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ABSTRACT

Gonversion of biomass to useful bpyoducts is a lengthy andften inefficient process. Research
haslooked at the conversion of cellulose to ethanol by means of termite bacterial consortium in
fluidized bed bioreactor, where the bacteria are attachedhbasfilm to an activated carbon or
cellulose supportHigh conversion rates were achieved in this teacand the process was fairly
robust and flexible. However establishing thiefilm on the activated carbon was a lengthy process
in terms of the time it took the bacteria to attach to the various substrates (Activated Carbon and
Cellulose) and form flootants. The formation of such flocculants substantially increases the

reaction surface and hence should optimize the production of ethanol.

Many physical, chemical, and biologigdkractions facilitate the attachment of bacteria surfaces

It was inthis study that the electrostatic attractiomas investigated.The understanding of the
physical modifications of surface charge was chosen to be investigated in order to understand the
ideal conditions to propagate and increase biofilm creatBacteriacarry a negative surface charge

and hence for increased attraction, the surface charge of the substrate should be modified to be
positive. This research, performed as batch processes, has shown that with the correct surface
charge modifications of the sutrate the electrostatic attraction forces between the surface and the
bacteria are maximized. As a result of the strong electrostatic attraction forces between the two
surfaces the bacteria adsorbs and attaches to the substrate quicker and cre#iefilm on the

surface

Prior to the attachment investigation it was important to attempt to understand the bacteria
consortium within the termite gutt ¢ KS a g2 NJ SNE (G SNI¥A (G S&athe®aif £ SO
whilst building their mound..The bacteria fond within the termite are in line with cellulose

degradation, which can be manipulated for biofuels production.

This study aimed to investigate a series of procedures of charge manipulation to the surfaces of both
the substrate and bacteria in order teas the influence of electrostatic interaction on biofilm
creation. It was seen that when only the activated carbons surface charge was modified to have a
positive net charge the attachment of bacteria was most prominémtaddition it was proven that
after being charged to a pH of 5 (4.28 x”IBacteria/mnf Activated Carbon), 6 (3.90 x 10
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Bacteria/mnt Activated Carbon) and 7 (1.58 x*>Bacteria/mnt Activated Carbonyvere achieved

The greatest attachment wagen when the activated carbon wabarged to a pH of 7. This can be
explained as the optimal positive pH the activated carbon should be charged to ifpitgigBl. 7 If

the pH is dropped lower than 7 although the surface becomes more positive, the surface actually

approaches the surfaceharge of bacteria and the electrostatic interaction dissipates.

In an effort to use the optimal pH modification to create a biofilm on the surface of the activated
carbon time experiments were performed. After 13 days biofilms on the surface of theatmdti
carbon surfaces were seen. The bacteria attach to surface of the acticatdbn andproduce
Extracellular Polymers Substan(ePS) fluid whiclthen causes other bacteria to attach to them

resulting in the formation of Biofilms
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NOMENCLATURE

ABBREVIATION EXPLANATION

A (DNA) Adenine

A.C Activated Carbon

BLAST Basic Local Alignment Search Tool
C (DNA) Cytosine

DGGE Denaturing gradient gel electrophoresis
DNA Deoxyribonucleic acid

EPS Extracellular Polymer Substances
ESEM Environmental Scanning Electron Microscope
FBBR Fluidized Bed Biofilm Reactor

G (DNA) Guanine

HNQ Nitric Acid

H Hydronium lon

ITS Internal transcribed spacer

LPS Lipopolysaccharides

NaOH Sodium Hydroxide

OH Hydroxide lon

PCR Polymerase chain reaction

pHezc pH point of zero charge

PVAM polyvinyl amine

RNA Ribonucleic acid

SEM Scanning Electron Microscope

T (DNA) Thymine

TAE TrisacetateEDTA

UNIT ORMMEASURE

EXPLANATION

g Gram

I Litre

mol mole

°C DegreeCelsius

sec Second

pl microliter

rpm Revolutions per minute
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HYPOTHESIS AND RATIQALE

HYPOTHESIS

Surface modification of the support matrix improves and increases the attachment of the bacteria

resulting in an increased biofilformation.

RATIONALE

The main objective of this research is to optimize the attachment of bacteria found in termite
hindgut to activated carbon, which in turn will be used to produme productsfrom the
decomposition of biomass. The project will entadlveral steps and will develop as the research

progresses.

The firstobjectivewas to identify and fully understand the various species of bacteria found within

the termite gut. These bacteria once identified and isolated will be investigated as to their
functioning in the degradation of cellulos€ermites were selected for this aligation as they have

I dzyAljdzS FtoAfAGe G2 RAISalG tAIy20StftdzZ 2aiA0 o0A2YI
a complex mixture of enzymes from symbiotic bactepid@nitive singlecelled organisms residing in

its stomach (gut fauna), as wels enzymes originating from the termites themselves to degrade

cellulose and produce biofuels.

The secondargbjectiveof this researctwasbe to establish how these modifications of the surface
charge on the activated carbon will help in biofilm creatiltwasdesired that this hypothesisould

prove to improve the rate of biofilm creation.

¢ Biofilm creation has previously proved to be a lengthy process. It is therefore desired to
optimize this process by enhancing the rates of adsorption of bacteria the activated
carbon within the reactorThese continuous experiments will be performed to establish

whether the hypothesis made above will prove to be successful.
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It has been proposed that in order to enhance the adsorption of bacteria onto activdzbn
surface the electrostatic forces between the two surfaces should be maximized. Hence the carbon
surface should be modified to carry a net positive charge as the bacteria are typically negatively
charged(Dastgheib, Karanfdnd Cheng 2004 his will be done by increasing thé idns found on

the surface of the activated carbon, hence increasing its positive nature.
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Chapter 1
LITERATURE REVIEW
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1 LITERATURE REVIEW

The study of biofilms and their attachment to surfaces is of extreme importance as the study of
alternative energy sources progresses. The following literature review outlines the relevant research
that was required to gain a comprehensive understandihthis field of study The review is set out

as follows; Understanding lignocellulose dededion for ethanol production,biofuel research
biofuels that can be generated from cellulosa clearer understanding of activated carbon as a
suitable substratedr biofilm creation, a careful review of the steps and constituents in biofilms and

finally the investigation of termite bacteria.

1.1 LIGNOCELLULOSHDEGRADATION

Biomass, which can be considered as the mass of organic material from all biological nfaerial,
become of interest as a source of energy. A huge variety of biomass is available on this planet and
there is great potential for the conversion of them into bio produ@t®ward, Abotsi et al. 2003)
Lignocellulose has been identified as the most almmdbiomass on earth. It has proven to be
difficult to convert this biomass into bio products and hence interest has shifted to the natural
systemsthey occur injn order to further our understanding of the decomposition of lignocelluloses
(Ohkuma 2003)In section 13 the decomposition of lignocelluloses in the termite hina is

investigated as a potential bacteria source for this complicated conversion.

1.2 BIOFUELS FROMCELLULOSE

Cellulose based biofuels have been touted as the future source of higgn€ellulosic conversion of
biomass has however shown to be more complicated than the conversion of corn ethanol. This is
due to the complexity of the biomass material. Nonetheless the advantages of using bibavass

been shown to be extremely benefitia

Cellulosebased biofuels have been thought to have considerable advantage in the current search for
alternative fuel sources. Foremost is the fact that cellulosic biomasses are particularly abundant
throughout the world. Attention has been directed tawds biomasgo-biofuel conversion as a
result of the ever depleting fuel sources available around the world. The difficulty of using biomass
is its complex chemical composition. Biofuel production from plants requires the depolymerisation
of the large cebohydrate polymers cellulose and hemicellulose. Iki®wn that these polymers

need enzymatic help to break down the ligands and other molecules in order to make the simple
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sugars. This inability and inefficiency for breaking down the cellulose isntitendj fador for the

bioethanol industry(Tartar et al. 2009)

Two methods folignocellulosicconversion to biofuels are of interedbiochemical conversion and
thermochemical conversion. The biochemical conversion process has been eahtpdhe process

that is used to produce ethanol from corn starch. The plants cellulose is broken down into sugars
which are then fermented into liquid fuel. The process has been divided into four steps. First the
feedstock is prdreated in order to sepiaate the cellulose from the lignin. Following greatment
enzymes break down the complex chains of sugars into more simple sugars which are then
fermented into liquid fuel. The final stage is then the distillation of the fuel into a pure useable

energysource.

The thermochemical conversion uses heat to decompose the feedstock into fuel. There are two
types of thermochemical processes namely gasification and pyrolysis. Gasification is an anaerobic
process where the biomass is partially combusted and edad into syngas, and is then cleaned.
FischefTropsch process is then used to convert the clean syngas into liquid fuel. Pyrolysis is the
partial combustion of biomass to produce a {mib (similar to crude oil), which is then refined into

biofuels.

Temites are arthropods that efficiently digest and survive on a lignocellulose Dahage to
homes around the world is often caused by these wood eating insects, yet they are vital in the
balance of the ecosystem. Recently it is for this ability to breakrdlignocelluloseinto useable
energy that they have gained some publicity. Their digestion of lignocellulose is due to the complex

set of microbes that reside in their hindg{fartar et al. 2009)

1.3 ACTIVATED CARBON SUBSTRATE

Activated cabons have been recognized as the most commonly used porous adsolitBsyed,
Bandosz 2004)t has been shown that the adsorption of microorganisms on to activated carbon can
create a biofilm around the carbon surface. This adsorption is primarily tdugae adsorptive
properties of carbon, the porous structure of the carbon particles, and the presence of various

functional groups on the surfaghown in Figure 1.1Yin, Aroua et al. 2007).
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In recent years efforts have been made to improve this gl@nmedia to enhance its potential for
absorbing microbial particles. Activated carbons have been shown to be able to remove certain
waterborne bacteria from potable water supply systems. Microorganisms attach to activated carbon
particles by means of stny Lifshitz- van der Waals force@Busscher, Dijkstra et al. 2006)he
activated Carbon is often negatively charged and is faced with typically negatively charged
microorganisms such as bacte(Ral, Joardar et al. 2008pnce there has been a charge reversal of
the activated carbon, the electrostatic attraction between the negatively charged microbial cells and
positively modified carbon particles will be strof@usscher, Dijkstra et al. 2008w attempts have
been male in the modification of the carbon surface charge yet those that have attempted this have

shown significant result@al, Joardar et al. 2008)
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Figurel.1: Functional groups found on the surface aftivated carbon

1.4 BIOFILM

1.4.1 General

A biofilm can be defined as microbial cells which attach firmly to almost any surface submerged in an
aguatic environment. The immobilized cells grow, reproduce, and produce extracellular polymers
which frequently extendrom the cell forming a tangled matrix of fibres which provide structure

(Characklis, Wilderer 1989)
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researchers became aware of the universal assamati microorganisms with surfaces or with each
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other that a sudden interest was také@haracklis, Wilderer 198%Research and understanding of
the complexity of biofilms has progressed at an alarming rate. Biofilms are extremely intricate and
offer manypossibilities for advancement in nature and technology. The aim is to manipulate these

natural systems for technological and ecological advancerf@maracklis, Wilderer 1989).

They can be found at almost any surface exposed to water irrespective giréwailing trophic

state. Biofilms accumulating in a river bed or on suspended patrticles in rivers, lakes, and in the
marine environment are often considered advantageous since they contribute largely to the removal
of contaminants from water. In sewagestitment biofilms remove organic and inorganic pollugant
(Characklis, Wilderer 1989)

It is a complex multstep process which leads to the formation of a microbial community adhered to
the surface(Bos, Van Der Mei et al. 1999)he speed and affinitywith which bacteria bind to the
artificial surface are influenced by the physical characteristics of both the substrate material and the
bacterial cell surfacéCramton, Gotz 2004Biofilms sometimes occur as uniform coverage over the

surface of the subsate yet in other instances the biofilm occurs as a patchy layer.

Biofilms play an important role in nature andrgcent biochemicalechnology. They can be found at
almost any surface exposed to water irrespective of the prevailing trophic state.Inofi
accumulating in a river bed or on suspended patrticles in rivers, lakes, and in the marine environment
are often considered advantageous since they contribute largely to the removal of contaminants
from water. In sewage treatment biofilms remove orgamicd inorganic pollutantCharacklis,
Wilderer 1989) A biofilm can be defined as a substratum with microorganisms attached. It is a
complex multistep process which leads to the formation of a microbial community adhered to the
surface (Bos, Van Der Mest al. 1999) The speed and affinity with which bacteria bind to the
artificial surface are influenced by the physical characteristics of both the substrate material and the

bacterial cell surfacéCramton, Gotz 2004)

It is extremely important to notehat despite the fact that biofilm structure has been extensively
studied, at present few standardized methods are available for quantification. Many studies have
based their comparisons of biofilm creation largely on qualitative results, relying heavilisuel

interpretations of the bofilm imagegqCharacklis, Wilderer 1989)
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Biofilms have been shown to be of extreme use in the removal of heavy metals. The structure of the
bacteria surface which is made up of acidic functional groups like carboxyphptgs and amino

groups ae responsible for the bacteriumreat affinity to react.

1.4.2 Biofilm Development

The development of a biofilm nausually be characterised by fisequential phase@Renner 2011).

The first stage of biofilm creation is ttadtachment of the bacteria to the surface of the substrate.
Organic molecules found within the medium may accumulate at the substratum, resulting in a
GO2YRAGA2YSRE &adzo0adNI Gdzyd® aAONROALFEf OStta I NS
substraum (Characklis, Wilderer 1989)he bacteria are seen initially tattach to surfaces
reversibly. In this stefhacteria use aelectionof extracellular organelles and proteirthat are part

of their anatomy for sensing and atihing to surfaces, incling flagella, pilifimbriae, curly fires,

and outer membrane protein@Renner 2011)A fraction of the reversibly attached cellsll be seen

to desorb back into the bulk medium.

The second stage is the irreversible attachment of the bacteria ontcstifsstrate (Renner, 2011).
Some of the reversibly attached cells become logged on the surface permanently and hence are
irreversible. The bacteria secrete a substance calkdracellular polymeric substance (ERISt
consists of DNA, proteins, lipidand lipopolysaccharidesThis substancdacilitates adhesion
between cells and surfaces YR | Oa Fa GKS | RKSaAaA2ykQ3f dzSQ
(Characklis, Wilderer 1989) (Renner 2013glls and other particulate matter will tend to attach to

the biofilm, thereby increasing the ttkness and biofilm accumulation (Characklis, Wilderer 1989).

The third stage involves the multiplication of the adhered bacteria (Characklis, Wilderer C@89).
adsorbed on surfaces replicate and grow imacro-colonies (Renner 2011). The attachdshcteria
secrete EPS arttie bacteria are seen to be contained in a layer of hydrogbich formsa physical

barrier between the community and the extracellumvironment(Renner 2011).

