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Abstract

One of the current proposed stégikes for the disposal of intermediate level radioactive waste
(ILW) is that of an underground facility termed a geological disposal facility (GDF). Under
the anoxic alkaline conditions (10.5<pH>13) expected to develop withifL\&/-GDF
cellulose will undego chemical degradation to a range of cellulose degradation products
(CDP). The major components of which will be the isosaccharinic acids (ISA). ISA is of
particular interest with regards to the long term performance of a GDFodigeability to
comple radionuclides altering their solubility and thus the long term retention of such
radionuclides. The removal of these complexants by microbial action could therefore have an
impact upon the lontermperformance of an IL\WGDF.

The biofilm mode of existare is able to increase the resistance of microbes to environmental
stresses and could be a mechanism for microbial survival undedDW conditions. Recent
research has shown the ability of microbes from an-lGIF anthropogenic analogue site to
degrade $A under hyperalkaline conditions, howevap studies have yet looked at the
ability of alkaliphilic biofilms to survive under these conditions whilst using ISA as a carbon
source. The aim of this work was to ascertain the ability of alkaliphilic biafdmsortia to
survive and degrade ISA ued near field conditions and téurther investigate the
mechanisms of this survival.

Using cotton bajtbiofilm was able to be grown 4gsitu at an analogue site located at Harpur
Hill, Buxton, UK. Enrichment of ths biofilm using CDP driven microcosms under both
sulphate reducing and methanogenic conditions at pH 11 showed the degradation-of the
ISA, t-ISA and xylo ISA types through a fermentation pathway to acetate and hydrogen.
Investigation into the morphology of these microcosms revealed the microbes to existing
within flocs or aggregateof EPS which had a complex EPS composition. Micrdedee
profiling of these flocs revealed areas of lower pH than the external pH to be present within
the interior of these flocs, a finding which was attributed to microbial survival under the
alkaline conditions.

Floc cultures were able to form thick denbiofilm within sand columns which enhanced the
rate of ISA degradation and facilitated the production of methane and sulphide under relevant
conditions. Micreelectrode pH profiling again demonstrated low pH areas within the biofilm
which contributed tavards biofilm survival and ISA degradation up to pH 13. Biofilms were
able to impact ILWGDF relevant surfaces with evidence of carbonation and EPS substances
found upon NRVB, steel and graphite surfaces.

The ability of biofilms to form under ILMGDF condtions could facilitate microbial survival
under ILW-GDF conditions and have an impact upon the long term performance of an ILW
GDF. This could be through the carbonation of NRVB surfaces, the blocking of pore throats,
gas productionmicrobial induced coosion related to sulphide production ahdough the
removal of radionuclide complexants.
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1. Nuclear waste disposal concept and the

generation of isosadgarinic acids
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1.1 Overview
One of the current proposed strategies for the disposal of radioactive waste is that of an

underground facility termed a geological disposal facility (GDF). This chapter will discuss
the details of such a facility with regard ttee current nuclear waste inventory destined for
disposal within the United Kingdom (UK). Although both intermediate and high level wastes
are destined for disposal via a GDF only the intermediate fraction contains a range of
cellulose bearing materials.nder the anoxic alkaline conditions expected to develop within

a GDF cellulose will undergo chemical degradation to a range of cellulose degradation
products (CDP). The major components of which will be the isosaccharinic acids (ISA). ISA
is of particularinterest with regards to the long term performance of a GDFRdit® ability

to complex radionuclides altering their solubility and thus the long term retention of such
radionuclides.

1.2 Nuclear waste legacy
The generation of radioactive wastes within the results from electricity generation from

nuclear power stationghe associated production and processing of the nuclear fuel, the use
of radioactive materials inndustry, medicine and resear@nd from military nuclear
programmes. The production dddioactive waste within the UK began in 1947 with the
construction of the first nuclear reactor by the Atomic Energy Research Establishment
(AERE) Harwell, which aimed to demonstrate the viability of commercial rea(tpr3his

was followed by the establishment of the first nuclear power station Calder Hall 1 at
Sellafield in 1956. The UK nuclear industry rapidly expanded from that point with the
construction of 11 Magnox power stations coming wperation between 1956 and 1971 and

7 advanced gas cooled reactors (AGR) coming into operation between 1976 and)1989
The wastes generated by the operation of these facilities and their askociate
decommissioning is categorised based on its thermal and radioactive output. As of 2013 the
UK radioactive waste inventory of 4.5 million cubic meters was composed of high level
waste (0.02 %), intermediate level waste (6.4 %) and low level waste (938).%hese

types of wastes are discussed briefly below.

1.2.1 Low level wastes
Low level wastes (LLW) generated within the UK are currently disposed of via a low level

waste reposory (LLWR) at Drigg, Cumbia which has been in operation for over 50 years.
The waste to be disposed of generally consists of paper, cardboard, plastic, protective

clothing, soil, rubble and met#B), which has a radioactive content not exceeding 4 GBq
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(gigabecquerels) per tonne of alpha, or 12 GBq peremi beta/gamma activitfi). LLW

waste which is not suitable for incineration or recycling is compacted into steel containers
which are then filled with cement and placed into condiaesl vaults LLW has radioactive
emissions which fall below the limit for emplacement within a GDF and as such the disposal
strategy does not relay on saturated alkaline condi{@nsn this case the cellulose portion

of the waste undergoes anaerobic microbial based degradation rather than alkaline chemical

hydrolysis(4).

1.2.2 Intermediate level waste
Intermediate level waste (ILW) exceeds the upper boundaries for LLW classification but does

not require coolig to be taken into account during storage. The UK inventory as of 2013
contained 290 000 #rof ILW designated waste which contained approximately 2000 tonnes
of cellulosic materials such as wood, cloth and p&RerThis ILW waste also contains a

range of other organic and inorganic matter resulting from the operation and

decommissioning of facilitie, 6) including:

X Wide range of forms of steel, including cladding, reactor components, site equipment
and plant items.

X Graphite mainly in the form of moderator blocks from final stage reactor dismantling
at Magnox and AGR power stat®n

x Concrete and rubble generated from the dismantling and decommissioning of
facilities.

x Sludges, spent ieaxchange resins and flocs: resulting from the treatment of liquid
effluents and from the corrosion of fualated waste stored under water.

1.2.3 High level waste
Although only a small portion of the total UK radioactive waste inventory by volume, the

high level waste (HLW) inventory is expected to account for over 95% of its total
radioactivity by 204Q0(7). HLW is categorised as waste whirequires cooling duto its
radioactivity and is produced initially as a nitric acid solution that is-prbgluct from the
reprocessing of spent nuclear fuel. This waste is converted into a solid glass prior to disposal
using vitrification and requiretong time frames for the radioactivity to reduce through
natural decay processéd). There is no cellulose material associated with this waste form

and it is to be stored separately from both ILW and L{9)V
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1.3 Geological disposal of nuclear wastes
Current UK government policies for the long term disposal of long lived radioactive wastes

such as HLW andL. W is that of GDF. Waste is to be permanently stored in a facility up to
1000 m below ground (Figure 1.1) with siting of any such site within the UK based on the
volunteerism of the local community. At the time of writing the location of such a faality i
undecided>5, 9. A strategy employing a cementitious based buffer and backfill is considered
within this thesis, however, other tams including clay based buffers and backfill,

magnesium oxide and crushed host rock can be emp{@yed

Figure 1.1: Artists impression of a geological disposal facilityFigure is takn from
D.E.C.C. 2014 white paper on the implementation of a UK based(@DF

A GDF facility will consist of both a surface facility amath underground facility. Tehsurface
facility will receive waste and then transport it to the underground facility. The underground

facility will then indefinitely host the waste utilising a mddb@rrier system to isolate it from

the biosphere during lortgrm storage (Figure 1.2, 9.
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Figure 1.2: The multi-barrier system for ILW disposal Figure is taken from the N.D.A.
UHSRUW p$Q LOQOWURGXFWLRQ WR WKH. JHQHULF GL\

There are three main categoriesllofV which include liquids and slurries immobilised in a
solid matrix, homogenous sludges and grouted wastes (intimately and aiful@be first

phase of the muHbarrier system is that of physical containment by the compaction and
condtioning of the waste into a 500 L stainless steel canister or 3 cubic meter stainless steel
or concrete box within a cement grout matrix. The packages are designed with vents to allow
the escape of corrosion gases to prevent over pressurisation and aieedeirther in

Figure 1.3(6, 10)
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Figure 1.3: Details and example cutaways of ILW waste canister&igure adapted from
N.D.A. reports (6, 10.

A cementitious backfill composed of lime, limestone flour and Ordinary Portland cement
known as Nirex reference vault backfill (NRVB) is used to backfill the waste inside a
subterranean vault and forms the second stage of the-baudiier system by employing
chemical conditioning to the was({&1). The NRVB is designed to be highly porous and
relatively low strength to allow for the formatiarf homogenous chemical conditions, gas
migration and the aliiy to retrieve waste if needgd 2, 13) Upon saturation of the NRVB
encapsulated facility by ground water a hyglealine environment should form in the near
field which is expected to aid radionuclide retention within the GDF through sorption to the
backfill and the formation of insoluble carbonafés During the evolution of the near field,
conditons will initially be made hyperalkaline (> pH 13) by the dissolution of alkali metal
hydroxides with a temperature of up to 80 °C due to the cement curing p(éredsiring

this process the near field conditions are also expected tonkbeaoaerobic due to the
removal of oxygen through steel based corrosion e\i@d)sAs time progresses both the pH
and temperate are expected to fall with interactions between the backfill and groundwater
maintaining a pH of around 12.5 due to the dissolution of Portlandite and the generation of

hydroxyl ions (OH). The pH is expected to further reduce as time progresses dbe to t
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dissolution of cement hydration products including calcium silicate hydrate (CSH) gels
bringing the pH to a value between pH 10 and pH {22» Beyond this the pH is expected

to be buffered by the dissolution ¢dw solubility minerals such as calcium carbon@el?.

This process is summarised in Figure 1.4.

s L 1 n v

12,5 \ Ca(OH).

Na, K

Stage Il, pH=12.5

pu
Q
w0
o Calcite
)
T
o
z::’) Stage IV
g Stage Ill, 12.5>pH>10 pH = incoming water

Time ——

Figure 1.4: pH evolution of the near field GDE )LJXUH WDNHQ IURi@d1 ' $ plH

(YROXWLRQ 6\WDWXV 5HSRUW

The final component to the mubbarrier system is that of the host rock the GDF is to be
placed within. The host rock should be able to both conduct heat to prevent large
temperature rises within the GDF and disperse gases to prevent mechanical disfuibio
facility (13). As well as providing a weak hydrogegical environment which slows the
progression of ground water to allow for the evolution of such a facility at a slow rate which
can be forecast with confiden¢E5). The host rock should also provide properties tétrd

the movement of any radionuclides in groundwater including sorption onto mineral surfaces
and properties that promote hydraulic dispersion and dilution of radionuclide concentrations
(16). The host rock properties must also show little fluctuation over the time period for which
the GDF is to be operational with examples of high strength host rock including crystalline
igneous, metamorphic rock or older sedimentary rocks such asedfEs)it An overview of

the evolution of an ILWGDF is given in Figure 1.5.
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During this period, the engineered system
evolution would be characterised by
resaturation with inflowing groundwater,
consumption of trapped oxygen by aerobic
corrosion and conditioning of cement pore
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containment of radionuclides would be
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of wastes and their containers and the
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b) Engineered system evolution for ILW
on the timescale of thousands of years

During this period, the engineered system
evolution would be characterised by the
equilibration of the vault pore water to a
high pH and reducing conditions (low Eh),
the continuing anaerobic corrosion of the
steel containers (releasing gas and leading
to penetration of their structure), physical
and mineralogical changes to the
cementitious backfill, and the continuing
radioactive decay (including ingrowth) of
the initial inventory.

c) Engineered system evolution for ILW on
the timescale up to one million years

During this period, the engineered system
evolution would be characterised by the
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conditioning of the vault pore water, slow
mineralisation process that can effactively
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Figure 1.5: Overview of the evolution of an ILW-GDF. )LJXUH WDNHQ IURP
ILHOG (YROXWLR(@.6WDWXV 5HSRUWT
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1.4 Alkaline cellulose degradation under ILW-GDF conditions

1.4.1 Cellulosic materials
The heterogeneous nature of the ILW to be disposed of within a GDF will result igeaafan
cellulosic materials being present. Materials such as cotton are primarily composed of
cellulose polymers and more complex materials such as woods are composed of multiple
polymers including cellulose, hemicellulose and ligfii). Both cellulose and hemicellul®s
are susceptible to chemical degradation under alkaline conditions with differences in the
solubility of cellulose and hemicellulose leading to different degradation rates under these
conditions(18). The structure of cellulose is composed of repeating units of thectisride
cellobiose througlfl,4) t-D-glucose unit linkage where each glucose unit is rotated tb80
its neighbourig unit with intramolecular hydrogen bonding betweethe 3-OH and the
preceding ring O%19, 20 (Figure 1.6). In comparison hemicellulose is composed of a range
of monosaccharides which vary depending upon its synthesis sources, but in general contains
repeating units of xylans, galactoglucomannans, glucomannans and arabinogdijtans
Cellulose is synthesised through chain elongation at the reducing end of the polymer with
both amorphous and crystalline regions occurring as the chain extends resulting in a
biopolymer with a higher degree of polymerisations compared to hemicel(@lQ).

OH OH —

Cellulose

. OH
g g -"}T'“"-h-.,;é-'*' oM
) \ 0
kY
5
OH

Q”O /;‘\%7H“GH Cellobiose

Figure 1.6: Structure of cellulose and cellobiose

1.4.2 Anaerobic, alkaline degradation of cellulose
Following maturation of the GDF a chemically reducing, anaerobic, high pH environment of

around pH 12.5 with temperatures gfto 80 °C are expectdd, 13) Under these conditions
FHOOXORVH PD\ EH GHJUDGHG YLD D SURFHVV NRZQ DV '
like units are progressively stripped from the ends of thenBydroglucopyranosgo, 22,

23) (Figure 1.7). The peeling reaction continues along a cellulose chain until the exposure of
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a crystalline region umn which a physical stopping reaction takes place due to a reduced
accessibility of reactive end grouf20, 22) Reactions can further occur if an end group
becomes soluble or mid chain scission occurs through radiolybicegses yielding new

exposed end groug@4, 25)With regards to cellulose degradation within a GDF, chemical
degradation of cellulose is expected to constitute the majority of the degradation type in
comparison taadiolytic degradatiorf20). The major products from the alkaline degradation

RI FHOOXORVH XQGHU UHSRVLWRU\ FRQGLWLRQV DUH WHK
diasteromeric forms of-£-(hydroxymethyl}3-deoxyD-pentonic(isosaccharinic) acid (ISA)

(Figure 1.8), alongside a range ® WKHU ORZ DEXQGDQFH &'3V 7KH D¢
&'31V DUH H[WHQVLYHO\ GLVFX(2Z2) W usad aQarietpofix@BoseH QQH G
sources under a range of different temperature and alkali values and catalogued the associated
&3V JHOQOHUDWHG $PRQJ WKH DGGLWLRQDO &'3YV DUH VI
acetic acid, formic acid, promnic acid and lactic acid which can be utilised as carbon
sources for microbial metabolis(@86). Where ISA is generatedoin the peeling reaction of

WKH DPRUSKRXV UHJLRQV RinefadaoddafiddMFA) aredapnizd inklaeX F R
termination reactions when a crystalline region is rea¢B8d 24) There is little literature

available to suggest a role for MSA in the complexation of radionuclides but it could,
however, act as potential carbon source for microbial metabolism. Hemicellulose is likely to

be present within an ILWGDF and as it is soluble under these conditionkkedy to be

completely hydrolysed(18), with the gluco and galactoglucomannan components of
hemicellulose degradeid the same fashion as cellulose. The xylan components, however,

are likely to form xylosaccharinic acid-(Boxy2-C-(hydroxymethyljtetronic acid,(XSA))

(20, 27) XSA can exhibit similar radionuclide complexatidehaviour as ISA but will

probably not be in a high enough concentration to adversely affect long term repository
performance28).
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Figure 1.7: The peeling reaction of cellulose under anaerobic alkaline conditions.
Figure taken frong20).

1.4.3 Significance of ISA within ILW -GDF concept
ThH JHQHUDW L-R&$ RO QERIW K LI X UH ZLOO FRPSULVH XS
generated under ILYGDF conditions(24, 29) The diastereomers of ISA are of particular
importance to the long term performandean ILW-GDF due to their ability to complex
radionuclides leading changes in their solubility and potentially altering the migration of
radionuclideg18).

@ COOH ) COOH

HOCH, — C — OH

|
CH,

H—C — OH
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Ho—é—cmm
o
H—é—OH
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Figure 1.8: The diastereomers of isosaccharinic acid
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Under hyperalkaline conditions ISA has been shown to form soluble complexes with a range
of radionuclides including plutoniurg80, 31, thorium(32), americium(33), europium(32),

nickel (34) and uranium(35), with an extensive review provided by Gaaetaal (36). ISA

within cellulose degradation leachates has been shown to increase the solubility of plutonium
above pH 12 at a concentration above® M) with the solubility of plutonium increasing

from 10° to 10* M given ISA concentration changes from™>l@o 10° M (31, 36.
Investigations using-ISA showed its ability to complex uranium at pH 1835) and nickel

under alkaline condition@4). Investigations using thorium have shown the ability of ISA to
increase the solubility of thorium under alkaline conditions up to pH 13.3, with thorium able
to form a calcium ISA complex under alkaline conditions between pH 10.7 and pH 13.3
(Equaton 1.1)(32).

60" E%® Evitr E+5%\ %=B1*;3:+5%:=ME *~
Equation 1.1: Thorium, calcium, ISA complexation.

Considering the cementitious nature of the disposal concept, modificdttbe interactions
between radionuclides and the engineered barriers are an important factor towards long term
retention of radionuclides within a GDF. Work by Wielaadal (37) showed a reduced
ability of hardened cement pastes to uptdi@itim at pH 13.3 when-ISA concentrations

were above IO M. Similar results were also seen using NRVB and plutonium, where an

ISA concentration of 0.01 M reduced the logarithmic sorption constant of plutonigm (R
from 5 dnt kg' * (without ISA)to 2 dn? kg’ (31). The ability of calcite, an important
component in host rock has also been shown to have a reduced ability to sorb europium,
americium and thorium at concentration values abové MIOISA (33). The ability of
microorganisms to degrade ISA could therefore fmvanpact on the long term performance

of an ILW-GDF through the removal of these complexants.

1.5 Summary of chapter
The UK has a large nuclear inventory from a long nuclear legacy which can be categorised

into high, intermediate and low level waste forbased upon the materials radioactivity and
heat generation. A current option for the disposal otlthi¢ portion of the inventory is via a
GDF which will operate via a muHbarrier system to retain the waste. This barrier will
consist of physical contairent using steel canisters, chemical containment using a
cementitious backfill and geological confinement and containment via the host rock the

facility is placed in. Upon saturation of an IL@DF with groundwater, an anoxic
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hyperalkaline environment is eggted to form in which the cellulasportion of the waste is

expected to undergo alkaline hydrolysis via the peeling reaction to form a range of cellulose
GHIJUDGDWLRQ SURGXFWYV 7KH . DQG GLDVWHURPHULF IR
components of these CDP and have relevanteetécong term performance of an ILGDF

due to their ability to form soluble complexes with certain radionuclides potentially

enhancing their migration into the biosphere.
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2. Microbial processes under ILW-GDF conditions
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2.1 Overview
There is the ptentid for microbial colonisationof an ILW-GDF during the construction

phase and/or from the subterranean biosphere post cl@8ir& he generation of ISA from

the cellulosic component of the ILW could act as a potential carbon source for microbial
metabolism through processes such as fermentation and anaerobic respiration linked to
terminal electron acceptorsEAR) (20). Inundating ground water is expectiedhave passed
through the microbial thermodynamic ladddnexeby higher energy yieldingeAR vV VXFK DV
oxygen, nitrate and iron are sequentially utilised as ground water passes through the deep
biosphere(38). The waters of the UK amgch in sulphate and coupled with the hydrogen
produced through corrosion processes may lead to the generation of methanogenic and
sulphate reducing conditions within the near field to the waste. This chapter will address the
potential for microbes surving under the hyperfehline conditions expected within & -

GDF and will discuss related fermentation, sulphate reducing and methanogenic metabolic
processes. This chapter will also discuss the impact that biofilm formation may have upon the
ability of microbes to survive under ILMBDF conditions and the relevance biofilm

formation may have upon the long term performance of an-GIW.

2.2 Microbial survival under ILW -GDF conditions
Conditions within an ILWGDF are likely to be anaerobic, chemically reitig and highly

alkaline with calcium dominated porewaters due to leaching from the cementitious backfill
and the corrosion of steel materia(¥, 14). Tolerance to alkaline conditions by
microorganisms isvell documented under a range of laboratory condit{88s4Q as well in
different environments such as soda laké$), ophiolites (42) and serpentinite hosted
alkaline seepg43). Microorganisms able to tolerate and grow under alkaline conditions
above pH 9.0 are termed alkaliphilic and have unique adaptions to survive the external
environmental stres@4). In order for microbes to survive under alkaline conditions the pH
of the cytoplasm within the cell must be maintained to allow for the proper function of
enzymes and metalic processeg45). Most nonextremophilic microbes maintain a
cytoplasmic pH within the range of pH 7.4 to pH #8) where as alkaliphilic bacteria are
reported to tolerate much higher values generally >2pathts below the external pH value
(47). ForexampleB. pseudofirmu®F4 maintains an approximate cytoplasmic pH value of
pH 8.2 when growing on malate at pH 1@48). The ability of alkaliphilic microbes to
maintain cytoplasmic pH homeostasis under afi@lconditions relies on transporters and

enzymes that promote proton capture and retention such as ATP synthase and Na+/H+
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antiporterg47). Themrp antiporter is one such Ri&™ linked example which allowBacillus
species to tolerate alkalim®nditions(49) with complexes of thesarp proteins theorised to
funnel external protons to the antiporter reg{di, 50. The production of metabolic acids
through fermentation processes occurs within the cytoplasm and can also cerilaut
lowering of the cytoplasmic pH as seen in an antiporter miBantillus species(47, 5J).

Further alkaliphilic adaptions also include the incorporation of larger amounts of teichuronic
acids in the cell wadl (52) and acidic lipids such as cardiolipin and phosphatidylglycerol
within cell membranes of the bacte(3). Utilising these previously described adapsion
alkaliphilic microbes are able to survive and grow under even the most hyperalkaline of
conditions with Bacillus and Clostridia species detected in a steel slag contaminated wetland
at pH 13.2549 andvaULRXV PLFURELDO VSHFLHVY GHWHFWHG LQ WK
Magqarin area of Jordo®5).

2.2.1 Natural analogue sites
The use of analogue sites enables the investigation of both chemical and microbial processes

under the conditions expected to form within an HGWDF (56). Numerous sites around the
world possess hyperalkaline sediments and waters which have formed due to the local
geochemistry of the rock formations thie region(42, 43 or through evaporation processes

(41, 57. At these sites an array of microbial processes are still able to proceei@ despi
external alkaline condition8-60). A common hyperalkaline formation is that of the soda
lake, an area characterised by high salinity and alkaline waters of between pH 8.0 and ~pH 12
(41). At these sites carbonate is the dominant anion within the waters \iteatians at low

levels and NacCl in varying quantities sometimes reaching hypersaline él)eStudies of

the microbiology of the sediments of these areas, have revealed microbial communities that
have members unique to these aread have most likely evolved separately under the
alkaline conditiong41). Studes at Mono Lake, California (~pH 10.0) have revealed a wide
range of microbial diversity within the meromictic layers at the site consisting mainly of
bacteria from Actinobacteria, Bacillus, Clostridia,and Proteobacteria and Bacteroides
lineages(62). Further studies of other soda lakes have revealed a similar large degree of
microbial diversity(61) with processes including sulfate reduct{®3), methanogenesi$4)

and the anaerobic oxitlan of methan€65) all occurring under these conditions.

Ophiolite complexes of mafic and ultramafic rocks generally have hyperalkaline waters
associated with them due to serpentinizatiatesse$66). A potential natural analogue site

in the Troodos mountains in Cyprus has been investigated for its microbial di{éiity
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The site harbours hyperalkaline springs (pH #01) which are rich in calcium due to the
interaction of Mg(HCQ), type meteoric groundwaters with the ultramafic rocksthod
ophiolite (68). Samples taken from a range of hyperalkaline locations at the site showed a
wide range of acterial diversity which included the potential capacity for hydrogen oxidation
through Hydrogenophagaspecies, the ability to fix nitrogen viRaaenibacillusspecies and
iron(lll) reduction through microcosm experimer{&’). The microbial diversity of other
ophiolite based sites has been investigated at range of locations around the globe including
the Semail ophiolitic complex in Oma(69), Del Puerto in Californig68) and the Leka
complex, Norway(42), with each site possessing a wide range of bacteria. The Magarin site
in Jordan possesses hypk&eadine calcium rich waters which are a result of interactions with
naturally occurring cement minerals and not due to the alteration of ultramafic mifa€als
Investigations into the microbial diversity at this site have revealed betwdand @@ cells

mL™ of water with Proteobacteria the dominant phylam further investigations showing

the local consortia at the sitapableto respire anaerobically using a range of carbon sources
(77).

2.2.2 Anthropogenic analogue sites
Anthropogenic sites are generally formed by contamination from industrial processes such as

limestone processing, steelwork slags and bauxite processing which lead to the generation of
extreme geochemical environments including the gdéioeraf alkaline conditiong54, 56,

72). Sites are often contaminated with bactericidal heavy metals such as arsenic, chromium,
copper and zin€73, 79 and other chemical compounds such as xenobi@tgs The initial
response of the local microbial consortia at these sites is to reduce in population size and
diversity; however, as time progresses the local consortia can adapt and evolve to survive
(76). Examples of this can be sem the generation of chromium resistant microorganisms at

a site contaminated by tannery wagté) and the evolution of acidophilic microorganisms in

acid mine drainag€&r9).

A former lime burning waste disposal site near Buxton, UK has previously been investigated
as an anthropogenic analogue for some aspects of ILW waste digpfsa. At this site
historical lime kiln wastes made up of lime, calcined limestone, coal ash, part burnt coal and
clinker were disposed of in the valley adjacent to the works. Percolation of rain water through
this wastehas ledto hyperalkaline calcium hydroxide leachates \Wwhigoon contact with
atmospheric carbon dioxide form a calcium carbonate @6a 79. Investigations of the

sediments beneath this tufa surface has revealed an active diverse microbial consortia
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composed of previously unidentified bacteria of Comamonadaceae, Bacteriodetestes

and Thermotogae species which were capable of both nitrate and iron reduction at ~pH 12.0
(56). At the boundaries between the hyperalkaline calcium rich porewaters and organic
materials, both. and t forms of ISA have been detectedsitu (80), with small scale batch
investigations using grewaters and soils from the site also demonstrating ISA generation
under lab scale conditions in a temperature dependant m@theFurther the degradation

of ISA has been demonstrated under methanogenic, selpbducing, iron reducing and
nitrate reducing conditions using sediments from the site to form different types of liquid
cultures at a variety of pH valué’&l-83). Further to the ability of the microorganismggent

at the site to degrade ISA, investigations using sediments from the site have also shown
evidence of iron, nitrate and sulphate reduction at alkaline pH values using lactate and acetate
as electron donor&0). Microbial community analysis of the hyperalkaline sediments at the
site via 454 pyrosequencir(@3) and MiSeq platform¢84) has revealed a large degree of
bacterial diversity despite the hyperalkaline porewaters of up to and above pH 13, with
bacteria from the Firmicutes, Proteobacteria and Bacteroidetes Phyla forming the majority of
the bacterial compomés. In addition to the bacterial component, methanogenic archaea were

also detected in the sediments at the site but in very low abun@j.ce
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2.3 Biofilm formation
The bacterial biofilm is argued to be the most successful form of life on(8&)thThis is in

part due to the large scale distribution of biofilms under most of the planets moderate and
hostile environments including animal86), aquifers (87), deep sea sedimen{88),
hydrothermal areaé39), permafrost(90) and rock face¢91) to name but a few. Within a
bacterial biofilm as little as 10 % of the dry mass can be cells with the rest being made up of
extracellular polymeric substances (ER8)). EPS is the external gel like matrix in which

the cells embed themselves and is formed from a scaffold like structure of kximacENA
(eDNA), proteins, polysaccharides and lipi82). Interactions between the different
functional groups of these EPS components assist in the stability of the EPS (8@trix
(Figure 2.1). As well as stability these components also assist in providing an array of
biochemi@l and physical properties to the biofilm, with a summary provided in Table 2.1.
The production of a biofilm allows cells to adhere to surfaces with cells embedded within the
biofilm operating under a different lifestyle than compared to planktonic exes{&d).
Biofilms also provide a protective barrier from the emérenvironment in which the bacteria

can modify the local conditions resulting in increased resistance to a vast array of
environmental stresses such as desiccation, solattioaglipH and temperature shiftsxd
predation(95). This protective environment can be greatly beneficiblttterial survival and
propagation as seen by the increased resistance of biofilms to antibiotics and attack from the
immune system in human woun{6, 97. Modification of the local biofilm environment

can come from a range of sources includingplyducts of microbial metabolis(®8) or by

EPS components themselves, with bacteria witltiid anine drainage biofilms shown to
specifically secrete proteins with a high isoelectric point in order to buffer the internal pH of
the biofilm (99).
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EPS components

Function Relevance for biofilm : Reference
involved
. The attachmeraf planktoric cells to both biotic and abiotic  DNA, polysaccharides (100,
Adhesion ;
surfaces. and protein. 101
Agareqation The ability of cells to form an immobilised population leadir DNA, polysaccharides (100,
9greg to high cell densities in local areas. and protein. 101
. Formation of hydrated polymer network that mediates biofil Neutral anq charged (102,
Cohesion . . ; . . ; polysaccharides, DNA
stability often through the interaction with multivalent cation . 103
and proteins.
Enzyme The biofilm allows for the binding of enzymes within the mat .
. ; . . Protein. (209
content acting as a potential external digestive system.
Exchange of
genetic Facilitates horizontal gene transfer between cells. DNA. (105
information
Nutrient Biofilm components prode a carbon, nitrogen apthosphorus Potentially all EPS (106
source source. components.
Protective Confers resistance to environmental stresses (antibiotics  Polysaccharides and (95, 99
barrier antimicrobials, predain, and oxidation) and host defences protein. '
Sink for Allows for the formation of external carbon stores. Polysaccharides. (85
excess energy
Sorpt"”? of Allows for the accumulation of organic compounds from th Charged or hydrophobl( (107,
organic . : . L polysaccharides and
environment including xenobiotics. : 108
compounds proteins.
Sorption of Allows for the accumulation of metals and promotes miner Charged (108
inorganic formation, ion exchange mechanisms and polysaccharide  polysaccharides and 109)’
compounds formation. proteins.
Water Maintenance of a highly hydrated local environment leads Hydroph_ilic
; ) . . . polysaccharides and (85, 110
retention resistance against desiccation. lipids

Table 2.1: Biofilm properties of EPS components.

In order to initiate biofilm formation a free floating cell must adhere to a surface to initiate
micro-colony fomation through aggregation, a mathematical model of this process is given
by Johnsor{111). The adherence of a cell to a surface can be separated out into three phases
the conditioning of a surface and the primary and secondary forms of adhesion termed
HGRFNLQJY DQG puOREN Iig Xinditionig@atsurface is the coating of the

surface with polymers and molecules present withenglarrounding media, an example of

VXFK LV WKH pDFTXLUHG SHOOLFOH § ZKLFK GHYHORSV R(

(113. A conditioned surface may then facilitate the primary or docking phase of a cell which
may encounter the gace either through random chance propelled via fluidic motion or via
chemotaxis or motility(112). This reversible stage of adhesion is generally dictated by the
net sum of attractive or repulsive forces between the cell and the surface, with forces
including hydrophobic interactions, electrostatic forces and van der \fdacds(114). The
condition of a surface can influence this stage by providing additional interactions between
the cell and th surface as seen in the adhesion of bacteria to the oral acquired (El&le

or Staphylococcus epidermidis polyethylene in the presence of surfactivated platelets

(116). The secondary form of adhesion is known as locking whereby the cell becomes
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irreversibly bound to the surface through adhesion mediated structures gilchfiasoriae,

and fibrillae(112). EPS produced at this point helps to mediate adhesion between the cell and
the surface by interactisnbetweenligand molecules and through the modulation of the
physiochemical properties of the localised afEh4). During thisphase other microbes may

also stick to the cells forming aggregates upon the surface with the adhesion of one cell
possibly promoting the adhesion of cells from different spdai£g. Once adhered the cells
begin to divide and produce EPS to form biofilm, with the growth of any such biofilm limited
by the available nutrients and the perfusion of nutrients through the biofilm materials
themselveg112). Eventually during the maturation of a biofilm a stage is reached whereby
the biofilm reaches a critical mass and planktonic cells begin to escape the biofilm. This
allows the possibility of biofilms to form elsewhere in the surrounding environment and may
also occur through sloughing of biofilm material its self, forming small aggreQate®S

and cells(113). The growth and development of cells within a biofilm is closely regulated
with cell to cell signalling through quorum sensing via chemical messengers such as acylated
homoserine lactoned18). Quorum sensing has been shown to regulate genes involved in
development of biofilm and promote the dispersion of cells out of the bi¢fill®, with its
disruption adversely effecting biofilm formation and developm@rit9). The ability of
microbes to immobilise themselves to surfaces allows for microbial populations to exploit
nutrient rich areas and prioes a greater access to genetic diversity. Although growth rates
are slower within a biofilm compared to planktonic cultures the benefits provide a clear

selective advantage to survival in harsh or nutrient poor environments.
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Figure 2.1: The microbial biofilm structure and the interactions between EPS
components[A] Diagram showing cell attachment to a surface followed by subsequent
aggregation and biofilm development. [B]&major EPS matrix compomés shown in

between cells. [CPiagram of interactions between EPS componénggire adapted from

(89).
The close proximity of cells to one another within a biofilm allows for syntrophic
relationships such as the interspecies hydrogen transfer between fermenters and methanogens
to take placg120). The ability of bacteria to form syntrophic relations allows microbial
processes to proceed near the thermodynamic limits of life as seen in the process of the
anaerobic oxidadin of methane where sulphate is used as a TAE (Equatioif121) The
energygeneratés |URP WKLV SURLB.BKY \WnofYifsflower than the required
minimum biochemically convertible energy that can be used by a bacterial2€l (o)
hence the process of AOM in theory does not yield enough energy to synthesig&22TP
123. Therefore organisms living in syntrophy such as methanogens and sulphate reducing
bacteria (SRB) as seen in microbial mats in the black sea which carry out (ADM
overcome this by the removal of end products by one species which are a result of the
utilisation of a subtrate by anothgd 23).
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Equation 2.1: Anaerobic oxidation of methane

A biofilm is theorised to be a highly competitive environment with only bactéat can
operate synergistically and effectively under the environmental conditions earning and
keeping a place within the biofiln85, 125. Biofilms can come in an array of forms
including thin films formed on materials such as steel, thick microbial mats and suspended
(36 EDVHG DJJUHJDW H99). Widt bRIdds sypte@R &% Seen commonly in
wastewater treatment and have a complexdoganised structure with bacteria around the
outer surfaces of the aggregate feeding metabolic products such as hydrogen and acetate in
towards the centre for methanogens to utilise (Figure (22, 127. There is evidence to
suggest that the @mitecture of biofilm is complex with aggregates of cdhather than
monolayers of cellsin a heterogeneous microstructure which can possess pores and channels
for water flow (128). Further the biofilm structure itself can also change varying upon the
environmental condition®5, 129 with biofilms under high shear stresses as experienced by
dental plagues resulting in a biofilm with a compact stratified appeafd3€e whereas

biofilms in flowing water exhibit a longer flowing streamer like struc(i29).
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Figure 2.2: Syntrophic interactions in biofilm. [A] Distribution of bacteria (green) and
archaea (red) through aggregate, archaea are situated towards centre. [B] Diagram showing

flow of nutrients and syntrophic interactions in aggregate. Figures taker{9grh27.
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2.4 Biofilms with relevance to an ILW-GDF concept
The ability of biofilm to exist in harsh environmental conditions is well documented with

biofilms seen in acid mine drainag#31), polar regiong132) and hot spring$133. An
ILW-GDF offers an anoxic, hyperalkaline, calcium doated environment with low
nutrients and limited availability ofHAfV GXH WKH SDVVDJH RI JURXQG Z
thermodynamic ladde(38). Despite these conditions the biofilm mode of life has been
reported at serpentinHeosted gperalkaline springs under these conditigég, 134. The
ability for microbes to colonise a GDF throughout its lifespan either througtlgsere
contamination or postlosure through groundwater percolation Idopotentially lead to the
formation of biofilm within microsites formed in the near field. These biofilms could affect
long term repository performance in a number of ways through biological and chemical
processeg26). The ability of microorganisms to form biofilm within the pore throats
porous media can lead to thenckage and lowering of the porosity of this mediavimat is
known as bieclogging (135. The action of microbial metabolism in biofilms within pore
throats could also lead to the formation of mineral precipitates such as calcégenass
Sporosarcina pasteurbiofiilms grown on granite in the presence of calcium chlofiBs).

The clogging of pore throats and the forimatof calcium carbonate under these conditions
could potentially help to prolong hydraulic retention within a GDF by sealing cracks and
fractures as seen in fracture sealing by calcite at the Maquari(/git€éhe formation of
biofilm, however, could also reduce the ability of host rocks to interact with radionuclides,
with experiments by Andersast al (137) showing a reduced ability of granitic $tarocks to

sorb cobalt, molybdenum, neptunium, americium and thorium when coated in biofilm. The
ability of microbes within biofilms to degrade ISA could potentially reduce the migration of
radionuclides with associated microbial metabolism producingucalcarbonate precipitates

as seen in the lithification processes of microbial nfa88). This formation of carbonate
precipitate could have an impact upon radionuclide solubility as radionuclides such as
uranium will coprecipitate with calcium carbona{@39. The products of the microbial
metabolism could also have an impact upon the sudemgerties of the engineered barriers
through the carbonation of the NRVB surface which could modify its ability to interact with
radionuclides (140, 14). Further the production of gas through processes such as
methanogenesis could also act as a potential mechanism for the transpdd olCof the

GDF into the biospherél4?). There is currently a paucity of information regarding the
ability of microorganisms to form biofilm under the hyperalkaline conditions expected within

an ILW-GDF. Recent studies have shown the ability of biofilms grown in crushed sandstone
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columns to survivelp to pH 13(143), whilst causing a level of biclogging and interacting

with technetium altering its migration through the systd#4). These studies, however,
employed a media which contained the organic supplement yeast extract which is not
expected to be present under IE®DF conditions and used lactate and gee#s surrogate

for ISA. As such the studies do not shed light on the ability of biofilms to form under ILW
GDF conditions with CDP, specifically the different forms of 1S, the primary carbon

source.

2.4.1 Microbial processes under ILW-GDF conditions
Due topassage of groundwaters through the thermodynamic ladder of microbial respiration

any groundwater saturating an I-@DF is expected to be depleted of most potenttzA T V

(38). As sulphate is abundant in most UK ground wa&#b) it possible that it could be

present within the near field alongside carloioxide as the most probable THAY WR GULYH
microbial processes. Under the conditions expected within the near field asidecogthe
availability of TEAfV IHUPHQWDWLRQ PHWKDQRJHQHVLY DQG SRW
be expected to be the dominant microbial processes. It should be noted that due to the
heterogeneous nature of ILW, THW LQFOXGLQJ QLWU Damidy ldadhRQmD QG P D
the wastd7), these TEAIV ZRXOG KR ZsindlHachouBtldonaared to carbon dioxide

and potentially sulphate.

2.4.2 Fermentation
The process of fermentatiaoccurs when no appropriate TER\available for higher engy

generating processes through oxidative phosphorylation, with energy generation instead
driven by substrate level phosphorylation the use of an endogenous TERM6, 147.
Examples of this can be seen in the generation of ethanot iakisence of oxygen by yeast
during the brewing proceg448). Hydrolysis of polymers such as polysaccharides, nucleic
acids, proteins and lipid generate a range of monomeric units suitable for fermentation
processed including sugars Xees, pentoses, tetroses), amino acids, polyols, purines and
pyrimidines (149). The general products of fermentation vary with bacterial species and
carbon source with end products including alcohols, volatile fatty acids (VFA) and gases such
as hydogen and carbon dioxidd49 (Figure 2.3). The process of fermentation is based
within the cytoplasm of the cell with products such as acetate and ethanol excreted into the
external environment. Under alkaline conditions the end products of faimentan help to

buffer the cytoplasmic pk47, 5 with hydrogen generation processes through fermentation

identified in hyperalkaline springs (>pH 10) of the Samail ophiolite in northern @b%&h
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The ability of microbes to ferment CDP in an ILBDF could generate a lower pH niche
through the generation of acids as seen in alkaline culture experiments where the pH is not

attenuated151). Also fermentation end products could further fuel other microbial metabolic

processes including methanogenesis and sulphate reduction.
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Figure 2.3: Fermentation end products of different bacterial generaFigure taken from
(149.

2.4.3 Methanogenesis
Methanogenesis is linked to the fermentation processes of anaerobic degradation, with the
products of fermentation acting as substrate for methanogenesis. Methanoigecasisd

out solely by archaea, which can be divided in 5 orders: Methanobacteriales,

Methanomicrobiales, Methanopyrales, Methanococcales, and Methanosarciha®s
Methanogenic archaea have been identified and isolated from a range of alkaline
environments including soda laké) and low salt alkaline sediment$53). Methanogens

can use three different pathways utilising different electron donors to drive their metabolism.
These include the GQreduction pathway in which formate or, k6 oxidised and CQis

reduced to Ckl(154). The acetotrophic pathway in which acetate is converted tpaGH

CO, (155 and finally CH, generation through the utilisation of methylotrophic substrates
such as, methylamines, methylsulfides and methgh66). These reactions and their
associated Gibbs free energies are shown in Table 2.2. The upper limit for methanogenesis

via the CQ reductbn pathway appears to be dictated by a salt concentration of 9@vigh_
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methanogens using the different pathways above this threqi@t). Consequently
investigations of methanogenesigéat 9.7 using slurries from Big Sodake, Nevada, USA
showed CH production through only the methylotrophic pathway using methanol,
trimethlyamine and methionin€l57). In alkaline areas of lower salinities methanogens
capable of autotrophic growth via the @@duction pathway have been isolated from a range
of environments. Worakiet al (153 isolated strains oMethanobacterium alcaliphilunsp.
from the lakes in the Wadi el Natrun of Egypt that were capable of autotrophic growth up to
pH 10. From this same area Boosteal (158) isolated a further 5 strains of methanogenic
bacteria, 4 from low salt areas of a pH between#23 which were strictly autotrophic only
producing CH through the C@reduction pathway. The last strain was found to be a strict
methylotrophwhich originated from an area with a higher salinity and a pH of(269.
Reports of acetotrophy by methanogens under alkaline conditions appeasdarte with
one instance reported by Oremland & Millg59 who used carbon 14 labelled acetate

methods to detect acetate utilising methanogens at Soap Lake, Washington, USA.

. axf
Reaction L Reference
(kJ mol™) pH 7

Sulphate reduction

4H,+ SOZ +H' :  +6+4H,0 -155 (160)

Acetaté+ SO : 2HCO3 + HS -47.6 (161)

Lactate + 0.550,> : Acetaté+ HCO, + 0.5HS -80.2 (162)

Propionate + @5 SQ? : Acetaté+ HCO; + 0.75HS + 0.25H -37.7 (161)
Methanogenic reactions

4H, + HCOy + H" : & +,+ 3H,0 -135.6 (162

Acetaté+ H,2 : & %+ HCO; -31.0 (162

Methanol + H : & +, + H,0 -112.5 (162

Table 2.2: Sulphate reduction and methanogenesis processes.

2.4.4 Sulphate reduction
The reduction of sulphate can be split into two pathways; the assimilatory pathway and the

dissimilatory pathway(163). The assimilatory pathway is utilised to satisfy the nutrition
requirement of a cell through the syrglse of sulphur containing components and uses
sulphate converted to-Bhosphoadenosidg-phosphosulfate (PAPS) as its substr@te3).

The dissimilatory pathway, however, is used by a cell to generate energy by using sulphate as
a TAE, with this form of sulphate reduction carried out by microorganisms fromt-the
Proteobacteria, Clostridia, Naspirae, Thermodesulfobiaceadhermocksulfobacteria,

Crenarchaeota and Euryarchaeota lineadé€sl). A complete review of the enzymatic
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processes of dissimilatory sulphate reduction is given by Braeflegl (164). Briefly;
sulphate is taken into the cell and converted to adenosine phosphosulfate (APS) via ATP
sulphurylase, APS reductase then converts APS to sulphite which is then further reduced to
hydrogen suyhide by the dissimilatory sulphite reductase complex DstAB64) (Figure

2.4).

ATP  PPi 2 AMP 6e

S0,* L»j APS* L»j S0.* \‘—> s*

f f f
Mtion pathway.

Figure 2.4: Overview of the dissimilator

The reduction of sulphate by the sulphate reducing bacteria (SRB) is not limited to a
moderate environmerfil65). The ability of these bacteria to couple the oxidation of a wide
range of organic electrodonors to sulphate has allowed them to colonise even the most
inhospitable regions on earth61). Of the alkaline environments found on earth, soda lakes
are the most extensively researched in terms of alkaliphilic ®RB Soda lakes represent a
significant challenge to life with environmental conditions consistinggh pH values up to

and above pH 11 and salinities up to saturation I68s165. Despite these conditions the

SRB thrive in these environments and are considered to be an important component in the
associated mrobial sulphur cycle at these locatiofi65. SRB are metabolically diverse

and aH FDSDEOH RI ERWK DXWRWURSKLF DQG KHWHURWUR:
divided into two groups; those which degrade organic compounds incompletely to acetate and
those which degrade organic compounds completely te (@66). Sulphate reducing
reactions form sulphide as an end product and an overview of the main pathways for sulphate
reduction and their associated Gibbs free energies are shownléenZTabThe energies listed

in Table 2.2 show the free energy change under standard conditions at pH 7; however
environmental bacteria especially those in high pH environments will have free energy
changes which may differ significantly from theoreticalues. Orenret al (121) calculated
WKDW WKH G0*I RI SUR3®&&QYpdr kD&at HY 7 ke KJ per mole at pH

10 as proton releasing reactions become more energetically favourable.
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Studies using®SO;* have allowed for the rates of sulphate reduction in diffeatkaline
environments to be established. The sediments from different soda lakes in the Kulunda
Steppe in south eastern Siberia, Russia were shown to have sulphate reduction rates (SRR) of
up to 423 pmol dif day* (63). With SRR of 113 umol diday* reported at pH 1@.from

the sediments of lake Tanatar | (ed68). Further, enrichment of slurries from these sites at

pH 10 with either H or a mixture of volatile fatty acids (lactate and butyrate) were both
shown to be able to stimulate sulphate redudi®@) Studies at Lake Mono, California, USA

usgng sedments from an area at pH 9.8 watewn to actively reduce sulphate to sulphide

with rate constants between 7.6 x*110 3.2 x 1& hr' and a reduction rate of sulphate of

27.8 mmol nf day' (167). Sulphate reductionwith different electron donors was
demonstrated using water of Big Sodake, Nevada, USA at pH 9(168). Of the organic
HOHFWURQ GRQRUV XVHG PHWKDQRO ODFWDWH DQG DFH\
0.84, 0.94 and 1.04 pmolLday®, respectively. bigas at a final concentration of 3.2 mM

gave a sulphate rediion rate of 1.62 umol t day* (168).

Studies of low saline hwyralkaline areas using the sediments found at anthropogenic
analogues sites for an ILM@DF have been conducted using the previously described site at
Buxton, UK (79). Incubation at pH 10, 11 and 12 with acetate, lactate and yeast extract as
electron donors have shown little or no sulphate reduction over a ten week (&&iod
Further sudies using the alpha form oflcium ISA as an electron donor also failed to
demonstrate evidence of sulphate reduction at pH value 10 and 11 over a 2 wee{8fgriod

In contrast to this, SRBs have been shown to survivigiafilm operating at pH 10.2, with
sulphide produced within the alkaline waters at a Danish district heating plant leading to

corrosion issues of the plant appardtL&9).

High pH ewironments could favour SRB growth by the fact that sulphide produced as an end
product of sulphate reduction woute present in its ionic form HHS is a less toxic end

product compared to49 as it cannot freely cross the cell membrane allowing dmreater
concentrations of substrates and end products to be toléi€i®d Given WKDW 65% YV DU
metabolically flexible, able to use a range of electron donors and acceptors including
radionuclides such as uraniyi61) and that they have colonised hyperalkaline areas around

the globe(63). It would not unrealistic given the timeframassociated with alLW-GDF

WKDW 65%TV FRXOG FRORIQU-GBEF pagfasmaneevegpeEi@ly ifCbidfiims

are able to produce sulphide, which could lead to the microbial induced corrosion of steel
materials(170).
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2.5 Microbial degradation of ISA
A range of stués have concentrated on the degradation of the ISA contained in black liquor

which is the waste product from the Kraft process. The Kraft process produces bleached
wood pulp from wood chips to form paper and is described further by Courth&heThe

end product is almost entirely cellulose fibres with the high temperature and alkaline
WUHDWPHQW RI WKH ZRRG FKLSV SURGXdnt ¥arn3 cJIBAQJH RI &
and XISA from hemicellulose. Wangt al (172 investigated the ability of anaerobic
PLFURRUJDQLVPV WR GHJUDGH WKH ,63V SUHVHQW ZLWKL
absence of chlorinated lignin derivatives. The author found that ISA was able to be degraded
with methane as thend product in the presence or absence of chlorinated lignin derivatives.

