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Abstract 

The current plan for the permanent disposal of Low Level and Intermediate Level 

nuclear wastes is the cement-based geological disposal where the wastes will be 

disposed off in geological disposal facility (GDF). The chemical evolution of the GDF 

is expected to cause cellulosic materials in the waste to degrade into cellulose 

degradation products (CDP) of which isosaccharinic acids (ISA) are the major 

components. ISAs are reported to form complexation reactions with radionuclides, 

potentially enhancing their migration out of the GDF.  

Recent studies have shown that microbial consortia indigenous to anthropogenic sites 

can potentially degrade these ISAs but have focused on the use of different nitrogen 

sources Ca(ISA)2 as analogue for CDP. This study therefore aimed at characterizing 

novel ISA degrading bacteria and investigate the metabolic potentials of microorganism 

within soil sediments from Harpur Hill site to biodegrade ISAs and assess the impact of 

using Ca(ISA)2 or CDP with NH4
+ against NH4

+ free systems on the chemical and 

microbial community evolution under conditions representative of the GDF. 

In a batch/fed microcosms, microorganisms within the soil sediment were able to 

biodegrade ISAs in pH ranging from 9-11.5 irrespective of the source. The microbial 

community evolution in these systems were however different suggesting that the type 

of carbon source and the presence of a nitrogen source impacted on the selection of these 

communities. The evolution of the microcosms gave rise to a complex methanogenic, 

polymicrobial communities where the degradation of ISAs led to the formation of acetic 

acid and gases including CH4, CO2 and H2. The formation of these gaseous products are 

likely to contribute to the pressurization of the GDF as a result of which the porosity 

and permeability factors should be taken into account in the formulation of the cement 

backfill materials. Molecular characterization of the ISA degrading communities and 

pure isolates (Exiguobacterium sp. strain Hud and Oceanobacillu sp. strain Hud) will 

allow for studies into genes associated with ISA degradation which is currently lacking 

in the literature. The Harpur Hill site presents a diverse pool of microorganisms with the 

metabolic potentials to degrade ISA hence it could be a good candidate site for the GDF.  
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 The United Kingdom’s Nuclear Waste Legacy 

The UK’s nuclear waste generation started in the 1940s when sites were 

established for the development of the nuclear industry. Also during the cold war, 

facilities were built for the provision of weapons materials which accounted for a 

substantial component of the nuclear waste legacy. These include the two 

Windscale Pile reactors, a storage pond for nuclear fuel and a waste storage silo 

[1]. Currently, many industrial, medical, research and defence activities involving 

radioactivity and radiations contribute to the nuclear waste inventory in the UK 

where most of the waste is from the nuclear electricity generating industry [2]. As 

a result, the UK has a substantial accumulation of nuclear wastes, some of which 

are already in storage whereas others still form part of existing facilities still in 

operation and will eventually become waste as these plants are shut down and 

decommissioned [1].   

 Categories of nuclear wastes  

A material that has no further use is considered nuclear waste if it is contaminated 

by radioactivity at levels above the threshold defined in the UK legislation [3]. 

Nuclear waste includes those with only low-levels of contamination such as those 

from industrial and medical sources to those with high concentrations of 

radioactivity such as those from defence and nuclear power stations. The 

classification of nuclear wastes in the UK is carried out according to the nature 

and quantity of their radioactivity and the amount of heat that this radioactivity 

can generate [4]. The main categories of nuclear waste are High Level Wastes 

(HLW), Intermediate Level Waste (ILW) and Low Level Wastes (LLW).  

HLW includes all nuclear wastes which generate significantly higher temperature 

due to their radioactivity such that the heat-generating factor has to be considered 

in designing storage or disposal facilities for them [3]. HLW is generated in a 
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liquid form from spent nuclear fuel reprocessing which is subsequently treated to 

form solid glass blocks [4]. 

ILW includes wastes in which the radioactivity levels exceed the upper limits of 

LLW but does not generate enough heat to be considered in the design of storage 

or disposal facilities [3]. The major components (Figure 1.1) which make up the 

ILW are metals which include reactor components, graphite from the cores of 

nuclear reactor and sludges arising from treating radioactive liquid effluents [4]. 

 

Figure 1.1 Different kinds of wastes that make up ILW taken from [2]. 

 

The LLW category of nuclear waste are wastes which contain relatively lower 

levels of radioactivity and includes all wastes that have radioactivity level below 

4 GBq (gigabecquerels) per tonne of alpha or 12 GBq per tonne of beta/gamma 

activity [3]. Most of the LLW arise from the operation of decommissioning 

nuclear facilities whereas a few of them including (Figure 1.2) metal scraps, paper 

and plastics that come from hospitals and Universities that can be safely disposed 



4 

 

of either directly or after incineration with household, commercial or industrial 

wastes [4].  

           

Figure 1.2 Different kinds of wastes that make up LLW taken from [2] 

 

There is also a sub-category of LLW referred to as Very Low Level Waste 

(VLLW). This type of waste includes low volume loads which can be safely 

disposed of alongside municipal, commercial or industrial wastes for which each 

0.1 cubic metre of waste contains less than 400 kBq of total activity or for which 

a single item from the waste inventory will contain less than 40 kBq of total 

activity of the waste. The VLLW also includes high volume bulk disposals with 

maximum concentration of 4 MBq activity per tonne of total activity which is 

disposed of in specified landfills. 

 The scope of nuclear wastes in the UK 

As of 1st April, 2016, nuclear waste comprised of all radioactive materials that 

had been declared as waste and are being kept up to this date [5]. The total mass 

of nuclear waste and forecast in the future up to 2125 is 4.9 million tonnes 

occupying a volume of 4.77 million cubic metres [2] (Table 1.1) 
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The packaged volume is the total or ‘final’ volume of the waste including the 

waste itself, the immobilising medium and the waste container. The packaged 

volumes and the total number of packages is essential for the planning of the waste 

storage facilities.  

 Nuclear waste especially, the ILW is accumulating in storage due to lack of a safe 

disposal route. Approximately 74% of the total reported volume as at 1st April, 

2016 was housed at Sellafield. The rest are stored at Magnox and Advanced Gas-

cooled Reactor (AGR) power stations, Dounreay, Aldermaston and Harwell [6]. 

Table 1.1 Total packaged volume for all nuclear waste forecast up to 2125  

Values calculated after waste packaging; adapted from [5]. 

Waste type Total cubic metres 

VLLW 2,720,000 

LLW 1,600,000 

ILW 449,000 

HLW 1,500 

Totals 4,770,000 

 

 Long-term management plan for LLW and ILW in the UK 

The current plan for long-term management of LLW and ILW which constitute 

the largest volume of the radioactive waste of the national inventory is the 

‘geological disposal’ [7] whereby nuclear waste would be placed in deep 

underground in a Geological Disposal Facility (GDF; nuclear waste repository) 

with no intention to retrieve the waste once the facility is closed [2]. The GDF 
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(Figure 1.3) seeks to achieve two high-level safety objectives namely, Isolation 

and containment of the waste. Isolation describes the system of elimination of the 

waste from the surface environment and away from people. This would reduce 

the risk of human interference and the impact of climatic conditions. The 

containment describes the propensity of the engineered facility to keep possession 

of the radionuclides over a long period of time. It is envisaged that radioactive 

decay will continuously reduce the amount of radionuclides within the waste, 

however the engineered facility has a limited ability of containment. At this time, 

further containment will be expected to be provided by the geosphere [7].  

 

 

Figure 1.3 Schematic representation of the generic GDF  

The generic GDF; adapted from Geological disposal - Gas Status report 2010 
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 The Generic Safety Functions of the multi-barrier system 

The multi-barrier system involves designing a GDF with a system of barriers that 

will combine with the natural barrier systems of its geological environment to 

prevent the migration of the radionuclides associated with the waste. This 

conceptual role of the GDF is referred to as the safety function [8]. The different 

parts of the multi-barrier geological disposal facility are expected to function 

effectively at different timescales in ensuring the achievement of the high level 

safety objectives [9]. The various components include the wasteform, waste 

container, backfill and the geosphere (Figure 1.4). 

       

Figure 1.4 Schematic representation of the generic multi-barrier system.  

Multi-barrier system; Adapted from the Geological disposal - Gas status report 2010   
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 The Cement-based disposal concept for LLW/ILW 

The LLW/ILW is a heterogeneous wastes consisting of homogeneous sludge, 

liquids and slurries immobilised in a solid matrix [7, 10, 11]. One option under 

consideration for the disposal of the ILW is the cement-based disposal concept. 

Within this concept, physical containment of the radioelements would be provided 

by the immobilisation of the waste and packaging in stainless steel canisters. 

Emplacement of the waste packages in the GDF would provide geological 

isolation of the radionuclides associated with the waste. The waste packages and 

the vaults of the repository would be backfilled with cementitious material – a 

Nirex Reference Vault Backfill (NRVB) after all the waste packages have been 

emplaced (Figure 1.5). This backfill would provide chemical conditioning and 

sorption capacity which are important for combating radionuclide migration from 

the near-field [7].  

 

Figure 1.5. Packaged and backfilled waste in a 500 litre ILW disposal steel drum 

(cutaway) taken from [12] 

After the wastes are emplaced in the GDF, sealed and the facility is closed, the 

entire disposal system is expected to evolve. This will enable some of the safety 

functions of the engineered barriers to function. Resaturation of the facility with 
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groundwater will generate a high pH from alkali metal hydroxides including 

Ca(OH)2, NaOH and KOH. The temperature is expected to rise from the 

radioactivity of the high level wastes and environmental anaerobic condition 

would prevail from oxygen removal associated with the processes of metal 

corrosion involving the wasteform canisters and metallic structural components 

of the facility [13, 14]. 

The NRVB which is to be used for the backfill, is composed of fine aggregate of 

ordinary Portland cement, limestone filler and hydrated lime or Portlandite 

[Ca(OH)2] and when dissolved in water, various hydration products including 

calcium-silica-hydrate (CSH) will form. Immediately after closure, the pH of the 

facility is expected to rise to values greater than 12.5 from the dissolution of 

cementitious material such as Portlandite in the ingressing groundwater thereby 

producing hydroxyl ions [14]. The reaction is given as follows: 

Ca(OH)2(s) + H2O(l) = Ca(aq) + 2OH-
(aq)   

Figure 1.6 illustrates the evolution of pH at room temperature in the cement pore 

fluid due to dissolution of cementitious materials. 

 

Figure 1.6 Sequential dissolution of cementitious materials in porewater and the 

expected pH evolution at room temperature 

Image adapted from Wang et al. [14]) 
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Stage I would be marked by leaching of soluble alkali hydroxides to raise the pH 

to above 12.5. The dissolution of Portlandite in the groundwater produces 

hydroxyl ions to buffer the pore water to approximately 12.5 (stage II). At stage 

III, further interactions of the groundwater with the hydration products of the 

cement such as hydrated calcium silicates (CSH) are expected to buffer the pH of 

the facility to establish a 12.5>pH>10.0. The pH buffering is expected to continue 

beyond stage III but at this stage would be mediated by lower solubility minerals 

such as calcite (CaCO3). The pH at stage IV is expected to be about 10.0 [8].  

At the early post-closure period, a number of processes are expected to generate 

heat which would increase the overall temperature of the facility. These processes 

include radioactivity of high level wastes, hydration of cementitious materials, 

corrosion of metals and microbial activities. In the cement-based disposal system 

for ILW, the most significant heat generation would result from cement hydration. 

The reaction of cementitious materials with porewater proceeds through a range 

of exothermic reactions, some of which occur rapidly and release significant 

amount of heat. This would increase the surrounding temperature for a number of 

years. In the UK ILW disposal designs using the cement backfill, once the GDF 

is closed, temperature is expected to reach a high of about 80οC for a period of 

five years [15, 16]. The temperature will gradually fall as heat-producing 

processes diminish. Furthermore, as heat transfer occurs via the processes of 

conduction, convection and radiation the temperature of the facility will fall. 

These chemical and thermal changes that are expected to occur within the GDF 

will significantly impact on the integrity of cellulosic materials present in the 

waste [17].  
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 Structure of Cellulose and the Degradation of Cellulosic Materials 

Relevant to the Cement-based disposal concept of ILW  

The cellulosic materials present in LLW and ILW include wood from 

contaminated furniture, cotton, paper and cloth from contaminated disposables 

and laboratory wear [17, 18]. Cellulose consists of chains of cellobiose units 

which are linked together in a repeating fashion. Cellobiose (Figure 1.7) units are 

disaccharides which are composed of units of D-glucose in a β-(1-4) glycosidic 

linkages such that each D-glucose unit is rotated through about 180ο compared to 

neighbouring molecule [18, 19].         

 

Figure 1.7 Molecular structure of cellulose  

Modified structure from Zugenmaierad, (2001) [20] 

Under anaerobic alkaline conditions relevant to the cement-based radioactive 

repository, cellulosic materials undergo degradation to form cellulose degradation 

products (CDP) [18]. Studies have shown that these materials decompose into a 

range of smaller molecules or short-chain hydrocarbons [21, 22]. The main 

mechanism of cellulose decomposition described in literature include physical 

(radiolytic) decomposition, chemical (alkaline) decomposition and biological 

(Microbial) decomposition [23]. The post closure events of the cement-based 

radioactive waste disposal concept provide a set of relevant conditions for 

consideration in investigation of decomposition of cellulose in those three areas. 

These conditions include anoxic conditions, a rise in temperature to an initial high 

of about 60οC and falling subsequently to room temperature (25οC). The 
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saturation of the cementitious materials with groundwater ingression creates 

hyperalkaline condition (pH 13.5) initially but later dropping to 12.5 as the 

cementitious materials decompose [22]. 

 Radiolytic Degradation of Cellulose 

Radiolysis is the dissociation of chemical compounds by ionising radiation [24]. 

Radiolytic decomposition of a polymer results from the cleavage of one or more 

chemical bonds within the polymer when it is exposed to a beam of high energy 

flux.  The initial effect of ionising radiation on a polymer, in spite of its chemical 

structure, is the removal of electron thereby forming a positive ion [25]. When 

this ion is neutralised by the electron, an excited molecule is formed which later 

breaks up forming free radicals [25].  

The exposure of gamma radiation on materials composed primarily of cellulose 

showed degradation of the cellulose where mid-chain scission was indicated as 

the dominant process of the cellulose rupture [26-28]. The results of irradiation 

by electron beam on cellulosic materials showed degradation mechanisms that 

were consistent with earlier findings [29] but alpha radiolysis of cellulose, rubber 

and plastic wastes appeared to be limited to measurements relating to gas 

evolution in the Waste Isolation Pilot Plant (WIPP) in the USA [30]. The main 

gaseous products from earlier work on cellulose radiolysis in the WIPP 

experiments included hydrogen and oxygen [31-33]. Through the process of mid-

chain scission occurring at the glycosidic linkages, dry cellulose radiolysis in a 

nitrogen atmosphere has been shown to generate products ranging from cellobiose 

to celloheptose [18, 34]. Units of glucose can also degrade directly when 

irradiated to form carbonyl and carboxylic group and associated gases such as 

carbon dioxide, carbon monoxide and hydrogen [34]. Another related study has 

also indicated the formation of a mixture of acetone, arabinose, formic acid, 

glucuronic acids, gluconic acids, oxalic acid, malonaldehyde, acetaldehyde, 

formaldehyde, deoxysaccharides, glucose and xylose during irradiation of dry 
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cotton cellulose in either inert or oxygen-rich environment [35]. In these studies, 

no differences were noted in the components of the radiolytical products in both 

environments however, the oxygen-rich environment enhanced the yields of all 

the products especially the formic acid, malonaldehyde and other carboxy groups. 

 Anaerobic Alkaline Degradation of Cellulose 

Cellulosic materials hydrolyse chemically into a range of cellulose degradation 

products (CDPs) under alkaline conditions [17, 36]. The major CDPs include α-

isosaccharinic (α-3-deoxy-2-C-(hydroxymethyl)-erthyro-pentanoic)  acid, β-

Isosaccharinic (β-3-deoxy-2-C-(hydroxymethyl)-threo-pentanoic) acid (Figure 

1.8), Xylo-isosaccharinic acid, α- and β-Metasaccharinic acids, hydroxybutyric 

acids, octanedioic acids and a range of volatile free fatty acids (VFAs). The VFAs 

include acetic acid, propionic acid, isovaleric acid and butyric acid. The two major 

CDPs that are of special relevance to geological disposal of LLW and ILW are 

the α-Isosaccharinic and β-Isosaccharinic acids due to their interactions with 

radionuclides [17, 37]. Their decomposition pathways, mechanisms and rates of 

decomposition are of special interests to researchers in order to provide 

information on performance of the radioactive waste repository [38-40]. 

            

Figure 1.8 ISA stereoisomers 

 

α 

A 

β 
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Three main reaction pathways have been described which underlie the end-wise 

degradation of cellulose under alkaline conditions [17]. These three mechanisms 

include the peeling reaction, stopping reaction and mid-chain scission reaction. 

The peeling reaction which involves a series of chemical steps, occurs at the 

reducing end group of the cellulose chain such that the terminal anhydroglucose 

unit is removed one at a time to form α/β forms of ISA. The formation of ISA 

exposes another reducing glucose unit at the terminus, which repeats the peeling 

reaction. It appears that peeling reaction can result in complete decomposition of 

cellulose if it is allowed to continue, however, investigation into the kinetics of 

the reaction has showed that due to the interference of a stopping reaction, 

complete dissolution does not occur [41]. The stopping reaction blocks the 

chemical peeling reaction and stabilises the molecular chain through the 

formation of alkali-stable terminal groups. These alkali-stable intermediate 

compounds include α/β substituted forms of glucometasaccharinic acids (MSA) 

[42, 43]. MSA was first identified by acid hydrolysis of alkali-stable cellulose end 

groups [44]. The third mechanism of cellulose hydrolysis is the mid-chain 

scission, which involves a hydroxide, catalysed random cleavage of the glycosidic 

links along the molecular chain resulting in the generation of new reducing 

terminal groups. The two reducing terminal groups can then proceed to a peeling 

reaction. 

The formation of ISA from the degradation of cellulose in the cement-based GDF 

has received a considerable attention because firstly, it is identified as the most 

abundant CDP [45] and secondly due to its ability to form complex with a range 

of radionuclides thereby influencing their transport. For instance, ISA and 

associated CDPs generated during cellulosic decomposition were able to form 

soluble complexation reactions with thorium, uranium (IV) and plutonium [39]. 

The results of this study suggested that ISA concentration is proportional to 

plutonium solubility. For instance, ISA concentration of 10-5 M was found to 
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increase the solubility of plutonium even above pH 12.0. Moreover, ISA 

concentration of 1.5 x 10-3 M could increase solubility from 10-5 to 10-4 M. 

Similarly, ISA concentration of 2.0 x 10-3 could increase the solubility of 

plutonium by a factor of 2.0 x 105. Similar studies on properties of complexation 

reactions between ISA in alkaline solutions and radioactive elements such as 

thorium, americium, europium and nickel have been carried out [23, 46-50]. 

Although the calcium salt of alpha ISA is only sparingly soluble, it could form 

soluble complexes with thorium and europium at pH between 10.7 and 13.3 [51]. 

The ability of α-ISA to reduce sorption capacity of radionuclides was supported 

by the work of Tits et al. [23] which noted that α-ISA obstructed the uptake of 

thorium in a hardened cement. Warwick et al [48, 49] have also noted the ability 

of ISA to influence solubility of uranium and nickel whereas the work of Tits et 

al. [23] have shown that europium, americium and thorium are able to sorb to 

calcite in an ILW GDF in the absence of ISA [23]. The findings of the study 

suggested that ISA concentration above 10-5 ML-1 hampers the sorption of 

thorium (2 x 10-5 ML-1) onto calcite quite significantly and that thorium would 

rather prefer to form a complex with the ISA instead of calcite.  

The effects of CDPs on the solubility of radionuclides was  investigated in which 

CDP leachates were generated from wood, rad wipes or cotton wool under 

anaerobic conditions over a period of 103 days, using calcium hydroxide of pH 

12.7. ISA was found to be the primary product of the leachates from the 

decomposition of the cellulosic materials. More importantly, ISA and xylose-ISA 

(X-ISA) were able to enhance the solubility of europium at pH 12. ISA however 

showed an overpowering effect on the solubility of thorium compared to that of 

X-ISA which had a lesser effect [52]. 

 

 



16 

 

 Microbial degradation of cellulose 

Direct microbial cellulose utilisation within the GDF will depend on the 

availability of water and nutrient, pH and temperature. As the GDF resaturates 

with groundwater ingress and an ambient pH of about 10.5 is generated whilst the 

temperature continuously declines to about 30οC, direct microbial decomposition 

of cellulose will occur to generate gases and other short-chain soluble organic 

compounds [10].  

In a GDF simulation experiment, Basil et al. [53] indicated that chemical 

hydrolysis of cellulose could lead to the generation of hydrolysis products, under 

alkaline conditions envisaged in an ILW repository. In an abiotic experiment, 

samples containing autoclaved tissues and cotton wool were incubated at 25 and 

50οC in a saturated solution of Ca(OH)2 at pH 12 for 30 days. Analysis of the 

filtrate from these samples confirmed chemical hydrolysis of the cellulose 

polymers through accumulation of ISA and other soluble products. At 50οC 

significant decrease in pH was observed in both set of experiments (from 11.8 to 

9.4 and 12.1 to 9.9 respectively for tissue and cotton wool experiments). ISA 

concentration also accumulated in both experiments (10.4mM and 3.5mM 

respectively for tissue and cotton wool). At 25οC however, almost a stable pH was 

observed in both experiments (12 to 11.8 for tissue and 12.3 to 12.0 for cotton) 

whereas small ISA concentration accumulated in both experiments (6.5 mM and 

1.5 mM respectively for tissue and cotton wool). In the biotic experiment, when 

samples were inoculated with sediments from a hyperalkaline site at 50οC, the pH 

and ISA profiles were similar to their abiotic counterparts indicating that the 

decomposition of the cellulose polymers were through chemical hydrolysis. 

However, at 25οC, microbial activity was observed through enzymatic hydrolysis 

of cellulose with accumulation of acetate. The microcosms became acidified 

which marked a decrease in pH and ISA concentration. Analysis of microbial 

DNA from the biotic experiments supported the claim that activities of microflora 
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can influence cellulose decomposition and formation of organic acids including 

ISA through interplay between direct and indirect mechanisms [35]. Consistent 

with earlier studies, these findings imply that microbial activities can have a 

significant role in attenuating radionuclide mobility in the near-field of the LLW 

and ILW disposal sites.  

 Prevalence of ISA and other CDPs in the natural Environment 

Although the distribution of ISA in the natural environment is quite uncommon it 

is expected to be present within sites contaminated with effluents of Kraft paper 

mills [54]. In the Kraft process, wood is shredded in a chipper to increase surface 

area and then treated with white liquor that contains sodium hydroxide and 

sulphides at elevated temperatures of between 160 and 180οC. The alkaline 

conditioning causes the lignin bonds to cleave which leads to solubilisation and 

subsequent degradation of the lignin [55, 56]. The celluloses and hemicelluloses 

also solubilise in the alkaline medium and chemically decomposed through the 

peeling reaction [56, 57] which generates a range of CDPs including ISA. 

In a recent study, Rout et al demonstrated that both apha (α) and beta (β) 

stereoisomers of ISA could be generated in-situ depending on the prevailing 

environmental conditions [58]. They generated the ISA from an uncontaminated 

soil and alkaline leachate (pH13.6) at 4, 10 and 20°C. The authors also detected 

ISA, acetic acid and other VFAs from both soil and pore water obtained from the 

hyperalkaline soil at Harpur Hill, Buxton. Further analysis also revealed the 

presence of Fe(II) and Fe(III), nitrates and sulphates. Together, these findings 

suggest that ISA, although not common in the natural environment, it could still 

be available in some areas depending on the conditions prevailing there. 
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 Evidence of microbial degradation of ISA under repository conditions 

Greenfield et al. [59] have noted that even though the distribution of ISA within 

the natural environment is quite rare, there is no microbiological evidence to 

indicate its resistance to biodegradation. Studies by Strand et al. [54] and Bailey 

et al. [60] suggested that bacteria that are able to utilise ISA were not widely 

distributed but they were found particularly on sites contaminated with wastes 

rich in ISA from paper pulping industries.  

Earlier studies on microbial ISA degradation began with Williams and Morrison 

who investigated the metabolism of α-D-glucoisosaccharic acid in rumen bacteria 

and holotrich protozoa. They generated saccharinic acids, which included 

metasaccharinic and isosaccharinic acids as well as lactic acids from treatment of 

timothy grass stem tissues with sodium hydroxide. Using the saccharinic acids as 

carbon sources for the bacterial and protozoal isolates from the rumen of sheep, 

their principal findings were that under anaerobic conditions, alkali breaks down 

forage material and produces saccharinic acids which were degraded by the rumen 

microorganisms but were poorly utilised as compared to D-glucose [61].  

In another study, Horiko et al. [62] isolated microorganisms from soil and 

described a novel method that could be used to cultivate them in media that 

contained black liquor. The study also indicated that those microorganisms could 

survive and grow under high alkaline conditions of up to pH 10.0, which relates 

to repository hyperalkaline condition. In spite of those findings, a major 

denunciation of this study is that the authors could not determine the source of the 

carbon, which was being utilised by the microorganisms. Black liquor, a waste 

product from kraft process contains other carbon compounds in addition to ISA 

and MSA, it is therefore possible that those microorganisms were utilising carbon 

sources present in the media other than the saccharinic acids.   

Strand et al. [54] investigated into the potentials of microorganisms to degrade 

ISA under aerobic conditions. α-Glucoisosaccharnic (GISA) was synthesised and 
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used a carbon source alongside glucose in mineral media containing Bacto-

Peptone and yeast extract and pH adjusted to 7.2 or 9.5. In addition to laboratory 

strains of Gram-positive and Gram-negative bacteria, isolates obtained from 

aerobic wastewater treatment pond of a kraft paper mill, swabs from pulp washers, 

sludge of municipal treatment plant and bottom of surface litter layer of forest soil 

were tested on the media for their GISA biodegradability at 20οC to 30οC for a 

period of one week. The main findings were that neither the laboratories aerobic 

bacteria nor the facultative anaerobic bacteria from the forest soil were capable of 

biodegrading GISA. However, a number of microorganisms obtained from the 

pulp mill pond could degrade GISA. The authors therefore deduced from the 

findings that common forest soil microorganisms were unable to utilise GISA as 

a carbon source and that unlike the breakdown of other carbohydrates, GISA 

metabolism perhaps requires unusual or modified enzyme(s) that is present in 

microorganisms living in environments contaminated with ISA such as the paper 

mill sites [63]. Strand and co-workers identified a pond isolate capable of GISA 

biodegradation as Ancylobacter aquaticus and that growth was enhanced in all the 

isolated strains when the media was enriched with vitamins, peptone and 

phosphates. They suggested that organisms capable of ISA degradation may 

require special growth factors [63].  

Bailey [60] also demonstrated that GISA could be metabolised by a bacterium 

that grew well on media enriched with GISA as the sole carbon source but at 

acidic and near-neutral conditions. The isolate was obtained from mud at the 

bottom of lake that had been contaminated by effluents from a pulping industry. 

The absolute limit of growth for the isolate was found to be between 5.1<pH<7.2 

however, optimum growth was achieved at pH 6.0 ± 0.5. Initial GISA 

concentration of 2 gL-1 was completely consumed within 24 hours in batch 

laboratory fermentation. The isolate was found to be incapable of utilising glucose 

and appeared to be independent of organic nitrogen [60]. A major criticism of this 
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investigation is the acidic pH at which this isolate biodegrade ISA as GISA is a 

product of an alkaline attack on cellulose and so found mainly in alkaline 

environments [62]. It is therefore probable that this isolate may not be functional 

under conditions expected to dominate the ILW disposal facility.  

Pekarovicova et al. [64] also recovered eight isolates from an environment 

polluted with sulphate pulp mill and reported that all were capable of utilising 

GISA. They identified the best GISA utilising bacterium as Microccocus lylae 

and reported that M. lylae was capable of growth and GISA utilisation within a 

range of pH between 5.0-9.0 with the optimum being pH 8.0 [64]. In a subsequent 

study, the authors reported that M. lylae completely utilised GISA within 48 

hours, whereas 67%, 45% and 38% respectively for 2-hydroxubutanoic acid, 

lactic acid and glycolic acid were consumed under the same experimental 

condition [65]. 

In an investigation into anaerobic degradation of GISA, Wang et al. [66] indicated 

that α-GISA could be used effectively as a source of energy for anaerobic bacterial 

growth. The study explored the potentials of microbial consortia within a bleach 

plant earmarked for the treatment of kraft waste effluents to consume either 

glucose or GISA with or without chlorinated phenols. In those experiments, the 

microorganisms within the inoculum were capable of utilising both glucose and 

GISA as carbon sources and generated methane. The authors observed that the 

two carbon sources (glucose and GISA) produced different methanogenic 

consortia that led to variation in the rates of production of methane [66].   

One of the pioneering works regarding the effects of microbiology on ISA in 

terms of radioactive disposal in the UK was that of Grant et al. [67] where a range 

of microbial consortia obtained from natural and alkaline contaminated sites were 

investigated for their ISA biodegradability potential. The study showed microbial 

growth was limited at pH 10.5 within ISA enrichment seeded with sample from 

the natural, uncontaminated soil. However, when the same sample was inoculated 
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into media that contained carbon-14 labelled ISA, and nitrate as a source of 

nitrogen, the ISA was found to have oxidised and a net reduction of nitrate to 

nitrite and further reduction from nitrite to nitrogen gas observed. A carbon-14 

labelled carbon dioxide gas was also detected indicating that the carbon dioxide 

had been generated from the carbon-14 labelled ISA. In a continuous flow 

chemostat experiment in which planktonic cells were inoculated, a variable rate 

of ISA degradation between 5.6 and 0.2 molyr-1g-1 was observed and when a range 

of biofilms were cultivated on concrete blocks made from NRVB, the rate of 

degradation of ISA was between 40.6 and 350 mol-1yr-1m-2 [67]. Interestingly, 

these investigations on biofilms demonstrated the ability of microbial consortia 

within biofilm to degrade ISA under hyperalkaline condition of pH 12.5.  