The fourth stage is the growthf these microbial communitied.he community grows into a three
dimensional structureand matures nto a bioflm as cells replicate and the EPS accumulates
(Characklis, Wilderer 1989). With the additional excretion of EPS and the growth the strength and

resilience of the biofilm is noticed in these final stages (Renner 2011).
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The final stage is seen when souoells detach frommegions of the bidfn and disperse into the bulk
fluid. The detached bacteria are seen to thaisorb onother surfaces andorm biofilms here This

stepis important for propagation (Renner 2011).

1.4.3 Physical and Chemical Properties of Biofilms

Biofilms are composed of two major constituents; bacterial cells andBkeacellular Polymer
SubstancegEPS). A biofilm can be defined as organic polymer gel with lignmicroorganisms
trapped in it (Characklis, Wilderer 198®iofilms are extremely complex in nature and little is
known about the extracellular polymers that make up the biofilm. The polymers will appear as a
highly hydraed capsule attached to the cell or as a viscous soluble slime. The plpysigeities of

these polymers aréntegral in the further understanding of biofilms as they contribute directly to
the physical and physiological behaviour of biofilms. For this investigation it is important to look at
these polymers as they play a part during the initial interaction leetwa bacterial cell and the
substratum. Figure 1 below shows that attachment of bacteria to a carbon surface. It can be clearly
observed that the bacteria are attached to one another by a form of extracellular polymer. This EPS,
whichresemblesia f A Yh&séthe bdcteria and forms part of the biofilfigurel.2 shows a biofilm

seen under an SEM, what is interesting is that the biofilm is actually predominantly cechpbthe

EPS rather than celfponlan 2001)

10Oum

.

_

Figurel.2: Scanning electron micrograph of a Staphyloccus biofilm on the inner surface of a needless connector.
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It is therefore very important in the understanding of biofilms that these polymers are studied and
understood. The integrity of a biofilm can be largely attributed to these polymers. The interest in
these polymers has been quite lax overall, yet Mikkelséral. (1985), successfully studied the
physical properties of some biopolymers. Theoretical studies (Marshall and Cruickshank, 1973) and
electron microscopy studies suggest that the polymers associated with bacteria assist with the

binding of bacterial €lls to the surface of the substrate.

1.4.3.1 The Microbial Cell

In this section ann depthanalysis of the microbial group and its function in a biofilm are explored.
The adhesive nature of bacteria is primarily due to the features found on the outer membrane of the

cell. Thes include pili, flagella, proteins and lipopolysaccharides (LE®iajacklis, Wilderer 1989)

1.4.3.2 Interfacial Transfer

The adsorption of bacterial cells onto the substratum is definedrasnterfacial transfer process
(Characklis, Wilderer 198anterfacial transfer differs from transport as it describes the transfer of
material between the compartments whereas the latter describes transport of material within
compartments This is true as the bacteria leave the bulk liquid (compartment 1) and attach to the
substratum (compartment 2)This type of transporsuggess the existence of a two stage adsorption

process, reversible and irreversible adsorption.

1.4.3.3 Transport of Microbial Cells

When a clean substratum is immersed in a medium containing microbes, the initial attachment of
cells on the surface is controlled by thatisport of the cells from the bulk medium to the surface.
The mass transport is influenced strongly by the mixing in the bulk fluid. The correct agitation will
ensure optimal initial attachment as mass transpdstlargely influenced by mixing (Characklis,

Wilderer 1989).

Reversible Adsorption

Reversible adsorption describes the very weak interaction forces between the cells and the
substratum, such that the cell often exhibits Brownian motion. This adsorption involves the long

range weak London Vaster Waals forces. Irreversible adsorption is indicative of a more permanent
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bonding of the cells to the substratum. Irreversible adsorption is characterised by a high heat of
adsorption and a one way chemical bond. The typical types of bonding that occur asdyntm

very strong interaction forms of dipoldipole, dipole induced dipole, ion dipole interactions,
hydrogen bonds and hydrophobic interactions. There are generally two theories that explain the
reversible adsorption theory: the DLVO tid@ | Yy R (il K A & & @harackiis KVSildersk
1989)

DLVO (Double Layer) Theory

This theory involves both the electrostatic forces and the Londam der Waaldorces where the
following equation describes the interaction.

Bnteractior=E.vow Etectrostatic
The theory suggests that the interaction takes place at two possible positions; the primary minimum
(at smallseparation$ and the secondary minimum (at largeeparation3. At some point between
these two minima repulsive forces are at a maximum. The Dthe@y was developed for abiotic
(norHliving) colloidal particles which differ from viable microbial cells in that the latter have
continuous energy flux through their boundaries, resulting in a pH gradient and proton motive force
across the cell wall. BhDLVO theory requires substantial modifications in order to clearly describe
the attachment. It has been shown to predict adsorption well that occurs at long to medium ranges.
It is unlikely that cells are able to approach a substratum closely enougbetocame the maximum
repulsive forces found in the middle of the primary and secondary minimum (G. Muyzer, EC. De
Waal, 1993).

1.4.3.4 Electromagnetic Effects

Lim et al. (200Bexperimented wih mixed populations and observed some interesting biofilm
phenomena tlat have biofilm phenomena. The substrate flux to the biofilm prior to any substrate
transient was on the order 2.2 x 105lactate molecules per cell per second. The substrate flux is
coupled to a proton flux. Bacterial cell surface molecules contain a yafdtnctionalgroups;they

can exhibit both repulsive and attractive interactions with the substrate. These electromagnetic
forces will mediate bacteriaddhesion;the adsorption of bacteria on to the surface of a substrate
has often been described aseéhbalance between the attractive and repulsive physiochemical

properties of both the cell and the substrate.
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Electrostatic Interactions

The electrostatic interactions are of interest in this investigation. Electrostatic potential can be
measured byelectrokinetic models such as electrophoresis and zeta potential. Electrostatic forces
are due to charged groups found on the surface of the bacteria such as phosphates,

lipopolysaccharides or carboxyfSharacklis, Wilderer 1989)

1.5 ELECTROSTATICINVESTIGATION

As has been researched in the previous sections it is important to look at the electrostatic
interactions that govern attachmenithe interactionsdbetween the bacterial cell wall and surfaces
(including othercell walls) are primarily infenced byinterfacial electrostatic(e.g., repulsion,
attraction) and van der Waals forc€Renner2011). Most bacterial genera have a net negative
charge as determinedy zetapotential measurements. Bacteria attach rapidly atightly to
positively charged surfase and electrostatic repulsiodestabilizes cell contact with negatively
charged surface@Renner2011).

Busscher et al. (2008)odified the surface charge of a wotdsed activated carbon by coating its
surface with polyvinyl amine (PVAM). The coatadbon was shown to have 10% absorbed nitrogen

at its surface, which was a result of the ammonium groups in PVAM and therefore yielded a positive
surface charge. They were able to establish that the highest adsorption was achieved by the

positively charged¢arbon and the most negatively charged bacteria.

Most of the research has dealt with the manipulation of the point of zero chargegpFhe pHzc
describes the condition when the electrical charge density on a surface is(idereééndezet al.
2005) The pHzcon an activated carbon depends on the chemical and electronic properties of the

functional groups on its surface Song et al. (2010).

Moreno-Castilla et al. (2003) made use of this concept when they went about immaobilizing
Escherichiae coli (E.cobnto activated carbon. E.coli is negatively charged with gq¢udlue of 3.
Bacteria are known to grow in a solution of pH 7, hence with g4 3 a base solution is added
resulting in the surface area becoming more negative. While activated carbsndetermined to
have a pH;cof 8.6, when its pH was reduced to 7 it resulted in the surface area becoming more

positive. They concluded that the interaction between the positively charged carbon and the
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negatively charged bacteria would enhance the agson due to this electrostatic attractiveness

(Moreno-Castilla et al., 2003).

According to Quintelas et al. (2010) thepkbf activated carbon is described as the value at which
surfaces carry no net electrical charges. The surfaces are positive bedopth,cand negative

above pHze

According toBolster et al. (2001) who performed experiments to determine the effect surface
coatings, grain size and ionic strength have on the attachment of bacteria to sand surfaces, a positive
surface will increasdghe attachment. When the surface is coated with metalyhydroxide in
circumneutral pH solutions the surface becomes positive. The electrostatic attraction substantially

increases and the maximum amount of bacteria attached.

1.6 BACTERIA
1.6.1 Bacteria General

Understanding the growth of bacteria was integral for this study. When preparing the bacteria and
experimenting with attachment it is important to understand the bacteria in terms of growth and

physicality.

Gramnegative and Grampositive bacteria are twoypes of bacteria which can be distinguished
according to their cell wall structure. In Gramegative bacteria the peptidoglycan layer is around 2
to 6 nm, whereas Graspositive bacteria present a thicker peptidoglycan layer around 280tm
(Lebleu, Rogue et al. 2009) Microbial growth can be described by four phases. When a fresh
medium isinoculatedthere will be an initial period of slow or no growth followed by rapid growth,
then alevellingoff and finally a decline in the viable population. Thesarfphases have been
labelledas the lag phase; the logarithmic phase; the stationary phémephase of decline or death

(Characklis, Wilderer 1989)

1.6.1.1 The Lag Phase

Initially when the fresh medium isoculated the bacterium doesiot follow a doubling growth rate.
In actual fact the population remains unchanged for the duration of this phase. The cells are not
dormant during this period, they are in fact extremely active as they expand and begin to synthesize

new cellular constitants. In this period the cell are adapting and adjusting to their new
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environment,and are actively metabolizing. As a result of this there will be a lag in cell division,
KSyo0sS GKS yIryYS$ afl3é LKFLaASO ' G(KS &hackdF G KS
Wilderer 1989)

1.6.1.2 The Logarithmic Phase

During this period the cells divide steadily over time. Their rate of division will be directly controlled
by their physiological capabilities in the growth mediunaythinhabit. The growth of cells during this
period is exponential, plotting théogarithm of the number of cells versus time will result in a

straight line. The growth rats maximised during this perid€haracklisyilderer 1989)

1.6.1.3 The Stationary Phase

The logarithmic phase will begin to subside after a couple of hours. The growth rate therefore stops
increasing. In Figure 1 the stationary phase shows a straight line with a zero gradient. The trend
towards the ompletion of growth can be attributed to a number of factors namely the exhaustion

of nutrients that sustain growth or the production of toxics that inhibit growth. The population tends
to remain constant for this period which is either the result of césesaof growth or the balancing
between the production rate of new cells and the equivalent death rate of old (€hsracklis,

Wilderer 1989)

1.6.1.4 The Death Phase

Following the stationary phase, the bacteria exhia death phase. This is as a result of the
bacterium depleting as a result of many factors. Generally the bacteria tend to die as a result of
depleting nutrients within the medium. The death phase occurs when the death rate of cells exceeds

the generatia rate of cell{Characklis, Wilderer 1989)

¢KS LINPINBaarzy 2F OStt ydzYoSNB Ay ol G§OK SELISNRAY

1.7 TERMITE BACTERIA

The termite is associated with cellulose digestion as theiye on lignocellulolytic materials such as
bark, wood and plant material. Termites are often regarded as pests yet in tropical and subtropical
regions termites play a significant role in the degradation of organic matter and digestion of

cellulose containg materials(Kuhnigk, Borst et al. 1994Yermites and their complex hindgut
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microbiota are able to convert wood lignocellulose into hydrogen and other products used to fuel
their metabolisms. Termites will eat wood fibre and the protozoans found & himdgut will
degrade the cellulose into sugars such as glucose. These sugars get supplied to the bacteria. The
bacteria will fix atmospheric nitrogen and synthesize amino acids and vitamins whilst using the

sugars supplied as a source of enefigyhnigkBorst et al. 1994)

In the past attention was focused mainly on the protozoa as they were considered the main
digestion mechanism of cellulose yet gradually there has been a progressive interest in trying to
elucidate the role of bacteria within the higdt of the termite (Ramin et al., 20q®chultz, Breznak
1978)

The cellulases, produced by termites, are the primary contributor to cellulose digestion. As was
mentioned previously since there was inadequate understanding of the bacteria within thetéermi
hindgut, it was assumed that the intestinal flagellates were responsible for the production of the
cellulases. It has been shown that almost 75% of termites do not contain cellulolytic flagellates
(Tokuda, Watanabe 2007According to Tokuda and Watarealf2007) when treating the termite

with antibiotics the cellulase activity was significantly reduced in the hindgut as compared with the
normal functioning of the hindgut. This observation gave quite a clear implication of the presence of

bacteria and itsnvolvement in the production of cellulase.

Brune, Friedric2000)determinedthat the degradation of lignocelluloses proceeds in two stages.
The first stage consists of hydrolysis of the cellulose while the second stage involves the

fermentation of thedepolymerisation products into short chain fatty acids.

The lack of information about the bacteria in the hindgut was the main objective of Ramin et al
(2009), who attempted to isolate and identify cellulolytic bacteria. They were able to isolate various
bacterium within the gut. Some were shown to be able to take part in the first stage of cellulose
degradation and others in the second stage. In this study five species of cellulolytic bacteria were
isolated from the gut of the lower termite and identifleas B. cereus Razmin A, E. cloacae Razmin C,

E. aerogenes Razmin B, C. Kwangyangense Cb and Acinetobacter Raminalimon. Each strain of
bacteria was shown to take part in either the first or second stage of lignocelluloses degradation.

(Ramin et al 2009)
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According to Ohkuma, head of the Japan Collection of Microorganisms RIKEN BioResource Center;

Gl dzyrya FINB dzaAy3a 2yfe I LINIH 2F GKS OFLIO0AfAGAS
only single microorganisms and some enzymes produced by mgaoisms are being used in

practice. Although combinations of two or more microorganisms are used for some purposes,
including wastewater purification, the mechanisms involved in their interactions remain unknown.

Like the gut microorganisms in termitesjamorganisms with a wide range of different capabilities

gather and interact with each other everywhere in nature, and build symbiotic systems of extremely

high efficiency. If we can understand the mechanisms involved, we might be able to make better use

2F GKS SEOSttSyid OFLIoAftAGASE 2F YAONB2NHIyAaYad

Symbiotic mechanism in gut microorganisms in the termite intestine

Fractions of wood eaten by termites are taken by protozoans, which decompose the cellulose
component of the wood into sugar (glucose) asupply it to bacteria. The bacteria fix atmospheric
nitrogen and synthesize amino acids and vitamins using the sugar as a source of energy, and supply
the products to the termites and protozoans. The bacteria also produce acetic acid and hydrogen
from the sugar; the protozoans produce acetic acid, hydrogen and carbon dioxide from the sugar.
Other bacteria in the termite gut produce acetic acid from the hydrogen and carbon dioxide. The

acetic acid thus produced serves as a source of energy for the termites

1.7.2 Molecular Study of Termite Bacteria

There is still a very minimal understanding of the microbiota within the hindgut of the termite and
the process of lignocelluloses degradatiMiarnecke, Luginbuhl et al. 2007Mhe hindgut of lower
termites has been shon to contain a microbiota of both protozoa and bacteria (Schultz and
Breznak, 1978). The protozoa inhabiting the gut of a termite and their role in termite nutrition have
been well described, however very little is known about the bacterial gut florarmites. The lack

of knowledge is a direct result of the difficulty in culturing bacteria from natural communities. It is
important to note that only 110% of global bacterial species are actually artificially culturable. This
is due to the selectivity ofjrowth media and conditions making culture dependent ecological
microbiological techniques increasingly outdated. Therefore pineferred choice for monitoring

changes in microbial communities should be DNA/genome based.