The study which used microbes from a bioreactor treating Kraft waste also compared the
microbes ability to degrade glucose as well as ISA and found differences in methane
productionrates which was theorised to be linked to the formation of two different microbial
consortia(172. Investigations by Strandt al (173 looked at the ability of microbes to

degrade .-ISA under aerobic conditions. The study included 22 laboratory strains isolated

from forest soils and samples taken from in and around a Kraft paper mill. Of the samples
tested only samples taken from the paper mill area (bar one) were able to delgAdeith

the author suggesting the degradation of ISA required an unusual or modified enzyme
compared to the breakdown of other carbohydrél@&8). The ability of microbes isolated

from Kraft waste contaminated land to degrade ISA under aerobic conditions has further been
GHPRQVWUDWHG LQ WKH (IZB i \Bakely (375 Nvih&r &R BdilgyRLY4S)

showed the inability of two ISA degrading isolates to degrade glucose.

In studies aimed at investigating the microbiology of the disposal concept for radioactive
wastes, ISA has been shown to be degraded under a range of conditionset Gi§h76)
investigated the degradation of carbon 14 labelled ISA using both planktonic and biofilm
cultures at pH 10.5 under nitrate reducing conditions. Microbial consortia from hyperalkaline
areas and areas contaminated with Kraft waste were able to degraded&#A planktonic

and biofilm cultures with rates of ISA degradation of 0.2 to 5.6 mol ISAgyrbiomass and

40 to 350 mol ISA yt m?, respectively(176). Carbon 14 labelled ISA was found to be
degraded td“CO, where nitrate was used as an electron donor and reducgigite then to
nitrogen gas. Studies by Raettal (177) found that microbial communities from neutral areas
including canal sediments could degrade thand t forms of ISA under methanogenic,

sulphate and an reducing conditions, couplintsidegradation to appropriat&A under far
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field conditions. Further work using liquid methanogenic microcosms showed the ability of
these microbes to degrade ISA decreased as the pH value rose. At pH 10 and above these
natural communities struggled to degrade ISA and instead microcosms became dominated by
microbes turning over biomag81). Similar studies by Roudt al (80) using sediments from

the previously described Buxton analogue & found the microbial community present to

be able to degrade both theand t forms of ISA under methanogenic conditions Hit Jil.

ISA under these conditions was theorised to be degraded through fermentation to acetate,
hydrogen and carbon dioxide which then further drove methanogé86sifoutet al (80)

reported first order rate constants of ISA degradation at pH 11 of 1.69 day@* | R USA

and 1.13 x 16 dayil I R LUSA which were greater than those reported for consortia obtained
from neutral sediments operating under the same conditions but at pKL7ZR
Investigations by Baflset al (83) used sediments from the previouslgscribed Buxton
analogue site(79) to degrade calcium.-ISA under aerobic, iron, nitrate and sulphate
reducing conditions. The author also provided microbial community analysis for the related
ISA degrading liquid microcosms, however, as oiSA instead of CDP was utilised it

may haveresuledin a signifcantly altered result. This is shown in work by Kyerereéehl

(84) who examined the microbial community evotuti of two Buxton sediment formed
microcosms at pH 9 under methanogenic conditions. One microcosm was fed with calcium
ISA and one with CDP, with analysis of the communities after a ten week feed/waste period
finding a significant different between theayB4). Investigations using cellulosic materials
under hyperalkaline conditions with sediments from the Busitalogue site have revealed

the ability of the microbes present within the site to degrade ISA as it is produced via the
alkaline peeling reaction causing a related acidification of the loca(&0ed73. Routet al

(80) showed a temperature dependant fashion with which the ISA was degraded, favouring
20°C and produced an Arrhenius curve showing a higher rate of the generation of ISA from
organic materials at this temptree under ILWGDF conditiong80). To date no examples

of biofilms able to degrade .-ISA, t-ISA and XISA under methanogenic and sulphate

reducing conditions using CDP under hyperalkaline conditions have beeshaabli
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2.6 Summary of chapter
A range of hyperalkaline areas have demonstrated the ability of microbes to survive and

proliferate under the conditions expected within an {BNF. The ability of microbes to

form biofilms could enhance resistance to envirental stresses and could act as a survival
mechanism under ILWGDF conditions. The ability of microbes to degrade ISA has been
demonstrated up to pH 11 under methanogenic conditions and at lower pH values under a
range of conditions. The ability of micrab& degrade ISA combined with biofilm formation
could have an impact upon the long term performance of an ILW GDF through the removal
of complexants, blocking of pore throats, changes to the surface chemistry of engineered and

natural barriers and througjas production.
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3. Methods for the analysis of environmental

microbiology

53



3.1 Overview
The ability to investigate and characterise a system be it natural or laboratory based gives

insights into the potential impact the associated microgjohnight have on that system. A
variety of techniques exist which can be utilised towards this goal, with the focus of the
following chapterupon the investigation of microbiological processes relevanth&
radioactive waste disposal concept, where pissiThe isolation and cultivation of
microorganisms and the ability to identify them through molecular techniques is a key
component of characterising systems. A range of techredaitilising the conserved 16S
rRNA gene have developed towards the psepof microbial community analysis with the

most recent next generation techniques generating large datasets requiring specialised

bioinformatic analysis.

3.2 Culturing techniques
Microorganisms can be cultured from an environmental site using eithérosadiguid based

mediums, whereby the composition of the medium combined with the culture conditions
(temperature, O2 concentrations, pH) will dictate the types of microorganisms ig@/z8ed
Enriching microbes from an environmental sample under conditions similar to the
environmental anditions can give insights into the potential metabolic abilities or survival
capabilities of a microbial consortia at a given site. Examples of this can be seen in
microcosm studies where the different potential metabolic terminal electron accepting
proaesses of microbes from a hyperalkaline sediment were tested at different pH&@Jues

The operation of a microcosm is flexible with different types offigonations dependent

upon the desired output and goals of the studies. Configurations can include single batch fed
systems which are sealed to allow geochemical conditions to develop over time or
continuously fed systems in which nutrients are deliveladlg via a steady stream through

the system. Microcosms can be seeded with pure cultures of microbes or environmental
samples containing diverse microbial populations and be liquid based or can contain a solid
substrate for microbial colonisation. Polymdbial microcosms are likely to maintain and
highlight syntrophic relationships which can occur under the environmental conditions.
Liquid batch fed systems using polymicrobial consortia have been used to investigate the
ahlities of microorganisms frorboth pH neutral and hyperalkaline sediments to degrade ISA
under a variety of conditions including methanogenic, iron reducing and sulphate reducing
(80, 81, 177. Continuous flow systems with a biofilm componentdahhown the impact of

biofilm formed upon crushed sandstompon the migration of technetium and survival at
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high pH (144). Rather than seeding complex mixtures of microorganisms, microcosms can
also be run with pure cultures, which can give insights into the rates of specific processes as
seen in rate of uranium absorption to microbial biomass by difféfembbacterumisolates

(180). In order to get a pure culture a range of isolation techniques caedsuch as streak
plating on solid medium or through the use of dilution as seen in the Most Probable Number
(MPN) technique. These techniques can be applied directly onto environmental samples with
the MPN technique utilised to estimate the number ofl@ialganisms in sites of interest for
disposal strategies including bentonite deposits in J§p8t) and from areas around the
Yucca Mouwntain, Nevada(182. It should be noted however, ath the majority of
microorganism are believed to be unculturable on liquid or solid medium and therefore

techniques such as the MPN may not capture the true diversity at a gidi79ite

3.3 Microscopy studies
The direct visualisation of microbes can be achieved using a variety of miygyosco

techniques. Scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) approaches can be used to vidg morphology of individual bacterial cells and the
architecture of biofilms. SEM techniques include the dehydration and coatiagarfiple

with an electron dense metal such as gelitereas TEM techniques require the sample to be
IL[HG LQ D VROLG VXSSRUW PDWUL[ VXFK DV 6SXUUVY UHVL
Both techniques have numerous advantages and disadwantiftg¢he related techniques for
viewing microorganisms reviewed by Kalabal (183). SEM has been used to investigate

the different microbial morphologies in boom clay mater{aB4) andboth SEM and TEM

can be coupled to energlyspersive Xray spectroscopy (EDS) to investigate the elemental
composition of microscopic structures. Broetal (185 used a TEM EDS approach to show

the formation of mineral precipitates in EPS materials of biofilms growing within fractures
of the granitic rock faces of the Underground Research Laboratory at the Canadian Shield
(1895. With Reithet al (186) showing the biomineralisation of gold upon biofilm materials

via a SEM EDS method.

Combining microscopy witlluorescence stains can be used to view individual bacteria or
their EPS components in environmental samples. Stains which are membrane permeable and
intercalate with DNA such as DAPI or acridine orange have been used to count total
microbial cells withinleachates and ground water at different sites relevant to the disposal
concept(71). A combination of stains which take advantage of membrane plitityeand

impermeable stains can be used to distinguish between alive and dead cells. &hatote
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(187) used a comercial kit which utilised SYTO 9 and propidium iodide to distinguish
between alive and dead cells in spent fuel ponds, with propidium iodigestaiming cells

with compromisedcell membranes. As well as cells, stains can also be directed at the
different components of the biofilm materials with Chet al (188 showing a 6 colour
staining method for the staining of the polysaccharide, protein, extracellular DNA and lipid
fraction of EPS based aggregates. Techniquels ascconfocal scanning laser microscopy
(CLSM) can combine the use of fluorescence stains with microscopy to build high resolution
images of biofilm structures as well as 3D renders through biofilm materials. Biofilms have
been imaged using this techniqueder a range of conditions and upon different surfaces
with CLSM imagery showing micrgolony formation ofStreptococcus mutans biofilms

(189 and the biofilm architecture of 60 opportunistic pathodé&a§).

Fluorochromes can be ligated to oligonucleotide probes which are complementary to specific
RNA/DNA sequences within bacterial cells. Using fluorescenestinhybridisation (FISH)
techniquesbacteria which contain certain genes can be selectively stained and viewed using
fluorescence microscop(it91). This technique has been used to view theiapdistribution

of bacteria and archaea in biofilm and aggregates thritheylse of probes aimed at the 16S
rRNA gene(127) and can be sl to count specific types of bacteria in multiplex assays

under environmental conditiof$91).

3.4 Viability studies

The ability the detect and quantify enborganisms irsitu can be achieved by using
biochemical markers only present in viable microorganism such as adenosine triphosphate
(ATP). ATP is the universal energy currency of a cell and is therefore only present in cells
which are active and aliv@d92). The detection of ATP has identified viable microorganisms
down to a level of 2 x fells mI* within the Fennoscandian Shield groundwa(ées) and

has been used to detect viable microorganisms in bentonite from canister retrieval
experiments at the Hard Rock Laborat@94). Another method is to use phospholipid fatty

acid (PLFA) analysis which extracts microbmémbrane materials using an organic solvent.
PLFA analysis can be used to estimate total microbial biomass in samples as well give a
representation of the microbial groups presents through the use of group specific biomarkers
(195. This method has been used to estimate microbial numbers per gram of dry rock at the
proposed nuclear waste repository at Yucca Mountain, Ne(B883 and was used to
estimate the number and types of bacteria in a compacted clay based buffer whioberha

buried for 6.5 yearat AECL's Underground Research Laborat(t96).
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3.5 Nucleic acid approaches

3.5.1 Nucleic acid extraction
Theextraction of nucleic acids either DNA or RNA is the initial step required for subsequent
analysis via different molecular biology techniques. Sequencing of extracted DNA or RNA
can be undertaketo determine the genes presemd the active genes currentbeing
transcribed in what is termed me&anomics and metmanscriptomics, respectively. The
extraction of nucleic acids from environmental samples can prove to be a difficult endeavour
due a number of factors including pH, humic acids and clay min@@¥ 198. Numerous
methods can be employed for the extraction of genomic materials with cells initially lysed via
chemical or physical methods with further chemical treatment used to remove cell debris and
contaminants of nucleic acid preparations. Griffites al (198 developed methodologies
specifically aimed at the extraction of microbial genomic materials from environmental
samples which reduce the contaminants and increase the purity of the extracted nucleic acids.
A number of commercl&its are now available for the extraction of nucleic acids which aim
to simplify and speed up the process of extracting nucleic acids and a range of these kits have

been compared and reviewed by Ariefdjoleaal (199).

3.5.2 Polymerase chain reaction methodologies
Polymerase chain reaction (PCR) is a technique used to amplify a specific region of DNA

and utilises DNA polymerase isolated frohmermus aquaticu$200) and oligaucleotide
primers which are generally ~ 25 base pairs in length. The primers are complimentary to the
f HQGV RI WKH VHQVH DQG DQWLVHQVH '"1$ VWUDQGV RI W
of heaing and cooling withdeoxynucleoside triphosphates (dP$), amplify the region of
interest in an exponential mann@01). Utilising this method combined with nested PCR,
specific microbial lineages werdeantified within microcosms degrading ISA by Raital
(177). This technique although capable of identifying specific regions of interest does suffer
from some drawbacks associated with the binding of the primer to some sequences more
strongly than others. This primer bias as shown by the experiments of Smzalli202)
leads to a disproportionate amplification of the more strongly binding regions and can thus

skew results when multiple species of a gene of interest are present.

The amplification of a gene through PCR can be tijiiesh using fluorescent markers that
only fluoresce upon the formation of a PCR product. Using this quantitative PCR (qPCR)
approach the abundance of certain genes in environmental samples can be quantified when

compared against a standard curve. The emes of Rhodanobacterand the associated
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abundance of nitrate reductase genes were determined in the contaminated subsurface of the
nuclear legacy site at Oakridge facility using this apprd@06i). Learet al (204), similarly

used a gPCR technique to track bacteria fromGkebacteiaceaefamily in flow through
columns which were investigating the effects of microbial iron reduction upon technetium
solubility. The generation of cDNA from mRNA can be used as a template for amplification
via gPCR and can give an insight into the traipsion rates of specific genes and therefore

the rates of specific metabolic processes. @hi (205 showed expression of the gemdA

and omcBto correlate with rates of fumarate and iron reduction, respectively using this
approach. This may not, however, be the case in all scenarios with the transcription of the
drsA gene found at to correlate well with rates of sulphate reduction under certain
circumstances(206). Work by Strattan(207) addressed this issue by normalising the
expression oflsr mRNA transcripts against the genes found in the genomic DNA of sulphate
reducing bacteria in order to &tain a rate of sulphate reduction on a per cell basis. With
this approach potentially offering a true measure of sulphate reduction in both lab based

cultures and irsitu at environmental sites.

3.5.3 Cloning of PCR products
The prokaryotic 16S rRA gene is highly conserved between bacterial species and is subject

to a slow evolution rate. Because of this facet phylogenetic relationships can be constructed
through the sequencing and comparison of the 16S rRNA sequences of other known bacterial
speces (208, 209. The extracted genomic DNA of an environmental samplékédyl to

contain numerous different 16S rRNA gene copies due to the diversity of microbial
community present. The process of cloning these 16S rRNA genes to get a single gene
sequence for DNA sequencing and analysis, first requires amplification by PG& usi
universal primerg210. The PCR products are then ligated into plasmids and transformed
into a competent strain d.coli which is generally only capable of the uptakeao$ingle
plasmid copy(211). Through a selection proces& nsertional inactivatiomechniques such

as blue/whie screening, colonies successfully transformed should only contain multiple
copies of the same PCR prod212). Extraction of the plasmid followed by sequencing of

the PCR frament then allows phylogenetic assignment of 16S rRNA gene through the use of
databases and search tools such as the NCBI Basic Local Alignment Search Tool (BLAST)
(208). Through this approach unculturable microbial species from environmemiplesacan

be detected and quantified as a proportion of the community. &oal (80) used this

approach to investigate the microbial community of a pH 11 ISA degrading microcosm under
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methanogenic conditions uginsediments from a hyperalkaline analogue site and ISA
degrading microcosms at pH 7, 9.5 and 10 using circumneutral canal se@@iewith
Pederseret al (213) using cloning and sequencing technigjtee characterise the microbial
communitieof deep crystalline bedrock with relevance to the disposal of nuclear waste.

3.5.4 Next generation techniques
The term next generation refers to high throughput techniques for DNA/RNA sequencing and

has led to the ability of microbial communities to be abterised via the sequencing of up to
millions of copies of 16 rRNA gene sequences. Through the use of platforms such as
lllumnia HiSeq or lon torrent platforms, the ability to sequence whole-gertames or meta
transcriptomes of environmental sampleg;rotosms or pure isolates is now possible. These
approaches allow for an -mhepth analysis of genes which goeesentor active under
environmental conditions and allow for the pathway reconstruction of metabolic processes.
Transcriptomic approaches byith et al (214) have combined the analysis of mRNA and
16S rRNA to simultaneously aryske the active genes and microbial community of an
environmental sample, with the use of rRi{&gs able to taxonomically bin genes. The use of
cDNA generated from 16S rRNA rather than rDNA has the potential to give insights into the
microbes which are ae® within an environmental sample. This approach has been
undertaken by Kamburet al (215 who found signiicant difference between the 16S rRNA
and rDNA libraries of microbial communities extracted from hypersaline, hyperalkaline hot
springs at Lake Magadi and Little Magadi in Kenya. In environmental samples there may
exist a subset of dead cells which coutéws rDNA results, however, in reactors which are
subject to a waste/feed regime to impose growth rates tiyganicroorganismsonly those
actively respiring and growing will remain within the reactor. Therefore a more labour
intensive approach such as tieneration of cDNA and analysis of the 16S rRNA community

may not yield any additional valuable information in these instances.

3.5.5 Microbial 16S community analysis

3.5.5.1 Assignment of phylogeny
Next generation approaches for microbial community analysis vidGBerRNA gene can
generate a large amount of data (up to millions of individual sequences). The assignment of
phylogeny and the subsequent statistical analysis can require large processing power and
specialised computing skills and software. Sequencingpeoies can offer in house
bioinformatic analysis of samples and provide specialist software to analyse and browse the

data as seen in provision of CLcommunity by Chunlab (South Korea). The assignment of
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phylogeny to these sequences is conducted agaitediad®d such as the EzTaxon database
(216 or the Ribosomal Database Project datali@4€). Sequences are initially aligned
against a reference such as the Silva reference alignf2&8t then compared against a
database using search tools such as the BLAST algof@®8. Sequence similarity to
known previously sequenced microbes can then be investigated using different confidence
intervals and taxonomic level§217). Sequences can be further analysed for chamer
sequences using algorithms such as UCHIME in a softwares suitd as Mothur or QIIME
(219-221).

Sequences from a sample can grouped into Operation Taxonomic Units (OTU) whereby they

are clustered based on itheequence similarity using a similarly confidence interval set by

the researcher. Kyeremeadt al (84) used a 9% confidence interval to group microbial
communities capable of ISA degradation at pH 9.0. Different clustering methodologies can

be utilised with methods such as the-BI0' method which significantly reduces clustering

time and improves on issues with QTover estimation by employing unique algorithms

222 6 HTXHQFHV JURXSHG LQWR 278V FDQ WKHQ EH IXUV
diversity statistics.

3.5.5.2 Alpha diversity statistics
The alpha diversity statistics analyse the properof a single sample whereas the beta
diversity statistics compare all samples within the project. Measuring the alpha diversity of
individual samples can give statistics for the comparison of the microbial diversity between
the site of interest and othsites. One such example of this would be comparing if the
availability of more nutrients has changed the microbial diversity at g22&. Statistcs
such as the qualitative Chb¢{Equation 3.1j224) and Abundanc®ased Coverage Estimator
(ACE) (Equation 3.2)225 can be used to estimate species richness of a sample with the
generation of rarefaction curves showing if the sampling depth was sufficient. The rarefaction
curve is a ot of the number of species found as a function of the number of sequence reads,
with the curve plateauing as the number of species left to find through sampling reduces.
Rank abundance curves represent another way of investigating how well the microbial
communities have been sampl@®6). Species are ordered along th@xts from most to
least abundant with thegxis showing the abundance of each individymgcies. In microbial
ecology diverse environments are characterised by an initial sharp peak which trails off due
to a few species in the sample being relatively abundant with a ldegeee of rare lower

abundance specig226). Further details regarding the aforementioned statistics and their
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application in microbial ecology studies can be found in a review by Hugthak(226).
Quantitative measures such as the Shannon diversity index (Equatiof237B)which
accounts for both abundance and evenness of the species present or the Simpson diversity
index (Equation 3.4)227) which calculates the probability that two organisms sampled from

a community will belong to different species are commonly use@fort the diversity of
microbial populations. Additional information regarding different diversity indices can be
found in the work by Boylet al (228) who investigated the sensitivity of 9 different diversity
indices in respons® perturbations in community structure. Using a coverage statistic such
DV WKH *RRGVY FRYHUDJH HVWLPDWRU (TXDWLRQ WKH
represented in a sample can be quantifig@9. By using a combination of the
aforementioned statistics the effectiveness of the sampling undertaken on a given population
can be analysed and awated, with this approach used to evaluate the effect of
antimicrobials on communities in a distal colon ma@el9).
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Equation 3.1: Chaol species richness estimatoWhere Jysis the number of species in
the sample, Hs the number of singletons (the number of species with only a single
occurrence in the sample) ahRglis the number of doubletons (the number of species with

exactly two occurrences in the sample).
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Equation 3.2: Abundance based coverage estimatowhere Sommonare the species that
occur more thadO times in the sampling,.2 are those species which occur 10 times or less,
Caceis the sample abundance coverage estimator, and firakyis the estimated coefficient

of variation for k for rare species.
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Equation 3.3: Shannon diversity index.Where Pi is the proportion of individuals
belonging to the"l species in the datasef interest and R is the species richness or number

of species present within the data set.
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Equation 3.4: Simpson diversity index.Where nis the total number of individuals in a

given species anl is the total number of species.
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Equation 3.5: Goods coverage estimator
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3.5.5.3 Beta diversity
Beta diversity was conceived by Whittak@30 in 1960 to explain changes in diversity
along transects or across environmental gradients. The applicatidoeta diversity
approaches in general look to compare and contrast two or more microbial communities with
measures used to compatiee diversity of certain environments or investigate how
communities are impacted by environmental factors such as mdy223. Using this
approach the Human Migbiome Project Consortiur231) analysed 4,788amplestaken
from different areas of 242 phenotyped adults and compared the microbial communities
based on a wide range of factors. Similar multivariate analysis approaches have been applied
to investigate the microbial communities in modified atmosphere packed salmon arsh coalf
(232 and to investigate the impact land management has upon microbial communities
inhabiting grassland®33). These aforementioned examples used a variety of approaches for
the analysis of beta diversity including ordination based methods with additional beta
diversity approaches such as UniFradolhuses a phylogenetic tree and accounts for the
history of share@ncestry between communitiesther explained in work by Lozupone and
Knight (223). For smaller sampling approaches ordination based methods for analysis may
not prove to be effective as other methods for analysis such as theifLibsdthod. The
Libshuff method was one of the first beta diversity statistics developed and uses nucleotide
distances to determine whether two communities are significantly different (Equation 3.6)
(234). Test statistics Cx and Cxy are developed from the two microbial communities and
curves are generated for each. A Cramer Von Mises test statistic is then used to compare the
distance between the curvestwitonte Carlo simulation used to generate a P value to test
for a significant difference between the two microbial populat{@B84). The RDP(217) now
offers a web based service in which statistical testing of two microbial coriesucan be
undertaken at different taxonomic level negating the need for large amounts of processing

power and computer literacy often associated with the above appr¢aties

0.5

ACxy = E (Cy — Cyy)?

D = 0.0

Equation 3.6: Libshuff method. The generation of the Cramer Von Mises test statistic
where Cx $ the homologous coverage of library 1 and Cxy is the heterologous coverage of

library 1 given gene library 2 and D is evolutionary distance.
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3.6 Summary
The generation of microcosms from environmental samples offer the opportunity to

investigate microbial cesses occurring under the conditions expected within arRGDAN.

The application of methods to isolate microorganisms combined with pure culture studies
which can be pivotal in identifying biochemical pathways such as those responsible for the
degradatia of ISA under ILWGDF conditions. Microscopy studies can be applied to the
detection of microbes and their viability under harsh conditioisstin Techniques such as
FISH can used to further identify the presence or absence of microorganisms in sygtems,
fluorescent stains combined with techniques such as CLSM revealing not just biofilm
presence but also its composition and architecture. Nucleic acid based approaches can reveal
the unculturable microbes at environmental sites and reveal the corapiexunity

structures with next generation technologies increasing the resolution of this approach.
Bioinformatic analysis of microbial communities allows the diversity to quantified and
compared against other datasets offering insights into the evolutiasisiribution of

microbes in harsh environments.
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4. Aims and objectives

65



The ability of microorganisms to survive the conditions expected within the near field of an
ILW-GDF coupled with the biodegradation of the different forms of ISA have iatjits

for the long term performance of an ILW repository. Previous research has found that
microorganisms from both circumneutral and hyperalkaline sediments possess the capability
to degrade both-ISA and t-ISA under a range of conditions and pH valu@srrently there

areno published instances for the degradation of XISA. These previous investigations have
primarily focussed on liquid based cultures and have not featured a biofilm component.
Biofilms are known to be the dominant survival strategy faraoial growth and increase

the ability of the microbes to survive environmental extremes. Currently however, there is an
absence of data regarding the ability of microbes to form biofilm under®@D¥ conditions

when using the different forms of ISA, inding XISA, as a carbon source. This work will
ascertain the ability of microbes to form biofilm and degrade the different forms of ISA under
ILW-GDF conditions, both ksitu at analogue sites and also under a range of laboratory

conditions.
The objecties towardschieving the overall aim of this work are summarised below:

x 8VLQJ FRWWRQ MHEDLWVYT ELRS$iLOR dffeer®® p&éhtiaF X OW X L
anthropogenic analogue sites for an HGDF. The microbial communities and
biofilm compositionformed insitu shall be analysed and compared.

X Colonised cotton from the Harpur Hill, Buxton analogue site will be used to form
liquid and biofilm microcosms for the analysis of ISA degradatepabilities

x Biofilm formation, composition, microbial survival and ISdegradation shall be
assessed under hyperalkaline conditions expected within the near field.

X The impact of biofilm formation and microbial metabolism upon surfaces relevant to
an ILW-GDF concept shall be assessed. Thaséaceswill include sand, graphst,

NRVB and steel

X The ability of ISA degradation to drive further metabolism such as methanogenesis
and sulphate reduction shall be assessed. With the impact of sulphate reducing
biofilms upon steel surfaces under hyperalkaline conditions investigated.

X By comparing microbial communities an insight into the common core components of

microbes surviving under ILYGDF conditions is expectdd be gained
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5. Experimental methodologies
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5.1 General reagents
All general reagents described throughout the followingeerental methodology sections

were purchased from either: Fisher Scientific UK (Loughborough, Leicestershire, UK),
LabM Limited (Haywood, Lancashire, UK) or SigrAddrich Co. Ltd (Gillingham, Dorset,

UK) unless otherwise stated.

5.2 Media

5.2.1 Mineral media
Mineral media was prepared in accordance to BS ISO 14853(238p Briefly the reagents
listed in Table 5.1 were added to a 1 L Schott bottle and brought up to volume with ultrapure
water. The volume was then nitrogen purged for approximately 20 esirhdfore being
autoclaved. The media was then further nitrogen purged and reduced with sodium dithionate
until the resazurin indicator within the media turned clear. The media was adjusted to the

desired pH value usingM sodium hydroxide and B hydrocHoric acid.

Reagent Chemical formula Concentration (g £)
Potassium dihydrogen
phosphate KH,PO, 0.270
Disodium hydrogen phosphate
dodecahydrate NaHPO,.12H,0 1.120
Ammonium chloride NH,CI 0.530
Calcium chloride dihydrate CaCb.2H,0O 0.075
Magnesium cloride hexahydrate  MgCl,.6H,0O 0.100
Iron(Il) chloride tetrahydrate FeCb.4H,O 0.020
Resazurin (oxygen indicator) 0.001
Disodium sulphide nonahydrat ~ N&S.9HO0 0.100
10ml Trace elements solution  See Table 5.2 See Table 5.2

Table 5.1: Composition of mineral media per 1 litre

Reagent Chemical formula Concentration (g L)
Manganese chloride tetrahydre ~ MnCl,.4H,0 0.050
Boric acid H3BO3 0.005
Zinc chloride ZnCl, 0.005
Copper chloride CuCh 0.003
Disodiun molybdate dihydrate NaMo00,.2H,0O 0.001
Cobalt chloride hexahydrate CoCh.6H,0O 0.100
Nickel chloride hexahydrate NiCl,.6H,O 0.010
Disodium selenite NaSeQ 0.005
Disodium tungstate NaWO,.2H,0 0.002

Table 5.2: Composition of trace elements solution per 1 litre
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5.2.2 Generation of cellulose degradation products (CDP)
Cellulose degradation products (CDP) were generated using methods previously described by

Routet al (177). Briefly, 200g laboratory tissue (Pristine Paper Hygiene, UK) was added to

1.8 L of 0.1 M sodium hydroxide and 10 g™Lcalcium hydroxide in nitrogen purged

ultrapure water in a pressure vessel. The vessel was sealed and the headspace flushed for 30
minutes with nitrogen to remove oxygen. The vessel was then incubated at 80 °C for 30 days
DIWHU ZKLFK WKH UHVXOWDQW OLTXLG ZDV ILOWHUHG WK
within a nitrogen atmosphere glovebox. The filtered CDP was stored iratkeising sterile

1 L Schott bottles with a nitrogen headspace under ambient conditions.

5.3 Sample preparation
Ligquid removed from microcosms or systems for analysis was transferred to sterile tubes (1.5

mL or 50 mL in volume) and centrifuged at 5,009 for 10 minutes to pellet any biological
PDWWHU DQG VROLGY 7KH UHVXOWLQJ VXSHUQDWDQW ZDV
(Millipore, UK) into sterile tubes and stored &0 °C if long term storage was required
EHIRUH DQDO\VLV 7K the \blilbWiy exgddiéh@lts§ctions refers to fluid

collected from experimental systems and treated and stored as per the above description.

5.4 Analytical methodologies

5.4.1 High performance anion exchange chromatography with pulsed
amperometric detection (HFAEC-PAD)
5.4.1.1 Isosaccharinic acid detection and quantification

The alpha, beta and xylo forms of isosaccharinic acid (ISA) were detected and quantified
using a Dionex 3000 or 5000 ion chromatography system employing HIXNEC The
system used for this purppsomprised of an avsampler (AS50), gradient pump (GS50)
and electrochemical detector (ED50). The detector used a gold working electrode and
Ag/AgCI reference electrode in amperometric detection mode which employed- a pre
programmed quadrupole wave forsing an isocratic mobile phase of NaOH (50mM) with
a flow rate of 0.5 mL min, a 10 .L injection of analyte was separated using a Dionex
CarboPac PA20 column (250 mm length, 3 mm internal diametar) particle size with a
10 A pore size). With the system also featuring a CarboPac PA20 guard column (3 x 150
mm) which analytes passed thgh before reaching the main PA20 column. After the
analysis of each individual sample the column was regenerated by eluting with 200 mM
NaOH for a 20 minute period. All samples were amended with 40 ppitaoDic acid prior
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to analysis as an internal stand. Pure alpha, beta and xylo forms of isosaccharinic acid
were prepared as per methods outlined in Almeindl (27) and Shawet al (29) and used to
generate standard curves for the quantification of ISA. The Chromeleon 7.0 software package
was used to integrate and process chromatograms.

5.4.1.2 Neutral sugars and uronic acid detection and quantifigat
Using the Dionex 3000 chromatography system employing HRRED and the same
system outlined previously for the detection of ISA, neutral sugars and uronic acids were
detected and quantified. For the detection of these compounds however, a different
methodology was employed with analytes eluted in aqgueousMONaOH for 20 minutes
followed by a blend of 8% 10mM NaOH: 17% 150mM NaOH: 1 M sodium acetate for
25 minutes. This allowed for the simultaneous determination of neutral sugars and uronic

adds. Analytes were quantified against appropriate standards made up in ultrapure water.

5.4.2 Gas chromatography

5.4.2.1 Detection and quantification of volatile fatty acids
Volatile fatty acids (VFA) composition and concentration of samples was determined using a
HP GC6890 (Hewlett Packard, UK) gas chromatograph fitted with ansamgler. Before
analysis, samples (1.5 mL) were acidified by the addition of 88 KRVSKRULF DFLG
ZLWK D /| YROXPH RI DFLGLILHG VDFRBsaplds WeréphssddHG LQ
through a+3))$3 FROXPQ P P P $JLOHQW 7HFKQF
KHOLXP DV D FDUULHU JDV 9)$1V Zrikbtidn GekeWtoH &GsiidH&s XV L Q
hydrogen/air gas blend with the system running under the following conditions: initial
temperature of 98C for 2 minutes, followed by an increase to 2@0at a ramp rate of 10 °C
min™ with no hold, followed by a second ramp2@0 °C at a ramp rate of 40 °C rfiwith a
KROG RI PLQXWHYV IDOOLQJ WR D SRVW UXQ WHPSHUDW
TXDQWLILHG DJDLQVW D VWDQGDUG PL[ RI 9)$1V 6XSHOFHF

processed using the Chemstatiortwafe package (Agilent Technologies, UK).

5.4.2.2 Gas composition
The composition of microcosm headspace gas measured using an Agilent GC6850
equipped with HP3/27 4 FROXPQ ZLWK SDUWLFOH WUDSV P [
THFKQRORJLHV 8. /| Rl KHDGVSDFH JDV ZDV UHPRYHC
injected into the column using nitrogen as a cagas. A thermal conductivity detector was

used to detect different gas species with the system operating under the following conditions:
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initial temperature of 60 °C for 2 minutes, followed by an increase to 120 °C at a ramp rate of
30 °C min* with a detetor temperature of 250 °C. Gas headspace pressure was measured
using a digital manometer (TPI, UK) before gas sample periods. Quantification of different
gas species was determined by using standards of a known composition andltigasde

eqguation showibelow in Ejuation 5.1.
28L J46

Equation 5.1: The ideal gas lawWhere: P = Pressure (bar), V = Volume (L), n = Moles of
JDV PRO 5 8QLYHUVDO JD \}moRQV\dmpenate of gas/(KE D U

5.4.3 BacVis gas detection system
Microcosm gas composition and pressure was measured using sensors for methane (BCP

CH,), carbon dioxide (BCRO,;) and hydrogen (BCHM,) connected to BACComl2

multiplexer operating BacVis software (BlueSens gasseambH, Germany).

5.4.4 Determination of total carbon, organic and inorganic carbon
Samples were diluted 10 fold in ultrapure water with total carbon (TC) and total inorganic

carbon (TIC) determined with a Shimadzu TOC5000A (Shimadzu, Japan) using a nitrogen
carier gas at 150 mL mih Total organic carbon (TOC) was then calculated as the difference
between the measured IC and TC components. TC was quantified against a standard curve
produced using potassium hydrogen phthalate in ultrapure water with the IQbmoemd
guantified against standards produced using a combination of sodium hydrogen carbonate

and sodium carbonate.

5.4.5 lon chromatography

5.4.5.1 Sulphate and nitrate quantification
Sulphate and nitrate were detected and quantified using a Metrohm 850 Profe3iona
(Metrohm, UK) with pulsed amperometric detection, employing a Metrohm Metrosep A
6 XSS FROXPQ [ PP P SDUWLFOH VL]H HOXWLQJ Z
3.2 mM sodium carbonate and 1tOM sodium hydrogen carbonate. The system used a
suppressor with a reagent solution consisting oM H,SO, and 0.1M oxalic acid in a 9:1
v/v ultrapure water and acetone mix. Samples were dilutddl80n ultrapure water before
analysis. Sulphate and nitrate were quantified against calibratioasc(®w50 ppm) made

using sodium sulphate and magnesium nitrate standards made up in ultrapure water.
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5.4.5.2 Determination of calcium concentration
Calcium was detected and quantified using a Metrohm 850 Professional IC (Metrohm, UK)
using a conductivity dettor, employing a Metrohm C4 Column (4.6 x 250 mm,.tB
particle size) eluting with a mobile phase of B phosphoric acid. Calcium was quantified
against a calibration curve (850 ppm) using calcium chloride in ultrapure with samples
diluted 56fold in ultrapure water before analysis.

5.4.6 Determination of iron (lI) and (lll) content
Aqueous iron (II) and (lll) concentration within environmental samples was determined using

the methods of Viollieret al (236). Briefly, to a 1 mL water sample (which had been
centrifuged at 10,000 g for 1 minute to remove large particulate matter) 100R1 M
ferrozine reagent prepared in (MLlammonium acetate was added. The absorbance was then
measured at 562 nm, with this stage of the procedure quantifying the iron (ll) within the
water sample. The remaining iron (llI) within the water sample reduced by the addition

of 150 .L 1.4 M hydroxylamine hydrochloride (prepared ifM2HCI) to 800 .L of the water
sample. This was then mixed via gentle pipetting and left for 10 minutes at room temperature.
After this incubation period 50L of 10 M ammaium acetate (adjusted to pH 9.5 with
ammonium hydroxide) was added and the absorbance measured at 562 nm. A range of
standards were made using iron (Il) chloride tetrahydrate and iron (lll) chloride hexahydrate

to generate a calibration curve.

5.4.7 Dry weight, volatile solids and inorganic ash content
The dry weight (DW), volatile solid (VS) and inorganic ash content of biofilm materials was

determined as per BS ISO 6496:199937). Briefly, dry weight was determined
gravimetrically by drying samples overnight at 05and the inorganic ash content
determined gravimetally after combustion of samples in a muffle furnace (Carbolite, UK)

at 500°C for 2 hours. The volatile solids were then determined by the difference between the

dry weight and ash weight.

5.4.8 Measuring ATP content of biofilm samples
ATP/biomass detectiowas undertaken using a 3M Cle@race Biomass Detection Kit and

Luminometer employing a modified method (3M, UK). The sample (biofilm or cell pellet)
was washed once with pH 4 PBS and then reconstituted in pH 7 PBS to remove interference
from excess alkality and salts. The samples were then processed as per the normal
instructions provided with the kit. Following analysis ATP concentrations were quantified
against a standard curve of kno#acherichia coli K1zell concentrations (fGo 1¢ CFU
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mL™) to give cell number inE.coli equivalents.Cell concentration was given as E.coli

equivalents with 350 fg carbon per cell and an empirical biomasgHhOeN (238).

5.4.9 Extraction and composition of exopolymeric substances (EPS)

5.4.9.1 Extraction of crude EPS
Crude EPS was extracted from biofilm materials using a multiple extraction method outlined
by Raset al (239), which extracts different components of EPS based upon the disruption of
different chemical bonds. Samples were collected by centrifugation (10,0§G0ok 5
minutes) with the supernatant drawn off and the samples resuspended in phosphate buffered
saline (PBS) (pH 9) by vortexing. Samples were then sonicated at a power density of 0.75 W
mL™ for a 3 x 2 minutes period with a vortexing stegbgtween each sonicati period.
Samples were then amended with ice cold ethanol to a final concentration of 40 % (v/v) and
left for 2 hour at £C. After the incubation period samples were centrifuged for 10 minutes at
10,000x g with the supernatant drawn off, syringe filterand stored at20 °C for further
analysis. The remaining pellet was then treated witth Pw/v) ethylenediaminetetraacetic
acid (EDTA) in 0.3M Tris-HCI buffer at pH 8 for 1 hour at room temperature and
centrifuged for 10 minutes at 10,000 x g with thpeynatant drawn off, syringe filtered and
stored at-20 °C for further analysis. Ethanol and EDTA crude EPS extracts were not
combined due to the insolubility of EDTA in ethanol. After each step the ATP concentration
of the crude EPS extracts and celllg@sl (method described in section 5.4.8.) were measured

to determine the amount of contamination via cell lysis.

5.4.9.2 Measuring EPS protein content

The protein content of the crude EPS extract was measured using the Bradford assay method
(240). The Bradford reagent was prepared by adding 12.5 mg of Coomassie blue G250 to 7.5
mL 95 % ethanol (v/v) and 30 mL 85 % (v/v) phosphoric acid with the solution brought up to

a final volume of P/ E\ WKH DGGLWLRQ RI XOWUDSXUH ZDWHU
then added to 1.5 mL of Bradford reagent and left for 20 minutes at room temperature. 1 mL
of the mixture was then transferred to a cuvette and the absorbance read at 595 nm. Protei
content was quantified against a standard curve using bovine serum albumin as the protein

source.

5.4.9.3 Measuring EPS carbohydrate content
The carbohydrate content of the crude EPS extract was measured using the phenol sulfuric
acid method as described Bybioset al (241) 100 .L of crude EPS sampleas added to
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/ Z Y Si#nd @ RIOconcentrated,BO, with the mixture then vortexed and
incubated at room temperature for ten minutes. 1 mL of the solution was then transferred to a
cuvette and the absorbance read at 490 nm. Carbohydrate content was quantified against a
standarcturve using glucose as the carbohydrate source.

5.4.9.4 Measuring EPS lipid content
The lipid content of the crude EPS extract was measured using the methods of Bligh and
Dyer (242. To 1 mL crude EPS extract a 3.75 mL mixture of a 2:1 methanol:chloroform
reagent was added and the samplixed. To the mixture a further 1.25 mL of chloroform
was added and mixed well. Finally 1.8 mL ultrapure water was added to the sample and
mixed then centrifuged for 5 minutes at 1000 RPM and the lower aqueous layer transferred to
a porcelain weighing k@. The mixture was allowed to dry overnight with the lipid content
determined gravimetrically. A control using 1 mL of ultrapure water was run alongside each

crude EPS sample.

5.4.9.5 Measuring EPS DNA amount
The DNA content of the crude EPS extract was medsusng Jenway Genova nano
spectrophotometer (Jenway, Bibby Scientific, UK ) with either PBS witto4W/v) ethanol
or 2% EDTA in 0.3 M TrisHCI buffer at pH 8 as a blank depending on the crude extract

analysed.

5.4.9.6 Preparation of dialysis tubing
Cellulose membrane dialysis tubing (14000 typical molecular weightffuB3 mm width)
was prepared by washing under flowing tap water for at least 4 hours. Tubing was then
ZDVKHG LQ ZY VRGLXP VXOSKLGH VROXWLRQ DW U
LQ KRW GHLRQL]J]HG ZDWHU DW U& IRU PLOQXWHYV IROOR
DFLG VROXWLRQ IRU PLQXWH DQG WKHQ ILQDOO\ ULQVLQ
minutes. Finally the dialysis tubing was rinsed with deionized water\aWdRUH G D W U& L

sealed container containing deionized water

5.4.9.7 Purification of protein and carbohydrate EPS fractions
In order to purify the extracted crude EPS, dialysis was carried out against ultrapure water for
72 hours with the water changed ev#yhours. The protein and carbohydrate fractions were
then isolated from the dialysed EPS using the methods outlined by Massladl(243).
Protein was precipitated using trictoacetic acid (TCA) to a final concentration of 14 %

(v/iv), with the sample incubated overnight af@ after TCA addition. Protein was then
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pelleted by centrifugation at 10,0809 for 60 minutes at 4C and the pellet washed twice

with cold acetone, wh the centrifugation steps repeated after each wash step. The acetone
was allowed air dry and the protein sample was store2D4C until needed for analysis. The
supernatant generated from the initial TCA treatment was then used to extract the
carbohydate fraction of the crude EPS through the addition of an equal volume of ice cold
ethanol. The sample was incubated atC4overnight and the carbohydrate fraction was
precipitated via centrifugation as described above. The resulting pellet-wizsoked in 10

mL ultrapure water with heating at 45 °C if required, until it had completely dissolved. The
resulting solution was dialysed as described above to remove small neutral sugars, after

which the sample was freeze dried.

5.4.9.8 Carbohydrate monomer analysi
Freeze dried carbohydrate fractions (3 mg) were broken down into monomer units using 2
mL 2 M trifluoroacetic acid (TFA) in a sealed pressure tube with the samples heated at 120
°C for 2 hours. The samples were then dried under nitrogen and reconstitu@echL
ultrapure water to give a 1 mg mifinal solution of monomer units. The resulting solution

was then analysed using HPAERAD using the methods described in section 5.4.1.2.

5.4.9.9 Protein isoelectric point determination
Dried protein precipitate (5Mg) was sent to the York University Proteomics and Analytical
Biochemistry Laboratory, UK for isoelectric point determination of the proteins extracted
from the EPS via 2D sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS
PAGE). Protein was reaostituted in a load buffer made up olbUrea, 2M Thiourea and 4
% CHAPS then applied to a 7 cm BRad pH 310 IEF strip. Proteins were then focused
over the pH rage of the IEF strip before being coated in SDS and separated by size through a
7 cm polyacylamide gel. The resulting gel was stained with NBS ®fie Coomassie stain

before imaging.

5.4.10 EPS calcium binding assay
Crude EPS was extracted and dialysed by the methods outlined in section 5.4.9 where, after

dialysis the fractions were combined andefze dried to give a representative EPS residue.
This EPS was then used to determine to ability of the extracted EPS to Bitidn8aas per
the methods outlined in Braissagital (244). Aqueous suspensions of EPS&" (as calcium
chloride) were prepared tomeentrations of 0.1, 0.25, 0.5 and 1.0 B\W™ and incubated at

room temperature for 15 minutes under a nitrogen atmosphere. EPS free controls were run
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alongside the samples to determine the amount of calcium lost by interaction with
atmospheric C@ Caldum content of the samples was determined via ionnshatography
methods outlined in&tion 5.4.5.2.

5.4.10.1 Determination of EPS bound calcium
The calcium content of the EPS used in the calcium binding assay in section 5.4.10 was
determined using an using atenabsorbance spectroscopy (Agilent 200 series AA, Agilent,
UK) with 1 mg EPS added to a 10 mL mix of 0.1 % (w/v) KCI:1 % (v/v) HM@de up in
ultrapure water. The calcium content was quantified against a standard curve using calcium

chloride in the prewusly described solution (810 mg LY.

5.4.11 Floc size distribution
Floc size distribution was analysed using a Mastersizer 2000 (Malvern, UK) with a dispersant

refractive index of 1.330 and a particle refractive index of 1.882nL of microcosm fluid
wascollected with flocs separated via centrifugation. Flocs were then resuspended in 25 mL

ultrapure water immediately before analysis.

5.4.12 Floc quantification via flow cytometry
Floc concentration was determined using a Guava easytCfimv cytometer (Millipoe,

US) using a 48&im laser, with unstained flocs and flodaised using FITc as outlined by
Chenet al (188). Breifly: 1 mL microcosm fluid was used to collect flocs via centrifugation.
Flocs were then washed twiae PBS and reconstituted in 0.1 M sodium bicarbonate.L10

of a 10 g [* FITc solution was added to the sample which was then incubated at room
temperature for 1 hour. Samples were then washed twice with 0.1 M sodium bicarbonate
before being diluted 1G:100 fold in 0.1 M sodium bicarbonate for analysis. Reswiere
analysed using the GuavaSHftsuite with green fluorescence events gated against the
unstained control, which was washed as per the stained sample.

5.4.13 Measurement of floc zeta potential at different pH values
In order to investigate floc stabilitynder a range of pH values the zeta potential of the flocs

was measured using a Zetasizer nano (Malvern, UK) with a dispersant refractive index of
1.330 and a particle refractive index of 1.572. The zeta potential was calculated using the
6 PR O X F KR Zuatih.| WloesT were isolated by centrifugation anesugpended in

ultrapure water of the desired pH (values between pH 7.0 and pH 12.0) and incubated for 1

hour before analysis.
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5.5 Aqueous sulphide determination
Aqueous sulphides were detected using a mioro electrode (LISL46AGSCM, Lazar

research laboratories Inc, US) and a handheld mV unit. The assay used a sulphide anti
oxidant buffer (SAOB) which was prepared by dissolving 6.7 g of sodium EDTA and 8 g
sodium hydroxide in 100 mL nitrogen purged ultrapwater. Once all solids were dissolved

3.5 g of ascorbic acid was added, with the SAOB used within 3 hours of its addition. 1 mL of
sample was added to 9 mL SAOB with the mixture vortexed and the probe allowed to stand
with the mixture for 2 minutes befia reading was taken. Sulphide was quantified against a
standard curve which was generated by using sodium sulphide nonahydrate to generate a

range of known sulphide concentrations000 mg L™).

5.5.1 pH and redox determination
The pH of liquids includingnicrocosm fluids and hyperalkaline leachates were measured

using a handheld portable pH meter with calibrated electrodes (Mettler Toledo, UK). The pH
of retrieved soil samples was determined as per BS 1ISO10390(2895with in-situ redox
values measured using an InLab Redox Micro probe ti@eToledo, UK) tested in
accordance with BS ISO 11271:20226).

5.5.2 Extraction of ISA from environmental samples
In order to determine extractable ISA from the cotton and sediment samples, 1dg drie

material was added to 5 mLM HCI so that the resultarpH was below 4, this was then
vortexed and left overnight. The mixture was then centrifuged for 10 minutes at 8000 RPM
and the supernatant drawn off ani4ANaOH added to increase the pH to appmadtely pH

12. This step was to convert the ISA into the sodium salt. Water was then removed using
rotary evaporation at 80 °C and the solids dissolved in ultrapure water to a concentration of
1000 ppm for detection via HPAERAD.

5.5.3 Extraction of VFA from environmental samples
In order to determine extractable VFA from the cotton and sediment samples, 1 g dried

material was added to 5 mL 85 (v/v) HPO, vortexed and left overnight. The mixture was
then centrifuged for 10 minutes at 8000 RPM and the sugaatndrawn off. The supernatant
was diluted tenfold with ultrapure water, with volatile acids detected via gas chromatography.
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5.6 Microscopy techniques
5.6.1 Sample preparation
Biological samples unless otherwise stated were initially fixed % garaformaldehye in
PBS overnight at 4C and washed twice with PBS. Samples were then placed into a storage
buffer composed of 140 mL of ultrapure water, 10 mL & TRIS-HCI (pH7.5) and 250

mL of 96 % (v/v) ethanol and stored-20 °C before analysis.