Francis et al. [68] in their investigation into biodegradation of organic ligands in 

transuranic wastes (TRU) predicted that the biotransformation of radionuclides 

that had complexed with organic ligands should precipitate the radionuclides and 

retard their migration. The authors isolated an aerobic bacterium from an 

enrichment media inoculated with soil sample and demonstrated that the aerobic 

bacterium was capable of ISA biodegradation from an actinide-ISA complex.  

In another study relevant to nuclear waste, Maset et al. [69] investigated into the 

effect of organic co-contaminants including ethylenediaminetetraacetic acid 

(EDTA), nitrilotriacetic acid (NTA) and ISA on the speciation and solubility of 

technetium and Rhenium under reducing conditions. They noted from their 

microcosm experiment that under nitrate reducing conditions at pH 6.25, 

microbial populations within silty loam soil appeared to have removed the organic 

complexes including ISA from the porewater that originally contained 

pertechnetate-organic (TcO4
- - organic) complexes. However, the authors did not 

observe any reduction in the perrhenate-organic (ReO4
- - organic) complexes 

within the period of incubation [69]. 
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A study by Basil et al. [70] focused on the degradation of ISA under hyper-

alkaline conditions. They produced a range of enrichment cultures with calcium 

salt of α-ISA being the sole carbon source and described the biodegradation 

profiles of ISA under aerobic and nitrate reducing conditions by microbial 

community within sediments obtained from legacy lime works site in Buxton. 

Ecological analysis of their consortia suggested that Proteobacteria was the 

dominant genus of the aerobic culture while the nitrate reducing cultures were 

dominated by the facultative anaerobic denitrifiers from the genus, Azoarcus. 

Consistent with earlier findings with Grant et al. [71] the authors attributed the 

oxidation of ISA to bioreduction of nitrate. 

The generation of ferric iron from the corrosion of the GDF materials made of 

steel and the presence of sulphates due to groundwater ingress that may support 

microbial bioreduction processes have been investigated [10, 72]. Against that 

backdrop, Rout et al. [73] determined the potential of microbial communities 

within anaerobic near-surface sediments to utilise CDP and associated ISAs under 

iron and sulphate reducing conditions as well as under methanogenic conditions. 

They investigated into the microbial processes that may occur at the interface 

between ungrouted cellulosic wastes and the cementitious backfill as well as 

between the facility and the host rock that is receiving ISA leachate. Using 

sediment samples from Leeds/Liverpool canal, the microcosms amended with 

haematite showed reduction of Fe (III) to Fe (II) which coincided with 

biodegradation of ISA. The fermentation of ISA in the iron reducing system led 

to the production of acetic acid which was also subsequently biodegraded. 

Formation of methane was observed which indicated the presence of active 

methanogens within fermentative and iron-reducing communities. Community 

analysis of the microcosm showed that iron reduction was due to activities of 

Geobactor species and organisms from sulphate reducing bacteria (SRB) groups 

that were present in the microcosm. Methanogenic bacteria that are capable of 
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aceticlastic and hydrogenotrophic metabolism were also observed within the 

microcosm. In the sulphate reducing microcosm, the presence of sulphate 

favourably selected SRBs to dominate the redox process. Sulphide was produced 

while acetic acid was accumulated alongside ISA degradation from CDP. 

Sulphate reducing bacteria were observed alongside Clostridia from the 

microcosm through direct PCR method. Within the methanogenic microcosm, the 

degradation of both isomers of ISA resulted in the production of acetic acid 

(which was later utilised) and the generation of methane. The community profile 

by direct and nested PCR confirmed the presence of Clostridia and methanogens. 

Alongside bioreduction of iron and sulphate and methanogenic conditions 

fermentation processes were observed which led to the production of volatile fatty 

acids including acetic acid, propionic acid, isobutyric acid, butyric acid and 

isovaleric acids [73]. The authors concluded that although both stereoisomers of 

ISA are not naturally observed in the wider environment, however, 

microorganisms present in anoxic sediments are able to utilise both forms of ISA 

as carbon source through redox processes at approximately neutral pH.  

Furthermore, the authors seeded soil sample contaminated with the leachate into 

a CDP-driven microcosm that operated at pH11, microorganisms within the soil 

were able to utilise ISAs and generated methane, carbon dioxide and hydrogen. 

Microbial community analysis indicated the dominance of genus Alkaliphilus 

from Clostridia in the fermentation systems. Methanogenesis was attributed to the 

activities of dominant species from Methanobacterium and 

Methanomassiliicoccus. The authors concluded that at hyper-alkaline (pH11.0) 

anoxic conditions, sediments at the legacy lime kiln site, Harpur Hill, Buxton, 

Derbyshire, contain active microbial communities that are capable of utilising 

both α and β forms of ISA as a carbon sources to generate acetic acid, hydrogen 

and methane. They suggested that ISAs may act as key electron donor to support 

the growth of microorganisms. Based on the findings of their study, they predicted 
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that microorganisms that are capable of ISA degradation will potentially evolve 

within the cementitious ILW disposal facility decades after closure if the ambient 

pH falls within pH11. Providing that microbial activities are not limited by pH, 

their results suggest that microbial consortia similar to that which has evolved at 

the legacy lime kiln site in Harpur Hill Buxton, Derbyshire will establish within 

the cementitious GDF and be able to metabolise all forms of ISAs to mitigate the 

impact of ISA-radionuclide complexation reactions [73]. 

Kuippers et al. [74] reported the fate of ISA under circumneutral conditions 

including direct oxidation of ISA under aerobic and nitrate-reducing conditions 

and under anaerobic conditions where ISA was fermented to acetate, propionate 

and butyrate under Fe(III) and sulphate reduction. The authors reported the 

microbial communities of the aerobic cultures were dominated by 

Betaproteobacteria whereas majority of the fermentation reactions were 

dominated by Firmicutes maily from class Clostridia. The authors noted that 

addition of electron acceptors minimised methanogenesis within within those 

communities [74].  

Microorganisms usually exist in biofilms in mixed communities within the natural 

environment and that biofilms exist in a wide range of environments [75, 76]. 

Some components of microbial biofilm such as extracellular polymeric substance 

including polysaccharides, proteins, lipids and nucleic acids enhance the survival 

and growth of microorganisms [77] and offer stronger resistance to environmental 

stress including temperature fluctuations, desiccation, pH and ultra-violet 

radiation [78-82]. In relation to the microbiology of the ILW GDF, the migration 

and adherence of microorganisms to establish niches in order to survive and grow 

is important to radionuclide migration. In view of this, Charles et al. [83] 

cultivated biofilm forming consortium in situ that colonised cellulosic materials 

under anaerobic conditions and subsequently described the propensity of the 

microbial consortium to degrade CDP. The researchers incubated cellulosic 
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materials (cotton) in an inert plastic liner with an open lower base placed in a 0.5 

m deep borehole in an area inundated with alkaline leachate (pH12.0) at Harpur 

Hill, Buxton, UK. Following three months of incubation samples were retrieved 

and were observed to have undergone partial hydrolysis and colonised by a 

Clostridia-dominated biofilm community. The presence of hydrogenotrophic, 

alkaliphilic methanogens was also indicated. When these samples were seeded 

into a microcosm driven by CDP under alkaline anaerobic conditions, the 

microbial communities within the sample were able to utilise all forms of ISA 

from the CDP. The researchers observed a shift in the dominance of the microbial 

community from Clostridia and methanogens (which appeared to have been 

masked) to an established flocculate community which was dominated by 

Alishewanella species. The flocs consisted of bacteria embedded in 

polysaccharides and proteins fixed by extracellular DNA [83]. Consistent with 

earlier studies, this study demonstrated additional evidence of biodegradation 

potential of alkaliphilic microbial communities under alkaline, manmade 

environments. However, the survival and growth of microorganisms within the 

ILW cementitious GDF is largely dependent on the ability of the microbial 

communities to tolerate the calcium dominated, high pH environment established 

from the dissolution of cementitious materials in percolating groundwater. 

Following on from their previous study on flocculate producing microcosm 

operating at pH11, the authors investigated how floc formation reduces the stress 

experienced by microorganisms living in alkaline environments. Flocs from this 

microcosm were isolated and their structural morphology, EPS composition and 

pH profiling as well as response to alkaline conditions were investigated. The 

findings of this study demonstrated that through flocculation, microbial 

communities within a hyperalkaline environment are able to survive and grow 

which supports earlier findings that the success of microorganisms in the 

environment is determined by the microenvironment that they create in lieu of the 

bulk environmental chemistry [84, 85]. Charles and his co-workers concluded that 
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multi-species floc formation composed of a complex mixture of EPS has shown 

the ability to maintain a lower internal pH and provide protection for the survival 

and propagation of microorganisms against hyper-alkaline environment similar to 

that which is expected to occur in the cementitious ILW-GDF [86]. 

 Methods for the identification and characterisation of microbial 

populations within an environmental sample   
 

 Culture-based techniques 

In order to isolate and enumerate microorganism from real sites, or from model 

systems associated with radioactive waste disposal, researchers have adopted the 

culture-based techniques [87-90]. These techniques involve growing 

microorganisms present in a sample in broth or on a solid media such that the kind 

of microorganism that is isolated is determined by the components of the media 

and conditions in which incubation is done. Culture-based techniques allow the 

enumeration of either the total or a specific group of culturable microorganisms 

to be estimated by counting them directly on solid media or by adopting the Most 

Probable Number (MPN) statistical technique.  

In estimating bacteria numbers by the direct counting (spread plate) method, 

bacterial colonies on solid media can be grown by the classical streaking method, 

pour-plate or spiralling method while the counting is done manually or aided by 

colony counter machines or spiral machine readers. Vreeland et al. [87] adopted 

the culture-based approach to determine the size of the bacterial population as 

well as the heterogeneous distribution of halophilic microorganism in a 

hypersaline environment earmarked for the disposal of transuranic wastes in the 

US [87]. Farkas et al. [89] also used this approach to characterise and enumerate 

the subterranean bacteria in the Hungarian Upper Permian Siltstone (Aleurolite) 

formation in order to assess the safety of future nuclear waste facility. 

In the MPN enumeration method, a 10-fold serial dilution of sample is prepared 
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followed by inoculation of 1 mL of each dilution in triplicates in broth cultures 

for incubation. After incubation, the culture tubes are examined for growth 

(turbidity). The pattern of growth in the culture tubes is compared with a standard 

MPN table [90, 91]. The MPN method has been used to estimate the microbial 

populations that are likely to potentially present within the geological disposal 

sites U.S, Japan and Scandinavia [92-94]. 

The main advantages of the culture-based method include firstly, allowing the 

isolation of culturable microorganisms, which could be subject to further 

investigations. Secondly, it is well established and thirdly, the cost involved is 

relatively low as well as technically undemanding. However, not all 

microorganisms are culturable under laboratory conditions thus some important 

microbes within an environment of interest may not be isolated [95, 96]. 

Developing a model that matches the conditions of the specific geological 

environment from where the sample has been obtained (in terms of organic source 

and culture conditions) and allowing a long incubation time are essential to the 

recovery of a more representative microbial populations [95]. However, matching 

the geochemical needs of the environment to that of the model may be too difficult 

whereas allowing long period of incubation is time consuming and susceptible to 

contamination.    

 Microcosm investigations 

Microcosms are models or representations that simulate the characteristics of 

interest within the context of a wider environment. Microcosms may be set up 

using a defined or undefined community of microorganisms or a specific 

bacterium and operated according to the objectives of the study. The operation of 

the microcosm may be carried out through a batch process in which the system is 

completely closed until the end of the experimental procedure or may be run as a 

continuous flow process in which nutrients are regularly fed into the system. 

Single-isolate operated microcosms have been used to investigate the direct 
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interactions between radionuclides and microorganisms such as Microbacterium, 

Geobactor and Shewanella spp. [97, 98]. Horn et al. [99] investigated microbial 

effects on corrosion of metals for nuclear waste packaging using single-species 

operated microcosms [99]. Most studies have adopted batch microcosms for the 

investigation of gas generation from microbial metabolism of the organic 

components of nuclear wastes [100-103]. The continuous flow system which is 

suitable for the investigation of the impact of microorganism on soluble chemical 

species was employed by Horn et al. [99] in a study of the denitrification potential 

of the indigenous microflora of Yucca Mountains rock samples. Usually operated 

through a column, the continuous flow microcosm has been used by researchers 

such as Kelly et al. [104] in the investigation of radionuclide (241Am) release from 

a LLW, Nikolova et al. [105] for the investigation of bioclogging [105], and in 

the investigation of the potential interactions between biofilm formation, minerals 

and corrosion of repository materials [106-108]. 

Some microcosms are enriched with specific nutrients or growth factors to form 

enrichment cultures and incubated under specific conditions that promote the 

growth of microorganisms of interest [109]. Enrichment cultures select only a 

small number of microorganisms of the original sample to dominate the 

population and hence are not representative of the entire bacterial population. This 

method cannot therefore be used to enumerate different groups of 

microorganisms. Beadle et al. [100] employed the enrichment culture technique 

to assess the processes by which terminal electrons are transferred within 

radiological sites. The enrichment approach has also been used to investigate the 

impact of iron reduction on the behaviour of uranium [110], the recovery of 

sulphur reducing bacteria (SRB) and acetogenic bacteria from bentonite [111], 

factors influencing microbial growth and activities in geological samples from 

Yucca Mountain [112] as well as the extent to which cellulose will degrade under 

the WIPP conditions [87]. In their recent studies, Bassil et al. Rout et al. Charles 
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et al. and Kuippers et al. [70, 74, 83, 113] used either Ca(ISA)2 or CDP 

enrichment approach in investigating microbial community degradation of ISA. 

 Biochemical/Physiological characterisation 

The kind of substrate that microorganisms utilise provides information about their 

functional activities based on the type of enzymes they have. The differences in 

specific enzymatic activities that an organism can undertake also provide 

indications about the physiology and the natural habitat of the organism [114]. 

Physiological characterisation is the identification of microorganism on the basis 

of utilisation of specific substrate and subsequent generation of metabolic 

products [115, 116]. Garland and Mills [117] proposed pattern analysis of carbon-

source utilization as simple and rapid method for characterising heterotrophic 

microbial communities. The microtitre plates developed by Biolog Inc., have been 

extensively used for the characterization of microbial communities.  

Some researchers have used the physiological approach to identify a range of 

microorganisms that live particularly, at geological disposal sites. For instance, 

Vreeland et al. [87] used this approach to assess the distribution and diversity of 

halophilic bacteria in a subsurface salt formation in the US, whereas Nedelkova 

et al. [97] adopted the approach to identify Microbacterium isolates recovered 

from a Siberian radioactive waste repository which could tolerate high levels of 

uranium, lead, copper, silver, cadmium, nickel and chromium [87, 97]. Other 

researches have also used radio-labelled carbon compound techniques in 

conjunction with the physiological method to investigate biodegradation of 

organic substrates and sulphates reduction in studies relating to radioactive waste 

disposal [112, 118].  
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 Biochemical markers Based methods 

The use of some biochemical markers such adenosine tri-phosphate (ATP) and 

Phospholipid fatty acids (PLFA) can provide information about the type of 

microorganisms living in a particular geological site. ATP is an essential 

coenzyme for the transfer of energy within cells hence its presence is an indication 

of biological activity [119]. Total ATP from a particular soil sample may be 

considered a function of the active microbial population within the sample. 

Investigation into the amounts of ATP in both shallow and deep groundwaters in 

comparison with viable and direct microbial counts in the Fennoscandian Shield 

demonstrated the robustness and reliability of the method within a detection limit 

of 2 X 103 cells mL-1 [120].  

PLFA are membrane components of microorganisms which degrade rapidly with 

cellular membranes following cell death. A measure of PLFA is therefore a 

measure of active microbial populations in a sample and provides information 

about the total microbial biomass levels. In addition, it indicates the community 

structure of the microorganisms present in a particular location since some PLFA 

biomarkers are specific to a particular group of microorganisms. Estimation of 

microbial populations within samples associated with radioactive disposal such 

as opalinus clay and buffer materials from in-situ experiments as well as samples 

from long term corrosion experiments using PLFA has been successfully carried 

out in the US, Canada and Switzerland [93, 121, 122]. 

 Molecular based methods of microbial community analysis 

The vast majority of microbial communities within the natural environments are 

yet to be cultured with the classical laboratory based methods. As a result, the 

primary source of information for these microorganisms is their biomolecules 

which include nucleic acids, lipids and proteins. The culture–independent nucleic 

acid techniques for microbial community analysis involves a comparative 
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analysis of either whole genome or a selected gene such as 16S rRNA leading to 

structural and functional diversity of microorganisms [123]. These approaches 

can be broadly be put into two main categories, namely, whole community 

analysis and partial community analysis, depending on their ability to provide 

detailed information on microbial diversity structure and functions [124].  The 

different approaches are shown in Figure 1.9. 

 

Figure 1.9 Culture-independent molecular techniques for the characterisation of 

structural and functional diversity of soil microbiome 

 Partial community Analysis 

Approaches involving the use of partial community analysis generally include 

polymerase chain reaction (PCR) where total DNA/RNA is extracted from the 

soil sample and is used as the template for microbial characterisation.  The 

principle behind this method is that the PCR products reflect a representative 

microbial signatures from all microorganisms present within the sample. In these 
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methods, PCR amplification of conserved genes such as 16S rRNA from a sample 

is widely used for microbial characterisation. The 16S rRNA is present in all 

species of bacteria but varies in some regions among different species. It is this 

variation among individual species which are exploited through molecular 

technological advancement to identify an organism or show its phylogenetic 

lineage. The choice of this gene for ecological studies is primarily due to its 

ubiquity in all prokaryotes, the fact that it contains structurally and functionally 

conserved regions as well as the variable and highly conserved regions [123]. 

Moreover, the suitability of the approximately 1500 bp gene size and the 

availability of the 16S rRNA gene sequences on sequence databases for 

comparison make it a good choice for ecological characterisation of soil 

microorganisms. In these methods, by evaluating the phylogenetic relatedness to 

known microorganisms on the basis of 16S rRNA sequences homology, the 

closest affiliation of the unknown isolate is assigned [125]. Other genes which are 

also conserved and are used in microbial investigations include RNA polymerase 

beta subunit (rpoB), gyrase beta subunit (gyrB), recombinase A (recA) and heat 

shock protein (hsp60) [126]. The amplified PCR products from environmental 

sample are usually analysed using a clone library method [127], genetic 

fingerprinting [128] or DNA microarrays [129].     

In spite of its specificity, PCR is criticised for biasness in environmental samples 

where primers tend to bind strongly to certain species more than others [130, 131]. 

Also PCR does not provide information about the size of the populations from 

which the DNA has been extracted. However, the development of quantitative 

PCR (qPCR, [132, 133] provides information about the initial quantity of DNA 

templates present in the sample so that the overall quantification of groups within 

the sample can be estimated either by relative abundance or by the number of gene 

copies. During qPCR, the generation of PCR product is detected by a fluorescent 

marker added to the PCR mix which binds to PCR products as they generate and 
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fluoresce. The increase in intensity of the fluorescence is proportional to the 

concentration of amplicons during each PCR cycle [134]. The qPCR 

quantification is achieved by comparing the sample with a standard. A study into 

the abundance of nitrate reductase genes and the recovery of Rhodanobacter sp 

from site sediments contaminated with nitrates and uranium adopted the qPCR 

approach [135]. Similarly, Lear et al [136] estimated the abundance of microbial 

populations of the family Geobacteriaceae in columns during an investigation 

into the interaction between iron-reducing microorganisms and technetium 

solubility.    

Some nuclear waste disposal programmes have successfully adopted the nucleic 

acid based methods in their studies. Analysis of samples obtained from 

groundwaters by Pedersen et al. [137] (1996) using the nucleic acid method 

identified a number of microorganisms of the genera Acinetobacter, Bacillus 

Desulfovibrio or Thiomicriospira as well as some sulphate- and iron-reducing 

bacteria including Desulfomicrobium, Desulfovibrio and Shewanella species.  

Also during an investigation into the behaviour of uranium and technetium under 

iron-reducing conditions in microcosms seeded with samples from far-field of UK 

LLW disposal site, Wilkins et al. [138] adopted the nucleic acid base approach to 

describe shifts that occurred in microbial populations [138].  Similarly, Fox et al. 

[110] employed this method to detect changes in microbial population during an 

investigation into the biogeochemical behaviour of uranium (IV) in a simulated 

study of near-field of UK LLW disposal site at Drigg, Cumbria. Investigation into 

the microbial diversity present within uranium deposits and their potential role in 

the biogeochemical cycle and bioremediation in Jaduguda and Bagjata uranium 

mines in India, Islam et al. [139] adopted the nucleic acid technique which 

revealed the predominance of microorganisms belonging to the genera 

proteobacteria, Acidibacteria, Bacteroidetes and Firmicutes.  Rout et al. [113] 



34 

 

and Charles et al. [83] used the nucleic acid technique to investigate the diversity 

of microorganisms in ISA degrading communities. 

 Microbial lipid analysis 

The use of nucleic acid-independent microbial biomolecules such as lipids in the 

characterisation of soil micro fauna  has been adopted without the need for 

classical laboratory culturing [140]. Fatty acids signatures exist in microbial 

biomass as they are present in relatively constant proportions that can be used to 

distinguish between different taxonomic groups in a given community. In this 

method, fatty acids are extracted via saponification which is followed by 

methylation to yield the respective fatty acid methyl ester (FAME). The FAMEs 

are analysed using chromatographic methods where the pattern of chromatograms 

are compared with a reference FAME database to identify the fatty acids and the  

microbial signatures using statistical methods [140]. FAME samples can also be 

analysed by Gas Chromatography Mass Spectrometer peaks generated by the GC 

and their corresponding mass spectra are compared FAME references in a 

National Institute Standard and Technology (NIST) library [141].  

Fatty acids are one of the most important structural components of the cellular 

materials of microorganisms and they occur mainly within the cell membranes 

where they primarily function as the acyl constituents and hydrophobic 

components of the membrane phospholipids [142]. On the basis of biosynthetic 

relationships, membrane fatty acids may be classified into two major families 

namely straight-chain fatty acids or branched-chain fatty acids [143]. The straight-

chain fatty acids, which occur quite commonly in bacteria, are synthesized from 

acetyl-CoA and malonyl-CoA where the former is the primer while the latter is 

the chain extender. The family of the straight-chain include palmitic acid, stearic 

acid, hexadonic acid, octadecanoic acid and cyclopropanic acids. The family of 

branched-chain fatty acids which includes iso- and anteiso-fatty acids are not 
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common in bacteria. They are synthesised from the iso or anteiso primer and 

malonyl-CoA [143] which may later undergo modification.  

The type and the relative abundances of fatty acids that a cell produces (to a large 

extent), is determined by the genetic constitution of the organism [144]. Several 

dozens of genes are responsible for the encoding of enzymes that synthesize fatty 

acids, phospholids and lipid A which may or may not be conserved [145] and can 

be used as biomarkers for the purposes of microbial identification. The presence 

of branched-chain and the straight chain fatty acids in microbial cell membranes 

may be used to identify the microorganism as Gram-positive or Gram-negative 

bacteria. For example, in Gram-negative bacteria such as E. coli β-ketoacyl-Acyl 

Carrier Protein Synthase III (FabH; the determining factor in the biosynthesis of 

branched-chain fatty acids) uses straight chain fatty acids as substrate whereas in 

Gram-positive bacteria such as B. subtilis the FabH mainly uses larger branched-

chain fatty acids substrates. As a result, the branched-chain fatty acids have been 

shown to be present only in Gram-positive bacteria and not in Gram-negative 

bacteria [145-147]. Similarly, 3-hydroxyl fatty acids (a component of endotoxin, 

Lipid A) are synthesized only in Gram-negative bacteria and can used in the 

differentiation of Gram-negative bacteria from Gram-positive ones [145].  

FAME analysis can also be used to classify microorganisms as aerobes, anaerobes 

or facultative anaerobes. Quezada et al. [144] demonstrated that the saturated and 

hydroxy C:10, C:12 and C:18 are potential FAME biomarkers for the determination 

of aerobic bacteria whereas branched and unsaturated FAME are biomarkers for 

anaerobes. For facultative anaerobic bacteria characterisation, the FAME 

signature includes unsaturated, branched-chain and hydroxyl C:14. FAME analysis 

can also be used to identify an unknown microorganism even down to the species 

level [148]. For example, specific FAME signature of Norcardia amarae (C19 : 1ω8 

OH, cis-C16 : 1ω6, iC15 : 0 2OH) and their relative abundance has been used as a 
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biomarker to demonstrate their potential in the quantitative determination of the 

abundance of the species in activated sludge [149].  

In addition to using fatty acid profiling as a biomarker in the identification of 

unknown microorganisms, specific patterns of FAME can be indicative of 

physiological or environmental stress in a particular species [150]. Changes that 

occurs within an organism as result of exposure to a toxic substance has been 

evaluated using FAME analysis.  Pinkart et al. [151] showed that the exposure of 

Pseudomonas pudica P8 to incremental concentration of phenol led to  a 

corresponding increase of its trans-unsaturated fatty acids [150].  

In the event of cold-shock, bacteria adopt a fatty acid desaturation mechanism to 

modulate membrane fluidity whereby saturated fatty acids are converted to 

unsaturated fatty acid [152]. As a common occurrence, C:16:0 is converted to C16:1ω9 

whereas C18:0  converts to C18:1ω9 with the help of acyl-lipid desaturases [153]. 

This mechanism of unsaturation is crucial to the conversion of the normal gel-like 

physiological state of the membrane to a liquid-crystalline state for the tolerance 

and acclimatization to cold [154]. Similarly, chain length modification of fatty 

acids may be used as a survival mechanism to low temperatures. The shorter the 

chain length, the lower the melting point and the longer the chain length, the 

higher the melting point [155]. Longer chain fatty acids are able to span the width 

of the bilayer better than shorter chain and aid in the packing of acyl chains 

thereby making the membrane environment more gel-like. Short chain fatty acids 

(< 12 carbon atoms) on the other hand can neither span the lipid bilayer nor 

establish hydrophobic interactions with other lipids and proteins hence, maintain 

the normal fluid state of the membrane [156]. 
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 Whole community analysis 

Analysis of 16S rRNA gene sequences which is commonly adopted in ecological 

studies does not provide sufficient resolution at species level because of being a 

highly conserved molecules [157]. As a result, a more comprehensive techniques 

including metagenomics, transcriptomics, metaproteomics and Next Generation 

Sequencing (NGS) of the whole community analysis are adopted to provide 

holistic information on the total DNA extracted from the soil sample 

 Metagenomics  
 

Metagenomics is the application of genomic technologies and bioinformatics 

tools to investigate genetic content of entire microbial communities [158]. The 

principle of metagenomics is the analysis of the entire genetic composition of 

environmental microbial communities as would be analysed for a pure isolate. 

The construction of metagenomic libraries involves extraction of total DNA from 

the soil sample, cloning of random DNA fragments in suitable vectors, 

transformation of the clones into a host bacterium followed by the selection of 

positive clones. While metagenomics libraries of small DNA fragments of about 

2-3 kb provide better coverage of metagenome, large-fragment metagenomics 

libraries of about 100-200 kb is suitable for investigating multigene biochemical 

pathways and to obtain the genome of rare members of the microbial community, 

it is estimated that genome clone of about 1011 would be required [159]. The 

screening of metagenomics libraries could be done either by sequence-driven or 

function-driven metagenomics analysis. The sequence-driven metagenomics 

screening which involves high-throughput sequencing highlights important 

genomic features including genomic organisation, acquisition of traits through 

horizontal gene transfer as well as redundancy of functions in the community. In 

the case of functional screening metagenomic analysis, libraries are screened by 

expressing a selected phenotype in a particular medium [160]. A number of 

biochemical benefits have been reaped from environmental metagenomics 
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libraries including novel antibiotics (turbomycin, terragine) and microbial 

enzymes such as cellulases, lipases and amylases [161]. A major limitation of the 

metagenomics approach is the under level or no expression of many 

environmental genes in heterologous host such as E. coli. As a result, any strategy 

that can enhance heterologous expression of unknown genes will be desirable to 

the advancement of metagenomics. 

 Metatranscriptomics  
 

Transcriptomics involves the techniques applied to the study of the transcriptome 

(total RNA transcripts) encoded by the genome of an organism at a specific time 

or under a specific set of conditions [162]. The DNA within the genome of an 

organism contains the all the genetic information of the organism and is expressed 

through transcription where mRNA is the transient intermediate molecule. The 

steps involved in transcriptomics include RNA isolation, Expressed Sequence 

Tags (EST) where RNA is copied as cDNA by reverse transcriptase followed by 

sequencing and serial analysis of gene expression (SAGE). Genes are transcribed 

within an organism to produce mRNA transcripts which are isolated from the 

organism. Using reverse transcriptase, the mRNA is copied into stable double 

stranded cDNA. The ds-cDNA is then digested by restriction enzyme in the SAGE 

to produce 11-nucleotide tag fragments which are concatenated and sequenced by 

Sanger sequencing. The sequences are then deconvoluted to find the frequency of 

each tag. The tag frequency is used to report on the transcription of the gene that 

produced the tag [162].  

In metatranscriptomics, microbial gene expression profiles within the natural 

environment such as soil is investigated by monitoring the transcription of gene 

through random sequencing of mRNA transcripts extracted from microbial 

communities at a particular time and place [163].   This approach is particularly 

useful when investigating changes that occur during gene expression and their 
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regulation in relation to changes in environmental conditions [124]. Urich et al 

combined transcriptomic profiling with pyrosequencing techniques where the 

rRNA tags revealed the phylogenetic composition of soil microbial communities 

and showed the relative abundances of Actinobacteria, Proteobacteria and 

Crenarchaeota. The authors also used information from the mRNA tags to report 

key metabolic enzymes including monooxygenase (amoA and amoC), nitrite 

reductase (nirk) all of which were involved in ammonia oxidation. They also 

reported on gene transcripts that code for the enzymes involved in CO2 fixation 

in Crenarchaeota namely methyl-manonyl-CoA mutase and 4-hydroxybutyryl-

CoA dehydratase [164]. Perazzolli et al. [165] also used transcriptomic techniques 

to reveal complex adaptations of soil microorganisms to harsh conditions of the 

soil matrix as well as the competition and cooperation that occurs between soil 

microrganisms. 