In recent years differentiation éiween microorganisms, without their cultured isolation, can be

performed with several molecular techniques. Polymerase chain reaction (PCR) based techniques
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are becoming increasingly popular for ecological research ranging from diagnostic work to genome
fingerprinting and probing. This is a revolutionary method that was founded by Kary Mullis in the
1980s. PCR is based on a series of thermal cycling steps that allow exponential amplification of a
target portion of the genomic DNAThe 16S rDNA sequenceasgene encoding small subunit
ribosomal RNA. Thigene contains conserved sequences of DNA common to all bacteria and

divergentsequences unique to each species of bactéiaiversal Bacteria Fact Sheet)

PCR uses the ability of DNA polymerase to s\gitleenew strands of DNA complementary to the
template strand.Once the DNA has beemplified, the PCR product is then stained with eithidium
bromide and visualized bglectrophoresis on an agarose gel. If bacterial DNA is identified, it can
then be direcly sequenced to speciate the bactefidniversal Bacteria Fact SheeGene sequences

for various bacteriare known and as such the amplified sequence can then be compared to these
templates for bacterial strain identification (Universal Bacteria Faee§hrhis technique is usually
applied to assay environmental samples due to its ability to detect relatively small numbers of

specific species of microorganisms without requiring cell culture.

The determination of bacterial species is performed in tldofving manner; PCR product is
electrophoresed through a polyacrylamide gel containing a linear -@&haturing gradient. The

NBadz GAy3 oFyR LIGGSNY 2y GKS 3ISt F2N¥a | 3ISyS
examinedshown inFigure1.3. The 16S rRNA is the most common gene used to give an overall
indication of the species composition of a sample since they can easily be compitinedtivers

from a gene daibase(Universal Bacteria Fact Sheet).
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As a result in this study we will be working with a consortium of bacteria isolated frorretimte
hindgut. The consortium will contain all bacteria required for the two stages needed in

lignocelluloses degradation.
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Chapter?2
EXPERIMETAL AND
METHODOLOGY
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2 EXPERIMENTAL AND MEHODOLOGY

The following chapter outlines the experiments that were performed in an attempt to optianze
speed up microbial attachment tactivated carbon surfaceo as to shorten the statp time

required in a Fluidized Bed Biofilm Reactor (FBBIRt} study wadivided into the following sections;

¢ Identify and @termination the bacteria found ithe hindgut oflocaltermites.

e Control experiments of microbial attachment to carbon substrate (These experiments were
performed prior to anycarbon charge modificationsin order to act as a control and
reference of comparison)

e Surface modification® optimise and increase attachment.

¢ Time dependent experimentation for biofilm creatioblsing the optimised procedure for

attachment see how long biofilm creation will &k

2.1 IDENTIFICATION OFBACTERIA FOUND IN A DCALTERMITE HINDGUT
2.1.1 Introduction

The hindgut of lower termites has been shown to contain a microbiota of both protozoa and
bacteria. However, because most of these microorganismsarget cultured, their identities and
nature cannot be examined in detail. For this reason, the symbiéchanisms between termites

and microorganisms still remaimclear(Ohkuma, 2009)

Prior to the attachment investigation it was important to attempt to understatid bacteria
consortium within the termite gut. Termites collected from a termite mound found in Kyaldorih

of Johannesburgrere sent to the University of Pretoria for a Microbial Molecular Study. The termite
gut was isolated and the bacteria processaliowedfor DNA sequencingDNA sequencing allowed

for the identification ofo I OG SNA I F2dzy R gAGKAY GKS GSNXYAGSQa
possible to further the understanding of cellulose degradation within themite gut (Surridge

2011).

2.1.2 Materials and Methodol ogy for the Investigation of bacteria found with in the

Termite Gut
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2.1.2.1 Sample Collection

Live termites were maintained until DNA could be extracted within 24 hours. They were sterilised in
10% sodium hypochlorite solution for 5mates and then in 70% ethanol for 5 minutes prior to DNA

extraction

2.1.2.2 DNA Extraction

Total DNA extraction was performed at thi2epartment of Plant Production and Soil Science,
University of Pretoria, South Afri¢8urridge2011) This was achievedsing tre Nucleospin soil DNA
extraction kit. The DNA concentration was determined aachples werekept at-20°Cfor further

analysis

2.1.2.3 16S rDNA amplification by PCR

A portion of bacterial genel6S ribosomal DNA was amplified, fdPenaturing gradient gel

electrophoresis(DGGE)by means of PCR using the K and M taRgishes set;

K: S5'ATFACGGCGEGCIGCTGG3!

M: 5'CGACCECELCCEECEECEECEEGEECEEGEGEGCACGEEGGEGAGAGTTTGATE
CTGCCTFCAGS

Each PCR tube contained a total volume of 20 yL 1Gtfle nucleasdree water, 7 iGoTaq PCR

ready mix (Whitehead scientific), 1 primer K (50 um), 1lprimer M (50 um), 1 ltemplate DNA

(27 ng/d). The DNA amplification was performed in a PCR thermal cycler using the following
programme: 10 min a®5°C, 35 cycles of 30 sec at 94°C, 30 sec at 58°C and 1 min at 72°C, and then
held at 4°C. PCR product was analysed on a 1.5% TAE agarose gel.

2.1.2.4 Partial ITS gene PCR

A screening of eukaryotic diversity was carried out on a portion of the intéraascribed spacer

(ITS) gene sequence of the DNA from each sample and subjected to PCR using the primer set:

ITS3: 5'CCELCECEGCEECEHECEECEEGEEECEEGEGCACGEEGGEGCATCGATGAAG
AACGCAGC3'
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ITS4: 5TACGTTGAAGGAACCETTACCS3'

A reaction withno template DNA was included as a negative control. Each PCR tube contained a
total volume of 20 |+ 7.5 pL sterile milliQ water, 10 Rromega Green PCR Readymix®ptiper K

OmMn ~ MONDRA YMS NE a  oOtemplaté DNA fca. 87 ngljt DNA ampli€ation was performed

in a PCR thermal cycler using the following programme: 1 min at 92°C, 30 cycles of 1 min at 92°C, 1
min at 55°C and 1 min at 72°C, followed by 5 min at 72°C, and then held at 4°C. PCR products were

analysed on a 1.5% TAE agarose gel.

2.1.2.5 Denaturing Gradient Gel electrophoresis (DGGE)

PCR product was subjected to DGGE according to the method described by G. Muyzer, EC. De Waal
(1993). Ten microlites (ca. 250 ng) of MEMNAPCR product was loaded per lane onto-6@3%6

denaturing gradient gs. Gels were run at 70 V for 17 h at a constant temperature 4% .60

2.1.2.6 DGGE band sequencing

Sequencing the DGGE bands from the gel using the K and M primers above, provided tentative
species identification. These bands were out sourced to Ingaba Bioteiig, South Africa) for
upPCR (reamplification) and sequencing. Each sequence was subjectedBtsia Local Alignment
Search ToolBLAS) analysis on the GenBank database and matching hits were selected for
alignment. Sequencewere aligned using Chas X (Lim et al., 200&)nd inserted gaps were treated

as missing data. Ambiguously aligned regions were excluded from the data set before analysis.

Phylogenetic analysis was based on parsimony using PAUP 4.0b8 (Phylogenetic Analysis Using
Parsimony). Heristic searches were done with random addition of sequences (1000 replicates), tree
bisectionreconnection (TBR), branch swapping, MULEB#é&ttive and MaxTrees set to auto
increase. Phylogenetic signal in the data sets was assessed by evaluating gthedisiributions

over 100 randomly generated trees. The consistency (Cl) and retention (RI) indecis were determined
for all data sets. Phylogenetic trees of sequences were rooted Witolias out group to the
remaining taxa. Bootsrap analyses were cartéd, retaining groups with 70% consistency, to
determine confidence in branching points (1000 replicate) for the most parsimonious trees

generated.
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2.2 MICROBIALATTACHMENT TO CARBONSUBSTRATE

2.2.1 Introduction

The primary aim of this research is to establish the main aspects that determine the adsorption of
termite bacteria (consortium) onto activated carbokVith this we are attempting to increase
attachment of bacteria on activated carbon in a short periodimfe. Research has indicated that
moadification of the surface charge on activated carbon to that opposite of the bacteria can prove to
increase the electrostatic attraction and hence improve the adsorption potential. Batch experiments
were performed to esdblish whether this hypothesis proved to be successful. The focus was to
increase attachment and minimise time of attachmerfthe following section outlines the

procedures taken to investigate the attachment of bacteria to the surface of activated carbon.

2.2.2 Experimental and Procedure

2.2.2.1 Determination of pH pzcof activated carbon

Determination of thepHycof activated carbon was performed as follows. Four sealed conical flasks
were prepared with 50nl of 0.01mol/l NaCl solution. ThpHezcof each flask washen adjusted to
values of 2.7, 6.0, 8.0 and 10.7 by using idl/l of HCI To increase the acidic characteristixy
addition of H) and NaOHT{pincrease basic characteristiy addition of OF. Once the four flasks
were successfully prepared 0.1pof ativated carbon was added to each of the flasks. The flasks
were subsequently tightly sealed to avoid thdverse effect®f CQ contamination. The flasks were
then placed in an incubator at 25°C where they were shaken atdd(for 48 h. After removinthe
flasks, the pH of the activated carbon were measured-gab). A straight line was then plotted of

pHNmiaLvS. pHinae The point at which this line crossed the lingyphh = pHinalis then taken as your

PHeze

2.2.2.2 Bacteria Preparation

Prior to bateria preparation, all equipment was sterilized in an autoclave fomgDat 120°C. This
included 4100 ml flasks, 1 large conical flask, mortar and pestle, tweezers, spatula andll00

distilled water. The fume hood was then wiped down with 70% ethatmleliminate any
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contamination, and the procedures that followed were done alongside a flame, to ensure a
complete sterile working environment. Bacterial growth media (20l) was prepared by adding
yeast (0.4g) to distilled water (16@nl) followed by sbck solution (40nl) (Appendix A). The 2G4l
solution was split equally into the 4 flasks. At this stage the inoculation was being prepared. Worker
termites (15), identified as Trinervitermes, were individually dipped into ethanol and then distilled
water for 20s each. The termites were then placed in the peatild mortar and homogenizetb
extractmidgut bacteriaas well as bacteria that may contaminate the remainder of the terniitee
homogenate mixture was then added to 3 of the flasks containing tromedia. The fourth flask

was not inoculated so as to act as a control for bacteria growth determination. The flasks were then

placed in the incubator at 3C€ with shaking at 10pm until bacterialgrowth became dense.

2.2.2.3 Modification of activated carbon s urface charge

lon exchange testing on surface of activated carbon

In order to test and ensure ion exchange on the surface of the activated carbon the following was
performed. Threel00 miflasks containing 5@nl sterilised distilled water were altered tifferent

pH's. The pHvere alteredto a pH of 4.5, 6.0 and 7using 0.1mol/l Nitric Acid toobtain positive
charge(H") and 0.1mol/l Sodium Hydroxide to increase negative chai@el). Activated carbon (0.6

g) was submerged in each of the flasks adeftl for ten minutes. The pH of the flasks was then

measured to observe the changes in ion content of the water.

2.2.2.4 Bacteria were immobilized onto the surface of activated carbon

Control: No charge manipulation

It is important that a control experiment waserformed. This is done to determine if the effects of
charge modification. For this experiment Og6of actvated carbon was placed in 20 tohcterial
solution. The solution was placed in the incubator at 30°C with shaking atpb®@nd left for 4
days.Activated carbon samples were removed fecanning Electron Microscop8EM ESEM FEI

QUANTAviewing.
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Experiment 1: (Charge mdification of bacterial surface adapted fromBusscher et al.
2006)

The first experiment performed was adopted from Busscher et al. (2006). In this experiment,
bacteria were grown as explained in Sect®b®.2.2 The bacteria wereentrifuged at 10000 rpm for

20 minand collected at the bottom of the centrifuge tube. After centrifugation the solid bacteria
was washed with Bdistilled watersolutionsthat had been modified tpHQ & 4.2 & and 7. The pH

of these sterile water sotions were altered using 0.inol/l Nitric Acid and 0.1 mol/l Sodium
Hydroxide. The bacteriere washed adequatelp ensure the charge modificatiofihe aliquots of
bacteria werethen poured intothe remaining three solutions (each 20)méspectively. Aovated
carbon (0.6 g) was then placed into each flask containing bactérfese flasks were placed in an
incubator (Shaking atL00 rpm) at 30°C and #&cteria attachment was allowed to occur over 4 days

and then viewed under SEM

Experiment 2: (Charge mdification after bacteria inoculation)

An additional experiment was used to try increase the attachment of bacteria to the surface of
activated carbon. Activated carbon (0.6 g) was added to 20 ml of bacterial culture sauatierthe
bacteria had grownlin this experiment, only after the activated carbon had been added to the
bacterial solution was charge modification performetheTbacterial solutions containing activated
carbon were adjusted to 3 different pH values (5, 6 andThg pH of these activatiecarbon and
bacteriasolutions were altered using Orol/l Nitric Acid and 0.1 mol/l Sodium Hydroxidehe 3
flasks were placed in an incubat¢®haking atl00 rpm) at 30°C and bacteria attachment was

allowed to occur over 4 days and then viewed undeviSE

Experiment 3: (Charge modification of activated carbon only)

The final experiment focused on charging the activated carbons surface before bringing it into
contact with the bacterialn order to manipulate the surface charge on the surface of thevatetd
carbon the following procedure was employed. Sterilized water was altered to the desired pH of the
activated carbon. TénpH was altered using 0.1 maNitric Acid and 0.1 m# Sodium Hydroxide. For

this experiment & pH values were evaluated at pkb, 6 and 7. Activated carbon (0.6 g for each pH)
was washed in the modified sterile water for 20 min to ensure the alteration of the surface charge.
Upon the completion of cirge modification 20 mbf bacteria culture solution (pH 7.23) was added

to the conical flasks each containing charged activated carbtwe. 3 flasks were placed in an
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incubator (Shaking a00rpm) at 30°C and bacteria attachment was allowed to occur over 4 days

and then viewedunder SEM

2.3 TIME DRIVEN EXPERIMENTSFORBIOFILM CREATION
2.3.1 Introduction

A procedure was outlined and proved to show the best attachment for charged activated carbon at a
pH of 5, 6 and 7. These pH values were taken as they were belopHhe It was decidd to
investigate how attachment is affected if the activated carbon is charged fuHits: In addition to

this, the experiments would be run for different time intervals. This would allow for the

determination of the rate of attachment over time.