5.6.2 Fluorescencemicroscopy
Fluorescence microscopy was carried out using an Olympus BX41 laboratory microscope

(Olympus, USA). Live dead staining of both cotton fibres and flocs was carried out using the
LIVE/DEAD® Bac/ L J K Wit@,.ife technologies, UK) under a wet mourging live materials

at approximately 500 nm. FITc (Sigafddrich, UK) staining as outlined in Chest al (188

and Sction 5.4.12 was used for protein visualization. Individual cells and the associated
polysaccharide components were stained using ethidium bromide and calcofluor white,
respectively. Flocs were collected via centrifugation and washed with PBS, then heat fixed to

a microscope slide. The flocs were stainediitn withaVROXWLRQ RI 0 HWKLGLX]|
and 30 mg [* calcofluor white in PBS for 30 minutes. The solution was then removed with
ultrapure water and microscope slides air dried before analysis at approximately 400 nm. For

all samplesautofluorescence controls vegperformed on materials not exposed to stains.
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5.6.2.1 DNase digestion of flocs
For DNase digestion, microcosm fluid (1 mL) was centrifuged at 10x0@@or 1 min and
resuspended in ultrapure water (1 mL). Afa@l dilution of this was then subjected to
digestion by DNase using a DNase 1 kit (Sigaldrich, UK). Flocs were then steed a

viewed as per Section 526

5.6.3 Confocal scanning laser microscopy
Confocal laser scanning microscopy (CLSM) of pea was undertaken at the Bio Imaging

Centre of Leeds Urersity, UK using a Zeiss LSM880 inverted confocal microscope with

image analysis performed using Zen 2.1 (Zeiss Microscopy).

5.6.3.1 5 colourBiofilm EPS imaging
Staining and visualisation dfiofilm EPS components was carried out in line with methods
developd for the staining of bikaggregateq188). Calcofluor white was used for the
YLV XDOLV-DW IDRX333Rpblysaccharides, Nile red for lipids and hydrophobic sites,
&RQFDQDYDOLQ $ THWUDPHWK\OUKRGODOPQQR S &URQ/RAI\DW H.
glucopyranosyl sugars, FITc for protein and S§8for total cells and extracellular DNA.
The concentration, staining times and the absorbance, emission wavelength for each
component can be found in Table 5.3. Samples were kept hydrated throughout the staining

procedure with autofluorescence controlsfprmed on materials not exposed to stains.
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Time Emission

Stain Concentration . Excitation (nm)
(minute) (nm)
Calcofluor white 30 mg L 30 400 410- 480
Concanavalin A,
tetramethylrhodamine 25 mg L 30 543 550- 600
conjugate
FITc 100 mg L* 60 488 500- 550
Nile red 0.6 mg L* 10 514 625- 700
Syto 63 0 30 633 650- 700

Table 5.3: 5 colour CLSM stain properties
5.6.3.2 FISH probing of flocs

Fluorescence in situ hybridisation (FISH) was carried out as per the methods of Ainsworth
al (192). The hybridization was conducted in buffer (MNaCl, 0.01 % SDS, 0.0 Tris-

HCI, pH 7.2) with 35 % formaimide for 1.5 hours at 46 °C with all probesancentration

of 5 ng .L Y. The incubation period was followed by a 10 minute wash in prewarmed buffer
(0.08 M NacCl, 0.01 % SDS, 0.08 Tris-HCI). There was no EDTA ithewash buffer dues

to its effect on calcium binding and EPS stability. Table 5.4 contains details regtreing
probes All probes were manufactured by MWG Operons and with autofluorescence controls
preformed on materials not exposed to stains.

Probe Target Oligonucleotide sequence fluorochrome Excitation (nm) Emission (nm) Reference
ARC915 Archaea sGTGCTCCCIGCCAATTCCT - Cy3 548 561 (247
EUB338 Eubacteria sGCTGCCTCCCGTAGGAGT - FAM 494 519 (247
GAM42a Gammaproteobacteriic ~ 5-GCCTTCCCACATCGTTT3' Atto425 439 485 (248
HCG69a Actinobacteria 5-TATAGTTACCACCGCCGTF Cy3 548 561 (249
LGC354 Firmicutes 5" TGGAAGATTCCCTACTGG3' FITc 494 519 (248

Table 5.4: Oligonucleotide FISH probes

5.6.4 Scanning electron microscopy and elemental analysis
Scanning electron microscopy (SEM) was carried out using a Quanta FEG 250 (FEI, USA) or

a JSM6060LV microscope (JEOL, USA) equipped witn electron dispersive -Kay
spectroscopy (EDS). Before analysis samples were dehydrated using a serial ethanol dilution
of 25, 50, 75 and 100 % (v/v) for 2 minutes per step and then sputter coated via a gold
palladium plasma (CA7625 Polaron, Quorum Texbgies Ltd, UK).
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5.7 Molecular biology
5.7.1 Extraction and purification of nucleic acids

5.7.1.1 DNA extraction using MGBIO PowerSoif® kit
For the extraction of DNA from the pH 11 fermentative microcosm and from the cotton
retrieved from the Buxton site after ansitu incubation period of 3 months (August, 2014),
a PowerSofl DNA extraction kit (MOBIO, US) was used with the following modifications.
For the cotton, approximately 0.25 g was washed with pH 7.0 PBS and loaded into a glass
EHDG WXEH ZLEwdéiaptoethahol and the bead beating step extended to 1 hour in
order to overcome dampening effects introduced by the material. For the extraction of
genomic DNA from the microcosm, 25 mL of microcosm fluid was centrifuged at 5000
x gfor 15 minutes and the pet resuspended in 25 mL of pH 4.0 PBS. The sample was then
centrifuged again at 5000g<for 15 minutes and resuspended in 2 mL of pH 7.0 PBS. 1 mL
of the concentrated sample was transferred to a 1.5 mL tube and centrifuged ag&i@tat 10
x g for 1 min,after which the supernatant was removed and the cell pellet resudpernide
reaction fluid provided in the glass bead tubes of the Powersoil kit. The resulting mixture was
WKHQ WUDQVIHUUHG EDFN WR D JODVV HHdrbe@todihdtoHoD Q G EH
an increased time of 20 minutes to overcome cloggingaltleetEPS and then run as per the
supplier's instruction. These modifications were found to increase the yield and purity of
DNA obtained from both samples by removing excess salts, inhibiting nucleases and

neutralizing the samples.

5.7.1.2 DNA/RNA coextractionmethod for liquid samples
Genomic DNA and RNA was extracted for analysis from samples using a modified version
of the Griffiths method$198). For liquid microcosm samples, 25 mL of microcosm fluid was
spun at 5,00 g for 10 minutes with the pellet resuspended in 25 mL phosphater lag
described by Huret al (197). The sample was then spun again at 50@@or 10 minutes and
the pellet re suspended 1 mL in pH 7 ultrapure water. 500 pL liquid was then added to a glass
bead tule with 0.1 mm diameter glass beads (Cambio, UK). To the bead tube, 450 uL of 10
% cetyttrimethylammonium bromide (CTAB) prepared in 0.7 M sodium chloride and 240
mM phosphate buffer, diluted 50:50 in 240 mM phosphate buffer at pH 8.0 and 450 pL
phenolchRURIRUP LVRDP\O DOFRKR GmarcaptoethaDdDwWas added./The
bead tube was then beaten at max speed for 10 minutes and centrifuged for 10 minutes at

10,000x g The top layer of the supernatant was removed and mixed with an equal volume

81



chloroform/isoamyl alcohol (24:1) and spun again for 5 minutes at 1&@0@50 uL of the

top layer of the supernatant was then removed. Different precipitation methods and
incubation periods were used for the isolation of either just DNA or both DNA &d Ror

just DNA the 450 pL supernatant top layer was mixed with 90030 % polyethylene
glycol-6000 in 1.6 M sodium chloride and glycogen (Life technologies, UK) and incubated
overnight at 4 °C. For DNA/RNA a shorter method was used to reduce the possibility of
RNA degradation, with the 450 uL top layer mixed with 900qflice cold molecular grade
ethanol and 1/10the volume of the DNA suspension of 3 M sodium acetate. This was then
incubated for a minimum of 1 hour &0 °C. After incubation both types of samples were
then spun at 10,00Q g for 20 minutes with the plet resuspended in 200L ice cold
absolute ethanol and spun again for 5 minutes at 1&@)The ethanol was then removed
and the pellet allowed to air dry and after which the pellet was suspended in DNase/RNase
free ultrapure water. Reagents not supplied DNase/RNase freereated with for 2 hours

at 37 °C with 0.26 diethylpyrocarbonate and then autoclaved.

5.7.1.3 DNA/RNA coextraction method biofilm samples
The coextraction of DNA/RNA from biofilm materials upon cotton, sand and steel required
a slight modification to the athods described in section 5.6.1.2. Colonised cotton samples
were washed with pH 4 and then pH 7 PBS under an inert nitrogen atmosphere to remove any
transient microorganisms and to neutralise the cotton samples. Samples were then cut into
small sectionausing sterile scissors and placed in a 15 mL falcon tube with metal beads
provided in the RNA PowerS6ikit (Mo-BIO, USA). DNA and RNA was then eextracted
using methods outlined ineStion 57.1.2. For biofilm formed within a sand column, a sterile
spdula was used to remove visible sections of biofilm and place them directly into a
PowerSoif glass bead tube which had had the kits suspension buffer removed to be replaced
by the reagents used in the modifi€riffiths method outlined in &tion 57.1.2. Biofilm
formed upon steel discs was removed by rubbing 0.1 mm diameter glass beads (Cambio, UK)
and CTAB buffer on the colonised surface for approximately 1 minute and the resulting
suspension collected. The extraction of DNA/RNA was then undertakenr #semeethods

outlined in Section 5.7.2.

5.7.1.4 RNA purification
From coextracted DNA/RNA generated via the modified Griffiths method, RNA was
isolated by the enzymatic digestion of DNA. This was achieved by using the DNase 1 Kkit.
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Briefly: Extracted RNA wasnade up to a volume of 8 mL in DNase/RNase free water with 1
mL of a 10X reaction buffer (provided) and 1 mL DNase | (1 unitijnadded to bring the

total volume up to 10 mL. The sample was then gently mixed by inversion and incubated at
room temperaturéor 15 minutes. After incubation the DNase was removed and the RNA
purified via the modified Griffiths methods outlined in sectioi.2 and further purified

using an RNeasy minielute cleanup kit (Qiagen, UK) to remove excess salts.

5.7.1.5 Quantification of nucleic acids
Nucleic acid concentration was determined spectrophotometrically using a Jenway Genova
QDQR VSHFWURSKRWRPHWHU %LEE\ 6FLHQWLILF 8. ZLWK
were analysed using UV light and ratios based on the extinctiefficeent of double

stranded DNA and RNA used to determine sample purity.

5.7.1.6  Visualisation of DNA/RNA products

Genomic DNA/RNA was visualised using gel electrophoresis &t dgarose gels prepared
in tris-acetate EDTA buffer (TAB). A 1 % agarose solutiowas prepared by completely
melting the agarose in TAEE\ PLFURZDYLQJ 7R WKH VRQHEWEIRQ [T
(Life Technologies, UK) was added and the solution poured into a gel cast and allowed to set.

/ RI JHQRPLF '1$ 51% ZDV W K ldf@XRoafliig=dyg (Bilite, UK) and
inserted into each well alongside & 0kb ladder (Hyperladder 1kb, Bioline, UK), the gel
was then submerged in TABBbuffer and subjected to electrophoresis for 60 minutes at 100
V. Agarose gels were visualised under lisht and an image recorded using the BioBtSc
210 imaging system (UVP LLC, US).

5.7.2 Polymerase chain reaction (PCR)

5.7.2.1 16S rRNA PCR gene amplification for clone libraries
From DNA extracted via the PowerSbiDNA extraction kit (MOBIO, US) the 16S rRNA
genewas amplified for Eubacteria and Archaea using the primers listed in Table 5.5. Direct
3&5 ZDV FDUULHG RXW XVLQJ WKH %LRPL[E 5HG NLW %LRC
buffer, dANTPsTag SRO\PHUDVH %,27%$4E D Q@R8). R BPicaHCR Xdaatin
FRQWDLQHG /| RI %LRPL[E 5HG / RI "1DVH58 INXVH IUHH
RI RUzbUuG DQG UHYHUVH SULPHUV DW D FRQFHQWUDWLRQ
concentration of 5 QJ ./Thermocycler conditions for the samples wasefollows;
initial denaturation at 94 °C for 5 minutes, followed by 35 cycles of denaturing (94 °C, 1

minute), annealing (60 °C, 1 minute), primer extension (72 °C, 1 minute 30 seconds). This
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was followed by a final extension step of 72°C for 5 minug&anples were cooled and
stored to 4 °C before further analysis. Genomic DNA extracted Esamerichia coli K12
and Methanobacterium bryantiiDSMZ 863) were used as positive controls for PCR
reactions, with negative controls run without genomic DNA. RE&tucts were visualised

on 1% agaroseels as outlined in section 5176.

Target organisn Primer Sequence Reference
Eubacteria pA  5-AGAGTTTGATCCTGGCTCAG3' (250
pH 5-AAGGAGGTGATCCAGCCGCA3" (250
Archaea 304f »CCCTAYGGGGYGCASCAG - (25))
1000r sGGCCATGCACYWCYTCTG - (251
Table 5.5: 16S rRNA gene PCR primer used for the formation of clone libraries

5.7.2.2 Hot start PCR for 16S rRNAgene amplification for highthroughput
microbial community analysis

For the generation of PCR products for analysis via a MiSeq nano platform (lllumia, USA)
the MyTad™ HS red mix (Bioline, UK) was used as it was found to significantly reduce
thermocyclerreaction time and improve PCR product yield. The mix used an antibody
mediated hoestart which reduces nespecific amplification due to a lack of polymerase
activity during the reaction sefp. Further the mix contained reaction buffer, dNTPs, Taq
polymeaase and magnesium. A typical PCR reaction was comprised of 8yTaq™ HS
red mix (Bioline, UK), 10 ng of genomic DNA or cDNA with 2. 20 uM forward and
reverse primer mix (primers used are listed in Table 5.6) with a final reaction volume of 50
.L. mace up with DNase/RNase free water. The thermocycler run was as follows: initial
denaturation 95 °C (1 minute), followed by 30 cycles of denaturation (95 °C, 15 seconds),
annealing (60 °C, 30 seconds), extension (72 °C, 15 seconds) with a final extengion of
minutes at 72 °C. Samples were cooled and stored to 4 °C before further analysis. Genomic
DNA extracted fromEscherichia coli K12 and Methanobacterium bryantfDSMZ 863)
were used as positive control for PCR reactions with negative controls run wjémarnic
DNA. PCR products were visualised orf@ agarose gels at 100 with a run time of 25
minutes.
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Target 16S Sequencing

) Primer Sequence Overhang ; Ref.
organism region company

Eubacteria )

& Archaea 519f 1&$*&0*&&*&**7$ 81 TCGTCGGCAGCGTCAGAT V4 Chunlab (252
GTGTA7$$*$*$&$*
1
785r 17$&19***7$7&7%$$78& & GTCTCGTGGGCTCGGAGA V4 Chunlab (253
T*T7T*7$7$$*$*$&$*T
5
515f 5-GTGCCAGCMGCCGCGGTAA3' TCGTCGGCAGCGTCAGAT V4 Microsynth (259

GTGTATAAGAGACAG-3'
5
806r 5-GGACTACHVGGGTWTCTAAT-3' GTCTCGTGGGCTCGGAGA V4 Microsynth (259
TGTGTATAAGAGACAG-3'

Table 5.6: 16S rRNA primers used for microbial community analysis

5.7.2.3 Purification of PCR products
PCR productswere purified for downstream applications using the Qiaquick PCR
SXULILFDWLRQ NLW 4LDJHQ 8. DV SHU WKH PDQXIDFWXUH
was converted to a salt by the addition of 5 volumes of supplied buffer and. 30M
sodium acetate. The PCR product was then bound to a silica column by centrifugation at
10,000 RPM and cleaned of impurities (primers, dNTPs, polymerases) via washing with an
ethanol based buffer. The PCR product was then eluted from the colummbi&sg/RNase
grade water and centrifugation.

5.7.2.4 Oligonucleotide primer synthesis
All oligonucleotide primers used in the study were commercially synthesised HPSF (High
purity salt free), by MWG Operons and prepared using instructions provided on the isynthes
rHSRUW WR PDNbstocksSPRO /

5.7.3 cDNA synthesis
From total RNA extracted from biologicalmples described previously (Section.b4)

cDNA was generated using the Tetro cDNA Synthesis Kit (Bioline, UK). Briefly:
approximately 16100 ng RNA was added 1 .L. random hexamer mix, 1L 10 mM dNTPs

mix, 4 .L 5x RT buffer, 1 .L. RiboSafe RNasenhibitor, 1 .L. Tetro reverse transcriptase
(200 U pL™ and made up to a final volume of 20Q using DNase/RNase free water.
Samples were then placed in a thermé&ayand incubated at 25 °C for 10 minutes followed

by heating to 45 °C for 30 minutes. The reaction was terminated by incubating at 85 °C for 5

min. Samples were then chilled on ice and storedét°C for long term storage.

5.7.4 gPCR ofdsrAgene
In order b investigate sulphate reduction under a range of pH values, the primer$sM/SR

JACSCACTGGAAGCACGCCGG 1 DQG-56 5% TGGMRCCGTGCAKRTTGG
T ZKLFK WDUJHW WKH DOSKD VXE XQLW RI AfRKR5§LVVLPLC
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were used with the SensiFAST SYBRo-ROX Kit (Bioline, UK) which uses an antibody
mediated hoestart DNA polymerase system to reduce the chances of ndimers
formation. Briefly: 10 ng genomic DNA or 100 ng cDNA was added tall@x SensiFAST
SYBR® NoROX Mix along with 1.6 .L. of forward and reverse primer at a final
concentration of 406M with the volume made up to 2Q using DNase / RNase free wate
Samples were then run on a Biorad CFX96-teaé PCR detection system (Biorad, USA)
using a blue light channel and measuring an emission wavelength at 520 nm. The
thermocycler run was as follows: 2 minutes for cDNA or 3 minutes for genomic DNA at 95
°C for denaturation and polymerase activation, then 40 cycles of 95 °C for 5 seconds
(denaturation), 60 °C for 10 seconds (annealing) and 72 °C for 10 seconds (extension).
Samples were analysed using the CFX Manager software package to determine threshold
cycle (ct value) (Biorad, USA). Control samples consisting of primer with no DNA, DNA
with no primer and genomic material treated with DNase before the cDNA synthesis step,
were run alongside triplicate samples for each pH value. After amplification sameie

visualised using gel electrophoresis iflZzagar at 100 V for 20 minutes.

A standard curve to calculate gene copy number was generated using known genomic DNA
amounts fromDesulfococcus multivoran®SMZ 2059) with gene copy number calculated
using Equation 5.2256).

) 50 . BaaB0asCo - ~@6®54/ 0a, . 50aai
CAJ’AKLELA.@O#?KJ?AJPNZQB!EW,J@WUAU%U%QDATM VT AT IrY T T A

Equation 5.2: Genecopy number in a known amount of DNA

5.7.5 Cloning of 16S rRNA gene
16S rRNA gene PCR products were ligated into the standard PGE&&y cloning vector

SURPHJD 86 DV SHU WKH PDQXIDFWXUHUTV IDQAWUXFWL

calculated using guation 5.3.

K EE 10 AN O BP? A K N oo pkCK ERA 2 PIGNO EEE JOANP
' e GOEWBRA?PKN

Equation 5.3: Cloning vector inset DNAcalculation. Where An insert vector molar ratio
of 1: 1 was chosen for all reactions and 50 ng of the 3.0®IEp vector was used per

reaction.

Ligation reactions were prepared in accordance to Table 5.7, with ligation reactions carried
out overnight D W f& UDWKHU WKDQ KR XU 7R /| RI FRPSH\
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reaction was added then incubated on ice for 20 minutes. The cells were then heat shocked at
42 °C for 45 seconds before being returnedcto for 2 minutes. SOC medium €&ion

5.7.5.1) was added to each reaction to bring the total volume to 1 mL prior to a further
LQFXEDWLRQ VWHS DW f& ZLWK VKDNLQJ 530 IRU
WUDQVIRUPHG FHOOV ZHUH WKHQ JURZQ RQ /XUL'D %HUW
amSLFLOOLQ RYHUODLRO ZBWKDQG RI / RI 'X-BALFS-bromo
4-chloro-3-indolyl- -D-JDODFWRS\UDQRVLGH LQ 191 GLPHWK\OIRUPI
dry and were then incubated at 37 °C for 24 hours before being transferred to allt@vto

for residual colour development. White colonies were then selected for subculturing-into 96
ZHOO VWDE SODWHV FRQW D [*@rhpxilin’ &hd BekDdhcetiLuging Sanged P O
sequencing technology using the T7 forward primer (GATC Bioteenn@ny).

Standard Positive Background

Reagent :
reaction control control
2X Rapid ligation buffer, T4 5 5 5
DNA ligase
pPGEM®-T Easy vector (50ng) 1 1 1
PCR product X - -
Control insert DNA - 2
T4 DNA ligase (3 Weiss units/L 1 1 1
De-ionised waterq a final 10 10 10
volume of:

Table 5.7: Ligation reaction conditions for pGEM T easy cloning kit

5.7.5.1 Preparation of SOC medium
0.5 g of yeast extract powder (MC001) and 2 g of tryptone (MC005) were added tmi97
of delionised water and sterilised by autoclaving at 121 °C. After cooling in a class Il safety
cabinet, 1 mL of 2/ glucose, 0.5 mL of 21 NaCl, 1 mL of 1M MgCl and 0.25 mL of M
KCI were added. All the solutions were prepared iriciésed waterand filter sterilised
XVLQJ D P VI\ULQJH ILOWHU XQLW

5.7.6 Analysis of 16S rRNA clone library sequences
Gene sequences were combined into a single FASTA format file and checked for chimeras

using UCHIME algorithm within the Mothur software su{@L9, 220 with Escherichia coli
(Genbank accession number J01695) dwedthanocaldococcus jannaschibSM 2661
(accession number L77117) used as relevant references. Sequences were trimmed of primer
artefact using the MEGA 6oftware packag€257) and low quality reads were removed
before submission to Genbank. Sequences were then analysed against the NCBI database

using Basic Local Alignment Search Tool (MegaBLAST) against the 16S ribosomal RNA
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sequences for Bacteria and Archaea dataf2@®. Phylogeny was then assigned to each
individual sequence based on the closet sequence match produced from the MegaBLAST

output.

5.7.7 16S rRNA gene clone library nucleotide accession numbers
The 16SrRNA sequence data from the colonised cotton has been submitted to GenBank

under accession numbers KP2639KP264111 and the pH 11 microcosm sequences under
the numbers KP728113KP728176.

5.7.8 Microbial community analysis via MiSeq platform
Genomic DNA or ER amplicons were sent to either Chunlab (South Korea) or Microsynth

(Switzerland) for sequencing via a MiSeq nano platform (lllumina, USA) (sample details in
Table 5.8). The general pipeline for sequencing included the generation of PCR amplicons
from geromic DNA which were then barcoded using an index PCR technique. These PCR
amplicons were then purified, quantified and run on the MiSeqg nano platform at 250bp paired
end. Paired ends were merged using Pandé&s®) and chimeric sequences ideigd and
removed using the UCHIME algorithi220). Sequence phylogeny was assigned using the
EzTaxon databas@16) for the Chunlab samples and the RDP database for the Microsynth
samples(217) with OTU clustering performed using GBIT-EST at a 95 % confidence
interval (222 with alpha diversity stastics assigned using the CLcommunity software suite
(Chunlab, South Korea) for the Chunlab samples and the Mothur softwaré@49téor the
Microsynth samples.

Genomic DNA / Sequencing
Sample )

Amplicon company

Buxton site biofilm (SiteB) Amplicon Chunlab
Horton site biofilm (SiteH) Amplicon Chunlab
Tarmac site biofilm (Sitd) Amplicon Chunlab

pH 11 fermentatie microcosm Genomic DNA Chunlab

pH 11 biofilm Genomic DNA Microsynth

pH 12 biofilm Genomic DNA Microsynth

pH 13 biofilm Genomic DNA Microsynth

pH 11 sulphate reducing microcosm Genomic DNA Chunlab
pH 9.5 sulphate reducing microcosn Genomic DNA Chunld
pH 7.5 sulphate reducing microcosn Genomic DNA Chunlab
Mb treatec_i sulphate reducing Genomic DNA Chunlab

microcosm

Grade 304 steel biofilm Genomic DNA Chunlab

Grade 316 steel biofilm Genomic DNA Chunlab

Table 5.8: Details of microbial community analysis investigations

88



5.7.8.1 Further microbial community bioinformatic analysis
Biofilm communities generated-situ upon cotton in different analogue sites were compared
using Taxon XOR analysis in the CLcommunityite@re suite (Chunlab, South Korea) and
related Venn diagrams were produced using EulerAPE9). Samples were compared
against each other for significance testing at &®986onfidence interval and at family level
using the RDP library compare tool, which estimates the probability of observing the

difference in a given taxon using the statistical test giveequation 5.4.
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ﬂ)" (x + y)!
Plylx) = Ny x! y! (]+i.2)(x+y+ Y
N
1
Equation 5.4: Significance test for two different microbial communities. Where N and
N, are the total number of sequenceslitmary 1 and 2 respectively, and x and y are the

number of sequences assigned to Taxon T from library 1 and 2 respectively.

5.7.9 Microbial community BioProject accession numbers
Sequence libraries were uploaded to Genbank with the BioProject and BioSaneskacc

values detailed in Table 5.9.

Sample BioProject accessio BioSample accessio
Buxton site biofilm (Sit®) PRJINA314676 SAMNO04539308
Horton site biofilm (SitéH) SAMNO04539309
Tarmac site biofilm (Sit€) SAMNO04539318
pH 11 fermentativimethanogenic microcosm PRJINA314684 SAMNO04539439
pH 11 biofilm PRJINA339714 SAMNO05603705
pH 12 biofilm SAMNO05603706
pH 13 biofilm SAMNO05603707
pH 11 sulphate reducing microcosm PRJINA339716 SAMNO05603714
pH 9.5 sulphate reducing microcosm SAMNO05603715
pH 70 sulphate reducing microcosm SAMNO05603716
Mo treated sulphate reducing microcosm SAMNO05603731
Grade 304 steel biofilm PRJINA339724 SAMNO05603774
Grade 316 steel biofilm SAMNO05603773

Table 5.9: Bioproject and Biosample accession details

5.8 Analogue sites

5.8.1 Cotton preparation
In order to prepare the cellulose cotton for incubation, raw woven cotton fabric (Greige) was
treated with NaOH to saponify the natural waxes along with an alkali stable phosphate ester
detergent to emulsify the suspended impurities. Further treatment with NaOH and
phosphonate stabilised,8, was carried out to bleach the fabric. The cotton was then rinsed,
neutralised under acetic acid before finally being rinsed, dried and autoclah&h %t prior

to use.
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5.8.2 Analogue site investigation
2.2 cm @ boreholes were hand drilled to an approximate depth of 0.5 m into areas inundated

with alkaline leachate at analogue sites. A total of 4 boreholes were placed into the Buxton
site (SiteB) (Figure 5.1), 6 boreholes were placed into Horton quarry site-(gitg-igure

5.2) and 5 boreholes placed ifftarmac quarry site (SHE) (Figure 5.3). Into each borehole

an inert plastic liner with a perforated lower section was placed, a nylon mesh bagimgnta
approximately 1 g of sterile, d@axed, cotton was then placed at the bottom of each borehole
for approximately 3 months. The pH of the porewater was recordestuinbefore
emplacement via a handheld portable pH meter with calibrated electrodeker(Metedo,

UK). Porewater collected before emplacement was analysed using a range of previously
described methods to determine ISA and VFA species content as well as sulphate, nitrate,

iron(ll) and iron (I1), calcium and sodium concentration.

After a peiod of 3 months, the cotton was recovered along with sediment and porewater
samples from the immediate vicinity of the cotton-situ pH and redox were recorded prior

to sample recovery using a handheld portable pH meter. All recovered materials alede se

in airtight containers along with anaerobic gas packs (Anaerogen, UK) for transport.
6HGLPHQW DQG SRUHZDWHU XDuRtiEdd&ygis antiltbiton WoRUgdd @r D W |
LPPHGLDWH DQDO\VLE izdsdlutiov &t A L bf\witrape water, 10 mL of

1M TRIS-HCI (pH7.5) and 250 mL of 96 % (v/v) ethanol after an overnight fixation step in
4% paraformaldehyde in PBS. The pH and redox of the collected sediment wasrdateami

per methods outlined in Section 5.5Fbr porewater sam@dSA and VFA species content

as well as sulphate, nitrate, irdfl) and iron (Il) concentrations were determined as
previously described. Extractable ISA from recovered cotton samples and related sediments

was undertaken as per theds outlined in Sean 5.5.2
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Figure 5.1: Borehole location plan of Buxton siteLocated at lpur Hill, UK (53.14 N
1.55 W) an old lime kiln waste disposal site (ca. 140 vy).
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Figure 5.2: Borehole location plan of Horton quarry site.Located aHortorin-
Ribblesdale, UK (54.15 N 2.30 W) the site possesses a hyperalkaline lagoon from lime kiln
ZDVWHV DQG ZDV IRUPHG LQ WKH 1TV
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Figure 5.3: Borehole location plan of Tarmac quarry site Located near GrassingtodK
(54.05 N 2.03W) the limestone quarry site possess a Higpkne engineered basin into
which rainwater percolatethrough historic deposi@nd wa formed an estimated 10 years

ago.
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5.8.3 Work flow for analogue sites investigation
The Buxton site (Sitd) was initially used to generate colonised cotton during 2014, with

cotton (5 g total) from borehole 2 {BH2) used to further form microcosms for the

enrichment of ISA degrading microorganisms and to investigate biofilm community

composition via cloning and sequencing techniques. During 2015 cotton harvested from

boreholes at the Buxton, Horton and Tarmac sites were used to investigate the actme biofil

16S rRNA gene community composition through microbial analysis of cDNA generated from

extracted RNA using a MiSeq platform. The related morphology of biofilms was also

investigated through the use of CLSM techniques. The work flow for these invessgation

summarised in Figure 5.4.

2014
Cotton

3 month insitu
incubation

Colonised Cotton from Buxton

BH2
16SrRNA  Microcosm  Microscopy

gene clone investigations investigations
(SEM,

fluorescence)

libraries

3 month insitu l
incubation
Colonisedcottonfrom Buxton, Horton and

Tarmac sites

1 1

RNA extraction

Site chemistry Microscopy
from alkaline investigations
samples and (CLSM, SEM)

generatio of
cDNA

l

16s rRNA
community analysis
using MiSeq
platform and
comparison of
communities across

sites

Figure 5.4: Workflow for cotton harvested from analogue sites
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5.8.4 Genetic analysis of cotton samples
Cotton from borehole 2 collected rig August 2014 was used to generate related clone

libraries. Cotton samples collected during August 2015 were used to generate cDNA libraries
for community analysis via a MiSeq platform. In order to generate enough RNA for cDNA
synthesis samples from dmdndividual sites hyperalkaline boreholegere pooled after

extraction.

5.9 Microcosm investigations

5.9.1 Liquid batch fed microcosms
In order to investigate ISA degradation under both methanogenic/fermentative and sulphate
reducing conditions microcosms weestablished using approximately 1 g of colonised
cotton from SiteB (harvested in August 2014) per microcosm. The cotton was washed with
10 mL N, purged sterile PBS under an inert environment to remove any transient

microorganisms and added to continuoustiyred microcosms containing 1#BL of pre

UHGXFHG &'3 DQG PLQHUDO PHGLD DW S+ DQG U &
is described in Diagram 5.1.
Air tight seal s S - Gas release/sample
N JjT ___—port
[ AT
Nitrogen purge

Feed/waste tube —__ » o _—tube

Gas headspace 4 _~Schott bottle

Reactor liquid
phase

L L Foil coating to
—exclude light

Magnetic flea.

Magnetic stirrer [~ 4

| Scale - NTS |

Diagram 5.1: Standard microcosm vessel
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The microcosms were brought up to a final volume of 250 mL by feeding 25 mL of CDP
every 2 weeks with the pH adjusted using4NaOH every 7 days. During each feeding
period the microcosm was purged with nitrogen, with microcosms maintaining a nitrogen
healspace to ensure anoxic conditions. For the microcosm under sulphate reducing
conditions, sulphate was added with each feed at a concentration aiMs.based on

equation 5.5.
%*sel. Eu514® Eu*>\ x%lg E x*1 E u* 57

Equation 5.5: Theoretical ISA driven sulphate reduction

After reaching the final volume of 250 mL the cotton was removed and itr@amsms
switched to a 10% waste/feed cycle with CDP every 2 weeks, with supplementation of
mineral media only after the complete replacement of the microcosm volume. The
application of the waste/feed cycle was to impose a growth rate upon the micieosyan
ensuring only the enrichment of growing microorganisms. The microcosms were maintained
with a nitrogen atmosphere and all reagents were reduced prior to use and stored under
nitrogen. Resazurin redox indicator present within the mineral media proadeulication

of anaerobic conditions within the microcosms and all manipulations of the microcosms were
carried out under a stream of nitrogen to maintain anoxic conditions. pH was adjusted after
every feed waste cycle usingM NaOH. Sufficient time (5Qveeks) was allowed for the
microcosm chemistry to stabilise and also to allow for the washout of any transient
microorganisms. At this time the microcosms were sampled every 2 days over 2 feed/waste
cycles to determine the microcosm chemistry and gasspaed content. The process of

microcosm establishment and maintenance is summarised in Figure 5.5.
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igure 5.5: Overview of microcosm formation and maintenance

5.9.1.1 Control microcosms
Controls amended wi J B ¢hloramphenicol were formed to the same proportions as
the test microcosms. The controls were prepared under nitrogen in 100 mL Wheaton bottles
in duplicate and had a final volume of 50 mL and were sampled and analysed as per the test
microcosns. The controls also contained waste from the main microcosms and served as an

abiotic comparison for the elimination of sorption and precipitation events.

5.9.2 pH survival subcultures
In order to investigate the ability of the floc communities to survivéopged exposure to

hyperalkaline conditions small scale microcosms of approximatelycélls mL* were

formed using 100 mL Wheaton bottles at pH values 11.0, 11.5, 12.0 and 13.0 in duplicate.
The microcosms were composed of mineral media and CDP to thatclomposition of the
original microcosm. pH was measured on a weekly basis using a portable handheld probe and
meter (Mettler Toledo, UK), with pH adjusted accordingly usi MlaOH or 2M HCI. The

head space of the microcosms was kept under nitrogenstare anaerobic conditions. The
microcosms were sampled on a weekly basis for three weeks with the removal of 1 mL
microcosm fluid each week for ATP quantification to determine cell number. Abiotic
controls were established for each pH value within tHegnge and were sampled as per the

above
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5.9.3 Biofilm formation upon stainless steel under alkaline sulphate reducing
conditions
25 mL waste from the pH 11 microcosm with sulphate (after 2 years under a 2 weekly

feed/waste cycle) was added to 475 mL 10% CDieral media mix with 4mM sulphate in

a 1 L Schott bottle with a 3 port lid (GL45, Schott, UK). To the media 7 x grade 304L
austenitic stainless steel discs, 7 x grade 316L austenitic stainless steel discs (2 cm diameter,
1.2 mm thickness, 2B Mill finish{Syspal, UK) fixed in a mesh bag were added. Discs were
autoclaved before use. The subculture microcosm was continuously stirred at 20 °C and
waste/fed as per the microcosm describe&eantion 5.91. pH was monitored on a weekly

basis and adjusted up tdHpll with 4 M NaOH if needed. After a 3 month period the
microcosm was sampled every 2 days over 2 feed/waste cycles, after which the discs were
removed for analysis. Controls were made up in duplicate as per the main sample but without
microorganisms. E&ccontrol had with 2 x 304L and 316L steel discs in a 50 mL Schott

bottle and was sampled as per the main disc reactor.

5.9.4 Free drift sulphate reducing investigation
Three 250 mL subcultures at pH 11 with a%@DP mineral media mix with @M sulphate

were formed using 75 mL of microcosm fluid from the pH 11 microcosm under sulphate
reducing conditions (after a 2 weekly waste/feed cyclatthn of 2 years) described in
Section 5.91. The pH 11 microcosm fluid was centrifuged at 5,2affor 10 minutes ath

cells resuspended in fresh media 20CDP mineral media mix with 89M sulphate and
distributed evenly between the three vessels for subculture. The subculture vessels were then
left for 26 days under a nitrogen headspace with continuous stirring @. Zlhe vessels

were sampled every 2 days to determine reactor chemistry with the headspace flushed with
nitrogen to allow for the recording of a pH value during these sampling periods. Sulfide
concentration and cells were harvested at pH values 11.0, 10, 9.5, 9.0, 8.0, 7.G(

0.25). Controls were established as per the three initial subcultures with one set of
subcultures treated withraM molybdate(260) to inhibit sulphate ptake and one set treated

with chloramphenicol (5.g mL™) for an abiotic comparison. The control subcultures were

sampled as per the main subcultures.
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5.9.5 Recirculation biofilm system

Biofilm was grown using Ottawa sand as a substrate for adhesion within the recess-of a Bio

cell unit (Diagram 5.2).

Plastic biocell

Nut and bolt —— |
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)
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— |O
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inlet/outlet ports ———————
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/" housing
v

{
20cm

Plan view - Biocell

Sand filled cavity —_

Stainless steel

_—"" inlet/outlet port

for biofilm 9 3
formation L
N | . W
— > =
Nut and bolt — Section view - Biocell

Scale - NTS

Diagram 5.2: Small Biocell diagram

Each Biccell unit held approximately 24 g of sand which was acid washed before use. A

larger liquid subculture which was formed from the pH 11 fermentative/methanogenic

microcosm described in Section A 9vas used to form biofilm within the sand columns. 25

mL waste from the pH 11 microcosm (taken after 1.5 year duration 2 weekly feed/waste

cycle) was added to a 26 mix of CDP and mineral media to a final volume of 500ima

custom 1.5 L reaction vessel. The vessel was equipped with fittings for BacVis headspace gas

analysis pods and a 3 port lid (GL45, Schott UK) which included an inlet, outlet and septum

sample ports. The subculture microcosm was continuously s#tr2@’C. Using a peristaltic

pump and 0.31 mm internal diameter norprene tubing (Masterflex;Radheer, UK) fluid

was pumped through a Biocell plastic biofilm unit at a rate of 0.35 mL*miesigned to

99



give the passage of the entire volume of the gilne microcosm per dapiagram 5.3).

The subculture microcosm was run on a 2 weeklgdl@aste feed cycle for 25 weeks (until

the chemistry stabilised) and the biofilm reaclaedsible steady state (loss = growth). The
system was then sampled everya&/slover two feed/waste cycle. The Biocell unit and sand
column were sterilized before use by the passage of a chlorine solution for 2 hours and
washing with sterile ultrapure water for 1 hour. An abiotic control system was set up
alongside and run as pehe biotic system and differed only by the omission of
microorganisms.
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airtight lockable (0.31mm internal @)
seal \

BacVis gas B Biocell outlet
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| | unit with
’J—“ | | L T /
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g sand as a
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51,
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exclude light - ey
N T [
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500mL) on magnetic stirrer
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Peristatic pump delivering
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Diagram 5.3: Recirculation based biofilm system
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5.9.5.1 Testing individual components of recirculation system
In order to determinehe distribution of microbial activity within the recirculation system
both the liquid and the biofilm components were tested separately for ISA degradation. In
order to test the liquid component the main vessel was removed from the biofilm component
as shan in Diagram 5.4 and sampled every 2 days over 2 feed/waste cycles. The biofilm
component was tested using a single pass system detailed in Diagram 5.5, whar€BR0
mineral media mix was passed through a fully developed Biocell unit at a rate ahD.05
min™. The outlet from the Biocell then flowed into a vessel fitted with BacVis pods for gas

detection and was sampled via a three way lockable valve positioned before the final vessel.
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Diagram 5.4: Liquid only component of recirculation system
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Diagram 5.5: Single pass system for testing biofilm activity

5.9.6 Single pass NRVB column biofilm system
Sterile Biocell units were placed downstream frordeaeloped biofilm community within

the redrculation system described in Section 5.9Jhits were left to develop\asible steady

state biofilm over a 10 week period at pH 11. Once developed a Biocell unit was placed into
the system described in Diagrasr6, which consisted of a single pass system described in
Diagram 5.5, with the outlet of this system connected to a large Biocell unit (Diagram 5.7).
The recess of Biocell had NRVB cast into it along with 2 x grade 304L austenitic stainless
steel discs, X grade 316L austenitic stainless steel discs (2 cm diameter, 1.2 mm thickness)
and a 1 cm (approx.) diameter graphite disc. The outlet of the NRVB column passed to into a
vessel fitted with BacVis pods for gas detecti The system was sampled tiaee way
lockable valves positioned after the Biocell unit and after the NRVB column. Through the
system a 186 CDP, mineral media mix at pH 11, 12 and 13 was passed at rate of 0.05 mL
min™ with the system run in duplicate and sampled every 2 days for a ldeday. Flow

rate was constrained to deliver 1 L total volume over a 14 day period. Controls were run in

duplicate using the same system and sampling period using a sterile sand column.
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5.9.7 Preparation of NRVB
Nirex reference vault backfill (NRVB) was prepared using methods outlined in Buathér

(12) with the composition of the mix shown in Table 5.10. NRVB was cast into plastic
Biocells outlined inDiagram 5.7to give an approximate final dried weight of 103 g per
Biocell. After casting NRVB was allowed to hardereavight at room temperature then in a

sealed Biocell cured for 28 days using a saturated Ca@Hifion.

Component Mass (q)
Lime 300
Limestone flour 990
Portland cement 900
Water 1230

Table 5.10: NRVB composition
5.9.7.1 Carbonation testing of NRVB

The surface of NRVB was tested for evidence of carbonation by using 1 % (w/v)
phenolphthalein ethanol solutigq261). The solution was added directly onto the NRVB
surface with alkaline areas shawi a purple, red colour and carbonated areas becoming

colourless.

5.9.8 Calculating rate constants
First order rate constants for ISA degradation were calculated according to equation 5.6.

% L %pA’PC

Equation 5.6: Exponential growth / decay equation.Where G = final concentration, £=

start concentration, % first orde rate constant and t = time.

5.10Micro pH and redox electrode profiling

5.10.1 pH floc profile
pH 11 microcosms under fermentafivethanogenicand sulphate reducing catidns
previously described in Section 5l9vere used as the inoculation source for all experiments.
pH profiles of the flocs were undertaken wighmicromanipulator and stand (Unisense,
Denmark) using a 10 pum diameter pH electrode with an external reference (Unisense,
Denmark) connected to a single channel pH/redox meter supplied by the probe manufacturer
(Unisense, Denmark). The probe was calilwtatgainst pH 4, pH 7 and pH 10 standards and
tested against pH 11 and pH 12 solutions made using NaOH. Profiles were taken through the
flocs at pH 11.0, 11.5 and 12.0. In order to generate the pH profile of the flocs, flocs were
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incubated for 1 hour in miocosm fluid at the desired pH and were then injected into agar
cubes of the same pH to provide support for the profiling. Control profiles were conducted
through plain agar at pH 11.0, 11.5 and 12.0. Data was recorded using the SensorTrace suite
(Uniseng, Denmark).

5.10.2 Biofilm pH and redox profile
Profiles were taken through biofilm using a 200 um diameter micro pH electrode (Unisense,

Denmark) with internal reference and a 100 um redox microelectrode with an external
reference (Unisense, Denmark) undeliteogen atmosphere. Electrodes were connected to a
single channel pH/redox meter supplied by the probe manufacturer (Unisense, Denmark).
The pH probe was calibrated as peecBon 510.1 and the redox probe tested as per the
manufactures instructions usipé buffer solutions saturated with quinhydrone. pH profiles
were undertaken with a micromanipulator and stand supplied by the manufacturer (Unisense,
Denmark). Control profiles were taken through pH buffer or pH buffer amended with
quinhydrone for the rexk probe. Data was recorded using the SensorTrace suite (Unisense,

Denmark).
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6. Harpur Hill, Buxton analogue site investigation

and microcosm experiments
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6.1 Rationale
The aim of this first section of work was to recover microbial biofilm communities fhem

Buxton analogue site using-gitu cotton bait. The Buxton analogue site at Harpur Hill was

chosen due to the large amount of previous research associated with the site (See Section
2.2.2). Further work would then investigate the ability of the reeovemicrobial
communities to degrade ISAHSA, t-ISA and XISA) under methanogenic conditions in

liquid culture at pH 11. These conditions were chosen due to the likely absence of large
DPRXQWYV RI KLIJKHU HQHUJ\ 7($TV ZGDFKLQ WKH QHDU ILHOC

6.2 Results and discussion

6.2.1 Analogue siteinvestigation and analysis of colonised cotton
Chemical analysis of the hyperalkaline areas of the Buxton site have been previously
described56, 8Q and Table 6.1 shows the results of the analysis of the porewatiment
and cotton after a 3 month incubation period. The pH within the vicinity of the cotton
samples was between pH 11.5 ahti12 and redox measurements were found to be negative
in both the associated sediment and porewaters. Both the alpha arfdrbet of ISA were
extracted from the cotton (>0.5 mg g DV the sediment (>0.5 mg DW™) and porewater
(7.64 mg L alpha, 6.82 mg T beta) indicating irsitu alkaline cellulose hydrolys{@2). The
JHQHUDWLRQ RI &'3V IURP WKH VLWHYV VRLO RUJ@QLF PDW
and in this stdy the addition of cotton cellulose resulted in its partial alkaline hydrolysis to
CDPs with the concentration ofISA and t-ISA in the porewater and sediments being
higher than those measured by Retital (80). This supports the concept that the hyper
alkaline conditions created at this site are capable of generating GigPprésence of
acetate, a common end product of ISA fermentaiédn 83, 177, in the porewater, sediment
and cotton indicates an active anaerobic microbial community in the immediate proximity of

the cotton evethough the ambient pH was greater than pH 11.0.

Source pH eH Acetate ~ISA -ISA
Porewater (mg 'ﬁ) 11.92 -66 208.9 7.64 6.82

-1
Sediment (mg g DW) 11.5 =77 127.24 1.01 0.54
Cotton (mg g dry DV(/l) N/S N/S 141.16 2.34 0.85

Table 6.1: Analysis of porewater, sediment and caon retrieved from the Buxton
analogue site.

Microscopy aalysis of the cotton after retrieval showed areas of EPS indicative of biofilm

formation and surface associated mineral precipitates (Figure 6.1 and Figure 6.2) with
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individual viable bacterial cld being visible on some fibres (Figure 6.1). This is a marked
contrast to the colonisation of cotton incubated in a landfill site under neutral anaerobic
conditions reported by McDonakt al (262 where fibres were heavily colonised with cells
and exhibited the characteristic pits and grooves associated with braicreellulose
hydrolysis. The reduced colonisation of the cotton under the hyperalkaline conditions present
at the site are further illustrated by the live/dead staining of the cotton (Figure 6.1D) which
revealed a low density of live cells on the indiwad cotton fibres and within the surrounding
biofilm material. This could be attributed to the external environmental stresses forcing
microbes to expand additional energy to maintain cytoplasmic homeo#asis The
formation of biofilm under these conditions colld a survival mechanism whereby a niche
site is formed in which EPS acts as a barrier to external environmental sif@Sses
Previous work by Granget al (176) has demonstrated the ability of microorganisms under
alkaline conditions to form a biofilm upon the surface of the cementitious mateitals w
work by Smithet al (143 showing the ability of microbes within biofilms to survive in

sandstone columns up to pH 13.
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Figure 6.1: Microscopy investigation of the cotton[A] Sterile cotton. [B] Cellulose cotton
from the borehole showing biofilm formation. [C] Close up of individual fibre showing
individual cells, EPS aggregates and mineral precipitate. [D] Live/dead image ofluadivi

cotton fibre (live cells = green, dead cells = red).
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Figure 6.2: Elemental composition of biofilm formed upon colonised cotto.he hofilm
possessed areas rich in carbon, oxygen and calcium possibly indicating calcium

carbonate formation.

7TKH FRWWRQYV (XEDFWHULDO FORQH OLEUDU\ ZDV GRPLC
represented 58% of the clones obtained (n=67) (Figure 6.32f).these Clostridia, 33
sequences most closely matched organisms from the family Clostridiaceae 2, where 13
sequences most closely matcl@dstridium formicaceticunstrain DSM 92 and a further 10

to Anaerovirgula multivoransstrain SCA. The remaining 9 ales most closely matched
sequences belonging to the genus Alkaliphilus, of which 8 were closely related to
Alkaliphilus oremlandiistrain OhILAs and 1 related tAlkaliphilus transvaalensistrain
SAGM1. The remaining clones of the Clostridia were reprieseby sequences most closely
related to organisms from the families Clostridium insertae sedis Xl (3 sequences) and
Clostridium insertae sedis XIV (2 sequences). The remainder of the clone library was made
up of a diverse range of taxonomic families umtthg: representatives from Brucellaceae,
primarily related toOchrobactrum anthropistrain ATCC 49188; Corynebacteriaceae,
dominated byCorynebacterium marinurstrain D7015; and the Bacillaceae 1, dominated by

Bacillus pseudofirmustrain OF4.
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The incubéion of the cotton cellulose within the hyperalkaline sediment selected for
organisms from the Clostridia lineage which contrasts with previous investigations of the
background sediments where a larger degree of taxonomic diversity was ol{Sevéd,

178 presumably due to greater diversity of energy sources and colonisation from
surrounding pasture land. Of the Clostridiaceae 2 species identi@éakstridium
formicaceticumhas broad spectrum carbohydrate ferragon capabilitieg263), but has not
previously been associated with alkaline conditions. This contrasts with species from the
generaAnaerovirgula and Alkaliphilus which have dl been previously associated with
alkaline siteg40, 264, 26h

The Archaeal clone library (Figure 6.3B) was dominated (93%) by sequences most closely
matching Methanobacterium alcaliphilunstrain NBRC 105226 &68). The remaining
sequences were most closely relatedviiethanomassiliicoccus luminyensgain B10 and
Methanosarcina mazeGol. The Archaeal population associated with the cotton was
dominated by hydrogenotrophic, alkaliphiidethanobacteriumAlthough these organisms

are able to utilise acetate as a growth fa¢®@6, 267, they are incapable of acetoclastic
methanogenesis which could account for the accumulation of acetic acid in extracts from the
cottonand surrounding sediment and porewaters. Organisms showing sequence similarity to
Methanobacterium alcaliphilurwere observed, where this organism has been isolated from
alkaline sediment§l53), whilst Methanomassiliicoccus luminyensias only previously been
isolated from human faecg268). In addition to these hydrogenotrophic methanogens,
Methanosarcina maze(269 a halotolerant methanogen able to utilise both hydrogen and

acetic acid was also present.
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Figure 6.3: 16S rRNA gene clone libraries of the colonised cottdi] Eubacterial (n =
67). (B) Archaeal (n = 68). Phylogenetic families were assigned to clones through a
MegaBLAST database search.

