electrical conductive properties by performing electrochemical gate experiments by
interdigitated electrode array (IDA) are explained. Oxidation of FeS after lactate depletion and

reduction in the conductive property of the coculture bioagglomerate is discussed.

In Chapter 5, the experimental data showing the symbiotic interaction of SRB and IRB are
shown. Increase in the production of FeS bioprecipitates by SRB in the presence of IRB is
discussed with experimental data measuring the increase in the dry weight of the system. The total
protein concentration as a measurement of increase in the microbial growth is shown. The

microscopic analysis showing increase in the IRB growth in the coculture system is explained.
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This chapter deals with the symbiotic relationship between SRB and IRB for both growth and FeS

generation.

In Chapter 6, the dependence of microbial electricity production by other metal sulphides
are shown. Metal sulphides which have better electrical properties than FeS are made to
bioprecipitate inside the coculture system. This chapter deals with methods to improve the MFC
current density by using various metal sulphides with better electrical conductive properties and
subsequently their potential for alternatively use the heavy metal sulphides for MFC performance

improvement.

In Chapter 7, the general conclusion of the work and the future prospects are given.
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Chapter 2

Experimental

2.1. Bacteria cultivation

D. vulgaris Hildenborough was grown anaerobically in routine for 3 days at 30 °C in
Widdel and Pfennig (WP) medium, pH 7.0, containing Solution A (per 980 ml): 1.0 g CaSOg4, 1.0
g NH4ClI, 0.5 g KH2PO4, 2.0 g MgSO4 - 7H20, 1.0 g yeast extract, 1 ml 0.1 % resazurin (redox
indicator), and 20 mM lactate (as electron donor), Solution B (per 10 ml): 0.5 g FeSO4 - 7H20,
and solution C (per 10 ml); 0.1 g Ascorbic acid. Solution A was nitrogen purged and autoclaved,
whereas solution B and C were syringe filtered. Solution A, B, and C were mixed in the ratio of
9.8: 0.1: 0.1 and nitrogen purged for more than 20 minutes. 0.05 ml of freezer stock of D. vulgaris
Hildenborough was added in 20 ml of WP medium and placed in the incubator. In this medium,
the metabolism of D. vulgaris Hildenborough leads to the production of H2S, which reacts with Fe
to form the black-colored FeS. The extent of cell growth was monitored by color change of the
medium. The mutant strain of D. vulgaris Hildenborough (AcycA) lacking periplasmic type |
tetraheme cytochrome (Tpl-c3) which was constructed in previous work®, and grew in the WP
medium was also used for electrochemical experiments. Shewanella oneidensis MR-1 was grown
aerobically in 15 ml of Luria—Bertani medium with shaking at 160 rpm for 24 h at 30°C. After
that, the bacterial culture was centrifuged at 6000 rpm for 10 minutes and the resultant pellet was
suspended in Defined Medium supplemented with 20mM lactate which was incubated to 12 h at
30°C.

2.2. Electrochemical setup and operation

Single chamber electrochemical cells with three electrodes configuration were used as
previously described %9110 A tin-doped In,03 (ITO) glass (average sheet resistance of 5.9
Q/square, having surface area: 3.1 cm?) was placed at the bottom of the reactor and used as the
working electrode. Ag/AgCI (sat. KCI) and a platinum wire (approximate diameter of 0.1 mm)
were used as the reference and counter electrodes, respectively. WP medium containing 20 mM
sodium lactate (4.5 mL) without yeast was injected into an electrochemical cell as an electrolyte
and the solution was purged with N2 gas for more than 15 min to remove the dissolved O-.

Afterwards, 0.5 mL of a D. vulgaris Hildenborough grown cell suspension was injected into the
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electrochemical cell. The electrochemical cell was connected to a potentiostat (VMP 3, Bio Logic
Company) for electrochemical measurements. The electrochemical cell was maintained at 30 °C
throughout the experiment and the working electrode was poised at +0.2 V (vs Ag/AgCl [sat. KCI])
reference electrode. Linear sweep voltammograms (LSV) were measured at a scan rate of 1 mV s
! with potential range of -0.5t0 0.5 V.
2.3. Scanning electron microscopy and X-ray photoelectron spectroscopy analysis

Sample preparation for SEM was performed by following the method previously reported
199 On completion of electrochemical experiment, ITO electrode samples with attached microbes
were carefully taken out from reactors and washed with 0.1 M phosphate buffer saline (PBS).
Samples were fixed with 2.5 % glutaraldehyde prepared in 0.1 M PBS (pH 7.0) for 15 min.
Afterwards, dehydration was carried out with an increasing ethanol series (25-50-75-100%, 10
min each). The samples were then dehydrated in t-butanol for 15 min, dried overnight under
vacuum, coated with evaporated platinum and viewed using a JSM-7800F Scanning electron
microscope (SEM) with Energy-dispersive X-ray spectroscopy (EDX). For X-Ray photoelectron
spectroscopy, samples were vacuum dried and analyzed using X-Ray photoelectron spectroscope
(AXIS Nova, Kratos) to study the surface composition of electrode biofilm.

2.4 Coculture electro chemical experiments

Single chamber three electrode electrochemical setup which was previously defined was
used to check the anodic current generation studies. Tin doped In.O3 (ITO) glass (surface area: 3.1
cm?, having average sheet resistance of 5.9 Q/square) was the working electrode which was placed
at the bottom of the EC reactor. A platinum wire with approximate diameter of 0.1 mm and
Ag/AgCIl (KCI Sat.) were used as counter and reference electrodes respectively. A modified WP
medium with 25 mM HEPES and without yeast (4.75 ml) was used as the electrochemical reactor
medium which has to be purged with O free gas, for more than 15 min to remove dissolved oxygen,
after injecting it to the EC reactor. Later the EC reactor was connected to the potentiostat (VMP 3,
Bio Logic Company) for electrochemical measurements and maintained at a constant temperature
of 30°C whereas the working electrode was poised at +0.2 (vs Ag/AgCl [sat. KCI]) reference
electrode. 0.05 ml of washed D.vulgaris Hildenborough cell suspension grow after 3 days and 0.1
ml of washed and diluted Shewanella oneidensis MR-1 in DM medium was added to maintain a
final ODsoonm Of 10™*. D.vulgaris Hildenborough was washed by centrifuging at 20000 rpm for 10
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min and resuspending with the electrochemical reactor medium and the Shewanella oneidensis
MR-1 was centrifuged at 6000 rpm for 10 mins and resuspended in fresh DM medium followed
by dilution. Linear sweep voltammograms (LSV) were measured at a potential range of -0.5t0 0.5
VatlmVst

2.5 Electrochemical gating experiments with interdigitated microelectrode array

The source-drain experiments which were performed to identify long range electron
conduction across the bioagglomerates employed interdigitated microelectrode array (IDA) as the
working electrodes, as shown in previous studies!™. IDAs consist of 10 um wide parallel ITO
micro electrode bands which were patterned onto a glass slide each separated 15 pum apart. The
micro electrode bands are connected with opposite edge of the array leading to alternate
interdigitated electrodes as electrode 1(E1) and electrode 2 (E2). This IDA was connected to a

bipotentiostat for performing electrochemical measurements.

The bioagglomerates were grown by initially poising both E1 and E2 at +0.2 V vs Ag/AgClI
(KCI Sat.) at 30°C until peak anodic current was observed where the bioagglomerates were thick
enough to adjoin adjacent working electrode bands. For source-drain experiments, LSV was
performed without and with a constant offset of +0.05 V between the E1 and E2 to perform them

as electron source and electron drain across the bioagglomerates.
2.6 Bioagglomerates embedding for thin sections

The bioagglomerates formed on the ITO electrodes were embedded with technovit 8100
resin following the manufacturers protocol where ethanol was preferred for dehydration and
sucrose infiltration step was omitted 2. Initially the bioagglomerates were embedded with 1%
(W/V) molten agar and allowed to solidify which was soon followed by fixation with 2%
paraformaldehyde buffered with PBS for 1 h. This was then subjected to dehydration with
increasing ethanol series (25-50-75-100%) with 10 min each placed on a rocker. Then the sample
blocks were cut using Lecia microtome with a glass knife. The thin sections were cut with 1 um
thickness and stretched on a water droplet on a polylysine coated glass slide. The slides are then

air dried and stored at room temperature until further analysis.