Expements were performed again at three different pH values of 4.0, 7.2 and 9.6. A. This
experiment looked at a larger spectrum of pH's which included the activated carbarsqgbtd.6.
Here it was crucial to see how attachment would be affected when thé/atetd carbon was

charged to its pkrc

For a greater understanding of the attachment over tiaativated carborsamples were taken &4

h and after 13lays.These samples were then viewed under SEM.

2.3.2 Experimentation

Three flasks of sterilisedater were charged to a pH of 4.00.21 and 9.6 using 0.1 mol8odium
Hydroxide to mcrease alkalinity and 0.1 moMitric Acid to increase acidityctivated carbon (0.6 g
for each pH) was washed in the modified sterile water for 20 min to ensure the alterafithe
surface charge. Upon the completion ofactge modification 20 mbf bacteria culture solution (pH
7.23) was added to the conical flasks each containing charged activated cdtm. flasks were
placed in an incubator (Shaking Hd0rpm) at 30°CGand bacteria attachment was allowed to occur.

Activated carbon samples were removed from each fldk @4 h and 13 daysf incubation.

2.4 ESEM(ENVIRONMENTALSCANNINGELECTRONMICROSCOPE SAMPLE
PREPARATION
In order to view the attachment of bacteria tihe surface of the activated carbon samples of

activated carbon were prepared for ESEM. Four granules were removed from each and rinsed with

sterile distilled water. The granules were first fixed imlLof 3% aqueous glutaraldehyde at room
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temperature ovenight. After fixation, they were rinsed with sterile distilled water once and
dehydrated in graded ethanol series (20, 30, 40, 50, 60, 70, 80, 90. 95 and 100%) at 10 min intervals.
They were then subjected to critiepbint drying, mounted on ESEM stubsdafinally coated with

normal gold/palladium for viewing om&ESEM FEI QUANTA.

Over ten pictures of each sample were taken, in order to capture enough data for an estimation of
the attached bacteria to be made. Images were taken at varioagnificatiors for comparative

investigations.

2.5 QUANTIFICATION METHODS OF ATTACHMENT

2.5.1 Qualitative analysis

In order to view the attachment of bacteria to the surface of the activated carbon samples of

activated carbon were prepared for SEStanning Electron Microsoeyasdescribed in Sectiof.4.

Over ten pictures of each sample were taken, in order to capture enough data for an estimation of
the attached bacteria to be madémages were taken at various magnifications for comparative
investigations. The bacteria on the surface of these images wenually counted. The values

obtained were extrapolated to represent the attachment on an area .
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Chapter3
RESULTS
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3 RESULTS

In the following section all the results obtained from experimentation have been presented
(Surridge2011) as indicated irDNA ExtractionThese results were presented in the report from

Surridge(2011)

3.1 BACTERIAL DNA ANALYSIS

There is still a very minimal understanding of the microbiota within the hindgut of the termite and
the process of lignocelluloses degradation (Warnecke et al., 2007). It has been observed that
biofuels manufactured from cereal crops are t&be a futuresource of energyhowever this would
immediately cause the inflation of food prices which is detrimental tolrooenmunities around the
world. It has thus been proposed that focus be reverted to another reliable and abundant source,
cellulose. Cellulosean potentially be a great source of energy provided it cabiio&en downinto

its valuablesugars. As a result investigations are under way all over the world to produce biofuels by
degrading the cellulose contained in plant waste, such as wood chipsethwood and rice straw.

However, the technology currently available for this purpose consumes a great deal of energy.

By turning to nature and natural bigystems, one organism in particular has shown to obtain
nutrients by degrading cellulose with teemely high efficiency: termites. These insects exhibit
astonishingly high reproduction rates while feeding on wood or soil alone. Termites are capable of
efficiently degrading cellulose into its sugars which can then be used to manufacture biofuels and

hydrogen.

The key to this efficiency in the production of nutrients is the complex system of a hundred kinds of
symbiotic microorganisms living in the termite glihe following section outlines the results of the
DNA testing performed on the termite gut.

3.1.1 DNA extraction

Genomic BacteriaDNA was extracted successfullg shownin Figure 3.1. DNA fragment was

analysed on a 1.5% TAE Agarose gel shown belBigtme3.1 .
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M 1
(Molecular Marker) (Termite DNA)

Figure3.1: 1.5% TAE agarose gel showing higlality, clean genomic DNA extracted from the sample (size marker on
the left) KEY: MMolecular Marker, * Termite DNA

The sample was done at the University of Pretoria (Surridge 2011) and the marker sizes were not included in
the final report presented.
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3.1.2 PCR

PCR of prokaryotes was successfuyiatdinga ca. 510 base pair (bP)CR product on a 1.5% TAE

agarose gé shown below

M 1
(Molecular Marker) (Termite DNA)

_———

ca. 510 base pairs

Figure3.2: 1.5% TAE Agarose géishowing bacterial (partial 16S) PCR product from 16S bacterial gene amplification
KEY: MMolecular Marker,  Termite DNA PCR Fragments

The sample was done at the University of Pretoria (Surridge 2011) and the marker sizes were not included in
the final report presented.

3.1.3 DGGE

PCR fragment was loaded ont®&GE geMultiple bands wee produced thaformed a fingerprint

in the laneHgure 3.3. The DGGE gel shows fingerprints of the bacterial community within every
a1 YL S® 91 OK & dnbeypRné repgesentK & vinique Ko&cteri@ll species and can be
identified by DNA sequencing. PCR produstjzaratedaccording to base pair sequence differences

to determine community richnesand diversity of microorganisms based on these fingerprints.
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Bacteria[ g -
Eukaryotes] § E
Bactesia | [

‘ IHI‘Ml"“ |‘||
Eukaoes | 1 N A
g

0 2 1 5 T

Fgure 3.3: DGGE gel showing species diversity of bacteria and eukaryotes from termite samples, run-&@%0
denaturants. PCR product is separated according to bpag sequence differences to determineommunity richness
and diversity of microorganisms based on these fingerprints. (Dominant bands: bacteria 14, eukaryote§22)top
strand is the actual DGGE band and the one below is a representative of the actual.

3.1.4 DNA sequencing

The final step in thistudy entailed tentative identification of bacterial species excised from the
DGGE gel. These bands were sent to Ingaba Bif@ecridge 2011) for reamplification and
sequencing of the partial 16S ribosomal gene region. The table below shows the tentativ
identification of the bands cut from the DGGE gel. Each band shows the percentage similarity of the
sequenced partial 16S gene to those in tBenBank BLASdatabase This gives a tentative

identification of the microorganisms present in the sample.

3.2 MICROBIAL ANALYSIS

A parsimony based phylogram was drawn from the sequence alignments attained after BLAST and
sequence results were compared. The phylogram is a representation of how closely related the
organisms are to each otheseen inFigure3.4. This illustrates that the individuals within each
group/clade show closest similarity to the organisms identified in that clade. These clades are
adzZLILI2 NI SR 0@ S&ad 22 (waeadehkalystaidicalzcalculations of the amount of
support each branch forming a clade has. For example the red clade shows that there is a 100%
support that DGGE bands 26 and 27 are very closely relat&healobacteisp; The yellow clade
shows 100% support for DGGE bands 119 and 120 being in the @eobscillus The blue clade
shows that there is a 71% support for DGGE band 159 Ralgjoniasp.
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Parsimony informative characters 373

]mgl DGGE band 131 Cl10.4817
DGGE band 132 RI 0.6258

100 DGGE band 3 Number of trees 2

96 | I— DGGE band 4 Tree length 595.14

| 100 — (GQ332247 Prevotella sp. &1 -0.586190
AY218551 Uncultured bacterium
98 DGGE band 19

DGGE band 20
— DGGE band 128
97— DGGE band 130
F1229666 Uncultured bacterium
- DQ795571 Uncultured bacterium
¢|: DQ234237 Sulfurospirillum sp.
AJ786105 Bacillus sp.

- DGGE band 151
DGGE band 21

F1444721 Sinorhizobium sp.
DGGE band 26

DGGE band 27
AM990714 Rhodobacter sp.
DGGE band 32

FJ479591 Uncultured bacterium
DGGE band 29
HM677900 Uncultured bacterium
DGGE band 119
L1901 GGE band 120
- 41 AB190086 Geobacillus pallidus
"1 AJ564615 Geobacillus sp.

100y DGGE band 134
"lﬁ HQ652595 Hydrogenophaga sp.
DQ256314 Uncultured bacterium

".— DGGE band 159
EU304284 Ralstonia sp.
86| |1 DGGE band 154
FJ037672 Uncultured bacterium
AJ630274 Azospira sp.
—— JO1859 Esherichia coli
— 10

. q?

93

71

Figure3.4: Phylogram of DGGE bands sequenced for tentative identification of bacteria found in termites

In Figure3.5 we see a typicaPrevotellasp. Bacteria seen under SERleft). The picture alongside is

one of the hotographstaken under SEM during this investigation. The rod shapes of the bacteria

are common in both.
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A. Prevotella sp. Bacterium

B. Termite bacterium under SEM found attached to
activated carbon after inoculation

Figure3.5: Comparison of rod shaped bacter{®revotella sp.) with bacterium from the termite hindgut

Table3.1 below presents the bacterial identification of each of the DGGE bands iso{afeBENDIX

Bdetails the entire DNA analysis of the termite bacteria)

Table3.1: Tentative identification and associated literature of ea@GGE band sequenced according to BLAST results

from NCBI GenBank database

Seq. no. Accession number % match Associated Literature
3 GQ332247 UnculturedPrevotellasp. 82 (Adolphe et al.)
4 GQ332247 UnculturedPrevotellasp. 81 (Adolphe et al.)
19 AY218551 Uncultured bacterium 91 (Zhang et al.)
20 AJ630274 UnculturedAzospirasp. 73 (Kim et al. 2006)
21 FJ444721 UnculturedSinorhizobiumsp. 93 (zZhang et al. 2011)
26 AM990714 Rhodobactersp. 96 (Contador, Interrtaglia & Lebaron)
27 AM990714 Rhodobactersp. 95 (Contador, Interrtaglia & Lebaron )
29 HM677900 Uncultured bacterium 88 (Yergeau et al.)
32 FJ479591 Uncultured bacterium 93 (Youssef et al. 2009)
119 AB190086 Geobacillugallidus 88
120 AJ564615 UnculturedGeobacillusp. 98
121 JF825503 UnculturedGeobacillusp. 20 (Wang)
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128 FJ229666 Uncultured bacterium
130 DQ234237 UnculturedSulfurospirillum sp.
131 DQ256314 Uncultured bacterium
132 AJ786105Bacillussp.

134 HQ652595Hydrogenophagasp.

151 DQ795571 Uncultured bacterium
154 FJ037672 Uncultured bacterium
159 EU304284Ralstoniasp.

89

91

77

83

98

88

96

88

(Gaidos et al. 2008)

(Gihring, Moser & Onstott )
(Kopke et al. 2005)
(Lu, An & Guo)

(Ley et al. 2006)

(Quenmeneur et al. 2008)

The table that follows is supplementary T@able3.1 and givesa description of each of the bacteria

species identified.
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Sequence # Accession Number % Match Bacteria Description
Prevotella sp. are amoung the most numerous microbes
) culturable from the rumen and hind-gut of cattle and sheep,
3 GQ332247 Uncultured Prevotella sp.* 82
where they help the breakdown of protein and carbohydrate
foods.
4 GQ332247 Uncultured Prevotella sp.? 21 Same as above
19 AY218551 Uncultured Bacterium? 91 -
The genus Azospira accommaodates a lineage of nitrogen-fixing
bacteria. This bacteria has been associated with Kallar grass.
20 AJ630274 Uncultured Azospira sp.* 73 Features include the Gram-negative reaction, heterotrophic
metabolism, curved rods with cells ranging from 0.4-0.6 umin
width and from 1.1 to 2.5 um in length. (Bae, et al. 2007}
) ) ) Sinorhizobium is a genus of nitrogen fixing bacteria (rhizobia).
21 F)444721Uncultured Sinorhizobium sp.® 93
Typical soil bacteria. (Fraysse, etal. 2002)
Rhodobacter Sphaeroides is a purple nonsulfur photosynthetic
26 AMS990714 Rhodobacter sp.® 96
bacterium thatis considered a possible source of H2 production
27 AMS90714 Rhodobacter sp.” 95 Same as above
29 HM677200 Uncultured Bacterium?® 88 -
32 FJ479591 Uncultured Bacterium?® 93 -
119 AB190086 Geobacillus pallidusi® 33
Geobacillus sp. is rod-shaped Gram positive, thermophilic
, 11 bacteria. These bacteria have drawn interest for their potential
120 AJ564615 Uncultured Geobacillus sp.™* 98
in biotechnology applications as sources of thermostable
enzymes. (Sakaff, etal 2012)
121 JF825503 Uncultured Geobacillus sp.12 90 Same as above
128 FJ229666 Uncultured Bacterium+? 89 -
DQ234237 Uncultured Sulfurospirrillum
130 91 -
sp.14
131 DQ256314 Uncultured Bacterium** 77 -
132 AJ786105 Bacillus sp.*® 83
Hydrogenophaga is a gram-negative, non-spore-forming, rod
134 HQ652585 Hydrogenophaga sp.*7 98 shaped bacteria. Gross optimally at pH values of 7-8 and at 30-
37°C.
151 DQ795571 Uncultured Bacterium*® 88 -
154 FJ037672 Uncultured Bacterium?*? 96 -
Ralstonia spp. are gram negative bacteria found in the
) ~ environment, primarily in water, soil, and on plants. The
159 EU304284 Ralstonia sp.2° 38

organism grows readily on media routinely used by clinical

microbiology laboratories (ie. Agar)
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3.2.1.1 Point of zero charge of activated carbon

The graph below represents the,cof the activated carbon. TheHs-cof the activated carbon was
found to be 9.6 Figure3.6). According to literaturgvhich has lhe pH-zccalculated as 10.3his value

corresponds well to the averagezc0f activated carbon.
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Figure3.6: The point of zero charge of the activated carbon surface

The graph represents the plhiavs. phinalof the activated carbon. The point of intersection with

the line phma= PHinadS thepHeze
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3.2.2 lon exchange on the surface of activated carbon

The following table presents the variation of pH of the threduons of sterilized watethat have

activated carbon.

Table3.2: pH change of three solutions after the addition of activated carbon

INITIAL pH FINAL pH H+ lons Removed (M)
5 7.09 9.92x 10
6.3 7.07 4.16 x 10
7.1 7.41 4.1x10

In Table3.2 the change in pH of 3 solutions containing activated carbon, and their relative pH after
10 minutesis shown The last column represents the amount of ions removed from solution and

attachedto the activated carbon surface.