6.2.2 Microcosm studies
The fermentatve/methanogenic microcosm demonstrated significant degradation of ISA at

pH 11.0 over the course of a feed cycle (Figure 6.4) with first order degradation rates shown
in Table 6.2. Comparison of the rate constants to those generated in a pH 11 sediegent bas
CDP driven microcosm as reported by Rout g88) show similar t-ISA degradation rates

but reduced.-ISA rates. This study is the first to demonstrate the biodegradation XISA with
the provision of a related rate constant. The rate of degradation of XISA was higher than
ISA and similar tot-ISA and could be a refldon of the different solubilitesf the different

forms of ISA(20, 27Q. Acetate was the only VFA detected and gradually accumulated in
the system reaching a peak of 499.8 miig(8E + 49.8), similarly hydrogen gas accumulated

in the headspace over the course of the feed cycle reaching 1.00 mmoles (SE + 0.04) (Figure

6.4). Neither carbon dioxide nor methane was detected in the headspace of the microcosm,
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however, solublénorganic cdbon increased within the system (Figure 6.4) with the pH after
each cycle reordered at an average of 10.80 (SE = 0.4). The production of acetate and
hydrogen as the products of ISA degradation suggest degradation via fermentation processes
with similar resilts produced by Rouet al (80, 8) under methanogenic conditions. The

chloramphenicol control showed no significant degradation of ISA or acetate or hydrogen

production, indicating that ISA degradation was biaabnot chemical (Figure 6.4).

were able to be degraded by the microcd8hThe pH 11 control showEno evidence o
ISA degradation. [CThedegradatiorof ISA resulted in the production of both acetate and
hydrogen gas as fermentation end products. The control showed no evidence of acetate
generation. [D] TOC decreasas ISA was degraded and IC measnents increased. The
control showed no change in both TOC and IC

Rate (day) SE
~ISA 3.33x10 2.01x10
tISA 9.36x 10 2.20x 1C°
XISA  6.78x10 2.85x 10°
Table 6.2: ISA degradation rate constants of pH 11 methanogenic microcosnihe rate

constants show that both thegaf XISA andt-ISA degradatiorwas faster than-ISA
degradation.
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Measurements of ATP content of the microcosm over two consecutive waste/feed periods
showed an increase in cell concentration over the two week period (Table 6.3) and reinforces

the biologcal degradation of ISA as a carbon source.

Day CFU mL* SE Biomass (mg DW) SE Biomass (mg C) SE

0 950x16 1.23x16 1.69 0.22 0.83 0.11
7 130x106 3.18x10 2.40 0.56 1.18 0.03
14 1.46x10 6.61x16 2.59 0.12 1.28 0.06

Table 6.3: Cell concentration and associated biomass over two week perioQell
concentration is given dscoli equivalentsvith 350 fg carbon per cell and an empirical
biomass of GH;O:N (238).

Analysis of the ritrobial community of the pH 11 microcosm was undertaken using both a
cloning sequencing technique and a MiSeq based platform (Figure 6.5). The cloning and
sequencing technique returned a library made up of 59 eubacterial sequence reads and no
archaeal rads. In contrast to this a MiSeq platform approach returned 18,854 number of
sequence reads which included both bacterial and archaeal sequences. The cloning and
sequencing library was dominated by clonesAbidhewanella jeotgalstrain MS1 from the

family Alteromonadaceae with a similar but smaller component seen in the MiSeq library.
The remainder of the library produced by cloning and sequencing included representatives of
the family Bacillaceae, most closely matchimacillus pseudofirmusstrain OF4 and
Alkaliphilus crotonatoxidanstrain B112 of the family Clostridiaceae 2. In comparison to

this the remainder of the library produced by the MiSeq approach contained a much broader
UDQJH RI PLFUREHV ZLWK 2781V 7KH G Lo apptbEcReSHY R EV
could be attributed to numerous factors including differences between the extraction
techniques used for the genomic DNA, 16S primer type, sequencing depth and procedure
bias. From the results obtained it would appear that the MiSeq appratchtsahigher

number of sequence reads offers a higher 16S microbial community resolution as can be seen

by the increased Shannon diversity index values (Table 6.4).

The MiSeq approach revealed the microcosm community was dominated by sequence reads
as®ciated with the phyla Proteobacteria (39.5%), Actinobacteria (32.9%), Firmicutes
(24.9%) and Bacteroidetes (2.3%) making up 99.6% of the library (Figure 6.5). The
Proteobacteria and Actinobacteria were each dominated by sequence reads associated with
the Alishewanella(31.8%) andDietzia (26.7%) genera respectively. Reads associated with
HydrogenophagandSilanimonagyenera were also detected within the Proteobacteria group,

where Leucobacterand Corynebacteriunrepresented >1% of the total reads withinre t
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Actinobacteria. The Firmicutes detected were not dominated by a particular species per se,
where Anaerobranca(4.6%), GQ356941 g(4.5%), Tissierella (2.7%), Natronobacillus

(2.6%), Bacillus (2.0%) andBacillus_g26(1.7%) were all represented within teequence

reads. The Bacteroidetes were almost entirely composed of the sequence reads associated
with the genusAquiflexum(2.2% of the total reads). The archaeal component of the library
made up small fraction of the community (0.01%) and was entirelyindded by a
methanogen from the genuslethanosaeta.The relatively small composition of the
methanogens is likely reflected in the absence of detectable levels of methane in the

microcosm.
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Figure 6.5: 16S rRNA genemicrobial community analysis of pH 11 microcosmThe
MiSeq approach identified a greater number of bacterial lineages offering a greater resolution
into the microbial community. The MiSeq approached showed the flocs to be dontipated
Actinobacteria, Firmicutes and Proteobacteria. [A] Cloning and sequencing library. [B]
MiSeq library.

The microbial community contained a large component of microbes related to bacteria which
have previously been associated with alkaline conditidtishewanellaformed a large
component of the population. This facultative anaerobic genus is most commonly associated
with fermented seafoo(271), but has also bedarolated from landfill soil€272). Its ability

to grow in alkaline conditions up to pH 12 has also been rep@i&. Similarly Dietzia

have been reported in a range of hyperalkaline areas and possess the ability to degrade a
range of carbohydrates and polluta®33, 274. As per the microbial community of the
colonised otton (used as an inoculation source for the microcosm), the microcosm contained

a large component of bacteria from the Firmicutes. A number of the Firmicutes detected here

have been previously associated with alkaline conditfdis 264, 26pwith ISA degrading
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microcosms operating at pH 9.5 and pH 11 as reported by Kyerena¢{84) and Routet al

(80) to also contain similar large Firmicute based components. The diverse metabolic range
of the identified bacteria specifically the ability to utilise a range ofazadmurces appears to
have enhanced the ability of the bacteria to thrive within the CDP driven microcosm.

The rarefaction curve (Figure 6.6A) showed that the MiSeq sampling depth was not sufficient
to capture all known species; however the high Goods r@geeshowed 95 % of species
were identified through the sampling. Combining the Goods Coverage with the rank
abundance curve (Figure 6.6B) which shows a classic diverse microbial community
distribution as described by Hughetsal (226) indicates that the dominant species within the
community were identified and only rare low abundance species were left to find. The Chaol
and ACE values reflect this suggestihg fast 5% of species to be found would be very low
abundance to attain the values reported. The Shannon diversity index demonstrated a
surprising degree of diversity despite the harsh conditions within the microcosm with index
values higher than those asgted with human skin floré275 and similar to biofilms
developed formed from circumneutral floodplains and stream communities under laminar and
turbulent flows(276). Although diverse the Shannon index values reported here are lowe
than those reported by Niederdorfetr al (276) for aggregate based communities under

circumneutral conditions.

Technique valid OTUs Ace Chaol Shannon Goods Lib.
reads Coverage
Cloning and 59 9 49.46 14.00 1.44 0.92
segquencing
MiSeq platform 18854 1430  8521.47 6058.86 4.18 0.95

Table 6.4: Alpha diversity statistics of pH 11 microcosmThe MiSeq approach with a
greater number of valid readBowed a higher resolution into the microbial community with
ODUJHU QXPEHUV RI 278V GHWHFWHG DQG KLJKHU ¢
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Figure 6.6: Rarefaction and Rank abundance curves for pH 1inicrocosm via MiSeq
approach.[A] The rarefaction curve showed sampling did not reach saturation with regard to
OTU detection. [B] Rank abundance curves reflected a diverse microbial community

6.2.3 Properties of polymicrobial flocs
Microscopy based invagations (Figure 6.7) into the morphology of the microbes within the

pH 11 microcosm revealed the cellstoBHLVWLQJ DV DJJUH Jdluvwes. Ei2VHG RU
microbial flocs wee composed of an EPS containimplysaccharides and eDNA.
Polysaccharidesra a common component of EPS and moderate a range of bacterial biofilm
properties including adhesion, cell aggregation, cohesive nature, protection as well as the
sorption of organic compounds and inorganic i¢8S). Imaging of the polysaccharide
component revealed its diditition throughout the flogvith large globularike structures
(Figure 6.7). DNae treatment caused the lossh#de structures resulting in a less compact
structure of cells associated with polysaccharide, indicating a relationship between the eDNA
and the distribution of the polysaccharide components (Figure 6.7A & B). The role of eDNA
within biofilms appears toesve a number of functior{277), in this case it is likely to aid the
structue and function of the flocommunity(278). The presecte of eDNA within the floc
structure is also kely to act as a phosphate store for the constituent microbial consortia
(279. Calcium ions are abundant at the site aritlin the microcosmas such the interaction
between eDNA and these ions is likely to promote cell aggregation and biofilm formation
(102. This is illustrated by the fact that treatment of the flocculates with DNase resulted in
the loss of floc stabily (Figure 6.7). Further investigations using SEM showed individual
flocs to be clusters of cells, polymeric substance and crystalline precipitates (Figure 6.7D).
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Figure 6.7: Microscopy investigation intothe morphology of the pH 11 microcosm[A]
Ethidium bromide and Calcofluor white stain of bacterial floc showing individual cells and
eDNA (red) and extracellular polysaccharides (blue). [B] DNase digestion of flocglcause
them to lose structural integyi [C] Live/deadimage of bacterial flocculate igen = alive
cells, red = dead cells). [D] SEM image of flocs shows areas of possible mineral precipitate.

Investigations into the microcosm carbon flow (Table 6.5) highlighted the importance of EPS
generéion within the system by the fact that >80 of the available carbon was diverted to
EPS formation, a finding similar to the carbon distribution in biofilm systems reported by
Jahn and Nielse 280). The concentration of the polymicrobial flocs was determined via
flowcytometric methods as 1.71 x°#98.73 x 16 per ni of microcosm fluid with 54.4% of

the flocs being >10 um in diameter reaching a maximum size of 240 um (Figure 6.8).
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Component mg C (% ISAC)
ISA degraded 84.00 100.00

VFA produced 19.92 23.71
Associated carbonat 10.13 12.06
Biomass change  0.44 0.53
Remaining (EPS) 53.51 63.70

Table 6.5: Carbon distribution of pH 11 microcosm. A large portion of available carbon
was diverted towards EPS production indicating its importance towards microbial burviva

5 atcesceDitibuton S
. A
L il B

Figure 6.8: Size distribution of polymicrobial flocs within pH 11 microcosm.The size
distribution curves shows two major peaks one most likely associated with debris, dead cells
and smaller aggregasg and a second which is associated with the flocs, as seen via

microscopy investigations.

CLSM investigations improved upon fluorescence work and revealed the flocs to be
composed of a complex mixture of proteins, carbohydrates, lipids, eDNA and cglise(Fi

6.9). Imaging of the protein component of the flocs showed large concentrated areas of
protein within the flocs (Figure 6.7). Protein serves a wide range of functions within biofilms
including the protection from environmental conditions, enzymatictiens and sorption of
organic compounds and inorganic iq8%). The most basal layer of the floc was composed
SULPDULO\ RI-OL®IQIFZ pblyd&kcharides, where the most outer layers of the
IORF ZHUH FRPSRVHG RI FRQFHQWUDWHG DUHDV RI SURWH
PDQQRS\UD Q Rjlue@pyrBm@sgl sugars which were also closely associated with
eDNA. These regions of pyranosyl sugars and eDNA surrounded the crystalline precipitates
observed under SEM (Figure 6.7), with similar findings in the EPSodmonas hydrophila

(281)
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A =eDNA and cells

B = Lipid

C = Protein

D = B-1,4 and B-1,3 polysaccharides

E = Mannopyranosyl, a-glucopyranosyl sugars

Figure 6.9: CLSM investigation of polymicrobial floc from pH 11 microcosm.The EPS
had a complex composition of all components tested for with large areas of protein and
polysaccharides.
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Localisation of bacteria and archaea within the flocs via FISH revealed most cells to be
located within he centre of the flocs with larger numbers of bacteria compared to archaea
(Figure 6.10). Bacteria rather than archaea populated the areas towards the floc surface,
similar to the distributions seen in granular slu@@@’). The numbers of bacteria decreased

with distance from the central core which could indicate the presence of a niche microsite

within the central core where conditions maybere favourable for growth.

EPS Layer
Bacterial Community

Before fixing After Fixing

Figure 6.10: Archaeal and bacterial FISH investigation of flocs[A] Bacteria (greenand
archaea (red) distribution given with sections through the x and y plane. Both bacteria and
archaea appear to be clustered towards the centre of the floc. [B] Fixing of the flocs causes

compression of both the EPS layer and bacterial community defgtime image.
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From the microbial community analysis of the flocs (Figure 6.5) the three most dominant
componentAlishewanella Dietzia and Clostridia were investigated via FISH to view their
spatial distribution within the flocs (Figure 6.1Hlishewarlla and Dietzia were found to
occur together within the EPS possibly indicating a synergistic relationship with both capable
of biofilm formation(271, 282. The Clostridia were shown to be wide spread througtihaut

EPS and is most likely a reflection of the phyla not being dominated by one individual

species as per the Actinobacteria and Proteobacteria.

Figure 6.11. FISH investigation showing spatial distribution of Alishewanella, Dietzia
and Clostridia within polymicrobial flocs. Alishewanella and Dietzia appeared teecast
together indicating a possible syntrophic relationship whereas the Clostridia were widely
distributed.

The EPS extracted from the floegas composed mainly of carbohydrates with smaller
fractions of lipids, eDNA and protein (Figure 6.12). The treatment of the flocs with EDTA
which acts to chelate metal ions liberated significantly more EPS than sonication and ethanol

treatment further indating a role of calcium in floc formation and stability. Further analysis
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of the EPS via FTIR (Figure 6.13) corroborated these findings of a complex EPS
composition. A large peak indicative of carbonyl groups was reported between 1826 cm
1660 cni ard a broad peak across the 3400'am 2400 crit region showed the presence of
carboxylic acids, lipids and amide grou@81, 283. A large absorption peak at 1392 tm
further corresponded to the symmetric stretching vibrations of the* @®0p in carboxylate
anions(281). Spectral regions of 1,650 énand 1,540 cil showed the presence of protein
secondary structur@84) with peaks around 1323 ¢hshowing the GN stretching vibration

of proteins. A large peak at 1057 ¢roould be attributed to @ stretching vibration modes

of aloohols (281) with peaks between 1300 €nand 900 crit attributed to @ O2 C, ring
sreWFKLQJ YLEUDWLRQV DQG WKH @852 BéMIWPHONRH-GRC, SKRV SK
P-O-P stretching and ©-C, RO-C bonding gave a vate of peaks relating to
phospholipids, ribosphosphate chain pyrophosphate and arom§286). The analysis of

the EPS via FTIR revealed a wide variety of functional groups including carboxyl, amine and
phosphoric groups which under the alkaline pdidaontribute a negative charge to the EPS
due to the deprotonation of these gro(@87). This negative charge could favourably bind
cation species such aalcium to the EPS assisting in the formation and stability of the flocs
(288 and could explain the high inorganic ash content of the flocs (Table 6.6).

Figure 6.12: Composition of extracted polymicrobial floc EPS Treatment with EDTA
yielded the greatest amounts of carbohydrate, eDNA and protein compared to the ethanol
treatment indicating iic interactions between the EB&mporents possibly related to &a
More lipid was extracted by the ethanol treatnukrd to disruption ofiydrophobic
interactions.
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Figure 6.13: FTIR of polymicrobial floc EPS. A wide range of function grqas were
detected via FTIR reflecting the complex composition of the EPS identified via chemical and
microscopic methods.

Floc dry Dry weight volatile  Dry weight ash  Dry weight per L  Volatile solids per L
weight (%) solids (%) content (%) (gDWL™ (g VSL™

1.56 44.46 55.54 15.54 6.91

Table 6.6: Dry weight, volatile solids and ash content of polymicrobial flocsThe flocs
had a large inorganic content possibly due to the binding of calcium to the ERSn=ots.

SEM investigations into the morphology of the flocs showed crystalline areas within the EPS
materials. Subsequent analysis of these areas (Figure 6.14) via EDS revealed them to be
composed elementally of calcium, carbon and oxygen indicatingiusalcarbonate
precipitation. The ability of microbes to link microbial metabolism and the precipitation of
calcite has been shown in the lithification processes of microbial (128 and could have

an potential impact upon radionuclide migration as uranium has been showprecigntate

with calcite(139).
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Element (%) Weight

C 41.2
o) 37.7
Ca 163
P 4.8

Figure 6.14: Elemental composition of EPS based crystalline precipitatdhe area
analysed was mainly composed calcium, carbon and oxygen indicating calcium carbonate
precipitation.

The calcium content of the liquid component of the floc microcosm was 1 6which was

lower than that of the abiotic comparison which measured 4.3. dnkestigation into the
calcium binding capaty of dialysed EPS (Figure 6.1%ndicated thatlte EPS was able to

bind 0.173 mg calcium per mg of EPS. Analysis of the dialysed EPS materials showed a total
of 0.203 mg of calcium per mg of EPS was still bound even after the extraction procedure

which gave the floc EPS a total calcium binding capaeity0.376 mg calcium per mg of
EPS.
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Figure 6.15: Polymicrobial floc EPS calcium binding curve.EPS was able to bind
calcium from solution reinforcing the importaof calcium EPS interactions in biafil
formation and stability.

The calcium binding assay undertaken here (Figure 6.15) showed the ability of the dialysed
EPS to bind calcium from solution to be similar to that found in EPS producdd. by
autotrophicumof 0.15 mg calcium per mg EPS an®esulfovibrio sp of 0.12 mg calcium

per mg EPS244). Investigations using atomic absorption spectroscopy revealed a portion of
calcium to be still bound to the EPS even after dialysis with the total calcium bound by the
EPS similar but lower than that reported for the EPS of a hypersainlithifying microbial

mat of between 0.60 and 0.66 mg calcium per mg ERS). The ability of the EPS
components to bind calcium appears to greatly facilitate the formation of flocs and biofilm,
with the addition of calcium also shown to increase sludge granulation in a USAB reactor
(Yu et al., 2001). Analysis viaTHR revealed a range of functional groups with the potential
to interact with cations under alkaline conditiq@44, 289. eDNA within the floc EPS is
capable of interacting with calcium cations in a thermodynaligi¢avourable manner and

has been shown to assist in bacterial aggregation througthassdinteractions and cationic
bridging(102).

6.2.4 Survival of microorganisms within polymicrobial flocs.
Subcultures (see Section 29or details) showed the ability of the flocs to grow at pH 11.0

and pH 11.5 and survive at pH 12 (Figure 6.16). At pH 13 the fiee able to maintain
detectable ATP levels for two weeks after which no ATP could be detected. Optimal cell
growth was reported at pH 11.0 and no increase in ATP values were reported from control

microcosms. The ability of this survival was attributed gmtection offered by the
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encapsulation of the cells within EPS possibly forming a lower pH niche microsite. Using
micro-electrodes, the pH profiles through the flocs were able to be investigated. In their
cultured state at pH 11, the flocs had an intephh of 10.4 with subsequent subculturing
forcing this internal pH value to rise as the external pH rose (Figure 6.17). Zeta potential
measurements (Figure 6.18) indicated that floc formation was favoured at pH values close to
the internal pH of the flocH 1011) with floc formation likely maintained across all the

pH values tested due to the tight binding of calcium to the EPS. Survival of the flocs was
observed at pH 11.5, with a reduced biomass compared to pH 11.0 and is likely associated
with more eergy being diverted into the maintenance of the internal floc pH, which had an
approximate value of pH 10.7. The subculturing of flocs at pH 12.0 resulted in the loss of
biomass, whilst the flocs remained stable as determined via zeta potential work and
microscopy analysis (Figure 6.19). At pH 12.0 the internal floc pH rose to pH 11.6 and
suggests that only the most alkaliphilic microorganisms were present with a large portion of
the energetic process likely used to maintain the internal floc pH and croplaoH
homeostasig47, 48) Althoughthe shift in pH may only have been 0#D.8 units, at these
extremes of pH the differential in hydroxyl ion concentration between the internal and

external floc surfaces was substantial (between 0.25 to 4.0 mM).

Figure 6.16. pH survival curves of polymicrobial flocs. The ability of the flocs to survive

decreased as the external pH increased. Microbes within flocs were able to grow at pH 11.0

and pH 11.5 and survive at pH 12.0. At pH 13 microbes suhfivea short perid of up to 2
weeks before dying
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Figure 6.17: pH profiles through polymicrobial flocs. [A] Large pH drops within the
interior of the floc were seen at both pH 11.0 and ®ith a lesser drop measured at pH
12.0. This lower pH site within the floc may contribute towards microbial survival. Lines and
annotations show estimated boundaries of the flocs. [B] Controls themagshowed no
major shifts in pH value.

Figure 6.18: Zeta potential measurements of polymicrobial flocs at different pH values.
The zeta potential showed the flocs favoured aggregation at all pH values tested and showed
the strongest tendency to aggregatpH 10. The ability to retain floc stability as the pH
shifts may be linked to tightly bound calcium stabilising the EPS structure.
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Figure 6.19: Live/dead images of polymicrobial flocs aftepH survival testing period.

The amount o¥isible live cells decreased as the external pH increased reflecting the ATP

results. green = live cells, red = dead cells). [A] pH 11. [B] pH 11.5. [C] pH 12.0. [D] pH
13.0.

The ability of microbes to modifyhe internal pH of the floc is not unique to these
circumstances with pH shifts between Q2 pH units reported iBacillus laevolacticus
aggregate$290) and a shift of 1 pH unit in glucose acclimatised methanogenic aggregates
from an upflow anaerobic sludge blanket (USA&91). In these examples, however,
aggregate size was larger than those reported here and profiles were taken under pH neutral
conditions. Similar shift in pH are also seen in biofilm communities with drops of up to 1.4

pH units across distances of up to 50 uM measurdts@udomonasp. biofilms(292) with

further pH shifts seen across a variety of distances in a range of biofilms grown under
different conditiong293-295). This study is, however, the first to show such pH changes in
EPS under hyperalkaline conditions.

The mechanism by which the pH gradient is generated within the floc could be attributed to

various factors such as the fermentation of ISA to acetate and hydBijethe degradation
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of EPS material$289 or through the properties of various EPS compong&fls CLSM
imaging of the flocs suggested that the core of the flocs was composed primarily of lipids
(Figure 6.9). The ability of lipids to increase the internal hydrophobicity of the floc at this
area would reduce the transport of hydroxide ions into the floc, mediating the impact of the
external alkaline environment. Acidic phospholipids are associatédalliphilic bacterial
membranes and may also buffer against the external pH if incorporated into the EPS matrix.
The excretion of specific proteins into the biofilm with the purpose of modifying the local pH
has been observed in acid mine drainage Imsf(99) and the large protein content could
potentially help to lower the internal pH as well mediating a wide range of other biofilm
propertieg85). Extracted proteins from the floc EPS were investigated towards this purpose
using an isoelectric focussing approach to ascertain the isoelectric points of the extracted
proteins (Figure 6.20). Unfortunately the technique failed to yieddble data due to
suspected issues with protein solubility and possible DNA and carbohydrate based
contaminates. The presence of uronic acids within bacterial extracellular polysaccharides has
the potential to increase the acidity of ER86) and as sth the monomer composition of the

floc EPS was investigated (Table 6.7). The monomer composition, however only showed a
low composition of uronic acids (4.3 %) with half the monomers dominated by mannose.
Ribose and ribitol made up a further 20% and aedarange of sugars were identified in
smaller amounts with the monomer composition similar to hyperalkaline biofilms harvested

from calcite surface@97).
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Figure 6.20: Isoelectric focussing gel of extracted protein from polymicrobial floc EPS.
The technique failed to yield usable data due to issues with protein aggregation and possible
contamination with DNA and carbohydrate component for which no solutigdd be found

during the period of study.

Monomer unit Com(rg/g))smon
Mannose 50.53

Ribose 9.89
Ribitol 9.73
Arabinose 5.71
Rhamnose 5.07
Galactose 4.45
Trehalose 4.45
Glucuronic 3.51
Xylose 291
Fucose 2.00
Glucose 0.99
Galacturonic 0.76

Table 6.7: Monomer composition of polymicrobial floc EPS. Monomers were mannose
dominated and possessed a small total uronic acid fraction. The complex composition of the
monomers may reflect the diverse migedltommunity present within the floc.
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6.3 Conclusion
Using a cotton bait, biofilm was able to be culturediin at the Buxton anthropogenic analogue

site. The biofilm formed upon the cotton was dominated by Clostridia with the remaining
microbial populabn containing a broad mix of bacterial species many related to previously
described alkaliphilic species. The microbial consortia also contained an archaeal component
which was dominated by hydrogenotrophic methanogens. ISA was found to be genesited in
from the cellulose cotton with the generation of acetate and reduced conditions indicating active
microbial metabolism despite the external pH valuefeAnentativethethanogenic microcosm
formed from the biofilm was able to demonstrate the degradatiah forms of ISA through a
fermentation pathway with acetate and hydrogen as the end products. Investigations into the
morphology of the microorganisms within the microcosm revealed cells to be existing in flocs or
aggregates of EPS. Microscopy invedtiga of these flocs revealed them to be complex in
composition consisting of eDNA, lipids, polysaccharides and protein. Enzymatic degradation of
the eDNA component caused the flocs to loose structural integrity most likely due to a loss in
calciumeDNA interactions. The flocs were found to have a large inorganic component with
elemental analysis showing these inorganic precipitates to be composed primarily of calcium,
carbon and oxygen. Further work showed the ability of EPS extracted from the flocs ® bind
large portion of its weight as calcium indicating a prevalent role of calcium in the facilitation of
cell aggregation and biofilm formation (in this case as flocs). Localisation of microbes within the
flocs via FISH showed most cells to be clusterechwiite central mass of the flocs with pH
profiling showing this area to have a lower pH than the external value. It is likely that a
combination of the properties of the EPS and microbial metabolism help to generate this
microsite, with the formation of fs facilitating long term microbial survival up to pH 12. The
ability for flocs to survive short term (2 week) exposure to pH values of pH 13 may allow
microbes in flocs to find lower pH niche areas with an HGMF in which to colonise. Flocs may
impact tle long term performance of an ILWDF through the removal of radionuclide
complexants such as ISA and allow biofilms to form, with theseqnences of this discussed in
Chapter 7.

The microbial community of the flocs was surprisingly diverse with a magl@@nponent of
low abundance mixed microbial species and was dominated by bacteria Alisthewvanella
Dietzia and Firmicutes lineages. The diversity of the flocs indicates that areas aourd/ -
GDF within the alkaline disturbed zone could act as@®oif diverse alkaliphilic microbes with

the potential to colonise and survive under the hyperalkaline conditions expected.
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6.4 Key findings

x Biofilm is capable of forming upon cotton under hyperalkaline conditiosstinat an
anthropogenic analogue siter fan ILW-GDF. The biofilm formed consisted of a
mixed bacterial component which was dominated by Clostridia and an archaeal
component that was dominated by hydrogenotrophic methanogens.

X Microcosms formed from colonised cotton were able to demonstratéetiradation
of all forms of ISA at pH 11 with the generation of acetate and hydrogen as the end
products.

X Polymicrobial flocs formed within this microcosm possessed a level of microbial
diversity with a complex EPS composition. The formation of lower pehen
microsites within these flocs likely ctributedto their survival under hyperalkaline
conditions.

X The presence of calcium appears to facilitate cell aggregation and floc formation with
probable crystals of calcium carbonate forming within the EF®@$. The ability of
microbes to survive hyperalkaline conditions and precipitate calcium carbonate could

have an impact upon the long term performance of anGID\.
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7. Biofilm based systems
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7.1 Rationale
The aim of this chapter was assess thebdity of the floc based system described in Chapter

6 to form biofilm within silica sand columns and to ascertain the impact fixed biofilm
formation would have upon ISA degradation and microbial survival under-GD¥
conditions. Initial experiments aimedt forming biofilm under pH 11 methanogenic
conditions with subsequent experiments taking fully formed biofilms and exposing them to
higher pH values. It is likely that low pH niche microsites could form within the near field
which could facilitate microlal survival. If biofilm were to form in these niche areas then it
could have an impact upon the surrounding local chemistry. By fixing NRVB columns with
steel and graphite surfaces downstream from biofilm cultures, the ability of biofilms to

colonise ananodify ILW-GDF relevant surfaces under near field conditions was assessed.

7.2 Results and discussion

7.2.1 Formation of biofilm and the associated degradation of ISA under ILWGDF
conditions
Using a recirculation based system (Diagram 5.3) the formation iofibrbwithin the sand

column using the pH 11 floc based microcosm (Chapter 6) was possible, with flocs forming
visible aggregates within an hour of circulation (Figure 7.1). A main flow channel formed
within the biofilm sand column around which most of thiomass formed. After a 4 week
period the biofilm reached a visible steady state in which growth appeared equal to loss. SEM
investigation of the sand column (Figure 7.2) demonstrated significant biofilm formation in
between and upon sand grains withtidid areas of rough and smooth biofilm most likely
related to differences in shear experienced within the col(#88. Within the smoother

areas of biofilm, cells of different morphologies could clearly be seen (Figure 7.2C). Further
microscopy investigations into the composition of the biofilm using CLSM (Figure 7.3)
revealed it to be composed of a complex mixture oNA&Ppolysaccharides, protein and
OLSLGV LQ DQ DOPRVW XQLIRUP GLVWULEXWLRQ- ZLWK
JOXFRS\UDQRV\O FRQWDLQL®J SRDGY DirfkéXK mlyda&hbxideR Y HU
(Figure 7.3C & D).
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Figure 7.1: Time lapse pictures showing formation of biofilm in sand column at pH 11.
The biofilm was formed under a recirculation system which was under a 14 day feed/waste
cycle with CDP. Flocs aggregated quickly within the sand colinfiorm a stable biofilm
after 4 weeks. A main water channel formed within the column around which most of biofilm
formed.
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Figure 7.2: SEM investigation into biofilm formed in sand column using recircution
system at pH 11[A] Control sand column. [B] Biofilm can clearly be seen forming in
between and upon sand grains. [C] Close up of the biofilm formed within sand column.

Individual cells can be seen with both smooth and rough areas of biofilm. yBiiéty of

cell morphologies can be seen within the biofilm.
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Figure 7.3: CLSM images of biofilm formed in pH 11 sand column[A] Bright field
image shows biofilm formed around small silica grain. Biodilm possessed a complex
composition 8EPS components including [B]ILS L G V- > &R 13 polysaccharides,
>'@ 0D Q QR S\JIDcQEyranddyl, [E] Protein, [F] eDNA and cells. [G] Combined
image.

The biofilm formed withinthe sand column waable to degrade all three forms of ISA, as
determined by sampling of the liquid component of the recirculation system (Figureith.4)
the first order rate constants of ISA degradation (Tablealmyst tenfold greater than those
reported for the flobased system (Table 6.2). The rate constants reportedI$# and t-

ISA degradation are similar to those reported by Rl (80) in a pH 11 sediment based
CDP driven microcosms of 0.17 and 0.11 Uagspectively. With the rate of ISA degradation
greater than circuneutral communities forced to operate at pH 10 in liquid CDP driven
microcosmg81). The degradation of ISA waisrough aermentation pathway with methane
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and hydrogen as the end products. Acetate was not detected within the system indicating that
it was most likely immediately utilised pobbi via syntrophic reactions between bacteria and
methanogens within the syste(@20, 123. The level of hydrogen reduced within the
headspace of the system after day 6 and was accompanied by a subsequent increase in
methane. During this period levels of ISA&m becoming depleted and could indicate that the
hydrogenotrophic pathway was outpacing the acetotrophic pathway for methane production
(154, 155. The TOC within the system decreased and was accompanied byeaséof IC
indicating the production carbonate through fermentation of ISA. The small rise in IC only
represented approximately 30 % of the total organic removed and is in line with the carbon
flow of the floc based system (Chapter 6) and biofilms redoitesewer system&80).
Correspondingly only 4.1 % of the carbsupplied by degradation of ISA was converted to

CH, again reflecting the large bias towards biomass development. The start and finish pH
values are shown in Table 7.2 and confirm that the system remained alkaline throughout the
testing period. A controkystem with a sterile sand column showed no signs of ISA

degradation, gas production or major changes in pH or TOC/IC levels (Figure 7.4).
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Figure 7.4: Chemistry of pH 11 recirculation biofilm based system[A] The system was
capable of the degradationlSA, t-ISA and XISA. [B] Methane and hydrogen gas were
produced as an end product from the ddgtion of ISA, hydrogen decreasater day 6
possibly due to hydrogen driven methanogenesis. [C] TOC correspondingly fell within the

system and IC increased ISA was degraded. Control systems showed no change. [D]
Control systems also showed no evidence of ISA degradation.
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First order rate constant (d9y

~ISA SE -ISA SE XISA SE

Recirculation system 0.203 0.021 0.098 0.000 0.251 0.064
Biofilm only 0.195 0.011 0.261 0.013 0.374 0.033

Liquid only 0.019 0.005 0.056 0.007 0.041 0.003

Table 7.1: First order rate constants for the pH 11 biofilm based systenihe first order
rate constants show that thefila component was the major site of the degradation of all
forms of ISA. Biofilm only rates were calculated based on the average amount of ISA type
removed at each 1.4 day period which equated to the passage of 100 mL of media through the
system.

Biofilm recirculation systenfpH) Control systengpH)
Start Finish Start Finish
Average SE Average SE Average SE Average SE
11.0 0.00 10.6 0.04 11.03 0.00 11.01 0.00

Table 7.2 : pH of recirculation biofilm based systemsThe pH of the recirculation system
indicated it was still alkaline after the 14 day testing period.

As the recirculation system possessed both a liquid and a biofilm component, testing of these
components individually of each other was requiredsiertain the site of microbial activity.
Testing of the biofilm component usingsingle pass system (Diagram brevealed the

biofilm to be capable of the degradation of thiree forms of ISA (Figure 7)5with rate
constants similar to the recirculati system(Diagram 5.3& Table 7.1). The production of
acetate and hydrogen and methane were detected as end products. The liquid only component
was also able to degrade all three forms of ISA (Diagram 5.4 & Figure 7.6) however, showed
an approximate tenfd reduction in the degradation rate constants for ISA (Table 7.1). The
liquid component produced only hydrogen and methane as end products. The production of
gas from the biofilm only component was lower than would be expected and was similar to
the ligud only component. The absence of acetate within the liquid only component (Figure
7.6) may indicate the presence acetotrophic methanogens and the production of acetate from
the biofilm only system (Figure 7.5) would suggest that methane production igifyriviea

the hydrogenotrophic pathway with the biofilm. CalculationsBeyhke et al (38) suggest

that methanogenesis driven via acetotrophic processes rather than hydrogen driven process
are more thermodynamically favourable at etedgH values. Hence if a pH microsite lower

than that reported within thigocs (Figure 6.17) were presewithin biofilm then it could
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favour hydrogen utilisation, especially given that double the amount of hydrogen compared

to acetate can be producedrh the ferment#on of ISA (Equation 7.1).

Figure 7.5: Chemistry of biofilm only component of pH 11 recirculation system[A]
Using a single pass system the biofilm was shown to degthtiheee forms of ISA with the
production of acetate as the sole VFA. Media was sampled at the Biocell outlet every 100 mL
passed through the column (1.4 days). [B] Both methane and hydrogen gas were able to be
produced driven by the degradation of ISith the concentration of both gases increasing
the more ISA was delivered through the column.

A B

Figure 7.6: Chemistry of the liquid only component of the pH 11 recirculation system
[A] Withouta biofilm component the liquid compondmthich contained flocs produced
from the biofilm) degraded mainlyt-ISA. The liquid component showed small reductions in
both .-ISA and XISA, with ISA degradation on the whole operating at a much slower rate.
[B] Both methane and hydrogen were able to be produced in a similar amount to the biofilm
and could indicate acarophic methane production as no acetate was detected within the
liquid only system.
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Equation 7.1: The fermentation of ISA to acetate[A] The fermentation of.-ISA and t-
ISA to acetate and hydrogen. [B] The fermentation of XISA to acetate and hydrogen.

Analysis of the mgphology of the liquid component of the recirculation system revealed the
cells to be existing within aggregates of EPS, with CLSM of these aggregate or flocs showing
a similar composition to the biofilm from which they originated (Figure 7.7). This could
indicate that sloughing of the biofilm was liberating a portion of biofilm material. In the
context of an ILWGDF this could allow biofilm in a micro niche to potentially seed other

areas of an IL\AGDF-.

Figure 7.7: CLSM investigation of EPS aggregates originating from biofiimThe EPS
aggregate or floc was composed of a complex mixture of EPS components including [A]
ILSLG -BaOA) G,3 polysaccharides, [C] protein, [D]IMQ QR S\UDQRV\O
glucopyranosyl,glucopyranosyl, [E] eDNA and cells. [F] Combined image.
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Analysis of the EPS material for its calcium binding capacity revealed it to be capable of
binding 0.24 mg calcium per mg EPS with 0.27 mg calcium per mg EPS still bound after
extracton. The total calcium bound was 0.51 mg calcium per mg EPS and is higher than
reported for floc based communities (Chapter 6) under the same conditions and is close to
values reported for a hypersaline Adhifying microbial mat(289). The higher rate of ISA
degradation coupled to the turnover of EPS substances carddchatributed to this higher
calcium content of the EPS through the mechanisms of calcium carbonate formation outlined
in a conceptual model by Braissaattal (289. In support of this a small amount of both

ISA (0.34 mg g DW) and t-ISA (0.37 mg g DW) was able to be extracted from the biofilm

material which would most likely be in a form associated with calcium.

7.2.2 The degradation of ISA by biofilms at hyperalkaline pH values
A single pass system (Diagna5.6) was used to investigate the survival of biofilms at pH

values 11, 12 and 13 and their corresponding ability to degrade ISA. The development of the
sand column biofilms used for these expemts is described in Section B9Briefly: sterile

units were placed downstream from a fully formed Biocell unit and allowed to grow for 10
weeks at pH 11. After this period units were then removed and placed into the single pass
system described in Diagram 5.6. CDP media of the pH in question then floweghtlineu
biofilm unit with an NRVB column placed downstream from this used to investigate the
impact of biofilm upon different surfaces within the near field. Media was sampled at the
outlet of the Biocell unit to ascertain microbial degradation rates ofal®Ralso at the outlet

of the NRVB column. Under all three pH values biofilms were able to degrade all three forms
of ISA, as determined by sampling of the media after the passage of 100 mL through the
biofilm unit (1.4 days) (Figure 7.8) with rate comgtashown in Table 7.3.

There was nampactupon the ability of the biofilm to degrade thdSA and XISA forms

when the external pH increased from pH 11 to pH 12. Comparison of the rate constants
between pH 11 and pH 12 biofilms revealed a small detlitiee rate of.-ISA degradation

at pH 12 with small increases in the rates of bbtBA and XISA degradation (Table 7.3).

This could indicate the conditions within the biofilm were slightly more favourable for ISA
degradation as the external pH appr@acpH 12. The rate constants for ISA degradation
reduced by approximately a factor of 10 as the pH increased from pH 12 to pH 13 and could
indicate a reduction in favourable conditions within the biofilm due to an increase in the local
pH. Acetate was detted as an end product for pH 11 only (Figure 7.9) and could indicate

acetotrophic processes are favoured within biofilms operating at higher pH values as per the
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thermodynamic predications of Bethlet al (38). The poduction of both hydrogen and
methane were detected as end products atgdéthl and pH 1ZFigure 7.10) with a similar
amount of methane produced at both pH values. More hydrogen was produced at pH 11 than
at pH 12 and could be due to a higher rateuaidver of EPS substances. Correspondingly

the pH drop of the liquid passing through the system was greater at pH 11 than at pH 12, with
pH reductions at all pH values tested indicative of microbial act{2éy (Figure 7.11). This

is the first demonstration of the degradation of all three forms of ISA underGDN
conditions by biofilng and demonstrates that biofilm fortioa enhance the ability of

microbes to survive and degrade ISA under hyperalkaline conditions.
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B ISA degradation by biofilm Abiotic contrd

pH 11

pH 12

pH 13

Figure 7.8: ISA degradation by sand column biofilms at different pH values[A] The

total amount of the different forms of ISA degraded at the different pH values. The largest

amount of .-ISA was degraded at pH 11 whereas greater amount®4 and XISA were

degraded at pH 12. pH 13 showed a large reduction in ISA degradation. The total amounts

were calculated taking into account the abiotic removal of ISA within control columns. [B]
ISA curves for both biotic and abiotic systems.
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First order rate constants (day
pH 11 pH 12 pH 13
ISAtype Average SE Average rate SE Average rate SE

~ISA 2.87x100 1.04x10 1.96 x 10 1.94 x 10 1.11 x 107 5.74 x 1¢°
-ISA 3.31x 10" 1.31x 10 3.58 x 10 7.67 x 107 5.59 x 167 4.61x 10
XISA 1.33x 100 3.77 x1%? 2.59 x 10" 4.80 x 10 2.72 x 107 2.10 x 107

Table 7.3: First order rate constants for ISA degradation in biofilm at different pH
values.There are similar first order rate constants between pH 11 and 12 for all three forms
of ISA with a tenfold decrease in these constants as the external pH raises to pH 13. Rate
constants were calculated based on the average amo@# tfde removed at each 1.4 day
period which equated to the passage of 100 mL of media through the system.

Figure 7.9: VFA production from single pass biofilm systemsAcetate was only detected
within the pH 11 system. Controls showed no acetate production or removal.

A B

Figure 7.10: Gas production from biofilms under hyperalkaline pH range.[A] Both
methane and hydrogen were able to belpced by ISA driven degradation at pH 11. [B]
Less hydrogen and methane gas was produced at pH 12 even though a similar amount of ISA
was degraded. This could indicate that EPS was been turned over at pH 11 to further drive
methanogenesis. Control systesh®wed no gas generation.
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Figure 7.11: pH measurements of single pass system under hyperalkaline rande.all
the biotic systems the biofilm was able to reduce the pH of the media flowing through it
when compared to abiotic controls.

Microelectrode profiling through the biofilms at pH 11, 12 and 13 (Figure 7.12) revealed
sharp pH gradients over the initial 50100 .m. Biofilms at both pH 11 and pH 12
experienced a reduction in the internal pH by apimmaxely 1.5 pH points across 10@n,

with internal biofilm pH remaining constant around approximately pH 9.5 and pH 10.4 after
that point, respectively. Biofilm operating at pH 13 experienced a smaller drop of
approximately 0.8 pH points across a 4@ digance before reaching a stable internal pH of
approximately pH 12.2. The formation of biofilm within the sand column therefore appears to
provide a level of protection from the external environment. Large drops in pH through
biofilms have been recorded be# (292295 with similar changes recorded in sewer
biofilms by Marjakaet al (299. This is the first time such pH profiles through biofilms have
been reported under hyperalkaline conditions, with the lower internal pH possibly

contributing to the rates of ISA degradation observed in this study (Table 7.3).
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Figure 7.12: Microelectrode pH profiles through sand column biofilm under
hyperalkaline conditions.[A] Profiles through the biofilm using a microelectrode at all pH
values revealed steep pH gradients over 200[B] Control profiles through agar showed no
large change in pH value.

Extraction and quantification of the EPS materials from the biofilms operating under
hyperalkaline conditions is shown in Tables 7.4 & 7.5. The eDNA component increased as
the exteral pH increased. Each biofilm had an almost equal composition of carbohydrates
and lipids regardless of the external pH which only slightly decreased as the pH increased
and the protein content of biofilms decreased as external pH increased. The ino@feic
content increased as the external pH rose (Table 7.6) and could reflect the large eDNA
content as it would be able to bind more calcium from the n{@0@3. FTIR analysis of the
extracted EP$Figure 7.13)was similar to the profile reported for floc based communities at
pH 11 (Figure 6.13), with the profiles similar to those reported fortlyighound EPS
produced byAeromonas hydrophilainder reducing condition&81). The FTIR profiles
identified functional groups such as carboxyl, amine and phosphoric groups which under the
alkaline pH could contribute a negative charge to the EPS due to the deprotonation of these
groups(287). Braissantet al (244) reviewed the pKa values of these groups and their ability
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to bind cations aalkaline pH values. The wide range of functional groups identified here
through FTIR allow the EPS to bind cation species at a wide range of pH values from acidic
condition up to hyperalkaline valug244). Analysis of the elemental composition of the
biofilms using EDS (Figure 74) revealed the biofilms to be mainly composed of carbon,
oxygen, calcium and chloride with the biofilm thick enough the block detection of the silicon
component of the san@s seen in the contrplBoth microbial cells and EPS materials can
act as caleim carbonate nucleation sit€¥0) where the EPS can act as a buffer whereby a
continuous supplyof cations is needed to overcome its binding capacity for EPS for
carbonates to forni301). Some crystals were visible within the biofilm and could indicate
precipitation of calcium carbonate possibly facilitated by the local alkaline environment and
presewe of bicarbonat from microbial activity(302). For further reference a mathematical
model which describes the precipitation of calcium carbonate by biofilms is given in work by
Zhanget al (303. The precipitation of calcium carbonate could have an impact upon the
solubility of radionuclides as they cdme coprecipitated(139 with work by Waren et al

(304 showing that up to 95 % of stramtn and 30 % ofiraniumat concentration of 1 mM
could be ceprecipitated byBacillus pasteurii.
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pH 11 pH 12 pH 13
nication + nication + nication +
WIS etana s AL se emanol se (EOTAL se emana se (EPTAL s
(mg g VsS) (mg gVS) (mg g Vs)

Carbohydrate 21.99 7.71 7.00 2.96 5.27 0.16 7.34 0.05 2.83 0.22 5.43 0.11
eDNA 0.28 0.06 16.75 1.02 0.00 0.00 11.60 0.61 0.00 0.00 16.05 1.75
Protein 13.52 0.39 9.17 0.12 0.37 0.00 3.55 0.03 0.83 0.08 3.36 0.05
Lipid 29.11 6.32 0.95 0.51 7.39 0.43 3.04 0.43 7.35 0.15 1.25 0.15
Total 64.90 14.47 33.86 4.60 13.03 0.60 25.53 1.13 11.01 0.45 26.09 2.06

Table 7.4: EPS extraction of sand column biofilmsunder hyperalkaline conditions.

(%)

pH 11 pH 12 pH 13
conEpPoSnent Sonication + ethanol EDTA Total Sonication + ethanol EDTA Total Sonication + ethanol EDTA Total
Carbohydrate 22.26 7.08 29.35 13.67 19.03 32.70 7.62 14.65 22.26
eDNA 0.29 16.96 1724 0.00 30.08 30.08 0.00 43.26 43.26
Protein 13.69 9.28 22.97 0.96 9.20 10.16 2.24 9.05 11.29
Lipid 29.48 0.96 30.44 19.17 7.89 27.06 19.82 3.37 23.19

Table 7.5: EPS percentage composition of sand columnsdfilms under hyperalkaline condition. The amount of eDNA contained within

the biofilms increased as the external pH increased with other fractions decreasing. Protein wasri@anted of these fractions.
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Dry weight

External Biofilm dry , , Dry weight ash Total volatile solids in sand
pH weight (%) VOIatELSO)SO“dS content (%) column (g VS)
pH 11 73.20 2.00 98.00 0.48
pH 12 75.20 1.75 98.25 0.42
pH 13 77.23 1.62 98.38 0.39

Table 7.6: Dry weight, inorganic content and volatile solids of sand columns biofilms
under hyperalkaline conditions. The volatile solid content of the biofilms fell as the
external pH rose and could be indicative of alkaline lysis of the EPS materials or a greater
extent of carbortan.