29



2.7 Fluorescence in situ hybridization

Fluorescence in situ hybridization (FISH) was performed to visualize the SRB and IRB
distribution within the bioagglomerates. The hybridization was conducted with standard
protocols'?, with SRB385 (5-CGGCGTCGCTGCGTCAGG-3) and SHEW227 (5-
AGCTAATCCCACCTAGGTTCATC-3') as the probes for identifying SRB and IRB respectively,
each marked with different fluorescent dyes. The hybridization was done with SRB385 and
SHEW227 probes mixed with 40% formamide hybridization buffer. After hybridization, the cover
slips were removed and gently washed with distilled water, followed by air drying. The hybridized
samples were then visualized under a Lecia microscope with FITC and Texas red filters to
visualize IRB and SRB respectively. DAPI stained thin sections were observed under microscope

to identify the bioagglomerates cross sectional thin sections.
2.8 Bottled experiments for FeS precipitation and quantifying dry weight

A modified WP medium with 25 mM HEPES and without yeast (19.4 ml) was used as
medium for bacterial growth which has to be purged with O> free gas, for more than 15 min to
remove dissolved oxygen, after injecting it to a 25 ml glass bottles. To the glass bottles 0.2ml of
three days cultivated D.vulgaris Hildenborough was added. Prior to addition the D.vulgaris
Hildenborough was washed by centrifuging at 10000 rpm for 10 min. Then 0.4 ml of washed and
diluted Shewanella oneidensis MR-1 in DM medium was added to maintain a final ODgoonm 0f 10
% The bottles are incubated at 30° C and the FeS precipitation was observed. The bioagglomerates
precipitated inside the bottled cultures were isolated by centrifuging at 10000 rpm for 10 mins and
then discarding the supernatant. The total wet weight was measured by subtracting the empty
weight of the centrifuge tube with the centrifuge tube with bioagglomerates. Similarly the dry
weight of the agglomerates were calculated after drying the tubes after centrifugation in an hot air
over maintained at 60°C for 12 hours.

2.9 Quantification of total protein content

Initially the culture samples were centrifuged at 10000rpm for 10 mins to discard the
supernatant to eliminate potent inhibitory substrates like ascorbic acid. Then the cells are re-
dispersed in PBS solution and set for homogenization to disturb the bacterial cell wall. This can
be performed by boiling the samples at 100°C for 10 minutes by adding 10% SDS. Then the
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samples are taken for total protein content analysis by using a BCA protein analysis kit by
following the manufacture's protocol. The samples were mixed with working reagent with 1:20
ratio and incubated for 30 min at 37°C. After incubation the samples are taken to room

temperatures and the absorbance was measured at 562 nm using a spectrophotometer.
2.10 Quantification of total bacterial cell counts

The bacterial cell counts were counted using a haemocytometer with a cover glass. The
bacterial cell counts were counted within 1 mm? of area in the haemocytometer and the final

bacterial cell counts in 1ml can be calculated by multiplying it with 10*
2.11 Electrochemical experiments with different metal ions

Single chamber three electrode electrochemical setup which was previously defined was
used to check the anodic current generation studies. Tin doped In,O3 (ITO) glass (surface area: 3.1
cm?, having average sheet resistance of 5.9 Q/square) was the working electrode which was placed
at the bottom of the EC reactor. A platinum wire with approximate diameter of 0.1 mm and
Ag/AgCI (KCI Sat.) were used as counter and reference electrodes respectively. 1.8mM of Fe?*
was added depending on the experimental requirements. A modified WP medium with 25 mM
HEPES and without yeast (4.75 ml) was used as the electrochemical reactor medium which has to
be purged with O free gas, for more than 15 min to remove dissolved oxygen, after injecting it to
the EC reactor. Later the EC reactor was connected to the potentiostat (VMP 3, Bio Logic
Company) for electrochemical measurements and maintained at a constant temperature of 30°C
whereas the working electrode was poised at +0.2 (vs Ag/AgCI [sat. KCI]) reference electrode.
0.05 ml of washed D.vulgaris Hildenborough cell suspension grow after 3 days and 0.1 ml of
washed and diluted Shewanella oneidensis MR-1 in DM medium was added to maintain a final
ODgoonm Of 10, D.vulgaris Hildenborough was washed by centrifuging at 10000 rpm for 10 min
and resuspending with the electrochemical reactor medium and the Shewanella oneidensis MR-1
was centrifuged at 6000 rpm for 10 mins and resuspended in fresh DM medium followed by
dilution. Addition of metal ions such as Cu?*, Molybdate, Ni** and Mn?* was performed during

active FeS generation inside the reactor.
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Chapter 3

Biosynthesized Iron Sulphide Nano Clusters Enhanced Anodic Current

Generation by the Sulphate Reducing Bacteria
3.1 Introduction

Dissimilatory sulfate reducing bacteria (SRB) species take a major part of the microbial
population in microbial fuel cells (MFCs). 1? Many studies showed that the electroactive sulfides
derived from SRB were oxidized to elementary sulfur at the anode surfaces along with
simultaneous bioelectricity generation, highlighting the valuable use of SRB for current generation
along with sulfate removal in MFCs. 3° Abiotic oxidation of metabolically generated sulfide from
sulfate by SRB has been proposed as the main mechanism of current production in MFCs.
However, data in earlier reports have inferred that SRB is capable of directly transferring electrons
to the extracellular electrodes. For example, earlier reports have shown growth of different SRB
species over anode surfaces of the MFCs.? Also, electrode potential alteration caused significant
gene upregulation in some SRB strains in metatranscriptomic analysis. However, most of the
works on SRB with MFCs were related with sulfate removal studies and lack the in-depth
knowledge on electron transfer mechanism from SRB to anode. Although electron uptake
mechanisms by SRB have been widely investigated,*>* little is known about electron transfer in
the reverse way i.e., direct electron transfer from SRB to insoluble electron acceptors, though
understanding the mechanism of electron transfer by SRB to the anodes may give a better edge in
extending the role of SRB for MFC current generation and further expanding its applications.

Beside current production mechanism via the oxidation of sulphide generated by SRB, the
abundant availability of iron sulphides in the SRB sites might as well facilitate electron transfer to
extracellular solids. The dissimilatory SRB, which naturally occur at anoxic subsurface regions
such as marine sediments, are usually associated with biomineralization of iron sulphides such as
pyrite, mackinawite, greigite and marcasite which have diverse electrical and electrocatalytic
properties 1*1°. These iron sulphides have been also shown to be involved as naturally occurring
electrical wires 182924, Electrically conductive nano particles have also been proposed to transport
electron across outer membrane (OM) of Gram-Negative bacteria. Metal nanoparticles artificially
synthesized on the cell surface enabled electron transfer from the cell interior across the OM to the
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cell exterior, thereby functioning electron conductor across OM 2°. Similarly, it was proposed that
the biosynthesis of FeS nano clusters attached on the cell surface might function as electron
pathway across the OM for transfer of electrons to extracellular anodes in the presence of
biomineralized iron sulphides 2%, Given direct electron transport mechanism has faster kinetics
compared with diffusive electron shuttle?”, potential direct electron transport mechanism through
iron sulphides may be more efficient compared with the current production via the anode oxidation

of diffusing species of sulphide.

In the present study, we examined the impact of FeS biosynthesis on the current production
of SRB using Desulfovibrio vulgaris Hildenborough, which has been used as a model organism to
investigate the mechanism behind anodic current generation in SRB at sulphidic environments 2:2°,
We conducted whole-cell electrochemical assays with D. Vulgaris Hildenborough in the presence
and absence of biosynthesized FeS under anodic condition in three-electrode system. We also
characterize the oxidation state of FeS produced on the surface of electrode during current

production by X-ray Photoelectron Spectroscopy (XPS).

3.2 Results and discussion

3.2.1. Anodic current generation by Desulfovibrio vulgaris Hildenborough

To examine anodic current generation by the SRB in the presence of FeS, D. vulgaris
Hildenborough was added to an Electrochemical (EC) system with the electrolyte for EC system
contained WP medium supplemented with 20 mM lactate, 17 mM sulphate and 1.8 mM Fe?*. As
shown in Trace 1 of Figure 3-1, a steep increase in anodic current was observed after 10 h of
electrochemical cultivation at the electrode potential of +0.2 V, and once the current production
reached a maximum around ~9 pA cm, it started to fall and reached minimum after few hours,
which was most likely attributable to the deficiency of electron donor, lactate. Given the hydrogen
sulphide generated by D. vulgaris Hildenborough readily reacts with Fe?* precipitating iron
sulphides (HS™ + Fe?* = FeS + H*), the reactor medium turned black along with active metabolic
current generation 3. During the initial 10 hours, the bacteria require time to settle and grow on
the anode surface. This subsequently cause the initial time delay in microbial current generation.
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Figure 3-1 Representative anodic current generation data versus time by washed (trace 1) D.
vulgaris Hildenborough grown on an ITO electrode at +0.2 VV vs Ag/AgCl (Sat. KCI) in the
presence of 1.8 mM Fe?*, 17 mM sulphate, and 20 mM lactate; current generation by washed D.
vulgaris Hildenborough cultures lacking iron (trace 2) or sulphate sources (trace 3). Inset: Effect
on D. vulgaris Hildenborough metabolic current generation when further 1.8 mM of Fe?* was
added to EC reactor with unmodified medium. Arrow indicates the time point of Fe?* addition.