It can be seen from the abovbhat as the activated carbon remains in the charged solutiofigoms
are removed from the solution and attach to the surface of the activated carbon. This can be seen in

the drastic changén solution pH(The pH of the solution that the activated carbon was submerged

inNd ¢KS azfdziAzy LI AYyONBIFasSa Ada olFairo0 OKI NI OGSN

3.3 CONTROLEXPERIMENT(NO MODIFICATIONS PERBRMED TO THE SUBSTRRE

OR BACTERIA

Prior to any charge madifications a control experiment was performdetivated carbon0.6 g)was
placed in a 20ml solution of bacterial solutionNeither the bacteria nor the solutionvere
manipulated in any wayThis was doe as a control experiment. It shows the degree of microbial
adsorption onto a northarged substratumin Figure 3.7, it can be seerthat there is minimal
attachmentof bacteria onto the surface of the activated carbdrhere are a few bacter@tached

to the surface of the activated carbon.
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Control SEM Images

10 pm ————

Control

A: No Charge Modification Magnification 1400x B: No Charge Modification Magnification 8639x

Figure3.7: SEMmages of the activated carbon surface. No charge modification was done and as a result this acts as a

control.

3.4 SEMIMAGES FROMBACTERIASURFACEMODIFICATION (EXPOSED TO P 8
5,6, AND 7).

In Experiment 1(Charge malification of bacterial surface adapted froBusscher et al. 20Q@he
bacteria were centrifuged and washed with 3 different solutions. Once they were washed
adequately the aliquots of bacteria were placm the threechargedsolutions respectively. 0.6 of
activated carbon was then placed in #tl of each inoculated solution. The three solutions were
then incubated for 4 days. The SEM images shown below show the attachment on the surface of the

activated carbon after 4 days.

In Figure3.8, it can be seen that attachment is inconsistent anohimal for the three samplesThe
most attachment was found on theubstratum that had been in contact with bacteria charged to a
pH of 7.In Figure3.8 image F, there is a significaatount ofattachment of bacteria to the surface

of the activated carbon. This was not seen in any of the other samples.
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D (Modified A.C pH 5: Magnification 6642x) E (Modified A.C pH 6: Magnification 6214x) F (Modified A.C pH 7: Magnification 6932x)

Figure3.8: SEM images for experiment Images A to C show the surfaces of the activated carbon, for pH of 5, 6 and 7 at magnifications of <5000. ImageshBwa@leloser view of the

surface, magnification > 6000
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3.4.1 Bacteria Quantification of Experiment 1: (Charge modification of bacterial surface

adapted from Busscher et al. 2006)

The following graph shows the average amount of bacteria attached pet onnmhe surface of

I OGAGFGSR OFNb2yo® ' SIOK 2F (KS LI Qa GKIFG GKS
value of bacteria attachment is shown. The activated carbon with the most attachment is irrefutably

that charged to a pH 7. There is a significant difference in the amount attached to that of pH 7 and

that of the lower pH's.
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Figure3.9: Quantification ofbacteria attached to the surface of substratum.
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3.5 SEMIMAGES OFEXPERIMENTZ2: (CHARGE MMIFICATION AFTER BATERIA

INOCULATION).

According toExperiment 2: (Charge rdiication after bacteria inoculation)fhe sample were left

for incubation for 4days, upon which three activadecarbon particles were removed and prepared
for SEM analysisn Figure3.10, it is seen that there is a substantial increase in bacteria present on
the surface of the activated carbon in all three samples as compareigore 3.8. There is
negligble atachment at pH5, however at a pH of 6 and 7 there is a definite amount of attachment.

The beginnings of biofilm creation can be seen in images €.and
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D (Modified A.C pH 5: Magnification 20220x) E (Modified A.C pH 6: Magnification 25354x) F (Modified A.C pH 7: Magnification 15201x)

Figure3.10: SEM images for experiment 2. Images A to C show the surfaces of the activated carbon, for pH of 5, 6 and 7 at magseifitatt®00. Imaged to F show a closer view of

the surface, magnification > 15000
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3.5.1 Bacteria Quantification of Experiment 2: (Charge mo dification after bacteria

inoculation)

The following graph shows the average amount of bacteria attached pet onnmhe surface of
activated carbon. At each of theH® that the activated carbon was charged to the corresponding
value of bacteria attachment is shown. The activated carbon with the most attachment is by far that
charged to a pH 7. There is a significant difference in the amount attached to that of pHivaané

the lower pH's. In addition there is a definite improvement in attachment at eaclvglte with
respect to Experiment 1:(Charge madlification of bacterial surface adapted froBusscher et al.
2006).
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Figure3.11: Quantification ofbacteria attached to the surface of substratum
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3.6 SEMIMAGES OFEXPERIMENT3: (CHARGE MODIFICATION & ACTIVATED

CARBON ONLY

As mentioned in &ction: Experiment 3: (Charge modification of activated carbon otihg) activated
carbon was charged separabefore bacteria is introducedThe samples were lefof incubation for

a period of 4days, upon which a few activated carbon particles were removed and prepared for SEM
analysis. As is clearly observed in thtMSfBotographs below, the greatest amount of attachmeént
seen when the activad carbon was charged to a pH The SEM images show both low and high
magnifications. The low magnification allows for a broader view of the surface of the activated

carbon. Itis useful to use these images to get a clear idea of the attachment on the surface.

Upon inspection of the three surfaces biofilm formation is seen on the surface of the sample charged

toapH of 7.
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A (Modified A.C pH 4.5: Magnification 3246x) B (Modified A.C pH 6: Magnification 3159x)

x’? S &) T
o -

)1 mm |E \

D (Modified A.C pH 4.5: Magnification 9800x) E (Modified A.C pH 4.5: Magnification 10189x) F (Modified A.C pH 7: Magnification 5856x)

Figure3.12: SEM images for experiment 3. Images A to C show the surfaces of the activated carbon, for pHamids7 &t magnifications of < 4000. Images D to F show a closer view of

the surface, magnification > 5000
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3.6.1 Bacteria Quantification of Experiment 3: (Charge modification of activated carbon

only) after 4 days.

The following graph shows the average amountbatteria attached per mfon the surface of
activated carbon. At each of theH® that the activated carbon was charged to the corresponding
value of bacteria attachment is shown. The attachment of bacteria pef imngreatest for the
activated carbon charged to a pH of 7. There is a 303% increase in the attachment of the bacteria
when the activated carbon is charged to pH of 7 compared to when it was charged to the other pH's.

Futher at a pH of 7, ExperimeBthasshown the greatest attachment.
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Figure3.13: Quantification ofbacteria attached to the surface of substratum.

3.7 RESULTSOF TIME OPTIMISATION
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3.7.1 Attachment after 1 day

The images seen below represent the samples taken after three days of incubation. It can be seen
that all three samples show an attachment of bacteria to their surface. However it was again the
activated carbon charged to a pH of 7.2 that presented thetmoasistent attachment of bacteria

on its surface. It was noticed that when the activated carbon was charged to a pH of 9.6 the bacteria
tended not to attach directly on to the surface of the activated carbon but form a chain of bacteria

with one bacterium attached to the surface and the restéach other

3.7.2 Attachment after 13 days

The images seen below were taken after the samples had been incubating for 13 days. There is a
common trend seen in all three samples, namely the formation of clusters of fimdi@ating on the
surface of the activated carbon. The bacteria seem to have been drawn to one another where they
almost stick to each other forming theses bunch@&sacteria are known to form Extracellular
Polymeric Substance (EPS) fluid which cabadsria to attach toeach other This is the early stages

of biofilm formation.
In the experiments conducted previously there was a clear indication as to the degree of bacteria

FGdlr OKYSyYyid 2y GKS ada2NFIFOS F2NJ St Oken er@atedidi 8ll LI Q& @

the surfacesThere are numerous bacterial clusters on all the charged surfaces.
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E. Modified A.CpH 7.2 (Mag. 11658)

{ \é b

)

G. Modified A.C pH 9.61 (Mag. 3200) H. Modified A.C pH 9.61 (Mag. 5869) I. Modified A.C pH 9.61 (Mag. 6400)

Figure3.14: SEM images for experimer®, samples taken after 24 bf incubation. Images A to C show the surfaces of
the activated carbon, for pH of 4 at magnifications of 6400 to 9051. Images D to F show the surfaces of the activated
carbon, for pH of 7 at magnifications of 6400 to 11658. Images G to | show the surfafcéne activated carbon for a pH

of 9.61 at magnifications of 3200 to 6400
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G. Modified A.C pH 9.6 (Mag. 3490) H. Modified A.CpH 9.6 (Mag. 5869) 1. Modified A.C pH 9.6 (Mag. 734)
Figure3.15: SEM images for experiment 3, samples taken after 13 days of incubation. Images A to C show the surfaces
of the activated carbon, for pH of 4 at magnifications 8200to 9870. Images D to F show the surfaces of the activated
carbon, for pH of 7 at magnifations 0f5119to 6400 Images G to | show the surfaces of the activated carbon for a pH of

9.61 at magnifications of 3200 to 640&ed Circles in this figure represent biofilms.
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4 DISCUSSIONCONCLUSION AND FUTURWORKS

4.1 DISCUSSION

4.1.1 Discussion and Recommendations for DNA sampling

Literatures regarding the species found in the samples suggest that most species identified would be
found in soil environments. The bacteria identified show that theme species associated with:
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The bacteria found in théindgut of the termite coincide with the environment they inhabit. The
Go2NJ] SNE GSNXYAGSa O2ftfSOG GKS F¥22R YR FSSR 27
clear that the bacteria within their gut would come primarily from the food they ingestmbsan

Termites eat wood and fabric made from plants. When they eat dead trees, these termites help the

environment and make space for new plant life.
4.1.2 Charging the activated carbon

It was shown from experiments performed on the activated carbon, thagrwtine activated carbon
is placed in a charged solution it will pick up the ions floating in the solution. It was shdvaibli
3.2 that the activated carbon will pick up"HThis reinforces the idea that the surface charge of the

activated carbon can be manipulated by placing the carbon in a charged solution.
4.1.3 pHpzcof activated carbon

The point of zero charge @H-zchas been explained as the pH at which the surface of the activated
carbon will be neutrafzero charge)This point implies that if activated carbon is placed in a solution

of its pHpzcit will have no barge on its surface. This theory allows for the modification of the surface
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charge based on where iffHclies on the pH scale. Tip,cof activatedcarbon was found to be

pH of 9.6. Therefore if the activated carbon is placed in a solution witkl doprer than 9.6 its
surface will become more positi(€igure4.1). The inverse, if the carbon is placed in a solution with
a pH higher than 9.6t will increase the surface's negative character. This theory formed the basis
for the charge modification ofhe activated carbon. Since it was desired that the surface of the
activated cabon be more positive experiments3 were conductedso as todetermine whether

making thesurface positivavould have a greateattachmenteffect for the bacteria

Addition of H* lons to surface
functional groups

pHipz= 9.6 (NEUTRAL) oH < 9.6 (POSITIVE)

Figure4.1: Schematic representation of the surface functional groups on activated carbon. At a pH of less than the pH

implies the attachment of Hions as seen above.

4.1.4 Attachment To the Uncharged Substrate

It was seen that the attachment of bacteria to the uncharged activated carbon substrate was
minimal and showed no sign of biofilm formation. The implication of this coincided with the
hypothesis that without charge modification to the surface the attachimehbacteria is minimal

and sluggish.

4.1.5 Attachment experiment1 -3
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4.1.5.1 Experiment 1: (Bacteria only was charged)

Experimentl was adapted from Busscher et al., 2006. From the results it can be seen that the
attachment of bacteria to the surface is unimpressive. The attachment was minimal and showed no

surface coverage or indication of film creation.

When comparing the threeanples it can be observed that the bacteria showed preference to
attach to the surface charged to a pH of 7. Large clusters of bacteria are seen to attach to the surface
of the carbon when it was charged to a pH of 7 as opposed to the other lower chandades. The
quantitative estimations of bacteria/mfshow that the bacteria prefer to attach to the surface of

the activated carbon charged to pH 7.

These results led to the hypothesis that the procedure may be improved for better attachment. It
had beenassumed that the issue for the lack of attachment is the competition faoms. When the
bacteria is initially washed in the charged solution and then placed in the charged solutions the
activated carbon possibly does not receive enough ions, as thestaken up by the bacteridhe
bacteria will become more negative whilst the carbon remains unchailgébelieved that there is

a competition for these ions and the bacteria may be capturing them before allowing the activated
carbon to be charged sfigiently. The procedure was thus modified in an attempt to allow for the

surface modification of the activated carbon to be improved.

4.1.5.2 Experiment 2 (The mixture of bacteria and activated carbon was charged)

Experiment 2 was performed in an attempt to alldor more H ions to attach to the surface of the
activated carbon and allow for the surface to become more positive. Once the activated carbon was
placed in the growing bacterial solution, the charge of the pH of the solution was modified. This
allowed br there to be equal competition for ions, and would increase the probability for the

activated carbon to take up'Hbns.

It can be seen that the attachment showed drastic improvements. The attachment is significantly
more observable and prominent ondtsurface. In comparing Experiment 2 with Experiment 1 it can
be seen that the modifications to the procedure did assist in the improved attachment. It can be
concluded that there is a competition for ions and that the more the activated carbon is chigwged

better the attachment. It can further be observed that the most attachment was seen at a pH 7. This
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is consistent with Experiment 1. These results led to the final experiment being developed. This

experiment charges the activated carbon prior to itagplaced in the bacterial solution.

4.1.5.3 Experiment 3 (Activated carbon charged prior to bacteria inoculation)

Experiment 3 offers a direct charging of the surface of the activated carbon's surface. The activated
carbon is charged for half an hour separatalyd then once charged placed within the bacterial

solution.

The results from this procedure show a significant improvement in the attachment of bacteria to the
activated carbon surface. In all the samples there is a definite success in the attachrbectarfa

G2 GKS &dNFIFOS FyR (KS ONBLILGAZ2Y 2F | GFAfYéd 2K
attachment is most prominent when the surface had been charged to a pH of 7. At this pH there is

an overwhelming amount of bacteria attached to tharface almost covering the entire surface. This

attachment also shows a good sign of biofilm creation.

4.1.6 The optimal pH

It was clearly observed throughout all three experiments that the pH of 7 in each of the procedures
showed the greatest attachment. Has been assumed that the lower pH's although being more

positive in surface charge than that of pH 7, are too close to the pH of the bacteria. If this is the case

the bacteria and activated carbon tend to have the same pH and as such will not be atttabizsl
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dissipate, hence the lower attachmerit. is therefore important that although the charge on the

activated carbon is positive it should not be too lowitasill affect the attraction.
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Positive Surface

3 9.6

BACTERIA PZC Activated Carbon PZC

Figure4.2: Schematic representation of charge modification

41.7 Attachment Time

4.1.7.1 Attachment after 1 day

After 1 day there is significant microbial attachment to the surface of the activated carbon. A strange
occurrence happened on the surface of the activated carbon charged to a pH of 9.6. When

comparing this sample with the others

4.1.7.2 Attachment after 13 day s

Aswas seen from the SEM images the bacteware into formed clusters on the surface of the
activated carbonafter 13 days These clusters indicate that the bacteria begin to attach to one
another. This type of biofilm is unlike the type of biofilm ecfgel which is a thick layer of bacteria
aligned on the surface of the activated carbon. A similar type of biofilm was observed by Campanac
et al.,, 2002 who observed a cluster formation f8raureusand a total overlap of cells for
P.aeruginosan the surface of Tygon tubes. As can be seen from the images below there is a similar

configuration of biofilm
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HV |spot| mag | WD | det — T
30.00 kV| 5.0 |6 400x/12.5 mm|ETD pH 7.2 (13 days)

Figure3: Biofilm comparison. A: Biofilm o€ampanac et al., 2002, B: Biofilm observed after 13 days at pH 7.2

It is therefore clear that diofilm was created aftefl3 days. However since the biofilms were now
cluster based no comparison could be made as ticiwvpH modified substratdiad a more robust

biofilm.
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4.2 CONCLUSION

The main focus of this investigation wis develop a procedure that would optimise thiate of
adsorption of bacteria to the surface of the activated carlaml the creation of biofilmsThe use of

ion exchange principals was thought to be a good method in trying to achieve this.