Figure 7.13: FTIR analysis of biofilm EPS under different hyperalkaline pH values.
Profiles are similar reflecting the similar components of which the EPS is made up. There is a
decrease in refleahce at pH 13 around 3400 ¢ 2400 crif region which could reflect
the small reduction in the carbohydrate content of the EPS.
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Weight (%)
Biofilm formed Control sand Sand befor
on sand column use

ElemenpH 11pH 12pH 13pH 11pH 12pH 13
C 28.4 33.7 275 13.7 129 12.1 6.6

C D O 26.7 22.2 31.2 49.2 51.4 531 56.6
F 254 00 3.7 0.0 00 0.0 0.0
Na 45 05 04 09 09 00 0.0
Al 03 00 04 00 14 04 0.9
Si 17 13 3.0 36.3 325 31.2 35.9
P 07 18 38 00 09 0.7 0.0
Cl 06 216 128 0.0 0.0 0.0 0.0
Ca 119 189 169 00 00 14 0.0
Mg 00 00 03 0.0 0.0 0.0 0.0

E F G

Figure 7.14: EDS analysis of sand columns with and without biofilms under different
hyperalkaline pH values [A] Sand before use. [B] pH 11 sand control. [C] pH 12 sand
control. [D] pH 13 sand control. [E] pH 11 biofilm. [F] pH 12 biofilm. [G] pH 13 biofilm.
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CLSM imaging of the biofilms under the different pH values (Figure 7.15) revealed them to
have a comlgx composition consisting of eDNA, protein, polysaccharides and lipids. These
findings tie in with the chemical extraction results explained previously (Table 7.4) and
reflect the FTIR findings of a complex EPS with multiple functional groups (Figurg.7.13
The different components of the biofilm EPS confer or mediate the different properties of the
biofilm and are extensively reviewed by Flemmiagal (85). In terms of hyperalkaline
survival the lipid component could have conferred a level of hydrophobicity which could
have helped to maintain the reported pH values within the biofilm. The lipid component of
the biofilmswas visible and equally abundant across all pH values and could indicate its
importance in the production of a pH gradient with acidic phospholipid production reported
in alkaliphilic Bacillus specieg(53). The protein component was visibly reduced as the pH
increasedand ties in with chemical extraction data of the EPS (Table 7.5). Proteins could
play a role in the generation of a pH gradient with high isoelectric point proteins shown to be
specifically secreted into the EPS materials of a biofilm under acidic coml{88). The

eDNA component was present under all pH values and most likely assisted biofilm stability
through interactions with calcium catio(i02). There appears to be an equal abundande of

1-3 and t 1-4 linked polysaccharides within the biofilm EPS, which had a decreasing
composition of mannopyranosyl linked sugars as the external pH indré@&ase may be due

to changes in the community composition as internal and external pH increases may select for
more alkaliphilic microorganisms. The relative abundance of the carbohydrate component
may indicate its ability to buffer the internal pH with pedgcharides possessing acid
monomers such as uronic aci@®6. Monomer analysis of the polysaccharide component
(Table 7.7) revealed the biofilm to be dominated by mannose monomer units with a wide
range of different monomers as per the flocs usedetd the biofilms (Table 6.7) and
biofilms formed upon calcite surfaces as reported by Reray(297). The total uronic acid
content of the EPS from biofilms at pH 11 was 11.6 % and which is greater thaeddport

the flocs used to seed the biofilms which had uronic acid content of 4.3 %. At pH 12 the
uronic content fell to 1.2% and at pH 13 the content was 5.4% these difference could be
attributed to possible changes in the microbial community as showranges to the EPS
composition of different acidophilic biofilm communities reported by &iaal (305).
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Figure 7.15. CLSM imaging of sand column biofilms under different hyperalkaline pH
values.pH 11 and 1diofilm showed an abundance of all EPS components tested for,
whereas at pH 13 only eDNA, lipids and protein appeared abundant.
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Composition (%)

H11 H12 H 13

Monomer biofilm biofilm biofim
Mannose 39.4 50.6 40.2
Ribitol 255 21.2 16.9
Galactuonic 9.0 0.7 4.0
Galactose 6.6 7.1 2.8
Ribose 5.3 13.9 26.0
Xylose 3.8 0.0 0.0
Fucose 3.1 0.2 0.4
Glucuronic 2.6 0.5 1.4
Trehalose 2.1 0.0 0.0
Glucose 1.8 0.0 3.0
Rhamnose 0.5 5.7 5.4
Arabinose 0.4 0.0 0.0

Table 7.7: Monomer analysis of the polysaccharide component of sand column biofilms

under different hyperalkaline pH values.All biofilm polysaccharides were dominated by

mannose monomers with uronic acids present but not in a dominating amalliekégrnal
pH values.

Analysis of the microbial community of the biofilms at the different pH values using a MiSeq
approach is shown in Figure 7.16. Statistical analysis of the microbial communities (Table
7.8) revealed that at a 95% confidence intetivate was no significant different between the

pH 11 and pH 12 communities at a family level, however, there was a significant difference
between pH 11 and pH 13 communities. There was also a significant difference between the
biofilm communities at pH 1and pH 13 indicating that the shift to pH 13 caused a shift in

community composition with the conditions selecting for the most alkaliphilic microbes only.

pH 11 pH 12 pH 13
pH 11 biofilm 0.073 0.043
pH 12 biofilm 0.073 0.050
pH 13 biofilm 0.043 0.060

Table 7.8: Statistical comparison of sand column biofilm communities under
hyperalkaline pH values.Biofilm communities at an external pH of pH 11 were similar to
pH 12 communities and significantly déffent from pH 13 communities. Biofilm
communities at an external pH of pH 12 were significantly different from pH 13
communities.

The key shifts in community across the pH range occurred in the Actinobacteria, Clostridia,
Cytophagia,.-Proteobacteria,-Proteobacteria and Methanobacteria. The Actinobacteria
class was dominated by bacteria of Bhetziagenus which increased in community
composition from 15.8 % at pH 11 to 27.7 % and 40.0 % at pH 12 and pH 13, respectively.

Dietziawasdominant within the floc community (Figure 6.5B) which initially seeded the

157



biofilm and is clearly alkaliphilicDietziais reported to degrade a range of carbohydrate
sources and pollutants, it is capable of biofilm forma{®#3, 282 and has been reported in

the alkaline calcium containing groundwater of Cabeco de Vide in the south of Portugal
(306). The Clostridia increased in community compositi@mfrl1.3 % at pH 11 to 33.4 %

and 26.4 % at pH 12 and pH 13, respectively. With the majority of these changes attributed to
the genufnaerobrancaof the family XIV Incertae Sedis which increased from 2.5 % at pH
11 to 11.2 % and 20.5 % at pH 12 and pHr&8pectively. Anaerobranca formed a large
portion of the Firmicutes population within the polymicrobial flocs described in Chapter 6
(Figure 6.5) and members of this genus have been isolated under a range of hyperalkaline
conditions(307-310). The genus is reported to degrade a wide range of carbohydrates and
polysaccharides such as cellulose under anaerobic condB@nswvith Engleet al (310)

showing the products of fermentation froAmaerobranca horikoshto be acetate, carbon
dioxide and hydrogen gas. The Cytophagia class was entirely dominated by the genus
Fontibacterof the Cyclobacteriaceae family which decreased from %a pH 11 to 0.5 %

and 4.5 % at pH 12 and pH 13, respectivEbntibacterhas previously been isolated from a

hot spring at pH §311) and a microbial fuel cell at pH 7(312) with close relatives to
Fontibacterreported at an alkaline lake in Kenfagl3). The literature and the community
analysis here suggest thaintibactercannot survive the hyperalkaline conditions as tHe p
increases with both theProteobacteriaand SURWHREDFWHULD VKRZEQJ VLPLC
Proteobacteria class was dominated by both Phyllobacteriaceae and Rhodobacteraceae
families and decreased from 16.2 % at pH 11 to 6.2 % and 1.7 % at pH 12 &8d pH

UHV S HF W L-Pridt€obacidladdclass was dominated by Alishewanella as per the floc
community (Figure 6.5) and decreased from 15.3 % at pH 11 t0 6.1 % and 2.4 % at pH 12
and pH 13, respectively. The methanogen component was entirely dominatedbgs of

the Methanobacteriaceae family which increased as the external pH increased from 0.3 % at
pH 11 to 1.4% and 2.1% at pH 12 and pH 13, respectively. Members of the
Methanobacteriaceae have been previously isolated from alkaling #8a458 and have

been reported in pH 11 ISA degrading liquid methanogenic microcosms bR (B0).

The Bacillus class component remained stable across the pH range star2ii3y%ate2 pH

11 then changing to 17.9 % and 22.2 % at pH 12 and pH 13, respectively. There is a wealth
of literature of regarding the growth and survival of Bacillus species under alkaline
conditions(48, 51, 314, with alkaliphilic Bacillus species capable of both biofilm formation
(297) and the degradation of a wide range of carbon so&e319.

158



Figure 7.16: 16S rRNA genemicrobial community of sand column biofilms under
different hyperalklaine pH values.[A] Class distribution of sand column biofilms across
different hyperalkaline pH values. Bacilllostridia and Actinobacteria form a core
component of the biofilms at all pH values tested. [B] Family distribution of biofilm
communities. Dietzia dominates the Actinobacteria, Bacillaceae the Bacillus with the
Clostridia composed of different propor®of families at each pH value. The Clostridia
family X1V incertae sedis increased as the externa pH value increased.
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The changes in community composition could influence both the biofilm EPS composition
and the ability to degrade ISA as the pH increatbs.greater incorporation of methanogens
into the biofilm may explain a higher eDNA content as archaeal biofilm are reported to be
rich in eDNA (28). This, however, could also be a result of cell death from the lineages which
could not survive as the pldge. The biofilm composition of an unknown bacterium from the
Incertae Sedis Xl lineage increased to 19.0% at pH 12 and then decreased to 1.0 % at pH 13.
This change could explain the reduction in ISA degradation at pH 13, however, the presence
and stabiliy of other alkaliphilic microorganisms across the entire pH range may indicate that
ISA degradation was also impacted by the external conditions. The alpha diversity statistics
7TDEOH VKRZHG D UHGXFWLRQ LQ WKH QXBl@ahhon Rl 2789
diversity index decreasing accordingly. The rarefaction curves (Figurd)/shbwed that
the sampling depth was sufficient and this was reflected in the Goods coverage values. The
rank abundance curves (Figure Bl Teflected the low diversity clerved(226).

External Valid Goods
oH reads OTUs Ace Chaol Shannon Coverage

11 26294 830 849.38 856.56 3.39 1.00
12 28914 792 813.19 817.14 3.03 0.99
13 29672 139 139.00 139.00 2.17 1.00
Table 7.9: Alpha diversity statistics for sand column biofilm communities at different

hyperalkaline pH values.Diversity of the biofilm community decreased as the exterHal p
LQFUHDVHG ZLWK D UHGXFWLRQ LQ 278V SUHGLFWHC

Figure 7.17: Rarefaction and rank abundance curves for biofilm communities under
different hyperalkaline pH values.[A] Rarefaction curves show that sampling was
sufficient to capture the diversity of all the biofilm communities. [B] Rank abundance curves
reflect the low diversity at all pH values tested with the diversity decreasing as the external
pH increased.
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SEM imagng of the biofilms at different pH values (Figure 7.18) showed areas of both rough
and smooth biofilm at all pH values and is most likely due to the difference in shear
experienced within the flow cell as previously discug28®). The amount of visible cells
embedded with the biofilm decreased as the external pH increased and could indicate that
only the most alkaliphiti organisms were surviving. ATP measurements (Table 7.10) of the
biofilms reflected this finding showing a decrease in viable cells within the biofilms as the
external pH rose. Redox profiling (Figure 7.19) demonstrated low values deep within the
biofilm with approximate values 6850 mV,-200 mV and-180 mV reported where the pH

was at its lowest in pH 11, 12 and 13 biofilms, respectively. These values indicate that the
cells were active metabolically with reduction in redox associated with microbaatyacti

(315. The increas in internal biofilm redox as the pH rose could be associated with a drop in
viable cells and lower rates of metabolic activity.
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Figure 7.18: SEM images of sand column biofilms under different hyperkaline pH
values.A decreasing amount of cells can be seen as the external pH increases, with the
biofilms possessing areas of rough and smooth surfaces possibly due to differences in shear

within the sand column.
External pH CFU g VS! SE mg DW g VS' SE
pH 11 7.70x18 5.10x 10 1.96 1.30 x 10"

pH 12 249x168 165x10 6.34x10° 4.21x1C
pH 13 7.79x16 327x16 199x10¢ 8.33x 10
Table 7.10 : Viable cell measurements and related dledry weight of sand column
biofilms at different hyperalkaline pH values.The amount of viable cells decreased as the

external pH increased with a shift to pH 13 reducing the concentration of viable cells by a
100-fold.
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Figure 7.19: Redox measurementsn sand column biofilms under different pH values.
The redox values reached their lowest values deep within the biofilm where the lowest pH
values were recorded for each biofilm. The biofilm redox incekasehe pH increased
possibly due to aaduction in metabolic activity.

7.2.3 Biofilms formation in the near field upon ILW -GDF relevant surfaces
ATP measurements downstream of the sand columns eeveafgregates of EPS

materialflocs to be leaving the biin (Table 7.11) with live/dead investigations revealing

the flocs to possess both alive and dead cells (Figure 7.20). After passage through the NRVB
column flocs reduced in visible cells with ATP measwata showing an approximate 100

fold decrease of @ble cells which could be linked to cells adhering to the surfaces within the
NRVB column or dying through exposure to the higher pH values experienced within the
NRVB column (Figure 7.21). The pH within the NRVB column component rose rapidly
within the sptem and reflects findings by Butctedral (12), with the pH increasmost likely

due to the dissolution of alkali metal hydroxid@s Over the time scale dhe experiment

the pH wthin the NRVB component decreasedthin the columns exposed to a biological
component (Figure 7.21) with carbonation staining revealing large areas of carbonation upon
the surface of the NRVB column at all pH values (Figure 7.22).
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Cell density (CFU mL)

Cell dry weight (g mL?)
NRVB

e Ceim SE Gam se Sen s R s
pH11 1.19x10 6.76x16 464x16 821 3.03x10" 1.72x10° 1.18x10° 2.09x 1C°
pH12 9.02x1d 2.87 1.24x16 176 2.30x10" 730x10° 3.17x10° 4.48x1C°
pH13  1.13x 10 4.62 3.92x16 530 287x10% 1.18x10° 9.99x10" 1.35x 10

Table 7.11: Cell density and dry weight measurements of flocs leaving sand column

biofilms at different hyperalkaline values.There were viable cells leaving the biofilms and
entering the NRVB columns downstream from the biofilms. After passage through the

NRVB column viable cells reduced by approximately-16ld which could be due to cell
death or adhesion to surfaces.

Figure 7.20: Live/dead imaging of flocs leaving sand column biofilms at different
hyperalkaline values.At all pH values aggregates of EPS or flocs left the biofilmsiplyss

as a transport vector for microbes to colonise new areas. After passage of these flocs through

the NRVB column the amount of live cells decreased possibly due to exposure to the

hyperalkaline conditions or loss due to adhesion to surfaces.
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Figure 7.21. pH measurements of NRVB column outletThe bioflm exposed NRVB
columns decreased pH as the experiment progressed whereas the controls increased in pH
possibly due to the dissolution of alkali mdtgdroxides. The reduction in pH in the biofilm
exposed columns could indicate microbial processors beginning to establish a foothold within
the NRVB column. The pH values of pH 13 systems were beyond the detectable limit of the

pH probe due to a rise pH dueto the dissolution of alkali metalydroxides
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Figure 7.22: Carbonation surface testing of NRVB columnsAt all three pH values
tested, NRVB downstream from biofilm showed evidence of surfab®eation (clear
areas). In contrast to this control columns showed no evidence of carbonation (purple areas).

SEM imaging (Figure 7.23) of the NRVB downstream from the biofilms showed a difference

in surface morphology in comparison to the abiotic cosirdhe biotic exposed surfaces
showed areas of greater surface roughness with EPS type materials and areas of possible
carbonation with similarities between SEM investigations of carbonated NRVB reported by
N.N.L. (316) and B.G.§317). Compared tathe controls sirface micrecracks and pores
appeared to be reded in size and diameter with EDS of these areas (Figure 7.24) showing a
composition similar to the biofilms grown upon the sand columns (Figure 7.14) but with a
higher calcium content. This could indicate a higher rateatdium carbonate formation

upon he NRVB surface due to microbial activity with chicken wire mesh like patterns of

carbonation as reported by B.G(817) seen in some areas upon the NRVB surface (Figure
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7.23). It should also be noted, however, that NRVB has a large calcium component. In both
the EDS eésting of sand biofiims and the biotic exposed NRVB surfaceshlaride
component was present and could indicate that both biofilm formation and carbonation may
have an impact upon the migration 8| as reported by B.G.$141, 317. The chloriles in

this instance arsupplied by the mineral media (Table 5.1) which contains a range of chloride
containing compounds such as ammoniahioride and magnesium chlorid@35. The
carbonation of NRVBimpacts the migration of radioactive carbon dioxide through
precipitation reaction§316) but alsodecreaseshe ability of the NRVB surface to interact

and retard the migration of radionuclid@4.7, 318. However, the carbonation of NRVB has

also been shown to seal cracks and pores reducing its permeability and therefore retarding the
migration of radionuclide§319) with calcium carbonate precipitation shown to seal cracks in
rocks at the Maquarin sitg). The sealing of cracks may, however, contribute to pressure

issues due to the build of gases from the degradationganic matte¢319).
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Figure 7.23. SEM images of NRVB surfaces exposed at different hyperalkalenvalues
under both abiotic and biotic conditions.At all three pH values tested NRVB surfaces
showed an increase in surface roughness with evidence offrdactare sealing possibly by
carbonation.
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Weight (%)

Element Biofilm exposed NRVB surface Control NRVB surface
pH 11 pH 12 pH 13 pH 11 pH 12 pH 13
C 36.4 17.7 12.1 52.0 10.4 5.9
O 35.2 39.9 49.7 31.0 49.5 40.3
Na 0.0 0.0 0.3 0.0 0.3 0.0
Mg 0.0 0.0 0.3 0.0 0.3 0.0
Al 0.0 0.9 11 0.0 0.9 0.3
Si 0.0 2.9 6.0 0.0 5.9 1.2
P 7.9 0.0 1.2 2.0 0.2 6.8
S 0.0 1.1 0.0 0.0 0.4 0.0
Cl 0.0 9.5 1.9 0.0 11 1.3
Ca 20.5 23.1 26.0 15.0 30.8 40.2
N 0.0 4.9 1.5 0.0 0.0 0.0

Figure 7.24: Elemental composition of NRVB surfaces at different hyperadaline pH
values exposed to both biofilm and abiotic system$here is a difference between the
composition of NRVB surfaces exposed to the biofilm system in comparison to the abiotic
systems at all pH values tested. This could be due to biofilm formaticerbonation events.
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CLSM imaging of the NRVB surfaces (Figure 7.25) showed the surfaces to possess organic
components at all pH values. At pH 11 there appeared to be biofilm formed within crevices
which had a similar composition to the sand biofilppated at pH 11 (Figure 7.3). At pH 12
there appeared to a reduced colonisation of the NRVB surface with a small patch of biofilm
rich in eDNA, lipids and mannopyranosyl linked carbohydrates. pH 13 showed a greater
degree of organic components spread actios surface of the NRVB and could indicate that
EPS materials were sorbing to the surface. The volatile solids decreased within the biofilm
sand columns (Table 7.6) as the pH increased which could indicate alkaline lysis affsome
the EPS components. iBimay result in the surfaces becoming primed with organic materials
(112) which could then further facilitate biofilm formatiqd13). The formation of biofilm

upon the NRVB surfaces could lead to localised carbonation due to metabolic activity as seen
in the microbially induced corrosion of concrete surfa@). Work by Grantet al (176)

has previously shown that biofilm was able to fompon NRVB using ISA under nitrate
reducing and hyperalkaline conditions. Granal (176) reported that once the NRVB surface

was coated in a thin layer of organitgofilm could form upon the surface in as little as 8
days with a thin carbonate layer reported betwd#enbiofilm and the NRVB surface. A
review by Zhuet al (300 found that under hygralkaline conditions microbial action mainly
precipitates calcium carbonate in the form of calcite with work by Retray(297) showing

that bacterial EPS consisting of polysaccharides with a similar monomeostion to those
reported here which were capable of promoting biofilm adherence to calcite surfaces.

170



Figure 7.25: CLSM imagery of NRVB surfaces under different hyperalkaline values
exposed to botic conditions.NRVB surfaces at pH 11 and pH 12 showed areas of
aggregated EPS upon the surfaces with a similar composition to the sand column biofilms. At
pH 13 a large distribution of all EPS components were present across the surface of the
NRVB.
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Conparison of the ISA concentrations after passage of the media through the NRVB column
between the biotic and abiotic system revealed the NRVB to be binding ISA to its surface,
with comparison between the systems for each ISA type shown in Figure 7.2 HBath

and pH 13 showed similaemovalfor all three types of ISA with NRVB at pH 13 binding
more of all types of ISA to its surface under both abiotic and biotic conditions. In each
instance at pH 11 and pH 13 the control bound similar amounts to the dyistem. At pH

12 the control bound significantly more of all three types of ISA than the biotic system and
indicates at this pH the biological component had an effect upon the NRVB to bind ISA. The
amounts of .-ISA bound at these pH values are roughly similar to those reported by Van
Loon et al (321) with this study the first to show the sorption BfSA and XISA to NRVB

under hyperalkaline conditions (Table 7.12).
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B Biofilm system Controlsystem

pH
11

pH
12

pH
13

Figure 7.26: Comparison of total ISA removed by passage througiNRVB column at

different hyperalkaline pH values.[A] Control NRVB columnsboundmore .-ISA and t-

ISA at pH 11 and pH 12 with similar aunts of bothypes of ISAremovedby both control

and biofilm exposed NRVB at pH 13t AH 11 and pH 13 XISA wagmovedn a similar

amount by NRVB under contraind biofilm systems, however at pH 12 the control bound

more XISA. Values for the graphs were calculating by subtracting the ISA amount entering

the NRVB column from the amount leaving. [B] Curves showing the ISA concentration of
media leaving the NRVB ¢omn.
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Total ISA removedy passage throughRVB column(mol kg*)
Sample Control
-ISA SE t-ISA SE XISA SE -~ISA SE t-ISA SE XISA SE

pH11 2.14E03 1.80E04  1.51E03 147604 139803 1.38E04  2.82E03 1.81E04 2.68603 3.11E04 1.20E03 2.66E04
pH12 5.24E04 2.82E04 6.02E04 3.44E04 1.05E03 7.92E04 5.29E03 3.61E04 5.21E03 555E04 4.23E03 6.55E04
pH13 5.20E03 1.20E03  5.32E03 1.39E03 4.96E03 1.24E03 4.56E03 5.3904 5.03E03 4.11E04 4.23E03 3.14E04

Table 7.12: Amount of ISA removed due to passage through NRVB columat different hyperalkaline pH values under both abiotic and
biotic systems All three forms of ISA were abl® be bound to the NRVB surface
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Measurement of the TOC values through the system (Figure 7.27) revealed a similar amount
of TOC to be removed bthe biotic system at all three pH values. This result is likely a
reflection of the increased ability of the NRVB to bind ISA and possibly other organics as the
pH increased. The control TOC profiles reflected the control profile of NRVB binding ISA
(Figure 7.26). The IC increased in both pH 11 and pH 12 biotic systems but not the pH 13
system and could be reflective of the degradation rates of ISA (Table 7.3). Within the abiotic
control systems only pH 11 showed a rise in IC which could be due the IdWaregia

entering the column.
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Figure 7.27: TOC and IC measurements of biofilm and control systems at different
hyperalkaline pH values.[A] Total TOC decrease through bdtfofilm and control systems
at all pH values tested. [B] Total IC increase through both biofilm and control systems at all
pH values tested. [C] pH 11 TOC and IC curves for biofilm and control systems. [D] pH 12
curves. [E] pH 13 curves.
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Graphite discswvere also cast within the NRVB as graphite could potentially represent a
surface for colonisation within an ILM&DF (1). SEM investigation of the discs (Figure

7.28) showed that the biotic exposedfaces looked diffeent to the control surfaces it

not resemble SEM images of biofilms grown on a graphite anode as reported byethng

(322. EDS investigation of the biotic exposed graphite surfaces (Figure 7.29) revealed a drop
in carbon and a rise in calcium and oxygen when compared to the controlphtvalues
possibly indicating the formation of calcium carbonate upon the surface. CLSM investigation
of the biotic exposed graphite surfaces (Figure 7.30) revealed a small amount of EPS present
upon the graphite surface which had a similar compositidghetdiofilms formed within the

sand column and decreased in surface coverage as the external pH rose. EPS present upon the
graphite surface may therefore catalyse the formation of calcium carbonate with dissolved
organc carbon released from biofilmateials shown to alter the saturation index of calcium
carbonate favouring the precipitation of cald®@3). Reactor graphite is expected to release
both **C0O, and **CO within an ILW.GDF (142). Biofilms forming upon its surface with an
autotrophic component such as hydrogenotrophic methanogens could dbevérese to

1%CH, which is more likely to migrate through the engineered barriers and into the biosphere

(142).
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Figure 7.28: SEM imaging of graphite discs under biofilm and catrol systems at
various hyperalkaline pH values.At all pH values there appears to be an increase in surface
roughness of the biofilm exposed surfaces compared to the controls.
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Weight (%)

Element Biofilm exposed graphite surfac Control graphite sdace
pH 11 pH 12 pH 13 pH 11 pH 12 pH 13
C 12.7 15.6 311 52.3 59.8 65.0
@) 50.2 49.0 39.3 31.7 30.2 21.0
P 0.0 0.3 0.0 3.9 2.1 1.6
Cl 0.0 15 1.8 0.0 1.8 0.0
Si 2.7 0.0 0.6 0.0 0.0 2.0
Ca 34.4 31.5 27.2 12.1 49 8.0
N 0.0 2.1 0.0 0.0 0.0 0.0
Na 0.0 0.0 0.0 0.0 0.6 0.0
Mg 0.0 0.0 0.0 0.0 0.6 2.4

Figure 7.29: EDS investigation into the elemental surface composition of graphite
surfaces at different hyperalkaline pH valuesAll graphite surfacesxposed to the biofilm
system experienced a large increase in calcium and oxygen compared to abiotic controls,
possibly indicating carbonate precipitation upon the surface.
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Figure 7.30: CLSM imaging of biotic exposed graphite discs at different hyperalkaline

pH values.A small amount of EPS material with a similar composition to the sand column

biofilms was detected upon the graphite surfaces. The amount of this EPS material decreased
as the externalhbincreased.
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Stainless steel discs (Grade 316 and 304) were also cast into the NRVB columns as steel is
likely to be present with an ILVGDF in a range of forms such as canister components,
cladding and site equipme(tt). SEM investigations of the steel discs (Figure 7.31) revealed

the biotic exposed discs to have a different surface morphology to the control steel discs
across all pH values. The discs appeared to have developed a rough surfspersgerwith
crystals with the elemental composition of the surface increasing in oxygen and calcium
contentacross all three pH values (Figure 7.32). Iron was detected in very low levels on these
surfaces compared to the controls indicating a thick cgeeod possibly calcium carbonate

and EPS materials. CLSM of the biotic exposed steel disc surfaces (Figure 7.33) revealed
small portions of biofilm with a similar composition to that formed in the sand columns
(Figure 7.3) to be present upon the surfacallapH values regardless of the steel grade.
Investigation of these biofilms by SEM (Figure 7.34) revealed them to be small irregular
shaped structures which became more compact as the external pH increased. These structure
possessed sharp mineral likeg/stals similar to the needle fibre calcite crystal reported by
Curry et al (324). Steel surfaces are likely tmrrode under ILWGDF and produce hydrogen
gas(14), this hydrogen gas could drive autotrophic metabolism within biofilms fouped

the steel surfaces with a range of hydrogen utilising organisms reported under alkaline

conditions including methanoge(ikb3, 158 and bacteria such &b/drogenophag#67).
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Figure 7.31: SEM images of steel disc surfaces under different pgralkaline values.All
steel discs regardless of grade or pH tested showed an increased surface roughness when
exposed to biofilm systems. With a greater surface morphology change seen at pH 11 in
comparison to the related control surfaces.
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Weight (%)
Grade 304 steel
Biotic exposed grade 304 ste

Element surface Control grade 304 steel surfau
pH 11 pH 12 pH 13 pH 11 pH 12 pH 13
C 14.7 16.9 11.6 7.9 11.0 16.8
6] 524 46.7 49.1 2.7 5.1 12.5
Al 0.8 0.5 1.2 0.0 0.0 0.3
P 0.8 0.7 0.7 0.0 0.0 0.0
Cl 1.6 3.9 1.1 0.0 0.0 0.0
Si 6.1 6.2 4.3 0.5 0.6 1.4
Ca 23.1 24.2 31.0 1.1 25 5.2
N 0.0 0.0 0.0 0.0 0.0 0.0
Na 0.0 0.9 0.0 0.0 0.0 0.0
Mg 0.4 0.0 0.7 0.0 0.0 0.0
Cr 0.0 0.0 0.0 15.1 114 0.0
Fe 0.0 0.0 0.0 60.2 56.8 52.8
Ni 0.0 0.0 0.0 12.2 11.0 11.2
Mo 0.0 0.0 0.0 0.0 1.7 0.0
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Weight (%)
Grade 316 steel
Biotic exposed grade 316 ste

Element surface Control grade 316 steel surfac

pH 11 pH 12 pH 13 pH 11 pH 12 pH 13

C 14.1 12.5 18.7 13.8 11.9 16.3
@) 53.6 46.5 42.8 13.0 10.5 20.2
Al 0.8 0.0 0.0 0.0 0.4 0.7
P 0.4 0.3 1.0 0.0 0.0 0.0
Cl 1.6 0.8 0.6 0.4 0.0 0.7
Si 5.6 0.5 15 14 15 1.8
Ca 235 374 28.7 5.8 4.1 9.6
N 0.0 0.0 0.0 0.0 0.0 0.0
Na 0.0 0.0 0.0 0.0 0.0 0.0
Mg 0.4 0.0 0.0 0.0 0.0 0.0
Cr 0.0 0.0 0.0 7.9 8.0 0.0
Fe 0.0 2.1 6.8 48.3 52.8 41.6
Ni 0.0 0.0 0.0 7.6 10.2 6.2
Mo 0.0 0.0 0.0 1.8 0.0 2.9

Figure 7.32: Elemental composition of steel disc surfaces at differémyperalkaline pH
values.All steel discs regardless of grade or pH had an increased calcium and oxygen surface
content possibly due to carbonation. [A] Grade 304 stainless steel discs. [B] Grade 316

stainless steel discs
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Figure 7.33. CLSM investigation of steel surfaces exposed to biotic conditions under
different hyperalkaline pH values.There was no difference between the different grades of
steel tested with EPS of similar composition to thedsaolumn biofilms detected on the steel
surfaces at all pH values tested. [A] Grade 304 stainless steel. [B] Grade 316 stainless steel.
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Figure 7.34: SEM investigation of biofilm formed upon steel discsurfaces at different
hyperalkaline pH values.Suspected EPS aggregates appear to become more compact as the
external pH increases. The aggregates possess small sharp needle like crystals and possible
bacterial cells of different morphologies. [A] pH lirface. [B] pH 12 surface. [C] pH 13
surface.

Although assessed using only a short time scale it appears that biofiims have an ability to
impact surfaces relevant to a IE@DF. This may be through the formation of biofilm or
through carbonation. Carbonatiss an important component of radionuclide immobilisation
within an ILW-GDF concept(7). The carbonation of NRVB surfaces downstream from a
biofilm could possibly alter the ability of NRVB to interact with radionuclides as well
decrease itporosity(319). This may lead to issues associated with pressure due to gas build
up but could also reduce the migration of potential radionuclides by smogelydraulic
retention(319). Further steel and graphite surfaces may provide sites for colonisation as well
releasing nutrient sources such as,Cand H which could fuel potential microbial

metabolisms. The production of GHrom the methanogenic component of the biofilms
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reported here could provide a mechanism for the relea$€ dfom an ILW.GDF due to its

lack of interaction with the engineered andunak barrierg142).

The formation of biofilm within and around an ILX®DF could alter its long performance by
aiding hydraulic retention through the blocking of pore thr¢h®%) and altering the binding
properties of host rocks for radionucliddS87). The diverse nature of microbial communities
appears to have féitated the production of a complex EPS. The ability flocs to adhere to the
surfaces through the production of eDNA, proteins and polysacché8i)edearly enhances
biofilm formation on surfaces under these conditions with sloughing or floc production by
biofilms representing a transport mechanism for microbes within an@®D¥. Chapter 6
showed the ability flocs to survive shortrteexposure at pH 13 which could increase the
probability of low pH niche areas becoming colonised and a biofilm becoming established.
Low pH niches could be formed under hyperalkaline conditions through the fermentation of
ISA by biofilms with some microlsedeep within the EPS possibly entering quiescence and
becoming more resistance to environmental str8&&% Cells enteng quiescence could be
DNLQ WR |ikelddlis/dsdésdrdied by Dawsehal (326) which could act as a potential
seed bank to establish microbial communities once more favourabl¢icosidire attained.

7.3 Conclusion
Thick biofilm was able to form at pH 11 with its formation enhancing the rates of all three

forms of ISA degradation. The formation of biofilm at pH 11 also facilitated the production
of methane which was likely drimeby the fermentation products of ISA. The modification of
the internal biofilm environment through both the properties of the EPS and microbial

metabolic processes appeared to be a key driver behind these observations.

As the external pH increased, thecrobial community shifted to select for alkaliphilic
microbial species with large increases Dietzia, Anaerobrancaand Archaea from the
Methanobacteriaceae family. These shifts were accompanied with changes in EPS
composition with eDNA increasing in camt and protein decreasing. The lipid and
carbohydrate components only decreased slightly as the pH increased which may implicate
them in the production or buffering of the lower pH within the biofilm. Change in the internal
biofilm pH and community compd®n as the external pH increased may have both

impacted the rates of ISA degradation.

Surfaces downstream from the biofilms at all three pH values showed evidence of EPS

components similar to the original biofilm formed within the sand column with ev&ef
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carbonation on all the surfaces exposed to a biological component. The formation of biofilm
within a repository could therefore have a wide range of impacts upon the chemistry of the
local area. This could include the carbonation of surfaces whachdweduce the ability of
engineered barriers to interact with radionuclides and lead to the filling of cracks and pores.
This could increase hydraulic retention of radionuclides but also lead to issues associated
with pressure because of gas build upe Témoval of ISA within the near field would impact

the migration of radionuclides, however, the production of methane could provide a vector

for the transport of'C into the biosphere.

Aggregate or flocs leaving the biofilm could have the potential igrate through an ILW
GDF and colonise other niche areas. Under hyperalkaline conditions the growth rates and
metabolic activity of such biofilms are slow but given the times scales of arGDF may

have an impact upon its long term performance.

7.4 Key findings
X Flocs are able to form biofilm at pH 11 within sand columns, with biofilm formation

increasing the rate of ISA degradation efSA, t-ISA and XISA. Correspondingly
methane was able to be produced from theidmgucts of ISA fermentation.

X Microbes in biofilm were able to survive at pH 12 and 13 with ISA degradation and
methane production only impacted when the external pH raseaqiH 12.

x A lower pH environment compared the external pH was experienced within the
biofilm which was theorised to contribute towards an increased ability of microbes to
survive under hyperalkaline conditions. efimechanisms of this ability weraost
likely due to the properties of the EPS and microbial metabolic processes such as
fermentation of both ISA and EPS components.

x Biofilms were able to produce flocs which could colonise NRVB, graphite and steel
surfaces at all pH values. These surfaces expaxd carbonation when downstream
from biofilms.

x NRVB was able to bind all three forms ISA to its surfaces with the amount of ISA

bound to its surface increasing with pH.
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8. ISA degradation under sulphate reducing

conditions
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8.1 Rationale
The ability of microbes cultured from biofilm formed -situ at the Buxton, Harpur Hill

analogue site to degrade ISA under methanogenic conditions was demonstrated in liquid
FXOWXUH LQ &KDSWHU DQG LQ ELRILOP V\VWHPV LQ &KD
under LW-GDF conditions may include both G@nd sulphate due to the depletion of
KLIJKHU HQHUJ\ 7($TV DV LQXQGDWLQJ JURXQG ZDWHU
thermodynamic ladder. This chapter will focus on the ability of microbes cultwsitliat

the Buxton analogue site to degrade ISA under sulphate reducing conditions within both
liquid and biofilm systems. The aim of this work was to ascertain the ability of these systems

to couple the degradation of ISA to the utilisation of sulphate as a TEA witlultisecuent

production of sulphide. Sulphide could have an impact upon the long term performance of an
ILW-GDF through the corrosion of steel surfaces such as those used to contain ILW.

8.2 Results and discussion

8.2.1 Liquid microcosm investigation under ILW -GDF conditions
Using colonised cotton from the Buxton analogue site (as described in Chapter 6.2.1.) a
liquid CDP driven microcosm (Diagram 5.1) was set up as per the methanogenic system
described in Chapter 6.2.2. This liquid microcosm was run alongsiden¢iganogenic
system (Chapter 6.2.2) under the same conditions but contained sulphate as a potential TEA
(see Chapter 8.1 for additional details). Over a 2 week feed/waste cycle the microcosm
demonstrated the ability to degrade all three forms of ISA thghfirst order rate constants
given in Table 8.1 similar but lower than those reported under methanogenic conditions
(Table 6.2). The degradation of ISA resulted in the generation of both acetate and hydrogen
as end products (Figure 8.1) indicating arfentation based pathway as previously reported
in Chapters 6 & 7 and by Roat al (80). There was a corresponding decrease in TOC and an
increase in IC (Figure 8.1) which were similar in proportion to the metaogystems
(Figure 6.4D). The system remained alkaline during the testing period (Table 8.2) and control
microcosms amended with chloramphenicol (Figure Sabwed no ISA removal, acetate or
hydrogen generation, changes to TOC or IC and its pH remastedule. Sulphate
measurements of the microcosm fluid at the end of the testing period revealed a small portion

of sulphate was utilised (6.6 %) with the production of sulphide (Table 8.3).
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ISA  Rate (day) SE

Alpha 2.18x10¢° 6.10 x 10’
Beta 2.34x10° 7.57x1C
Xylo 3.15x10 1.87x1C

Table 8.1: First order rate constants for ISA degradation under sulphate reducing
conditions.

B

Figure 8.1: Chemistry of pH 11 sulphate reducing liquid microcosm[A] The pH 11
microcosm was able to degrade all three forms of ISA at a similar rate. [B] Controls showed
no ISA degradation. [C] The degradation of ISA formed acetate and hydaegsmd
products. [D] Microcosm TOC decreased whilst microcosm IC increased due to the
fermentation of ISA. Control TOC and IC showed no change.
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Microcosm Control
Start Finish Start Finish
Average  SE Average  SE Average  SE Average  SE
11.0 0.0 10.9 0.0 11.0 0.0 11.0 0.0

Table 8.2: pH measurements of pH 11 sulphate reducing microcosrithe pH 11
microcosm remained alkaline during the testing the period withaihiieat showing no

change in pH.

(mg LY (mMoles)
Average SE Average SE
Initial sulphate 617.27 42.50 1.61 0.12
Sulfate degraded 41.01 1.43 0.11 0.00
Control sulfate degradec 0.64 0.79 0.00 0.00
Sulfide produced 6.79 4.50 0.05 0.03
Control sulfide 0.00 0.00 0.00 0.00

Table 8.3: Sulphate and sulphide measurements of pH 11 sulphate reducing microcosm.
A small amount of sulfate was degraded with a corresponding production of sulphide.
Controls showed no sulphate removal or sulphide generation.

Investigation into the morphology of the pH 11 ISA degrading microcosm under sulphate
reducing conditions (Figure 8.2) revealed the microbes to be existing in flocs of EPS as per
the fermentativethethanogenic microcosms reported in Chapter 6. Fluoresogicoescopy
revealed these flocs to possess a similar polysaccharides and eDNA matrix (Figure 8.2C) in
comparison to methanogenic flocs (Figure 6.7) with digestion of the eDNA component
causing the sulphate reducing system flocs to also lose structiggtityr (Figure 8.2D).

SEM investigation into the sulphate reducing system flocs showed areas of possible mineral
precipitate (Figure 8.2B) with EDS (Figure 8.3) investigation into the flocs revealing them to
possess a high calcium, carbon and oxygen obntelicating possible calcium carbonate
formation. Sulfur was also detected and could indicate that sulphate was becoming
incorporated into or sorbed onto the EPS mate(Bf§ The dry weight and volatile solid
content of the flocs reflected these finding with 71.2 % of the dry weight consisting of

inorganic matter (Table 8.4).
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Figure 8.2: Microscopy investigation into the morphology of sulphate reducing
microcosm.[A] Live/dead stain of flocs showing range of cell morphologies (alive cells
(green), dead cells (red)). [B] SEM image of flocs showing aggregates of EPS, cells and

precpitate. [C] Ethidium bromide and Calcofluor white stain of bacterial floc showing
individual cells and eDNA (red) and extracellular polysaccharides (blue). [D] DNase digest
of flocs stained with ethidium bromide and Calcofluor white. Treatment with DNas=d
flocs to lose structural integrity.

ElemenWeight (%

C 12.1
@] 44.5
P 5.2
S 0.8
Ca 37.4

Figure 8.3: Elemental composition of pH 11 sulphate reducing system flocslocs had a
compgsition of carbon, oxygen, calcium and small amount of sulfur. This may indicate
calcium carbonate precipitate and the sorption of sulphate to the EPS.
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Floc dry Dry weight volatile  Dry weight ash ~ Dry weight per L  Volatile solids per L

weight (%) solids (%) content (%) (g DWL™ (gVSL™
2.08 29.81 70.19 20.80 6.20
Table 8.4 : Dry weight, volatile solids and inorganic matter of sulphate reducing system
flocs.

Using a micro pH electrode, a pH profile throwmlffloc within the sulphate reducing system
revealed a lower pH micrsite within the interior of the floc which reached a minimum value

of pH 10.5 (Figure 8.4). This value was similar to that reported within methanogenic flocs
(Figure 6.17A) and could ketributed either to the production of metabolic acids through the
fermentation of ISA(47, 5) or through the properties of the EPS compondf8).
Calculations by Bethket al (38) suggest hat acetate driven rather than hydrogen driven
sulphate reduction is possible under hyperalkaline conditions, however, the usable energy this
process generates decreases as the external pH increases. Work by &izb(f6) using
sediments from the Hapur Hill, Buxton site with acetate and lactate as electron donors
suggest sulphate reduction was not possible above pH 10. Studies into the sulphur cycle of
different hyperalkaline soda lakes , however, suggest that sulphate reduction may be possible
above pH 1063, 165 with biofilms operating at pH 10.2 able to produce sulphide from
sulphate within the alkaline wateet a Danish district heating pla(t69. The low pH
microsite and syntrophic interactions between microbes within the flocs may offer a micro

niche site for sulphate reduction to occuthivi this system.

Outside floc

Inside floc

Outside floc

Figure 8.4: pH profile t hrough sulphate reducingfloc at pH 11.The pH experienced a
sharp drop within the interior of the floc. The pH values reported here may be lower than
measured as the method is limited by the resolution of the electrode. Control profiles showed
no major pH changes.
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Extraction of the EPS components (Figure 8.5) revealed the sulphate reducing system flocs to
have a complex EPS composition with EDTA treathmemoving more eDNA and protein

and ethanol treatment removing more carbohydrate and lipid. This could indicate that under
sulphate reducing conditions the formation of EPS is stabilised by both hydrophobic and
ionic interactions. FTIR analysis of the madted EPS (Figure 8.6) reflectéuis complex
composition with a wide range of groups including carboxyl, amine and phosphoric groups
and is similar to the FTIR results of floc EPS frdarmentativethethanogenic systems
(Figure 6.13). Under the alkalingHpthese groups could contribute a negative charge to the
EPS due to the deprotonation of these compon@&d which could bind cations such as
C&*(102). The binding of calcium by components such as eDNA is thermodynamically
favourable and assists in bacal aggregation through aelmhse interactions and cationic
bridging (102. The loss of structat integrity of the floc through DNase treatment (Figure
8.2D) and the extraction of eDNA by EDTA treatment (Figure 8.5) indicate eDNA plays a
key role in biofilm formation and development through interactions with calcium.
Components such as lipids andhmhydrates can increase the hydrophobicity of the EPS
which could reduce wettin(85, 3279 and assist in maintainindgn¢ internal pH of the floc.

Both components may also possess acidic subunits with uronic acids often present within
polysaccharide$296) and acidic phospholipids associated with some alkaliphilic bacteria
(53). Monomer analysis of the polysaccharide component gktfiecs (Table 8.5) revealed

the composition to be similar to alkaliphilic biofilms extracted from the surfaces of calcite
(2970 and those reported from floc and biofilm communities under methanogenic
hyperalkalire conditions in Chapters 6 & 7 (Tables 6.7 & 7.7). The polysaccharide
component in this instance had a total uronic acid content of 10.25 %, was mannose
dominated (42.27%) and lacked some of the monomer units which were in a smaller
composition within themethanogenic floc EPS (Table 6.7.). These included arabinose,

trehalose, rhamnose and xylose.
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Figure 8.5: Extraction of EPS components from flocs under hyperalkaline sulphate
reducing conditions.Sonication and ethanol treatment were able to extract more
carbohydrate and lipids whereas EDTA treatment extracted more eDNA and protein.

Figure 8.6: FTIR of EPS extracted from flocs under hyperalkaline subhate reducing
conditions. The profile is similar to EPS extracted from methanogenic floc communities and
biofilms under hyperalkaline conditions with a range of functional groups.
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Monomer unit Composition

(%)
Mannose 42.27
Ribose 21.34
Ribitol 19.50
Galacturonic 9.22
Galactose 3.16
Glucose 3.12
Glucuronic 1.04
Fucose 0.35

Table 8.5: Monomer analysis of polysaccharide component extracted from floc EPS

under sulphate reducing hyperalkaline conditons. The monomers are dominated by

mannose with a uronic acid component which may confer acidity to the EPS and protect
against the external pH.

8.2.2 Free drift study.
Despite 2 years under a 2 weekly feed/waste cycle the pH 11 microcosm under sulphate

reducirg conditions still demonstrated sulphate reduction and sulphide production albeit at a
very low concentration. Under ILMBGDF conditions low pH niches may form through
chemical and biological processes. The lowering of the pH under these conditions with
sulphate present may release the constraints upon sulphate reduction. By allowing the pH to
drift (i.e. acidify due to ISA fermentation) the ability of the microbes present within the sub
culture microcosm to reduce sulphate under the above circumstancesseased. Further

information regarding the details and-gsetof this work can be found in Sectio® 3.

All three forms of ISA were able to be degraded fully over the 26 day testing period by the
sulphate reducing subculture microcosms (Figure 8.7.sibculture microcosms amended

with molybdenum (Figure 8.7) which inhibits sulphate upt@&®) showed a similar amount

of ISA degradation to the sulphate reduction subcultureatiems up to day 16. After this
period the sulphate reduction microcosms with no molybdenum quickly degraded all the
remaining ISA in a period of 46 days. This increase in degradation of ISA resulted in a
large drop in pH and an increase in acetatguiei 8.8AB). Up to day 16 both the sulphate
reducing subcultures and the molybdenum amended subcultures showed a steady rate of ISA
degradation of all three forms of ISA (Figure 8.7) indicating that the degradation was through

a fermentation pathway whidulphate did not influence.

Acetate was produced as the end product of ISA degradation and accumulated within the
molybdenum amended reactor following the trend of the ISA degradation (Figure 8.8B).

Within the sulphate reducing subculture acetate remaanex low level below that of the

199



molybdenum treated stdultures until day 16 indicating its removal through microbial
action. During this period thsulphate concentration decreas&ithin the subculture (Figure

8.8C) and aqueous sulfide concentratioor@ased within the system (Figure 8.8D). The
sulphate concentration appeared to reach a plateau after day 10, however, sulfide continued to
rise. This may be related to turnover of EPS materials which had sulphate bound to them with
its uptake onto EPS ants liberation from EPS masking the true sulphate concentrations.
Investigations into the morphology of the subcultures at different time points throughout the
testing period (Figure 8.9) would appear to support that the turnover of EPS substances was
ocaurring as the external pH value decreased. Both the protein and polysaccharides
components decreased as the number of cells increased, with a larger increase in cells and
EPS turnover seen in the sulphate reducing subcultures compared to the molybdatadn tre
subcultures (Figure 8.9). After day 22 the sulphate levels within the sulphate reducing
microcosm dropped sharply and the increased acetate levels generated from the degradation
of ISA were reduced to zero, indicating sulphate reduction. The pHsapbdimt was neutral

at pH 7.7£ 0.1. The actions of acetotrophic methanogens could have resulted in the removal
of acetate, however, if this process was occurring then it was at a low rate as seen by its lack
of impact upon acetate accumulation within thelybdenum treated subcultures (Figure
8.8B).Gas headspace composition could not be assessed due to the nature of the experiment
this was due to gassing of the headspace with nitrogen in order to access the reaction vessel

to measure the pH

TOC measuments showed organic carbon to remain fairly stable throughout the experiment
(Figure 8.8E) and could be related to release of organic carbon from the turnover of EPS
substances masking the TOC removed by microbial processes. IC increased within the
molybdenum treated subcultures but remained stable within the sulphate reducing subcultures
(Figure 8.8F). This may be due to the precipitation of calcium carbonate facilitated by
sulphate reduction under the initial alkaline phd2d4, 289 and the loss of carbon through
carbon dioxide generation as the pH values became more neutral. Molybdenum treated
subcultures showed a small reduction of sulphate which could be related to sorption onto
freshly made EPS as no sulgéiwas produced (Figure 8.8C). Chloramphenicol controls
failed to show evidence of ISA degradation, sulphate reduction, sulphide production, acetate

production or removal and showed no changes in TOC or IC (Figure 8.8).
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Figure 8.7: ISA degradation within free drift systems. The sulphate reducing system was
able to degrade all three forms of ISA after day 20. The molybdenum treated system was able
to degrade all three forms of ISA but not to the sartent of the sulphate reducing system.
Chloramphenicol controls showed no obvious signs of ISA degradation:I24. [B] t-
ISA. [C] XISA.
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Figure 8.8: Chemistry of free drift systems.[A] The microcosm pH fell as ISA was
fermented in both sulphate reducing and molybdenum treated subcultures. [B] Acetate was
produced as an end product of ISA fermentation in both sulphate reducing and molybdenum

treated subcultures. [C] Sulphates predominantly utilised wiihh the sulphate reducing
subcultures and experienced a large drop in concentration as the pH became neutral. [D]
Aqueous sulphide was produced as sulphate was reduced and was only detected within the
sulphate reduction subdutes. [E] TOC measurements of all three different subculture
systems. [F] IC measurements of all three different subculture systems.
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Figure 8.9: Morphology of the free drift subcultures. The morphologyf the sulphate reducing subculture system is shown at pH 11, pH 9.5

and pH 7.5. The live/dead staining shows an increase in cells as the pH becomes more neutral with a reduction inaihé pobgeaccharide
components. The morphology of the subadtireated with molybdenum is viewed the end of the experiment at approximately pH 9.5. The
morphology of the molybdenum treated flocs is similar to the sulphate reducing pH 9.5 morghblioggges are at x1000 magnification)
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Comparison of sulphate, Iphide and acetate with theoretical values is shown in Figure 8.10
and is based on the assumptions that all sulphate utilised is coupled to acetate oxidation with
subsequent sulphide generati¢h61) and all ISA degraded goes to acetate. From the
comparison of the acetate levels it is clear that a largeogiop of ISA was used for
biomass generation with carbon flow calculation estimating 71.6 % of the ISA carbon
flowing to biomass. The theoretical sulphide showed a similar trend to the measured sulphide

indicating that acetate was removed through sulpteahection.