 Metaproteomics  
 

Proteomics refers to the set of techniques and procedure for studying the entire 

complement of proteins expressed in the genome of an organism [166]. 

Proteomics offer alternative biomarkers of clearer gene functions to lipids and 

nucleic acids by reflecting on the actual metabolic activity and regulatory 

cascades of genes thereby providing direct information about microbial activity 

[167]. In metaproteomics, the proteins expressed by environmental microbial 

communities at a given point in time is studied on a large scale [168]. 

Metaproteomics offer a comprehensive approach to quantitative and qualitative 

treatments of the physiology of microbial communities to provide information 

relating to protein abundances as well as protein-protein interractions. The 

identification of proteins provides the opportunity to link to the corresponding 

metagenomics sequences and the associated metabolic functions to the individual 

microorganism. During metaproteomics, total proteins are extracted from 

environmental sample and separated by one-dimensional and two-dimensional 
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electrophoresis to generate a community proteofingerprint. Protein spots are then 

digested and are identified by analytical methods such as chromatographic and 

mass spectroscopy. Benndorf et al. [169] used a metaproteomic approach to 

identify proteins that were involved in bioremediation of chlorophenoxy acid in 

soil samples.  

 Next Generation Sequencing (NGS) technology 
 

Next Generation Sequencing (NGS) technology also referred to as High-

throughput sequencing involves a massive parallel sequencing with millions of 

sequences in one experiment without requiring bacterial cloning of DNA 

fragments and electrophoresis [170]. The NGS libraries are prepared in cell-free 

system and the sequence output is directly detected. The major limitations include 

the production of shorter reads with higher error rate. Also, the PCR amplification 

is affected by the secondary structure of the genomic fragment and thermal 

stability of the genome [171]. NGS involves sample and metadata collection, 

DNA extraction, library construction, sequencing and read preprocessing 

followed by quantitative analysis and functional binning. A range of NGS 

platforms are available which including Illumina/Solexa, Pacific Biosciences, Ion 

Torrent, SOLiD, Life/APG, HeliScope/Helicos BioSciences and Roche/454Life 

Sciences which are much faster and less expensive than the traditional Sanger 

sequencing of cloned amplicons [172]. The 454Life Sciences pyrosequencing 

technique allows high-throughput sequencing of hypervariable region of 16S 

rRNA gene and provide a much higher coverage of microbial diversity.  Bassil et 

al. [70] and Kuippers et al. [74] used the 454 Life Sciences pyrosequencing to 

analyse microbial diversity within ISA biodegrading communities. 
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 Overview of sampling sites analogous to the GDF for microbial 

investigations 

In radioactive waste management, natural and anthropogenic analogues have been 

used in support of arguments for long-term safety of radioactive waste repositories 

[173, 174]. The most important factors for consideration are the heterogeneity and 

complexity of the natural systems as well as the timescales for the assurance of 

safety of the disposal facility. The natural and anthropogenic analogues have vital 

role to play in the simulation of potential evolution of the disposal facility. Thus, 

a good understanding and modelling of natural and anthropogenic system 

evolution using current tools and data demonstrates ability to predict future 

development of the facility [175].    

Across the spectrum of studies that relate to geological disposal, samples have 

been taken from sites that are analogous to the repository conditions because such 

locations could be colonized by microbial communities that are able to survive 

utmost conditions including extremes of pH, temperature, radiation, salt, drought, 

oxygen and nutrients [176-178]. For example natural hyperalkaline environments 

that have resulted from the interaction of water with salts within the geological 

formations such as the mono lake in California, soda lake in Kenya and high 

cement pore water in Maqarin, Jordan have been described in a number of studies 

[179-181]. A number of novel species of microorganisms have been recovered 

from these environments. In the California meromictic Mono lake (alkaline, 

hypersaline water body, pH 10) for example, due to the differences in the physical 

and chemical properties along the depth of the lake, different subtypes of bacteria 

including α, β and ɣ Proteobacteria have been described [179]. Moreover, two 

Gram-positive alkaliphilic anaerobic bacteria Bacillus arsenicoselenatis (strain 

E1H) and Bacillus selenitireducens (strain MLS 10) were isolated from the anoxic 

muds of the Mono Lake rich in arsenic and both isolates were able to dissimilatory 

reduce arsenic and selenium with associated oxidation of lactate to acetate [182]. 
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Hoover et al. (2003) also isolated a novel obligately anaerobic halophilic 

spirochaete, Spirochaete americana from the Mono Lake that was capable of 

utilising a range of carbohydrates including D-glucose, fructose and starch. The 

strain ASpGT was capable of growth between 10 to 44οC with the optimum being 

37 οC, pH 8.0 to 10.5 (pH 9.5 optimum) and at sodium chloride concentration 

between 2-12% with optimum growth occurring at 3% [183]. Gorlenko et al. 

[184] also isolated a novel obligatory anaerobic alkalithermophilic, chemo-

organotrophic bacterium from the sediments of the Mono Lake hot spring that 

was capable of growth in the presence of elemental sulphur, polysulphide and 

thiosulphate with associated reduction to H2S. The isolate, Anaerobranca 

califormiensis could also reduce Fe (III) and Se (IV). Further studies have also 

described isolations of extremophiles that are capable of sulphate and arsenic 

reduction from sediments of the Mono lake [185-187]. Similar studies on another 

natural analogue, the Soda Lakes in the Kenyan-Tanzanian Rift Valley have also 

described the presence of α, β and ɣ Proteobacteria in addition to very diverse 

group of microorganisms [180, 188].  

The Cyprus Natural Analogue Project (CNAP) has studied the Troodos mountain 

range at the centre of the island of Cyprus and the Mamonia terrain in the Paphos 

distric of Cyprus. Of special relevance to the geodisposal concept is the 

widespread occurrence of bentonite/bentonite analogue deposits and alkaline 

springs which have resulted from serpentinisation of ophiolites [189]. 

Investigations into the microbiology of the alkaline springs and the sediments 

have shown a diverse group of microorganisms some of which were capable of 

reducing ferric iron under high pH conditions (pH 9.5) [190]. 

In the UK, an anthropogenic analogue at Harpur Hill, Buxton, Derbyshire was 

formed by a legacy lime kiln operations in the early 1830’s. Inefficient processing 

of the lime led to the generation of large amount of waste which became liable to 

leaching by percolating rain and ground waters. The percolation of groundwater 
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has led to the formation calcium hydroxide leachates, which emerges, from its 

base into a valley known as the Brook Bottom valley where together with the 

dissolution of atmospheric carbon dioxide has generated calcium carbonate tufa. 

This is what has led to the formation of the current day ‘lagoon’ of calcium 

carbonate precipitate, highly alkaline leachates and calcium carbonate tufa 

deposits with the in situ pH being 12.0 [191]. A survey conducted at the site has 

shown that a wide range of materials including including metals, plastics, rubbers, 

cellulosic materials such as wood and grass are present. Alluvial clays and 

different kinds of exogenic rocks such as sandstones, siltstones and shales have 

also been identified at the site. The presence of some of these materials at the site 

may expand our knowledge on their behaviour in hyperalkaline environments 

potentially analogous to the cement-based nuclear waste repository [191].  

Several studies relating to geological disposal have been carried out using samples 

from this site. For instance, Burk et al. [178] investigated into the geochemical 

processes that occurs within the buried, saturated organic-rich soil layer that has 

been trapped under the calcite precipitate of the this site. They found that 

microbial populations within the soil were able to reduce nitrates and iron 

whereby the electron donor was unknown. Their study further showed that the pH 

of the site was 12.3 and community analysis of the sample described the presence 

of anaerobic alkaliphilic microbial population from the Comamonadaceae family 

of the β-proteobacteria. The dominant species was however, unknown. They 

noted that the identified microbial population was potentially capable of reducing 

nitrate through the use of donors obtained from the organic matter content of the 

soil. They also found that underneath the region of nitrate reducing activities, a 

significant amount of Fe (II) was present which suggested the occurrence of 

microbial iron reduction. However, no reduction process occurred above pH 11 

[178].  
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As previously discussed, sediments from this site has been used by Basil et al. 

[70] as an inoculum to assess the ISA biodegradation potential of the local 

microbial communities via redox reactions. Rout et al. [73] detected the presence 

of ISA and VFAs from samples of soil taken from the site and subsequently 

showed that using the alkali leachates from the site, ISA could be generated from 

soil sample previously not contaminated with leachates from the site. Charles et 

al. [83] showed ability of the local microbial community at the site to colonise 

and partially hydrolyse a cellulosic material (cotton) through the formation of 

biofilm and reported later that the local microbial consortia within the biofilm 

could degrade all forms of ISA. In these studies, microbial community analyses 

have described a diverse group of microorganisms including methanogenic 

bacteria capable of acetogenic and hydrogenotrophic metabolism.  

 Biochemical processes relevant to anaerobic microbial degradation of 

carbohydrate substrates 

Under anaerobic system of complex microbial community, mutualistic behaviour 

of various anaerobic microorganism results in the biodegradation of complex 

organic substances into simple, stable products such as CH4, CO2 and H2. This 

bioconversion process is possible due to activities of fermentative, syntrophic, 

acetogenic and methanogenic bacteria. These four groups of microorganisms 

gives rise to the main biochemical processes that occur within anaerobic microbial 

community systems. 

 Fermentation  

Under anaerobic conditions, fermentation processes occur whereby 

microorganisms utilise carbon sources to produce lactic acids, volatile fatty acids 

(VFA), alcohols and gas. Fermentation involving a single species of 

microorganism is often used to produce a specific product usually for commercial 

purposes but in a complex microbial community, the products are usually a 
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mixture of VFAs, alcohol and gases [192]. Generally, under anaerobic alkaline 

conditions fermentation processes reduce with increasing pH up to 11.0 [193]  

however, addition of carbonate to a batch reactor increased acetic acid and 

hydrogen production in a pH range of 8.0-11.0 [194]. In most microbial 

fermentations, glucose dissimilation occurs through glycolysis where pyruvate or 

any of the compounds produced enzymatically from pyruvate such as 

acetaldehyde is generated. Acetaldehyde may be reduced by NADH to ethanol 

which the cell excretes. Lactic acid fermentation, which occurs in organisms such 

as streptococci (Streptococcus lactis) and lactobacilli including Lactobacillus 

casei, L. pentosus produces lactic acid and organisms that produce only lactic acid 

from carbohydrate substrate fermentation are homofermenters which dissimilate 

glucose exclusively through the glycolytic pathway. On the contrary, 

heterofermentative organisms ferment carbohydrates to generate multiple 

products, including VFAs, ethanol and gases maily CO2 and H2. This type of 

fermentation occurs among members of the family Enterobacteriaceae 

(Escherichia coli, Salmonella, Shigella, and Proteus species). Other 

microorganisms including Enterobacter aerogenes, Aeromonas, and members of 

the genera Serratia, Erwinia, and Bacillus have also been noted to generate other 

neutral products such as ethanol, acetylmethylcarbinol (acetoin) and 2,3-butylene 

glycol in addition to CO2 and H2. Many obligate anaerobic bacteria belonging to 

the class clostridia including Clostridium saccharobutyricum, C. 

thermosaccharolyticum have also been reported to ferment carbohydrates to 

produce butyrate, acetate, CO2, and H2. Other species of Clostridum such as C. 

acetobutylicum and C. butyricum also generate these end products of fermentation 

in addition to butanol, acetone, isopropanol, formate, and ethanol. Similarly, 

members of the genera Propionibacterium and Veillonella ferment glucose and 

produce CO2, propionate, acetate, and succinate [195].  
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 Acetogenesis 

Acetogenesis involves the conversion of H2 and CO2 into acetic acid by 

acetogenic bacteria such as Clostridium aceticum [196] or the direct conversion 

of carbohydrate substrate such as glucose into acetic acid by bacteria such as 

Moorella thermoacetica (a Clostridium in the family Thermoanaerobacteriaceae) 

[197]. In a system of biodegration of carbohydrate by a complex microbial 

community, acetogenic bacteria such as  C. aceticum  and those of the genera, 

Syntrophomonas and Syntrophobacter convert the acid phase products (syngas; 

H2 and CO2) into acetate and hydrogen (equation 1) which may be utilised by 

methanogenic bacteria [198].   

2CO2 + 4H2  CH3COO- +H+ +2H2O ……….. equation 1. 

The activities of versatile acetogenic bacteria such as M. thermoacetica capable 

of energy conservation by both autotrophic (acetogenesis) and heterotrophic 

(homoacetogenesis) modes of metabolism, generate stoichiometrically 3 moles of 

acetic acid from from carbohydrates (eg. glucose) through the acetyl CoA 

pathway (equation 2) [199]. 

C6H12O6  3CH3COO- +3H+  ……….. equation 2. 

As a result of acetogenesis in these systems, hydrogen is released, which in turn 

produces toxic effects on the microorganisms which carry out this process. 

Therefore, to allow the process to continue, a symbiotic association between 

acetogenic and hydrogenotrophic methanogenic bacteria becomes necessary [198, 

200]. This symbiotic association is referred to as syntrophy.  
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Figure 1.10 Acetogenic Pathways  

The pathways illustrate heterotrophic acetogenesis (direct conversion from glucose), 

autotrophic acetogenesis (reduction of 2CO2 with 4H2) and Wood–Ljungdahl pathway (WLP; 

reduction of 2CO2 with 4H2 the taken from Schuchmann and Müller [201]. 

 

Figure 1.10 illustrates how acetogenic bacteria generate acetate (CH3COOH) 

from 2CO2 through the Wood–Ljungdahl pathway (WLP). In heterotrophic 

acetogenesis, bacteria oxidize a molecule of glucose generating two molecules of 

CH3COOH and two molecules of CO2 through a series of ezyme catalized 

reactions involving glycolysis, pyruvate:ferredoxin oxidoreductase, 

phosphotransacetylase and acetate kinase. In the reducing equivalent two 

molecules of CO2 are reduced with 2H2 to CH3COOH via Wood–Ljungdahl 

pathway (WLP). During the process of autotrophic acetogenesis, CH3COOH is 
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formed from 4H2 and 2CO2. At the carbonyl end of the WLP, a molecule of CO2 is 

reduced to CO which is catalysed by carbon monoxide (CO) 

dehydrogenase/acetyl-CoA synthase (CODH/ACS). The methyl branch of the 

WLP on the other hand, a molecule of CO2 is reduced to formate catalysed by 

formate dehydrogenase and is attached to the cofactor tetrahydrofolate (THF) 

therby producing formyl-THF catalysed by formyl-THF synthetase. The formyl-

THF is utilised by formyl-THF cyclohydrolase which result in the production of 

methenyl-THF. The methenyl-THF with the help of methylene-THF 

dehydrogenase becomes reduced to methylene-THF which undergoes a further 

reduction via methylene-THF reductase to methyl-THF. A final  transfer of the 

methyl group from methyl-THF by a methyltransferase with the help of corrinoid 

iron-sulphur protein (CoFeSP) yields CODH/ACS. The bifunctional CODH/ACS 

enzyme reduces CO2 to CO at the carbonyl branch which merges with the methyl 

group from the methyl branch. Together with CoA they all form acetyl-CoA. The 

presence of phosphotransacetylase converts acetyl-CoA to acetyl phosphate, 

which is further converted into acetate catalysed by acetate kinase [201]. 

 Syntrophism 

Syntrophism is a form of symbiotic association within a complex microbial 

community where two metabolically unrelated groups of microorganisms enable 

the degradation of complex organic substrates where one group breaks down the 

substrate for the other group to utilise the product [202]. Within microbial 

community the conversion of complex organic compounds to produce CH4 and 

CO2 is possible owing to the cooperation between syntrophic microorganism. 

Without syntrophism, activities of some microorganism could be limited by the 

toxic effects of their own products while others would be deprived of essential 

substrates hence, syntrophism occurs in the natural environment to achieve 

various roles during the process of anoxic biodegradation of organic substrate 

[203]. The syntrophy between hydrogen-producing acetogenic bacteria such some 
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species of the genera Clostridium and Acetivibrio allows for the selection of 

hydrogenotrophic methanogens or members of the genera Syntrophomonas, 

Syntrophospora, and Syntrophobacter which obligatorily use hydrogen as 

terminal electron acceptor. 

 Methanogenesis 

Methanogenesis within a system of anoxic microbial degradation of organic 

substrate is the process by which metanogenic bacteria (members of the archaeal 

domain) produce methane (CH4) mainly from acetic acid and or H2 and CO2. In a 

typical anaerobic methanogenic digestion process, although only few bacteria are 

capable of producing CH4 from acetic acid, the bulk of the CH4 arise from the 

conversion of acetic acid by heterotrophic methanogenic bacteria [204]. Only 

about 30% of CH4 generated during anaerobic digestion comes from CO2 

reduction by autotrophic methanogenic microorganism where H2 is used up. This 

creates good environmental conditions for the growth of acidophilic bacteria 

which generate short-chain organic acids in acidification phase of the anaerobic 

digestion process and consequently lower the production of H2 in acetogenic 

phase. The result of such a conversion is the production of gas rich in CO2 [205, 

206]. On the basis of their 16S rRNA sequences, methanogens fall under the seven 

orders namely Methanobacteriales, Methanococcales, Methanomicrobiales, 

Methanosarcinales, Methanocellales, Methanopyrales and 

Methanomassiliicoccales [207, 208]. On the basis of substrate for methanogenesis 

which inlcudes CH3COOH, CO2, H2, and methylated compounds (methyl alcohol) 

methanogens may be put into three main groups namely hydrogenotrophic 

methanogens, acetogenic methanogens and methylotrophic methanogens [203, 

209]. Hydrogenotrophic methanogens use H2 and CO2 to synthesize CH4 while 

the acetogenic methanogens use acetic acid to produce CH4 (Acetogenic 

methanogenesis). The groups that fall under methylotrophic methanogens use 

compounds such as methanol and methylamines to synthesize CH4. Members of 
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the family Methanobacteriaceae consisting of the genera Methanobacterium, 

Methanobrevibacter, Methanosphaera and Methanothermobacter are noted for 

hydrogenotrophic methanogenesis. In addition to reduction of CO2 with H2, 

formate is used by many species. Species of the genus Methanosphaera however, 

reduces methanol with H2 instead of CO2 [210].  Members of the genus 

Methanosaeta are capable of utilizing acetate specifically in the aceticlatic 

methanogenic pathway to produce methane [211]. The Methanosarcina are noted 

for the all-round capability of producing CH4 through the three known 

methanogenic pathways. They are able to use both the aceticlastic and the 

hydrogenotrophic methanogenesis pathways thereby making them more tolerant 

to specific inhibitors of the pathway including fluoroacetate and methyl fluoride 

[212]. In addition, they are also known to produce CH4 from one-carbon 

compounds include methylamines, methanol, and methyl thiols[213]. The 

methylotrophic methanogens fall under the orders Methanosarcinales, 

Methanobacteriales and Methanomassiliicoccales. They are sub-grouped into two 

depending on the presence or absence of cytochromes. Those with cytochromes 

are capable of oxidizing methyl groups to CO2 through electron transport chain 

while those without cytochromes are obligatorily H2-dependent. 

Figure 1.10 illustrates the three main methanogenic pathways and their associated 

genes. In hydrogenotrophic methanogenesis (shown in blue lines in Figure 1.11), 

through a series of enzyme catalysed reactions and intermediates including 

formyl, methylene, and methyl levels, CO2 is successively reduced and at the 

mrethyl level, the methyl group is transferred to Coenzyme M, forming methyl-

CoM. The methyl-CoM is then reduced to CH4 through methyl coenzyme M 

reductase (Mcr). In the aceticlastic methanogenic pathway (shown in red lines in 

figure 1.11), with the help of low-affinity acetate kinase (AK)-

phosphotransacetylase (PTA) system, acetate is firstly converted to acetyl-CoA 

in the case of Methanosarcina whereas Methanosaeta uses the high-affinity 

https://en.wikipedia.org/wiki/Methylamines
https://en.wikipedia.org/wiki/Methanol
https://en.wikipedia.org/w/index.php?title=Methyl_thiols&action=edit&redlink=1
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adenosine monophosphate (AMP)-forming acetyl-CoA synthetase. In each case, 

the acetyl-CoA formed is converted to a methyl group which is further converted 

into CH4 using key enzymes such as Cdh, Mtr and Mcr. In the case of 

methylotrophic pathway (shown in Green in Figure 1.11), the methyl-groups from 

methylated compounds are transferred to a methanol-specific corrinoid protein 

which produces Methyl-CoM via Coenzyme M methyltransferase. The Methyl-

CoM subsequently is later converted to CH4 via Mcr reductase. 

 

Figure 1.11 The three main methanogenic pathways and associated genes;  

 

The pathway was adapted from Guo et al. [214]. FdhA, glutathione-independent 

formaldehyde dehydrogenase; EchA, hydrogenase subunit A; FmdA, formylmethanofuran 

dehydrogenase subunit A; FTR, formylmethanofuran tetrahydromethanopterin N-

formyltransferase; MCH, methenyltetrahydromethanopterin cyclohydrolase; MTD, 

methylenetetrahydromethanopterin dehydrogenase; MER, coenzyme F420-dependent N5, 

N10-methenyltetrahydromethanopterin reductase; MtrA, tetrahydromethanopterin S-

methyltransferase; MtaA, [methyl-Co(III) methanol-specific corrinoid protein]:coenzyme M 

methyltransferase; McrA, methyl-coenzyme M reductase alpha subunit; AckA, acetate kinase; 

ACSS, acetyl-CoA synthetase; PTA, phosphate acetyltransferase; HdrA, heterodisulfide 

reductase subunit A; CdhC, acetyl-CoA decarbonylase/synthase complex subunit beta. 
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In the current plan for the UK’s geological disposal of ILW, the formation of 

water soluble complexants in the form of CDP including ISAs is an issue of 

particular concern due to their role in radionuclide migration. Recent studies have 

shown that the metabolic capacity of microbial consortia indigenous to 

anthropogenic sites can potentially degrade these ISAs. In most of these studies, 

the focus has been on coupling the calcium salt of α-ISA (Ca[(α-ISA)2]) 

metabolism with biogeochemical processes involving a range of terminal electron 

acceptors where the Ca[(α-ISA)2] is used as an analogue for CDP. Furthermore, 

studies on the characteristics and degradation profiles of ISAs under alkaliphilic 

anaerobic conditions by pure microbial isolates is lacking in the literature. 

Against this background, this study aimed at investigating the microbial 

metabolism of ISA under a range of anoxic, hyperalkaline conditions and assess 

the impact of using the calcium salt of α-ISA as an analogue for CDPs on 

microbial community evolution. Most studies have used different ammonium 

compounds as part of the growth media to provide nitrogen for microbial growth. 

As nitrogen had been predicted to be lacking in the GDF, this study aimed at 

investigating the chemical and microbial community evolutions resulting from 

ISA degradation in systems amended with NH4
+ against NH4

+ free systems.  

In addition, the isolation and characterization of alkaliphilic microorganisms with 

the potential to degrade ISAs would provide the basis for further investigation 

into the rates of degradation and the genes that are associated with ISA 

metabolism.  

By characterizing ISA degrading bacteria and communities, this study aims at 

addressing gaps in our knowledge regarding ISA degradation, identify key points 

where interventions may be most effectively applied to improve the safety of the 

waste repository and to inform policy and surveillance relating to nuclear waste 

disposal.  
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 General Reagents 

Unless otherwise indicated, all reagents used during the investigations were 

obtained from Fisher Scientific (Loughborough, Leicestershire, UK), LabM 

Limited (Haywood, Lancashire, UK) and Sigma-Aldrich Ltd (Gillington, Dorset, 

UK). 

 Growth media Preparation 

 Mineral media 

Mineral media was prepared using the reagents shown in Tables 1 and 2 in 

deionised water as previously described [215]. The pH of the media was adjusted 

as required using either 2M NaOH or 2M HCl and flushed with oxygen free 

nitrogen for 20 minutes to create anoxia [216]. 

Table 3.1 Mineral media components per litre of oxygen free water 

Reagent Chemical formula Mass(gL-1) 

Anhydrous potassium 

dihydrogen phosphate 

KH2PO4 0.27 

Disodium hydrogen 

phosphate 

dodecahydrate 

 

Na2HPO4.12H2O 1.12 

Ammonium chloride NH4Cl 0.53 

Calcium chloride 

dihydrate 

CaCl2.2H2O 0.075 

Magnesium chloride 

hexahydrate 

MgCl2.6H2O 0.1 

Iron(II) chloride 

tetrahydrate 

FeCl2.4H2O 0.02 

Resazurin (oxygen 

indicator) 

C12H7NO4 0.001 

Disodium sulphide Na2S.9H2O 0.1 

Trace elements solution See Table 2 10mL 

*Vitamin solution (as 

required) 

See Table 3 20mL 
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Table 3.2 Components of trace elements solution per litre of oxygen free water 

Reagents Chemical formula Mass (gL-1) 

Manganese chloride 

tetrahydrate 

MnCl2.4H2O 0.05 

Boric acid H3BO3 0.005 

Zinc chloride ZnCl2 0.005 

Copper chloride CuCl2 0.003 

Disodium molybdate 

dihydrate 

Na2MoO4.2H2O 0.001 

Cobalt chloride 

hexahydrate 

CoCl2. 6H2O 0.1 

Nickel chloride 

hexahydrate 

NiCl2. 6H2O 0.01 

Disodium selenite Na2SeO3 0.005 

Disodium tungstate 

dihydrate 

Na2WO4.2H2O 0.002 

 

 

Table 3.3Components of vitamin solution 

Vitamin solution Chemical formula Mass (mgL-1) 

Folic acid (B9) C19H19N7O6 2 

Pyridoxine hydrochloride (B6), C8H12CINO3 10 

Riboflavin hydrochloride (B2),  C17H20N4O6 5 

Thiamine hydrochloride (B1), C5H6N2O2 5 

Biotin (B7) C10H16N2O3S 2 

Nicotinic acid (B3),  C6H5NO2 5 

Calcium pantothenate (B5),  C18H32CaN2O10 5 

Cobalamin (B12)  C63H88CoN14O14P 0.1 

P-Aminobenzoic acid H2NC6H4CO2H 5 

Thiotic (lepoic) acid C8H14O2S2 5 

Monopotasium phosphate K2HPO4 900 
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 Preparation and characterization of Cellulose Degradation Products 

(CDP) 

Cellulose degradation Products (CDP) were prepared using laboratory tissue 

(Pristine Paper, London, UK) as described by Cowper et al (2011). The tissue 

(200g) was added to 0.1 M NaOH (1.8 L) and Ca(OH)2 (10 gL-1) in a pressure 

vessel and purged with nitrogen for 30 minutes. The vessel was then sealed and 

the headspace was flushed with nitrogen for another 30 minutes to remove any 

residual oxygen. The vessel was then incubated for 30 days at 80ºC. The resultant 

liquor (the CDP) was filtered into a sterile and nitrogen-flushed 1 L Schott bottle 

using 0.22µm filter unit (Millipore, Watford, UK) under nitrogen atmosphere in 

sealed glove box. The CDP was stored in ambient conditions in the dark [217]. 

The components of the CDP was characterised by means of Gas Chromatography-

Mass Spectrometry (GC-MS) and High Performance Anion Exchange 

Chromatography (HPAEC).   

 Preparation and characterization of Calcium alpha-Isosaccharinic 

Acid (Ca[(α-ISA)2]) 

The calcium salt of alpha-Isosaccharinic acid (Ca[(α-ISA)2]) was prepared as 

described by Whistler and BeMiller [218] whereby α-lactose monohydrate (50 g) 

was dissolved in  ultrapure water (500 mL) in a 1 L round-bottom flask. Ca(OH)2 

(13.5 g) was dissolved in the mixture and sonicated for 10 minutes to enhance 

chemical processing and flushed with oxygen-free nitrogen for 30 minutes. By 

means of a magnetic stirrer and paraffin oil bath, the mixture was heated at 90oC 

under constant stirring and nitrogen reflux for 16 h after which it was filtered 

while hot into another 1 L round-bottom flask. The filtrate (500 mL) was 

concentrated to 150 mL through rotary evaporation and the concentrate 

transferred into a 500 mL conical flask before being incubated at 4οC for seven 

days. The white precipitate that settled at the bottom of the conical flask was 

filtered under vacuum and the white crystalline residue was washed first with 15 
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mL cold ultrapure water, followed by 15 mL cold ethanol and 15 mL cold acetone. 

The resulting product, Ca(α-ISA)2 was dried in an oven overnight at 120οC [218]. 

The identification and purity of the product was analysed with High Performance 

Anion Exchange Chromatography (HPAEC) and Nuclear Magnetic Resonance 

(NMR) spectroscopy respectively. 

 Analytical Methods 

 Identification and quantification α- and β-Isosaccharinic acids using 

high performance anion exchange chromatography with pulsed 

amperometric detection (HPAEC-PAD) 

The identification and quantifications of α- and β-Isosaccharinic acids contained 

in samples was achieved by analysing the samples with HPAEC-PAD employing 

the use of a Dionex 5000 ion chromatographic system (Dionex, Camberley, UK). 

The system has the associated software package - Chromeleon 7.0 version 

7.1.3.2425 (Dionex Corporation) which integrates and processes chromatograms. 