Bacterial interaction with activated carbon is primarily influenced by their surface charge. In this
case the bacteria and activated carbon both have a negative surface charge, and as such the

electrostatic adsorption is inhibited.

It was observed that the procedure taken from literatuexperiment 1:(Charge madlification of
bacterial surface adapted frofBusscher et al. 20Q6proved to be ingfficient in its ability to ensure
attachment. The reason for this lack of attachment was presumed to be a result of the unequal
competition for H ions in the bacterial and activated carbon solution ¢ady the bacteria were
charged and then once chargkfaced with activated carbgnThe activated carbon was not being

charged sufficiently and hence lacked a strong positive attraction strength.

The procedure was modified to improve the charge strength of the activated carbon. In the
intermediate proceduve (Experiment 2: (Charge rddication after bacteria inoculatiohwhen there

was equal competition for the Hhere was a significant improvement in the attachmeoftthe
bacteria to the surface of the activated carbon. It was however, the final procd@ixgeriment 3:
(Charge modification of activated carbon oflywhere the ativated carbon was charged separate

to the bacteria that saw the best results. Undoubtedly the attachment was consistent and showed

signs of biofilm creation.

It was further observed that throughout all three procedures, it was when the solution/aetivat
carbon charged to a pH of Were the most successfulAlthough with decreasing the pH the
activated carbon becomes increasingly positige a resulthe surface chargéecametoo close to

the pHzcof the bacteriaThis results irthe bacteriaand activated carbohavingthe same pH and as

suchloosingattraction.

In an effort to use the optimal pH modification to create a biofilm on the surface of the activated
carbon time expaments were performed. After 18ays biofilms on the surface olfi¢ activated

carbon surfaces were seen all experimentsThe bacteria attaokd to the surfece of the activated
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carbon andproduced extracellular polymeric substanc€éEPS) whichllow other bacteria to stick to

them.

The experiment performedwhere the ativated carbon was chaegl separate to the bacteria
produced the greatest attachment of bacteria onto the substraiee attachment was consistent
and showed signs of biofilm creatioh. can therefore be concluded that the there is a proven
approach thatoptimizes the microbial adsorption on activated carbon by the surface modification of

the substrate.
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4.3 FUTURE WORK

The future of this research will be to establish how the modifications and optimal conditions

established in this work will behave in aiflized bed reactofWalker, 1999).

Conditions for isolation anaerobic bacteria and the use of an anaerobic culture camber are required

to make sure all bacteria are isolated and identified.

Flock creationin a continuous procedsas previously proved to ben even lengthier and difficult to
control processlt is therefore desired to optimize this process by enhancing the rates of adsorption
of bacteria onto the activated carbon within the reactor. These continuous experinstotdd be
performed to establish whethethe work done in this investigation holds true in a continuous

reactor.

It is proposedthen that the conversion of biomass to ethanol be optimized in the fluidized
bioreactor. If thebiofilm creation provego be sucessful and the bacteria attaches quickly and in
large amounts to the substrate, the rate of bioproducts conversdduld be measured and the

process will potentially be optimized.
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APPENDIX A BACTERIA PREPERATON

In order to make 200ml of media the first step was to prepare the yeast extract. 2g/l of yeast extract
is the amount used in order to preparelire of media, as such only 0.4g of yeast extract was
required for the desired 200ml. This was placed in thigdaconical flask. Following this, the stock
solution was prepared. It is necessary that the stock solution be prepared in a 1:5 ratio of stock
solution to water. As such 40ml of stock solution was prepared in the conical flask and then 160ml of

distilledwater was added. The 200ml solution was then split into the flasks
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APPENDIX B MICROBIOLOGY

The following Appendix gives the detailed DNA analysis of the bacteria that was isolated from the

local termite hindgut.
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[EH] CTTAATATTOGE - ACTECAGC GAC ACACTAAAAAGGOCAGCATT - ATAAL TCTTA TETGORGEACCAGTCADTALT —Gilolz

13z ACTTATACCTECAAGTOGAGOCGAG- ATACTTAALALMGOGACCTTTTATALLA TCTTAGOGETGUGEACGACTCAGT AAC GG

] AARCAA T OO CADECTTAAC — ACATRCARCTO G G OO QU ARG A ORG T A T Gl

FREUTE Sisorhimobiom sp  AACGAAMCGCTGOORECAGRCTTALT — ACATGCAALT OGAGT G OOCCGCAAGRECAROCCC AT GG
1s EACCAA CCCTOROCCCAGRCCTAAD  ACATGCAACTOGAGT CAGATCTTORGATCTAGCGOOREAT GGl

7 ARCCAACCCTCROECCA GO CTAMNC — ACATCCAAGTOC AT GACATCTTOGGATCT AGUCROGEAL Gl

AMPHITI4 Risdoberier_sp A TGO CACROCT AAC — ACAT RO AR CT ORI CAGKRCCTTOGGETCT AR CRGACGl
T

n AGOEA AT RO CACECTTANC — ACACACAAATOGAGTRE GUGCALCA L AOETEAGOCGUAGAC GGG

FRTE50]_ Unenltered_bacierium AGOGEAACGTCTOROGEECAGEOCTAAD  ACATGCAACTOGAGLT GUOETAGCAATACRRACIRECACAT  Goil
HAEETTEH Uncullured bacierdem GACGAACGCTOROGECETEOCTAAL — ACATGCAACTEEAGOGACCA AT AL CCTTOGE TGO RECAAAGTTROG AT
-::-m:

ATTGAACGCTCROGCCATECT TTAC — ACATCCAAGT OO GTAACA O A TECT-GA — CCAGTRECCAAT GGG
w AT TR T OO GO ATECTTTAC — ACATGCAACT OCAACG CTAACA GO0 GUAACLETECT GA  CLACTOROGALC LG
II}EFEJI.-IT anmmc&mnmm&c ARCATCCAAGTOCARCG T AT, RO GUAAGETGCT G4 CCACTGACE AL GG
ATTCAATCCTEEC GG CATEOCTTAC — ACATOCAACTATACTE GrACTAC CHEA— CCTTECACCT COTORORACTCROCAAC — EG

Iﬂ']'!'!i!-?l Ussuliured bscicrium AGTGEORGAD GGG

151 CTT AT GG GEOORACTTCAC — ADCECCAAATOR ACCRREAGATCACG ToCTTECACCTRET CTCACCGOR QAT CG

3 CATTAACCTATTTTACACGCTTAAC — ACAT RO A TO MGG G AL OGO TC AT TECCTEACECACT OO T O ACDCOC AAT Gl
AVIESE] Uncubured bacierem  GATCAACGCTAGORGCAGGROCT AAC — ACATGCAAGTOGCAGHRG GUAGCACTGCT AGCAATACCTGRET GGG & OO GO L
il

fill AATGTARGOCEETECCTTTCCT AL — ACAAGCA AT A GC G A CAGTET ACTCATCLTOGRORACT CROGAACGRET GiaE

4 CATTAACGTATTTTACACGCTTAAC — ACATRCARCT GG ARG G AR O T AT TECCTEACECACTOCT O A TG OE AAT GG
GIEINT Provoiclls sy T AACTOC ARG A WO OO TCACC T T CTEA DG CACTCE T CCAD DGO C O AT GGl

19 GATCAACCCTAGC GRCAGCOCT AAC — ACATGUAMGTOEA GGG O A G OGREGET AGCAAT ACCTEEORE OCA TR OGCAD GGG

[F- ATAGARACATGEOCEOCOCEA A AT — ADCTTCAAGTOCAACGREACT O ARG AACCTTGTATAATACTTAGTGAOGCADC — GG

e

[k GACCAACCCTOROGEOGTROCT AAT — ACATGCAAGTCRAGCREAC O ALGGEGA GCTTECTOCTTTAGETTAGORECGGEAC QG
ABIEHGE Croobecilles palbdus GACCAAMCGCTEOOGROCTCOCT AAT — ACATECAAGCT OO A RO G AT A GGG A ECTTGCTOCTT TAGGET T AGORE O A
il

13 ACTGAAMCGCAGROGOOCTE TT AL - ACATTCAAGTORAACGCAGTAAAGT AACCETECTATTTTC-TTAGTG- CRCAC—— GG

DO Sufunspicilem sp TEAAAGOCTCOGGACTAAACACLATT ACAT ACOCTGET AGCTOCADROOCTA AACCATCCACACTAGTTETTGOCATGD — TAR

EL3MIH Rabdvals sy ATTGAACGCT OO CATCOCTTAC — ACATECAAGTOCAACG CUARCAC G GT — GCTTECACCT- GG T RO CACTGROG AL iRG
AJEMIIT Axoupira_sp TATCAACCCT OO OECATECCTT A ACATRCAACTOCALCG GUAGTAC GG A — CTTECTOCT GET GO ACT GO A T GG

54 ATTCAACCCTOROECAATECTTTAC  ACATACAACT ACAGROE GCAGCAT RRA CTTOGETCT CATGROGACDREOCAAC GOl

FMEETY Uncsltered bacierium ATTCAACCC T ROECAATCCTTTAC — ACATRCARGCTORAGCG  CQUARCAT Gk CTTORCTCT GATGECGACCCRORAAT
(M EH

FIIrest Uncslinred_bacierium GOTEAACGETOROEGECGTRCTTAAT — ACATGCAACTOCAATRREACTTALGT PLECTTGECTTCT TAAMGTTAGT GROGCAC Gl
JHIASS Eceli ATTCAA DT OO A CCTAAC  ACATECAACT O ARG CTAACACG ARG AAG  CTTECTCTTTRCT A ACTOOO GO AT GGk
ATSEEELS _erwhmcillus_wp CACCAADGCTOROGCOCTROCT AAT — ACATGCAAGT O A GO O G ARG GG, CUTTRCTCCTTTAGGT TAGOCROGCA L GGG
AT TR (08 :I-‘.l _mp ACTTAGCACT CATOLTT TACGECOGT GRACT ACCAGC T ATCT AATOCT T T oG T OO O CACE CTTT OGO eOCT CAG DG T CAGTT ACAGCREC
CAR
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i3 TG ACTAATRCA-TOCT AAGT A COGAT AGTRRCEEA- AADRCATEGET AL -TATCCGCTAGA - TCAGCAT DOGCATATCTTTGA

iz TG — ACTARCGCA-TCTETAATET OO CCCATTAGT GGG A- AL DGO AGET Ak - TACCOGATAGA - TCCCCATTODROCT AGGOTTET.

21 TG AGTALCACG TGO AAACT ACCC TTTEETACGEAACALCTOOGRCR AL, CTCEACTTAAT -ACCCTATGAGCCCTTAGE

FITY Sisorhiobiom sp TG AGTAACGOG TEGGE AACCTACOC TTTGCT ACGLAATACCTOCGRGA AL CTECAATTAAT - ACOCTATCTGOOCTTORE
15 Te—— AGTALC OG- TORE AACCTACCC TTTOCTTOGCAAT ACCCTORCC AL CTEOLACTAAT - ACOCAATCETROOCT A

27 T —AGTALC OG- TORE AACCTACCC- TTTGCTTOGGAAT AGCCTOGGE AL CTELLAGT AAT - ACOGAATGETROOCT A
AMITI4_Rbsdobacier ap TG AGTAMCGOG - TGO AACET VOOC- TTTGECT ACREAAT AGCCCCGREA AL CTOREACT AAT - ACCCTATETROOCTT GG
. TC— T OG- TT T GARGEACAC CTTGEET AAGAACAT OO CAAGGAOC CTTEREGOCTAT - ACCTTATAATTOG R AGE

n A AGCTAMOEOGE - TR AACGETACCC- TTTRET TOREAACANCCCAGER AL CTTRRCCT AAT - ACCGRAT AACOOOGT LG

FHTHEN_ Upcsliered bacierium AG— AGTAACACG - TGOE AACETACCC TTTGETTOEEAACAAC OGO AL CTTRLRCCTAAT - ACCCRATALROOCTTACG
HNETTEH Uncullured bacicriam TG AGTAACADE TEOGTAACCTE OO DA TEATT GO EACAACOOEAG A AL CTORERCTAAT
ACCCAATETCCCCT ACGGOCAT A AGGT

(kT Te — ACTAATCA- TOCE AW TECCC AT CCT O CGAT AL DS CA GO AR CATCORCTAAT - AT CRCATADCATCTATREAT A

Hipe5155 Hydrogenophaga sp TG ACTAATGCA - TOGGE AACCTGCCC ACTCCT GG RAT AACRCAROC AL CTTCORCTAAT - ACTRCATADCATCTATCR AT A
B256E3 4 UVesuliured bacierium TG AGTAATGOL - TOGE AMCGTGCCC AGTOCTORECEATAACTOCTOCAAL CAGCAGRCT AAT - ACCCCATACCALTTEAGLG TG A

5% TG ACTAATATA-TOCGE AACCT ADDC- TETAGT ROCCRCT AACTACT AGCAA - CATTAACT AAT - AOCGCATATCAC ATEAAMCETGA
D 795ET] Useuliured bscterium T ACTAACGOG - TEACTAACCTROCT TTCAGACRGCLAT AADCT TCT AL - ACAADTGRCTAAT
ACCCCATAACATCAATTTATOGCAT
51 TG —GoEAOOGEC —TCARGAATCAROCTEATTAGT TRECGA A A A CCT TOGEA A AR AL A TCACT Ak ACCCACAAADGCTCCTACTTTITG
3 TG AGTAAOREG - TATCCAACCAGT AL CCAAGOCCREAAT AGOCTTTO A, AR AGAATAAT -TCOCCCATGCACTOCTCAGCAGTC
AYIESS] Unculluned bacicrism TG — ACTAAC OG- TATGCAACCT OO COETCAG GG A AT ARCOCCTOC AL - GRUCGATTAAT
m;rﬂwmnrm
TA —— ACTAATORGE  AATCCAACCTETAC TEOCGECAT AAAAT ACCOCAAGTTAA GETAATTTORE - TOCCCCTET TOCRE R A WECGGE