The SEM observations on the ITO surface revealed wide distribution of D. vulgaris
Hildenborough cells associated with iron sulphides (a, b of Figure 3-2). Elemental mapping using
EDX Spectroscopy confirmed that iron sulphides were distributed throughout the ITO surface as
clusters (c, d of Figure 3-2). Along with FeS clusters, spherical shaped agglomerates were also
seen throughout the ITO electrodes. From elemental mapping, it was found that these spherical
agglomerates had more sulphur when compared with other areas. This was most likely due to

hydrogen sulphides oxidation at the anode surfaces to form elemental sulphur 2.
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Figure 3-2. SEM (a & b) and EDX elemental mapping (c & d) of D. vulgaris Hildenborough cells
associated with biogenic FeSy particles obtained after 50 h of cultivation.

To examine the contribution of the biomineralization of iron sulphides on the sharp current
increase, we performed the same experiments in the absence of ferrous ion or sulphate as shown
in (Trace 2 & Trace 3 of Figure 3-1, respectively). As expected, considerable decrease in the anodic
current generation was observed in the absence of Fe?*, where sulphide production from sulphate
by SRB occurred. The anodic current generation was not observed for initial few hours and then
there was a sharp rise after 34 h of cultivation which then saturated and continued to grow
gradually to a maximum around 4.8 HA cm, approximately twice less than the maximum current
value shown in Trace 1 in Figure 3-1. Because the formation of black FeS precipitates was not
observed during the course of current generation, the results indicated that the absence of FeS
decreased the rate of anodic reaction at the beginning stages. The sudden current rise may be
assignable with the depletion of other electron acceptors such as contaminated oxygen in the
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system, and the current generation in the latter part could be coupled with the oxidation of
hydrogen sulphide at anodes *2. The observation that the addition of 1.8 mM of Fe?* after few hours
of anodic current generation significantly caused a gradual increase to the anodic current with peak
current, reaching as high as 26 pA cm in two hours (Figure 3-1 inset) affirmed the positive
correlation of Fe?* concentration with increase in current production. Since, FeS formation was
almost instantaneous 3, the gradual current increase after the Fe?* addition suggest that the iron
sulphides are not just abiotically oxidized at the surface of electrode but may associate with
biological processes in SRB. We also confirmed the small contribution of ferrous ion on the current
production with a modified medium lacking sulphate sources. Trace 3 in Figure 3-1 indicated that
there was no significant metabolic current generated without sulphates. The small current observed
could be attributed to the sulphates from the preculture condition. However, the current generation
increased, when sulphate was added, associated with the formation of black precipitate (Figure 3-
3 trace 2). Thus, these results indicated that the biomineralized iron sulphides enhanced current
production of D. vulgaris Hildenborough at anodic conditions compared with the sulphide ion

oxidation.
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Figure 3-3. Representative anodic current generation versus time measurements by washed D.
vulgaris Hildenborough grown on an ITO electrode in the presence of 1.8 mM Fe?*, 17 mM

sulphate, and 20 mM lactate (trace 1). Effect of sulphate addition on current generation by washed
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D. vulgaris Hildenborough culture grown at sulphate limiting conditions (trace 2). Arrow indicate

the time point at which the sulphate was added.

3.2.2. FeS mediates electron transport from metabolic lactate oxidation to the electrode

To confirm the correlation of the current production with the amount of FeS on the surface
of electrode, we performed LSV before and after the sharp current increase. We observed the
appearance of large anodic peak at -70 mV after the sharp current increase at 24 h, while this
anodic peak current was not observed at 4 h (Figure 3-4). The anodic peak current observed at -70
mV is consistent with the potential of the FeS oxidation reaction with our observation with
chemically synthesized FeS by adding sodium sulphide (Na2S) and Fe?* in the absence of D.
vulgaris Hildenborough (Figure 3-5). In accordance with these LSV data, the synthesis of black
precipitated after the initiation of sharp current increase at around 15 h in Figure 3-4 inset. These
results further support our model that the biosynthesis of FeS associated with sharp current
increase in D. vulgaris Hildenborough. However, while the anodic current at 44 h decreased to
50% from that at 24 h, the anodic peak current for FeS in LSV were almost negligible at 44 h
(Figure 3-4), suggesting that FeS was oxidized after lactate depletion and did not involve in I¢ at
44 h. A recovery in the anodic current but not in the FeS oxidation current was observed with the
addition of lactate after the depletion of anodic current. These results indicate that iron sulphide
species were formed during the sharp current increase by using lactate as electron source and

oxidized by the anode surfaces after lactate deficiency 4%,
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Figure 3-4. LSVs for washed SRB in EC reactor with all sources conducted after 4 h (trace 1), 24
h (trace 2) and 44 h (trace 3) of cultivation. The inset shows the representative anodic current

generation by D. vulgaris Hildenborough at different time points.
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Figure 3-5. LSVs for electrochemical system inside anaerobic chamber without SRB containing

chemically synthesized iron sulphides taken at every three hours interval.

To confirm that the FeS receives electrons from metabolic lactate oxidation, we next
performed XPS to examine the electronic states of Fe species on the ITO electrode before and after
the lactate depletion. Figure 4a and b shows Fe2p XPS spectra for ITO electrode surface in the
SRB system measured after 24 h and 48 h of cultivation, respectively. The data showed that along
with FeS oxidized products like FeS», Fes04 and Fe.O3 were also present on the ITO electrode
surface at both time points. The Fe 2ps/2 broad peaks at 712.6 eV and 708.6 eV were assigned to
FeS and FeSy, respectively®®. The 2pas singlet at 710.9eV was attributed to Fe,O3 and Fe2ps/, peak
at 708.2 eV was assigned to signals from Fes04*®3". The area percentage of FeS species decreased
by approximately 40% after 48 h when compared to that of 24 h, suggesting that the FeS species
was oxidized on the electrode surface after lactate depletion. Accordingly, the area ratio of FeSy,
Fe304 and Fe2O3 peaks with respect to that of FeS peak for the samples taken at 24 h, 0.08, 0.31
and 0.41, were considerably increased to 2.86, 0.35 and 0.5 in 48 h sample. This signified that
lactate depletion causes the production of FeS, and FexOy species, more oxidative than FeS 343538,

demonstrating that SRB transport electron generated from metabolic lactate oxidation to the FeS.
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Figure 3-6. XPS Fe 2p spectrum (a & b) and S 2p spectrum (c & d) for SRB biofilms grown on
ITO electrodes taken after 24 h and 48 h of cultivation; The dotted lines in ¢ & d represents the S
2p1/2 peaks of the respective S 2pss2 split orbitals.

3.2.3. The mechanical insight of FeS-mediated current production

To get insight into the electron transport pathway from the lactate oxidation metabolism of
SRB to FeS, we examined the current production by using a mutant strain of D. vulgaris
Hildenborough, C-cytochrome mutants (AcycA), lacking periplasmic cytochrome ¢3 (DVU3171)
which is involved in electron transfer across the periplasm . The AcycA mutant showed the peak
current production considerably less than wild type (Figure 3-7). However, the current started to
increase as early as wild type, which is distinct from sulphide-mediated current production,
indicating that deletion of periplasmic cytochrome c3 did not totally inactivate the mechanism of

FeS-mediated electron transport mechanism. Therefore, the periplasmic C-cytochromes may not
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be the main pathway bridging the metabolism and the extracellular FeS in D.vulgaris
Hildenborough. The less current production in the mutant strain may be due to slower production
of FeS precipitates in the AcycA strain than wildtype. The alternative mechanism for electron

pathway to the FeS surface would be other electron transport enzyme or even hydrogen sulphide.
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Figure 3-7. Anodic current generation versus time measurements by wild type D. vulgaris
Hildenborough (trace 1) and AcycA mutant (trace 2) grown on an ITO electrode in the presence of

1.8 mM Fe?*, 17 mM sulphate, and 20 mM lactate inside anaerobic chamber.