In addition, the IC5000 is equipped with auto-sampler (AS50), a gradient pump 

(GS50) and electrochemical detector (ED50) which uses gold working and 

Ag/AgCl reference electrodes in amperometric detection mode and utilizes a 

preprogrammed quadrupole wave form. Elution of analytes was achieved by an 

isocratic mobile phase using NaOH (50 mM) eluent at a flow rate of 0.5 mLmin-

1 and analytes separated by a 250 mm long Dionex CarboPac PA20 column with 

internal diameter of 3 mm and a ≤10Å pore size containing 6 μm non-porous 

beads covered with latex Dionex micro Bead resin. There was also a CarboPac 

PA20 guard column (3 x 150 mm) as part of the system. The column automatically 

regenerates between sample analyses by eluting with NaOH (200 mM) for 20 

minutes. Each sample was amended with a 40 ppm D-ribonic acid internal 

standard before analysis and 10 µL of each sample was injected onto the column 

for analysis. A range of standards were prepared using pure α- and β-ISA to enable 

the determination of the concentrations of analytes [219] 
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 Identification and quantification of volatile free Fatty acids using gas 

chromatography with flame ionisation detection (GC-FID) 

The identification and determination of the concentrations of volatile Fatty Acids 

(VFAs) present in the samples were achieved by using HP GC6890 (Hewlett 

Packard, UK) gas chromatographic system equipped with Flame Ionisation 

Detector (FID). The GC-FID system also had Chemstation Rev.A.10.02 [1757] 

software (Agilent Technologies, USA) which allowed for integration, processing 

and visualization of chromatograms. Adopting a previously described method 

[90], each samples (900 μL) was mixed with 85% phosphoric acid (100 μL) in a 

1.5 mL Eppendorf tube and 500 uL of the mixture transferred into 2 mL screw 

cap vial.  An injection volume of 1 μL was taken by the auto sampler and passed 

through HPFFAP column (30 m x 0.535 m x 1.00 μm; Agilent Technologies) with 

helium as the carrier gas. The VFAs were detected by flame ionization detection 

(FID) using hydrogen/air detector gas with initial temperature of 95°C for 2 

minutes and increasing to 140°C at a ramp rate of 10°C min-1 without a hold, 

followed by a second ramp to 200°C at a ramp rate of 40°C min-1 with a hold of 

10 minutes and later dropping to a post run temperature of 50°C. A range of VFAs 

standards were prepared from a mixed stock solution of VFAs (Supelco 

analytical, Pennsylvania, US) to generate a calibration curve for each acid.  

 Identification and quantification of gaseous products using Gas 

Chromatography equipped with Thermal Conductivity Detection (GC-

TCD) 

Gaseous products including hydrogen, carbon dioxide and methane were 

identified and quantified using an Agilent 6850 gas chromatographic system with 

a Thermal Conductivity Detector (TCD) and a GS-Q column (30m x 0.53mm ID, 

Agilent technologies, Berkshire, UK). The carrier gas was 4 mL min-1 helium. 

Sampling was carried out manually by sampling 100 μL of microcosm headspace 

gas by means of a lockable gastight syringe and injected into the GC system port 
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at 30°C. The detector temperature was 200°C. The instrument was calibrated 

using known concentrations of each gas. 

 Identification of major components of Cellulose Degradation 

Products  

The identification of the major products of chemical cellulose degradation was 

carried out by Innovative Physical Organic Solutions (IPOS) service (University 

of Huddersfield). Identification was done using a High Resolution TOF Mass 

Spectrometer equipped with Dual Electrospray Ionisation (HR MS-ESI; Agilent 

6210; Agilent Technologies). The ionisation source details used for both positive 

and negative modes included a VCap voltage of 300V, Fragmentor voltage of 

150V, Gas temperature of 350oC, an octopole OCT 1 RF Vpp: 250 V and a 

Nebuliser Pressure: 40 psi. The Drying Gas Flow Rate was adjusted to 10Lmin-1 

and skimmer voltage of 65V. The masses generated from the spectra were 

exported onto National Institute of Standards and Technology (NIST) database 

for identification.  

 Nuclear Magnetic Resonance (NMR) Spectrometry for checking the 

purity of Ca(α-ISA)2 and for identification of exopolysaccharides (EPS) of 

biofilms 

The purity of Ca(α-ISA)2 and the identification of  EPS was carried by Nuclear 

Magnetic Resonance (NMR) Spectrometry Service (University of Huddersfield) 

whereby Bruker Avance 500 MHz spectrometer (Bruker 400’54 Ascend ) with 

Bruker pulse sequences at ambient temperature was used.   
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 Microbiological methods 

 Microcosm investigations 

 Aerobic microcosm for biodegradation of ISA from Ca(α-ISA)2 and 

CDP 

Soil microcosms were prepared in duplicate by adding 72 mL of mineral media 

described in Tables 1 and 2 but without resazurin and reducing agents, to fresh 

soil samples (5g) obtained from Harpur Hill, Buxton (Derbyshire, UK) in 250 mL 

conical flasks. To each reactor, CDP (8 mL) was added [73]. Similar microcosms 

driven by Ca(α-ISA)2 (2 mM ) were also prepared in duplicate. Here soil (5g) 

from the same site was diluted in 80 mL of mineral media plus the required 

amount of Ca(α-ISA)2. The pH of the microcosm was adjusted to pH 10.0 with 

filter-sterilized 4M NaOH or HCl. The reactors were wrapped in foil to exclude 

light and closed with sterile foam bung to allow for gas exchange while preventing 

contamination. To cater for sorption, a sterile control whereby the media with the 

inoculum for both reactor types were double-autoclaved under standard 

conditions were also set up before being incubated at 25oC in an orbital incubator 

(Stuart Orbital Incubator SI500) at 100 rev min-1 for 7 days. Reactor fluid (2 mL) 

was sampled daily, 100 µL of which was tested with 3M Clean-Trace Biomass 

Detection Kit (3M, UK) in conjunction with a luminometer for ATP/biomass 

detection. Following biomass analysis, CFU/mL of microbial concentration was 

calculated against a standard curve of based on E. coli K12 [83]. The remaining 

sample was centrifuged and the supernatant filter-sterilized with 0.45 µL filters 

(filtropur; Sarstedt AG & Co. Germany) and stored at -20οC for ISA/VFA 

analysis. Sampling continued until the stationary growth phase of the enrichment 

culture assessed by ATP activity was reached. 
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 Anaerobic batch culture for biodegradation of Ca(α-ISA)2 and CDP 

Anaerobic batch cultures under constant stirring at 25οC at pH 10 were prepared 

in duplicates using the same composition of mineral medium and concentration 

of carbon sources as described previously for aerobic cultures except for the 

addition of reducing agents. 0.05% of L-cysteine and sodium thioglycolate was 

added to the medium along with 0.001 g/L resazurin as oxygen indicator. Total 

volume (80 mL) was dispensed into 100 mL Schott bottles and covered with three-

holed screw caps equipped with rubber septa before autoclaving under standard 

conditions to ensure an anaerobic environment within the bottles. 2 mL samples 

were taken every two days, assessed for ATP/biomass detection, and processed 

as previously described until the stationary growth phase of the enrichment culture 

was reached. The samples were stored at -20οC for component analysis. 

 Batch/Fed culture to assess the the impact of nitrogen source and the 

form of ISA on microbial community evolution 

Cellulose degradation product (CDP) and Ca(α-ISA)2 microcosms were set up in 

duplicates for the two carbon sources with and without added NH4
+ under 

anaerobic conditions (10% H2, 10% CO2 , 80% N) using the Buxton soil sample 

(5g) mentioned in the earlier section as seed. The total concentration of ISA in all 

microcosms for the different carbon sources were made equal (i.e. 8 mL CDP 

leachate in 72 mL mineral media and 71.89mg  Ca(α-ISA)2 in 80 mL mineral 

media respectively for CDP- and Ca(α-ISA)2-driven microcosms). The pH of all 

the reactors was adjusted using sterile 4M NaOH, or 4M HCl before the entire 

volume was flushed with nitrogen for 20 minutes. Microcosms were wrapped in 

foil to exclude light before being incubated at a constant temperature of 25°C and 

stirred at 100rpm. In order to employ a batch/feed regimen on the reactors, 8mL 

of the total volume was removed at the end of 7 days of sampling. This removed 

volume was then replaced with a 10% of the total volume solution of CDP diluted 

in mineral media (CDP reactors) or 7.18 mg of Ca(α-ISA)2 diluted in mineral 
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media. The headspace was also de-pressurized and purged with nitrogen at the 

end of each cycle. This feed cycle continued on a weekly basis for ten weeks, such 

that the entire microcosm volume had been replaced. During this tenth week, 1 

mL of reactor fluid was taken from each microcosm on a daily basis for 7 days. 

The pH of the sample was measured before being centrifuged and filtered through 

a 0.45μm syringe filter unit and frozen for downstream analysis. The total ISA 

concentration, volatile fatty acid content and headspace gas composition were all 

determined using methods previously described in Rout et al. [73]. The pH of 

samples was measured using a pH meter and calibrated electrodes (Mettler 

Toledo, UK) and total biomass was estimated using previously described methods 

[83].  

 Batch/Fed culture for microbial community ISA biodegradation 

under elevated pH conditions 

The set up described in the previous section was repeated normally (using the full 

mineral media described in section 3.1.2) for a range of pH (pH10.0-11.5). The 

feed cycle regimen continued for 10 weeks, which was proceeded, with 5 daily 

sampling for a period of 45 days. All samples were treated as described in the 

previous section and stored at -20°C prior to analysis. 

Generally, the rates of ISA degradation under anoxic conditions was determined 

from the half-life first order equation: 

t1/2 = ln2/k  

Where t1/2 is the timescale on which initial concentration had reduced to half of 

its original value 
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 Determination of ammonium ion (NH4
+) concentration within 

microcosm background soil extract 

The ammonium ion (NH4
+) concentration within the microcosm background soil 

extract was Spectrophotometrically determined using a modified indophenol 

method described by Bolleter et al. [220]. 

 Stock Reagents 

Phenol-alcohol reagent was prepared by dissolving 10 g of phenol in 95% ethyl 

alcohol to a final volume of 100 ml while sodium nitroprusside (nitroferricyanide) 

reagent was prepared by adding 1 g in deionised water to a final volume of 200 

mL. In order to prepare an alkaline complexing reagent, 100 g of  trisodium citrate 

(Na3C6H7O5) and NaOH (5 g ) were mixed in deionised water to a final volume 

of 500 ml. Oxidizing solution was made by mixing 25 mL of sodium hypochlorite 

in the alkaline complexing reagent to a final volume of 100 mL. 

Two calibration solutions – A and B were prepared. Calibration solution A (NH4-

N stock) was prepared by dissolving 4.72 g of dry (NH4)2SO4 in 900 ml of 

deionised water and made up to 1 L. Calibration solution B (100 ppm NH4-N 

stock) was also prepared by transferring 10 mL of solution A to deionised water 

and made up to 100 mL volume and used as freshly prepared. 

 Soil extracts preparation 

Soil samples (1 g) were suspended in 20 mL deionised water, mixed thoroughly 

and centrifuged. The supernatant was pipetted used freshly prepared.  

 The Indophenol Assay 

Different concentrations of stock solution B (1 mL, 750 µL, 500 µL, 200 µL, 100 

µL, 50 µL, 0 µL) were prepared and to each, 400 uL of the phenol solution, 0.4 

mL of the nitroferricyanide and 1 mL of the oxidising reagent was added in a test 

tube. Samples were mixed well and allowed for an hour for colour development. 
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The absorbance were recorded using spectrophotometer and used to generate a 

standard curve. The reagents were added to the soil extracts (1 mL) in triplicates 

and the absorbance determined. The concentration of NH4
+ in the background soil 

extract was deduced from the standard curve. 

 Microbial Community Analysis    

The microbial community analysis was carried out by ChunLab (South Korea) 

employing Next Generation Sequencing (NGS) technology through MiSeq 

platform. Identification of individual microorganisms was done using EzTaxon-e 

database. 

 Isolation and cultivation of alkaliphilic microorganisms from 

reactors 

Solid mineral media plates (pH 10) enriched with either CDP or Ca(α-ISA)2 were 

prepared on which samples from the reactors were plated and incubated under 

anaerobic conditions at 25°C. Following growth, distinct colonies were cultivated 

on CDP/Ca(α-ISA)2 plates from where pure cultures were obtained for 16s rRNA 

sequencing. 

 DNA extraction and purification 

 The co-extraction of DNA method 
 

DNA from microcosms was extracted using a modified version of a method 

described by Griffiths et al. [221]. Microcosm fluid was concentrated by 

centrifugation (5x103 g; 20 min) and washed in 10 M of 0.1 M sodium phosphate 

buffer (pH 7.4; 3.1g of NaH2PO4.H20 and 10.9 g of Na2HPO4 in 1 L deionised 

water) The sample (0.5 g) was mixed with 0.5 mL of extraction buffer (cetyl-

trimethylammonium bromide; CTAB, 5% wt/vol prepared in 0.35 M sodium 

chloride/240 mM phosphate buffer, pH 8.0), 0.5 mL phenol-chloroform-isoamyl 

alcohol (ratio; 25:24:1) and 100 µL betamercaptoethanol in a bead tube containing 
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0.1mm diameter glass beads. Tubes were then bead-beaten for 15 minutes by 

attachment to vortex adapter (MO-BIO vortex adapter, MO-BIO, Carlsbad, CA, 

US) set to full speed. The resultant suspension was then centrifuged at 13,500 rpm 

for 5 minutes and the top aqueous layer (~450 μL) was transferred to a sterile, 

DNase/RNase free 1.5 mL tube. Chloroform-isoamyl alcohol in the ratio 24:1; 

500 μL) was added to the tube and the mixture was vortexed to mix and 

centrifuged at 13,500 rpm for 5 minutes. The aqueous top layer (~450 μL) was 

transferred to a fresh 1.5 mL tube. To this tube, 1 mL polyethylene glycol (PEG; 

30% PEG-6000; wt/vol) solution was added in 1.6M sodium chloride). The 

mixture was vortexed to mix and incubated overnight at 4°C. 

Following overnight incubation, sample tubes were centrifuged for 10 minutes at 

14,000 rpm. The supernatant was pipetted and discarded while DNA remained as 

a pellet which was washed with 70% ice cold ethanol (l200 μL). The alcohol was 

pipetted out and any residual ethanol was allowed to air-dry. The DNA pellet was 

re-suspended in 30 μL of sterile deionised water. 

 UltraClean® Microbial DNA Isolation Kit 
 

Genomic DNA from pure cultures were extracted using the UltraClean microbial 

DNA isolation kit (MO-BIO, Carlsbad, CA, US) according to the manufacturer’s 

instructions.  

 Polymerase chain reaction (PCR) for the amplification of DNA 

In order to amplify the concentration of the extracted DNA, direct PCR of the 

∼1,500 bp eubacteria 16S rRNA gene was performed using the broad specificity 

primers pA: AGAGTTTGATCCTGGCTAG; pH: 

AAGGAGGTGATCCAGCCGCA (Bioline, UK). The Taq polymerase used was 

BIOTAQ™ being part of Biomix™ (Bioline, London, UK) which also consisted 

of reaction buffer, magnesium (5mM) and dNTPs. The PCR reaction mix 

consisted of microbial DNA (5 µL), each primer (1.5 µL of 10 pmol),   Biomix 
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PCR master mix (25 µL, BIOLINE, UK) and made up to 50 µL PCR reaction 

volume with PCR grade water. To allow for effective primer binding and to 

increase PCR product concentration, a 1:10 dilution DNA template was prepared 

in PCR grade water before adding to the PCR reaction mix. Samples in PCR 

reaction tubes were subjected to PCR programme with thermal cycler (TECHNE 

TC, Staffordshire, UK) which began with initial incubation at 94oC for 5 min. 

This was then followed by 35 cycles of 3 steps; denaturing at 94oC for 1 min, then 

annealing at 60oC for 1 min, primer extension at 72oC for 1min and final extension 

at 72oC for 5 min  

 Gel electrophoresis for the visualisation of PCR product 

A concentrated solution of 50X concentrate of tris-acetate EDTA (TAE) buffer 

(pH 8) was prepared by dissolving tris base (242 g), 57.1 mL glacial acetic acid 

and 100 mL 0.5M EDTA in a litre of ultrapure water. Gel electrophoresis on 1% 

molecular grade agarose gel was prepared in 1X TAE buffer in which the agarose 

solution in a 250 mL conical flask was heated in a microwave for 3 minutes to 

completely melt and allowed to cool to ~45°C before 1 μL of SYBR® safe stain 

Life Technology, Paisley, UK) was added and mixed by gently swirling the 

conical flask. Following casting and setting of the gel in the tank, the gel was 

submerged in a TAE buffer and 5 μL of DNA template (PCR product) which had 

been mixed with loading dye (1 μL; Bioline, London, UK) was loaded into each 

well alongside a 1kb DNA ladder (hyperlader, I kb, Bioline, London, UK). 

Electrophoresis was run for 60 minutes at 90V before being visualised under UV 

light using PCR BioDoc-It® 210 imaging system (UVP LLC, Upland, CA, US). 
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 Purification of PCR product with Qiaquick PCR purification kit 

The purification of PCR products for downstream applications was carried out 

with the Qiaquick PCR purification kit (Qiagen, Surrey, UK) in accordance with 

the manufacturer’s instructions. In Brief, the PCR product was salted by the 

addition of 5 volumes of buffer PB to 1 volume of the product at a pH 7.5. Sodium 

acetate (3M) was added to the mixture to reduce the pH before the samples were 

loaded into Qiaquick silica spin column. To allow the binding of the DNA onto 

the silica membrane of the column, the sample was centrifuged at 10,000 rpm for 

60 seconds. The PCR product was then washed to remove associated 

contaminants such as primers, dNTPs and polymerases with the addition of an 

ethanol based buffer before a further centrifugation step. Elution buffer EB (30 

µL; 10 mM Tris·Cl, pH 8.5) was added to the centre of the silica membrane 

followed by a final centrifugation step into a clean DNase free 2 mL collection 

tube [222]. 

 Determination of DNA concentration 

The concentration of DNA was determined by means of a spectrophotometer 

(Genway, Genova Nano, Stone, UK) at 260nm UV wavelength exposure where 

the extinction co-efficient of double stranded DNA is 0.020 (μg/mL)-1cm-1. The 

optical density of 1 therefore corresponds to a concentration of 50 ng μL-1 of 

DNA. The purity of DNA was determined by the ratio of optical densities at 

260:280nm, whereby a ratio within a range of 1.8-2.0 was considered to have a 

lower protein contamination. 

 DNA sequencing 

Following a successful PCR, the DNA was submitted to Eurofins Genomics 

(Wolverhampton, UK) for sequencing according to sample submission guide in 

which a premix sample of total volume (17 µL) containing 15µL of  purified DNA 
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(10 ngµL-1), 2 µL of either a forward or reverse primer (10pmolµL-1) and made 

up to volume with PCR grade water. 

 DNA Sequence analysis for microbial identification 

Sequence results were combined into a fasta file and checked for chimeras against 

a reference sequence using UCHIME function in the MOTHUR project [223, 

224]. Mega suite version 5 for Windows was used to trim the sequences of primer 

artefacts and other irrelevant sequences [225] before submitting to Genbank 

where E. coli (Genbank accession number J01695) 16S rRNA gene sequence was 

used as the reference sequence [226]. Sequences were then analysed using the 

NCBI database with the help of MegaBlast, a basic alignment search tool for 16S 

rRNA sequence for Bacteria. 

 Construction and inference of phylogenetic trees 

The construction of phylogenetic trees was carried out using MEGA version 5 

suite for Windows where the MUSCLE (Multiple Sequence Comparison by Log-

Expectation) function of the MEGA suite was used to align the sequences with 

references obtained from Ribosomal Database project (RDP: Classifier – RDP 

Naïve Bayesian rRNA Classifier version 2.10; Taxonomical Hierarchy RDP 16S 

rRNA training set 14) at a confidence threshold of 95%. Phylogenetic estimates 

were completed employing the neighbour joining tree method utilising bootstrap 

test of 1000 replications to generate consensus tree. 

 Whole genome sequencing of pure bacterial isolate 

The whole genome sequencing of the extracted microbial DNA from the pure 

bacterial isolate – Oceanobacillus sp. strain Hud, was carried out by Baseclear 

Netherlands using whole genome sequencing (WGS) strategy. 
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 Catalase and oxidase tests 

Catalase test was carried out by adding a drop of 3% H2O2 on a clean glass slide 

and by means of a sterile loop, a colony was taken and smeared in the drop of the 

peroxide. Bubble formation indicated the presence of catalase enzyme.  

Oxidase test was performed on test strips (Thermo Fisher Scientific, Oxoid Ltd, 

Basingstokes, UK) impregnated with NNN’N’tetramethyl-p-phenylene-diamine 

dihydrochloride for the detection of bacterial cytochrome oxidase enzyme. By 

means of a sterile plastic loop, a colony was taken and smeared on the test strip. 

The appearance of a purple colour (indophenol) within 10 seconds indicated a 

positive results.   

 Motility Test 

Test for motility was carried out by hanging drop method under X40 of Olympus 

microscope (Olympus Optical BX 40F, Japan)  

 Batch fermentation with pure cultures for ISA Biodegradation 

A batch fermentation experiment was set up using minimal medium (pH 9) 

previously described by Basil, et al. [70]. Briefly, the composition of the minimal 

media included g/L NaHCO3 (2.5), NH4Cl (4.7), NaH2PO4 (0.53), KCl (0.1) and 

2% v/v vitamin solution and mineral solution. The vitamin solution is as shown 

in Table 2 whereas the mineral solution consisted of g/L MgSO4 .7H2O (3), 

MnSO4.2H2O (0.5), NaCl (1), FeSO4.7H2O (0.1), ZnSO4 (0.1), Na2MoO4.2H2O 

(0.001g), CoCl2.6H2O (0.1), CuSO4.5H2O (0.01), Na2MnO4.2H2O (0.01). No 

electron acceptors were added. CDP and Ca(α-ISA)2 were added as carbon 

sources similar to procedure previously described for anaerobic microbial 

consortia. The setup was prepared in duplicate in 30 mL Wheaton bottles with a 

working volume of 25 mL with an initial inoculum of 104 CFU/mL of the bacterial 

suspension. A control experiment containing no live bacteria was set up. Sampling 

was carried out every 2 days whereby 1 mL of reactor fluid was taken by means 
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of syringe and hypodermic needles and pH measured by means of micro pH probe 

(Mettler Toledo, Leicester, UK). 

Bacterial growth was determined by spectrophotometer by measuring absorbance 

at 620nm wavelength after which samples were filtered using 0.4 µm filter unit 

before storing at -20°C for ISA/VFA analysis. 

 Biochemical characterization with API 20 A and Biolog PM/Ecoplates 

The biochemical characterization of the pure isolates using API 20 A test strips 

and PM/Ecoplates was carried following manufacturer’s instructions. All strips 

and plates were incubated at 25°C. 

 Assessing microbial tolerance to heavy metals and salt concentration 

using the Bioscreen automated growth curve 

The tolerance of isolates to a range of pH, temperature, heavy metal 

concentrations and salt was assessed using bioscreen-C growth curve analyser 

(Bioscreen PF-1100 C; USA). For pH tolerance, microbial cells (103 CFUmL-1) 

were inoculated into 9 mL iso-sensitest (Oxoid, UK) broth for different pH (pH 

4-12) of which 300 µL was pipetted into honeycomb multiwall plates and 

incubated  for 24 hours at 25°C in the bioscreen-C under constant shaking and 

wideband filter (450-580nm). To assess the tolerance of the isolates to heavy 

metals (Zn, Cu, Pb, Ni, Cd and Co), the same set up as used for pH tolerance was 

used except that different concentrations of the metals (1mM – 5mM) were 

incorporated into the growth medium. Similarly, tolerance to salt concentration 

was achieved as described. The determination of optimum pH and temperature 

was deduced from the area under the microbial growth curve while resistance to 

heavy metals was assessed by modelling MIC using a modified Gompertz 

function [227]. 

In order to compare the area under the growth (measured as optical density, 

OD)/time curve of samples duplicate readings were averaged and the control well 
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reading was removed from the data. Adopting the method by Shi-Tao Yeh [228] 

the trapezoidal rule was used to calculate the area under the microbial growth 

curve (AUC) as follows: 

AUC (FA) = ( C3 + C4 ) / 2 * ( t4 – t3 ) 

Where;  

AUC = Area under the curve 

FA = Fractional Area,  

C3, C4 = OD in cell 3 and cell 4 (on excel spreadsheet) 

t4,t3 = time 3 and 4 

The Fractional areas (FA) were calculated from the ratio of the test area sum to 

that of the control area sum in order to obtain the relative amounts of growth. 

Using the calculated FAs and a modified Gompertz function in conjunction with 

the solver tool of Microsoft Excel, the Minimum Inhibitory Concentration (MIC) 

and Non Inhibitory Concentration (NIC) were modelled from the equations 

below: 

Y = A + Ce –eB(x-M)  

MIC = 10(M-1/B) 

NIC = 10(M-1.718/B) 

where, 

Y = fractional area of the Gompertz function 

The values of A, B, C and M are first selected as ‘dummy’ variables and fitted 

into the Gompertz function and are later used in solver to reduce the errors 

between the function and experimental values. 
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 Extraction and identification of Fatty Acids Methyl Esters (FAME)   

FAME analysis was performed using a modified version of the Sherlock 

Microbial Identification (MIDI) System. Fresh bacterial cells (40 mg) were placed 

in clean sterile 13x100 culture tubes. To separate the fatty acids materials from 

non-fatty acids materials such as sterols, sugars and microbial proteins, samples 

were saponified with the addition of 1.0 mL of Reagent 1 containing sodium 

hydroxide (45 g), methanol (150 mL) and distilled water (150 mL) to the tubes 

containing the cells. Tubes were then vortexed briefly to mix and heated for 5 

minutes in a boiling water bath after which they were vortexed vigorously for 10 

seconds and returned to the water bath for additional 25 minutes. In order to 

derivatize and make the fatty acids more amenable for analysis, samples were 

cooled to room temperature before the addition of 2 mL reagent 2 consisting of  

325 mL 6.0N HCl and 275 mL methyl alcohol and heated to 80°C (± 1°C) for 10 

minutes (± 1 min.). To extract the fatty acid methyl esters, the tubes were allowed 

to cool to room temperature before the addition of 1.25 mL of Reagent 3 made of 

200 mL hexane and 200 mL methyl-tert-butyl ether was added which extracted 

the fatty acid methyl esters into the organic phase. The tubes were tumbled gently 

in a rotator for 5 minutes and allowed to settle. The aqueous lower phase was 

pipetted and discarded. Finally, 3 mL of Reagent 4 consisting of 10.8 g of NaOH 

dissolved in 900 mL of distilled water was added to sample as a base wash to 

remove contaminants. The sample was allowed to settle after which 2/3 of the 

organic phase was pipetted for analysis. The identification of microbial Fatty Acid 

Methyl Esters (FAME) was carried out by Gas Chromatography-Mass 

Spectrometer (GC-MS). Mass spectra of the peaks was compared in the order of 

percentage similarity to FAME standards in the NIST library associated with the 

GC-MS software. 
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 Extraction and identification of microbial isoprenoids 

(Menaquinones) 

Microbial isoprenoids/menaquinones were extracted using the method described 

by Collins et al. [229]. Cells were grown on fastidious anaerobic agar and 

incubated at 25°C for 18 h before being dried at 70°C overnight after which 100 

mg were mixed with 20 mL chloroform/methanol (2:1 v/v). The suspension was 

stirred continuously overnight after which biomass was filtered. The extract was 

then evaporated to dryness at 36°C. 

The identification of  menaquinone  was carried out against MK-7 standard 

(Sigma-Aldrich, UK) using thin layer chromatography (TLC) was on 0.20 mm 

pre-coated TLC-sheets (DC-Fertigfolien Alugram®, Germany) and a developing 

solvent consisting of petroleum ether (b.p 60-80°C)/diethyl ether (85:15, v/v). 

Menaquinones were detected by irradiation of short-wave ultraviolet light on the 

TLC sheet. The values of retention factor (RF) were calculated from the ratio of 

distance moved by the sample to the distance moved by the solvent (solvent front).  

 

RF = distance moved by sample / distance moved by sample 

 

 Biofilm formation and adherence assay for Exiguobacterium sp. 

strain Hud and Oceanobacillus sp. strain Hud 

Isolates were plated on solid mineral media containing Ca(ISA)2 containing (4mM) for 

72 hours under obligate anaerobic conditions (80% N2, 10% CO2, 10% H2) in an 

anaerobic workstation (Don Whitley, Shipley, UK) at 25°C after which a colony was from 

each isolate was smeared on a clean glass slide. A 100 µL solution of Calcofluor white (1 

gL-1) was added to sample and covered with a clean cover slip. Sample were observed 

under fluorescence laboratory microscope (Olympus BX41, Olympus, USA). 
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To carry out biofilm adherence assay, 10 universal bottles (for each isolate) containing 

sterile mineral media (10 mL)  were inoculated with the isolates and incubated for 18 

hours in orbital incubator at 25°C , 120 rpm after which 1 in 10 dilution of each sample 

was done in another set of mineral media. From this suspension, 10 µL was dispensed 

into microtiter plates containing 150 µL of sterile mineral media octuplicates. Negative 

controls containing only mineral media were also set up. Plates were incubated at 25°C 

for 18 hours anaerobically. Following incubation, microtiter plates were carefully tipped 

and washed (3X) with phosphate buffered saline (200 µL) after which 200 µL of 99% 

methyl alcohol was added to the wells for 15 minutes to fix the biofilm. Plates emptied 

and allowed to air-dry after which 200 µL of crystal violet solution was added to the wells 

to stain adherent biofilm. Plates were tipped carefully, washed with distilled water and air-

dried. Glacial acetic acid (160 µL; 33%) was added to the wells to solubilize the biofilm 

and quantified at 492 nm using plate reader (Fluostar Optima, BMG Labtech). Actual 

biofilm of the isolates was determined by deducting the absorbance of controls. 

Biofilm adherence classification by Stepanovic et al. [230] was adopted as 

follows: 

OD ≤ ODc…………………non adherent biofilm 

ODc < OD ≤ 2XODc ……..weakly adherent biofilm 

2XODc < 4XODc ………...moderately adherent biofilm 

4XODc < OD ……………..strongly adherent biofilm 

(OD = optical density of sample; ODc = optical density of control wells) 
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  Extraction and characterization of exopolysaccharides of 

Exiguobacterium sp. strain Hud and Oceanobacillus sp. strain Hud  

Fresh inoculum suspensions of the two isolates in 10 mL minimal media incubated for 18 

hours anaerobically at 25°C were made. From this suspension, 1 mL was inoculated into 

1 L minimal media and incubated for 72 hours. Cells were then separated via 

centrifugation using Avanti® J-26 XPI Centrifuge (Avanti J- 26S XPI-Beckman Coulter, 

Inc., USA) equipped with F250 Fiberlite™ F14-6 x 250y Fixed-Angle Rotor at 10,000 x 

g, 15 min, 4°C. The supernatant containing the EPS was kept for downstream application. 