-i TG ACTAAOREG TATCCAACCAGT AR CCAACOCCRCAAT AGOCTTTOA AL AR WCARATAAT -TCCCCATETACT CCTCARCAGTC

GIET Provolclls sp Te—AGTAACGEOG-TATOC A CTECCA- TCCACDREACEATAGCCTTTOG AL A A A ATAAT - ACTCOCATGACCTOCTCAGAGGAC
9 TG AGT AL GG - TATGCAA TGO CORTCAGGECAATAG OO OGO b GO GATT AMG GO OCATRETOOGG GG CCORGGEC

[F- ] TG ACTALMGLGA - TAACT AACOROCAGTTTAGGGT ARG CAACCT AT RECA AT ATRECTEATAATT GRECGATACTOCATTOCT ATOGT

e CATTACAADCAAAALCDROCTETT

[F- ] T ACTALNCAOGE TG C AR TR TECACACTOREAT AT TOGG A, COCEAGCTAAT - AOCGCAT AMCACCCAAAADCCGUATGET
ABINHSE Crobacilles pallidus TG AGTAACADG TGO O A CCT OO TRCACACTRRCAT AACTTOCRGEAAA CORCARCTAAT
ACCCEATAACACCCALALCDRUCATCLT

138 TG ACTAL GGk TACCT AANCOCGCCCATTAG G RO ACA ACACTTORA A, CACTECTAAT - ACCCCATACTOC - TTCTTATCAT

D] Sulfurspicillm TCATTGCAGTAATGCACT TAACACATT AMGCTETCOOCCCTEOREACT AOGETODCAL

mnmncaaam&?mmmmc

ELMUYIH Babdenia sp T ACTAATATA-TORE A AT OO T TACT GG AT AACT ACTOGAAL CATTAGCTAAT - ACCCCAT ACGACCT R AGEGT L

.I.HIII'.'-I Jl.#-l_q: T EETAATACA - TOCE AACCTACOC A ACT TR CATAACCTAGOC AL CTTACRCTAAT - ACORCATATTCTCT CAGC ARG 4
TG ACTALCATA-TAGE AACAT ADOC- ACTAAT RO AT AT OOGAG ALL - TOCGAGCTAAT - ACCRCATADGDOCTCAGL LG A

Fm’lt_ll-*-ﬂ_h-luh- TG ACTAACATA- TAGE AANCATACCC AGCT AATCORECATAACTOOGACAAAL - TOREACCTAAT - AOOGECAT ACCOC CTRAGCRECA

FIIEkst Unosltered bacierium TG—— AGTAATATA-TAGCTAACCTGOOCTTTAGT G- GG A CAACACTTGCAAAC GACTGCTAAT - AOOCTATACTOC- TTCTTACTAT
JiE5S Eceli T AGTAATGTC - TR AAACTROCT CGATGEA GG AT AACT ACTECAAA - CRETAGCT ALT - ACOGCAT A OCT ORC A WG AT T A

AdSESE 15 Goshucillus sp TG AGTAACADG - TGO AN CCT OO TRCAGACTRECAT AACTTOGGE A AL - CORCACTTAAT
ACCCEATAACACCCAL A ACDRUATCET

ATTEGIGE Bacillus sp A AT O OCTT OGO CACTECTET T O T CCACATCTCT ACRCATTT CACORCTA  CACETREAATT — CCACTCTOCTCTT CTRCACTC
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i3 A A A PG ATORAAAGC T A TAT A A GG OO AGC T CCATTAGAT AT TRCAGRECT AATC CTC - ACCA RGO ALCGAT
i3t AL GO CAAA G T OO T TAT T GA TG GO OC T C O T TTAGTTACT TRE TG G TAA T GRCTC - COCA MG CARDGAT
4 | PLCAAA GATTTATDROCAT ACGAT RO T O GATTAGGT AGTTGETGT RETAAT GROGE - ADCAAGGOCADRAT
FRHHT21_ Simorhicobium ap GLEAAA- GATTTAT OGC A A ATORC TG OGT TG CATTAGC TAGT TR T GGG T A GO T - ADCAACCOGACGAT
r: 7 PLCAAL GATTTATORGECAL ACCATOGEC OO T TG GATT AGET AGTTGET GAGET AATRECTC - AT ARG ADGRAT
X7 PLCAAL GATTTATDRGECAL ACCATOCC OO T TG GATT AGET AGTTGET GAGET AATRECTC- ACCAAGDDGADGEAT
AMPOT 4 Rlsrdobacior | GLEAAL - GATTTAT OGO A T OGO T T GATTAGETAGT TERTCRRE T AAT RECCT - ACCAAGODRADEAT
T LA NG COCTTOCCCCT AGGA TREGEOTDROET OOCAAT ALCCT RET T GG G GGT A OG0T AT CA A GTGE G ADT T
32 LG AAA - GATTTATOROOGA AGCATGGEEOODGOCT CT-GATT AGCTAGTTGETGREET A DGRODT - ACCAMGROGACGAT
FTH91_ Unceltared bacierium GO AL - GATTTAT OGO A A A TORECCCGOGTCT-GATTAGET AGTTGET GRGETAATGGOTT - ADC MGG RADGEAT
HMET TR Uncubured bacteriam CoC-TORECAAADC AT T O OCT OO CATC O AT GG OO CATT ACCTTETTEETCARET A CCITC
ACCAACLOCACGAT
134 A ADDE T AT O RO AT T REAGCA PO GATCTOCAGAT TAGETAGT TRETGRRE T AAAGCCTC - A CAAGDCAADTAT
W" ARG A G T ARG T O GO AT T REAG OO CCATCT O AGATTARGT ACT T RET R RET Ad AT
ACICA A

D256 304 Usculiured bacierium ARG ACOE AT TG O ATT e A O DCA TCTC- AGATTAGGET ACTT G TRECET A DECCT.
ACCAAGDDGAOGAT

5% AACTCAGEAG DO ARG AT CT O A AW PR CCGATATT TEATT AGCT AGT TRET GO ET AA TGO AT - ACCAT AGT GATEAT
DI Usculiured baclerium A TAGCETTGATCAAT REAGCACT AL T ARG AA GG AT ORECTC - COCTTCACCTGT TGO GRET AGOCROOC
COCAGARDRGATAT

(L4 ARG AGCGATCTTTTGACC. TTODRCTCATGGA T GRG OO CAAGT C-CGATTAGCT ACT T GGG G T AAAGGROCT ACDCACGRGGEADTAT

3 ATCT b GG GAGC A WGATTTATORET AGT GRAAGREGAAATCTGE- TEATTAGACAGT GGG ETTT AACAGDTT - DT b O GRG G AT
AYVIESS] Uncubtured bacierism ATOGGAATCTEGET AAAGA GG AT R CEATGGGCATGOCT G OCATT AG— LT AGTTGRGAGGREET A DGROOT
ACCAAGILCT

fill GLGEGGETTAGGLT TAAGET - TATGLGAGGL G TR T CTGATT - DCATAGG TG UGG GG T GO TC - AT AADG GG GAT

4 ATCT ddd GG GAG T A WGATTTATORET AT REAAGREGCAATCTE- TEATTAGAT GETOGOGGRETTT AT WG COC - AT A A AT RRE GG AT
GOIEEET Provolclla_ap ATCT A GAGGAG T A AGATTCATORCT GRETGAT GO ECATGOGETC- TEATT AGGCAGTTRGOGGREET A CGRO0T
ACCAARDCCACCAT

= ATCCLRECTTAGCCTTAAGGC - AA TG A CEATCRECTTROCTT- OCATT AG—TTAGCCOETCCRET ADC - ACDCCCACC A GEAT

[ AAT R A CGEACAGETCT TACTAT AT AATATCT ROCT TAATCCCTATCCCAT ACT T REGL GG T AAGEGCCT - ADCAAGRDEAATGAC

i® TTTOG- TTRGAAGRGLRCCTTT AGCT - TOOC— TGCAGEAT GG OO OO C GOCT TAGCT AGTT G A G AL DGR CTC OO C ARG AD G AT
128 TTTORGE TT A GO CTTTTAGCTGTCAC T CAGCA TG OO OGO REC GCATTAGCTAGTT GG T GAGET ALCGRCTC - A CCAA RO GA DG AT
ABUNHGE Covbacilles pallidus TTTOGE- TTGAAAGGCGECT TTTAGC TG T AT TR ARGA TGO OGO GCATTAGC T AGT TRETGAGLET AADRGECTC
ACCAAGLOGACGAT

38 AA-GET AAGET GGG AAAGTTTATT CTTAAGGATGEEGEE TTTAGGETATODOCACT AGTTRET GGRET Ad TGGROCT — ACC GGG AT LT
DF2MIN Sulfunspirilles sp A DT GEAGCATETCGTTTAAT —TOGAAGATACADGAMGAADCTTACCTGG RUTTGATATOCTALGAATOC
TGETAGAGAT AT

EU3MIA4 Rabsienis s AAGTGEE A DDEC GO TCAC G TATAGGA GO DD GATATC TRATT AGET AGTT RETGGGRGET b AGGOCT
ACCAAGROGACGAT

AJaMITY Asouplea sp A CATCCC ARG AT T CT TG CA GO O AT T C-GEATT AGC T ACTTOETEACETATAMMECTC
ACCAACLOCACGAT

(L2 A G ATCT TAGGAC T UG GTTATTGGAT TGO O CTATATC TGATTAGCT AGTTGLATCAGGT AAAGECTC - ADCAAGRCTTOGAT
FMETI_Uncaltared_bacicrium A O G AT T TGO T OGO GTTAT TR EAATGCCCTATATC TEATTARCT AGTTEE T ARG T AL CCTTC
ACCAAGLCTTOGAT

FIXEMa Unceliared bacicrium AT AAGTTGO LA GATTTATORCT AAA DA T GEC G CTTTATTGTATCA T AGTTEETEREET AATGGIOCT.
ACCAAGLCTATGRGT

Ji1E59 Eceli A A A T CTT GG O T CT T- GO AT CRGATCT OO CAGAT G G RATTAGCT AGTARETCORET AMDCGCTC - ADCT MGG OO AT
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ATSEE1E Coshucillun sp TTITOGGE-TTGAAA GO GGCT TTTAGE TG T AT TR A GG A TGO OO G T GCATTAGE T AGTTGETGAGET A DG CTC
ACCAAGLROGACGAT
AT 05 Boscilllun_wp AAGTTTOCOCAGTTTOCAATGACDD - T OODGEET TG A DRE GGG TTTOACA T CAGATT TAAGAA WO ORCCT GOGOGDECTTT ADGOT

0 3 3 M0 1m0 W0 M 3 MO 4
S YL S O S ) S [ O

[ER T TACET OO T A GA G A T OO CAC AT TTCTTGEAC —CACCOC CAACT — CTTC GG CODEE— TRORC AL

13z O T T A C T O TG GG T O A TCACC A CACAT  TRAATGEAGAE ACCC OO ACACT —— TCT ACGRGA AT AU G TTRRG ALY

] | O AT TCT A A AT CATCACC CACAT TECEACTEACAC ACCROCC AAACT — COTACREEA G ARCACT RO AT — &

FHET2 Sserhivabiom sp OC- ATAGCTGRETCTGAG AGEATEATCAGC CACAT TR A CTCACAT ARG OO AT CCTACGOG, RO CACT GG AAT

A

15 CCATACCTECTTTEAGACEATCAT CACC CACAC TRECACTEACAC ACCCDTT AGACT — OCTACRECA GLCACCAGCTCRCL A LT — O

X7 CCATACCTECTTTEAGACEATCAT CACC CACAC TRECACTEACAC ACCCDTT AGACT — OCTACRECA GLCACCAGCTCRCL A LT — O

AMPOTI4 Rhodobacier sp O ATARCT G TTTEACAGCATCATCA LT CACAC TECGACTCAGAC ACCLOCC- MG ACT —— CCT AOGEG A CRCACCACTCRECAAT

C

. G CTACCT O TCTCACAGRCACCATCACC CACAC TTREACTCAGAC ACECCC AGACT — OCTACGG AL CRCAGCACT ACCALAT

n O GTAGCTEETCTEAGACGEATCATCACC CACAC TRREACTCAGAC ACGCOOC AGACT — CCTACGROA CLCARCACTECREAAT —A

FRTHEN_Uncaltwred bacierium CA-GTAGCTERTCTGEAGAGGATCATCAGC CTCAC- TRECACTCAGA C AOGGOTT AGACT —— CCTADGREGA CLCARCACT GGG ALT

A

HNEETTEH Uncubiured_bacierism GO CTAGCTEOTCT A A A CCATCAGC CACAC TORGACTEAGA C ACRECCC ACACT — OCTACGIGEA

GRCAGCACT GG AAT A&

[EZ CT-CTACCTECTCT A A A CCACCAC T CACAC TR CACTEACA T AOGC OO AGACT — CCTADCLCA LU AGCAGT RO AT T

Hip52595 Hydrogenophaga sp T - GTAGCTGETCTCAGAGCADEACCAGC CACAC TEREACT GAGAC ADRLECCC AMGALT — CCTACGRGEA GRCAGTACTGRLECAAT
T

EE%6E Y Umeuliured baclerium CT - GTAGT TRETCTGAG AGECACEACCAGC CACAC TORGACTAGCAC ACREOCC ACACT — CCTACGREA LRCACCACTCRGLALAT
T

5% O TR TEETCTCAGACC A ATCAGC CACAC TR ACT A AT ACC OO ACACT —  COT MO, CACAGCAROCAG AL C

BT TDeruliured bacicrium OG CETACOGOEETEACAACTOC A A TR OOOGA TR A TTCAAC COECCCCACATT —— CTTACGERGA

COCACCACTORCGAAT — O

51 CT-GTAGCCECTTTRAGAGEATAAT OOGC CCAA TR CT GGG OO OO CCAGATT — CTTACGE G, GUCACCAGTCREAATT —A

3 CA - CTAGCRCAT GG ACA GG AACGT A CACAT A ACCTTEATC GCCCTOC- TTAGT — O T CAGACA CECACCAGAGTOGTAT —G

AYIESS] Uncullured bacierism A GATGE CTAGRG GARCT A ACRCT AT CACAC TEETACTEAGAC ARG ACC

ACACTCOCTADGECAGGCAGC AT GAGCAAT —&

ki O CTAGCEEETCTEAG AGGATRETCT GO TACAC O A CT A G AT GO OO AGACT O T TG A GG CAGOC GO GCAGAATTTTAT —G

4 CA - CTAGCRCAT GG ACA GG AAGGT A CACAT GAGACCTTEATC GCCCTOC- TTEET — CCTAGGCA CECACC MG ACT CCTAT —0C

GHIEIT Frovoiclls sp CA-GCTAGGCGTTCTEAGAREAAGET COCC - CACAT TEEAACTGAGAT AOGETOC- AR T — CCTACGECA CRCARCAGTEAGEALT —&

ia CC AT CT AT GECA AR ACAGTT TGE TOCCC O AATTEAGAC GAGACCC AT - OCACTOGC ARG CCAGCCAGCAGAATTTTAT —A

1% G CTACCCTETATCA GGG TCAT CACE CACAC TORAACTCCCAC AL TOC AGACT — DCTACGOCA RC ACCAG TR ART — &

e G T A AT A AGRG GACCOGEC COCAA TOE AT GAGAC AT CCC AGATT — C TACGGRCA GLCACCACTAGTCGAAT

[k G T A AT A AGGRCETEAC G CAC AL TRC A CTEAGAC ACCROOC AGACT — CCTACGOL, CRCACCACT AG L AT O

ABIMGE Ceobscilles pallidus U CTAGCCEACCTGAGACLGTEACCREC CACAC TRRCACTCAGAC ACCCODC ACACT —— CCTACRECA GLCARC AT ACCLL AT
C