However, the presence of FeS clearly enhanced the current production, suggesting that the
electron transport may be mediated by faster Kinetics than diffusion of sulphide in extracellular
process. Similar electron transport Kinetics comparison has been discussed in Shewanella
ondeidensis MR-1C, which has outer membrane cytochromes as diffusion-less electron transport
conduit to the surface of electrode. Taken together, FeS mediates electron transport by faster
kinetics than sulphide diffusion process, which may suggest that SRB has alternative direct
electron transport pathway than outer membrane cytochromes. Earlier reports showed that SRB
can utilize metallic nanoparticles for extracellular electron transfer.® Our proposed mechanism for

anodic current generation by Desulfovibrio vulgaris Hildenborough is shown in Figure 3-8.
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Figure 3-8. Schematic figure for proposed iron sulphide and hydrogen sulphide mediated EET in
D. vulgaris Hildenborough.

3.2.4. Sulphide oxidation coupled anodic current generation

Metabolic current was observed in D. vulgaris Hildenborough EC system without FeS
precipitates only when they had sulphate, suggesting the potency of sulphate derived hydrogen
sulphides as an electron mediator. Upon the addition of 1.8 mM Fe?*, there was almost 86% drop
in anodic peak current as Fe?* reacted with the hydrogen sulphide to form FeS precipitates. Then,
there was an increase in current which peaked at 8 A cm and then gradually declined soon to be
followed by a steep increase in anodic current that peaked at 23 pA cm? (Figure 3-9), which was
similar to the steep current increase as seen with the control experiments lacking Fe?*. The larger
and later anodic current increase may be attributable to other mechanism, which is most likely the
electrode oxidation of hydrogen sulphide.

Finding the electronic state of sulphur is highly important to understand the sulphide
mediated reactions happening on ITO electrode surface. As shown in Figure 3-6 (c) and (d), the
region of spectrum (155 — 175 eV) has sulphur transition states. The S2p spectra for the samples
were fit with 2ps2 and 2p1» doublets which were separated by a spin-orbital splitting of 1.2eV
where the area ratio of 2ps» and 2p1, were set at 2:1 with identical full width at half maximum
(FWHM) values*!. The spectrum showed peaks caused by sulphates at the binding energy of 169.5
eV and 168.4 eV which can be assigned to 2ps2 and 2ps2 S (1V) forms for CaSO4 and MgSOsq,
respectively 4243, The S2pss. singlet at 163.4 eV was attributed to elemental sulphur [S (0)]*°. The
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Figure 3-9 Effect of Fe?* addition on D. vulgaris Hildenborough anodic current generation in a
system which initially lacked Fe?*. Prior to this experiment biofilms of D. vulgaris Hildenborough
was formed on the ITO electrodes with an unwashed D.vulgaris Hildenborough culture in an

unmodified reactor medium.

S2pa32 peaks at 162.2 eV and 161.4 eV were attributed to disulphide [S(-1)] and monosulphide [S(-
I1)] forms of sulphur, respectively®>*#4 Thus, the XPS spectrum showed that, along with
sulphates, other forms of sulphur species with different electronic states were also present on the
electrode surface. Accumulation of the oxidized disulphide species [S(I)] with time was observed
with a rise in the ratio of S(-11) species with respect to S(-1) in the 48 h sample. The presence of S
(0) supports the model that hydrogen sulphides were oxidized at anode to give elemental Sulphur
according to the following equation.
HS > So| +H"+2 1)

This anodic oxidation of sulfide has a lot of significance, if there are no other electron
acceptors available to ensure its conversion to S°, because sulphide formation is known as toxic
and harmful to bacteria. For instance, nitrate is used as electron acceptor for denitrifying sulphide
removal *°. However, anode can be an excellent electron acceptor, which aid in converting the HS

to S° abiotically or biotically 432,
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3.2.5. Comparison of SRB mediated anodic current with IRB

The current density of the D. vulgaris Hildenborough was obtained around 9 pA / cm?. However
previous studies showed that current density in the IRB Shewanella oneidensis MR-1 showed a
much lower current density at 1.75 pA / cm?. % This showed that SRB pure cultures can alone
contribute more anodic current than the IRBs. Thus, SRB even though consume limited organic
donors for FeS precipitation by sulphate reduction, the current density at SMFCs may not have

been suppressed by SRB activity.

3.3 Conclusion

The role of biomineralized iron sulphides as an electron conduit for the transfer of electrons
to extracellular anodes could be possible in the marine proteobacteria D. vulgaris Hildenborough.
The oxidative loss of iron sulphides was counterbalanced by the sulphide oxidation coupled anodic
current generation. The unified electron transport model for electron transfer to external electrodes
at anodic condition by the SRB D. vulgaris Hildenborough is proposed in this study. The
possibility of FeS mediated electron transfer to the anodes in the SRB system lacking OM c-Cyts
opened up new gates to explain or even improve the performance of SRB MFCs. Further
understanding the FeS mediated anodic current generation, identification of critical enzyme in
electron transport pathway, could be essential for increasing the power output of SRB MFCs
performing at sulphidic environments. The higher current densities at SRB showed that, the SRB

activity might not suppress the SMFC current generation
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Chapter 4

Iron sulphide nanoclusters induced synergetic relationship between Sulphate

Reducing Bacteria and Iron Reducing Bacteria coculture systems
4.1 Introduction

At marine sedimental environments, usually there is competition for limited organic
electron donors for the bacterial communities. However, the IRBs and SRBs can co-exist with
each other at these reductive environments and dominate the SMFC electrode surfaces which is
quite unsure how these both bacteria communities interact with each other. Interactions of SRB
and IRB pure cultures on anodic current generation was already reported. 2 In both cases, it was
showed that the presence of FeS actively dominated the current generation. > # In Shewanella
species, presence of FeS nanoparticles increased their overall electricity generation by 100 folds
and past reports claimed for FeS based long range electron transfer with the IRB anodic current
generation. In our previous study, we observed that the bioprecipitates FeS nanoclusters increased
the anodic current generation in the SRB, Desulfovibrio vulgaris Hildenborough. However, it is
quite unsure how SRB, IRB and FeS can interact with each other in the sediments and impact the
overall anodic current generation by SMFCs. Since the biomineralized FeS increased the anodic
current generation in both SRB and IRB individual monoculture EC systems, the SRB mediated
FeS nanoclusters could involve in increasing the overall current generation by IRB. This kind of

relationships could change their environment from competitive relationship to a friendly one.

In this current work, in an attempted to elucidate the SRB and IRB interactions in the
presence of bio-precipitated FeS nanoclusters at SMFC anode surfaces, whole-cell electrochemical
assays were performed with SRB and IRB cocultures under anodic conditions in a three-cell
electrochemical system. The effect of biosynthesized FeS nanoclusters on the overall anodic
current generation was performed. Shewanella oneidensis MR-1 and Desulfovibrio vulgaris
Hildenborough were used as model organisms for IRB and SRB respectively. The structure of
coculture agglomerates formed on the electrode surfaces were studied by making cross sectional
thin sections. In order to identify the effect of FeS nanoclusters on the coculture bioagglomerates

conductive properties, source-drain experiments were performed in this system with interdigitated
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electrode arrays (IDA).°> The findings showed the prevalance of FeS based long-range electron

conduction in the coculture bio agglomerates.
4.2 Results and Discussion:
4.2.1 Synergetic current generation in SRB and IRB co-cultures

In order to examine the interaction between SRB and IRB on anodic current generation,
their respective model bacteria, D. vulgaris Hildenborough and S. oneidensis MR-1 were added
together to a three-electrode electrochemical (EC) reactor with indium tin—doped oxide (ITO)
electrodes containing modified WP medium as the electrolyte. The electrolyte was supplemented
with 20 mM lactate, 17 mM sulfate and 1.8 mM Fe?*. We added 0.05 ml of washed D. vulgaris
Hildenborough culture to the EC system where as the final optical density of S. oneidensis MR-1
was maintained at 10“s00nm and it was poised at +0.2 V vs Ag/AgCl (KCI Saturated) reference
electrode. These low cell concentrations were derived from the low abundance of SRB and IRB at
sulphidic sedimental environments. Followed by decrease and gradual rise in current production,
a steep increase in the current was observed after 25 h, and reached to 70 pA (Figure 4-1). The
bacteria require time to settle and start growing on the anode surface which caused the initial time
delay in the current production. The electrochemical reactor medium showed black precipitates
formation during active current production mostly likely generated from biomineralization of iron
sulphide nanoclusters by SRB activity. Given the current production is strongly dependent on the
lactate concentration, the observed current production is suggested to be coupled with microbial
metabolic activity. In contrast to the coculture system, the anodic current production by S.
oneidensis MR-1 showed a peak current of 2.5 pA which was almost 28 times lesser than the
coculture anodic peak current even though coupled with black precipitate production. Also,
negligible current generation and black precipitates formation were observed in the EC system
having D. vulgaris Hildenborough pure cultures. These data showed the prevalence of a synergetic
interaction between D. vulgaris Hildenborough and S. oneidensis MR-1 for anodic current
generation. Also, the increase in electron donor lactate concentration increased the peak current

showing the importance of electron source on the current generation (Figure 4-2).
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Figure 4-1 Representative anodic current generation in the electrochemical system with 20 mM
Lactate as the electron donor when SRB (Green trace), IRB (Red line) and both SRB & IRB (Blue
line) were added.
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Figure 4-2 Representative anodic current generation by SRB & IRB coculture system without
lactate (red line), with 4 mM lactate (black line), 20 mM lactate (blue line) and 40 mM lactate