Figure 8.10: Comparison of theoretical and system acetate and sulphide within
sulphate reducing free drift system.The theoretical values are based on the assumptions
that all sulphate utiied is coupled to acetate oxidation with sulphide generation and all ISA
degraded goes to acetate. The theoretical acetate is higher than the measured acetate

suggesting a portion of ISA degradation goes to biomass.

Using qPCR methods the numberdsfAgenes and transcripts were determined at a range of
pH values (Figure 8.11). As the pH decreased from pH 11 the numbsrfofene copies
increased slowly from 5.1 0.1 log gene copy.L templaté" to 5.8+ 0.1 log gene copy.L
templaté' (Figure 8.11B). Transcripts of thdrsA gene also increased as the pH decreased
starting at 3.4 0.1 log gene copyL templaté' at pH 11 and increasing to 6.4 log gene

copy .L templaté' at pH 7.5. The qPCR approach here shows that sulphate reduction
processes were active at pH 11 with the ratio of genes to transcripts suggesting a portion of
microbial community was capable of sulphate reduction but did not undertake this activity at
the higherpH values (Figure 8.11C). Sulphate reducing bacteria are metabolically diverse
(161) and it could be that some undertook fermentation or turned over(E3p at the
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higher pH values and became active sulphate reducers as the pH fell. This is reflected in the

changes between the ratio of genes to transcripts as the egptémacreased (Figure 8.11C).

Figure 8.11: gPCR analysis of thedsrA gene and its transcripts within the free drift
sulphate reducing subculture [A] Desulfococcus multivorarealibration curve. [B] Both
thedsrAgene and its transcriptvere detected at all pH ranges and increased as the external

pH decreased. [C] mMRNA to DNA ratios show that notlatlAgenes were active under

hyperalkaline conditions.

At the class level the microbial community changed in composition as the extermalyg
dropped with classes containing alkaliphilic families such as the Bacilli and the
Actinobacteria decreasing in community composition (Figure 8.12A). The Actinobacteria
class at pH 11 was dominated by the Corynebacteriaceae (Figure 8.12B) rath#retha
Dietziaceae as reported in methanogenic flocs in Chapter 6 (Figure 6.5). Alkaliphilic
Corynebacteriaceae have been reported to grow up to pH 9.0 within microbial fug28lls

with Corynebacterium humireducemsported to grow up to pH 1(B29). Interestingly the
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addition of sulfur compounds to growth media has been shown to enhance the growth of
Corynebacterium sp330) with Corynebacterium glutamicushown to be able to reduce
sulphate via an assimilatory pathway to sulfide to produce both homocysteine and methionine
using G carbon source$331). The provision of sulphate in this instance seems to have
facilitated the growth of the Corynebacteriaceae possibly enabling assimilatory sulphate
reduction under hyperalkaline conditions. As the pH decreased the community compaosition
of the Actinobactea fell from 52.8 % at pH 11 to 23.7 % and 8.2 % at pH 9.5 and pH 7.5,
respectively. Additionally the Bacilli class, which has a wide range of reported alkaliphilic
species(51, 314 fell from 3.8 % at pH 11 to 0.96 and 0.3 % at pH 9.5 and pH 7.5,
respectively. The Betaproteobacteria were dominated by the Alcaligenaceae family and fell
from 9.1 % at pH 11 to nearly undetectable levels at pH 9.5 and pH 7.5. Members of the
Alcaligenaceae family are reported to fornoftm (332 and have been reported in the
hyperalkaline sediments at the Harpur Hill, Buxton analogue(S@eand were found in
greater abundance as the pH became more alkaline in CDP driven microcosms reported by
Rout et al (81). The loss of the aforementioned lineages identifies them to be strict
alkaliphilic microorganisms where as range of alkaltolerant microbes were able to
increase in abundance as the pH fell. The Clostridia class was diverse at all pH values tested
and increased in community composition as the external pH fell to neutral conditions. At pH
11 the Clostridia wre primarily composed of microbes from thaaerovirgula(12.5 %),
Tissierella (7.7 %) andAnaerobranca(3.8 %) lineages. As the pH began to fall the
community composition of alkaliphilic Clostridia fell, with lineages suchAaaerovirgula

which is widel reported under hyperalkaline conditioi265) falling to 11.8 % at pH 9.5 %

and to 2.3 % at pH 7.5. Other Clostridia lineages such as the Ruminococcaceae increased
from very low abundance at pH 11 (0.1 %) to hHigvels as the pH became more neutral with

an increase to 8.3 % at pH 9.5 and 24.7 % at pH 7.5. As the pH reached pH 7.5 Clostridia
lineages associated with the reduction of sulfur compounds began to increase in community
composition withDesulfitobacterim (2.1 %) andDesulfotomaculum(2.3 %) reported at pH

7.5, both of which are capable of dissimilatory sulphate redu¢388, 334. As the pH fell

some allaliphilic microorganisms decreased community compositin where as other
alkali-tolerant microbes increased in composition and the ability to degrade ISA did not
diminish (Figure 8.12). It is likely that a range of microorganism possess the ability to
degrade ISA with work by Rouét al (80, 81, 177 showing the ability of microbial
communities from both neutral and hyperalkaline conditions to degrade ISA despite different

community compositions.
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Figure 8.12: Community composition of free drift subcultures.[A] Class distribution of
sulphate reducing subculture system at pH 11.0, pH 9.5 and pH 7.5 and molybdenum treated
system at the end of the experiment at approximately pH 9.5. [B] Feewdlydistribution.
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The subcultures amended with molybdenum showed a similar composition to the pH 11

sulphate reducing starting culture (Figure 8.12) but with increased Bacilli and Clostridia class

compositions and a decrease in Actinobacteria. Thes#tgasere most likely due to the

reduction in pH caused by the fermentation of ISA. The differences between the molybdenum

treated subcultures and the sulphate reducing subcultures were not significantly different at a

95 % confidence interval and neitheere the changes to community structure as the pH

changed from alkaline to neutral within the sulphate reducing subcultures (Table 8.6). The

alpha diversity statistics (Table 8.7) showed that as the external pH decreased the number of

2781V LQFUHz\SHaBndd h@GexWorrespondingly showed aneas® in diversity.

The SRB flocFRPPXQLW\ DW S+ VKRZHG D VLPLODU QXPEHU RI

methanogenic floc community (Table 6.4) and had a slightly higher Shannon index indicating

that the addion of sulphate may facilitate the growth of more organisms under these

conditions. The rarefaction curves (Figure 8.13A) suggest that sampling in all instances did

QRW UHDFK VDWXUDWLRQ ZLWK UHJDUG WR WKH LGHQWLIL
VXJIHVWLQJ ! RI 278V ZHUH VWLOO OHIW WR EH IRX

8.13B), however, show a diverse microlpapulations in each instance with ACE and Chaol

values indicating thaWKH UHPDLQLQJ 278V WR EH dWwRrga@d GpecilsUH SUR

(226).

Mo treated
pH 11.0 pH95 pH75 (pH 9.5)
pH 11.0 0.21 0.11 0.24
pH 9.5 0.21 0.22 0.27
pH 7.5 0.11 0.22 0.24
Mo treated
(pH 9.5) 0.24 0.27 0.24

Table 8.6: P value distribution for the comparison between different free drift
subcultures. There was no significant difference between any of the systems at the family

level.
\r/ea;gs OTUs Ace Chaol Shannon Cgsgrisgje
pH 11.0 18860 1463 10054.50 4748.01 4.55 0.84
pH 9.5 10122 2231 21204.97 10696.13 5.31 0.84
pH 7.5 11522 2707 20607.96 10709.53 6.06 0.83
Mo treated (pH 9.5) 11664 2257 19982.16 11771.48 5.25 0.86

Table 8.7: Alpha diversity statistics of different free drift systems. As the pH increased
as did the diversity of the sulphate reducing subcultures. The subcultures treated with
molybdenum were similar to the sulphate r&dg subculture system at pH 9.5.
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Figure 8.13: Rarefaction and rank abundance curves of different free drift subculture
systems]A] Rarefaction curves show sampling did not reach saturation wipeceso OTU
identification. [B] Rank abundance reflects findings of a diverse microbial community.

8.2.3 Steel surface biofilm investigation under ILW-GDF conditions
The ability of sulphate reducing floc communities to form biofilm upon steel surfaces may

lead to microbial induced corrosion issues through the production of sulpfdid@.
Methanogenic floc communities were shown to have an increased ability to degrade ISA
when in biofilm (Chapter 7) with thability to create low pH microsites within the biofilm
attributed to this ability. If biofilm were to form upon steel under H&F conditions then a
lower pH within the biofilm may allow for sulphate reduction and sulphide production to
occur under hypehaaline conditions. In order to investigate this grade 304 and grade 316
austenitic stainless steel discs were incubated in a pH 11 CDP microcosm for 3 (geaths
Section 5.9.3 for more details)

After the incubation period the steel disc reactor was @bldegrade all three forms of ISA

with first order rate constants shown in Table 8.8. The first order rate constant for- both
ISA and t-ISA were slightly higher than those reported for related floc communities with the
XISA constant teffold higher (Table 8.1). Compared to the methanogenic sand column
biofilms under a recirculation system, the rate constants for b&#A and t-ISA are ten

fold lower with the XISA constant half the value of the sand column biofilm (Table 7.1). This
is probably related to the density of the biofilms formed within the different systems with
thick dense biofilms forming in between and upon saraingrwithin the sand column
systems (Figure 7.2) and only thin surface based biofilms forming upon the steel surfaces

within this system.
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ISA  Rate (day) SE
-ISA 326 x10F 9.27 x 10
t-ISA 359x 1¢F 1.04 x 1
XISA 1.54x10" 8.39 x 1C°

Table 8.8: First order rate constants for ISA degradation within steel disc systerihe
rate constants are higher than those reported for floc bastednsyunder similar conditions.

The degradation of ISA regat in the production of acetate, hydrogen gas and metas

end products (Figure 8.14Sulphate was able to be utilised at a steady rate (Figure 8.14E)
with 0.07+ 0.01 mmolremoved over the 14 day testing period with a corresponding sulphide
productionof 0.06+ 0.02 mmoJ The pH of the disc microcosm remained alkaline throughout

the testing period (Table 8.9) and abiotic microcosms showed no evidence of ISA
degradation, gas generation, acetate production or degradation or changes in TOC and IC
(Figure 8.14). The generation of both acetate and hydrogen has the potential to drive
methanogenesis, however the rise in both acetate and methane with the corresponding loss of
hydrogen gas from the headspace after day 10 would suggest methanogenesis is occurring
through the hydrogenotrophic pathway. Under circumneutral conditions sulphate reduction
generally outpaces methanogenesis with greater rates of hydrogen and acetate utilisation seen
in the SRB compared to the methanogenic arcl{@8&, 339. Under these conditions,
however, it would seem both systems carexist which may be due to the low activity of

the SRB seen herdhe coeoccurrences of both processes has been reported before in coal
bed reservoird337) and cocultures of hydrogenotrophic sulphate reducing bacteria and
acetotrophic methanoger§839). In this case however, it would appear the opposite way
around with the coccurrence of acetotrophic sulphate reduction and hydrogenotrophic

methanogenesis.
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Figure 8.14: Chemistry of hyperalkaline steel disc microcosm under sulphate reducing
conditions.[A] All three forms of ISA were able to be degraded by the $tedilms. [B]
The controls showed no evidence of ISA degradation. [C] The fermentation of ISA was able
to produce acetate and hydrogen as end products which further fuelled methane production.
[D] The TOC and IC measurements within the steel disc systentha controls. [E]
Sulphate was able to be utilised throughout the testing period.
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Microcosm Control

Start Finish Start Finish
Average  SE Average  SE Average  SE Average  SE
11.0 0.0 10.5 0.0 11.0 0.0 11.0 0.0

Table 8.9: pH values of sulphate reducing disc reactor under hyperalkaline conditions.

Analysis of the steel discs by CLSM revealed the biofilm formed upon the steel surface to be
composed of a complex mixture of eDNA, polysaccharides, lipidspaotein (Figure 8.15).

The grade 304 disc had mds®film coverage compared to the grade 316 disc but both discs
had a biofilm ofa similar EPS composition with large amounts of protein, lipid and eDNA
ZLWK D ELDYV -0MDRAIRBAYVD Q R Wl@opypaRdsyl .sugars within the
polysaccharide component. These biofilms were similar in composition to biofilms formed
upon steel discs reped in Chapter 7 (Figure 7.33) with the EPS possessing a range of
functional groups able to become deprotonated under the hyperalkaline conditions gaining a
negative chargé287). These groups are then able to interact with cations such’§s\@h
components such as eDNA interacting with®*Cato favour biofilm aggregation and
formation(102).
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Figure 8.15: CLSM imaging of biofilms formed upon steel discs under ILWGDF
conditions. Biofilm formed uponboth grade 304 and 316 steel discs is shown, with both
biofilms having a similar EPS compositions.
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Analysis of the microbial community of the biofilm formed upon the steel discs showed no
significant difference between the biofilms formed upon the diffegesdes of steel at a 95

% confidence interval with a P value of 0.498. The alpha diversity statistics (Table 8.10)
reflected the similarity between the two biofilms formed upon the different grades of steel
showing very little difference between the dint statistics. The formation of biofilm upon

WKH VWHHO GLVFV E\ IORF FRPPXQLWLHV DW S+ UHVX
corresponding drop in the Shannon index. This indicates that as per the methanogenic
systems (Chapters 6 & 7) a proportionfloc community was unable to transfer to a fixed

surface based biofilm. Similar findings are shown in the work by Niederdeifal (276)

who showed aggregate based communities had higher divéraitybiofilm communities

formed from the aggregates. The rarefaction curves (Figure 8.16A) showed that sampling did

not reach saturation with respect to OTU detection; however, the Goods Coverage values
VXJIJHVW D ODUJH SURSRUWL R Qh&kRakik kivin@ah8efdunzs (Bigurés HW H F
8.16B) showed a diverse microbial commurahd Ace and Choal valugslicated that only

rare low abundance species were left to {226).

Valid  5rjs  Ace  Chaol Shannon ©°0dS
reads Coverage
Grade 304 ,once 633 818175 25857  3.26 0.94
biofilm
Grade 306 16116 637 8201 26014  3.28 0.94
biofilm

Table 8.10: Alpha diversity statistics for biofilms grown on steel discs under
hyperalkaline conditions. There appears to be little difference between the grade of steel
and the alpha diversity statistics of the biofilms communities. The biofilms were less diverse

that the floc based camunities which formed the biofilms.
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Figure 8.16: Rarefaction and rank abundance curves of steel disc biofilms grown
under hyperalkaline conditionsBoth biofilms from the different grades of steebsh
similar results. [A] Rarefaction curves show sequencing did not reach saturation with respect
WR 2789V >%@ 5DQN DEXQGDQFH FXUYHV UHIOHFWHG WK

At the class level the average steel disc biofilm composition wedoprinantly represented

by Clostrida (34.3 %),.-Proteobacteria (24.0 %);Proteobacteria (13.2 %), Actinobacteria
(11.9 %), Bacteroidia (8.2 %) and Bacilli (3.8 %) (Figure 8.17A). The Clostridia contained
fewer families compared to the related floc communities at pH 11 (Figures 8.12B & 8.17B)
and wasdominated by reads closely related to Amaerobrancg18.6 %) andAnaerovirgula

(13.9 %) lineages which are reported to survive under a range of alkaline conditions and can
ferment a broad range of carbohydrg@g5, 308, 308 In terms of sulphate utilisation there

has been no reported instances for these lineages with only the use of thiosulphate as an
electron acceptor bfnaerobranca gottschalk{B07). The .-Proteobacteria were dominated

by the Rhodobacteraceae family which were below the 1 %ftwtithin the related pH 11

floc community (Figure 8.12B). The Rhodobacteraceae were comprised predominantly of
two nonphototrophic lineage®efluvimonag6.3 %9 andOchrobactrum(15.8 %) which are

both associated with denitrification proces&&9, 340 with clones related t®@chrobactrum
grignonensadentified within sediment microcosms representative of the UK Sdtlasite

(339. Clones relating tdDchrobactrum anthropivere also identified within the biofilms
grown insitu upon cotton within the Buah analogue site (Figure 6.3). The Gamma
Proteobacteria were dominated by bacteria from Alishewanellalineage which was a
common component in the methanogenic flocs (Figure 6.5) and the methanogenic biofilms at

pH 11 (figure 7.16B). Alishewanella spesiare reported to grow under alkaline conditions
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and utilise a wide range of substraf@gl, 272 with sulphate reduction by an Alishewanella
species demonstrated recently by Xiaal (341). The Actinobacteria were comprised of
bacteria from both the Corynebacteriaceae family (7.3 %) and the Dietziaceae family (4.1 %).
Bacteria from the Corynebacteriaceae family were alssgmt within the pH 11 sulphate
reducing floc community (Figure 8.12B) and possess the ability to generate sulfur containing
proteins and also the ability to generate sulfide through the assimilatory sulphate reducing
pathway (330, 33). Bacteria from the Dietziaceae family were also reported within
methanogenic floc communities and biofilms where they appeared to favour hyperalkaline
conditions (Figure 7.16B). Members of tligietzia lineages have been reported under
hyperalkaline conditions and can form biofilm as well as degrade a wide range of carbon
based substratg273, 282, 305 The Bacteroidia class were mainly made up of biacte
from the Draconibacteriumlineage with clones relating t®raconibacterium orientale
identified in pH 7.5 and pH 9.5 clone libraries of CDP driven microcosms reported bgtRout

al (81). The ability for sulphate reduction through the assimilatory pathway is also present
within the genome dDraconibacterium orientaleeported by Liet al (342). The Bacilli class

were made up predominantly of the Bacillaceae family (3.7 %) of which many alkaliphilic
bacteria are repted with the family possessing the ability to utilise a wide range of
substrates and form biofilii@8, 297, 314 Methanogenic archaea were detected in as a small
quantity of the total community (0.05%) and werempbetely dominated by the
Methanobacteriagenus. Different Methanobacteria species have previously been isolated

from alkaline environments and are hydrogenotrophic rather than acetotftpBid 5.
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Figure 8.17: 16S rRNA genecommunity analysis of biofilms formed upon steel discs
under hyperalkaline conditions. At both the class [A] and family [B] levels the biofilms
from the different grades of stemgbpeared almost identical.
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Sulphide was detected within the steel disc system (Figure 8.17) with the microbial
community analysis showing the potential for sulphide generation through both the
assimilatory and dissimilatory pathways, which could lead ® dbrrosion of the steel
surfaces(170. It appears that under these circumstances despite the lack of traditional
sulphate reducing generd61), bacteria from lineages such as tA&shewanellaand
Corynebacteriawere able to produce sulphide throughpbate reducing process€330,

341).

SEM imaging of the biofilm formed upon the steel discs (Figure 8.18) reflected the CLSM
findings (Figure 8.15) and showed wide coverage by biofilms which appeared to beisimila
appearance to sulphate reducing biofilms grown on steel reported by both MetrglL(843)

and Rajalaet al (344). SEM showed the biofilms were interspersed with precipitate with EDS
of the biofilm (Figure 8.19A) revealing @mposition of primarily carbon, oxygen, calcium
and a small sulphur component. This could indicate the precipitation of calcium carbonate
within the biofilm as sulphate reduction can facilitate calcium carbonate precipitation by
altering the saturation dex of calcium carbonate to favour precipitati@#4, 289. The
detection of sulphur could indicate the sorption of sulphate to the biofilm or the generation of
gypsum due to sulphide generati(@45. The value of sulphur detected here is lower than
steel coupon biofilms under neutrB RQ GLWLRQV UHS BEIWBABswitich e $EED YV

be a reflection of the lowerteof sulfide production under these conditions.

Removal of the biofilm formed upon the steel surfaces revealed small dark patches and pits
when compared to the control (Figure 8.19AB). The patches and pits are somewhat similar to
microbial induced stealorrosion images produced by Fan e(37) and Rajaleet al (344)

with EDS investigation into the pits (Figure 8.19A) showing sulphur present in small
guantities which could indicate the formation of iron sulphide due to microbial corrosion

processe$l6]).
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Figure 8.18: SEM imaging of biofilm coated steel discs before and after biofilm removal’he surface of the steel discs was covered in
biofilm (yellow box). Removal of this biofilm revealed dark areas and pits which may be assocthtedardbial induced corrosion of the
steel surfaces through sulphigleneratior(red box.
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Weight (%)

Steel coupon biofilm  Cleaned biofilm coupor
Element Grade 304 Grade 316 Grade 304 Grade 316

C
(0]
Cr
Fe
Ni
Mn
P
S
Cl
Ca
Na

44.0
34.9
0

0

0

0
0.8
0.4
0.6

4.6
0.0

23.3 34.6
43.3 3.4
0 12.4
0 43.6
0 5.7
0 0.0
3.5 0.0
0.4 0.3
2.0 0.0
20.9 0.0
0.6 0.0

18.3
8.1
0.0

60.9
8.5
0.0
0.0
0.5
0.0
3.8
0.0
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Weight (%)
Control steel coupon Cleaned control steel coop
Element Grade 304 Grade 316 Grade 304  Grade 316

C 8.4 7.7 7.6 8.1
Cr 18.7 18.2 17.3 18.2
Fe 60.6 65.0 61.7 63.7
Ni 10.6 9.1 12.3 10.0
Mo 1.7 0 0 0

S 0 0 0.0 0.0
O 0 0 11 0.0
Ca 0 0 0.0 0.0

Figure 8.19: Elemental composition of steel discs coated by biofilm and control&\]
Elemental composition of biofilm coated discs with and without biofilm. [B] Control discs
before and after eaning as per the biofilm discs.

The ability of both floc basd systems and biofilm system to produce sulphide through the
reduction of sulphate driven by the products of ISA fermentation could have an impact upon
the long term performance of an I-@DF. Steel surfaces have the potential to be colonised

by sulphideproducing biofilms which in turn could lead to the corrosion of these surfaces.
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Steel canisters which encase ILW could therefore be compromised by microbial action
especially given the long time scales associated with an@®@D¥ (348). There may be more
than one mechanism for sulphide generation with these systems with different bacterial
species identified able to undertake dissimilatory and assimilatory sulphate reduction. The
ability to produce sulfur containing proteins through adlabory sulphate reduction may

produce sulphide when degraded via microbial acdi9).

The work undertaken here regarding the potential for sulphate reduction to occur under ILW
GDF conditions is produced &onsequence of the ISA degradation work and further deeper
investigations regarding sulphate reduction and its related steel corrosion is beyond the scope
of this thesis. It does; however, lay the foundations for further work within this area
especiallyregarding the impact of sulphate reducing biofilms may have underGIDN

conditions.
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8.3 Conclusion
Using colonised cotton from the Harpur Hill, Buxton analogue site a pH 11 floc based system

was able to be formed under sulphate reducing conditions. Ajthoualy utilising small
amounts of sulphate and producing a correspondingly small amount of sulfide the community
was able to link the fermentation of ISA to sulphate reducing processes undesDEN
conditions. Experiments using molybdenum showed thatdrtation of ISA by the addition

of sulphate under hyperalkaline conditions (pH > 9.5) was not impacted suggesting sulphate
reduction was driven by the products of ISA fermentation. The addition of sulphate allowed
members of the Corynebacteriaceae to bera large portion of microbial community with

the Corynebacteriaceae possessing the ability to undertake assimilatory sulphate reduction to
form sulphur containing proteins. Degradation of these proteins could lead to an alternative
sulphide generation ffavay.

Allowing the pH to fall using a free drift system revealed a proportion of the microbial
community were alkalolerant and rare species at pH 11 such as members of the
Ruminococcaceae became dominant as the pH moved towards neutral. Despshbiftisese
population the ability to degrade all forms of ISA across these pH ranges was retained.
Sulphate reduction driven by acetate became a more dominant process as the pH reached
neutral conditions with the corresponding emergence of bacteria rétatewdwn sulphate
reducers. The presence afsA transcripts were detected at all pH values and increased in
number as the external pH fellhis indicated dissimilatory sulphate reduction was active

under pH 11 possibly facilitated by lower pH microsit@sned by the EPS materials.

Flocs were able to form biofilm upon steel surfaces at pH 11 with correspondingly small
increases in the ability to degrade all three forms of ISA. Sulphide was able to be produced
under these conditions alongside methamkich may be possibly due to the low rate of
sulphate utilisation by the consortia. Small areas of possible corrosion were formed upon the
steel surfaces and indicate microbial induced corrosion of steel through sulphate reduction
may be possible undetW-GDF conditions, albeit at a very low rate.

8.4 Key findings
x Colonised cotton from the Hapur Hill, Buxton analogue site was able to form liquid
floc based microcosms which were able to degrade all three forms of ISA with the
subsequent production of adetaand hydrogen. Sulphate utilisation within these

systems was then able to produce a small amount sulphide.
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X dsrAtranscripts were detected at pH 11 and increased in number as the external pH
fell. The ability to reduce sulphate could be facilitateddwy pH microsites formed
within the EPS.

X The addition of sulphate allowed members of the Corynebacteriaceae to become a
large portion of microbial community with the Corynebacteriaceae possessing the
ability to undertake assimilatory sulphate reductionfdaam sulphur containing
proteins. Degradation of these proteins could lead to an alternative sulphide
generation pathway.

x Biofilm formed upon steel at pH 11 under I-@DF conditions was able to degrade
all three forms of ISA and produce sulphide whilslisitig sulphate. Removal of the

biofilm revealed possible corrosion pits similar to those caused by microbial action.
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9. Analoguesite investigations
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9.1 Rationale
Since the location of any UK based ILBDF is as yet undecided, analogue sites for an

ILW-GDF present an opportunity to investigate the potential microbial ecology and
metabolic processes operating under the geochemical conditions in which ILW is to be
stored. Investigations of natural analogues such as the Hyperalkaline Allas springs in Cyprus
(67) and the Magqarin site in northern Jordénl) have reported multiple microbial
communities and metabolic profiles through laboratory -auture and 16S rRNA
techniques. In addition to natural analogues, anthropogenic analogues also offerea uniqu
opportunity to study the microbial ecology and evolution of microbial populations under
hyperalkaline conditions. Recent studies have shown that a microbially diverse population
exists within the hyperalkaline soils present at a site in Harpur HilltdBhUK, (SiteB)

where historical (ca. 140 y) calcium rich waste deposits have been (B&0d&3, 84. The

highly alkaline pH of both the soils and saturating water coupled to the observation of ISA
generation irsitu (80), suggest that alkaline environments contaminated with calcium rich
wastes provide a strong analogue to an {GDF. Biofilm formation under these conditions
could provide a degree of protection to microliklsn the harsh environmer{®5). The
production of EPS is likely to constitute a protective layer in which microbes are able to
survive under ILWGDF conditions through the formation of lawer pH internal
environment. EPS exists as an encapsulating gel like matrix composed of multiple
components such as lipids, carbohydrates, proteins and €BBAWith EPS components

such as eDNA enhancing the formation and stgloif biofilm through thermodynamically
favourable interactions with €x102). Previous work irChapter 6 demonstrated that the use

RI D FHOOXORVH FRWWRQ HUEDLWY DOORZHG IRU WKH FXOV
anthropogenic analogue whose constituents weapalle of ISA degradation under
laboratory conditions. Therefore, further @stigations into the ability of microbes to form
biofilms under the alkaline conditions associated with analogue sites could provide an insight

into microbial survival within an ILMMGDF.

The aim of the work within this chapter was to assess the supabilitwo further sites
contaminated with calcium rich wastes at varying time points as potential analogue sites with
further work assessing -®itu biofilm production. These sites were both located in North
Yorkshire, with the first of these two sites k) having a lagoon formed from an old

quarry sinking that had been worked for the Greywacke stone. This lagoon was used as a
GXPSLQJ JURXQG IRU OLPH NLOQ ZDVWH ZKLFK VWDUWHG
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with a tufa sediment base and crusts adothe interface between the organic perimeters. The
last site (Sitel) was also adjacent to a limestone quarry and featured a hyperalkaline spring
generated by rain water percolation througdtdrical waste deposits whick channelled into

an engineeredrainage basin. The formation of this site was approximately 10 years ago,
making it the youngest of the three. All three sites had an interface area where the alkaline
waters inundated a vegetated marginal area. The emplacement of cellulose cotton withi
these potential analogue sites aimed to provide a substrate for microbial colonisation and
biofilm formation. Microscopic techniques were coupled to 16S rRNA sequencing of biofilm
communities in order to provide a comparison of both the morphology angosition of

the biofilms alongside the active microbial communities present (through cDNA generation
of rRNA extracted). Overall, the data generated from this study are likely to provide an
insight into the biofilm communities that are likely to form it the cellulosic components

of an ILW-GDF and inform of any potential impact this may have with respect to its

operational safety.

9.2 Results and discussion

9.2.1 Chemical analysis of analogue sites
Pictures of the sites surveyed are shown in Figure 9.1 aethdle location plans are shown
in Figures 5.1 to 5.3. The sites possessed a wide range of terminal electron acceptors with
predominantly hyperalkaline waters with a high concentration of calcium compared to
sodium ions (Table 9.1).

At Site-B Boreholes BBH3 and BBH4 were dry and were excluded from the study. The
porewaters of the remaining boreholes had an average pH of 12.4 + 0.1 with related
sediments having an average reduction potentiaf@0 + 4.0 mV. Both.-ISA and t-ISA

was able to be detected in equal amounts at bédiHB and BBH2 with a concentration of

0.04 mg %,

The hyperalkaline lagoon at Sité had porewater with an average pH 12.5 + 0.5 and
VHGLPHQW S+fV ZKLFK UDQJHG |WkRP.15 ¥he sedieRts Svere
slightly reduced with an average reduction potential of  * -ISA was detected in
the porewater of only one borehole at site-BR4 and was only able to be extracted from
the sediments from this area along with a sthalD P R X @S¥A. RHe slightly alkaline

overflow pond had an average porewater pH of 8.3 = 0.2 and a sediment pH of 8.4 £ 0.2, no
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ISA of any form was detected in the pore water or sediments in this area (Table 9.1).

Borehole H@BH1 was lost and was excled from the study.

The hyperalkaline spring at Site T had large areas of hyperalkaline porewater ranging from
pH 12.2 to pH 13.1 but also had an area of lower pH of 8.2 aBH& an area which was
dominated by plant life (Figure 9.1C, Table 9.1). Themgedis in hyperalkae areas were
correspondingly high with an average pH of 12.2 £ 0.5 and were slightly reduced with an
average reduction potential of “ -ISA was detected in small quantities from the

porewater at TEBHZ2 in the porewater and the sediments QfBH4 (Table 9.1).
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[Al

[B]

[C]

Figure 9.1: Photographs of hyperalkaline areas tested at different analogue sitdsach
site possesses hyperalkaline waters (blue) with tufa deposits (white) and hyperalkaline
sedments with organic rich perimeters. [A] Harpur Hill, Buxton (S#e[B] Hortortin-
RibblesdalgSite-H). [C] Tarmac quarry, Grassingt¢8ite-T).
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Porewater analysis Sediment analysis

(mg L) (mg g DW?)

pH .-ISA -ISA Acetate Propionate Fe(ll) Fe(lll) Sulphate  Nitrate  Calcium* Sodium* pH Eh -ISA -ISA
HQ-BH2 12.8 0.00 0.00 0.00 0.00 2439 3.58 0.46 0.00 271.59 14.50 10.6 -25.0 0.00 0.00
HQ-BH3 128 0.00 0.00 0.00 0.00 2261 2.79 0.21 2.83 353.03 26.45 12.9 -53.0 0.00 0.00
HQ-BH4 11.8 11.98 0.00 13.70 0.00 1351 1.27 0.08 2.08 643.94 19.42 11.0 -46.0 4.34 0.00
HQ-BH5 84 0.00 0.00 33.63 0.00 28.09 2.30 0.20 1.89 907.58 21.25 8.3 -211.0 0.00 1.61
HQ-BH6 8.1 0.00 0.00 0.00 0.00 17.11 188 0.35 3.02 594.70 22.89 8.6 -166.0 0.00 0.00
0.00

LQ-BH1 122 0.00 0.00 2.65 1.74 2.09 0.66 33.45 18.72 79.92 17.18 11.6 -24.0 0.00
LQ-BH2 13.0 1.00 0.00 12.73 6.55 2.77 6.93 22.23 36.27 75.00 30.28 12.7 -78.0 0.00 0.00
LQ-BH3 82 0.00 0.00 20.27 12.23 2.25 8.81 13.77 1.40 67.42 10.53 7.8 -243.0 0.00 0.00
LQ-BH4 13.1 0.00 0.00 58.10 7.40 7.22 1.71 13.01 9.13 54.17 12.70 125 -89.0 0.14 0.00
LQ-BH5 131 0.00 0.00 0.00 0.00 0.87 0.45 18.69 14.74 15.91 13.96 12.0 -54.0 0.00 0.00
0.00
B-BH1 124 0.01 0.01 0.00 0.00 3.81 1194 16.51 3.75 364.02 23.23 11.4 -72.0 0.04 0.04
B-BH2 123 0.02 0.02 2.00 0.00 532 12.89 21.02 9.38 331.06 21.52 11.5 -80.0 0.04 0.04

* Sample measured after equilibration with air.

Table 9.1: Chemical analysis of different potential ILW analogue sitesAnalysis of porewater and sediments before cotton emplacement
VKRZ D ZLGH UDQJH RI DYDLODE O.HSA &3dt\'SOiQ emé/ iKstand ¢ Qe-preseli¢ e & QotiRdcetate and propionate
and sediments with negative redox potentials indicate an active microbial population within the sediments of the thf$esleapie the
hyperalkaline conditions.
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There was considerable variation both hivit and between sites when compared on the
availability of nitrate, iron and sulphate (Table 9.1). $ltdhad lower average levels of
sulphate (i= 0.26 mg ) and nitrate {i 1.96 mg L") compared to Sit® (sulphate[i=

18.77 & nitrate[i= 16.05 mg [') and SiteT (sulphate[i= 18.77 & nitrate[i= 16.05 mg [%).

Site B and Site T had similar average levels of sulphate=10.23 mg %) and iron (Il) (B
=457& T [i= 3.04 mg [) with Site T having the highest average levels of nitrate and Site

B the highest average levels of iron (IIl) (B 12.41H [ 3.7, T [i= 2.36 mg [). SiteH

had the highest average levels of ird (I 21.14 mg [Y). The situation with ferric iron is
more complex than the situation with nitrate and sulphate since it is likely to be present as
colloids at this pH and the surrounding sediment may contain significant quantities of mineral
iron thatwas not quantified in this investigation. hd presence of acetic acid and ferrous
iron, does however, indicate the presence of active microbial populations within the
hyperalkaline sediment810, 312.

After a 3 month period, cotton samples incubated in all three sites showed evidence of
DONDOLQH FHOOXOR)MIE BR\GGRIFRGEeVd bxtradtet! Kom the cotton and
present within the associated pore waters (Table 9.2). These finding are in line with those
previously discussed in Chapter 6 and as per those reported by &aaigil 78 and Routet

al (80) who both showed ISA generation from the incubation of cellulosic radtearnder
similar hyperalkaline conditions. In the majority of samples the presence of ISA was
associated with the detection of acetate within the porewater and could indicate its utilisation
via a fermentation pathway as reported by Reiual (80). The pH values of the porewaters
remained hyperalkaline and were similar to the initial readings before cotton emplacement
(Table 9.1). Average sulphate decreased atTSdad SiteB (B [| 1226 & T[i 5.82 mg

LY and increased at Sité (i 31.78 mg [Y). Average nitrate increased at Site( [

10.38 mg [Y), decreased at Si ([ 2.35mg L) and remained stable at STe([| 15.91

mg L%). Average iron (ll) levels dropped at all three sites to a simiacentration (B[i=

0.3,H [=0.14 T [i= 0.59 mg [*) and iron (Ill) increased at Sité ([i= 5.56 mg ') and

SiteT ([i= 10.15 mg [}) and decreased at Sie([i= 5.26 mg [%). The oldest Sit®
appeared to show a greater ability to utilise B I | HUHQW DYDLODEOH 7($TV L(
thetwo younger siteshowever these differences could also be attributed to other factors such

as dilution rates, geographical location, local geochemistry and local weather patterns.
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Porewater analysis Cotton extract

(mg L) (mg g DW)

pH -ISA -ISA Acetate Propionate Fe(ll) Fe(ll1) Sulphate Nitrate -ISA -ISA

HQ-BH2 135 6.04 6.41 6.04 0.00 0.44 4.40 37.83 9.76 0.69 0.71
HQ-BH3 13.6 14.06 12.54 140.65 0.00 0.09 7.39 37.83 8.26 0.59 0.65
HQ-BH4 13.6 12.38 13.83 2.48 0.00 0.18 5.19 52.96 8.51 1.91 2.09
HQ-BH5 8.0 0.00 0.00 4.01 0.00 0.00 4.24 0.00 10.36 0.00 0.00
HQ-BH6 8.5 0.00 0.00 5.75 0.00 0.00 6.60 30.27 15.01 0.00 0.00
TQ-BH1I 13.1 0.00 0.00 24.32 14.12 0.89 12.73 1.88 13.26 1.97 0.98
TQ-BH2 128 1.95 1.80 0.00 0.00 0.18 4.87 17.83 12.26 1.75 1.74
TQ-BH3 7.1 4.76 0.00 22.91 12.34 0.44 18.54 2.81 17.51 0.00 0.00
TQ-BH4 127 1.14 1.97 51.03 5.61 1.06 6.76 2.35 19.52 1.40 1.40
TQ-BH5 124 4.26 0.00 0.00 0.00 0.35 7.86 4.22 17.01 1.62 1.61
B-BH1 12.0 0.45 0.49 0.00 0.00 0.62 5.19 12.51 2.35 0.18 0.19

B-BH2 121 2.06 2.40 7.87 6.55 0.09 5.34 12.01 2.35 0.06 0.05

Table 9.2: Chemical analysis after 3 month cotton incubation period at differenpotential analogue sitesThere was a general increase in
both .-ISA and t-ISA within the porewater at the different sites after cotton emplacement indicating chemical hydrolysis of the cellesose fibr
,6$ ZDV FRUUHVSRQGLQJO\ HHTWUDFWHG IURP FRWWRQ VDPSOHV H{$RMBi&N\W& e\SHUD O}
indicative of microbial metabolic activity.
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9.2.2 Analysis of colonised cotton at different analogue sites
Cotton samples from all three sites developed biofilms during their emplacement, with the

biofilm matrix being composed of a complexixture of proteins, polysaccharides, cells,
extracelluar DNA and lipids (Figure 9)2 Cotton from SiteB was highly colonised with the

biofilm EPS having a uniform distribution of proteins, high levels of eDNA, cells and lipid.

The polysaccharide compo@eW RI WKH ELRILOP ZODVQQRBLOD@RNG CED Q (
JOXFRS\UDQRV\O VXJDUV ZLWK V D@D pdlysaedhatides Rgute D U HD V
9.2). The composition of the biofilm formed here was similar to the EPS composition of floc
communities dtermined using CLSM as reported in Chapter 6 (Figure 6.9) and biofilm

formed from these floc communities reported in Chapter 7 (Figure 7.15). Cotton froh Site

showed the lowest levels oferall colonisation (Figure 9)2vith biofilm having a complex

EPS composition similar to the Sité6 ELRILOP EXW ZLWK ORZHU OHYHO
0D QQRS\UD Q®RNMAdpyrBnQsyl sugars. Cotton from Siteshowed a higher level of
colonisation that Sitél but lower than SiteB (Figure 9.2. The biofilm EPS possessépid,

H'1$ - DQG SRO\WDFFKDULGH DQG SURWHLQ FRPSRQHQ\
0D Q QR S\U D Q-Blvcopyran@sid sugars compared to Stand SiteH biofilms.

In all cases the biofilms (Figure 9.2ere a complex mixture of polysaccluas, protein,
lipids, eDNA and cells, with wide spread protein and lipid components regardless of the
degree of colonisation. Proteins play a number of key roles in biofilm formation including the
sorption of inorganic and organic ions, enzymatic reactiamsl protection from
environmental condition$85). Bacteria associated with acidophilic biofilms have been
shown to use alkaline peans in the biofilm matrix in order to increase the ambien{@®).

To date there is no evidence that alkaline biofilms contain acidic proteins to reduce the
ambient pH, however this may be a useful area of future research. The production of lipids
within the biofilm will increase hydrophobicity which improves attachment between
organisms and favours aggregation as seen in activated sludge(3m@s Increased
hydrophobicity will reduce wettin¢327) which will in turn reduce the impact of the alkaline
pore waters. Lijgls may also maintain the pH buffering capacity of the biofilm matrix if the
acidic phospholipids reported in the membranes of alkaliphilic bac(e8gahave been

employed within the matrix construction.

The diversity of EPS components observed within these biofilag pnovide an array of
functional groups which ally themselves to survival of the community at alkaline pH. Such

groups include carboxyl and amine groups which deprotonate under alkaline pH, contributing
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a negative charge to the ER&87). This negative charge will bind cation species such as
Cd* to the EPS and in turn enhance the adhesive and structural properties of the biofilm
(35). eDNA was present in all three biofilms and although acidic in nature due to the
linkage of nucleotides by the 3'5' phosphodiester bond it is likely to provide structural

support possibly via therndgnamically favourable interactions with €#ns (102).
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Figure 9.2: CLSM imaging of biofilm formed upon cotton after 3 month incubation
period at different potential analogue sitesThe Buxton site (Sitd) cotton showed the
largest amount of colonisation with a biofilm with a complex EPS caitipn. The cotton
samples from the younger sites showed lower levels of colonisations with biofilms possessing
similar complex EPS compositions.

SEM investigation of the colonised cotton samples showed areas of biofilm that were
punctuated with mineral gesits (Figure 9.3ABC). With EDS of these areas (Figure 9.4)
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showing a predominant composition of carbon, calcium and oxygen possibly indicating
calcium carbonate formation. In all cases the biofilms were associated with calcium rich
precipitates which hafbrmed on the fibres. These fibres lacked evidence of the pits and
grooves associated with microbial anaerobic cellulose degradation reported by Mc&onald
al (262 which suggests any degradation of these fibres would be chemical rather than
biological. The precipitation of calcium carbonate hasuahce to the long term performance

of an ILW-GDF as radionuclides can 4poecipitate with calcium(139) with carbonation
altering the surface chemistry and porosity of NRY@6, 317 leading to changes in
hydraulic retention and pressure issusated to gas build uf819). The ability of biofilm to
sequester G4 may also impact on pH buffering by the partial prevention of calcium
carbonate precimtion (301). The small areas of calcium containing precipitate observed
here might be related to areas of lower biofilm density which are likely to calcify compared

to denser sections as reported by Aral (301).

[Al [B]

[C]

Figure 9.3: SEM imaging of biofilm formed upon cotton after a 3 month incubation
period at different potential analogue sitesClumps of biofilm can be seen formed upon
and inbetween cotton fibres with small sections inorganic precipitate. [A]JBSi{B] Site-H.
[C] Site-T.
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[Al

[B]

[C]

(%) Weight
Element SiteB Site-H Site-T

Al 2.2 15 11
C 35.5 31.5 29.7
Ca 7.7 10.6 12.8
Cl 0.9 0.8 1.0
F 0.0 0.0 18.8
Fe 3.6 0.0 0.0
Mg 0.5 0.6 0.0
Na 0.6 0.0 0.4
0] 45.8 52.5 34.1
Si 3.4 2.6 2.3

Figure 9.4: EDS investigation into the composition of biofilms from upon cotton from
different potential analogue sitesMineral precipitates and biofilm were composed
primarily of carbon, calcium and oxygen. [A] Sie [B] Site-H. [C] SiteT.

237



In order to extract sufficient rRNA from the cotton, samples from hyperalkaline boreholes at
each individual site were pooled and the microbial community analysis reported here is based
upon cDNA generated from pooled rRNA. Thwss undertaken #order to investigate the

active microbial biofilm community only. Investigations into the taxonomy of the biofilms
revealed a diverse range bacteria present at each site location with lower proportions and
diversity of archaea (Figure3AB & Figure 9.6AB). At the class level each biofilm had a
similar composition but differed in the representation of the different classes of bacteria
present. The archaea were dominated by the Methanobacteria and Methanomicrobia classes
at all three sitesvith archaea from the Thermoplasmata and MBGB classes only present in

biofilm from SiteT.

The biofilm from SiteB (Figure 9.6AB) was dominated by taxa from the phylum Firmicutes
(58.9 %), and in particular taxa from the classes Clostridia, Bacilli asihragion
AB476673 which represented 37.0 %, 15.9 % and 6.0 % of the total bacterial community,
respectively. Within the Clostridia the families Desulfitobacterium (17.7 %), Veillonellaceae
(6.9 %), Christensenellaceae (343, Hydrogenispora (3.2 %) anduRinococcaceae (2%

of the total community) were most abundant. The Family Desulfitobacterium contained
amplicons with sequence similarity f@esulfitobacterium hafniensean anaerobic spore
former associated with methanogenic biofilf82. The Veillonell@eae comprised a
number of species within the genémaaerosporaand Dendrosporobactewhich again have

been associated with anaerobic conso(B&3. The taxa within Christensenellaceae,
Hydrogenisporaand Ruminococcaceae showeddps sequence homology @lostrdium
clariflavum  Kroppenstedtia eburneanHydrogenispora ethanolicaand Clostridium
cellulolyticum micro-organisms associated with the anaerobic degradation of carbohydrates
and complex polymers, including cellulos®54357) Reads associated with Class
designation AB476673 was poorly described and contained two genera deskgizaedioo
andAB476673within the EZtaxon database.

Bacillaceae family associated taxa dominated thedsreassociated with the Bacilli
representing 65.66 of this class and 10% of the total community. Many of the sequences
associated with Bacillaceae showed sequence similarity toBtatus pseudofirmysan
alkaliphilic bacterium capable of growth up pH 11.4 with the ability to degrade a range of
carbohydrateg314, 358. The remaining Bacilli class were classified within the Families
Vulcanibacillus and Paenibacillaceae representing 3.0 % ani bbthe toaal community.

These Families contained a number of reads showing sequence similarity to the alkaliphilic
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species Bacillus solimangrovi and Paenibacilllus daejeonensig359, 360. Within
AB476673, the reads assaed with this class showed greatest sequence similarity to
Caloramator boliviensisndDethiobacter alkaliphiluspecieq361, 363. Betaproteobacteria

also constituted a significant portion of the active biofilomeunity at SiteB, where it
represented 21.8 % of the total reads. The majority of these reads were associated with taxa
of the family Comamonadaceae (17.9 %), which largely showed similarity to sequences
associated with the autotrophic hydrogeadizers present within  the genus
Hydrogenophaga(363). Organisms from the Dietziaceae comprised the most part of the
reads associated with the class Actinobacteria, which comprised 8.5 % of the total
community, sequences within the Dietziaceae showed greatest sequence similarity to the
psychrophilic alkaliphileDietzia psychralcaliphilg273. Sequence reads associated with the
bacterial phyla Acidobacteria (2.3 %) Bacieletes (1.9 %) and Planctomycetes (1. %) were

also present within the library where their representation was >1.0 %.

The biofilm from SiteH was dominated by taxa from the phyla Firmicutes and
Actinobacteia representing 35.3 % and 33% of the total coomunity (Figure 5). The
Firmicutes were again represented by Bacilli, Clostridia and designation AB476673 which
represented 21.3 %, 10.5 % and 3.4 % of the total bacterial community, respectively. Within
the Bacilli, the Bacillaceae again dominated represg 17.3 % of the total community
structure, where again sequence similarityBtacillus pseudofirmusvas observed. The
Families Vulcanibacillus and Paenibacillaceae were present within the community, where
Vulcanibacillus represented 3.1 % of the totéth the Paenibacillaceae being 0.05 % of the
total community. Within the Clostridia the families Desulfitobacterium (2.2 %),
Veillonellaceae (2.0 %), Ruminococcaceae (1.4 %) Hydrogenispora (1.3 %) and
Anaerovirgula (1.2 of the total community) were mtogbundant. At the species level, the
families  Desulfitobacterium and Hydrogenospora were also represented by
Desulfitobacterium hafnienseand Hydrogenospora as with SiteB. Within the
Veillonellaceae members of the gendéandrosporobacterVeillionella and Succinispira

were present alongsidaccharofermentarsf the family Ruminococcaceaglkaliphilusand
Natronicolarepresented the majority of reads within the family Anaerovirgula, where both
these genera have been associated with anaerobic, allalineeaty364, 369. Within class
designation AB476673, genus designathkB476673was most prevalent. As observed with

the SiteB cotton sample, the Actinobacteria associated taxa were almost exclusively

Dietziacame and showed sequence similarity Deetzia psychralcaliphila Proteobacteria
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represented 13.3% of the total community, where reads associated with the Comamonadaceae
(7.4 %) and Alishewanella (2.6 %) families. The Comamonadaceae were dominated by
speciesfrom the genudHydrogenophagas had been observed at Stewith the family
Alishewanella dominated by reads showing sequence similarilisbewanella jeotgali
previously associated with flocs degrading isosaccharinic acids described in Chapter 6.
Bacteroidetes associated taxa represented 6.7% of the tothl &t@munity, dominated by

the family Cyclobacteriaceae which in itself comprised 5.9% of the total community. The
reads associated with this family showed greatest similariggtaflexum balcum, which

has been observed to grow up to a pH ¢8®5). Acidobacteria (2.0 %), and Synergistetes

(1.5 %), were the remaining bacterial phyla detected at a cut off of 1.0 %.