The EPS which was thought to be attached to the cells was also extracted by resuspending 

the cell pellets in 500 mL NaoH (1.0 M) and kept under constant stirring overnight by 

means of a magnet stirrer. The detached EPS was recovered from the alkali solution via 

centrifugation as described. 

Following centrifugation, EPS was precipitated from the resultant supernatant by mixing 

with two volumes of chilled ethanol and kept under 4°C for 48 hours The precipitate was 

recovered via centrifugation (25,000 x g, 4 °C, 30 min.). To purify the EPS, the precipitate 

was redissolved in deionised water and dialysed against deionised water with dialysis 

tubes (12–14 kDa molecular mass cut-off; Sigma, UK) for three continuous days at 4°C 

under constant stirring and with three changes per day. Finally, the dialysed fractions were 

poured into 100 mL Shott bottles and lyophilised in a freeze dryer (Modulyo 4K Freeze 

Dryer, Edwards, Northern Scientific, York, UK). 

EPS extraction was also carried out on agar-based culture whereby cell biomass was 

recovered from the surface of solid minimal media following 72 hours of anaerobic 

incubation. Two millilitre (2 mL) of deionised water was pipetted onto the culture plates 

and by means of a sterile loop cells were harvested into a Shott bottle. One volume of 

NaOH (2 M) was added to the cell suspension and placed on a magnetic stirrer and gently 

stirred overnight at ambient temperature to release the EPS attached to the cells surface. 

The detached EPS was extracted following the procedure described above.     

Proton NMR (1H-NMR) analysis on the EPS was carried out by the University of 

Huddersfield NMR service. Lyophilised EPS (6.5mg) was dissolved in deuterium oxide 
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(D2O; 0.65 mL; Goss Scientific Instruments Ltd, Essex, UK) prior to analysis. The NMR 

spectra were recorded at elevated probe temperature (70°C) which did not only shift the 

HOD signal into a clearer region of the spectrum, but also increased the spectral resolution 

by reducing the viscosity of the sample. All NMR spectra were recorded on a Bruker 

Avance 500.13 MHZ 1H (125.75 MHZ 13C) spectrometer (bruker - biospin, Coventry, 

UK) using Bruker’s pulse programme. Spectra were referenced using internal acetone (δ= 

2.22 ppm). 
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 Preparation and Characterization of Ca(ISA)2 and Cellulose 

Degradation Products (CDP) 

 The rationale for the study 

The broad aim of this study was to investigate microbial biodegradability potential 

of ISAs that are expected to generate within the nuclear waste repository after the 

facility is closed. The aim of this section was to prepare and characterize the 

Ca(ISA)2 and the CDP that was be used as feedstock in the study.   

On the basis of the method described in the previous section (section:3.3), analysis 

of the Ca(ISA)2 with  the 1H NMR using Bruker Avance 500 MHz spectrometer 

with pulse sequences at ambient temperature showed spectra (Figure 4.1) that 

conformed to all the protons that were directly bonded to a carbon as per a 

molecule of ISA [231]. High Performance Anion Exchange Chromatography 

(HPAEC) analysis of the sample also showed ISA peak and retention times 

(Figure 4.2) which were the similar to the standard Ca(ISA)2 obtained from a 

manufacturer (Carbosynth Ltd, Berkshire, UK). 

 

     

Figure 4.1 1H NMR spectra for Ca(α-ISA)2 characterization 



80 

 

 

Figure 4.2 α-ISA peak and Retention Time measured from HPAEC during Ca(ISA)2 

characterization 

The analytical procedures for the characterisation of the CDP revealed that the 

preparation of CDP from laboratory tissue paper yielded a complex mixture of 

compounds including α- and β-Isosaccharinic acid, xylose, isovaleric (pentanoic) 

acid and a range of volatile fatty acids (VFA) including acetic, formic and butyric 

acids. These components were also recorded in the study of Rout et al. [73] during 

an investigation into microbial degradation of CDP. Analysis of Total Organic 

Carbon (TOC) indicated that the CDP contains approximately 4000 mg/L of 

Organic Carbon.  

 Key findings 

 The Ca(ISA)2 prepared from α-lactose monohydrate was analysed to have 

characteristics that conformed to a standard Ca(ISA)2 

 The CDP prepared from laboratory tissue paper composed of a mixture of 

organic compounds including ISAs and volatile fatty acids including acetic 

acid 

 The total organic carbon of the CDP was found to be approximately 

4000mg/L   
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 Microbial community degradation of ISA under 

alkaliphilic aerobic and anaerobic conditions 
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 The rationale for the study 

Some earlier studies focused on biodegradation of ISA under aerobic conditions 

[54, 60] the results of which offered insights into microbial ISA bioremediation. 

Recent studies have demonstrated that microbial populations within organic rich 

soil layer from Harpur Hill (Buxton, Derbyshire, UK) are capable of biodegrading 

ISA within 15 days under aerobic and nitrate reducing conditions [70] and within 

14 days at circumneutral pH [74]. Investigation into microbial diversity have also 

shown the presence of alkaliphilic, anaerobic microorganisms indigenous to the 

site [232]. As anoxic conditions are likely to dominate post closure of the ILW-

GDF due to corrosion processes while nitrate and iron reducing conditions are 

likely to be limited, fermentative and methanogenic processes are therefore 

expected to play a significant role in microbial metabolism of ISA. In this vein, 

although aerobic conditions are not expected to dominate the GDF, an 

investigation into the potential of microbial consortia within sediments from this 

site to utilize ISA under alkaliphilic, aerobic and anaerobic condition will expand 

our knowledge on the behaviour of the GDF when it is finally closed.   

This section of the study aimed at assessing the ISA biodegradability potentials 

of the microorganisms present within Harpur Hill organic rich soil layer at high 

pH of 10.0 under both aerobic and anaerobic conditions. The experimental set up 

is discussed in sections 3.5.2 and 3.5.3.  

 Results/discussion 

Under aerobic conditions, both microcosms driven by Ca(ISA)2 and CDP 

observed complete degradation of ISA which occurred within 6 days of incubation 

(Figure 4.3A and Figure 4.4A) where the first order rates of degradation were 1.8 

x 10-1 ± 0.00 d-1 for the Ca(ISA)2 system and 3.2 x 10-1 ± 0.00 d-1 for total ISA in 

the CDP system. The biochemical pathway for the degradation within the two 

systems appeared similar whereby the removal of ISA was accompanied by 
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increase in biomass (Figure 4.3B and Figure 4.4B) and a drop in pH from the 

initial of pH10.0 to a final of pH 8.9 in the Ca(ISA)2 system (Figure 4.3A) and pH 

10.0 - pH 8.8 in the CDP system (Figure 4.4A). The drop in pH in these 

experiments could be attributed to the formation of acidic products such as CO2 

(although not measured) from the degradation of ISA.  

Contrasting with previous findings, no terminal electron acceptors (TEA) were 

included in the media however, ISA degradation was possible in both microcosms  

within fewer days as compared with the study by Bassil et al. [70] which took 9 

days and that of Kuippers et al. [74] which took 14 days for a complete 

biodegradation of ISA to occur. 

  

                    

Figure 4.3 Aerobic microbial degradation of α-ISA  
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Figure 4.3 continues:  Ca(α-ISA)2 microcosm seeded with soil sample from Harpur Hill site 

showing (A) ISA removal and pH drop with time, (B) Microbial biomass in CFU/mL  

 

 

 Figure 4.4 Aerobic microbial degradation of α-, β-ISA from CDP 
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Figure 4.4 continues: CDP microcosm seeded with soil sample from Harpur Hill site showing 

(A) ISA removal and pH drop with time, (B) Microbial biomass in CFU/mL 

 

Under anaerobic conditions, the microcosm enriched with Ca(ISA)2 demonstrated 

a complete degradation of ISA within twelve (12) days. ISA removal occurred 
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be detected. The microcosm showed a mean first order rate of degradation of 1.0 

x 10-1 ± 0.00 d-1. The degradation of ISA was accompanied by the production and 

accumulation of acetic acid whereby 2.6 mM representing a yield of 65% of the 

total degraded ISA accumulated by the end of the sampling period. A drop in pH 

from the initial pH 10.0 to a final pH of 7.9 was observed. An increase in biomass 

accompanied the removal of ISA. 

In the microcosm amended with CDP, a similar ISA degradation profile was 
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which represented 54% of the total degraded ISA. A drop in pH of the medium 

from an initial of pH10.0 to a final pH of 7.6 was observed by the end of sampling. 

Increased biomass was also observed throughout the experimental period.   

In both microcosms, ISA removal was accompanied by acetic acid production, a 

drop in pH and increase in biomass. These suggest that microbial populations 

within the organic rich soil layer may be using a similar biochemical pathway for 

ISA degradation. ISA removal from CDP took a longer time compared to it 

Ca(ISA)2 counterpart probably due to the presence of other carbon substrates 

present in the CDP which microorganisms can utilize.  

These results presented here expand knowledge on the potentials of bacteria 

indigenous to a particular environment to degrade ISA as sole carbon source.  

 

 

Figure 4.5 Anaerobic microbial degradation of α-ISA 
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Figure 4.5 continues: Ca(ISA)2 microcosm seeded with soil sample from Harpur Hill site 

showing (A) ISA removal and pH drop with time, (B) Microbial biomass in CFU/mL 

 

Figure 4.6 Anaerobic microbial degradation of α-/β-ISA from CDP 
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Figure 4.6 continues: CDP microcosm seeded with soil sample from Harpur Hill site showing 

(A) ISA removal and pH drop with time, (B) Microbial biomass in CFU/mL 

 

 Key findings 

 Microorganisms present within Harpur Hill organic rich soil layer are able 

to degrade both α and β forms of ISA under both aerobic and anaerobic 

conditions 

 In both Ca(ISA)2 and CDP systems of experiment under aerobic and 

anaerobic conditions, the pH of the media dropped indicating the 

formation of acidic products 

 The degradation of ISA under anaerobic conditions was accompanied by 

the production of acetic acid 
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 The impact of nitrogen source and the form of ISA on 

microbial community evolution. 
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 The rationale for the study 

Microbial degradation of CDP will have an impact on the evolution of an ILW-

GDF, consequently, a number of studies have investigated the degradation of CDP 

and associated ISA’s. Two contrasting approaches have been employed, Rout et 

al. [113] and Charles et al. [83] used CDP containing a mixture of a range of 

ISA’s, whilst Bassil et al. [70] and Kuippers et al. [74] used the calcium salt of α-

ISA as an analogue of CDP.  

In most ISA biodegradation studies, researchers have introduced different kinds 

of ammonium compounds in different concentrations as part of growth media 

components [70, 73, 74]. This reflects the fact that ammonium compounds are the 

preferred nitrogen source for most microorganisms [233, 234]. However, deep 

geological environments such as nuclear waste repositories are often marked by 

very low concentrations or complete lack of biodegradable molecules [235]. In 

particular, nitrogen and or phosphorus have been assessed to be growth-limiting 

nutrients in geological disposal repositories [236] with nitrogen fixation being the 

most likely source of nitrogen.   

The aim of this section of the study was to assess the impact of nitrogen source 

and the form of ISA employed, on the evolution of ISA degrading microbial 

communities in relation to a nitrogen free system. The operation of the 

microcosms used in this section is described in section 3.5.1. 
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 Results/Discussion 

 Chemical analysis and biomass of the established communities 

 

In the microcosm fed solely on α-ISA (from Ca(ISA)2) , complete degradation of 

ISA occurred within 6 days of incubation irrespective of the presence of NH4
+ 

(Figure 4.7A and B). The mean first order rates of degradation were found to be 

1.8 x 10-1 ± 0.00 d-1 and 2.3 x 10-1 ± 0.01 d-1 in respect of NH4
+ amended and NH4

+ 

free systems. Within the CDP-fed microcosms the β-ISA was completely 

removed within 5 days followed by α-ISA on day 6 of sampling (Figure 4.7C and 

D) in the presence and absence of NH4
+. The rate of total ISA removal in these 

systems was found to be 1.7 x 10-1 ± 0.00 d-1 in the presence of NH4
+ and 2.2 x 

10-1 ± 0.00 d-1 in the NH4
+ free system. 

In all systems, the degradation of ISA coincided with the generation and 

accumulation of acetic acid (Figure 4.7). In the NH4
+/α-ISA fed systems (Figure 

4.7A) the consortia generated 2.37 mM acetic acid over the sampling period, 

representing a 59% yield from α-ISA. In the microcosm without NH4
+ (Figure 

4.7B) however, α-ISA degradation generated a relatively reduced amount of 

acetic acid whereby the yield was 2.22 mM across the batch/fed cycle, 

representing a percentage yield of 56%. In the NH4
+ amended CDP fed microcosm 

(Figure 4.7C), the net acetic acid accumulation was 2.73 mM which represents a 

yield of 63% while its counterpart without NH4
+ (Figure 4.7D) yielded relatively 

lower amounts of acetic acid (1.47 mM) representing a 37% yield. In all systems 

the pH was not amended during the sampling period, however a decrease in pH 

of about 1.0 pH unit was observed.   
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Figure 4.7 ISA biodegradation in model systems driven by Ca(ISA)2 with/witout NH4
+ 
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Figure 4.7 continues: (A) Ca(ISA)2 driven system amended with NH4
+, (B) Ca(ISA)2  driven 

system without NH4
+, (C) CDP driven system amended with NH4

+, (D) CDP driven system 

without NH4
+ 
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The biomass generated during the degradation process are presented in Figure 4.8 

whereby the profiles appear similar in all systems. Throughout these systems, 

increased biomass was observed by the stationary growth phase indicating that 

microorganisms within these systems were able to assimilate ISA regardless of 

the source of carbon or presence or absence of NH4
+.  However, the standing 

biomass at the beginning of the feed cycle was markedly different. The 

microcosms run in the absence of NH4
+ had a ten-fold greater standing biomass 

than the NH4
+ fed systems suggesting that the presence of ammonia was reducing 

the overall level of biomass supported by the system. This agrees with the review 

by Yenigün and Demirel [237] which reported the toxicity of ammonia in a 

methanogenic system.  The effect of ammonia on the growth of Bacillus species 

and some other bacteria have also been investigated by Leejeerajumnean et al. 

[238]. 

  

Figure 4.8 Biomass produced in the different systems 

Biomass from Ca(ISA)2 and CDP systems amended with NH4
+ or in NH4

+ free media 
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 Gas evolution within the microcosms 

The generation of gas was observed within the headspace of each system, where 

methane (CH4), carbon dioxide (CO2) and hydrogen (H2) were evolved (Figure 

4.9). Within the headspace of the α-ISA system amended with NH4
+, the total CH4 

generation was 9.8x10-1 mM (Figure 4.9A) which represents a yield of 24.6% of 

the total degraded carbon substrate. In the same microcosm, CO2 generation was 

1.7x10-1 mM whereas H2 generation was 1.2x10-1 mM representing percentage 

yields of 4% and 3% respectively. The CO2 yields however, may have been 

underestimated due to the possibility of alkaline pH enhancing its solubility. In 

the case of α-ISA system without NH4
+, the headspace gas evolution included a 

total of 1.25 mM (Figure 4.9B) constituting 31% yield of CH4, 4.5x10-2 mM of 

CO2 representing 1% yield whereas 1.0x10-1 mM generation of H2 made up a net 

yield of 2.5%. Within the CDP-fed microcosms, a total of 1.07 mM methane gas 

was generated within the headspace of the system amended with NH4
+ (Figure 

4.9C). This concentration represented 24.88% yield of the CH4 gas. The 

production of 2.58x10-1 mM CO2 constituted 6.01% while 8.5x10-2 mM H2 

constituted 1.97x10-1% yield from the carbon source. In a similar fashion, the 

generation of 1.33 mM CH4 gas yielded 33.3%; 1.4x10-1 CO2 yielded 3.0% while 

2.5x10-1 mM H2 yielded 6.25% within the headspace of microcosm driven by 

CDP but without added NH4
+ (Figure 4.9D). The relative percent gas yields across 

the systems are presented in Figure 4.10. Generally, CH4 appeared to be the major 

gas generated in these systems. Paired T-test analysis showed significant 

difference between the production and accumulation of CH4 in the NH4
+ amended 

and the NH4
+ free systems (P = 0.0006; for both Ca(ISA)2 and CDP driven 

microcosms) 
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Figure 4.9 Headspace gas evolution in model systems  
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Figure 4.9 continues: Headspace gas measured from microcosms - (A) α-ISA driven system 

amended with NH4
+, (B) α-ISA driven system without NH4

+, (C) CDP driven system 

amended with NH4
+, (D) CDP driven system without NH4

+ 
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Figure 4.10 shows the relative amounts of fermentative product (acetic acid) 

headspace gas evolution across all four methanogenic systems. The CDP system 

amended with NH4
+ appeared to have generated and accumulated more acetic acid 

that the other systems but on the average, the Ca(ISA)2 systems seemed to have a 

greater yield. The reason for this however requires further investigation.      

 The NH4
+ amended systems generated more CH4 than the NH4

+ free system. This 

suggests that although at higher concentrations NH4
+ become toxic and inhibits 

the growth of some microorganisms, in a complex methanogenic polymicrobial 

system, it still remains one of the essential nutrients for microbial growth and 

activities. Many researchers including Koster and Lettinga [239], Angelida and 

Ashring [240] have reported that aceticlastic methanogens are more sensitive to 

NH4
+ inhibition compared to hydrogenotrophic methanogens. In a recent study, 

Hao et al. [241] noted that total ammonia nitrogen impacted significantly on 

methanogenesis. They however noted that CH4 production was recovered by the 

synthrophic oxidation of acetate in association with Hydrogenotrophic 

Methanogenesis performed by acetate oxidizing syntrophs or through 

Acetoclastic Methanogenesis catalyzed by members of the Methanosarcinaceae 

family. It can therefore be demonstrated from the present study involving complex 

system of microorganisms that the increased generation of CH4
+ in the NH4

+ 

amended system could be the result of activities of hydrogenotrophic 

methanogens. 
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Figure 4.10 Percentage yields of acetic acid and headspace gas evolution across the 

established consortia 
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 Microbial community profiling based on 16S rRNA gene sequencing 

Analysis of the four established communities and a sample of the seeding 

(background) soil based on 16S rRNA gene sequencing showed that these 

communities were very diverse where several thousands of microbial species 

belonging to both archaea and bacteria were present. The total valid reads for the 

background soil was 2,822 out of which a bulk of 2819 was made up of bacterial 

domain and 3 from the domain Eukarya which were not considered for the 

purposes of this study. There were no reads for Archaeal taxa within the 

background soil where their presence appeared to have been masked by the 

dominating bacterial domain. The bacterial domain was composed of a diverse 

community of bacterial groups where Proteobacteria (1,360), Firmicutes (446), 

Actinobacteria (377) and Bacteroidetes were prominent. Actinobacteria (100), 

Planctomycetes (71) and Chloroflexi were also present in relatively higher 

proportions.  

In the established consortia fed with Ca(ISA)2 and amended with NH4
+, out of the 

total of 14,421 OTUs, 14,030 were of the bacterial domain whereas 391 composed 

of members of the Archaeal domain. Compared to its NH4
+ free counterpart, the 

bacterial domains were 33,708 whereas the Archaea were 1,55. In both systems, 

the Archaeal domain consisted mainly members of the phylum Euryarchaeota. In 

the bacterial domains, the dominant phylum for both systems, was Firmicute 

where the system with NH4
+ consisted of 10,644 clones of its totals but 21,221 for 

its counterpart without NH4
+. Members of the phyla Proteobacteria and 

Bacteroidetes were present but their dominance varied between the two systems. 

While Proteobacteria (1,779) was the second predominant phylum in the Ca(ISA)2 

system amended with NH4
+, this phyla was the third highest (2,135) in the system 

without NH4
+ even though it appeared more in numbers than its counterpart. 

Bacteriodetes was the second in prominence (8,611) in the system without NH4
+ 

while it was the third (1,547) in the other system with NH4
+. Other phyla which 
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occurred in relatively higher proportions in both systems respectively for 

Ca(ISA)2 with and without NH4
+ included Actinobacteria (10; 54), Chloroflexi (5; 

56) and Acidobacteria (3; 23). Unique phyla of the system without NH4
+ included 

Planctomycetes (26), Tenerricutes (15), Chlorobi (15), Verrucomicrobia (8), 

Gemmatimonadetes (6) and Saccharibacteria (1). 

In the case of the CDP driven systems, the total number of OTUs identified were 

14,900 for the system with NH4
+ and 42,090 for the other system without NH4

+. 

Out of these totals, the bacterial domain (14,427) constituted 97% in the system 

with NH4
+ while the system without NH4

+ was made up of 99.9% of bacterial 

domain (42,090). The Archaeal group of organisms which was mainly composed 

of members of the phylum Euryarchaeota, were also present in smaller 

proportions in these systems where only 1.72x10-2% of the totals were present in 

the consortia amended with NH4
+ and only 6.41x10-4 % in the ammonia free 

system. In both CDP systems, in the bacterial domain, the phylum Firmicutes 

dominated representing 71% of the total reads in the presence of NH4
+ which fell 

to 47% in the absence of NH4
+. Proteobacteria made up the second largest group 

in both systems representing 18% with NH4
+ and 47% without NH4

+. Members of 

the phylum Bacteroidetes were also present in both systems but were much more 

prevalent in the system with NH4
+ (11%) than that without (2.2x10-1 %). Other 

minor phyla present in both systems included Actinobacteria, Chloroflexi, and 

Planctomycetes. While the phyla Armatimonadetes and Chlamydiae were unique 

to the system amended with NH4
+, Saccharibacteria and Spirochaetes were unique 

to the system without NH4
+.  

Across the CDP and Ca(ISA)2 fed microcosms, the established consortia at the 

phylum level produced some differences and similarities whereby taxa associated 

with the phylum Acidobacteria were conspicuously missing in both systems fed 

with CDP. Also, the phylum Saccharibacteria, although smaller in numbers, 

appeared to be associated with only the systems without NH4
+. The shared and 
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unique phyla between the background soil communities and the established 

consortia across all systems are shown in Figure 4.11. In general, the NH4
+ free 

systems were more diverse than the systems enriched with NH4
+ which reflects 

on the lower biomass recorded in the previous section. 

    

    

Figure 4.11 Shared and unique phyla within the background soil and the established 

consortia  

(A) Ca(ISA)2-fed microcosm and (B) CDP-fed microcosm. Q; background soil, P Ca(ISA)2 

with NH4
+, R; Ca(ISA)2 without NH4

+, S; CDP with NH4
+, T; CDP without NH4

+. Number in 

parenthesis represents the number of phyla. In (A), a; Fibrobacteres and Spirochaetes, b; 

Chlamydiae, c; Tenericutes and Saccharibacteria, a∩b; nil, b∩c; nil, a∩c; Nitrospirae, Chlorobi, 

Verrumicrobia, a∩b∩c; Proteobacteria, Chloroflexi, Firmicutes, Planctomycetes, 

Actinobacteria, Acidobacteria, Gemmatimonadetes and bacteriodetes. In (B) a; Chlorobi, 

verrumicrobia, Gemmatimonadetes and Nitrospirae, d; Clamydiae, e; Saccharibacteria a∩d; 

Spirochaetes, a∩e; Armatimonadetes, d∩e; nil, a∩d∩e; Proteobacteria, Chloroflexi, 

Firmicutes, Planctomycetes, Actinobacteria and bacteriodetes.    
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At the genus level, within the Ca(ISA)2 system, out of the total taxa under 

consideration, 12 were unique to Ca(ISA)2 without NH4
+, another 12 were unique 

to the system with NH4
+ while 32 were unique to the background soil.  Whereas 

10 taxa were shared between the two Ca(ISA)2 fed systems, a unit taxon was 

shared between each of the Ca(ISA)2 and the background soil. Four genera were 

shared between all three communities (Figure 4.12A). Within the CDP 

communities, a similar trend occurred whereby 24 taxa at the genus level, were 

unique to the system fed with CDP plus NH4
+ whereas 10 taxa were unique to the 

system fed with CDP but without NH4
+. Here, the background soil consisted of 

30 unique taxa. All three communities shared only one taxon (Tissierella) between 

them. While the CDP with NH4
+ driven system shared a unique taxon with the 

CDP counterpart without NH4
+, the former also shared only one taxon with the 

background soil. There was no common taxon between the background soil and 

the CDP system without ammonia (Figure 4.12B). Collectively, these findings 

suggest that NH4
+ impacted on the selection of taxa in these systems.  

    

Figure 4.12 Effect of NH4
+ on evolution of (A) Ca(ISA)2 driven system and (B) CDP driven 

system.  

The Venn diagrams show unique and shared genera across the systems and the background 

soil 
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The Alpha-diversity indices of OTUs of the established microbial communities 

compared with the background soil (Figure 4.13) appeared to show that the 

consortia fed with CDP and amended with NH4
+ was most diverse representing 

32% of the total OTUs followed by its Ca(ISA)2 counterpart (29%). The 

community fed with Ca(ISA)2 but without NH4
+ appeared as the next diverse 

representing 16% and followed by its CDP counterpart (12%). Although the 

overall results suggest that NH4
+ played a significant role in the selection of taxa 

in these communities, it appears microorganisms that were selected in the 

Ca(ISA)2/CDP enrichment systems were very low in numbers in the background 

soil. This could be due to the harsh environmental conditions such as lower 

nutrient availability and pH stress (site pH in situ was 12.5) which may have 

caused taxa associated with class such as Clostridia to sporulate. The high number 

of bacteria therefore appeared to have skewed the DNA extraction and the 

subsequent alpha diversity indices in favour of the enrichment cultures against the 

initial soil. Furthermore, the alpha-diversity indices (Figure 4.13) appeared to 

show that NH4
+ enrichment supports a more diverse microbial population than it 

NH4
+ free counterpart but it could be due to the skewing of the DNA extraction 

in favour of the NH4
+ enrichment which has been found to have a lesser diversity 

in the previous section.  
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Figure 4.13 α-diversity indices of the OTUs of the background soil and the established 

microbial communities. 
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The evolutionary relationship using the taxonomic assignments of the established 

taxa across the different consortia and  that of the background soil was also 

investigated where beta-analysis by Unifrac distance matrix and Principal 

Coordinate Analysis (PCA) [242] showed that irrespective of the carbon source, 

the taxa within these consortia amended with NH4
+ were much more clustered 

together indicating a phylogenetic relationship between them (Figure 4.14).  The 

systems without NH4
+ however, did not cluster together indicating that they were 

not as phylogenetically related as those selected by the NH4
+. This further 

suggests that ammonia rather than the carbon source had a bigger impact the 

community evolution. 

 

Figure 4.14 β-diversity by Unifrac distance matrix and PCA of the established microbial 

community 

The microbial communities were from Ca(ISA)2 and CDP systems amended with/without 

NH4
+. The  diagram shows the phylogenetic relationship between taxa associated with the 

established consortia and the background soil. Lines indicate the distance between 

communities 
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At the genus level, in both systems (CDP and Ca(ISA)2) amended with NH4
+, taxa 

associated with unclassified genus with the designation AB630534 were most 

prevalent, representing 19% of the total Ca(ISA)2 driven system and 11% of the 

CDP-driven system (Figure 4.15). In both systems while taxa associated with 

Clostridiales dominated, representing 59% and 64% of the totals respectively, the 

systems without NH4
+ were composed of 22% and 44% in respect of Ca(ISA)2 

and CDP driven communities (Figure 4.15). The Ca(ISA)2 and CDP driven 

systems without NH4
+ were dominated by taxa associated with the orders 

Tissierellales (27%) and Burkhoderiales (46%) respectively. 

Within the order Clostridiales present in both Ca(ISA)2 and CDP driven 

communities, clones from the genus Clostridium showed greatest sequence 

homology to Clostridium clariflavum and Clostridium geopurificans. Clostridium 

clariflavum has been implicated in the production of acetic acid from 

carbohydrates [243] while Clostridium geopurificans has been associated with 

fermentative bioremediation of cyclic nitramine explosives (Research 

Department eXplosive (RDX)) [244].  The genus Ercella were also prevalent with 

the NH4
+ rich systems where they constituted 3% of the total reads in the Ca(ISA)2 

system and 6% of the CDP system. Although the clones associated with this genus 

at the species level were unclassified, earlier studies have shown that some species 

are associated with the production of succinate [245].  Members of the genus 

Acetobacterium were unique to both systems driven by Ca(ISA)2 where they 

consisted of 2% of total reads within the system amended with NH4
+ but only 1% 

of the system without NH4
+. The genome analysis showed that members of this 

genus exhibit greatest sequence homology with Acetobacterium wieringae, 

Acetobacterium carbinolicum and Acetobacterium woodii. Acetobacterium 

wieringae, described as an anaerobic, chemlithotrophic, acetogenic bacterium, 

has been shown to be capable of chemolithotrophical conversion of molecular 

hydrogen and carbon dioxide into acetic acid as the only product [246]. The study 
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by Eichler and Schink [247] demonstrated that Acetobacterium carbinolicum, 

obligate, anaerobic bacterium is capable of  utilising H2/CO2, aliphatic alcohols, 

glucose, fructose, lactate, pyruvate and other organic compounds to generate 

acetate and other VFAs. Acetobacter woodii has been associated with the 

utilisation of CO to produce acetate [248]. Furthermore, the study by Balch et al. 

[249] demonstrated that Acetobacterium woodii was capable of oxidising 

hydrogen and reducing carbon dioxide to generate acetate and in a co-culture with 

methanogens methane is generated from those substrates. Another genus from 

Clostridiales that was present and unique to the systems without NH4
+ was the 

genus Desulfitobacterium which made up 0.9% of the totals in the Ca(ISA)2 

system and 0.8% of the total reads in the CDP system. The clones within this 

genus exhibited highest sequence homology with Desulfitobacterium hafniense. 