(green line) were added to the EC system
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4.2.2 1ron sulphides production couples with the synergetic current production in the

coculture system

Associated with the synergetic current production, black precipitate was formed and
accumulated on the electrode. As sulfide would be actively produced during the current production,
the black precipitate is most likely FeS. The precipitates formed on the surface of anode during
active current generation was analyzed by scanning electron microscopic (SEM) studies(Figure 4-
3a). Agglomerates of bacterial cells along with the nano-sized particles was observed on the anode
surface. Energy-dispersive X-ray spectroscopy (EDX) showed that these particles contained Iron
and Sulphur (Figure 4-3 b), and both of these species were distributed on the surface of bacterial
cells and also on the electrode surface, strongly suggesting that the black precipitation is FeS
agglomerates, and nanoparticles of FeS physically associate with bacteria. Given that the iron
mono sulphides in their tetragonal form shows excellent electrical conductive properties, and both
S. oneidensis MR-1 and D. vulgaris Hildenborough also showed electrogenic properties, chances
are that these bioagglomerates can make use of these conductive FeS nanoparticles to conduct

electrons effectively across the bioagglomerates.

Cell Nanoparticles

: ‘&I kﬁq

POTENTIOSTAT

Figure 4-3 (a) Scanning Electron Microscopy observation and (b) Energy-dispersive X-ray
spectroscopy of the bio agglomerates formed on the anode surface. The iron species were marked
green and sulphur species were marked red. Wide distribution of both sulphur and iron species

were observed.
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coculture electrochemical system (b) Representative anodic current generation showing the
difference in anodic current generation by the SRB and IRB coculture system supplemented with
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This importance of biosynthesized FeS on the synergetic current generation was confirmed
by current production measurements in the absence of Fe?* with coculture system of D. vulgaris
Hildenborough and S. oneidensis MR-1, to limit the formation of FeS bio-precipitates. While small
current increase was observed at the initial stage at around 20 hours, the maximum current
production was 80% less than that in the presence of Fe?*(Figure 4-4 a). This phenomenon clearly
showed that the synergetic current generation was largely dependent on the formation of FeS bio
agglomeration. Linear sweep voltammetry (LSV) further demonstrated the correlation between
current increase and the biosynthesis of FeS. During active synergetic current generation, when
the EC reactor started showing black FeS precipitates formation, FeS oxidation peak was observed
around 20mV by performing (Figure 4-4 b). In contrast, the FeS oxidation peak and the formation
of black precipitates was observed neither at the initial phase of current generation nor after current
depletion. Given current decrease was caused by lactate depletion and FeS formation stops after
the current production decrease, the lack of oxidative current for FeS after current decrease might
be caused by the oxidation of FeS at +0.4 V vs SHE. These data demonstrated that the biosynthesis

of FeS was required for the synergetic current production.

4.2.3 Enhancement of conductive networks in the coculture system

Although the FeS bioagglomerate formation is required for synergetic current generation,
the FeS bioagglomerates formation was also observed with D. vulgaris Hildenborough.
Electrically conductive nanoparticles were proposed to mediate long-range electron transport of S.
oneidensis MR-1 4. Therefore, MR-1 may transport electron through FeS biosynthesized by D.
vulgaris to the electron and dominantly contribute to the current enhancement in coculture system.
In order to examine this idea, we first used mutant strain lacking outermembrane cytochrome c
(AomcALL) to examine the contribution of MR-1, because OM c-Cyts are known to mediate EET
of MR-1(Figure 4-5). We observed that the anodic current generation was affected by using
AomcALL MR-1 mutant when compared to that of the wild type MR-1. These results suggest that

S. oneidensis MR-1 dominantly contributed the current enhancement in the coculture system.
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Figure 4-6 Respective Fluorescent In-situ hybridization (FISH) microscopic images of the cross-
sectional thin sections of the bioagglomerates formed on the anode surface when only IRB (a),
SRB (b) and IRB & IRB (c) were added to the EC system. FISH microscopic images representing
the SRB and IRB distribution found on the anode surface (d) and in the FeS bioagglomerates (e)

formed on the anodic surface.

We examined the localization of MR-1 in the bioagglomerate cross-section, by using
respective Fluorescent In-situ hybridization (FISH) probes that particularly label SRB and IRB
strains (Figure 4-6). As we expected, the IRB localized near the electrode surface, and associated
with SRB. In addition, the thickness of coculture system bioagglomerate was observed to be
around 100 pum compared to 60 pm and 50 pm found in pure culture systems of SRB and IRB
respectively. Thus, the current observation showed formation of enhanced formation of conductive

networks on the anode surfaces.

4.2.4 Need to investigate electron transfer across bioagglomerates

Since it was observed that the anodic current generation was dominated by the presence of
FeS bioagglomerates, the mechanism by which how FeS increases the electron transfer to the
anode surface has to be investigated. Studying the conductive properties of bioagglomerates
formed on the anode surface can give insights on FeS dependent synergetic current generation. In
previous studies with pure cultures of Shewanella species, possibility of FeS mediated long range
electron transfer was mentioned. According to SEM analysis the bacterial cells were found
distributed within the FeS bioagglomerates, which interests the need to check for electron transfer

mechanisms across longer distances within the bioagglomerates.
4.2.5 Source-drain experiments to study the bioagglomerate conductive properties

In order to study the electron transfer across bioagglomerates, source -drain experiments
were performed using interdigitated electrode arrays (IDA) with four electrode systems. Two
parallel working electrodes (W.E.) each setup at 15um apart were alternatively arranged. Electrical
gradient was established across W.E. 1 and W.E. 2 by posing them with different potentials
originating for source-drain potential (Vsp). Thus, the more negative electrode can function as
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electron source and more positive electrode will function as electron drain. The resulting current
flowing across these two working electrodes is the source-drain current (Isp). The source drain
current depends on the conductive properties of the phase adjoining the two adjacent working
electrodes.’

The coculture bioagglomerates were first formed on the IDA electrodes before measuring
Isp across the bioagglomerates. Initially EC reactor was setup with the IDA electrodes where both
working electrodes were set at + 0.2 V with respect to the reference electrode (Figure 4-7).
Synergetic anodic current production at individual W.E.s was observed, while active FeS
precipitation was also observed in the EC system. When observed under microscope it was found
that the bioagglomerates formed on the IDA electrode adjoined the adjacent electrodes (Figure 4-

8). Thus, a thick bioagglomerate formation joining both W.E.s was observed.

The bioagglomerates which were formed during active synergetic current generation was
subjected for source-drain studies. the Vsp was maintained constant at 0.05 V. Isp was measured
at both electrodes while sweeping from 0 V to -1.0 V for W.E. 1 at a scan rate of 2.0 mV/S. The
Iso was observed with respect to gate potential (Eavg), the average between source electrode
potential and drain electrode potential. When the gate potential is equal to the formal potential of
the redox active species present in the bioagglomerates, the Isp tends to be maximum and
alternatively, there would be a drop in the current when the Eayg is greater or lesser than the formal
potential.