Whereas taxa from the phylum Acidobacteria hggtesented 2.3 and 2.1% of the SiteB

and SiteH biofilm communities, Acidobacteria represented 2®.0f the total community at

SiteT. Taxa from the family designation DQ513087 dominated the Acidobacteria
representing 24.9 % of the total communitysefuence similarity to the species of the genus
Thioprofundum (Figure 9.6AB). Alongside Acidobacteria, Firmicutes also formed a
significant proportion (31.3 %) of the Site T biofilm community. The Clostridia taxa of the
Firmicutes were predominated by Yfenellaceae (12.6 %), Ruminococcaceae (5.6 %) and
Christensenellaceae (3% of the total community), where the Veillonellaceae associated
reads showed greatest sequence similarityStccinispira. Saccharofermentans smd
Clostridium sporogenesere tle dominant species matches within the Ruminococcaceae and
Christensenellaceae families respectively. Family designation AB476673 and the Bacillaceae
were also present within the phylum but the taxa associated with these represented only 2.4 %
and 1.2% of the total community. Proteobacteria represented 16.2 % of the active biofilm
community and as with both Sit&s and SiteH, Hydrogenophagaof the family
Comamonadaceae represented 6.2 % of the total. The family Acetobacteraceae was also
prevalent, represging 2.2 % of the total community, where the reads showed greatest
sequence similarity t8ediminicoccus rosedethylophilaceae (1.4 %) and Zoogloea (%P

were also present within the Proteobacteria (Figure 9.6AB). Sequences showing greatest
similarity to Aquiflexum balticunof the family Cyclobacteriaceae formed 48of the total
community structure. These taxa alongsiRbeteroides lutiof the Bacteroidaceae (2%)
comprised the majority of the phylum Bacteroidetes, which represented 9.6 % otabhe t
active community of Sitd. Organisms classified within the phylum Fibrobacteres composed

29 % of the total active community, and were almost exclusively of the family
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Fibrobacteraceae. The sequences within this family all showed greatest sequédadéydo
Fibrobacter sp a genus closely associated with cellulolytic proce$2@8). Bacterial taxa
composing >1.0 % of the total active community and were classified within the phyla:
Planctomycetes (2.0 %), Verrumicrobia (1.6 %), and Lentisphaerae (1.0 %)
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Figure 9.5: Archaeal 16S rRNA community analysis of different potential analogue
sites.[A] Class level distribution shows relative dominance of Methanobacteria at all three
sites with a larger abundance of Methanomicrobia at the two older site$.t8d&e/oungest
site had a methanogen component which was more diverse than the older sites. [B] Family
level distribution showed the methanogen component was composed of a small number of
families at all the sites.
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Figure 9.6 : Bacterial 16S rRNA community analysis of different potential analogue
sites.[A] Class level distribution shows Sit& and Site H had a similar proportion of
Clostridia, Betaproteobacteria, Actinobacteria and Bacilli. The yeu8deT had both a
Clostridia and Betaproteobacteria but lacked large Actinobacteria and Bacilli components.
[B] Family level distribution shows many of the classes were dominated by a low number of
families which were similar across the three biofilms.

16S rRNA analysis indicated the abundance of active Firmicutes and Proteobacteria within

all three sites, implicating these taxa with the generation and establishment of these cellulose
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associated biofilms (Figure 9.6AB). The abundance of Proteobactedajnaparticular
Hydrogenophagaalso suggest that the degradation of cellulose and cellulose degradation
products (both microbial and alkaline) results in the generation of hydrogen which is
subsequently utilised by these hydrogenotrophic micganismsHydrogenophagaappears

to be a common taxa observed within natural alkaline sites including the Allas Springs in
Cyprus(67, 143, Leka Ophiolite in Norway42) and at two continental serpentinite hosted
alkaline seeps at the Tablelands Ophiolite, Newfoundlgad. The pesence of
hydrogenotrophic methanogens also support thatgeneration of hydrogen is occurring
within the biofilm community. Species of tiMethanoregulagenus were observed which
have previously been reported to produce methane through/8&tpathways rather than

via the utilisation of acetaté867). Hydrogenotrophic Methanobacteria were present at all
sites but were most abundant in the biofilms from-BHiteith methanogens from this class

previously isolated and reported under alkaline condit{hb3, 158.

Biofilms from all three sites showed a large degree of species richness with similar OTU
numbers of 1868 and 1881 for SBeand SiteH, respectively, and a lower number of 1244

for SiteT (Table 9.3). Sampling of the sites did neiach saturation according to the
rarefaction curve (Figure 9.5A), however, the rank abundance curves (Figure 9.5B) indicate
WKDW WKH PRVW DEXQGDQW 27 @26y wiiHd ddrrasponding IGeddsv O\ G H
coverage of between 0.94 and 0.96 across all three sites (Table 3). The Shannon indices were
similar for biofilms from SiteB and SiteH with values of 5.52 + 0.03 and 5.28 + 0.03,
respectively, with $e-T biofilms having the lowest value of 4.48 + 0.03 (Table 9.3). The
Shannon indices here are larger than those reported for biofilms formed from floc
communities as reported in Chapter 7 (Table 7.9) as is probably a reflection of the inevitable
loss of ®me microorganisms due to culturing meth¢8688 and the irsitu availability of

7($TV DW WKH VLWHV 'HVSLW HsiN Kidfilms pobveksed R @@L W LR Q V
diversity similar to biofilims developed from circumneutral floodplains and stream

communities under laminar and butent flowsreported byNiederdorferet al (276).
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An‘glig%ﬁﬁ site \r/eaallgs OTUs Ace Chaol Shannon %Oo?/desrall_g;z
SiteB 19085 1868 9115.75 6385.88 5.52 0.94
SiteH 19088 1881 9084.58 6274.59 5.28 0.94
Site T 19534 1244 5402.19 3760.60 4,48 0.96

Table 9.3: Alpha diversity statistics for biofilms formed at different potential analogue
sites.The biofilms formed at older sitg®ssessed a similar level of diversity and had higher
QXPEHUV RI 2789V DQG GLYHUVLW\ VFRUHV LQ FRPSDULVR

site.

A B

Figure 9.7: Rarefaction and rank abundance cunes of biofilms formed insitu at
different potential analogue sites[A] Rarefaction curves shows sampling did not reach
VDWXUDWLRQ KRZHYHU *RRGV &RYHUDJH YDOXHV LQGLF

identified. [B] Rank abundance curves show a digenicrobial community

Probability testing showed that there was no significant difference between the biofilms at all

3 sites at the family level using a 95% confidence interval (Table 9.4). The biofilms at all

three sites only shared 5.8 % of the toGQIHWHFWHG 278V )LJXUH $ EX
common component accounted for 48.8 % of all the sequence reads (Figure 9.8B). The total
sequence reads not shared occurring at all individual site was 11.9 %, with 88.1 % of the
sequence reads shared betweem twmore sites. From the above, it is clear that the shared
FRPSRQHQW EHWZHHQ WKH VLWHV GHVSLWH RQO\ FRQVLYV

contained a significant portion of the microbial community.

Site-B Site-H SiteT

Site B 0.143 0.148
Site H 0.143 0.094
Site T 0.148 0.094

Table 9.4: Probability testing for the comparison of biofilm communities at different
potential analogue sites.
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Figure 9.8: Distribution of the shared OTU's and sequence reads across biofilms from

different potential analogue sites.>$@ 'LVWULEXWLRQ Rl 278V VKRZ RQO

WKH WRWDO 278YV ZHUH VKDUHG EHWZHHQ uWsKibutén, RILOPV

KRZHYHU VKRZV WKDW WKLV VPDOO SRUWLRQ RI VKDUHG 2
community.

'"HHSHU LQYHVWLIJDWLRQ LQWR WKH VKDUHG 278V EHWZH]I
(Table 9.5) revealed bacteria from the clasdest€idia, Betaproteobacteria and Bacilli to be
the most dominant with a 22.6 %, 6.7 % and 5.3 % representation of the total sequence reads,

respectively. A further 23 different classes of bacteria and 2 classes of archaea made up the

rest of the shared O V
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Total Shared

Order Class S?ggggce OTU95 contribution contribution
(%) (%)
Firmicutes Clostridia 13911 33 22.6 29.7
Proteobacter Betaproteobacter 4109 15 6.7 13.5
Firmicutes Bacilli 3243 9 5.3 8.1
Bacteroidetes Cytophagia 1957 4 3.2 3.6
Actinobacteria Actinobacteria_c 1865 7 3.0 6.3
Acidobacteria DQ513087_c 1027 3 1.7 2.7
Firmicutes AB476673_c 712 1 1.2 0.9
Bacteroidetes Bacteroidia 536 4 0.9 3.6
Fibrobacteres Fibrobacteria 518 3 0.8 2.7
Proteobacter Alphaproteobacter 363 6 0.6 5.4
Synergistetes Synergistia 295 1 0.5 0.9
Proteobacter Deltaproteobacter 273 3 0.4 2.7
Euryarchaeota = Methanomicrobia 172 1 0.3 0.9
Proteobacter = Gammaproteobacte 162 2 0.3 1.8
Verrucomicrobia Opitutae 140 4 0.2 3.6
Cyanobacteria  Vampirovibrio_c 123 2 0.2 1.8
Chloroflexi SAR202_c 112 1 0.2 0.9
Chloroflexi Anaerolineae 108 1 0.2 0.9
Fibrobacteres JN697815 ¢ 83 1 0.1 0.9
Acidobacteria EU881314 ¢ 68 2 0.1 1.8
Firmicutes Erysipelotrichi 65 1 0.1 0.9
Lentisphaerae GU196224 ¢ 63 1 0.1 0.9
WS3 AQSL_c 54 1 0.1 0.9
Fibrobacteres JF304641 ¢ 28 1 0.0 0.9
Armatimonadetes EU266864 c 14 1 0.0 0.9
Planctomycetes Phycisphaerae 13 1 0.0 0.9
Euryarchaeota Methanobacteria 9 1 0.0 0.9
Spirochaetes Spirochaetes_c 9 1 0.0 0.9

Table95 6KDUHG 278V EHWZHHQ ELRILOPV IURP Glhél HUHQW
PDMRULW\ RI WKH VKDUHG 278V ZHUH IURP &0ORVWULGLD

Heat mapping of the shared genera between all three biofilms (FigByereéealed
Aquiflexum Bacillus_g6 Hydrogenophagand an uncultured genidQ5130870f the order
Acidobacteria to be present in all three biofilms with a strong shared similarity. Biofilms
from SiteB and SiteH showed a higher representationétziain comparison to Sité&.

The expression of some individual genera was increased at specific sites such as seen in the
increased abundance bfalikia at SiteB and uncultured genus of tlighristensenellaceae

family at SiteH. Only 2 archaeal genera were dthr between the sites with

Methanobacteriunexpressed similarly in biofilms across all sites &nethanoregulathe
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most dominant at Sié compared to Sit8 and SiteH.

Figure 9.9: Heat map at the genusdvel of shared OTU's between biofilms at different
potential analogue sites.
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$00 WKUHH VLWHYVY VKDUHG D VPDOO SURSRUWLRQ RI WKH
2781V Rl WKH &ORVWULGLD PDGH XS LWV PDMRULW\ 7DE
reported previously at both natufdi3, 67 and anthropogenic alkaline sitg&2, 84 as well

as being present in enrichment cultures generated from thesg8dite84. The relative

abundance of Clostridia under these conditions indicates that this highly versatile bacteria

play a key role in carbon cycling and biofilm formation under hyper alkaline conditions. Each

site possesse® GLVWLQFW VHW RI1 2789V DQG DOVR VKDUHG D VP
other two sites. The older sites (SBeand Site+ VKDUHG D KLJKHU SURSRUWLR
when compared to the younger SlteThe older sites contained a similar and larggnber

R1 2789V W-K Br@ pbdséésed a greater abundance of recognised alkaliphilic bacteria

such as those from thBacillus and Dietzia JH Q H@T31314. These differences are a

reflection of the time aviable for the local communities to adapt and evolve to the

hyperalkaline conditions at these locations.

9.3 Conclusion
This work is the first to investigate the development of an active, polymicrobial biofilms on

cellulosic materials within anthropogenigyder alkaline sites of different ages. The use of
FRWWRQ pEDLWY VXFFHVVIXOO\ VLPXODWHG WKH UROH SC
hyper alkaline sites in manner that allow site to site comparisons. All sites were able to form
polymicrobial, anarobic biofilms within a few months of incubation. In all cases alkaline
cellulose hydrolysis contributed soluble, degradable organic carbon to the system. There was

no obvious evidence of direct microbial cellulose hydrolysis although the microbial

populdions did contain genera with cellulolytic capabilities.

The biofilms formed were composed of a complex mixture of lipids, proteins, carbohydrates
and eDNA with the complexity and extent of biofilm increasing as the age of the site
increased. Changes inmoilm composition coincided with changes in microbial community
composition with the presence or absence of alkaliphilic genera suletas possibly a

key indicator of the biofilm EPS composition and maturity of the site. The microbial
community anajsis suggests that these hyperalkaline environments contain a small number
of common microbes, with the number of these common microbes increasing as the age of
the site increases. The geirtgdrogenophagappears to be ubiquitous in these hyperalkaline

sites and the Archaea are represented by a small number of hydrogenotrophic methanogenic
genre. These observations have relevance to environments such as those predicted to develop

in radioactive waste disposal sites since they indicate that complex papmalcbiofilms
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can develop with decades under hyper alkaline conditions provalkdiosic materials are

present.

9.4 Key findings

X The additional two sites surveyed revealed a hyperalkaline calcium dominated
environment which was able to generate ISAiitn from cellulosic materials.

x Cotton incubated at these sites was able to be colonised by polymicrobial biofilms
with complex EPS compositions. With the older sites showing a greater degree of
colonisation and diversity of EPS components.

x All three biofiimsanalysed were diverse and contained a shared common component
predominantly consisting of Clostridia, Betaproteobacteria and Bacilli. The older the
site the more alkaliphilic microbes were present such as those froDietaa and
Bacilluslineages.

X A range of hydrogen utilising microbes from both bacteria and archaea lineages
common to all sites were identified.

X The presence cellulose under IE®BDF conditions has the potential to generate a
diverse biofilm community with a diverse metabolic range. Tlesgmce of biofilm
and/or microbial action of these biofilm communities has the potential to locally form

mineral precipitates with a composition similar to calcium carbonate.
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10. Concluding remarks
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8VLQJ FRWWRQ MPEDLWYVY ELRILGR &h¢ Hap® Hill \BRxtdhH F X O W
analogue site for an ILMGDF and two other potential analogue sites. At these sites ISA was

able to be generatedi M LWX DQG WKH SUHVHQFH RI YDULRXV 7($9YV D
microbial populations to form despitiie external harsh conditions. Biofilms from all

potential analogue sites tested possessed a common component of bacteria including
Clostridia andProteobacteria which aligmowards biofilm formation and carbohydrate
fermentation. Microbial community anais revealed that as areas contaminated with
calcium rich wastes age the proportion of alkaliphilic microorganisms such as from those

from Dietzia genus increase in abundance. The microbial community analysis of these
biofilms indicates that in just a fedecades alkaliphilic microorganisms can evolve and form

a key component within biofilm communities.

Culturing of the biofilm formed upon cotton from the oldest anthropogenic site at Buxton,
UK showed the ability of the microbial consortia to degradefaths of ISA through a
fermentation pathway to acetate and hydrogen. Liquid based CDP driven microcosms showed
microbes formed floc based systems under both methanogenic and sulphate reducing
systems, with the sulphate reducing system able to producematities of sulphide. The

floc communities formed within CDP driven microcosms possessed a good degree of
diversity with large components of Actinobacteria, Clostridia and Proteobacteria. FISH
probing showed that the vast majority of microbes weretsiduowards the centre of flocs
where a lower pH microsite was present. This was produced probably by both the production
of metabolic acids and the properties of the EPS matrix forming the flocs. The EPS matrix
from which the flocs werdormed was diversand reflectedthe microbial community
composition, with carbon flow showing a large portion of available carbon used for EPS
production. The EPS was shown to partially shield the microbes from the external pH by
allowing the formation of an area of a lawmgH within the floc. This mechanism allowed
microbial survival in flocs up to pH 12 and conferred short time survival at pH 13.

Floc systems were able to produce biofilm upon a range of-GD¥ relevant surfaces
including sand, NRVB, graphite and steehick dense biofilm was able to form within sand
columns under methanogenic conditions at pH 11 with the ability to degrade all three forms
of ISA increasing due to biofilm formation. The production of methane alongside hydrogen
was enhanced by biofilm fimation possibly due low redox values and lower pH values
within the interior of the biofilm compared to the floc communities. The protection biofilm
conferred the microbes allowed bacterial survival up to pH 13, where ISA degradation and
associated gas geration was only impacted by the transition from pH 12 to pH 13. This is
most likely related to the rise in the internal pH of the biofilm with microbaahmunity
analysis showing a greater abundance of alkaliphilic microbes as the external pH increased.

Exposure of NRVB, graphite and steel surfaces downstream from biofilms under
hyperalkaline conditions facilitated carbonation of these surfaces with the elemental
composition analysis showing evidence of calcium, carbon and oxygen indicating possible
calcium carbonate precipitate. CLSM imaging of these surfaces revealed EPS components to
be present upon the surfaces indicating both biofilm formation and also possible priming of
the surface from dissolved organic components. The NRVB surface showedea grganic
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coverage at pH 13 possibly due to alkaline lysis of some EPS components. As the priming of
surfaces facilitates biofilm formation the ability of microbes to form biofilm upon NRVB
surfaces may increase with exposure time. Biofilm underetluestitions were able to
decreasé¢he pH of the surrounding environment which could facilitate microbial survival and
propagation under ILWGDF conditions. Further sloughing of the biofilm released flocs
under all pH values tested which could act as a trahs@ator for biofilm colonisation
elsewhere within an IL\GDF.

The addition of sulphate to the liquid microcosm resulted in the enhanced growth of bacteria
from the family Corynebacteriaceae which is capable of the assimilatory reduction of
sulphate toform sulfur containing proteins. Degradation of these proteins could produce
sulphide which could in turn facilitate the corrosion of metals. The detectiodrséf
transcripts at pH 11 revealed that dissimilatory sulphate reduction was possible under ILW
GDF conditions albeit at a very low rate.

Biofilm was able to form from floc communities upon steel surfaces under sulphate reducing
conditions at pH 11. The grade of the steel had no significant impact upon the composition of
the microbial community or bfilm EPS composition, with the biofilm system demonstrating

the degradation of all forms of ISA. Sulphate was able to be degraded by this system and
sulphide was subsequently produced. Removal of the biofilm from the steel discs showed
small areas of po#sde microbial induced corrosion with elemental composition analysis
showing small traces of sulphur. Only small amounts of sulphate were utilised with small
amounts of sulphide produced. Interestingly methanogenesis was abledoucalongside
sulphatereduction under this system possibly due to the low rates of sulphate reduction and
sulphide generation.

The EPS matrices investigated under all systems showed a complex and similar composition
with a range of functional groups which under the alkalioediions could contribute a
negative charge to the EPS. This negative charge could interact with cationic species such as
C&* and enhance biofilm aggregation, stability and formation. Components such as eDNA
were shown to be integral in stability andrf@tion of floc based aggregates most likely due

to thermodynamically favourable interaction with ?CaThe EPS components likely
facilitated the formation of lower pH values within biofilm and flocs, with carbohydrate and
lipid fractions conferring a levealf hydrophobicity and polysaccharides and possibly proteins
possessing acidic monomer units.

The ability of microbes within biofilm to degrade ISA and survive under hyperalkaline
conditions could have the following potential impacts when regarding thg term
performance of an IL\WGDF:

x The removal of complexants such as ISA will have an impact upon the mobility
radionuclides with the end products of ISA fermentation possibly fuelling
methanogenesisnd sulphate reduction processMethanogenesis coulallow for
the transport ofC out an ILWGDF through the formation of*CH,. Sulphide
generation may lead to corrosion of steel surfaces such as those encasing ILW.
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Microbes cultured from an ILWGDF analogue site have the ability to form biofilm
upon a rage of ILW-GDF surfaces, with biofilm formation enhancing ISA
degradation. Biofilm formation upon host rock and NRVB surfaces may alter its
ability to interact with radionuclides and cause changes to the surface chemistry.
With the clogging of pore throaksy biofilm altering hydraulic retention.

Carbonation of NRVB surfaces caused by microbial action will lead to a lowering of
the NRVB porosity which will alter hydraulic retention and possibly cause pressure
issues due to gas build up. Carbonation of NRW#y also alter its ability to interact

and immobilise radionuclides.

The formation of calcium carbonate may trap radionuclides and also seal cracks and
fissures leading to changes in hydraulic retention.

The generation of hydrogen may further fuel migablmetabolism which in turn
could facilitate biofilm formation and support and range of microbial metabolic
processes including methanogenesis.
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Associated data

Data associated with Chapter 6

pH 11 microcosm Eubacterial clones

Clone Aﬁﬁﬁ]sbsé?n Closest matching organisms Sequen((;/i)smllarlty
A01 KP728118 Alishewanella jeotgali strain MS1 99
A02 KP728119 Alishewanella jeotgali strain MS1 96
A03 KP728120 Alishewanella jeotgali strain MS1 99
AO05 KP728121 Alishewanella jeotgali strain MS1 95
A06 KP728122 Alishewanella jeotgali strain MS1 99
A07 KP728123 Alishewanella jeotgali strain MS1 98
A08 KP728124 Alishewanella jeotgali strain MS1 99
A09 KP728125 Alishewanella jeotgali strain MS1 97
All KP728126 Alishewanella jeotgali strain MS1 98
Al12 KP728127 Alishewanella jeotgali strain MS1 98
BO1 KP728128 Ali shewanella jeotgali strain MS1 99
B02 KP728129 Alishewanella jeotgali strain MS1 98
B0O3 KP728130 Alishewanella jeotgali strain MS1 98
B0O4 KP728131 Alishewanella jeotgali strain MS1 99
B09 KP728132 Alishewanella jeotgali strain MS1 96
B12 KP728133 Alishewanella jeotgali strain MS1 97
Cco1 KP728134 Alishewanella jeotgali strain MS1 98
C05 KP728135 Alishewanella jeotgali strain MS1 98
Cco7 KP728136 Alishewanella jeotgali strain MS1 99
co8 KP728137 Alishewanella jeotgali strain MS1 99
Cc0o9 KP728138 Alishewanella jeotgali strain MS1 99
C12 KP728139 Alishewanella jeotgali strain MS1 98
D01 KP728140 Alishewanella jeotgali strain MS1 99
D03 KP728141 Alishewanella jeotgali strain MS1 98
D05 KP728142 Alishewanella jeotgali strain MS1 98
D06 KP728143 Alishewanella jeotgali strain MS1 99
D07 KP728144 Alishewanella jeotgali strain MS1 98
D08 KP728145 Alishewanella jeotgali strain MS1 97
D09 KP728146 Alishewanella jeotgali strain MS1 99
D11 KP728147 Alishewanella jeotgali strain MS1 98
EO1 KP728148 Alishewanella jeotgali strain MS1 97
EO02 KP728149 Alishewanella jeotgali strain MS1 96
EO04 KP728150 Bacillus pseudofirmus OF4 strain OF4 98
E06 KP728151 Alishewanella jeotgali strain MS1 93
EQ7 KP728152 Alishewanella jeotgali strain MS1 98
EO08 KP728153 Alishewanella jeotgali strain MS1 95
E12 KP728154 Alkaliphilus crotonatoxidans strain B2 98
FO1 KP728155 Alishewanella jeotgali strain MS1 96
F02 KP728156 Alishewanella jeotgali strain MS1 97
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FO3
FO5
FO6
FO7
F09
F10
F12
GO01
GO05
GO06
GO7
GO08
GO09
G10
Gl1
HO1
HO4
HO5
H10
H12

KP728157
KP7281%

KP728159
KP728160
KP728161
KP728162
KP728163
KP728164
KP728165
KP728166
KP728167
KP728168

KP728169
KP728170
KP728171
KP728172
KP72813

KP728174
KP728175
KP728176

Alishewanella jeotgali strain MS1 98

Alishewanella jeotgali strain MS1 97
Alishewanella jeotgali strain MS1 99
Alishewanella jeotgali strain MS1 98
Alishewanella jeotgali strain MS1 99
Alishewanella jeotgali strain MS1 95
Alishewanella jeotgali strain MS1 99
Alishewanella jeotgali strain MS1 96
Alishewanella jeotgali strain MS1 98
Alishewanella jeotgali strain MS1 97
Bacillus pseudofirmus OF4 strain OF4 99
Alishewanella jeotgali strain MS1 97
Alishewanella jeotgali strain MS1 98
Alishewanella jeotgali strain MS1 98
Alishewanella jeotgali strain MS1 99
Alishewanella jeotgali strain MS1 96
Alishewanella jeotgali strain MS1 95
Alishewanella jeotgali strain MS1 98
Alishewanella jeotgali strain MS1 98
Alishewanella jeotgali strain MS1 99

Table S6.1: Closest matching organisms and sequence sinslévitiee Eubacterial

colonised cotton clone library.

Cotton Archaeal clones

Sequence
Clone  Accession number Closest matching organisms similarity (%)
ct68 KP264044 Methanobacterium alcaliphilum strain NBRC 105226 99
ct69 KP264045 Methanobacterium aaliphilum strain NBRC 105226 99
ct70 KP264046 Methanobacterium alcaliphilum strain NBRC 105226 99
ct71 KP264047 Methanosarcina mazei Gol 99
ct72 KP264048 Methanobacterium alcaliphilum strain NBRC 105226 99
ct73 KP264049 Methanobacterium alcaliphilustrain NBRC 105226 99
ct74 KP264050 Methanobacterium alcaliphilum strain NBRC 105226 99
ct75 KP264051 Methanobacterium alcaliphilum strain NBRC 105226 99
ct76 KP264052 Methanomassiliicoccus luminyensis strain B10 83
ct77 KP264053 Methanobacterium alcghilum strain NBRC 105226 99
ct78 KP264054 Methanobacterium alcaliphilum strain NBRC 105226 99
ct79 KP264055 Methanobacterium alcaliphilum strain NBRC 105226 99
ct80 KP264056 Methanomassiliicoccus luminyensis strain B10 89
ct81 KP264057 Methanobactedm alcaliphilum strain NBRC 105226 99
ct82 KP264058 Methanobacterium alcaliphilum strain NBRC 105226 99
ct83 KP264059 Methanobacterium alcaliphilum strain NBRC 105226 99
ctg4 KP264060 Methanobacterium alcaliphilum strain NBRC 105226 99
ct85 KP264061 Methanobacterium alcaliphilum strain NBRC 105226 99
ct86 KP264062 Methanomassiliicoccus luminyensis strain B10 89
ct87 KP264063 Methanobacterium alcaliphilum strain NBRC 105226 99
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ct88
ct89
ct90
ctol
ct92
ct93
ct94
ct95
ct96
ct97
ct98
ct99
ct100
ct101
ct102
ct103
ct104
ct105
ct106
ct107
ct108
ct109
ct110
ctlll
ctl12
ctl13
ctll4
ctl15
ct116
ctl17
ct118
ct119
ct120
ct121
ctl22
ct123
ctl24
ct125
ct126
ct127
ct128
ct129
ct130
ct131
ct132
ct133

KP264064
KP264065
KP264066
KP264067
KP264068
KP264069
KP264070
KP264071
KP264072
KP264073
KP264074
KP264075
KP264076
KP264077
KP264078
KP264079
KP264080
KP264081
KP264082
KP264083
KP26484
KP264085
KP264086
KP264087
KP264088
KP264089
KP264090
KP264091
KP264092
KP264093
KP264094
KP264095
KP264096
KP264097
KP264098
KP264099
KP264100
KP264101
KP264102
KP264103
KP264104
KP264105
KP264106
KP264107
KP264108
KP264109

Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanomassiliicoccus luminyensis strain B10
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBR05226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphito strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobactéum alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilumrain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacteriumalcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum straNBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
Methanobacterium alcaliphilum strain NBRC 105226
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99
99
99
99
89
99
99
99
99
99
99
99
99
99
99
99
99
99
99
99
99
99
99
99
99
99
99
99
99
99
99
99
99
99
99
99
99
99
99
99
99
99
99
99
99
99



ct134 KP264110 Methanobacterium addiphilum strain NBRC 105226 99
ct135 KP264111 Methanobacterium alcaliphilum strain NBRC 105226 99

Table S6.2: Closest matching organisms and sequence similarities to the Archaeal colonised
cotton clone library.

pH 11 microcosm Eubacterial clones

Sequence
similarity
Clone Accession number Closest matching organisms (%)
A01 KP728118 Alishewanella jeotgali strain MS1 99
A02 KP728119 Alishewanella jeotgali strain MS1 96
A03 KP728120 Alishewanella jeotgali strain MS1 99
AO05 KP728121 Alishewanella jetgali strain MS1 95
A06 KP728122 Alishewanella jeotgali strain MS1 99
A07 KP728123 Alishewanella jeotgali strain MS1 98
A08 KP728124 Alishewanella jeotgali strain MS1 99
A09 KP728125 Alishewanella jeotgali strain MS1 97
All KP728126 Alishewanella jetpali strain MS1 98
Al12 KP728127 Alishewanella jeotgali strain MS1 98
BO1 KP728128 Alishewanella jeotgali strain MS1 99
B02 KP728129 Alishewanella jeotgali strain MS1 98
B0O3 KP728130 Alishewanella jeotgali strain MS1 98
B0O4 KP728131 Alishewanella jeddali strain MS1 99
B09 KP728132 Alishewanella jeotgali strain MS1 96
B12 KP728133 Alishewanella jeotgali strain MS1 97
Cco1 KP728134 Alishewanella jeotgali strain MS1 98
C05 KP728135 Alishewanella jeotgali strain MS1 98
Cco7 KP728136 Alishewanella jeotgli strain MS1 99
cos8 KP728137 Alishewanella jeotgali strain MS1 99
Cc0o9 KP728138 Alishewanella jeotgali strain MS1 99
C12 KP728139 Alishewanella jeotgali strain MS1 98
D01 KP728140 Alishewanella jeotgali strain MS1 99
D03 KP728141 Alishewanella jeotdastrain MS1 98
D05 KP728142 Alishewanella jeotgali strain MS1 98
D06 KP728143 Alishewanella jeotgali strain MS1 99
D07 KP728144 Alishewanella jeotgali strain MS1 98
D08 KP728145 Alishewanella jeotgali strain MS1 97
D09 KP728146 Alishewanella jeotgalstrain MS1 99
D11 KP728147 Alishewanella jeotgali strain MS1 98
EO1 KP728148 Alishewanella jeotgali strain MS1 97
E02 KP728149 Alishewanella jeotgali strain MS1 96
EO04 KP728150 Bacillus pseudofirmus OF4 strain OF4 98
E06 KP728151 Alishewanella jeotgli strain MS1 93
EQ7 KP728152 Alishewanella jeotgali strain MS1 98
EO08 KP728153 Alishewanella jeotgali strain MS1 95
E12 KP728154 Alkaliphilus crotonatoxidans strain B2 98
FO1 KP728155 Alishewanella jeotgali strain MS1 96
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F02 KP728156 Alishewanela jeotgali strain MS1 97

FO3 KP728157 Alishewanella jeotgali strain MS1 98
FO5 KP728158 Alishewanella jeotgali strain MS1 97
F06 KP728159 Alishewanella jeotgali strain MS1 99
FO7 KP728160 Alishewanella jeotgali strain MS1 98
F09 KP728161 Alishewanelh jeotgali strain MS1 99
F10 KP728162 Alishewanella jeotgali strain MS1 95
F12 KP728163 Alishewanella jeotgali strain MS1 99
G01 KP728164 Alishewanella jeotgali strain MS1 96
GO05 KP728165 Alishewanella jeotgali strain MS1 98
GO06 KP728166 Alishewanellgeotgali strain MS1 97
G07 KP728167 Bacillus pseudofirmus OF4 strain OF4 99
GO08 KP728168 Alishewanella jeotgali strain MS1 97
G09 KP728169 Alishewanella jeotgali strain MS1 98
G10 KP728170 Alishewanella jeotgali strain MS1 98
Gl1 KP728171 Alishewanela jeotgali strain MS1 99
HO1 KP728172 Alishewanella jeotgali strain MS1 96
HO4 KP728173 Alishewanella jeotgali strain MS1 95
HO5 KP728174 Alishewanella jeotgali strain MS1 98
H10 KP728175 Alishewanella jeotgali strain MS1 98
H12 KP728176 Alishewanelh jeotgali strain MS1 99

Table S6.3: Closest matching organisms and sequence similarities to the Eubacterial pH 11
microcosm clone library.

(mg LY
Day .-ISA SE tISA SE XISA SE
0 122720 32.92 256.59 7.33 266.57 48.22
2 114268 54.36 24575 6.23 220.39 14.30
4 1056.13 52.42 213.43 1.45 214.33 27.63
6
8

966.74 57.79 156.60 4.80 156.31 41.17
825.20 147.17 86.40 17.54 142.81 58.63
10 83231 18352 7168 27.82 132.88 36.37
12 796.78 149.76 73.71 19.81 134.64 39.51
14 794.65 197.97 73.08 23.67 159.14 31.20

Table S6.4: ISA concentration curves for pH 11 methanogenic floc based reactor.
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(mgL™)

Day .-ISAcontrol SE tISAcontrol SE  XISAcontrol SE
0 455.94 12.42 360.61 14.99 237.57 18.85
2 478.36 1.74 380.24 3.51 262.12 2.37

4 524.57 48.30 416.65 31.02 257.46 16.09

6

8

556.62 88.58 444.48 66.53 263.94 10.30
473.52 38.56 378.85 24.48 261.69 17.98
10 496.87 33.91 397.03 22.89 258.99 2.94
12 441.52 1.58 346.18 0.04 239.52 28.10
14 475.22 21.19 380.56 9.83 267.37 11.29

Table S6.5: Control ISA concentration curves for pH 11 methanogenic floc based reactor.

(mg LY (mmoles)*
Day Microcosm acetate SE  Control acetate SE  Hydrogen gas SE
0 28666 26.74 27.81 0.47 0.00 0.00
2 329.42 17.52 26.30 0.54 0.32 0.15
4 449.97 41.54 25.71 1.56 0.53 0.05
6 384.50 113.05 25.53 0.23 0.84 0.10
8 466.13 68.55 17.41 11.09 1.07 0.00
10 445.89 81.37 24.33 3.73 0.87 0.01
12 489.21 52.89 24,57 1.86 1.08 0.05
14 499.85 49.68 23.58 2.53 1.00 0.04

*Pressure remained at approximately 1 atm due to low volume of gas produced. No gas was
detected within control systems.

Table S6.6: pH 11 microcosm acetate concentration and hydrogen headspace composition.
pH 11 corrol acetate concentration. No hydrogen gas was detected.

Microcosm(mg L) Control(mg L)
Day TOC SE IC SE TOC SE IC SE

0 365 17 11705 1555 392 1 45 03
2 3545 185 1191 066 388 7 4.6 0.3
4 298.3 28.7 13.435 1435 387 3 47 04
6 2819 371 12715 2515 390 2 44 0.2
8 3256 0.6 1547 147 3825 25 45 0.5

10 302.85 12.15 17.875 1.075 380 5 4.2 0.3
12 285.75 1.75 18.995 0.545 3945 25 49 0.2
14 309.75 15.75 20.64 0.66 3885 45 4.7 0.3

Table S6.7: TOC and IC measurements for pH #ihamogenic microcosm and control.
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Figure S6.1E.coli standard curve showing relationship between relative fluorescence units
of ATP testing to CFU mt..

Microcosm (RFU) Control (RFU)

Day Average SE Average SE
0 39215 3350 21 1
7 49540.5 766.5 19 1
14 52063 1555 21 1
Table S6.8: RFU measurements from 3M Cléaace biomass detection kit and
luminometer.
Class lovel (%) Reads Family level (%) Reads

. Alishewanella_f 32.2 6074
Gammaproteobacteri 33.5 6310 IShew -

Actinobacteria ¢ 32.9 6209 Dietziaceae 213 5154

Clostridia 12.6 2374 Bamllgceae 7.5 1421
Anaerovirgula_f 4.8 903

Bacilli 11.1 2084 . )
Betaproteobacteria 4.7 890 Microbacteriaceae 4.8 901
Cytophagia 23 495 Anaerobranca_f 4.6 859
Alphaproteobacteria 1.2 219 Comamonadaceat 4.3 815
ABA76673.c 11 209 Entfaro_coccaceae 3.1 588
ETC <1 07 132 Tissierella_f 2.7 510

Cyclobacteriaceae 2.2 424
AB476673 f 1.1 208
Xanthomonadacea 1.1 205
ETC <1 42 790

Table S6.9: Class and family distribution of MiSeq data from pH 11 microcosm.
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Table S6.10: Size distribution of the pH 11 flocs.

(mg g VS")
EPS componen Sonication + ethano SE EDTA SE
Carbohydrate 3.21 0.62 38.15 3.10
Protein 0.45 0.10 4.17 0.08
Lipid 8.43 1.29 0.95 0.07
eDNA 0.45 0.10 4.17 0.08

(RFU)

Average SE

Beforeextraction 50280 21
Sonication and ethanc 50338 20
EDTA 50493 32

Blank 53 1

Table S6.11: Composition of extracted polymicrobial floc EPS and ATP testing of cell pellet
to check for cell lysis.

Calcium added (mg mg EPB Calcium bound (mg Ca mg EPB

0.00 0.00
0.10 0.05
0.25 0.08
0.50 0.13
1.00 0.17

Table S6.12: Polymicrobial floc EPS calcium binding curve.
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(Log CFU mL?Y)
Week pH11 SE pH115 SE pH12 SE pH13 SE
0 440 083 439 060 3.89 027 3.21 0.46
1 6.21 046 449 0.72 335 0.27 259 0.72
2 6.22 091 464 046 261 0.60 0.99 0.60
3 6.25 0.83 468 060 2.63 060 0.00 0.00

(Average RFY
Week pH11 SE pH11.5 SE pH12 SE pH13 SE

0 24960 7 24527 4 7744 2 1625 3
1 1613002 3 30846 5 2259 2 392 5
2 1678194 8 43947 3 410 4 10 4
3 1768306 7 48201 4 422 4 0 0

(Average RFY
pH Week0 SE Week1l SE Week2 SE Week3 SE

11.0 28 3 34 3 28 1 26 4
115 36 6 42 9 33 3 36 5
12.0 49 6 44 7 39 0 42 5
13.0 17 10 14 4 17 4 14 6

Table S6.13: ATP readings for floc communities aadtrols during subculture survival
work.
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pH 11.0 Floc profile pH 11.5 floc profile pH 12.0 floc profile

pH Distance (um) pH Distance (um) pH  Distance (um)

11.10 0 11.56 0 12.05 0
11.13 5 11.47 5 11.99 5
11.09 10 11.35 10 11.94 10
11.10 15 11.31 15 11.98 15
11.05 20 11.21 20 11.98 20
11.02 25 10.77 25 11.88 25
10.98 30 10.69 30 11.85 30
10.95 35 10.88 35 11.82 35
10.87 40 11.06 40 11.79 40
10.85 45 11.12 45 11.76 45
10.77 50 11.13 50 11.63 50
10.80 55 11.24 55 11.70 55
10.62 60 11.30 60 11.68 60
10.45 65 11.32 65 11.86 65
10.41 70 11.41 70 11.99 70
10.54 75 12.04 75
10.73 80 12.07 80
10.83 85 12.05 85
10.86 90 12.02 90
11.00 95

11.03 100

11.05 105

11.06 110

Table S6.14: Micreelectrode profiles through flocs at different external pH values.
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pH
Distance (um) 11 115 12

0 11.01 11.57 12.15
5 11 1156 12.16
10 11.01 11.57 12.17
15 11.01 11.57 12.16
20 11 1157 12.16
25 11 1157 12.16
30 11.02 11.55 12.16
35 11.03 11.55 12.16
40 11.02 11.55 12.16
45 11.03 11.55 12.16
50 11.03 11.55 12.16
55 11.03 11.55 12.16
60 11.01 11.55 12.15
65 11 1155 12.15
70 11 1157 12.15
75 11 1157 12.15
80 11 1156 12.15
85 11.02 11.57 12.15
90 11.02 11.58 12.15
95 11.02 11.56 12.15
100 11.02 11.56 12.15

Table S6.15: Control micrelectrode profiles through agar at different external pH values.

pH Average Zeta potential (mV SE

7 -24.26 3.03
8 -21.52 0.96
9 -22.82 1.44
10 2.65 0.36
11 -22.84 1.24
12 -27.76 0.93

Table S6.16: Zeta potential measurements of flocs at different pH values.
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Figure S6.2: Flowcytometry plot of FITC staining and unstained control of flocs.

Figure S6.3: Autofluorescence control for FISH imaging of flocs.
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Figure S6.4: Autofluorescence control for 5 colour channel CLSM of flocs (also applicable to
fluorescence microscopy imagery)

Data associated with Chapter 7

Figure S7.1: CLSM autofluorescence 5 colour channel control of sand biofilm (5 colour).
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~ISA tISA XISA TotalISA CH; (%) CH,
mgC 374 289 3.2 69.5 2.8 4.1

Table S7.1: ISA carbon degraded and,€arbon produced within recirculation system at pH
11.

Microcosm(mg L™) Control(mg L™)

Day .-ISA SE tISA SE XISA SE ~-ISA SE tISA SE XISA SE
0 186.9 25.1 1446 211 160 1.8 706.3 22.3 728.8 349 401.2 48.7
2 162.3 04 123.3 8.0 76 5.9 8414 12 9314 21 5264 47.1

4 1754 21.1 159.6 428 122 5.1 837.0 244 8995 143 520.7 111.6

6

8

1142 3.9 140.7 27.7 49 3.2 875.2 60.7 943.0 46.3 526.7 151.6
65.5 453 1224 290 23 14 877.3 749 940.5 639 534.3 168.0
10 269 90 797 176 0.0 0.0 803.1 42.7 886.3 59.6 4545 66.1
12 57 81 447 65 00 00 684.3 86.8 749.3 104.3 369.9 47.2
14 00 00 00 00 00 00 730.6 72.7 7959 100.0 4299 61.5

Table S7.2: ISA concentrations within pH 11 biofilm and control recirculation systems.

TOC/IC Microcosm(mg L% Control(mg L™
TOC SE IC SE TOC SE IC SE
2450.3 235.3 452.7 0.5 1980.5 31.0 26.8 1.6

0

2 1926.3 218.3 552.2 68.8 198.7 15.7 27.3 0.9
4 2026.3 164.6 720.1 43.4 1989.2 16.5 26.8 0.1
6
8

1948.8 220.8 776.7 257  1968.3 24.6 26.7 1.0
1536.5 152 8519 39.5  2000.8 2.1 26.8 1.7
10 12900 85 8148 458 19885 1.6 27.0 1.2
12 14940 134 9230 21.9 20000 0.6 28.0 13
14  1366.3 205.6 825.8 128.9  1987.9 17.3 29.0 1.4
Table S7.3: TOC and IC concentrations within pH 11 biofilm and control recirculation
systems.

Average acetate (mg1) SE

0 39.0 3.2
2 50.8 6.3
4 43.8 14
6 46.6 1.9
8 47.0 8.9
10 44.5 7.1
12 41.6 2.7
14 38.5 4.4

Table S7.4: Average acetate concentration in abiotic recirculation control system.
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% headspace composition Volume (L) mmoles*
Time CO, SE CH, SE H, SE Time CH, SE H, SE Time CH, SE H, SE
0 0.00 0.00 0.00 0.00 0.00 0.02 0 0.0000 0.0000 0.0000 0.0001 0 0.00 0.00 0.00 0.00
2 0.00 0.00 023 0.05 0.04 0.02 2 0.0012 0.0002 0.0002 0.0001 2 0.05 0.01 0.01 0.00
4 0.00 0.00 047 010 0.16 0.14 4 0.0024 0.0005 0.0008 0.0007 4 0.10 0.02 0.03 0.03
6 0.00 000 069 014 024 021 6 0.0034 0.0007 0.0012 0.0011 6 0.14 0.03 0.05 0.04
8 0.00 0.00 098 0.22 0.16 0.14 8 0.0049 0.0011 0.0008 0.0007 8 0.20 0.05 0.03 0.03
10 000 000 082 019 0.10 0.08 10 0.0041 0.0009 0.0005 0.0004 10 0.17 0.04 0.02 0.02
12 000 0.00 115 014 0.06 0.07 12 0.0058 0.0007 0.0003 0.0004 12 024 0.03 0.01 0.01
14 000 000 113 0.11 0.07 0.05 14  0.0057 0.0005 0.0004 0.0003 14 023 0.02 0.01 0.01

* Pressure remained at approximately 1 atm due to low volume of gas produced.

Table S7.5: GaBeadspace composition of pH 11 biofilm recirculation system. No gas was detected within control systems.

% headspace composition Volume (L) mmoles*
Volume passed through column (ml CH, SE H, SE CO, SE CH, SE H, SE CO, SE CH, SE H, SE CO, SE
0 000 0.00 0.00 000 O 0 0.0000 0.0000 0.0000 0.0000 O 0 0.000 0.000 0.000 0.000 O 0
100 0.05 0.01 0.05 0.02 O 0 0.0003 0.0001 0.0003 0.0001 O 0 0.010 0.002 0.010 0.004 O 0
200 0.07 0.00 0.08 004 O 0 0.0003 0.0000 0.0004 0.0002 O 0 0.014 0.001 0.016 0.007 O 0
300 0.09 0.01 0.09 0.02 O 0 0.0004 0.0000 0.0005 0.0001 O 0 0.018 0.001 0.019 0.004 O 0
400 0.09 0.01 0.10 005 O 0 0.0005 0.0000 0.0005 0.0003 O 0 0.019 0.002 0.021 0.010 O 0
500 0.09 0.03 0.14 005 O 0 0.0005 0.0002 0.0007 0.0003 O 0 0.019 0.006 0.029 0.010 O 0

* Pressure remained at approximately 1 atm due to low volume of gas produced.

Table S7.6: Gas headspace composition of pH 11 single pass biofilm system.
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(%) headpsace compositic Volume (L) mmoles*
Day H, SE CH, SE H, SE CH, SE H, SE CH, SE

0 0.00 0.00 0.00 o0.00 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
2 003 0.01 0.02 0.00 0.0002 0.0000 0.0001 0.0000 0.0062 0.0013 0.0031 0.0005
4 0.02 0.00 0.02 0.00 0.0001 0.0000 0.0001 0.0000 0.0042 0.0008 0.00£ 0.0000
6
8

0.06 0.01 0.03 0.01 0.0003 0.0000 0.0002 0.0000 0.0125 0.0012 0.0062 0.0015
0.07 0.02 0.04 0.00 0.0004 0.0001 0.0002 0.0000 0.0146 0.0048 0.0083 0.0000
10 0.09 0.01 0.05 0.00 0.0005 0.0001 0.0002 0.0000 0.0187 0.0029 0.0094 0.0009
12 0.09 0.05 0.05 0.00 0.0004 0.0002 0.0002 0.0000 0.0177 0.0100 0.0094 0.0009
14 0.11 0.03 0.06 0.00 0.0006 0.0002 0.0003 0.0000 0.0229 0.0065 0.0114 0.0010

* Pressure remained at approximately 1 atm due to low volume of gas produced.

Table S7.7: Gabeadspace composition of pH 11 liquid only component.

Concentrations (mgt) Decrease (mgt) % Decrease
Volume passed (mL, .-ISA SE tISA SE XISA SE .ISA tISA XISA .ISA tISA XISA
0 3104 12.0 2704 125 309 31 0.0 0.0 0.0 0.0 0.0 0.0
100 2090 35 163.3 135 135 4.1 1014 107.0 174 327 396 56.3
200 193.7 194 1453 146 124 0.2 116.7 1251 185 376 46.3 60.0
300 2149 18.3 1651 94 174 22 955 1053 135 308 39.0 436
400 2147 16.5 160.5 13.0 13.7 0.6 957 1099 172 30.8 40.7 556
500 2189 6.3 1683 46 169 23 915 1021 141 295 378 455
Average 100.2 1099 16.1 323 40.6 52.2
SE 4.4 4.0 1.0 1.4 1.5 3.2

Table S7.8: ISA concentrations and associated reductions through single pass biofilm system at pH 11.
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Volume passed (mL, Average acetate (mg) SE

0 0.0 0.0
100 34.1 9.1
200 29.2 5.9
300 37.0 3.4
400 34.2 4.4
500 39.8 4.2

Table S7.9: Acetate production within single pass biofilm system at pH 11.

(mg L")
Day -ISA SE tISA SE XISA SE
2707 249 2538 237 196 1.7

0

2 2209 282 199.2 293 149 1.8
4 2010 176 168.8 13.5 128 0.3
6
8

253.0 51 1933 16 146 11
257.8 134 1520 6.8 146 0.2
10 2119 11.7 1169 48 121 0.3
12 2091 26.1 845 8.1 101 1.2
14 231.8 10.7 1147 03 126 1.2

Table S7.10: ISA concentration levels within liquid only component of pH 11 sand biofilm
circulation system.

Total ISA degraded in biofilm (mg)*
Sample
~-ISA SE tISA SE XISA SE
pH11 388 3.7 455 41 190 08
pH12 308 6.6 513 3.8 350 24
pH13 18 06 81 58 36 25
*Calculated taking into account ISA removed via control system.