This organism has been described by Prat et al. [250] as anaerobic, spore-forming, 

ubiquitous environmental microorganism with a broad metabolic versality and is 

capable of adapting its physiology during adverse conditions. The authors 

demonstrated that Desulfitobacterium hafniense was capable of utilising 

tetrachloroethane through organohalide respiration from which genome 

investigation revealed the presence of 57 proteins involved in stress response and 

associated regulatory pathways. Proteins involved in carbon and energy 

metabolism were also noted [250]. Members of the genus Acetovibro from the 

order Clostridiales were also present within the CDP enriched with NH4
+ where 

they represented 7.8% of the totals. A small proportion of this genus was also 

present within the Ca(ISA)2 counterpart where they made up to only 0.4% of the 

total reads in the system. The clones within the Acetovibro showed greatest 

sequence homology to Clostridium straminisolvens which has been described 

previously to be associated with cellulolytic processes [251]. Also present within 

the two systems with NH4
+ was the genus Anaerotruncus colihominis which 

represented 3.50% of the totals within the CDP system and only 0.30% in the 

Ca(ISA)2 system. This organism is reported to be capable of growth up to up to a 
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pH of 11 and can ferment a range of sugars to acetic acid and gas [252]. The genus 

Anaerovorax was found only in the CDP-driven system with NH4
+ where it 

represented 1.3% of the total reads. Although the species under this genus were 

unclassified,  other reported species within the same genus are noted to be capable 

of producing acetate, butyrate, molecular hydrogen and ammonia from organic 

substrates [253]. The genera Anaerosporobacter and Desulfitispora were also 

found in smaller proportions within the CDP systems. While Anaerosporobacter 

represented only 0.62% of the total reads within Ca(ISA)2 system with NH4
+, a 

similar percentage of 0.69% was represented by Desulfitispora within the 

Ca(ISA)2 system without NH4
+. While some species of Anaerosporobacter are 

noted to be associated with the metabolism of a range of carbohydrates with the 

end products being formate, acetate and hydrogen [254] some species of 

Desulfitispora are described as anaerobic halophilic microorganisms capable of 

sulfidogenic metabolism [255]. 

The genus Alcaligenes from the order Burkholderiales which dominated the 

system fed with CDP without NH4
+ was unique to that that system (Figure 4.15). 

Members of this genus showed greatest sequence homology with Alcaligenes 

aquatilis, Alcaligenes faecalis and one other unclassified species with the 

designation AKMR. While Alcaligenes aquatilis, was also found in very small 

amounts in the Ca(ISA)2 driven systems, is noted for tolerance to high pH and 

toxic concentrations of heavy metals such [256, 257], Alcaligenes faecalis is 

associated with anoxic degradation of phenol as sole carbon source and has 

demonstrated the ability to denitrify [258]. A subspecies of Alkaligenes found in 

CDP without NH4
+ fed system was Alcaligenes faecalis subsp. phenolicu which 

has previously been associated with phenol degradation and denitrification [259]. 

Another genus from the order Burkholderiales found within the Ca(ISA)2 system 

with NH4
+ was Delftia which represented 3.18% of the total reads. Some reported 

species of Delftia have been noted to degrade extracellular peptidoglycan and 
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various kinds of carbohydrates [260]. Some species from the order 

Burkholderiales were present in small fractions across the systems. For instance, 

there were clones which showed greatest sequence homology with 

Herbaspirillum lusitanum which was found only among the two communities 

with NH4
+ which has been reported previously to be involved in nitrogen fixation 

[261]. Clones that showed greatest sequence homology to Herbaspirillum hiltneri 

and Herbaspirillum frisingense were also prevalent within the Ca(ISA)2 system 

with NH4
+ and CDP without NH4

+ respectively. While Herbaspirillum hiltneri is 

reported to possess proteins  that are involved in the transport and assimilation of 

nitrates [262], Herbaspirillum frisingense is reported to be involved in nitrogen 

fixation [263]. The presence of clones that showed 99% sequence identity with 

Hydrogenophaga flava, 96% sequence similarity with Rodoferax saidenbachensis 

and 87% sequence homology with Paraburkholderia metalliresistens were 

present in the community fed with Ca(ISA)2 without NH4
+. Previous studies have 

shown that while Hydrogenophaga flava is capable of autotrophic hydrogen 

oxidation [264], Rodoferax saidenbachensis is reported as a psychrotolerant slow 

growing bacterium capable of utilising various kinds of carbohydrate substrates 

including glucose and lactate [265]. Earlier studies by Guo et al showed the 

multiple heavy-metal resistance capabilities of Paraburkholderia metalliresistens 

including resistance to Cd2+, Pb2+ and Zn2+ [266]. 

Within the Firmicutes, the order Tissierellales was prevalent only in the 

microcosms without NH4
+ where taxa associated with this genus represented 27% 

of the entire community fed on Ca(ISA)2 and only 2% that of the CDP counterpart. 

The genus Tissierella which consisted of 11.26 % of the total reads in the 

Ca(ISA)2 system, also prevailed in a small proportion of 5% in the CDP 

counterpart. Clones of the genus Tissierella, showed the greatest sequence 

homology to Tissierella creatinine, previously reported to be associated with the 

with the utilisation of nitrogen-containing compounds such as creatinine [267].  
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In the systems without NH4
+, the predominant taxa at the genus level included 

Sedimentibacter which represented 19% of the Ca(ISA)2 population. The genus 

Sedimentibacter was also present in other systems including both systems with 

added NH4
+. Members of this genus were observed to show greatest sequence 

homology with Sedimentibacter hydroxybenzoicus and two other unclassified 

species. Sedimentibacter hydroxybenzoicus, strictly anaerobic and capable of 

growth up to 41°C at circumneutral pH has been noted for fermentative 

degradation of organic pollutants with major VFAs being acetate and butyrate 

[268]. Other known species of this genus are associated with the fermentation of 

amino acids and pyruvate to generate acetate, butyrate and lactate [269].  
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Figure 4.15 System community profiling at the genus level 
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Microbial community profiling at the order level showed quite a diverse group of 

microorganisms within the background soil from where the various enrichment 

systems have evolved (figure 4.16). The order Burkhoderiales were dominant and 

they represented 13% of the total community within the background soil. Also 

present were taxa associate with the orders Xanthomonadales, Rhodospirillales, 

Rhodobacteraes, Rhizobiales and Sphingomonadales within the phylum 

Betaproteobacteria. Together these taxa represented 21% of the total reads. Taxa 

associated with the order Cytophagales were also present within the soil sample 

but could not be found in any of the established communities. The absence of 

methanogens was quite conspicuous within the soil sample, which may be 

attributed partly to the high pH of the site of the soil as well as a lack of substrates 

to support the growth methanogens. 

Several taxa associated with different orders were present but could not be shown 

in the figures 4.16 and 4.17 because their reads fell below the inclusion criterion 

of 0.5%. These taxa are therefore included in the sector designated as ‘ETC < 0.5’ 

of each figure.    

The order Bacteroidales was common to all systems except the CDP-driven 

system without NH4
+ where it was conspicuously missing (Figures 4.16 and 4.17). 

Its prevalence in the Ca(ISA)2 system with NH4
+ was only 10% of the total 

community but 25% of the Ca(ISA)2 without NH4
+ where it was the second most 

prevalent order to the order Tissierellales. The genus Paludibacter from the order 

Bacteroidales was quite common to those systems which supported the selective 

growth of members of this order including the two Ca(ISA)2 systems and their 

CDP counterpart enriched with NH4
+. Clones of the genus Paludibacter showed 

greatest sequence similarity with Paludibacter propionicigenes which has 

previous been described as strictly anaerobic bacterium capable of producing 

propionic acid [270]. The genus Flavobacteria was also prevalent across the 

systems where clones showed highest homology to Flavobacterium reichenbachii 
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the functional activities of which have not been well characterized. Other clones 

from this order were present in the in the CDP systems with NH4
+ which showed 

a high degree of similarities to Prevotella malaninogenica, Alistipes shahii and 

Barnesiella intestinihominis all of which are not very well characterised in terms 

of their functional roles. 

Members of the taxa associated with Pseudomonadales also consisted of a 

significant proportion of the background soil and total established consortia across 

the systems except CDP system without NH4
+. It comprised 5% of the Ca(ISA)2 

driven system with NH4
+, 3% of the Ca(ISA)2 driven system without NH4

+ and 

9% of the CDP driven system with NH4
+. At the genus level, systems comprised 

of Pseudomonas associated taxa representing 4%, 2.64% and 1% respectively of 

the total communities driven by Ca(ISA)2 with NH4
+, Ca(ISA)2 without NH4

+ and 

CDP with NH4
+. The genus Acinetobacter were present in the CDP fed 

community the represented the most prevalent Pseudomonadales (8%). Here, the 

clones within the communities showed greatest sequence homology with 

Acinetobacter Iwoffi group. The order Rhodocyclales were also more prevalent 

within the CDP driven system with NH4
+, representing 6% of the total community 

than 2% and 2% in respect of Ca(ISA)2 system with NH4
+ and without NH4

+. 

While the order Rhodocyclales was not found in the CDP system without NH4
+, 

the taxa with this order were dominated by members of the genera Azonexus and 

Azovibrio which have both been implicated in diazotrophism (nitrogen fixation) 

[271].  

The order Erysipelotrichales were the second most prevalent taxa within the 

Ca(ISA)2 driven system without NH4
+ where the order represented 13% of the 

total community. In the other Ca(ISA)2 system however, the order represented 6% 

of the total community.  While the order was missing in the CDP system without 

NH4
+, it represented only 1% of the total community within the CDP consortia 
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enriched with NH4
+. Most of the members of this order fell into the unclassified 

genus with the designation AB237727 (Figure 4.15).  

The order Coriobacteriales of Actinobacteria was unique to the CDP system 

without NH4
+ where the percent prevalence was 6% of the total community. Taxa 

belonging to this order fell into the unclassified genus designated GQ396959 

where members showed highest sequence similarity to GU565251. 

Another order that was unique to the Ca(ISA)2 driven system without NH4
+ was 

the order Thermoanaerobacteriales where taxa associated with this order 

composed of 0.6% of the established community. At the genus level, members 

within this order belonged to Thermoanaerobacterium. Although clones 

belonging to this genus were unclassified, previous studies have shown that 

members are thermophilic, anaerobic bacteria with some species capable of 

fermenting xylan and biomass-derived sugars to produce ethanol at high yields 

[272]. 

The order Bacillales was present in the Ca(ISA)2 driven system with NH4
+ where 

it represented 7% of the total community and also in the system fed with CDP 

with NH4
+ where it consisted of 0.6% of the total reads. Taxa associated with this 

order fell mainly into the genus Bacillus (Figure 4.15) where the clones present 

expressed highly similar sequence homology with a number of Bacillus species. 

For instance, some clones shared greatest sequence homology (99%) with 

Bacillus endoradicis, (97%) with Bacillus cereus, (99%) with Bacillus pumilus, 

(95%) with Bacillus litoralis, (99%) with Bacillus zhaugzhouensis, (99%) with 

Bacillus crassostreae, (97%) with Bacillus aquimari and (97%) with Bacillus 

nealsonii previously reported to produce spores that are resistant to radiation such 

as gamma radiation [273]. 

The order Enterobacteriales of Gammaproteobacteria were present within the 

established consortia fed with NH4
+-enriched Ca(ISA)2 and CDP (Figure 4.17). 

The percent prevalence of the order in these communities were 0.7% for the 
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Ca(ISA)2 driven community and 1% of the CDP community. Within this order, 

members of the genus Citrobacter were most prevent where the clones showed 

high sequence similarity (99%) to Citrobacter gillenii. 

Desulfovibrionales from Gammaproteobacteria were present in the community 

fed with NH4
+-rich Ca(ISA)2 representing 0.6% of the total reads (Figure 4.13B). 

The dominant genus of this order was Desulfovibrio where clones belonging to 

this genu expressed greatest sequence homology (99%) with Desulfovibrio 

putealis. Desulfovibrio putealis have been previously reported to be involved in 

sulphur reduction [274]. 
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Figure 4.16 Microbial community profiling of the systems’ background soil at the Order 

level 
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B. Ca(ISA)2-driven system with NH4
+                C. Ca(ISA)2-driven system without NH4

+ 

 

   

      D. CDP-driven system with NH4
+                        E. CDP-driven system without NH4

+ 

Figure 4.17 ISA degrading systems community profiling at the order level 
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Archaeal taxa of the orders Methanobacteriales and Methanosarcinales were 

present within the community profiles. The Methanobacteriales were present in 

both Ca(ISA)2 and CDP systems amended with NH4
+ where they represented 2% 

of the communities. Taxa associated with Methanobacteriales were also present 

in the community fed with CDP but without NH4
+ however, the fraction of their 

prevalence fell below the 0.5% mark selected for further analysis in this work. 

The Archaeal taxa associated with Methanosarcinales prevailed within the 

community driven by Ca(ISA)2 but without NH4
+ where these taxa composed of 

5% of the total reads. At the genus level, the Methanobacteriales were represented 

almost exclusively by the genus Methanobacterium where the clones of this genus 

showed the greatest sequence homology with Methanobacterium alcaliphilum, a 

hydrogenotrophic methanogen, capable of growth up to pH 9.9 [275]. Some of 

the clones also showed high sequence similarity with Methanobacterium movens 

which is reported to generate methane from H2 and CO2 [276]. High degree of 

sequence similarity of clones of Methanobacteriales from the CDP with NH4
+ 

driven system to Methanobacterium flexile was also observed whereby similar to 

M. movens, this archaeal species is also noted by the same authors to produce 

methane solely from H2 and Carbon dioxide [276]. On the other hand, clones 

within the order Methanosarnales showed greatest degree of sequence similarity 

to Methanosarcina mazei and Methanosarcina soligelidi which are all capable of 

acetogenic methanogensis. The Methanosarcina mazei has previously been 

described by Deppenmeier et al. [277] as obligate anaerobic metabolically 

versatile methanogen whereby detailed genomic analysis suggested an important 

evolutionary role played by lateral gene transfer in forging the physiology of this 

metabolic versatility. The authors noted that M. mazei is capable of utilising 

acetate, H2/CO2 and methanol to generate methane and carbon dioxide and when 

methylamines are used as substrate, they can also generate ammonia [277]. The 

description and functional activities of Methanosarcina soligelidi were noted by 

Wagner et al. [278] as  desiccation- and freeze-thaw-resistant methanogenic 
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archaeon capable of both hydrogenotrophic and aceticlastic methanogenesis using 

H2/CO2, acetate and methanol as substrates. 

Although ammonia is essential for microbial growth, the addition or omission of 

NH4
+

 from the cultivating media did not affect the degradation of ISAs or their 

products. As a result, a similar chemical evolution occurred in both systems with 

and without NH4
+. The presence NH4

+ however, impacted on the microbial 

community evolution in these systems. This is evidenced by the differences in the 

community structures. The β-diversity indicated by the Unifrac distance matrix 

and PCA showed that both Ca(ISA)2 and the CDP systems amended with NH4
+ 

selected for taxa that clustered together and hence, were phylogenetically related 

as compared to the background soil and the NH4
+ free systems (Figure 4.14).  The 

NH4
+ free systems did not cluster suggesting that NH4

+ was the main factor for 

the selection and clustering of the taxa. 

These results for the first time, demonstrated methanogenesis from α-ISA as sole 

carbon source at pH values relevant to the alkaline disturbed zone of the ILW 

GDF. The findings of this study coupled to recent findings by Kuippers et al. [74] 

and Rout et al. [58, 113] indicate that either α-ISA alone or as a part of mixed 

carbon source in the form of CDP are likely to support a methanogenic system 

within the operational period of such a facility. Irrespective of the source of ISA 

(single or mixed diastereomers), the degradation rates were similar. Together, 

these findings suggest that the metabolism of ISA diastereomers occur through 

the same metabolic pathways. The outcome of this study however, contrasts with 

previous studies which appeared to suggest that α-ISA is not degradable without 

the presence of terminal electron acceptors [70].  

The generation of methane was due to presence of Methanobacteriales and 

Methanesarcinales supported by the background soil which is consistent with 

previous studies in which soil sample from the same site at  Harpur Hill has 

supported the growth of methanogens [58, 83]. The volumes of methane generated 
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across these systems appear similar indicating that ISA was the main carbon 

source that generated the substrates for methanogenesis. The other carbon sources 

within the CDP are likely to be recalcitrant to these methanogens. The 

recalcitrance of some of the components of CDP was previously reported [73, 

113].  

According to Krich et al. [279], in a biphasic anaerobic digestion 4 mM of a 

carbohydrate substrate would yield 8 mM acetic acid. The generation and 

accumulation of acetic acid within these systems fell below the theoretical values 

whereby the Ca(ISA)2 amended with NH4
+ system yielded 30% of the theoretical 

values, the NH4
+ free Ca(ISA)2 system; 28%, CDP amended with NH4

+; 54% and 

NH4
+ free CDP 18% of theoretical values. This observation in addition to the 

presence of both acetogenic and hydrogenotrophic methanogens indicate that the 

major biochemical pathway for methanogenesis within these systems was both 

aceticlastic and hydrogenotrophic methanogenesis. It is also important to note that 

the reduction in acetate concentration with respect to the theoretical values in 

these polymicrobial systems could not only be limited to Archaeal processes since 

earlier findings have reported syntrophic interaction between acetate-oxidizing 

bacteria and autotrophic methanogens within methanogenic environment [280]. 

The authors indicated that syntrophic acetate-oxidizing bacteria such as 

Clostridium ultunense are capable acetate oxidation to H2 and CO2 only when 

their products could be utilised by hydrogenotrophic methanogens such as 

Methanoculleus. 
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 Determination of NH4
+ concentration in the background soil 

 

Apart from potentially playing a role in the selection of some taxa, the lack of 

NH4
+ did not seem to deprive microorganisms present within the microcosms of 

any essential growth factor. This was evidenced by both chemical and community 

evolutions discussed in the previous sections. As a result, an investigation into the 

cause of this similar profiles became necessary, one of which was to examine the 

level of soil NH4
+. The aim was to investigate the concentration of NH4

+ within 

the background soil in order to determine the possibility of microbial community 

to resource ammonia from their surroundings. 

Spectrophotometric determination of ammonium ion (NH4
+) concentration in the 

background soil extract using a modified indophenol method described by 

Bolleter et al. [220] showed that the background soil contained a residual 0.57 

mM NH4
+ per gram of soil. This suggests that the hyperalkaline background soil 

offered a source of NH4
+ that could potentially support the local microbial 

community. Figure 4.18 shows the calibration curve used to deduce the 

concentration of the soil NH4
+.   

    

Figure 4.18 Calibration curve for spectrophotometric determination of soil NH4
+ 

concentration.  

Absorbance of soil sample @ 620nm = 1.241 

y = 0.0012x

R² = 0.9862

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 500 1000 1500

A
b

so
rb

a
n

ce
 (

6
2
0
n

m
)

Concentraton of NH4
+ (µg/L)



123 

 

In the previous section, although some nitrogen fixers were encountered during 

the community analysis, they were found in both systems with and without NH4
+ 

and with similar percentage prevalence. As a result, their presence could not 

demonstrate that they had been purposely selected due to the absence of nitrogen 

source in the media. The determination of 0.57 mM NH4
+ per gram of the 

background soil meant that indigenous microorganism could resource NH4
+ from 

their environment which potentially was utilised for growth in the NH4
+ free 

systems. Within the NH4
+ amended systems, nitrogen levels appeared to be 

elevated as there were more sources that could generate nitrogen including the 

background soil, the cultivating media itself and from the nitrogen fixing bacteria 

such as Azonexus and Azovibrio which were encountered within the community 

analysis of these systems. This accounted for nitrogen toxicity which evidently 

reduced the overall biomass in those systems. 

 

 

 

 

 

 

 

 

 

 

 



124 

 

 The impact of using Ca(ISA)2 and CDP as a feedstock on microbial 

community evolution  

 

The use of calcium salt of α-ISA (Ca(ISA)2) and the mix of ISAs present in CDP 

are the two commonest sources of carbon used as feedstock in studies relating to 

nuclear waste disposal in literature. However, the review of Humphreys et al. [18] 

on cellulose degradation and the fate of degradation products under repository 

conditions indicated that under anaerobic alkaline conditions relevant to the 

cement-based radioactive repository, cellulosic materials will undergo 

degradation to form cellulose degradation products (CDP) [18]. This suggest that 

between Ca(ISA)2 and CDP, the latter would most likely form as the major source 

of carbon within the nuclear waste repository.  

The aim of this part of the section of the project was to investigate the impact of 

Ca(ISA)2 and CDP as feedstock on the evolution of the respective communities. 

In order to achieve this, the two established communities driven by NH4
+-rich 

Ca(ISA)2 and CDP feedstock were selected for further investigations.  

The results of the ISA degradation profiles appeared similar whereby both the 

Ca(ISA)2 and CDP were able to support the growth of microbial populations 

present within these two systems, evidenced by the removal of ISAs and 

formation of fermentative products. Analysis of the established consortia revealed 

that within the CDP driven system, 10 unique taxa were present at the genus level 

while 6 unique genera present within the Ca(ISA)2 system. Overall, there were 16 

shared taxa between the two systems (Figure 4.19). Comparing the two systems 

with the background soil sample, all three shared 4 taxa at the genus level between 

them while 32 genera were unique to the background soil sample. Furthermore, 

following the comparison of the two communities via Cramer von Mises-type 

statistics, the P value for Monte Carlo test was 0.004 indicating that the 

communities were significantly different.  
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Figure 4.19 Impact of Ca(ISA)2 and CDP on community evolution.  

Venn diagram of shared and unique genera across the three systems 

 

The presence of different taxa within the hyperalkaline-contaminated site 

suggests, in addition to previous studies, that microorganisms within the soil 

sediments of this site represent a diverse pool of metabolic potential for the 

bioremediation of organic polutants within the environment. The use of ISAs as a 

carbon source for growth within a fermentative system appears to have selected 

for Clostridiales, Bacteroidales and Burkholderia associated taxa. The prevalence 

of these taxa was unsurprising considering their strong affiliation with anaerobic 

fermentation of carbohydrates in previous studies [258, 281-283].  

In terms of the impact of Ca(ISA)2 and CDP across these system, differences and 

similarities were observed on the community evolution. Between the two systems, 

there were 16 shared taxa 11 of which were of the order Clostridiales. In spite of 

the similarities, quantitative comparisons between the two community profiles 

showed a significant difference (p = 0.004) between the two systems. This was 
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further confirmed by beta diversity by PCA, which indicated that the two system 

communities were significantly different from each other and from the original 

soil sample.   

The difference between the two communities fed with Ca(ISA)2 and CDP is the 

result of the more complex mixture of carbonaceous compounds present within 

the CDP. The method of generation of CDP has been previously shown to contain 

various organic acids of which ISA represents more than 70% of the total organic 

carbon [113]. A significant proportion of organic carbon could not be 

characterised within this study due to the detection limits of the equipment used 

in view of previous study which showed that the number of organic acids 

generated from alkaline hydrolysis of cellulose can be extensive [17]. This 

probably reflects the increased prevalence of members of the genus Acinetobacter 

within the CDP driven system, where previous studies have reported of their 

ability to grow under anaerobic conditions utilising a range of short chain organic 

acids [284, 285]. 

 Key findings 

 Microorganisms present within the microcosm were able to degrade ISA 

from both Ca(ISA)2 and CDP 

 The use Ca(ISA)2 and CDP as a carbon and the presence or absence of NH4
+ 

did not affect the chemical evolution but the community evolution 

 The presence of NH4
+ appeared to reduce the overall biomass of those 

systems amended with NH4
+ thereby suggesting ammonia toxicity 

 The background soil presents a source NH4
+ that could support the 

microbial growth 

 Microorganisms within the soil sediments of this hyperalkaline site 

represent a diverse pool of metabolic potential for the bioremediation of 

environmental organic polutans 
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 Microbial community ISA biodegradation under 

elevated pH conditions 
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 Rationale for the study 

Previous authors have shown the degradation of ISA associated with Ca(ISA)2 or 

as part of a CDP mixture at either circumneutral pH or higher pH up to pH 11.0 

[70, 73, 74, 83]. In these studies, however, the impact of pH on the evolution of 

associated communities has not been described. The aim of this section of the 

study was to investigate the degradation profiles of microbial communities 

associated with ISA degradation at elevated pH and the impact of high pH on the 

evolution of these communities. As a result, batch microcosms between pH 10.0 

and 11.5 driven by either Ca(ISA)2 or CDP were set up as described in the method 

section from which ISA biodegradation, headspace gas evolution and microbial 

community analysis data could be obtained after a 10-week feed/waste cycle at 

regular intervals up to day 30. 

 Results/discussion 

 Chemical analysis of Ca(ISA)2 driven microcosm 

Across the microbial consortia of the different pH ranges (pH 10.0-11.5), 

significant amount of ISA was degraded when Ca(α-ISA)2 was employed as the 

sole carbon source. At the beginning of the sampling period, the initial ISA 

concentration within the microcosms varied due to the residual ISA from the 

waste/feed cycle. In the pH 10.0 microcosm, at the end of sampling 3.46 mM 

representing 76% of the initial ISA had degraded. Within the microcosms in 

which pH was amended to 11.0 and 11.5, ISA degradation was affected due to the 

harsh alkaline environments. For instance, in the pH 11.0 microcosm, while 2.85 

mM (56%) of the initial 5.26 mM ISA degraded, a total of 2.98 mM representing 

53% of the initial ISA degraded from the pH11.5 system by the end of sampling 

(Figure 4.20). The first order mean rate of degradation of ISA in these systems 

was the same at 4.0 x 10-2 ± 00 d-1. It is worthy of note that in the pH10.0 system, 

ISA removal occurred gradually from the beginning of sampling until day 20 
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when a sharp drop was observed from that point until day 30 when the sampling 

ended. This observation coincided with a significant 1 unit drop in pH from the 

initial of 10.0 to 9.0 (Figure 4.20). The final pH in the pH 10.0 system was 8.5. A 

similar observation was made in the pH11.5 systems. There was no significant 

ISA degradation until day 5 probably due to the harsh conditions imposed on the 

system by the initial ambient pH. However, a sharp drop in ISA concentration 

(from 5.52 mM to 3.77mM) was observed when the pH dropped from 11.5 to 11.1 

between day 5 and day 15 suggesting evolution of the microcosm and formation 

of niches during the first few days.  

 

Figure 4.20 ISA degradation with concomitant acetic acid generation and pH drop 

across different pH ranges  
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In all three systems, acetic acid was the main volatile fatty acid detected from the 

fermentation of the carbon substrate. A net acetic acid accumulation of 1.55 mM 

representing a percentage acetic acid yield of 45% from the degradable ISA was 

detected in the pH10.0 system at the end of the sampling period. The net acetic 

acid yield detected from the pH11.0 microcosm at the end of sampling was 0.60 

mM representing a yield factor of 20%, was lower than that detected from the 

pH11.5 system where a net 0.80 mM (26% of degradable ISA) was detected.  

ISA degradation was accompanied by increase in cell biomass (Figure 4.21) as a 

measure of ATP activity within the microcosms. The growth kinetics appeared to 

be similar across the systems. Across the systems, increased biomass was 

observed by the end of the sampling period. 

   

Figure 4.21 Microbial biomass within microcosms at elevated pH 
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 Gas evolution in headspace of Ca(ISA)2 driven microcosms 

Gas generation was evident in the headspace of each microcosm where methane, 

hydrogen and carbon dioxide were detected (Figure 4.22). Within the pH10.0 

microcosm, a substantial amount of methane was generated when compared with 

the other two systems. Thus, at the end of sampling, the concentration of gases 

generated within the headspace of the pH10.0 microcosm was such that as 4.61 x 

10-2 mM representing 13.33% of the total degradable ISA was converted into CH4 

whereas the net yield of CO2 and H2 detected were 0.03 mM (1%) and 0.12 mM 

(3%) respectively. In the pH11.0 microcosm, a total net yield in respect of CH4, 

CO2 and H2 were 0.15 mM (5%), 0.1 mM (0.04%) and 0.05 mM (2%). Methane 

gas could not be detected from the headspace of the pH11.5 microcosm 

throughout the sampling period (Figure 4.22). However, the yields for CO2 and 

H2 detected were 0.14 mM (4.68%) and 0.04 mM (2%). The outstanding carbon 

is likely to have been transformed into biomass, dissolved inorganic carbon and 

possibly into the formation of carbonate.  

The percentage yield of acetic acid and all gases generated across the three system 

are summarised in Table 4.1.  
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Figure 4.22 Gas evolution within the headspace of the Ca(ISA)2 microcosms  

 

Table 4.1 Percentage yields for acetic acid and headspace gas evolution in Ca(ISA)2-

driven microcosms 

 Acetic acid  (%) CH4 (%) H2 (%) CO2 (%) Total (%) 

pH10.0 45 13.33 3.47 1.04 62.84 

pH11.0 20 5.09 1.69 0.47 26.82 

pH11.5 26 -  1.62 4.68 32.32 
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 Chemical analysis of the CDP driven microcosm 

The CDP driven microcosms also demonstrated ISA degradation across the three 

systems whereby ISA degradation was accompanied by acetic acid production 

(Figure 4.23) and the generation of CH4, H2 and CO2 in the headspace of these 

systems. There was also a significance increase in biomass in all the microcosms. 

In the pH10.0 microcosm, all the β-ISA (1.58 mM) was completely degraded 

within 20 days whereas 4.86x10-2 mM α-ISA could still be detected in the sample 

at the end of sampling (Figure 4.23). A total ISA of 3.61 mM that is 82% of ISA 

component of the CDP substrate degraded from the pH10.0 microcosm at a first 

order mean rate of total ISA degradation of 1.7 x 10-1 ± 00 d-1. When compared 

with the pH10.0 system driven by Ca(ISA)2 where 76% of the total ISA degraded, 

the CDP system appeared to favour ISA degradation. The ISA removal was 

accompanied by a net acetic acid yield of 46% which is similar to the percentage 

yield in the Ca(ISA)2-driven system. The pH dropped from the initial of 10.0 to 

pH 8.0 (Figure 4.23). In the microcosm in which the pH was elevated to 11.0, a 

total of 77% of the overall ISA within the microcosm was degraded (Figure 4.23) 

which is another improvement over its Ca(ISA)2 driven counterpart. The mean 

rate of total ISA degradation was 1.4 x 10-1 ± 0.00 d-1. The net acetic acid yield in 

this microcosm was 1.15 mM representing a percentage yield of 48%. This acetic 

acid yield is much higher than that observed in the Ca(ISA)2 driven microcosm 

partly due to the breakdown of a more amenable β-ISA. As shown in Figure 4.23, 

the pH of this system dropped from the initial of 11 to a final of 9.78. A similar 

trend of events occurred in the microcosm that was operated at an elevated pH of 

11.5. In spite of the harsh ambient pH, 66% of the original ISA degraded at first 

order mean rate of 1.4 x 10-1 ± 0.00 d-1 yielding a net acetic acid of 0.67 mM (23% 

yield). 
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Figure 4.23 α/β-ISA degradation profiles with accompanying pH drop in the CDP driven 

microcosms 

 

Figure 4.24 Total ISA and net acetic acid yields in the CDP-driven microcosm 
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Across the three systems, the increase in biomass, which accompanied ISA 

degradation, appeared to show a similar profile (Figure 4.25). 