4.2.6 FeS based long range electron transfer in the bioagglomerates

The Isp for coculture system observed during active current generation obtained
symmetrical current values across the scan range. Initially, the Isp seemed to be smaller around -
20 pA for both electrodes and as the Eavg becomes more negative the Isp started to increase in both
source and drain electrodes indicating the flow of electrons across the bioagglomerates which
adjoin adjacent source and drain electrodes(Figure 4-9). On the reverse scan the Isp decreased and
reached a minimum value which can be related to oxidation of FeS. At neutral pH, the phase
transition of FeS into FeS; and Fe,Os starts around -0.650 V vs Ag/AgCI (KCI saturated).
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Figure 4-7 Representation anodic current generation in the SRB and IRB coculture EC system on
both source and drain working electrodes when they were maintained at same potential with
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Figure 4-8 Observed bioagglomerates formed on the surface of interdigitated electrode adjoining

the adjacent electrode arrays

60



200

—WE1
3) —we2 [150
-100
=3
50 T
—
c
-0 o
S
S
.50 35
y\/ O
--100
r-150
-200

10 08 06 -04 02 00
Potential Vs Ag/AgCIl /V

200
b) —WE1 C) —WE1
—we2 [150 —we2 [150
100 - 100
3 g
t50 F50 TS
S c
— =0 £ 0 g
- )} - jm
50 3 50 3
-100 --100
-150 --150
: : : ; -200 ; ; ; ; -200
10 -08 06 04 -02 0.0 10 08 06 04 02 00
Potential Vs Ag/AgCl /V Potential Vs Ag/AgCIl /V

Figure 4-9 Source-drain current observed after 92 h of inoculation (a) during active FeS
generation, after 131 h of inoculation (b) when most of the FeS were oxidized and source-drain

current produced in the EC system without Fe?* and no FeS generation measured after 94 h of
inoculation (c)

This could explain rise in source current at potentials negative than -0.650 V during the
forward scan from 0 V. Thus, at more negative potential, formation of FeS is favored. Also, the
Fe2* which is pivotal for FeS formation can also be generated by reduction of Fe* at the anode
surfaces at more negative potentials. At -0.95 V the drain current was around 200 A compared to
-100 pA which was stoichiometrically 100 pA higher than the electrons donated from source

electrode. This extra flux of electrons can be explained by donation of electrons to drain electrodes
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by oxidation of FeS thereby increasing baseline current for drain electrodes. Since, the individual
bacterial cell length is not enough to adjoin adjacent working electrodes, the electron transfer
between them could happen only when they are connected by a conductive matrix. Thus, from the
current flow across the source and drain electrodes, it can be pointed that long-range electron

transfer is probable across the coculture bioagglomerates.

However, after current depletion where most of the FeS species were oxidized, no
considerable Isp was observed. This can be clearly related with depletion of Isp with respect to FeS
depletion. Also, the Isp was not observed when measured with negative control system without
Fe?* further confirming the involvement of FeS precipitates for long range electron conduction

across the bioagglomerates.

4.3 Conclusion

Coculture anodic current generation studies with model SRB and IRB bacteria showed that
synergetic current generation was possible which is specifically dependent on the formation of FeS
bio precipitates within the system. FeS based long-range electron transfer across the
bioagglomerates formed on the anodic surfaces was observed. Also, formation of a thicker
bioagglomerate on anode surface was observed when compared to bioagglomerates of pure culture
system. Thus, increasing the bioagglomerate conductivity would also increase the performance of
SMFC current generation. The FeS biosynthesis by SRB showed a positive feedback loop for
increasing the overall microbial current generation on the electrodes. Involvement of other
potential metal sulphides for current generation can also be developed based on the observation on

the current study which poses immense potential to power devices based on SMFC.
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Chapter 5

Iron reducing bacteria enhanced synergetic growth and iron

sulphide bio precipitation in the sulphate reducing bacteria

5.1 Introduction

In the electro chemical system, it was observed that the precipitation of iron monosulphides
(FeS) actively dominated the microbial electricity generation. The conductive properties of FeS
helped for higher flux of electrons to the anode surface by performing long-range electron transfer
across the bacterial-FeS bio agglomerated which span around 100 um in thickness. The coculture
system actively generated FeS nanoparticles during the synergetic current generation and there
was no growth and FeS bio precipitation was observed in the electrochemical system with SRB
pure culture system. This clearly exhibited that the SRB was benefited by the addition of IRB into
the system and the IRB positively promoted the SRB activity.

In order to understand the importance on IRB on the SRB activity, it might be important to
observe how these two bacteria species interact with each other in the natural systems, particularly
without any applied potentials. Previous studies showed synergetic interactions between bacteria
at the MFCs *. Recent work with SRB show that, the FeS nanoparticles which are attached with
the microbial membrane can transfer electrons across the cell membrane more specifically by
conducting electrons inside the SRB cells. The bacteria do it in order to survive at low energetic
environments.? In this work the importance of IRB on the SRB activity was observed in a non-
electrochemical system in order to identify their interactions at natural environments. The bacterial
cultures of SRB and IRB were added inside a bottled system with the same electrolyte medium
and the microbial interactions were observed. The observations showed that the presence of IRB
influenced the SRB activity and FeS production inside this closed non-electrochemical system.

Accelerated FeS generation by SRB was observed in the presence of IRB.
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5.2 Results and Discussion:
5.2.1 Iron reducing bacteria dependent iron sulphides bio precipitation

To check the influence of IRB on the SRB mediated FeS bioprecipitation, the cells of SRB
and IRB were added together inside a bottled system with of the electrolyte medium used for
electrochemical experiments. The medium was supplemented with 20 mM lactate, 17 mM sulfate
and 1.8 mM Fe?*. We added 0.2 ml of washed D. vulgaris Hildenborough culture to the EC system
where as the final optical density of S. oneidensis MR-1 was maintained at 1000 nm While
maintaining a final volume of 20 ml medium inside the closed bottle. The medium was maintained
at anaerobic conditions and it was incubated at 30 °C throughout the experiments. Within 12 hours
the formation of black FeS precipitates was observed inside the closed system and it started to
precipitate more with time. The extend of black precipitation can be visually observed inside the
closed bottle system and it became darker with time. Similar experiments were conducted by
adding only SRB and IRB pure cultures inside the closed bottle system and the formation of black

precipitates were observed.

SRB + IRB SRB IRB SRB + IRB SRB IRB

Figure 5-1 Representative observations of the precipitation of black FeS nanoparticles in the
bottled system having 20mM lactate, 17 mM sulfate and 1.8 mM Fe?* when SRB and IRB, SRB
and IRB were added. (a) and (b) represents observations after 3 hours and 24 hours of incubation

respectively.
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It was observed that the formation of black FeS precipitates were accelerated inside the
closed coculture system. From the Figure 5-1(b) it was clear that there were blacker FeS
precipitated in the coculture system compared to that of SRB pure cultures after 24 hours of
incubation. FeS precipitation was not observed inside the system wit only IRB confirming that
IRB is not possible to precipitate FeS in the presence of sulphates. Similar observations were seen
in multiple experiments which confirmed that the presence of IRB has accelerated the FeS
precipitation inside the bottled system even without any electrodes. This explains potential

microbial interactions that might be happening at the sedimental sub surfaces.
5.2.2 Accelerated microbial activity inside the cocultures

Since the visual observations showed that the FeS acceleration was increased in the
presence of IRB, we tried to quantify the precipitates formed inside the system. The quantity of
the bioprecipitates formed inside the system was calculated by centrifuging the medium collected
from the bottles after the experiments and then weighed to quantify the agglomerates. This will

compose both FeS precipitates and microbial biomass.
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Figure 5-2. Quantity of bioagglomerates precipitated inside the closed bottled system SRB and
SRB & IRB were added and incubated for 72 h. (a) represents the wet weight of the agglomerates
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after centrifugation and (b) represents the dry weight of the agglomerates that are dried of moisture

after centrifugation.

Figure 5-2 (a) showed the overall wet weight of the agglomerates after centrifugation for
10000 rpm for 10 minutes. It showed that the wet weight was higher in case of coculture when
compared with the SRB pure culture systems. Even though there was difference between the
weight of bioagglomerates, the difference was not so significant as the moisture present inside the
centrifugate affected the value. In order to eliminate this, after centrifuging the tubes were dried
inside hot air oven kept at 60°C for 12 hours and then taken for quantification. A significant
difference in the bioagglomerates precipitated was observed after drying. It was observed that the
dry weight of SRB and IRB coculture system was 44% higher than that of SRB pure culture system.
This observation clearly establishes the impact of IRB on the overall bioagglomerates formation.
Thus, the IRB can accelerate the SRB mediated FeS production and eventually increase the
bioagglomerates formation.

5.2.3 Increased microbial growth in SRB and IRB coculture system

Since the bioagglomerate precipitation was shown to be accelerated inside the bottled
system in the cocultures, the microbial community growth inside them can also be different in the
coculture system when compared to that of pure culture systems. In order to check the microbial
growth, the total protein concentration inside the system was observed at different time intervals
(Figure 5-3). This analysis can be related to the bacterial growth and activity inside the bottled

system.