Table S7.11: ISA degraded by biofilm units over 14 day testinggbat different pH values.
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pH 11 sand column biofilm outlet ISA concentration (mg L
Sample Control Sample Control Sample Control

Volume passed through system (m .-ISA SE .-ISA SE tISA SE tISA SE XISA SE XISA SE

0 98.7 34 987 34 920 32 920 32 567 31 567 31
100 56.1 170 959 33 507 154 956 45 418 123 453 27
200 478 41 1179 50 249 19 1228 73 254 24 464 93
300 212 12 668 07 128 07 602 72 150 08 36.1 49
400 284 19 1027 42 158 10 903 215 151 10 244 130
500 274 28 883 06 165 15 746 20 181 16 472 76
600 383 15 759 02 259 06 708 63 191 04 473 30
700 571 08 760 63 394 23 640 61 314 13 453 6.1
800 432 04 999 75 297 13 840 78 252 10 630 11.0
900 527 28 985 79 324 15 832 76 295 14 612 86
1000 571 26 1005 87 353 14 846 84 320 13 623 093

Table S7.12 : Concentrations of ISA after taken after the passage of eanh d908r 14 day
period within both biotic and abiotic systerat pH 11.

pH 12 sand column biofilm outlet ISA concentration (nm L
Sample Control Sample Control Sample Control

Volume passed through system (m .-ISA  SE -ISA SE -ISA SE -ISA SE XISA SE XISA SE

0.0 1095 0.2 1095 0.2 1147 1.0 1147 10 885 0.6 885 0.6
100.0 93.7 6.6 1400 24 737 79 1539 09 629 03 1005 0.0
200.0 711 125 1376 01 584 106 1514 3.1 451 9.2 911 25
300.0 69.2 220 1213 09 573 192 1305 24 402 110 856 1.6
400.0 66.8 42 1299 20 353 34 1441 58 485 00 811 6.0
500.0 80.7 146 1231 05 675 142 1342 68 422 04 778 111
600.0 581 176 966 26 500 166 1035 6.7 371 44 685 51
700.0 74.5 42 1079 00 648 58 1130 4.7 550 136 779 6.7
800.0 68.6 188 1003 10 544 170 1190 27 447 6.7 624 57
900.0 83.2 46 1089 21 238 13 126.7 3.7 47.0 48 70.7 41
1000.0 59.0 94 1074 29 426 83 1103 65 436 01 86.8 4.9

Table S713 : Concentrations of ISA after taken after the passage of eachl16Ger 14 day
period within both biotic and abiotic systems at pH 12.
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pH 13 sand column biofilm outlet ISA concentration (Mg L
Sample Control Sample Control Sample Control

Volume passed through system (m .-ISA  SE -ISA SE -ISA SE -ISA SE XISA SE XISA SE

0 99.8 0.6 998 06 1068 23 1068 23 103.3 4.6 1033 46
100 101.7 20.7 113.6 9.0 106.7 251 1125 3.9 96.6 19.8 1115 28
200 1323 292 976 12 1528 409 1032 0.1 1272 284 99.0 19
300 160.0 323 126.2 3.3 153.6 352 140.7 13 119.7 203 116.0 0.3
400 1253 19.2 1153 23 918 164 1219 0.8 1024 138 1132 20
500 150.1 254 1255 3.6 151.2 295 1354 14 1231 19.7 108.1 238
600 1174 208 1052 27 1241 248 1108 15 1104 196 981 0.9
700 1164 23.6 108.0 3.8 1509 349 1143 21 1232 252 1012 11
800 1218 171 1148 6.7 1276 199 1195 123 1078 195 1291 3.0
900 649 116 1342 6.8 655 131 1438 4.8 63.1 11.0 1206 54
1000 815 184 1137 64 836 201 1215 5.0 824 203 1135 1.8

Table S7.14 : Concentrations of ISA taken after the passage of eaotL1d@r 14 day
period within both biotic and abiotic systems at pH 13.

Volume passed (mL Average acetate (mg') SE

0 0.00 0.00
100 0.00 0.00
200 0.31 0.01
300 0.62 0.03
400 0.42 0.00
500 0.42 0.01
600 0.51 0.08
700 0.46 0.00
800 0.44 0.01
900 0.43 0.05
1000 0.40 0.01

Table S7.15: Average acetate produced within pH 11 flow through system. No acetate was
detected with the pH 12 or pH 13 biotic flow throwgylstems and no acetate was detected
within the abiotic control systems at all pH values tested.

297



pH 11

% Headspace composition Volume (L) mmoles
Volume passed (mL) CH, SE H, SE CH, SE H, SE CH,4 SE H, SE

0 1.0802 O0.0E+00 O0.0E+00 0.0E+00 O0.0E+00 0.0E+00 0.0E+00 O0.0E+00 O0.0E+00 0.0E+00 0.0E+00 0.0E+00
100 -1.0602 10602 1001 O0.0E+00 O0.0E+00 O0.0E+00 6.5E04 0.0E+00 O0.0E+00 0.0E+00 2.7E05 0.0E+00
200 10802 O0.0E+00 1.5E01 5.0E03 0.0E+00 0.0E+00 9.4E04 3.2E05 0.0E+00 0.0E+00 3.9805 2.0E07
300 20E02 0.0E+00 1.7E01 5.0E03 6.5E05 0.0E+00 1.1E03 3.3E05 2.7E06 O0.0E+00 4.5E05 2.3E07
400 55E02 5.0E03 22E01 40E02 29E04 27E05 14E03 26E04 12E05 55E08 6.0E05 2.8E06
500 9.5E02 15E02 24E01 35E02 55E04 8.7E05 15E03 23E04 23E05 4.0607 6.4E05 2.6E06
600 95602 5.0E03 2.6E01 3.0E02 55E04 29E05 1703 20E04 23E05 12E07 7.0E05 2.4E06
700 10801 O0.0E+00 2.6E01 15E02 59E04 O0.0E+00 1.7E03 9.8E05 24E05 O0.0E+00 6.9505 1.1E06
800 9.0E02 3.0E02 27801 50E03 52E04 17E04 17803 33E05 22E05 43E07 7.2E05 3.6E07
900 1.1E01 1.0E02 29E01 5.0E03 6.5E04 59E05 19E03 3.2E05 2.7E05 25E07 7.7E05 3.9607
1000 17601 42802 3.1E01 5.0E03 1.0E03 25E04 2.0E03 3.35-05 44E05 14E06 8.3E05 4.1E07

pH 12

0 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
100 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 O0.0E+®
200 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
300 0.0E+00 0.0E+00 1.0802 4.4E18 O0.0E+00 O0.0E+00 6.5E05 2.9E20 O0.0E+00 0.0E+00 2.7E06 1.2E21
400 1002 10E02 3.0802 20E02 6.5E05 6.5E05 2.0E04 13E04 27E06 2.7E06 8.1E06 5.4E06
500 50603 5.0E03 4.0802 20E02 33E05 3.3E05 26E04 13E04 14E06 14E06 1.1E05 5.4E06
600 20E02 88FE18 35E02 15E02 13E04 57E20 23E04 9.7E05 54E06 24E21 95E06 4.1E06
700 3.0602 10E02 3.0802 14E17 20E04 65E05 20E04 9.0E20 8.1E06 27E06 8.1E06 3.8E21
800 35E02 50E03 25E02 50E03 23E04 33E05 16E04 33E05 95E06 14E06 6.8E06 1.4E06
900 6.0E02 1.0E02 b55E02 15E02 39E04 6.5E05 3.6E04 9.7E05 16E05 27606 15E05 4.1E06
1000 8.5E02 5.0E03 4.0802 11E17 55E04 33E05 26E04 7.1E20 23E05 14E06 1.1E05 3.0E21

Table S7.16: Average gas headspace compositions of pH 11 and pH 12 biofilm systems. Nalgtecteaswithin the pH 13 biofilm systems
and all abiotic control systems.
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pH 11 control pH 11 pH 12 control pH 12 pH 13 control pH 13

Volume Sand NRVB Sand NRVB Sand NRVB Sand NRVB Sand NRVB Sand NRVB
passed column SE column SE column SE column  SE colum SE column SE  column SE column SE column SE column SE  column SE column
(mL) outlet outlet outlet outlet outlet outlet outlet outlet outlet outlet outlet outlet

0 11.1 0.0 11.0 0.0 12.0 0.0 12.0 0.0 13.0 0.0 >14.00 0.0 13.0 0.0 >14.00
100 11.1 0.0 12.5 0.0 10.0 0.0 12.8 0.0 12.0 0.0 12.8 0.0 11.3 0.0 13.8 0.0 13.0 0.0 >14.00 0.0 12.6 0.0 >14.00
200 11.1 0.0 12.8 0.0 9.9 0.0 12.9 0.0 12.0 0.0 12.9 0.0 115 0.0 13.7 0.0 13.0 0.0 >14.00 0.0 12.5 0.0 >14.00
300 11.1 0.0 13.0 0.0 10.0 0.0 13.1 0.0 12.0 0.0 13.0 0.0 11.4 0.0 13.5 0.0 13.0 0.0 >14.00 0.0 12.5 0.0 >14.00
400 11.1 0.0 13.0 0.0 10.0 0.0 13.1 0.0 12.0 0.0 13.1 0.0 11.4 0.0 135 0.0 13.0 0.0 >14.00 0.0 12.5 0.0 >14.00
500 11.1 0.0 13.0 0.0 10.0 0.0 13.0 0.0 12.0 0.0 13.1 0.0 11.4 0.0 13.4 0.0 13.0 0.0 >14.00 0.0 12.5 0.1 >14.00
600 11.1 0.0 13.1 0.0 10.0 0.0 12.8 0.0 12.0 0.0 13.2 0.0 115 0.0 134 0.0 13.0 0.0 >14.00 0.0 12.5 0.0 >14.00
700 11.1 0.0 13.1 0.0 10.1 0.0 12.8 0.0 12.0 0.0 13.2 0.0 11.4 0.0 13.4 0.0 13.0 00 >14.00 0.0 12.7 0.1 >14.00
800 11.1 0.0 13.2 0.0 10.0 0.0 12.8 0.0 12.0 0.0 13.2 0.0 11.4 0.0 134 0.0 13.0 0.0 >14.00 0.0 12.4 0.1 >14.00
900 11.1 0.0 13.2 0.0 10.0 0.0 12.6 0.0 12.0 0.0 13.4 0.2 11.3 0.0 13.3 0.0 13.0 0.0 >14.00 0.0 12.5 0.0 >1400
1000 11.1 0.0 13.2 0.0 10.1 0.0 12.6 0.0 12.0 0.0 13.4 0.0 11.4 0.0 13.2 0.0 13.0 0.0 >14.00 0.0 12.6 0.0 >14.00

Table S7.17: pH values of media at sand biofilm outlet and NRVB column outlet taken after the passage ofreaavé004 day perib
within both biotic and abiotic systems.
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pH 11 pH 12 pH 13 Control pH
Distance Distance Distance Distance

(.m) pH (.m) pH (.m) pH (.m) 11 12 13
0 111 0 11.8 0 13.0 0 11.0 12.0 13.0
20 111 10 11.8 10 12.8 100 11.0 12.0 13.0
30 10.8 20 11.6 20 12.7 200 11.0 12.0 13.0
40 10.3 30 111 30 12.2 300 11.0 12.0 13.0
60 10.2 40 10.8 40 12.2 400 11.0 12.0 13.0
80 9.9 50 10.5 50 12.2 500 11.0 12.0 13.0
100 9.5 60 10.4 60 12.2
120 9.6 70 10.1 70 12.2
140 9.6 80 10.2 80 12.2
160 9.6 90 10.3 90 12.2
180 9.7 100 10.4 100 12.2
200 9.7 110 10.4 110 12.2
220 9.5 120 10.4 120 12.2
240 9.5 130 10.4 130 12.2
260 9.5 140 10.4 140 12.2

150 10.4 150 12.2

160 10.4 160 12.2

170 104 170 12.2

180 10.5 180 12.2

190 10.5 190 12.2

200 10.4 200 12.0

Table S7.18: Micreelectrode pH profiles through biofilm and related agar controls.

Average ATP concentration (RFU)
pH 11 SE pH 12 SE pH 13 SE
Before extraction 1.22E+05 4.48E+03 8.11E+04 2.12E+03 9.26E+03 2.40E+02
After extraction 1.26E+05 6.75E+02 8.10E+04 1.22E+02 9.66E+03 4.80E+01
Table S7.19: ATP concentrations of biofilm materials before and after EPS extraction
procedures.

Class No. of reads % Distribution
pH11 pH12 pH13 pH11 pH12 pH13

Methanobacteria a7 303 243 0.3 1.4 2.1
Corynebacteriales 2905 5989 4691 16.6 282 40.3

Bacteroidia 407 12 0 2.3 0.1 0.0
Cytophagia 2478 101 523 142 0.5 4.5
Bacilli 3890 3815 2588 223 179 222
Clostridia 1978 7114 3080 11.3 334 264
Erysipelotrichi 248 1319 33 1.4 6.2 0.3
Alphaproteobacteria 2835 1324 197 16.2 6.2 1.7
Betaproteobacteria 5 1 6 0.0 0.0 0.1

Gammaproteobacteri 2677 1296 284 153 6.1 2.4

Table S7.20: Class level distribution of 16S rRNA gene community analysis of biofilr

different pH values.
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Family No. of reads % distribution
pH11 pH12 pH13 pH11 pH12 pH13

Methanobacteriaceae 47 303 243 0.3 1.4 2.1
Dietzia 2767 5903 4661 158 27.7 40.0
ML635340_aquatic_group 407 11 0 2.3 0.1 0.0
Cyclobacteriaceae 2478 101 523 14.2 0.5 4.5
Bacillaceae 3890 3814 2588 223 179 222
Clostridiaceae 244 694 561 1.4 3.3 4.8
Family XIV_Incertae_Sedic 404 2374 2384 2.3 11.2 205
Family Xl Incertae_Sedis 1324 4046 135 7.6 19.0 1.2
Erysipelotrichaceae 248 1319 33 1.4 6.2 0.3
Brucellaceae 50 317 45 0.3 15 0.4
Phyllobacteriaceae 649 766 28 3.7 3.6 0.2
Rhodobacteraceae 2134 241 124 12.2 1.1 1.1
Alteromonadaceae 2667 1296 284 15.3 6.1 2.4
Below 1% 161 89 36 0.9 0.4 0.3

Table S7.21: Family level distribution of 16S rRM&necommunity analysis of biofilms at
different pH values.

Biotic Abiotic control
(RFU)
Biofilm SE  Sand biofilm outlet SE NRVB outlet SE Sandoutlet SE NRVB outlet SE
pH11 92595 2395 2197.0 73.0 57.0 4.0 47.5 0.5 39.0 2.0
pH12 81065.5 21155 1830.0 2.0 24.0 1.5 315 0.5 275 0.5
pH 13 121921.0 4483.0 465.2 2.7 51.0 3.0 27.0 1.0 21.0 1.0

Table S7.22: ATP readings for biofilm, liquid outlets of sand biofilm cell and NRVB cell and
associated abiotic controls.
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pH 11 pH 12 pH 13

'LVWDQF mV 'LVWDQF mV 'LVWDQF mVv
0 -96.1 0 -3.4 0 -23.9
10 -185.9 10 -66.0 20 -29.9
20 -281.7 20 -37.6 40 -34.7
40 -313.0 30 -104.5 60 -39.1
60 -323.0 40 -113.8 80 -47.2
80 -326.9 50 -120.6 100 -100.4

100 -332.3 60 -122.6 120 -112.7
120 -337.5 70 -131.5 140 -108.0
140 -345.8 80 -151.4 160 -112.0
160 -342.8 90 -154.6 180 -153.9
180 -340.9 100 -160.4 200 -170.8
200 -353.5 120 -175.7 220 -178.6

140 -182.1 240 -183.5

160 -188.5

180 -196.0

200 -192.6

Table S7.23: Micreelectrode redox profiling through biofilm. Probes were tested using pH 4
DQG S+ EXIIHU VDWXUDWHG ZLWK TXLQK\GURQH LQ DFFRL

Sample(mg) Control(mg)
-ISA SE -SA SE XISA SE .ISA SE -ISA SE XISA SE
39.7 33 279 27 214 21 522 34 496 58 185 4.1
97 52 112 64 162 122 982 6.7 965 103 653 10.1
96.4 222 986 258 76.6 19.1 845 100 932 7.6 653 48
Table S7.24: Total ISA bound INRVB under both biotic and abiotic conditions at different
pH values.

pH 11 NRVB columrbiofilm outlet(mg LY
Sample Control Sample Control Sample Control

Volume passed through system (m .-ISA SE .-ISA SE -ISA SE -ISA SE XISA SE XISA SE

100 49 04 412 04 177 27 323 10 11 00 338 23
200 60 01 256 19 07 01 207 08 06 04 271 29
300 18 02 22 15 08 00 212 06 04 00 264 22
400 08 01 255 10 01 00 210 O5 04 02 274 22
500 09 01 183 05 01 00 108 04 04 01 135 0.7
600 46 04 190 12 0.2 00 155 14 132 12 196 13
700 36 02 343 01 07 01 271 06 84 06 294 13
800 25 02 318 03 06 00 257 05 17 01 290 14
900 37 04 377 40 01 00 316 34 62 08 268 37
1000 36 05 411 05 05 01 360 04 60 11 339 01

Table S7.28: Concentrations of ISA taken after the passage of eaoiL1®&r 14 day
period through NRVB column under both biotic and abiotic systems at pH 11.
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pH 12 NRVB column biofilmoutlet(mg L™)
Sample Control Sample Control Sample Control

Volume passed through system (m .-ISA  SE ~-ISA SE -ISA SE -ISA SE XISA SE XISA SE

100 48.7 6.6 69 18 1121 6.3 84 21 237 143 104 22
200 775 125 277 71 312 04 316 75 349 206 404 82
300 69.4 220 178 47 591 11 234 57 313 174 326 73
400 63.0 4.2 143 40 524 07 188 48 286 162 259 64
500 64.1 146 88 25 472 1.0 9.7 25 271 161 112 29
600 626 176 35 09 432 34 2.6 14 269 159 090 26
700 739 4.2 53 20 451 54 46 24 293 164 139 10
800 830 188 116 34 556 54 139 36 320 107 234 6.7
900 100.7 4.6 108 28 621 99 126 28 382 86 157 3.8
1000 1135 94 157 38 744 170 196 41 424 89 284 59

Table S7.29: Concentrations of ISA taken after the passage of eaotL1®@r 14 day
period through NRVB column ued both biotic and abiotic systems at pH 12.

pH 13 NRVB column biofilmoutlet(mg L™
Sample Control Sample Control Sample Control

Volume passed through system (m .-ISA SE .-ISA SE -ISA SE -ISA SE XISA SE XISA SE

100 402 11 68 04 1367 326 83 06 500 07 150 0.7
200 639 00 50 04 404 04 59 04 770 32 91 05
300 118 02 32 03 662 16 36 03 185 05 51 03
400 505 18 106 08 129 01 134 11 602 06 207 11
500 71 03 128 12 525 05 154 16 131 02 211 14
600 103 03 115 08 83 02 140 10 178 01 189 0.7
700 76 02 257 21 119 01 331 27 141 02 445 25
800 75 02 481 44 90 00 601 58 158 00 86.7 45
900 30 02 548 38 93 02 722 65 71 04 1124 26
1000 53 05 368 23 37 02 498 40 162 25 767 14

Table S7.30: Concentrations of ISA taken after the passage of eaoiL1®@r 14 day
period through NRVB column under both biotic and abiotic systems at pH 13.
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pH 11(mg LY pH 11 contro(mg L) pH 12(mg LY pH 12 caitrol (mg L?) pH 13(mg LY pH 13 controfmg L%
Volume passed (mL) TOC SE IC SE TOC SE IC SE TOC SE IC SE TOC SE IC SE TOC SE IC SE TOC SE IC SE

0 5765 26.0 0.0 0.0 4348 56 00 00 4790 6.8 0.0 0.0 4707 05 00 0.0 3592 20 0.0 0.0 4127 0.5 00 0.0
100 5059 &7 721 721 2677 38 332 01 2099 57 593 09 887 114 00 00 2971 31 0.0 0.0 1495 114 0.0 0.0
200 3442 324 106.8 106.8 2851 3.0 332 06 2800 0.1 69.0 00 1646 49 00 00 3159 15 0.0 0.0 1351 4.9 0.0 0.0
300 3665 36 796 79.6 1833 262 340 08 2883 14 727 1.7 1584 29 00 0.0 2222 243 00 0.0 1419 2.9 0.0 0.0
400 3725 69 632 632 2192 35 322 02 2731 21 700 01 1667 22 00 00 2711 08 0.0 00 1714 2.2 0.0 0.0
500 2376 169 740 740 2597 81 329 09 2303 03 643 11 1289 07 00 00 1654 11 0.0 0.0 2157 0.7 0.0 0.0
600 2266 81 443 443 1431 179 293 5.0 2727 15 852 01 970 35 00 00 1085 85 00 00 2257 35 0.0 0.0
700 3738 31 497 497 1798 55 401 19 2924 138 1003 03 1180 176 00 0.0 1684 16 0.0 0.0 269.2 176 0.0 0.0
800 3827 17 776 776 2936 102 416 15 2473 7.0 781 21 2917 1594 00 00 2023 08 00 00 2634 1594 00 0.0
900 3829 15 876 876 2932 114 365 13 3176 21.2 806 04 4437 42 00 00 1046 01 00 0.0 2483 4.2 0.0 0.0
1000 4259 24 859 859 3187 151 450 28 2819 69 1026 02 2068 07 00 00 676 80 00 00 914 0.7 0.0 0.0

Table S7.31: TOC and IC measurements of single pass biofilm systems at diffexetaesd

Total TOC removedmg) SE Total IC increasémg) SE

pH 11 214.7 8.2 74.1 1.9
pH 11 control 190.5 10.5 35.8 15
pH 12 209.6 4.8 78.2 0.7
pH 12 control 284.8 20.7 0.0 0.0
pH 13 166.9 5.0 0.0 0.0
pH 13 control 221.5 3.0 0.0 0.0

Table S7.32 Tal TOC removed and IC increase within single pass biofilm systems at different pH values.
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Figure S7.2: CLSM autofluorescence 5 colour channel controls of NRVB [A], graphite [B]
and steel surfaces colonised with biofilm [C].
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Data associated with Chapter 8

Microcosm (mg L) Control (mg %)

Day .-ISA SE -ISA SE XISA SE .ISA SE -ISA SE XISA SE
0 6715 35.7 529.1 16.1 2292 05 2728 504 2149 434 645 04
2 672.0 350 497.4 19.7 231.1 259 3386 2.3 2671 38 632 29

4 633.6 11.1 4894 48.1 1958 33.0 343.9 6.7 2705 74 659 25

6

8

558.9 63.2 439.6 20.9 171.4 40.3 3024 443 2382 33.6 647 3.8
586.7 53.3 440.9 10.0 184.9 43.8 3450 448 2786 431 67.0 3.0
10 541.4 57.6 418.1 115 159.8 29.8 332.2 51.6 267.6 50.5 59.2 6.3
12 562.4 33.0 4233 21.3 167.0 259 319.7 143 2559 42 683 14
14 499.1 68.7 382.0 28.8 1524 388 319.0 9.2 2556 0.1 769 129
Table S8.1: ISA concentrations within pH 11 sulphate reducing liquid microcosm and
associated controls.

Day Acetate (mg[}) SE Control acetate (mgt) SE Hydrogen gas (mmoles) SE

0 90.8 8.4 19.5 0.1 0.0 0.0
2 123.1 0.5 18.9 0.4 0.2 0.1
4 100.0 13.9 18.5 0.9 0.3 0.2
6 115.0 11 20.0 0.4 0.6 0.2
8 108.7 24.7 18.9 0.0 0.7 0.2
10 117.6 17.4 19.0 0.2 0.5 0.0
12 123.2 0.2 18.2 1.4 0.7 0.1
14 129.4 2.5 195 0.6 0.7 0.0

*Pressure remained at approximately 1 atm due to low volume of gas produced.

Table S8.2: Acetate concentrations within pH 11 sulphate reducing liquid microcosm and
associated controls. Hydrogen headspace amount within pH 11 sukxthadeng microcosm.
Controls showed no gas generation.

Microcosm (mgL ™) Control (mgL™)
Day TOC SE IC SE TOC SE IC SE
3395 121.8 11.6 4.1 3920 1.0 45 0.3

0

2 337.0 1188 119 35 388.0 7.0 46 0.3
4 3185 1116 123 3.0 3870 3.0 47 04
6
8

312.9 1095 13.0 2.5 390.0 2.0 4.4 0.2
305.5 106.1 13.6 2.1 3825 25 45 0.5
10 3015 104.1 153 1.9 380.0 50 4.2 03
12 2875 987 154 1.3 3945 25 49 0.2
14 277.0 941 16.0 0.8 3885 45 47 0.3
Table S8.3: TOC and IC concentrations within gHslilphate reducing liquid microcosm
and associated controls.
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pH 11 SRB Floc Control

Distance (m) pH Distance (m) pH
0 11.17 0 11.22
5 11.17 5 11.22
10 11.17 10 11.22
15 11.17 15 11.22
20 11.13 20 11.22
25 11.03 25 11.22
30 10.99 30 1122
35 10.93 35 11.23
40 10.84 40 11.20
45 10.53 45 11.21
50 10.94 50 11.22
55 11.11 55 11.21
60 11.17 60 11.21
65 11.20 65 11.22
70 11.22 70 11.22
75 11.22 75 11.22

80 11.22
85 11.22
90 11.22
95 11.22
100 11.22

TableS8.4: Microelectrode pH profile through floc under pH 11 sulphate reducing
conditions and control agar profile.

(mg g VS')
EPS componen Sonication + ethano SE EDTA SE
Carbohydratre 20.8 3.0 131 0.2
eDNA 0.0 00 91 02
Protein 1.8 04 57 15
Lipid 10.4 25 29 03

(RFU)

Average SE

Before extraction 3472 352
Sonication and ethanc 3654 334
EDTA 3710 266
Blank 46 4
Table S8.5: Results of EPS extraction procedure of pH 11 sulphate reducing flocs and the
associated before and after ATP chef cell pellets.
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Sulphate reducing subculture (mg)L Mo treated subcultures (mg') Chloramphenicol treated subcultures (mb) L
Day .-ISA SE =-ISA SE XISA SE .~-ISA SE -SA SE XISA SE .-ISA SE -ISA SE XISA SE

0 4365 18.7 327.3 424 1649 0.2 4919 516 3194 14.7 1488 84 601.2 956 5765 780 59.8 14.0
2 3959 359 2727 57 153.6 0.1 456.1 423 324.2 235 150.2 3.6 5825 859 ©550.2 587 554 50
4 3788 93 3009 33.7 1454 0.1 4221 31.0 3036 27.8 136.2 14 5728 429 566.1 254 751 10.6
6 3020 76.1 231.2 56.5 1058 0.2 416.1 29.1 3054 254 139.1 7.2 6269 129.6 500.2 1129 58.0 16.7
8 2785 250 221.0 195 1039 0.1 4052 214 2925 11.8 133.2 3.0 713.2 149.3 560.2 138.8 69.8 175
10 2944 234 2259 268 1193 0.1 389.2 29.2 267.6 151 1205 0.6 7204 130.2 566.3 104.1 58.0 7.1
12 286.1 20.4 2145 10.7 101.0 0.1 3815 243 2751 12.8 1240 4.2 3870 1240 347.1 1258 33.5 10.8
14 3153 23.8 2427 184 130.1 0.1 346.5 259 253.7 14.8 111.2 52 371.7 168.2 2844 1224 324 138
16 2675 23.2 2148 238 949 0.1 3382 227 2464 16.3 1142 4.2 543.0 105.1 480.7 1026 714 144
18 1185 75.0 69.8 48.7 31.7 0.2 328.7 19.2 239.7 10.6 1023 7.1 601.6 158.7 454.3 105.0 73.0 23.0
20 421 276 220 11.0 00 0.0 3059 119 2194 6.1 959 74 496.8 96.2 4393 89.6 652 13.8
22 0.5 05 00 00 00 00 2415 275 1818 216 849 99 7535 1305 566.4 101.1 79.2 149
24 0.0 00 00 00 00 00 2312 376 1761 329 909 183 751.6 1389 590.1 116.8 78.2 18.0
26 0.0 00 00 00 00 0.0 1729 528 1649 335 787 9.7 6456 1198 549.6 912 753 138

Table S8.6: ISA concentrations of different free drift subcultures.
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pH values Suphate reducing Mo treated chloramphenicol treates

Day pH SE pH SE pH SE
0 11.0 0.0 11.0 0.0 10.8 0.1
2 10.7 0.0 105 0.1 10.7 0.0
4 10.6 0.0 106 0.1 10.6 0.0
6 10.1 0.0 10.3 0.0 10.6 0.0
8 9.8 0.0 10.0 0.2 104 0.0
10 9.5 0.0 99 0.3 10.5 0.0
12 9.0 0.1 96 0.2 10.6 0.0
14 8.8 0.1 95 0.2 10.5 0.0
16 8.5 0.1 96 0.3 10.6 0.0
18 8.1 0.1 94 0.3 10.6 0.0
20 7.3 0.1 9.3 0.2 10.5 0.0
22 7.7 0.1 9.2 0.2 10.5 0.0
24 7.8 0.2 9.2 0.2 10.5 0.0
26 7.9 0.2 9.1 0.2 10.6 0.0

Table S8.7: pH values offtiérent free drift subcultures.

(mg LY

Day Sulphate reducing SE Mo treated SE chloramphenicol treater SE
0 36.8 18.4 43.2 1.2 35.9 2.4

0.0 0.0 46.8 1.3 375 2.9
4 54.5 3.0 61.6 4.0 40.1 2.2
6 194 194 55.8 15 42.8 7.3
8 16.6 16.6 73.7 1.5 422 6.4
10 21.9 21.9 100.2 0.5 41.2 3.3
12 0.0 0.0 101.2 2.9 40.9 5.0
14 17.7 17.7 104.2 4.7 40.7 4.3
16 0.0 0.0 124.9 4.2 36.6 24
18 99.7 21.0 135.7 173 40.9 2.8
20 148.0 28.1 177.0 0.9 38.6 2.7
22 194.0 23.7 185.4 0.8 45.3 4.1
24 170.8 45.2 195.7 1.2 46.8 15
26 0.0 0.0 190.0 3.6 40.1 3.2

Table S8.8: Acetate concentrations of different free drift subcultures.
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(mg LY
Day Sulphate reducing SE Mo treated SE chloramphenicol treater SE

0 282.4 9.8 2755 8.7 267.9 0.8

243.5 14.6 261.3 4.4 268.8 2.3
4 241.3 10.5 255.7 3.9 267.7 2.2
6 212.5 20.1 253.8 4.2 269.7 0.9
8 223.9 27.0 251.7 1.4 269.0 1.9
10 206.6 5.5 238.9 6.8 265.1 14
12 209.7 13.8 231.7 13.3 267.7 0.9
14 211.0 6.4 234.5 8.0 266.9 1.2
16 203.2 12.3 232.7 5.3 269.6 1.9
18 209.1 6.1 237.5 7.9 265.3 0.9
20 209.9 16.9 2354 8.4 265.8 14
22 204.3 13.8 237.4 5.9 265.0 1.0
24 157.2 3.8 235.9 5.6 265.0 2.1
26 96.6 7.9 236.0 4.7 264.1 0.8

Table S8.9: Sulphate concentrations of different free drift subcultures.

(mg L)
Day Aqueous sulphide SE
0 0.0 0.0
4 0.0 0.0
6 5.2 3.1
10 87.4 4.6
12 104.8 7.4
16 134.7 12.7
18 121.0 9.0
20 96.8 1.5
26 106.0 0.6

Table S8.9: Sulphide concentrations of different free drift subcultures.
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Sulphate reducing (mig™) Mo treated fngL™) chloramphenicol treated (mg?)
Day TOC SE IC SE TOC SE IC SE TOC SE IC SE

1037.8 166.2 68.4 5.6 1157.1 160.1 49.8 125 10128 163 703 4.1
2 757.6 2184 555 10.2 1090.2 779 606 52 10050 535 674 8.6
4 823.2 2818 54.0 11.0 1248.7 748 484 58 10764 1594 80.6 8.6
6 639.7 169.5 489 6.6 12145 1198 64.1 19.8 11186 1205 873 6.2
8 651.4 267.0 49.7 10.8 1050.0 953 75.0 48 8969 1403 66.9 8.0
10 929.7 2786 69.6 9.6 1213.0 70.3 73.1 123 10794 1358 779 4.7
12 889.0 1698 53.1 7.3 10510 1633 71.3 3.5 1080.1 113.8 85.0 9.7
14 9646 1716 70.2 5.7 11847 818 893 7.0 10805 80.8 863 7.7
16 8589 1938 732 28 1187.0 326 929 3.0 11042 713 83.0 57
18 739.7 142.2 648 4.9 1282.0 137.5 109.2 16.9 1013.7 754 69.7 0.8
20 823.1 1934 693 2.3 12093 790 874 85 10164 618 79.6 25
22 7851 2026 62.6 4.2 11743 73.7 985 7.7 1093.3 1188 845 7.4
24 7847 188.3 68.6 4.5 1140.7 774 954 152 10060 775 728 6.8
26 769.0 156.7 67.9 4.0 11177 753 106.2 10.7 1049.0 583 712 5.1

Table S8.10: TOC and IC measurements of different free drift subcultures.

D.Multivoransstandard curve
Sample (hng DNA) Ct Log gene copy

100 11.3 7.29
10 16.9 6.29
1 19.62 5.29
0.1 23.38 4.29

0.01 28.4 3.29

0.001 30.29 2.29

DNA (log gene copy.L templaté) mRNA (log gene copy.L template’) mRNA/DNA gene ratio

pH Average SE Average SE average SE
11 5.10 0.11 3.36 0.12 0.66 0.03
10.5 4.46 0.31 3.52 0.27 0.79 0.08
10 4.68 0.27 3.60 0.14 0.77 0.06
9.5 4.87 0.33 3.82 0.17 0.79 0.02
9 4.60 0.16 4.03 0.09 0.88 0.04
8.5 5.14 0.17 4.79 0.07 0.93 0.04
8 5.47 0.14 4.97 0.06 0.91 0.02
7.5 5.81 0.10 6.39 0.35 1.10 0.04

Table S8.11: gPCR results BfMultivoransstandard curve amdtsAgene and transcript
measurements at different pH wes.
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Figure S8.1: Agarose gel electrophoresis imagesigPCR work and associated controls.
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(mmoles)

acetate sulphate removal
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.16 0.00 0.00
2 0.06 0.08 0.02 0.15 0.30 0.30 0.10 0.20 0.00 0.00 0.00
4 0.02 0.00 0.01 0.04 0.07 0.38 0.11 0.27 0.23 0.00 0.00
6 0.11 0.10 0.07 0.27 0.54 0.92 0.18 0.73 0.08 0.02 0.04
8 0.03 0.01 0.00 0.05 0.10 1.02 0.18 0.8 0.07 - -
10 0.00 0.00 0.00 0.00 0.00 1.02 0.23 0.79 0.09 0.33 0.66
12 0.01 0.02 0.03 0.06 0.12 1.13 0.23 0.90 0.00 0.40 0.79
14 0.00 0.00 0.00 0.00 0.00 1.13 0.23 0.90 0.08 = -
16 0.07 0.04 0.06 0.16 0.33 1.46 0.25 1.21 0.00 0.51 1.02
18 0.21 0.20 0.11 0.51 1.03 2.49 0.25 2.24 0.42 0.37 0.91
20 0.11 0.07 0.05 0.23 0.45 2.94 0.25 2.69 0.63 - 0.73
22 0.06 0.03 0.00 0.09 0.18 3.11 0.26 2.85 0.82 - -
24 0.00 0.00 0.00 0.00 0.00 3.11 0.38 2.73 0.72 - -
26 0.00 0.00 0.00 0.00 0.00 3.11 0.54 2.57 0.00 0.40 0.80

Table S8.12: Theoretical calculations for sulphate reducing subculture system.
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Class

pH11 pH95 pH7 Motreated pH11 pH9.5

Read number distribution

% Distribution
pH 7 Mo treated

Clostridia 1766 5773 6364 3916 25.0 559 547 32.4
Actinobacteria 3723 2448 956 3123 528 23.7 8.2 25.9
Alphaproteobacteria 171 1760 1244 1155 2.4 17.0 107 9.6
Betaproteobacteria 643 11 17 2612 9.1 0.1 0.1 21.6
Gammaproteobacteri 384 43 881 398 5.4 0.4 7.6 3.3
Bacteroidia 45 55 1350 245 0.6 0.5 11.6 2.0
Erysipelotrichi 74 15 683 372 1.0 0.1 5.9 3.1
Bacilli 241 91 40 71 3.4 0.9 0.3 0.6
Unknown Bacteria 0 74 63 119 0.0 0.7 0.5 1.0
ETC<1 8 61 45 61 0.1 0.6 0.4 0.5
Family Read number (%)
pH11 pH95 pH7 Motreated pH11 pH95 pH7 Mo treated
Corynelacteriaceae 3364 2243 783 2960 47.7 21.7 6.7 24.5
Tissierella_f 545 1851 1127 1955 7.7 179 9.7 16.2
Ruminococcaceae 6 858 2870 584 0.1 8.3 24.7 4.8
Brucellaceae 49 1701 1207 1090 0.7 16,5 104 9.0
Alcaligenaceae 643 1 0 2507 9.1 0.0 0.0 20.8
Anaerovigula_f 881 1220 273 143 125 118 23 1.2
Anaerobranca_f 266 842 92 674 3.8 8.2 0.8 5.6
Draconibacterium_f 4 32 1313 47 0.1 0.3 11.3 0.4
Pseudomonadacear 0 4 835 325 0.0 0.0 7.2 2.7
Erysipelotrichaceae 74 15 669 360 1.0 0.1 5.7 3.0
Dietziaceae 303 110 112 42 4.3 1.1 1.0 0.3
Clostridiales_uc 0 100 220 147 0.0 1.0 1.9 1.2
Eubacteriaceae 7 242 75 79 0.1 2.3 0.6 0.7
Alishewanella_f 382 0 2 3 5.4 0.0 0.0 0.0
Sedimentibacter_f 3 156 170 48 0.0 1.5 1.5 0.4
Thermohalobacter_f 1 37 269 15 0.0 0.4 2.3 0.1
Desulfotomaculum_f 15 5 266 35 0.2 0.0 2.3 0.3
Clostridium_g7_f 3 136 173 2 0.0 1.3 15 0.0
Bacillaceae 153 70 13 46 2.2 0.7 0.1 0.4
Uknown Bacteria 0 74 63 119 0.0 0.7 0.5 1.0
Desulfitobacterium_f 1 5 245 4 0.0 0.0 2.1 0.0
EU845084 f 0 1 0 174 0.0 0.0 0.0 1.4
Christensenellaceae 7 10 110 47 0.1 0.1 0.9 0.4
Caulobacteraceae 89 10 0 12 1.3 0.1 0.0 0.1
Enterococcaceae 87 7 4 7 1.2 0.1 0.0 0.1
ETC<1 172 601 752 647 24 5.8 6.5 54

Table S8.13: Class and family distribution of sulphate reducindvenuleated subculture

systems.



Microcosm (mg ) Control (mg L)
Day -ISA  SE -ISA SE XISA SE .-ISA SE -ISA  SE XISA SE

302.0 19.9 309.9 250 1825 482 3015 11.0 302.6 32.2 90.1 422
247.7 0.7 2705 3.4 1416 7.4 3107 169 3165 0.3 87.0 428
201.9 495 219.8 59.1 108.8 41.4 2955 20.1 3053 125 889 43.9
209.0 22.4 2246 27.4 922 127 306.7 1.0 310.1 129 107.1 498
232.1 0.9 237.7 134 88.6 87 3648 452 3685 741 156.3 80.4
10 2006 9.3 197.3 53 534 325 353.3 420 3544 735 157.0 79.3
12 2081 6.9 2043 51 523 345 3825 76.4 351.4 995 1939 115.9
14 162.3 33.6 1642 269 17.8 17.8 427.3 29.2 387.7 52.8 218.7 106.1
Table S8.14: ISA concentrations of sulphate reducing and control steel disc microcosms at
pH 11.

o oo AN O

(mg LY (mmoles)*
Day Acetate SE CH, SE H, SE

0 234.0 92.1 0.00 0.00 0.00 0.00
2 202.1 8.0 0.18 0.02 0.13 0.04
4 228.3 52.0 0.20 0.01 0.15 0.01
6 2379 29.6 0.16 0.03 0.45 0.00
8 357.8 50.8 0.15 0.00 0.55 0.02

10  244.8 40.3 0.21 0.00 0.50 0.00
12 569.2 62.2 0.26 0.02 0.47 0.01
14 546.6 30.7 0.30 0.01 0.33 0.00
*Pressurgemained at approximately 1 atm due to low volume of gas produced.

Table S8.15: Acetate concentrations of sulphate reducing microcosm and associated
hydrogen and methane gas headspace amounts at pH 11. No acetate or gas was detected
within control system.

Microcosm (mg.™) Control (mgL™)
Day TOC SE IC SE TOC SE IC SE
0 6405 125 139.0 3.4 540.1 56.9 425 49
2 8255 1015 1444 5.0 538.2 79.7 40.3 4.3
4 1230.5 365.5 1315 14.2 4485 70.2 334 4.0
6
8

918.0 11.0 1524 22 539.7 67.9 39.0 2.4
10955 149.5 1359 21.6 506.4 8.2 352 2.0
10 608.8 237.8 159.8 3.7 5025 26.8 33.7 4.3
12 6805 715 1534 3.0 559.3 60.3 43.7 3.1
14 6965 19.5 1627 25 540.2 404 43.2 3.9
Table S8.16: TOC and IC concentrations of sulphate reducing and control steel dis
microcosms at pH 11.
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Microcosm Control
Day Sulphate SE Sulphate SE
3523 5.9 369.7 0.2

0

2 339.2 143 3707 19
4 283.7 109 369.1 0.9
6
8

298.0 235 3679 04
337.0 29.7 366.2 20
10 2655 249 3648 4.2
12 329.3 388 3683 0.1
14 3248 1.8 372.8 1.8

Table S8.17: @lphate concentrations of sulphate reducing and control steel disc microcosms

at pH 11.
Class Reads distribution % Distribution
316 304 316 304 Average
Clostridia 5173 5504 34.4 34.2 34.3

Alphaproteobacteria 3662 3797 24.3 236 24.0
Gammaproteobacteri 1948 2162 129 134 132
Actinobacteria_c 1771 1952 118 12.1 119

Bacteroidia 1283 1282 85 8.0 8.2
Bacilli 544 645 36 4.0 3.8
Erysipelotrichi 244 275 16 17 1.7
ETC<1 426 489 28 30 2.9
Family Reads distribution % Distribution
316 304 316 304 Average
Anaerobranca_f 2836 2969 18.8 18.4 18.6
Brucellaceae 2418 2422 16.1 15.0 15.6
Anaerovirgula_f 2070 2257 13.8 14.0 13.9
Alishewanella_f 1779 1979 11.8 12.3 12.1
Rhodobacteraceae 1086 1199 7.2 7.4 7.3
Corynebactedceae 1123 1143 7.5 7.1 7.3
Draconibacterium_f 1130 1097 7.5 6.8 7.2
Dietziaceae 570 718 3.8 4.5 4.1
Bacillaceae 525 624 3.5 3.9 3.7
Erysipelotrichaceae 242 275 1.6 1.7 1.7
Pseudomonadacea 164 180 1.1 1.1 1.1
DQ206420_f 146 182 1.0 1.1 1.1
ETC<1 962 1061 6.4 6.6 6.5

Table S8.18: Class and family level distribution of 16S rRidAemicrobial community of
biofilms extracted from grade 304 and 316 steel discs.
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Data associated with Chapter 9

Figure S9.1: Autofluorescence 5 colour channel CLSMrobof colonised cotton.

Class Read Distribution % Distribution
Site B SiteH Site T SiteB SiteH Site T
Methanomicrobia 21 10 197 95,5 47.6 69.9

Methanobacteria 1 11 5 4.5 52.4 1.8
Thermoplasmata 0 0 12 0.0 0.0 4.3
MBGB_c 0 0 68 0.0 0.0 24.1
Total 22 21 282 100.0 100.0 100.0
Family Read Distribution % Distribution
Site B SiteH Site T Site B SiteH Site T
Methanoregula_f 16 9 164 727 429 58.2
AY835409 f 0 0 68 0.0 0.0 24.1
Methanosarcinaceae 0 1 19 0.0 4.8 6.7
Methanospirillaceae 5 0 13 22.7 0.0 4.6
Methanobacteriaceae 1 11 5 4.5 524 1.8
Methanomassiliicoccus_ 0 0 12 0.0 0.0 4.3
Methanosaetaceae 0 0 1 0.0 0.0 0.4
Total 22 21 282 100.0 100.0 100.0

Table S9.1: Archaea class and family level distribution of 16S rRNA cotton biofilm
communities at different potential analogue sites.
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Class Read Distribution % Distribution
Site B SiteH Site T SiteB SiteH Site T

Clostridia 7050 1993 5067 37.0 105 26.3
Betaproteobacteria 4163 2381 1833 21.8 125 9.5
Actinobacteria_c 1616 6303 98 85 33.1 0.5

Bacilli 3028 4061 383 159 213 2.0
DQ513087_c 373 364 5578 20 1.9 290
ABA476673 ¢ 1136 653 577 60 34 3.0
Cytophagia 258 1135 944 14 60 4.9

Alphaproteobacteria 562 219 706 29 1.1 3.7
Gammaproteobacteri 175 754 272 0.9 4.0 1.4

Bacteoidia 108 157 776 0.6 0.8 4.0
Deltaproteobacteria 94 204 357 0.5 1.1 1.9
Fibrobacteria 48 18 502 0.3 0.1 2.6
Planctomycetacia 205 86 61 1.1 0.5 0.3
Phycisphaerae 10 5 314 0.1 0.0 1.6
Synergistia 14 292 6 0.1 1.5 0.0
Below 1% 213 437 1775 1.1 2.3 9.2

Total 19053 19062 19249 100.0 100.0 100.0

Family Read Distribution % Distribution

Site B SiteH Site T Site B SiteH Site T
Dietziaceae 1449 6186 68 7.6 325 0.4
Comamonadaceae 3418 1423 1228 17.9 7.5 6.4
Bacillaceae 1986 3305 240 104 17.3 1.2
DQ513087_f 151 261 4872 0.8 1.4 25.3

Veillonellaceae 1306 387 2481 6.9 2.0 12.9
Desulfitobacterium_f 3281 412 44 17.2 2.2 0.2
Cyclobacteriaceae 258 1132 943 1.4 5.9 4.9
AB476673 f 1130 648 492 5.9 3.4 2.6
Ruminococcaceae 408 275 1093 21 1.4 5.7
Christensenellaceae 1015 65 598 5.3 0.3 3.1
Vulcanibacillus_f 580 591 13 3.0 3.1 0.1
DQ513087 o0 uc 222 103 706 1.2 0.5 3.7
Acetobacteraceae 354 26 441 1.9 0.1 2.3
Hydrogenispora_f 611 193 3 3.2 1.0 0.0
Desulfotomaculum_f 117 164 386 0.6 0.9 2.0
Fibrobacteraceae 47 17 501 0.2 0.1 2.6
Bacteroidaceae 60 86 417 0.3 0.5 2.2
Rhodocyclaceae 173 364 21 0.9 1.9 0.1
Sphaerotilus_f 489 45 22 2.6 0.2 0.1
Alishewanella_f 10 508 4 0.1 2.7 0.0
Zoogloea_f 14 184 234 0.1 1.0 1.2
Alcaligenaceae 46 353 28 0.2 1.9 0.1
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Xanthomonadaceae 156 234 7 0.8 1.2 0.0
Planctomycetaceae 205 86 61 1.1 0.5 0.3

Paenibacillaceae 291 10 0 15 0.1 0.0

Aminobacterium_f 10 287 3 0.1 1.5 0.0

Methylophilaceae 2 3 282 0.0 0.0 15

HQ697838_f 0 1 233 0.0 0.0 1.2

Enterobacteriaceae 0 2 213 0.0 0.0 1.1

Anaerovirgula_f 3 203 1 0.0 1.1 0.0
Below 1% 1261 1508 3614 6.6 7.9 18.8
Total 19053 19062 19249 100.0 100.0 100.0

Table S9.1: Bacteria class and family level distribution of 16S rRNA cotton biofilm
communities at different potentiahalogue sites.

Group OTU9%% %

All shared 111 5.8
BLT 73 3.8
BH 140 7.3
HT 65 3.4

H 595 31.1

T 398 20.8

B 533 27.8

Total 1915 100.0
Read Distribution % Distribution

SiteB SiteH SiteT Total SiteB SiteH Site T Total
All shared 13464 11707 4809 29980 21.9 19.1 7.8 48.8

BT 1462 0 3393 4855 24 0.0 5.5 7.9
BH 7164 8174 0 15338 11.7 133 00 250
HT 578 0 3368 3946 0.9 0.0 5.5 6.4
H 2158 0 0 2158 3.5 0.0 0.0 3.5
T 0 0 2988 2988 0.0 0.0 4.9 4.9
B 2185 0 0 2185 3.6 0.0 0.0 3.6

Total 27011 19881 14558 61450 44.0 32.4 23.7 100.0

7TDEOH 6 'LVWULEXWLRQ RI UHDGYV DQG 278V VKDUHG E

potential analogue sites.
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Taxonomy SiteB SiteH SiteT
AQSL _f uc 1 4 49
AY214182 ¢ 2 2 5
EU246070 f uc 9 1 3
AB511016 g 2 23 8
EU245367_f uc 3 4 6
FJ889275 ¢ 40 62 125
AM997775 g 3 108 1
AY548942 ¢ 1 2 105
Silanimonas 106 52 4
Fibrobacteraceae_uc 44 17 457
GQ458248 g 5 1 22
JN697815 ¢ 13 28 42
Clostridiales_uc 172 234 47
AB239481 ¢ 233 6 110
Christensenellaceaac 38 35 5668
AB234270 g 6 54 1
Desulfotomaculum 5 35 2
GQ356941 ¢ 2 68 1
Desulfitobacterium 2328 4 36
Saccharofermentans 99 54 280
Anaerosporobacter 25 37 93
EF603968 g 1 7 1
FN436105 ¢ 463 21 1
Proteiniclasticum 2 5 4
Ercella 10 35 3
EU009800f uc 1 25 39
Bacillus 97 2 2
Bacillaceae_uc 4 4 7
Vulcanibacillus_f uc 448 2 6
Bacillus_g23 158 49 3
AB476673 ¢ 357 54 301
Aminivibrio 9 285 1
EU266864 g 2 2 10
Methanoregula 16 9 147
Methanobacterium 1 6 2
Opitutaceae_uc 5 47 88
Leucobacter 1 20 1
Dietzia 1173 534 66
DQ513087_o_uc 221 407 399
EU881314 o _uc 4 22 42
Methylobacterium 11 16 122
Mesorhizobium 80 18 3
Defluviimonas 5 39 1
Sediminicoccus 45 3 20
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Parabacteroides
Bacteroides
AB240501 f uc
GQ451200 g
Malikia
Hydrogenophaga
Aquabacterium
Azovibrio
Alcaligenes
Uliginosibacterium
Aquiflexum
Trichococcus
Bacillus_g6
GQ406188 g
AJ009486_¢g
HQ660796_¢g
AB513436 ¢
Veillonellaceae _uc
HQ904156 ¢

58

1777
314
384

41
38
3
213
82
1452
32
649
293
7
1
100

342
3
838
42
532
38
11
93
4
2

155

49
341
102

976
35
21
26
13

906
122
231

1550

6
1
217
9
517

Table S9.3: Shared read distribution at genus level between biofilms at different potential
analogue sites.
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