3% G CTAC TG TCTEACAGCATEATCAGE CACAC TR ARCTGACAC ACCGETOC AGACT — CCTACRECA CLCAGCACTECREAAT A

B2 Sulfunmpirillen sp G- CTEC TACTTTACTAGAAC TTAGA CACA CCTCCTCCADE CUTETOR TCAG CTOCTGET OG- TEACATETTREETTAL — G

ETHUIH Rabdenin sp Ch - GTACCTEETCTCAG A CACCATCACC CACAC TRECACTEACAT AOGCOOC ACACT —— OCTADRECA COCARCAGCT RECLALT T

AJEMIITY Araspira sp O CTAGCACCTCT A CACCATEATCTEC CACAC TR ACTEACAT ACRECCC AW CT — OCTACGREA GRCACCACT RO AT T

54 k- GTAGCT T TEAGAGCATEATCAGC CACAC TEEAACTCAGAC ACCETCC A CT — OCTACGGEA GLCACCACTREC AT T

FMHEETY Uncsltered bacierium CA - GTAGCTRETCTCAGAGCATCATCAGC CACAT TRRAMCTRACAC ACCETOD ACACT — OCTADRECA COCARCACT GO ART
T
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FITRst: Unoslivred bacicrdsm GC- ATACCTGETCTAGAGGATCATCAGGE CACAC TGELAACTGRGEAC ACGLTOC AGACT —— OCTADREGA CLCACAGTGGR G ART
A

JHESS Eceli OO CTAGCTECT T A A ATCACCAGC CACAC TOE A CTC AT ACCETOC AGACT — OCTADGGCA GOCACCACTRECL A AT — &

AdSedelE Ceohucillus_wp G CTAC OO ACCTEAC ARG TCA TGO CACAC TEREACTGACAC ACRECCC ACACT —— CCT ARG A R CAC CACT MGG AAT —C

ATTES I _Hucillus_sp Ok ATAATTCOGGEAC A MG CT TGO CACTT MO T ATTACCGOGGCT RCTGRCAOGETAGT TAGCCCTGRCTTTCTGETT AGET AC

&0 4H 43 &40 &3 480 470 &R0 480 50O

SN S S ) ) I Iy O
in TTTROCAATG O ACA T CCGATA- A CACTACRECCAGAGCACEAL — TCTTTOGRCCT T AL CTCATOCT CTEEAAGCACAACT GACGT AT

1ax T EROCA TG A O ACACT CTEACGEAGC AL RO T EACTECT CA ARG
TCTTOGCATTTAAAACTOCTCTTTC TR AAGGAC A ACTCAGLET LT
r | TG TR CEC A CTCATCCAGC AT OGO TCACTEATEARGE CCTTAGCCETTET AAAMGCTC TT CACCOROGC ADEA

FRETH Smorhimbium sp  TTGGACAAT GGG CAAGC CTEATCCA GO AT O TEACT AT AL COCT AGCETTE T AAAGCTC TTTCACO R AC A LG L

15 TTAGACAA TGO A A CT AT CTAGC AT OO T CAGCCATGAAGL- CCTTAGRE T TETAAAGC - T-CTTCAGCT GG Ak
27 TTAGACAA TGO A A O CT AT CTAGC AT OGO C T CAGCCATEAAGE CCTTAGRG T TETAAAGCAT - ATTCARCTGE- AACA
AMPOTI4_Rbsdshacicr_sp TTAGACAATGEEE A AT CTRATCT AGC AT CC T A GO AT R A WG CCTTAGRETTET AAAGCTC- TTTCAGC TGO ALG A

- TTEEACAATRROE CALGC TAATOCARC AR COOECTTRAGTEAT R,
n T A TR R A G CTEATCTARCC AT OO T TCATGAAGE COTT AGRETC T AAAGOCCT TOREODCC G AAGAT &
FRTHE8_Unceltwred bacierium  TTGEACAATGOECGCAAGT CTCATCCAGOCA T OO T RO TCATC AL CCTTAGRCT TG T AAAGCOC TT TORGOGRG AL A

HEETTEHI Uncubiuned bacteriem TTGGACAATGLGOGCAAGC CTEA T O AGCAA T GO O TEAGTGATGAAGE COTTOGGEETTGTAAAGETC TTTOGCADGOG ACGA

[EC] TT R A A TG A G CTEATOC A C A T OO O TR CAC G ALGAAGE COTTOGRET TG T AAACTGE
TTTTGTACGEAACCAALCGETOCTCLT
Hip&51535 Hydroprnophags sp TTGEAC A AT O C A C - CTEATCOCAGCAATCOOROETGCACG ARG A COTTOGRETTCTAAACTGE
TTTTGTACREAACCAALCRETOCTCLT
BR256 14 Ussuliured bacderium TG A TG G AR CTEATCCAGRCAA TGO OE TGO AC G A MG AAGE COTTOGRET TG TALACTGE

5% CT A CAAT GO A CAC A G AT O AT AT OO CCTCTEC AL G GG OETTATGETTET A AT TTTTET OO REAAACAAATOCCTTEG &
B PEET] Deculiured bacteriom TTGACCAATGEGEAGAAOC CTAAGGCACAGEACCOCGECATACGRAACAGACT CTTTOGAGT GG TAACCT GO TTTCAGC ARG G ALGA

[ES] TG AC AT GG G A AT CT AT CCAG OO T OGO TE T C T CAA A MG T CTTTATET T TG TAAAGCAC TTTTAGCGAG GAGCAGRC AL LCOCA G
3 CEACTCARCACTE AR C ATTACCCAACCAACT AR O ARG CACCARC CCTATGOCETTET AAADGRE - TCT TRAMGCRETET AAACTE TORADT
AVYIIESE] Uncubured bacteriam TTEETCAAT GO ARG CTCAA T CACCAT OO OO T A A A A DG RO CTACCRETTC TAAACT G
CTTTTCTGOREEAAGAANCGCOCCCTACG

il TR A A TG e OO A OO CATOCC T ET CAG OO AA G A A G O A DO OGO AT ALAC AL TR A GO AACAGTG DOCTALC A
4 CEACGCAACACTRECGAAT ATTACOCAACCAAGCT AL O A CC A TATCRETTCT AAACCE - TCTTCAA DGO TAAAAATTCLTOGACE
GIHIEIMT Provelclla sp TTEETCAA TG A CAAGT CTEAACCAGOCAACT AGCETRCAGCCATC AR CCTATGRETTGTAAACTGE

19 TTEE TR AGLG AC AR GC OO RO C A OO A T ROOECCT A PR AAGC OGO CETTOREOT T TAAACAG  TCTTAACGREAACAACGRLCCOCCACE
[F- ] TG A TG G A A T CT AT AT, OO O TR CEATCADGC ATTTORETA CTALACTOC TTA- ATAMGC GALGA

i T OO CAATE ACCAAACT CTEACC A CCAA O ORC TEAGCCA A A ACE TCT- COGATOCTTALL TCTET CTCARGE AAGARCAL CACOETC

[F- ] TTOOG AR TR A A AT CTCAC G A AT OO TEACO A A ARG TCTTOGRCATOCTT AAMGCTC- TET
CTCAGGRGAAGALCAAGCACORGEC

ABLEHsE Goobacilles pallsdus TTOORCAA TG A CGAAACT CTEACC CAGC AR DGO RO TEA GO G AAGE TCTTOGCATOGT ALAGCTC-GT
CTCAGGGAACALTAAGT

138 TG A AT O GGG A O - CTEATGCAGC AL OO TG CAGCAT AT ATTTOETETETAAACTOC- TTTTAT AL G AL,
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B2 Sulumspirilles sp TOOOGCAMCCAGOECAANOC CTOGTGATTAGTTERCT AACACT TORCC TR AGT ACTCTALT CACACTGC CTTORCAMGG UGG AT A

EL3MIAM Rabdenin wp TTEGACAATGGEROGAALVGT CTEATOCAGCAATGOOGCGTETETGAAGA MGG OCTTOGGETTET A GCAT
TTTTGTOOGRAAAGAAATOOCTT GGG A

Gﬁm. .:E TTEEACAATCEOECCAACT CTGAT CCAGDCATGOC GO T CACTCAACAACG- CCTTOGRETTCT AAAGCTC
AAATGGCAADGGET

TTGEACAATGRGEOGAAAGC ATGATOCAGOCATT ODGOGTEAGT GAAGA VGG CCTTOGGGTTETAAAGETC- TTTOGGCAGGAAVGACATCATTTT GO
Fll!':li-':lt Unceltered_bacierium TTGGEACAAT GLRGOGALAGT CTEATOCAGCCATT COGOGTGAGTGRA MG AAGL- CCTTCGRETTGT AAAGTTT
TTTCGGCAGCAAAGAAATCCTTGCTOC
FIEEMsE_ Uncalbared_bacterium TTGCACAATGEAGGAAACT CTRATGCAGCAACGEOCCCTEEAGGATGADGC ATTTCGETGTGT AAACTOC TTTTAT AGGE - Ghkfi.

JOiASD Eceli TTGCACAAT GO AA GO CT AT RO A O AT OO O CTETAT ARG A MG CCTTOGRETTETAAAGT AL
TTTCAGC GG C ARG AAGLCACT AAAGT
ASEERELS roohucillus wp TTCCGCAA TG AT G A AAGT - CTRA CGCAGC A A C OGO T A CAACAAGE TCTTOGRATOGTAAAGTTC
TETTETCACREAACAACAACTACCCTT
ASTEG 05 Bacillus CETCAAGETCOCRSCAGTTACTCTCGCACTTGTTCTTCOCCTAACAACAGAGCT TTTAOCATOORAMGACCTT
CATCACT CAC COTTECTOOGTOA

510 5H)

S U IR I X

JEL] e CROEGETACAAT.

[ kRS A A DGOGT-TACCAT

4 | ThhT

FIHT2I_Simorhioabium_sp ThAT

b4 TahT

r i} Thkiz

AMPOTI4 Rbodobacter sp ThkT

r .

n ATGA

FRTH31_Uncelbared_bacierium TAAT

HMETTAN_ Uncubiured bacieriem TGAT.

PEC ] Th-ATAODOGRGECTAAT

Hipe52 55 Hydrogenophaga sp  TA-ATACCOGGRGECT ALT

lt;rﬂuu Ussuliured bscterium TA- ATACCTOCTGLGRAT
TA-ATACCTCCTGATGAT

Iﬂ']!'!ﬂl_‘f-—dtn-:l_h—h_ GTCA—-A

[T ACTAATACTOCTGGETATOOET

3 AT GhCAAT

AVIHES] Uncubured bacterism T GTA COLOCTT

n TC GAA—— GRGGAT
4 AG-TOC— GACAKT
GOUEIMT Prevotells sp  TE-TCA— TTCATT
19 G GTG—— GRGGAT

1% TAAT

T Ak ACARGOC CTCACT

12 AAT-ACAAGOGECGETCAC

A %M _Goobacillen_pallidus

130 TAAT

DAY Sulfurmpirilles_sp AGET
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EUIMNIH Rabiemin sp T4 ATACCTOGGGGGEAT
ATEI0IT4 _hraspira_sp TA-ATATCCGTTGTTGAT

154 TA- ATACGTTAGATTCAT
FMIT2_Uncaltared_bacierium TA-ATACGAGTAATGEAT
FIEE466 Uncaltarsd_bacicrium TAAT
Jia58_Eeeli ~ TA-ATACCTTTGCTCATT
ATSE4EIS Goshucllln sp  CGA-ACAGGEC GETACCT
ATTRGIDS Bacils sp  GA— CTTTOGTCCATTGE
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APPENDIXC: SEM IMAGES

The following figure shows a magnified SEM image of bacteria attached to the surface of activated

carbon that has beemodified to a pH of 7

S pm
Modified AC

FigureC1: Modified activated carbon charged to a pH of 7. Magnification 17976
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10/5/2010 | HV | mag | WD | det
9:08:23 AM | 5.00 kV |5 856 x| 10.3 mm|ETD

S/ i p— 40 pm
9:16:16 AM | 5.00 kV | 2928 x| 10.3 mm|ETD Modified AC

FigureC2: Modified activated carbon charged to a pH of 7. Magnification 3000 to 6000
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EXPERIMENT1: (CHARGE M@®IFICATION OF BACTERAL SURFACE ADAPTEDFROM

BUSSCHER ET AL2006),SEMIMAGES

After centrifugation the solid bacteria was washed with 3 different solutions of pH 4.5, 6 and 7. The
pH of these sterile water solutions were altered using 0.1imNlfric Acid and 0.1 mdl/Sodium

Hydroxide. Once they were washed adequately the aliquots of bacteria were poured into the three
solutions (each 20 Hhrespectively. Activated carbon (0.6 g) was then placed in of each inoculated

solution. The three solutins were then incubated for 4 days and later viewed under SEM.
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FigureC3: Modified activated carbon pH 5 (Experiment 1)
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FigureC4: Modified activated carbon pH 6.3 (Experimefh)
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FigureC5: Modified activated carbon pH 7 (Experiment 1)
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EXPERIMENT2: (CHARGE MMIFICATION AFTER BATERIA INOCULATION, SEM

IMAGES

Experiment 2 as described previously was performed as follows. Aftesulb&tratumwas added to
bacterial solutions, the solutionwere adjusted to 3 different pH values (5, 8da7). The 3 flasks
were then placed in an incubator at 3D with shaking at 100 rpm, specimens were then taken for
analysis after 4 day3.he following figures show the SEM images that were taken for the specimens

in this experiment.
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FigureC6: Modified activated carborcharged to goH 5(Experiment 2)
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FigureC7: Modified activated carbon charged to pH(&Experiment 2)
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FigureC8: Modified activatedcarbon charged to pH {Experiment 2)
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EXPERIMENT3: (CHARGE MODIFICATION & ACTIVATED CARBON 8LY), SEM

IMAGES

Sterilized water was altered to the desired pH loé tactivated carbon. The pH was altered using 0.1
mol/l Nitric Acid and 0.1 mdl/Sodium HydroxideActivated carbon (0.6 g for each pH) was washed
in the modified sterile water for 20 min to ensure the alteration of the surface charge. Upon the
completion of charge modification 20 hof bacteria culture solution (pH 7)2was added to the
conical flasks each containing charged activated carbbe.following figures show the SEM images

that were taken for the specimens in this experiment.
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FigureC9: Modified activated carbon charged to pH 4.86 (Experiment 3)
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FigureC10: Modified activated carbon charged to pH 6 (Experiment 3)
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