The bacterial cell counts inside the coculture system were calculated at different time points
along the course of FeS bio precipitation, the results as shown in the figure 5-4 showed that the
total cell counts increased in both SRB pure culture and SRB and IRB coculture bottled systems
with respect to time even after 72 hours of incubation. There was about 28% higher bacterial cell
count observed in the SRB and IRB coculture system when comparing with the SRB pure culture

bacterial systems.
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Figure 5-3 Total protein concentration measured inside the bottled cultures at different time
intervals when SRB (green line) and SRB and IRB (red line) were added to the medium

supplemented with 20mM lactate, 17 mM sulfate and 1.8 mM Fe?*
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Figure 5-4 Total bacterial cell counts observed at different time intervals when SRB (blue) and
SRB and IRB (red) were added to the bottled systems
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5.2.4 Synergetic growth between SRB and IRB cells

The past observations have showed enhanced FeS generation and higher bacterial growth
rate in the coculture system at bottled environments. Since the IRB are not capable of generating
FeS, it can be considered that the SRB cells are growing inside the coculture systems, as the SRB
pure cultures too showed growth without IRB inside the closed bottle system. It is evident that the
IRB accelerated the SRB growth and activity but it is not sure whether SRB might have an
influence on IRB growth. The distribution of IRB was studied by Fluorescent In situ Hybridization
(FISH) ((Figure 5-5) which clearly showed that the IRB cells were increased in 72 hours cultivated

coculture medium when compared to cell counts measured at 22 hours.

After 22 h of cultivation After 72 h of cultivation

Figure 5-5 SRB and IRB distribution inside the SRB and IRB coculture bottled system as seen by

Fluorescent in-situ hybridization (FISH) at different time intervals

This observation established that in the coculture system IRB growth was also supported,
even without addition of any external electron acceptors. This opened up a new possibility that
either SRB or the products released by SRB could act as a potential electron acceptor for the
growth of IRB.

In order to check the synergetic interaction that accelerated the FeS generation and cell
growth, certain mutant strains were used for the coculture experiments and the precipitation of FeS

was observed. SRB shows formation of membrane bound FeS nanoparticles while they grow
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which can be a potent factor involved in electron transferred across the membrane. The 4ANiFeSe
mutant of SRB was checked in the coculture system for FeS bio precipitation (Figure 5-6 a).
Usually this mutant showed lack of membrane bound FeS biomineralization in the SRB cells.
However, the results showed no significant FeS precipitation when compared with SRB wildtype
cocultures after 72 hours, thus eliminating the involvement of SRB membrane bound FeS on the

accelerated FeS generation.

The outer membrane c-type cytochromes are involved in electron transfer across the cell
membrane in IRB. They are crucial for electron transfer and we observed the effect of A40OmcAll

mutant on the overall FeS precipitation in the coculture system (Figure 5-6 b).

SRB and IRB ANiFeSe SRB SRB and IRB SRB and
and IRB AOmcAll IRB

Figure 5-6 Precipitation of black FeS nanoparticles in the bottled system after having 20mM
lactate, 17 mM sulfate and 1.8 mM Fe?* compared with SRB and IRB wild type strains when (a)
SRB and 4NiFeSe SRB mutant and (b) SRB and 40mcAll IRB mutant were added.

With the 40mcAll IRB mutant delayed FeS precipitation was observed in the presence of
SRB wild type strains. This hinted that the outer membrane cytochromes of the IRB might be
involved in the synergetic interaction with the SRB cells. One explanation could be that deletion
of the outer membrane C-type cytochromes limit the range of extracellular electron transfer with
extracellular electron acceptors. This has potential to control the IRB growth and its activity which

was reflected in the FeS generation in the cocultures.
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5.2.5 Proposal for accelerated FeS generation by SRB in the presence of IRB

The enhanced FeS nanoparticles agglomeration inside the SRB and IRB coculture bottled
system can be put alternatively explained as increase in sulphate reduction by the SRB. Higher
generation of hydrogen sulphide reduced species will enhance its interaction with Fe?* ions in the
medium which settle as iron sulphide nanoparticles. Also, we observed growth of IRB cells inside
this coculture system even without addition of external electron acceptors. This phenomenon can
be explained by generation of electron acceptors by SRB. Moreover, reduced FeS precipitation
while using IRB mutant lacking outer membrane cytochromes supports that electron transfer
across these proteins might be crucial for the survival of IRB survival''®. Since, the sulphate
reduction was accelerated in the coculture system we propose that the metabolically generated
electron from the IRB might be transferred to the SRB by the involvement of outer membrane

cytochromes and can accelerate the sulphate reduction.

membrane
cytochrome

Figure 5-7 Proposed interspecies electron transport model between SRB and IRB.

5.3 Conclusion

The involvement of the iron reducing bacteria S. oneidensis MR-1 on acceleration of FeS
nanoparticles agglomeration by the sulphate reducing bacteria D. vulgaris Hildenborough was
studied. The coculture system also exhibited increased bacterial growth and activities when
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compared to that of pure culture systems. The observation with IRB mutant lacking outer
membrane cytochromes exhibited that extracellular electron transfer across the IRB membrane
might be involved in the growth of IRB inside the coculture anoxic system. The possibility of IRB
metabolically generated electron coupled sulphate reduction in the SRB can explain the
accelerated FeS biosynthesis and synergetic growth inside the coculture system. With the current
model of interspecies electron transfer mediated through conductive FeS, a positive feedback was
observed between production of FeS by SRB and IRB growth. This explains possible synergetic
growth associated with interspecies electron transfer occurring between SRB and IRB at natural

environments.
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Chapter 6

Microbial current generation enhancement by metal sulphide with better

conductive properties
6.1 Introduction

The formation processes of metal sulfides in sediments, especially iron sulfides, have been
the subjects of intense scientific research because of linkages to the global biogeochemical cycles
of iron, sulfur, carbon, and oxygen.! However transition metal sulphide with considerably low
solubility are also found to be formed in the sediments along with other minerals. Trace minerals
of Ni, Cu, Zn, Mn, Mo, Co and Hg were found to be associate with iron sulphide minerals in the
anoxic sediments. Mackinawite one of the widely observed FeS forms at sediments is incorporated
with Ni trace metals which can considerably increase their conductivity.!?

Although iron mono sulphides in their mackinawite form shows excellent metallic like
electrical conductivity properties, there are many other transition metal sulphides which can have
better electrical properties than the FeS.® Other than improving better electrodes with good
electrical properties, one of the limitations of SMFC is to have a better conductive sedimental
substrates.®®-3 Since the anoxic sub surfaces can be composed to have these transition state metal
sulphides, they can be used to improve the SMFC performances. Earlier reports showed that even
with some semiconductors the extracellular electron transfer for electroactive microbes can be

increased.”® The metal sulphides for improving the microbial electricity generation.

The metal sulphides are precipitated by microbially released hydrogen sulphides when on
reaction with the metal ions form metal sulphides. The solubility of formed metal sulphides are
found to be considerably low which means the precipitation of the metal sulphides will occur.®
Earlier reports showed detection of many metal ions in the sedimental pore waters. Thus, this form
a perfect environment for sedimentation on metal sulphides in the anoxic sediments.'® *In this
work we studied the impact of different metal sulphides formation on the overall electricity

generation from the microbes.
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6.2 Results and Discussion
6.2.1 Microbial electricity generation with different metal ions

The effect of metal ions on anodic current generation in the SRB and IRB cocultures was
studied. The activity of SRB produces hydrogen sulphides which are readily reacted with the metal
ions and precipitate metal sulphides. Also, there is a risk of toxicity from these metal ions on the
bacterial growth. In order to check this, very low concentrations of 100 uM of different metal ions
such as nickel, copper and molybdate (MoO4%) were added to different coculture electrochemical
systems consisting 20 mM lactate, 17 mM sulphate (Figure 6-1). The anodic potential was setup
at +0.2 V vs Ag/AgCl reference electrode and the current produced inside the system was observed.

Figure 6.1 shows the current obtained when different metal ions were added to the electro chemical

system.
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Figure 6-1 Anodic current generation in the SRB and IRB coculture system supplemented with
20 mM lactate, 17 mM sulphate, 100 uM Cu?* (blue line), 100 pM Ni?* (red line), 100 uM
molybdate (green line)
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Cocultures with Ni?* and Molybdate showed microbial current generation whereas there
was no current generation observed when Cu?* was added. This can be partially explained that
Cu2+ is a potent toxic substance for microbial growth, whereas the microbes are able to survive
with 100 pM of Ni?* and Molybdate. The Molybdate added medium showed maximum peak
current density around 3.1 pA/cm? observed around 24 hours and then it reduced until 75 hours
where a small current increase peak was observed soon followed by steep decrease in the current.
This current was not recovered even after addition of 20mM lactate after current depletion. One
explanation could be that most of the cells would have died inside system and that was reflected
in no current increase even after lactate addition. In the presence of Ni%* there was a gradual

increase in current generation observed after 23 hours which was maintained even until 125 hours.