 

Figure 4.25 Microbial biomass production in CDP-driven systems 

 

 Gas evolution in headspace of CDP-driven microcosms 

Similar to the Ca(ISA)2-driven microcosm, gases including CH4, CO2 and H2 were 

generated and could be detected within the headspace of the microcosms (Figure 

4.26). In the headspace of the pH10.0 microcosm, a total of 4.6x10-1 mM of CH4 

could be detected at the end of the experiment. This made a percentage CH4 yield 

of 13%. At the same time, CO2 and H2 gases were generated whereby the 

percentage yields were 1% and 3% respectively. In the case of the pH11.0 system, 

the percent yields in respect of the three detectable gases – CH4, CO2 and H2 were 

5%, 1.63% and 0.5%. No CH4 could be detected in the headspace of the pH11.5 

microcosm however, 0.1% and 2% yields were obtained respectively for CO2 and 

H2 (Figure 4.26). Table 4.2 provides a summary of the percent yields of acetic 

acid and headspace gas evolution.   
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Figure 4.26 Gas evolution within the headspace of CDP microcosms 

 

Table 4.2 Percentage yields for acetic acid and headspace gas evolution in CDP driven 

microcosms 

 Acetic acid 

(%) 

CH4 (%) H2 (%) CO2 (%) Total (%) 

pH10.0 46 12.90 3.49 1.00 63.39 

pH11.0 47.94 4.79 1.63 0.45 54.81 

pH11.5 23.10 -  1.65 0.47 25.22 

 

The acetic acid yield from both Ca(ISA)2 and CDP driven microcosms varied 

whereby the CDP system appeared to have produced more acetic acid than its 

Ca(ISA)2 counterpart. Meanwhile, the headspace gas evolution produced similar 

profiles that require further investigation. 
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 Microbial community profiling based on 16S rRNA gene sequences 

The diversity of microbial communities across the six microcosms sampled after 

30 days following a 10-week waste/feed cycle are compared based on 16S rRNA 

gene sequences. Although the prevailing environmental conditions were quite 

harsh, these microcosms maintained quite a diverse microbial consortia reflecting 

on the capabilities of some species of microorganisms to survive adverse 

environmental conditions [286, 287]. In total, over fifty thousand reads were 

obtained for each sample where a total of 33,708 consisting of 1,551 Archaeal and 

32,157 bacterial clone libraries were obtained by CD-HIT. The alpha-diversity 

analysis of the communities (Figure 4.27) shows that the pH10.0 CDP-driven 

microcosm was the most diverse community in terms of OTUs followed by its 

Ca(ISA)2 counterpart. While the two sets of pH11.0 and pH11.5 microcosms 

appeared to have similar taxonomic diversity, the latter was the least diverse. 

These findings suggest that pH was a key factor in the selection of taxa in these 

systems. 

The phylogenetic relationship between the selected taxa across the different 

microcosms was also investigated where beta-analysis by Unifrac distance matrix 

[242] showed that each of the Ca(ISA)2 and CDP systems selected for taxa that 

were phylogenetically related to each other (Figure 4.28). 
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Figure 4.27 Alpha-diversity rarefaction curve by CD-HIT  

The different consortia sampled for the alpha diversity analysis 30 days after a 10-week 

waste/feed cycle 
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Figure 4.28 Beta-diversity of sample from across the systems 

The beta-diversity shows the phylogenetic relationship between sets of taxa within the 

consortia of the different microcosms by Unifrac distance matrix [242] sampled after 30 days 

following 10-weeks waste/feed cycle 

 

The microbial community profiling showed established consortia under the pH 

stress conditions where taxa associated with the order Clostridiales dominating in 

all systems except pH 11.0 and pH11.5 CDP systems (Figure 4.29). In pH10.0, 

for both Ca(ISA)2 and CDP systems, Clostridiales dominated both community 

profiles representing 34% and 68% of the totals in respect of Ca(ISA)2 and CDP 

fed systems. In microcosms with elevated pH, the prevalence of Clostridiales was 

evident whereby the order consisted of 41% of the entire community profile of 

the pH11.0 Ca(ISA)2-fed microcosm, and 33% of its CDP counterpart. Similarly, 

in the pH11.5 microcosms, the taxon represented 38% and 32% in respect of the 

total community within the Ca(ISA)2 and CDP-fed consortia. At the genus level, 

one of the associated taxa of the Clostridiales which was prevalent across all 

microcosms was the unclassified genus with the designation GU455315_g which 
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represented 14% of the pH10.0 consortia fed with Ca(ISA)2 and dominated the 

CDP counterpart with a percentage composition of 29%. This genus also 

constituted 4% and 14% (respectively for pH11.0 Ca(ISA)2 and CDP) and; 6% 

and 19% for pH11.5 Ca(ISA)2 and CDP-fed consortia suggesting that this 

organism may have played a critical role in the chemical evolution of these 

microcosms. Another genus associated with this order and which was prevalent 

to all the systems was the genus Alkaliphilus which made a total of 6.17% 

(pH10.0. Ca(ISA)2), 11.23% (pH10.0 CDP), 6.71% (pH11.0 Ca(ISA)2), 7.63% 

(pH11.0 CDP), 2.04% (pH11.5 Ca(ISA)2) and 4.44%  (pH11.5 CDP). Members 

of the genus Alkaliphilus have been previously described as endospore-forming, 

alkaliphilic, strictly anaerobic chemo-organotrophic microorganism capable of 

utilising variety of carbohydrates and capable of growth up to 45°C  [288]. Other 

members of this genus have also been implicated in bioreduction of Fe(III)-citrate, 

Fe(III)-EDTA, Co(III)-EDTA, or Cr(VI) as electron acceptors which are all 

associated with the nuclear waste disposal concepts. In view of their capabilities, 

members of the genus Alkaliphilus, have been exploited for bioreduction or 

immobilization of toxic metals including cobalt, chromium, uranium and 

technetium [289]. The community analysis further suggests that the clones share 

greatest homology with Alkaliphilus peptidifermentans previously isolated from 

cellulolytic consortium and is described as aerotolerant, endospore-forming 

halotolerant anaerobe and obligate alkaliphile, capable of producing acetate and 

formate as the only major products of fermentation from carbohydrate metabolism 

[290]. The genus Proteiniclasticum was also found in smaller proportions across 

the community profiles of all the systems but made 2% of the pH10.0 Ca(ISA)2 

system. Members of the genus Proteiniclasticum have been previously implicated 

in cellulose degradation (but not saccharides) where their major fermentation 

products were acetate, propionate and iso-butyrate [291] and in activated sludge 

where high protein and polysaccharide content led to their dominance in the 

consortium [292]. Also prevalent in all systems but in relatively higher proportion 
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in the pH10.0 CDP fed consortia was the genus Desulfitispora which have 

previously been described as sulfidogenic, haloalkaliphilic, spore-forming 

anaerobic bacteria capable of fermenting a range of sugar substrates [293] 

          

             pH10.0 Ca(ISA)2 system                                       pH10.0 CDP system 

       

        pH11.0 Ca(ISA)2 system                                     pH11.0 CDP system                 

Figure 4.29 Elevated pH systems community profiling at the order level 

                                                                                               

Clostridiales Burkholderiales

Corynebacteriales Bacillales

Tissierellales Rhizobiales

Pseudomonadales Caulobacterales

Coriobacteriales ETC < 0.5%

Clostridiales Corynebacteriales

Bacillales Tissierellales

Coriobacteriales Natranaerobiales

Lactobacillales ETC < 0.5%

Clostridiales Burkholderiales

Corynebacteriales Tissierellales

Caulobacterales Coriobacteriales

Natranaerobiales ETC < 0.5%

Clostridiales Burkholderiales

Corynebacteriales Bacillales

Tissierellales Caulobacterales

Coriobacteriales ETC < 0.5%



142 

 

           

       pH11.5 Ca(ISA)2 system                                   pH11.5 CDP system     

Figure 4.29 continues: The elevated pH systems taxonomic analysis at the order level was 

profiled 30 days after fed/waste cycle  

 

The order Burkholderiales (Figure 4.29) was conspicuously absent in the pH10.0 

CDP system however, 16% of the total microbial consortia of the Ca(ISA)2-fed 

microcosm was made of taxa associated with this order. In other systems, the 

composition of this order were 19% (pH11.0 Ca(ISA)2), 42% (pH11.0 CDP), 19% 

(pH11.5 Ca(ISA)2), and 43% pH11.5 CDP. Within this order, the mos prevalent 

taxon across all the elevated pH system systems was the genus Alkaligenes. This 

genus made a total of 15% of the pH10.0 Ca(ISA)2 system, 17% of the pH11.0 

Ca(ISA)2 system, 36% of the pH11.0 CDP system, 19% of pH11.5 Ca(ISA)2 

system and 43% of the pH11.5 CDP system (Figure 4.30). Within this community 

profile, the genus Alcaligenes consisted mainly of two species that shared closest 

homology with Alcaligenes aquatilis and an unclassified species with the 

designation Alcaligenes_uc. Some species of this genus such as Alcaligenes 

aquatilis in addition to metabolising a range of carbohydrate substrates, have been 

associated with tolerance of high pH (up to pH10.0), high temperature (up to 

42°C) and tolerance to toxic concentrations of heavy metals such as Cr2+, As2+, 

Pb2+ and Cu2+ [256, 257] all of which are associated with the nuclear waste 

disposal concept. 
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Another order which was prevalent across the systems but made very small 

numbers within the profiles was Rhizobiales. However, within the pH10.0 of the 

Ca(ISA)2 system, individual taxa associated with this order was the third most 

abundant order, representing 14% of the total community profile (Figure 4.29). 

This order comprised 11% of the genus Brucella, 0.9% Ochrobactrum and 0.24% 

of Pseudochrobactrum both of which have been previously associated with the 

metabolism of a range of sugars [294]. 

Taxa associated with the order Natranaerobiales were only present in the pH10.0 

CDP-fed microcosm where they represented 2% of the total community profile. 

This order consists of the genus Natranaerobius where a particular species 

Natranaerobius thermophilus has been described previously as halophilic (up to 

19% NaCl), alkaliphilic (up to pH10.6), and thermophilic (up to 57°C) and have 

been noted to degrade a variety of carbohydrates [295].  

At the genus level most of the taxa were unclassified (Figure 4.30) but in addition 

to Alcaligenes taxa associated with Dietzia, Tissierella, Alkaliphilus, 

Brevundimonas, Trichococcus and Anaerobacillus were prominent in these 

systems.  
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Figure 4.30 System community profiling of the taxonomic analysis at the genus level 

                      

The suborder Corynebacteriales of the order Actinomycetales was prevalent 

within the profiles of all the consortia whereby a significant proportions of the 

profiles at higher pH such as pH11.0 and pH11.5 consisted of taxa associated with 

this order. The order represented 5% of the pH10.0 Ca(ISA)2-driven microcosm 

while the proportion in its CDP counterpart was just 1%. In the higher pH 

microcosms, the representation of taxa within Corynebacteriales increased 

suggesting ability to survive and out-compete others in higher pH values. For 

instance, in the pH11.0 microcosm fed with Ca(ISA)2, the prevalence was 21% 

which was second to Clostridiales. In its CDP-fed counterpart, the prevalence was 

15%. In the pH11.5 microcosms, the prevalence were 26% and 18% respectively 
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for the Ca(ISA)2- and CDP-driven systems. In all these systems, the order 

comprised mainly members of the genus Dietzia. The prevalence of Dietzia in 

these microcosms of high pH values is consistent with the findings of Charles et 

al. [86] where members of this genus co-dominated with those of Alishewanella 

in a microbial consortium  inundated with floc formation in pH values up to 

pH13.0. In that study, the authors noted that the flocs provided protection and 

reduced the pH stress experienced by the indigenous microbiota of the anaerobic 

alkaline environment. 

The Archaeal communities present consisted mainly of the orders 

Methanosarcinales and Methanobacteriales which explains the methanogenic 

activity of these communities. At the species level, these clones shared greatest 

homology with Methanosarcina mazei (CP009512), Methanosarcina soligelidi 

(JQLR01000001), Methanobacterium movens (EU366499) and an unclassified 

methanogen of designation JN397647_S. They were present in all microcosms 

however, methane could not be detected in the elevated pH11.5 irrespective of the 

source of carbon. This observation, in line with the previous findings of Gutierrez 

et al [296] suggests that the activities of methanogenic bacteria could be 

suppressed by elevated pH levels. Members of the order Methanobacteriales have 

been previously implicated in hydrogenotrophic methanogenesis where M. 

movens have been shown to utilise H2 and CO2 [276, 297] whereas those of the 

order Methanosarcinales are implicated in aceticlastic methanogenesis [298]. The 

biochemical pathway for the formation of methane in these systems can therefore 

be related to acteticlastic and hydrogenotrophic methanogeneis. 

The results presented in this body of work extends our knowledge that alkaliphilic 

environmental bacteria living within anaerobic sediments possess the metabolic 

capacity to degrade ISA although ISA is not usually found in the natural 

environment [73]. Through a fermentative, hydrogenotrophic or acetoclastic  

methanogenesis, microbial consortia present within these anaerobic microcosms 
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operating between pH10.0 and pH11.5 and driven by either Ca(ISA)2 or products 

of cellulose degradation, have been able to degrade ISA from these sources . Both 

sources of ISA produced similar degradation profiles suggesting that microbial 

metabolism of ISA occurred through the same pathway irrespective of the source. 

Both forms of ISA (α-/β-ISA) were degraded even at higher pH which contrasts 

with a previous study where the β-forms accumulated due to the effect of high pH 

[113]. 

The formation of major fermentative products including acetic acid and gases 

such as CH4, H2 and CO2 which accumulated in the headspace of these systems 

agrees with previous findings of Rout et al. [73]  and Kuipers et al. [74] where 

microbial consortia driven by either ISA on its own or in a mixture as CDP 

resulted in methanogenesis. The production of acetic acid and especially CO2 led 

to pH drop in these systems, which in some cases augmented ISA substrate 

degradation by the resident microbial community. This observation supports the 

claim by Humphreys et al. [299] that the degradation of cellulose degradation 

products under repository conditions would be controlled by the ambient pH with 

degradation being confined to low pH niches. The ambient pH therefore was a 

major rate limiting factor in ISA degradation as suggested by Rout et al. [113]. 

This is even more evident in the present study whereby irrespective of the carbon 

source, the percentage of ISA degradation decreased with increasing pH as 

follows - pH10.0>pH11.0>pH11.5.   

Krich et al [279] proposed an ideal stoichiometry for a biphasic anaerobic 

digestion for a simple case of carbohydrate breakdown as: 

C2H12O2+ 2H2O → 4H2 + 2C2H4O2 + 2CO2 …………………(1) 

2C2H4O2 → 2CH4
 
+ 2CO2 …………………………………... (2) 

Figure 4.31 shows the percentage yield of acetic acid and headspace gas yield 

with respect to theoretical values across the Ca(ISA)2 and CDP methanogenic 



147 

 

systems. Both acetic acid and headspace gas generated within these systems fell 

short of the theoretical values suggesting that acetate removal was not only limited 

to activities of methanogenic microorganisms but may also be due to activities of 

acetate-utilising bacteria described previously by Ito et al. [300]. Previous authors 

have also noted that Methanobacterium sp. identified with these microcosm can 

grow on H2 and CO2 in an anaerobic digester [301]. It can therefore be 

extrapolated from those findings that the low levels of H2 and CO2 detected from 

the headspace of the microcosms may be due to activities of these methanogens.   

      

Figure 4.31 Products of elevated pH systems compared with theoretical values 

Percentage yield of fermentation product including acetic acid, CO2, CH4 and H2 with respect 

to theoretical vales in (A) Ca(ISA)2 system; (B) CDP system  

 Key findings 

 Microorganisms within natural systems are capable of high pH stress 

within which they degrade ISA under anaerobic conditions 

 Both pH and type carbon of carbon source may play a role in the selection 

of taxa under in these systems 

 The metabolic pathway of ISA biodegradation appeared the same 

irrespective of the source of ISA 

 Environmental pH may play an important role in activities of 

methanogens and ISA biodegradation 
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 Exiguobacterium sp. strain Hud 

 Overview  

The genus Exiguobacterium consists of members that are non-sporing Gram-

positive rods of the phylum Firmicutes and order Bacillales from the family of 

Bacillales Inserta Sedis XII. The group was first classified into the genus 

Exiguobacterium by Collins et al. [302]. Different species from the group have 

been isolated from various environments including soils, freshwater, salt waters, 

brine shrimps, permafrost, glaciers and hydrothermal vents [303] which is 

indicative of their ability to survive and grow in extremes environments. For 

instance, some species have been recovered from environments extreme 

temperatures and pH while others have been found to show high level of 

resistance to antibiotics, heavy metals and UV radiations [304, 305]. Some species 

are also noted for their wide metabolic capacity which allows them to utilise a 

range of organic substrates. This metabolic capability has generated a 

considerable interest among researchers in the area of bioremediation [306].  

Within the Siberian tundra, temperatures could be as low as -40°C where water 

and carbon substrates are usually limited however, Rodrigues et al. [307] isolated 

three strains of the genus from this site of which one of them was classified as E. 

undae while the other two were proposed as novel species designated as a novel 

E. sibiricum based on phenotypic dissimilarities and differences in DNA-DNA 

reassociation values. The researchers indicated that the temperature range within 

which members of the genus could grow was -2.5 – 40.0°C and reported the 

presence of csp (cold shock protein) and hsp70 (Class I-heat shock protein which 

enable them to tolerate such temperature extremes). This indicates that some 

members are psychrophilic while others are thermophilic. For instance, E. 

profundum was isolated from a hydrothermal vent at deep sea at a depth of 1600m 

and could tolerate a wide span of temperature between 12 and 49°C [308]. The 

tolerance of Exiguobacterium species in hyperalkaline environment was 
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described by Ueno et al. [309] where E. aurantiacum was found to be capable of 

growth above pH 10.0 and shows ATPase activity at 30°C [309]. Similarly, E. 

oxidotolerance isolated from a drain of a fish processing plant which is often 

contaminated with H2O2 as a bleaching agent was found to be of high catalase 

activity and capable of growth at pH 10.0 [310]. At lower pH conditions, the 

survival and growth of the genus is shown in the works of La Duc and his 

colleagues as well as the group led by Pandit where E. acetylicum strain 

KSC_Ak2F was shown to be capable of growth at pH 5.1 and novel species 

Exiguobacterium (JX028147) isolated from Indian state of Gujarat that was 

capable of growth at pH 5.0 respectively [311, 312]. In terms of resistance to 

radiation, Gutiérrez-Preciado and his colleagues isolated E. chiriqhucha str. 

N139, from a high-altitude Andean lakes and showed that the strain was resistant 

to high doses of UV-B radiation [313]. The high altitude Andean lakes (HAALs) 

site has been described by earlier researchers as a site inundated with high UV 

radiation and extremes of temperature and salt [314, 315]. This suggests that 

earlier species isolated by Ordoñez et al. [316] and Flores et al. [317] are 

potentially tolerant to UV radiation. On the basis of their tolerance of toxic metals, 

E. aestuarii strain CE1 recovered from  municipal waste rich soil from the banks 

of Kestopur canal (Kolkata), West Bengal, India, was shown to tolerate high 

concentration of heavy metals including Co, Ni, Pb, Cr and Fe with the capacity 

to remove Ni2+ and Cr6+ [318]. Other studies have also shown the propensity of 

some members of the genus for the bioreduction of arsenate and tolerance towards 

mercury [319, 320]. The pathogenicity of members belonging to this genus is not 

well described however, molecular identification of E acetylicum implicated it as 

the aetiological agent of bacteraemia in an elderly individual whereas E. sibiricum 

has been implicated in skin infection [321, 322]. Pitt et al. [323] also isolated E. 

aurantiacum from six patients suffering from bacteraemia, three of whom had 

myeloma. 
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Rout et al. [324] in a study to investigate the biodegradation of anaerobic alkaline 

cellulose degradation products isolated a strain of Exiguobacterium designated, 

Exiguobacterium sp. strain Hud from a fermentative alkaliphilic methanogenic 

polymicrobial microcosm that was operating at pH 10 for which they carried out 

a draft genome sequencing using a Whole Genome Shotgun (WGS) sequence 

strategy. The genomic sequencing generated 826 contigs with a total coding 

sequences of 3,484 (CDS). The total length of the draft genome was 3,359,295-

bp in length where majority of the genes identified with Rapid Annotation using 

Subsystem Technology (RAST; Figure 4.32) were responsible for cellular 

functions and support. For instance, 98 proteins were shown to engage in DNA 

repair indicating the strains ability to survive and grow in a range of environments 

whereas 75 were involved in stress response, reflecting on the ability of the strain 

to tolerate different kinds of stress including carbon starvation and oxidative 

stress.  

Particularly of interest was the presence of genes that code for the metabolism of 

carbohydrates under both aerobic and anaerobic conditions and that the strain 

could utilise a range of carbohydrate substrates including disaccharides such as 

lactose, fructose and trehalose and monosaccharides including galactose, xylose 

and mannose. The genome further suggests the presence of genes that code for 

biochemical processes for substrate metabolism including glycolysis and 

tricarboxylic acid cycle (TCA) of substrates to release their stored energy.   
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Figure 4.32 RAST annotation for the draft genomic sequencing of Exiguobacterium sp. 

Strain Hud 

RAST annotation, taken from Rout et al. [324].  

 

 Rationale for the study  

The current genome annotation for this strain showed the ability to utilise a wide 

range of carbon substrate which is consistent with the findings of previous studies 

[306]. This suggests that the genes present may code for multifunctional proteins 

that could support ISA metabolism. Furthermore, the ability to tolerate stresses 

imposed by extreme conditions and being able to tolerate carbon starvation are 

hallmarks for any microorganism that can thrive under repository conditions. 

Additionally, having been recovered from a polymicrobial consortium that was 

capable of ISA degradation, makes this organism a good candidate for ISA 

biodegradation.   
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 Results and Discussion 

 Exiguobacterium sp. strain Hud was capable of growth on solid mineral media 

supplemented with either CDP or Ca(α-ISA)2 at pH 10.0 after 48 hours suggesting 

ability to utilise ISAs under alkaliphilic anaerobic conditions. The colony 

morphology within 18 h following sub-culturing on FAA  (pH 10.0) appeared 

round, shiny, irregularly elevated and orange in colour on both media whereas the 

Gram reaction indicated Gram-positive rods. Figure 4.33 shows the electron 

microgragh of the strain. In addition the strain was found to be motile and positive 

for both catalase and oxidase. 

Comparing growth response under aerobic and anaerobic conditions, growth was 

observed to be slightly retarded on the same medium under anaerobic condition 

suggesting that cell development under alkaliphilic anaerobic condition may need 

higher growth requirements [325]. When culture plates were left for about three 

weeks on FAA under anaerobic conditions, a Gram reaction showed a reshape of 

the cells from the normal Gram-positive rods to morphology between Gram-

positive coccobacilli and Gram-positive cocci. This suggests that the strain may 

be capable of bacterial morphological plasticity (pleomorphism) as observed in 

the work of Chaturvedi et al. [326] on Exiguobacterium soli sp. nov. isolated from 

McMurdo dry valleys, Antarctica whereby E. soli was found to be rod-shaped (1.9 

mm x and 0.95 mm) at the beginning of growth but at the stationary-phase was 

found to be cocobacillary shaped (1.5 mm in length and  1.15 mm in diameter). 
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Figure 4.33 Electron micrograph of Exiguobacterium sp. strain Hud.  

 

 Phylogenetic inference of Exiguobacterium sp. strain Hud 

Comparison of the 16S rRNA gene sequence indicated that the closet match was 

to Exiguobacterium mexicanum strain 8N (99% identity; Accession number 

NR042424.1). In order to obtain the evolutionary relationship between the strain 

and other species of the genus, MEGA 6 analysis was carried out using sequence 

from the NCBI database. A pairwise distance matrix was calculated to determine 

whether the sequence obtained for the strain was a duplicate of any of the 

sequence matches. 
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Figure 4.34 Neighbour-Joining tree based on 16S rRNA gene sequences  

The inferred tree shows the phylogenetic relationship between Exiguobacterium sp. strain 

Hud and other species of the genus. E. coli J01695 was used as outgroup. Bar, 2 nucleotide 

substitution per 100 nucleotides   

 

The evolutionary relationship of the isolate was inferred using the Neighbour-

Joining method [327] of MEGA 6 programme and the optimal phylogenetic tree 

was obtained (Figure 4.34). The percentage of replicate trees in which the 

associated taxa clustered together in the bootstrap test of 1000 replicates are 

shown next to the branch points [328]. The analysis that involved 12 nucleotide 

sequences included E. coli L01696 as the bacterial outgroup to root the tree. The 

inferred phylogeny shows that the isolate clusters with Exiguobacterium 

mexicanum strain 8N in a bootstrap test of 84%. The phylogenetic tree also 

showed that two strains; Exiguobacterium aurantiacum strain DSM 6208 and 

Exiguobacterium alkaliphilum strain 12/1 were closely related in a bootstrap test 
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of 98%. All four strains showed a close phylogenetic relationship with 

Exiguobacterium profundum strain 10C.                          

 ISA biodegradation  

In broth media in which Exiguobacterium sp. strain Hud was inoculated into 

mineral medium with Ca(α-ISA)2 at pH 9 under anaerobic condition at 25°C, no 

significant cell growth was observed even after 28 days hence, there was no 

obvious ISA removal, acetate generation or pH reduction in these cultures (Figure 

4.35). 

  

Figure 4.35 Exiguobacterium sp. strain Hud degradation of ISA 
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Figure 4.35 continues: ISA biodegradation was investigated in mineral medium showing (A) 

α-ISA removal and acetate accumulation, (B) microbial growth and (C) pH drop with time 
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The experiment was repeated in minimal media supplemented with 2% vitamin 

and trace elements solution at pH 8 where 4 mM NaISA and 2 mM Ca(ISA)2 were 

added as carbon substrates. Within 14 days ISA in all sets of experiments were 

either completely or significantly consumed by the strain (Figures 4.36/4.37). 

There was a concomitant production and accumulation of acetic acid which was 

detected in the test samples but not in the control.  

In the NaISA experiment, ISA degradation occurred continuously but gradually 

within the first four days but increased sharply afterwards, until day 10 when the 

total ISA was observed to have been completely degraded. The observable lag in 

the removal of ISA within the first four days may suggest bacterial adaptation to 

the culture environment [329]. The first order mean rate of degradation was 1.0 x 

10-1 ± 0.00 d-1. Concomitant with the ISA degradation, substantial amounts of 

acetate (3.60 mM) was generated which accumulated from the onset of ISA 

degradation to the end of the experimental period (Figure 4.36A). Out of initial 

NaISA concentration 4 mM, a total of 3.60 mM acetate was generated and 

accumulated representing a percentage yield of 90%.  The production of acetate 

suggests that the strain was utilising ISA via a fermentative acetogenesis.  

Schroder et al. [330] proposed that 1 mole of glucose was stoichiometrically 

fermented to 2 moles of acetate, 2 moles of CO2 with the evolution of 4 moles of 

H2 which is consistent with the acetate phase of the biphasic anaerobic digestion 

of glucose proposed by Krich et al. [279]  Thus: 

           C6H12O6                       2CH3COOH + 2CO2 + 4H2  

This indicates that acetate generated from the substrate was 45.0% of the 

theoretical. Coincidentally, the turbidity of the medium increased suggesting an 

increase in biomass (Figure 4.36B). This indicates that part of the carbon substrate 

(after acetate generation) was converted into biomass generation which increased 

by 1000 fold. Also as shown in Figure 4.36C, the pH of the inoculated medium 
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but not the control experiment dropped from the initial pH 8.0 to pH 6.7 indicating 

that the medium was acidified during the fermentation process. 

In the abiotic control the ISA concentration remained almost the same throughout 

the experimental period and no acetate generation was observed (Figure 4.36).  