6.2.2 Microbial electricity generation with different metal ions in the presence of FeS

bioprecipitates

Since the heavy metals added to the electrochemical can be toxic at lower cell counts, their
toxicity can be overcome when they are added at higher SRB and IRB cell counts. Hence, we
observed the effect of metals addition on the coculture current generation having Fe?* during FeS
bio agglomeration (in Figure 6-2). The combination of iron sulphides with other metal sulphides
could be impacting the bioagglomerates conductivity. So, initially the 1.8 mM of Fe?* was added
to the electrochemical system supplemented with 20 mM lactate, 17 mM sulphate and poising the
working electrodes at + 0.2 V. After initial few hours, the precipitation FeS started to happen
accompanied by increase in the anodic current production. Right now, the SRB and IRB cell counts
are higher enough to withstand the metal ions toxicity. Thus 100 pM of Ni?*, Cu?* and molybdate

were added individually in different systems.

The slope of anodic current generation was increased significantly when Ni?* was added
to the electrochemical reactor around 118 h directly indicating the positive the impact of nickel
sulphide mineralization inside the electrochemical reactor. The molybdate was added to the reactor
where 20mM lactate was added after lactate depletion around 127 hours. Initially there was a lag
period where the current generation was reduced until 142 hours after which the current production
recovered which kept on increasing with a peak current of 10.5 pA/cm? observed after 191 hours.
This peak current was higher than that observed only with FeS formation. Usually whenever lactate

was added after the lactate depletion the second peak current always showed similar values to that
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of the initial current obtained. However, here the presence of molybdate had increased the current
generation. In the case of Cu?* addition during active FeS precipitation, a sudden depletion in the
anodic current was observed which gradually recovered over time. There was not a significant
positive change in current slopes values were obtained indicating that Cu?* might be still affecting
the microbial activities despite forming highly conductive copper sulphides. Additionally, the
impact of Mn?* on the current generation was also observed to the system having Fe?* and Ni®*
After the slope increase by Ni?* addition in the FeS bio agglomeration system, further 100 uM of
Mn?* was added. Interestingly, even this time the slope of current was increased further upon Mn?*
addition. Thus, from this it was evident that the formation of manganese sulphide positively

impacted the current generation.
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Figure 6-2 Representative anodic current generation in electrochemical SRB and IRB coculture

system supplemented with 20 mM lactate, 17 mM sulphate, 1.8 mM Fe?* where Ni?* and Mn?* (a),
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Molybdate (b) and Cu?* (c) were added. The arrow marks indicate the time point at which the

substrates were added.
6.3 Conclusion

The effect of various metal ions on microbial current generation was obtained. Even though,
the bacterial current generation was increased with formation of other metal sulphides, presence
of Cu?* inhibited the current generation indicating its toxicity. The toxicity level was controlled in
a system having active FeS generation indicating that combination of different metal sulphides can
help to overcome heavy metal toxicity effect on the microbial current generation. Combination of
other metal sulphides with the FeS biomineralization also showed a positive response in the overall
current generation. Even the formation of manganese sulphides which exhibit relatively
semiconducting property also increase the microbial current generation. These finding has open
immense opportunities of using a wide range of metal sulphide precipitates which can be used to
improve the electron transfer rates across the anoxic sediments. Possibility of long-range electron
transfers improved with highly conducting metal sulphides would efficiently increase the current

generation from sediments.
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Chapter 7

General conclusion and future prospects

7.1 General Conclusion

In the present thesis, the impact of biomineralized iron sulphides by the sulphate reducing
bacterium Desulfovibrio vulgaris Hildenborough on the synergetic current generation with the iron
reducing bacterium Shewanella oneidensis MR-1. Their interaction with each other and with the
FeS bioprecipitates on the anodic current generation was studied.

Initially, in Chapter 3, the interaction of the SRB pure culture D. vulgaris Hildenborough
with the anode was observed. The presence of FeS bioagglomerate impacted the overall current
generation. Many of the earlier reports showed the hydrogen sulphide mediated abiotic oxidization
coupled electron transfer at the anodes. However, we observed that in addition to the above-
mentioned mechanism, FeS precipitation also dominated the current generation. The anodic
current generation was declined after the lactate depletion stage which was characterized by
oxidative loss of FeS on the anodes. The iron sulphides were found to be attached to the SRB
membrane. A new proposal for FeS mediated electron transfer to the anodes from the SRB was
proposed in this study. Understanding of new pathways would help to improve the design and
operation of SRB MFCs.

In Chapter 4, the symbiotic current generation in the SRB and IRB were studied along with
the importance of bioagglomerates of FeS. The anodic current generation in the SRB and IRB
coculture electrochemical system was many folds higher than that of the current produced by IRB
pure cultures. In these synergetic current production mechanisms, the impact of conductive iron
monosulphides formation was seemed to be evident. SEM observations showed formation of FeS
bioagglomerates with the bacterial cells embedded in them. Much thicker bioagglomerates were
observed in the coculture systems when compared with the SRB and IRB pure cultures separately.
This opened up the importance of long-range electron transfer across the bioagglomerates which
increased the electron transfer to the anodes. Performance of source-drain electrochemical

experiments showed the importance of FeS based long-range electron conduction in the
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bioagglomerates. These observations showed that the presence of much higher conductive
bioagglomerates can increase the power output of sediment microbial fuel cells.

Chapter 5 showed the symbiotic interactions between SRB and IRB on FeS bio
precipitation and increased bacterial growth. The findings showed that the presence of IRB
accelerated the FeS precipitation by the SRB which was higher when compared to that of SRB
pure cultures. Similarly, the increase in total bacterial cell counts was higher in the SRB and IRB
coculture systems which also showed increase in the total protein contents much higher than that
of SRB pure cultures. With observations from the IRB mutant strain lacking outer membrane
cytochromes, an interspecies electron transport model was proposed for the synergetic interactions
where the metabolically generated electrons of IRB are coupled to sulphate reduction by SRBs.

Chapter 6 explained the improvement of microbial current generation by the precipitation
of metal sulphides with better electrical properties. Addition of Ni?* and molybdate both showed
current generation although each showed different current generation profiles. The toxicity of Cu?*
to the bacterial cells prevented electricity generation which can be reduced in a system having
more bacterial cell counts and active FeS bio precipitation.

In this thesis, it has been proved that the microbial current generation at the anodes can be
increased by forming bioagglomerates having efficient conductive iron sulphides. The microbial
interactions that happen at the anode surfaces can influence the iron sulphide precipitation and
thereby impact the anodic current generation. This phenomenon can be applied in SMFCs to
improve their performances. Even though FeS is the most abundant mineral observed at the anoxic
sediments, inclusion of other metal sulphides to the sediments can increase the electricity

production.

7.2 Future prospects

From the current study, it was emphasized that the microbial current generation can be
enhanced in the presence of conductive bioprecipitates. With lower power densities, the cost of
production for the SMFCs are higher as there is a need for larger surface area for the electrodes.
However, by using systems having conductive bioprecipitates the current densities at the
electrodes can be increased many folds. This can potentially reduce the surface area of the
electrodes being used for the SMFC devices. Thus, the cost for establishing the SMFC units can

be reduced. The findings of this work can be employed in developing subsurface electrical grids.
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New ideas are being proposed to develop underwater electrical interconnections to power various
devices that require high electrical power. Thus, increasing the SMFC performances are always
going to improve the development of subsurface electric grids.

The microbial interactions between the sulphate reducing bacteria and the iron reducing
bacteria has been observed to be syntrophic increasing the microbial activities and subsequently
the sulphate reduction to precipitate iron sulphides. According to the present ideas the dominant
bacteria can outgrow at competing environments. However, our current observations showed that
the symbiotic interactions between bacteria can actually benefit growth of different microbial
communities. The electron transfer between SRB and IRB can favor efficient energy utilization in
energy limiting environments.

The symbiotic interactions between IRB and SRB enhanced the sulphate reduction by SRB
significantly. Provided that the microbial based sulphate reduction is impacting the global bio-
geochemical sulphur cycles, the synergetic interactions of the Sulphate reducing bacteria with the

other microbes will have a considerable shift in the sulphur cycles globally.
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