 

 

Figure 4.36 Exiguobacterium sp. strain Hud degradation of ISA from NaISA  
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Figure 4.36 continues: ISA degradation experiment set up in minimal media supplemented 

with vitamin and trace elements solution at pH 8.0 showing (A) α-ISA removal and acetate 

accumulation, (B) microbial growth and (C) Drop in pH against time 
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Similar degradation profiles were observed in the Ca(ISA)2 experiment except 

that ISA degradation occurred at a slower rate compared to the NaISA counterpart 

(Figure 4.37). The first order mean rate was 7.0 x10-1 ± 0.00 d-1. The ISA removal 

occurred sharply between day 8 and day 10 after which it appeared to level off 

between day 10 and day 14. This corresponded to the stationary-phase of the 

bacterial growth (Figure 4.37B). By the end of the sampling period, 0.8 mM 

Ca(ISA)2 representing 20% of the original concentration, could still be detected 

in the medium. A similar incomplete degradation of ISA from Ca(ISA)2 was 

observed in the study by Kuippers et al. [74] where 18% of the original substrate 

remained undegraded under nitrate reducing condition. The authors attributed the 

incomplete degradation of ISA to nitrite toxicity but the present study contained 

no added nitrate in the medium which means that further investigation is required 

to look into the incomplete degradation of Ca(ISA)2. The degradation of ISA 

coincided with acetate accumulation (2.57 mM) representing a yield of 80% but 

76% of the theoretical. Approximately 1000 fold increase in cell biomass was 

observed which suggests that part of the carbon from the substrate was converted 

into biomass (4.37B). A pH drop of 1.8 (Figure 4.37C) suggests acidification 

growth medium similar to that which occurred in the NaISA experiment.   
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Figure 4.37 Exiguobacterium sp. strain Hud degradation of ISA from Ca(ISA)2  
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Figure 4.37 continues: ISA degradation in minimal media supplemented with vitamin and 

trace elements solution at pH 8.0 showing (A) α-ISA removal and acetate accumulation, (B) 

microbial growth and (C) drop in pH against time 

 

The batch fermentation experiment in minimal media supplemented with vitamin 

solution was repeated for pH9.0 whereby NaISA, Ca(ISA)2 and CDP were added 

as carbon substrates. However, due to an initial slower microbial activity, the 

incubation time was extended to 45 days instead of the 20 days for the pH8.0 

system. Across the three systems, ISA degradation was observed from the 

beginning to the end of the sampling period. For instance, in the culture fed with 

NaISA, ISA degradation was faster between day 15 and day 35 before a complete 

degradation occurred on day 40 (Figure 4.38). The overall first order mean rate of 

degradation was 2.9 x 10-1 ± d-1. The degradation of the ISA was accompanied by 

the generation and accumulation of acetate (2.86 mM) however, in this 

experiment, the concentration of acetate could not be detected until day 10. This 

may be due to low amount of ISA that had degraded at that time. In total, the 

6

6.5

7

7.5

8

8.5

0 2 4 6 8 10 12 14 16 18

p
H

Time (Days)

pH Control Sample

pH Test Sample

Error Bars ± SE

(C)



164 

 

percentage acetic acid yield was 72%, which is 19% lower than its counterpart in 

pH 8.0. However, this yield is only 35% of the theoretical indicating that most of 

the carbon substrate went into biomass generation which was up by almost 1000 

fold (Figure 4.38). The pH of the growth medium dropped from 9.0 to a final pH 

of 7.7 (Figure 4.38A) suggesting acidification of the media.  

 

 

Figure 4.38 Exiguobacterium sp. strain Hud degradation of ISA from NaISA  
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Figure 4.38 continues: ISA degradation in minimal media supplemented with vitamin and 

trace elements solution at pH 9.0 showing (A) ISA removal, acetate accumulation and drop in 

pH and (B) microbial growth curve 

 

A similar degradation profile occurred in the system driven by Ca(ISA)2 where 

the first order mean rate of degradation was 2.6 x 10-1 ± 0.00 d-1. A striking 
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Figure 4.39 E. sp. strain Hud degradation of ISA from Ca(ISA)2  

ISA degradation in minimal media supplemented with vitamin and trace elements solution at 

pH 9.0 showing (A) ISA removal, acetate accumulation and drop in pH and (B) Biomass 
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4.40A) at first order mean rate of 1.3 x 10-1 ± 0.00 d-1. By the end of sampling, 

0.08 mM (2%) of the initial Ca(α-ISA)2 concentration could still be detected. The 

net acetate generation within the system was found to be 1.62 mM, which 

represented a percentage yield of 42.52% of the initial carbon source but 21.25% 

of the theoretical value (Figure 4.40A). Cell biomass was found to have also 

increased almost 2.5-folds (Figure 4.40B). The pH dropped from initial pH of 9.0 

to a final of 7.1.  

 

 

Figure 4.40 Exigubacterium sp. strain Hud degradation of ISA from CDP  
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Figure 4.40 continues: ISA degradation in minimal media supplemented with vitamin and 

trace elements solution at pH 9.0 showing (A) ISA removal, acetate accumulation and drop in 

pH and (B) microbial biomass 
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could ‘trigger’ those proteins required for the production of appropriate enzymes 

for ISA metabolism. On a favourable note, microbial growth and degradation 

involving the strain could occur in minimal media supplemented with vitamins 

which suggests that the metabolism of ISA probably requires some special 

microbial growth factors or it may be in support of the claim by Strand et al. [54] 

that the degradation of ISA requires some unusual or modified enzymes than those 

ordinarily required for other carbohydrate substrates.  

Rout et al. [324] noted in their draft genome sequencing of this strain that the 

strain possesses genes that encode proteins involved in glycolysis and 

tricarboxylic acid cycle (TCA). These important findings suggest that the 

biochemical pathways involved in the metabolism of ISA by this strain is similar 

to the key biochemical pathways described by Schroder et al. [331] whereby 

Thermotoga maritima was shown to biodegrade glucose to synthesise acetate with 

the evolution of both carbon dioxide and hydrogen gas. Although the yields fell 

short of the theoretical, the stoichiometries that relate to the biodegradation of the 

ISA substrate in the different systems are shown below: 

pH8.0 systems 

NaISA-driven system 

4C6H12O6                             3.6CH3COOH + XCO2 + XH2 

Ca(ISA)2-driven system   

4C6H12O6                             2.5CH3COOH + XCO2 + XH2 

pH9.0 systems 

NaISA-driven system 

4C6H12O6                             2.8CH3COOH + XCO2 + XH2 

Ca(ISA)2-driven system   

4C6H12O6                             3.6CH3COOH + XCO2 + XH2 
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CDP-driven system 

4C6H12O6                             1.6CH3COOH + XCO2 + XH2 

(Note: the amounts CO2 and H2 were not determined in these studies due to experimental 

limitations. Hence, their stoichiometric coefficients are represented by X) 

 Biochemical Characterisation of Exiguobacterium sp. strain Hud  

A wide range of biochemical analysis were employed to characterise 

Exiguobacterium sp. strain Hud. In order to profile the metabolic capabilities of 

the strain, Biolog Ecoplate, Phenotypic Microarray (PM1 and PM2, Biolog Inc. 

Hayward, USA), Analytical Profiling Indext (API, bioMérieux) 20A test strips 

and traditional biochemical tests were used. The organic substrates utilised by the 

strain are listed in Table 4.3. 

Table 4.3 Biochemical profile of Exiguobacterium sp. strain Hud 

 

A table showing substrates that could be degraded by Exiguobacterium sp. strain Hud using 

API 20A and Biolog PM1 and PM2 

 

API 20A Biolog Ecoplate/PM 1 & 2 Plates 
D-glucose Pyruvic acid methyl ester Dulcitol Adonitol 

D-mannose Β – methyl-D-glucoside Uridine Maltotriose 

D-lactose 1,2-propanediol Glycerol 2-deoxyadenosine 

D-saccharose Α – cyclodextrin D-fructose Inosine 

D-maltose N-acetyl-D-glucosamine L-lactic acid Glyceryl-L-glutamic acid 

Salicin Α-hydroxybutyric acid D-manitol L-alanyl-glycine 

Xylose D-gluconic acid D-melibiose Acetoacetic acid 

L-arabinose α-Ketobutyric acid 
Dihydroxyacetone 

D-ribose N-acetyl-β-D-
mannosamine 

Glycerol Putrescine L-proline Glyceryl-L-proline 

D-cellubiose N-acetyl-D-glucosamine Acetic acid L-lyxose 

D-mannose Tween 20, 40 and 80 Glycogen Chondroitin sulphate 

D-melizitose L-aspartic acid Tween 40 α-,β- and ɣ-cyclodextrin 

D-raffinose D-glucosaminic acid Lactulose Dextrin 

D-sorbitol Β-methyl-D-glucoside Sucrose Gelatin 

L-rhamnose L-glutamic acid D-galactose Laminarin 

D-trehalose Thymidine D-alanine Mannan 

 Pectin Gentiobiose Turanose 

 Amygdalin Palatinose α-ketovaleric acid 

 Α-&β-methyl-D-glucoside Salicin D-L-octopamine 
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 Extraction and identification of Fatty acid methyl esters (FAME) of 

Exiguobacterium sp. strain Hud 

The objective of this part of the research was to isolate and characterize the 

membrane fatty acid component of Exiguobacterium sp. strain Hud and to 

compare with those obtained from four other selected species of the same genus. 

The FAME results presented in Table 4.4 shows FAMEs percentage composition 

of the five species of the genus, Exiguobacterium from which extraction have 

been made. Only FAMEs of 12 or more carbon chains and their percentage 

compositions greater than 1% are shown and percentages greater than 10% are 

shown in bold. While iC12:0 appeared as the most abundant FAME in three species 

namely Exiguobacterium sp. strain Hud, Exiguobacterium undae and 

Exiguobacterium alkaliphilum, aiC12:0 and was the most abundant in 

Exiguobacterium aurantiacum and Exiguobacterium oxidotolerans. While 

individual fatty acids of the original environmental type species of 

Exiguobacterium aurantiacum isolated by Collins et al. [302] was not determined 

the major fatty acids obtained for the species isolated from blood cultures of 

patients were found to be isoC13:0, anteisoC13:0, C16:0, isoC17:0, and C18:0 

[323]. In the case of Exiguobacterium undae (type strain L2T) isolated from 

surface water of garden pond, the major fatty acids included iC13:0, aiC13:0, iC15:0, 

C16:1ω11c, C16:1ω7c, C16:0 and C17:0 [332]. Similarly, the fatty acids of 

Exiguobacterium alkaliphilum (type strain 12/1T) isolated from alkaline 

wastewater drained sludge by Kulshreshtha et al. [333] included iso-C 13 : 0, 

anteiso-C 13 : 0, iso-C 15 : 0, iso-C 16 : 0, iso-C 17 : 0 and anteiso-C 17 : 0. Yumoto et al. 

[310] also characterized the fatty acids of Exiguobacterium oxidotolerans (type 

strain T-2-2T) isolated from drain of fish processing plant as  iso-C13 : 0, anteiso-

C13 : 0, iso-C15 : 0, iso-C16 : 0, iso-C17 : 0, anteiso-C17 : 0 and iso-C17 : 1. 
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Table 4.4 Fatty acid percentage composition of Exiguobacterium species.  

Fatty acid E. strain Hud E. aurantiacum E. undae E. alkaliphilum E. oxidotolerans 

C12:0 2.3 1.5 1.6 22.4  

iC12:0 32.4 12.9  15.2  23.8  

aiC12:0  16.6   20.5 

C13:0 14.3  9.6  13.7 

iC13:0     3.2 

C14:0   1.7   

iC14:0     24 

aiC14:0 3.2 3.4 19.7 4.9  

C15:0      

C16:0   1.5  1.1 

iC16:0     10.1 

aiC16:0   2.2  1.5 

C17:0 7.2   2.8  

iC17:0   11.2 1.7  

C17:1 (9)    4.3 4.3 

C18:0   5.5   

C18:1 (9)  3.2    

 

Only percentage compositions greater than 1% are shown. Percentages greater than 10% are 

shown in bold    

 

The results of the present study and earlier findings from literature show that the 

longest carbon chain fatty acid obtained for all five species of the genus was C18 

(isomers of octadecanoic acid) which can undergo changes in chain lengths in the 

event of temperature changes [153]. This biochemical property may play a role in 

the ability of members of this genus to survive and grow in extremely cold or hot 

environments. The propensity with which bacteria are able to control their 

membrane phospholipid biophysical properties allows them to thrive in extremes 

of physical environment [153]. In order to achieve fatty acid homeostasis,  

microorganisms precisely adjust the composition of the phospholipids within their 

membranes by modifying the type and alter the structure of pre-existing ones 

[334]. This biochemical survival strategy could play a role in enhancing the 

chances of survival of this strain in the radioactive waste repository.  



173 

 

 Extraction and identification of isoprenoid quinones of 

Exiguobacterium sp. strain Hud 

Isoprenoids (terpenoid quinones/menaquinone) are membrane bound compounds 

in almost all living organisms. Currently, the only known microorganisms that do 

not have isoprenoid quinones are some obligatory fermentative bacteria that lost 

the ability to biosynthesise them [229], parasitic Rickettsia and Mycoplasma 

bacteria that lack the both MEP and MVA biosynthetic pathways [335] and some 

methanogenic Archaea of the order Methanosarcinales [336]. Isoprenoids consists 

of a polar head group and a hydrophobic side chain which provides the lipid 

soluble property and anchors the molecule within the lipid bilayer of the microbial 

cell membrane [337].  

Microbial isoprenoids are categorised into two major groups on the basis of 

structural differences. These are naphthoquinones and benzoquinones. The 

benzoquinones consists of menaquinones (MK; vitamin K2) and ubiquinones 

(Coenzyme Q) [338]. Menaquinones (Figure 4.41) are the most ancient and 

abundant isoprenoids found in bacteria [339].  

 

Figure 4.41 Structure of menaquinone (MK)  

The structure shows menadione (2-methyl-1,4-naphthoquinone) ring and the isoprenoid side 

chain 
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In microorganisms, isoprenoids are synthesised via two distinct biochemical 

pathways known as mevalonate (MVA) and Methylerythritol 4-phosphate (MEP) 

pathway both of which are well elaborated elsewhere [340-342]. Generally, 

through the pathway used by lactic acid bacteria (LAB) menadione ring is 

synthesized from chorismate, which is derived from shikimate pathways through 

a series of enzymes-catalysed reactions. The enzymes are coded by the men genes. 

The isoprenoid side chain is biosynthesised separately but later joins onto the ring 

to form dimethyl menaquinone (DMK) which later methylate to form 

menaquinone (MK) [343]. However, according to Collins et al. [229], most 

species of microorganism lack the requisite methylase enzyme for the conversion 

of DMK to MK and as a result exclusively produce DMK. The structure of 

menaquinone can be altered through chemical modification of the menadione ring 

or the side chain depending on the microorganism involved and the growth 

conditions. A common modification results from demethylation of menadione 

ring which regenerates DMK or saturation of the unsaturated side chain [343]. 

Gram-positive bacteria are generally noted for the production of MK whereas 

Gram-negative bacteria produce MK, DMK and ubiquinones [229]. The key 

function of MKs in microorganisms is their role in respiratory electron transport 

chain where they transport electrons in the cytoplasmic membrane [344]. 

Furthermore, the reduced form of MK (DMK) have been found to exhibit 

antioxidant properties and is implicated in protection of cellular membrane 

against lipid oxidation [341]. They are also noted to be involved in active transport 

of molecules across the cell membranes [345]. In Bacillus subtilis, MKs have been 

noted to play a role in sporulation [346]. Even though composition of quinone 

within the cell membrane of a group of bacteria may vary occasionally, depending 

on culture conditions, the predominant quinone type remains generally unchanged 

among single species. As a result, MKs are used as biochemical markers for the 

identification of microorganisms. 
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The aim of this part of the study was to characterize Exiguobacterium sp. strain 

Hud on the basis of the major MKs. MKs were extracted from the isolates and 

characterized as described in the method section.  

The identification of menaquinone was carried out against MK-7 standard 

(Sigma-Aldrich, UK) using thin layer chromatography (TLC) (see methods 

section). The result of TLC is presented in Figure 4.42 The solvent, petroleum 

ether (b.p 60-80°C)/diethyl ether (85:15, v/v) was capable of eluting the standard 

MK-7 wholly leaving no spot at the baseline which suggests that the standard 

MK-7 was neat and soluble in the solvent. Conversely, dark spots were left on the 

baseline of the five samples indicating presence of insoluble constituents. All 

samples from the five species of the genus Exiguobacterium contained MK-7 in 

addition to other components which could not be identified because they were not 

present in the standard.  The presence of MK-7 in all samples is consistent with 

earlier findings where this respiratory quinone was detected as the major 

isoprenoid component of the microbial cytoplamic membrane in addition to minor 

components including MK-6, MK-5 (only for E. undae) and MK-8 [310, 332, 

333, 347]. The detection of MK-7  has also been reported as a major menaquinone 

in many other Gram-positive bacteria including Bacillus, Kurthia and 

Staphylococcus [229]. 
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Figure 4.42 UV irradiated Exiguobacterium spp menaquinone samples on 

chromatographic plate  

The diagram shows chromatograms for MK-7 std. = standard MK-7; 1 = Exiguobacterium 

strain Hud; 2 = Exiguobacterium aurantiacum, 3 = Exiguobacterium undae; 4 = 

Exigobacterium alkaliphilum; 5 = Exiguobacterium oxidotolerans. a = distance moved by 

sample; b = solvent front; c = distance moved by unknown sample 

 

The RF values MK-7 and the unidentified MK were approximately 0.84 and 0.64 

respectively. 

Due to the presence of unknown MKs, further analysis of the respiratory quinones 

for Exiguobacterium strain Hud was carried out by the Identification Service, 

Leibniz-Institut (DSMZ) – Deutsche Sammlung von Mikroorganismen und 

Zellkulturen GmbH, Braunschweig, Germany. The outcome shows that MK-7 is 

the major menaquinone (85%), followed by MK-9 (9%) and MK-6 (6%). 
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 Exiguobacterium sp. strain Hud tolerance to pH 

The tolerance of the strain to a wide range of pH (pH 4 – pH 12) was assessed by 

growth characteristic in a Bioscreen-C automated growth curve analyser 

following overnight incubation at 25°C in iso-sensitest broth (Oxoid). The growth 

curves are shown in Figure 4.43. 

 

 

 

Figure 4.43 Growth curves showing the tolerance of Exiguobacterium sp. strain Hud 

towards pH 

 

No growth was observed in pH 4.0 suggesting the inability of the strain to function 

in very low acidic conditions. Growth was possible at pH 6.0 and at neutral pH 

however, the exponential phase was quite short while stationary phase progressed 

across the period suggesting poor growth. The strain appeared to survive better 

within a pH range of 9.0 -11.0. Growth at pH 11.0 and 12.0, which followed a lag 

phase of 10 and 20 hours respectively, is quite striking, suggesting ability of the 

strain to adapt and grow at pH values relevant to the GDF. This is consistent with 
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earlier studies where other species have been found to grow at higher pH. In order 

to estimate the optimum pH for growth, the absorbance (OD values) were 

expressed as a function of pH and plotted against pH to indicate the optimum pH 

(Figure 4.44). 

 

 

Figure 4.44 A pH profiling curve showing the optimum pH for growth of 

Exiguobacterium sp. strain Hud 
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 Exiguobacterium sp. strain Hud tolerance to heavy metals 

The tolerance of the strain to heavy metals ions including Zn2+, Co2+, Cu2+, Ni2+, 

Cd2+ and Pb2+ was assessed based on growth response to different concentrations 

of the metals between 0.5 to 5 mM. Growth was assessed as a measure of 

absorbance at 450-580 nm for 18-hour incubation in the bioscreen-C 

microbiological Growth Analyser (Labsystems, Helsinki, Finland) under constant 

shaking at 25°C. The minimum inhibitory concentration (MIC) and the No 

inhibitory Concentration (NIC) for each metal was then calculated as outlined in 

the methods section. Across the inhibition profiles for all the metals, no growth 

was observed at concentrations above 3 mM reflecting on the toxicity of the 

metals to the strain at those concentrations. The individual analysis can be found 

in Appendix with the MIC and NIC for the six metal ions used against 

Exiguobacterium sp. strain Hud shown in Table 4.5. 

 

Table 4.5 The MIC and NICs of heavy metals against Exiguobacterium sp. strain Hud 

 

Metal MIC (mM) NIC (mM) 

Zn2+ 2.1 1.42 

Ni2+ 1.92 1.18 

Cu2+ 5.10 1.82 

Co2+ 3.01 1.02 

Cd2+ 19.96 5.92 

Pb2+ undetermined undetermined 
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This method could not be used to determine the tolerance of the strain to lead 

(Pb2+) because increasing the concentration of the lead generated precipitation of 

the media within the wells. This increased the opacity of the media especially at 

higher concentration which gave a false optical density (OD) readings at the 

wavelength used. In addition, although MIC and NIC values could be calculated 

for Cobalt the shape of the curve requires further investigation.  

Heavy metal ions such as Zn2+, Ni2+, Cu2+, Co2+, Cd2+, and Pb2+ are common 

environmental pollutants usually in areas with high anthropogenic pressure and 

their presence in the atmosphere, soil or water pose serious problems all life forms 

[348]. The main sources of these metals in the soil include erosion, natural 

weathering of earth crust, leaching, mining activities and industrial effluents 

[349]. In view of the presence of ions of these metals in the GDF the ability of 

any ISA-degrading microorganism to tolerate these metal ions is important.  

The results presented here show the tolerance of Exiguobacterium sp. strain Hud 

to six common environmental metallic pollutants which generate toxic effects in 

living organisms. Consistent with the findings of  Karami et al. [319] and 

Anderson et al. [320] where members of the Genus Exigubacterium showed 

ability to tolerate or remove these heavy metals, this study has shown the 

resistance capacity of the strain to Zn, Ni, Cu, Co and Cd.  The tolerance of the 

strain to Pb2+ however, could not be determined within the limits of the 

experimental parameters. Future study should therefore look into the use of 

classical method such as broth/agar dilution or the method described by Mann and 

Markham [350] in which redox dye resazurin was used to determine the MIC of 

oil-based compounds  in lead tolerance for this strain.  

The MICs and NICs of the metals were determined for the strain and between 

these two principal concentrations, microbial growth inhibition was observed. 

This inhibition was attributed to toxification of the microbial system which 

slowed down growth in a dose dependent manner [351]. Moreover, at higher 
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levels of concentration for a specific microorganism, heavy metal ions form 

unspecific complex compounds within the intracellular milieu and produces toxic 

effects which affect various physiological processes that culminate into 

malfunctioning of heavy metal homeostasis system within the cell [352]. 

The NIC was defined as the concentration above which the inhibitory effect of the 

metal ions begins to impact on the growth of microorganism and below which 

microbial growth proceeds exponentially like the control experiment. The MIC 

on the other hand was defined as the lowest concentration of the metal ion above 

which no growth relative to the control occurred [351]. 

In this study however, three of the metals examined including Zn, Ni and Cu, the 

relationship between FA and metal concentration is linear which indicates a single 

mechanism of inhibition due to the metal. In the cobalt experiment however, it 

appears that a complex inhibition mechanism is involved where growth was 

inhibited even below the MIC. Further investigation is therefore required to 

analyse the mechanisms involved in cobalt inhibition against this microorganism. 

In line with earlier findings, this study further reiterates that some members of the 

genus, Exiguobacterium are tolerant to heavy metals and that Exiguobacterium 

sp. strain Hud could be employed for bioremediation [306, 318]. 

 Exiguobacterium sp. strain Hud tolerance to salt (NaCl) 

The use of salt formations for the disposal of nuclear waste has been embraced 

for decades especially in the United States where the concept has been 

successfully demonstrated for over ten years at the operation site at Waste 

Isolation Pilot Plant (WIPP) near Carlsbad, New Mexico [353]. In the UK, 

evaporates which includes anhydrite (CaSO4 - anhydrous), and halite (rock salt - 

NaCl) have been considered among other host rocks for geological disposal [354]. 

Generally, for repository considerations, domal and bedded formations of salt 

(sodium chloride) interspersed with anhydrite, shale, dolomite and other salts such 
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as potassium chloride are preferred [353]. Against this background, it is necessary 

to assess how microorganisms especially those with ISA degrading potentials 

respond to elevated levels of salinity. This is so because sodium chloride and its 

derivatives can be toxic to some bacteria which reflects their use in food industries 

as an antimicrobial and antibotulinal agents where they have been potent in 

preventing microbial growth. For instance it is incorporated as an additive to meat 

and meat products or brine solutions and also in sun-dried  fish and meat [355] to 

prevent microbial contamination and spoilage [356-358].   

In environments dominated by high pH and salt, microbial life is impacted in a 

number of ways. Microbial communities in such areas are affected by stresses 

imposed by the high alkaline environment which is often much higher than the 

internal pH of the microorganism. As a result, alkaliphilic microorganism must 

maintain a stable homeostasis for survival [359] and in addition, Krulwich et al 

[360] noted that they require a high energy drive for the biosynthesis of ATP  

while they have to retain water in the cell and maintain osmotic homeostasis. 

Alkaliphic microorganism can achieve this through the use of osmoregulatory or 

osmoprotectant compounds [360] where salt ions such as K+ plays important role 

in the synthesis of counter ions such as glutamate [361]. Na+ fluxes have also been 

implicated in pH homeostasis in marine microbiology [362]. In halophilic 

microorganisms, NaCl is used to regulate osmotic pressure between internal and 

external environment where it is noted to prevent swelling, deformation, bursting 

and cell lysis [363]. Lytic processes of halophiles are controlled by enzymes that 

are inhibited by Na+ and this inhibition prevents the destruction of the 

mucopeptide portion of the cell walls of bacteria [364]. NaCl has been implicated 

in enhancing metabolic activity where increase in sodium chloride concentration 

in a growth medium that was used to culture moderately halophilic bacteria 

resulted in increased uptake of metabolites [363]. The increase in metabolic 

activity was linked to increase in enzymatic activities. 
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The aim of this section of study was to examine the tolerance of Exiguobacterium 

sp. strain Hud to different concentration of NaCl and to estimate the MIC and NIC 

of NaCl for the strain. The method used was the same for the tolerance of metal 

ions described in the previous section. The fractional areas plotted against the log 

concentrations of the NaCl are shown in Figure 4.45. Visible growth relative to 

the control was observed between 1% and 10%. Concentrations of NaCl above 

10% were inhibitory to the strain. The MIC and NIC were calculated to be 9% 

and 4% respectively. 

 

Figure 4.45 The tolerance of Exiguobacterium sp. strain Hud in a range of salt 

concentration 
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The ability of microorganisms to survive and grow in a range of salt concentration 

has received increased attention because of the prospective potentials of such 

microbes in bioremediation of pollutants in environments of fluctuating salinity 

[365]. Some of those microorganisms are noted for their essential role in the 

degradation of organic pollutants to generate alternative energy source [366]. 

In this body of research, the tolerance of Exiguobacterium strain Hud to a range 

of salt concentration has been investigated where for the first time, the MIC and 

NIC of salt for the strain has been estimated. Consistent with the studies of 

Kulshreshtha, et al. [333], Yumoto et al. [367] and many others where members 

of the genus Exiguobacterium were found to be tolerant to salt.  

 Combined effects of pH and Temperature on the growth of 

Exiguobacterium sp. strain Hud   

Environmental factors such as pH, temperature, moisture, nutrient and oxygen 

have profound effect on the growth of bacteria. The GDF is expected to be 

dominated by some environmental factors, which will impose stress on microbial 

communities. Two of such factors are pH and temperature. Since these factors 

will occur concurrently and exert full synergistic effect on indigenous microflora, 

the combined effect of these two parameters on the growth of Exiguobacterium 

sp. strain Hud was investigated alongside four other species of the genus including 

Exiguobacterium undae, Exiguobacterium aurantiacum, Exiguobacterium 

alkaliphilum and Exiguobacterium oxidotolerans which were obtained from 

DSMZ. 

The relationship between pH and microbial growth (transformed into fractional 

areas) across the different temperatures (10 – 45°C) is presented in a scatter the 

plot in Figure 4.46. Generally, pH and temperature produced a synergistic effect 

on the growth of the organism. It can be seen from the Figure 4.46 that no growth 

occurred at three different temperatures including 10°C, 15°C, 20°C and 45°C 

across the different range of pH used. At 25°C, growth lagged behind from pH 4 
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until around neutral pH where growth commenced and proceeded exponentially 

until maximum growth was reached at pH 9.0, attaining a mean FA of 1.34. 

Growth then declined sharply from pH 10.0 to pH 11.0 until no growth was 

observed at pH 12.0.   

At 30°C, the combined effect of the two parameters was felt by the strain whereby 

growth lagged behind until pH 6.0 when exponential growth progressed across 

pH 7.0 and 8.0 until pH 9.0 where maximum growth was attained at FA value of 

1.63. Growth deceleration began sharply at pH 10.0 and continued until pH 11 

where minimal amount of growth (FA value of 0.01) was observed. No microbial 

growth occurred at this temperature at pH 12.0. It is striking that maximum growth 

of the strain occurred at 30°C over a wider range of pH (between pH 6.0 – 11.0).  

At 35°C, stimulation of growth began at pH 5 where the onset of exponential 

growth increased until pH 9.0 where it reached its maximum (FA value of 1.52). 

Growth then declined from pH 10.0 to pH 12.0 where no growth was observed.  

Growth at high temperature of 40°C was stimulated at pH 6 where exponential 

growth began and continued to pH 9.0. Between pH 9.0 and 10.0, the plot shows 

progress of growth inhibition up to pH 11.0 and 12.0 where no growth occurs. 

Optimum growth for the strain within the limits imposed by the synergistic effect 

of the two parameters occurred at pH 9.0 across the various temperatures that 

supported growth. Temperature of 30°C was the most favourable temperature 

where 45°C, 20-10°C were unconducive for growth within the limits of this 

experiment. In order to show how growth responds to the effects of the two 

parameters a 3D plot was used Figure 4.47.  
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Figure 4.46 Effect pH on growth of Exiguobacterium sp. strain Hud across a wide 

temperature range. 

 

Figure 4.47 A 3D surface plot showing the relationship between pH and temperature 

The 3D plot shows the synergistic effect of the two parameters on the growth of 

Exiguobacterium sp. strain Hud 
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Figure 4.47 shows the relationship between pH and temperature settings used to 

incubate Exiguobacterium sp. strain Hud and the growth response generated by 

the growth analyser for a period of 18 h.  The different colour schemes represent 

growth while the continuous surface represents the response values of growth. 

The incubation at high temperature of 45°C in low pH (between 4 and 6) and high 

pH (between 10 and 12) inhibited growth (FA between 0.0 - 0.2) are indicated by 

dark blue colour at the base of the growth pyramid. The peak (FA 1.63) of the 3D 

surface plot which is highlighted by dark green colour corresponds to the highest 

growth recorded which occurred at 30°C in pH 9.0. The middle of the 3D growth 

pyramid, coded with the different colour schemes, indicates growth (FA between 

0.4 – 1.6) at 25, 35 and 40°C in pH range of 6.0 and 11.0. 

In the work involving Exiguobacterium aurantiacum, the highest growth ocurred 

at pH 9.0 at a temperature of 20°C (Figure 4.48). At 30°C, growth of the strain 

occurred over a wide range of pH between 5.0 and 11.0. This indicates the 

tolerance of the strain to a wide range of pH. It is quite striking to note that the 

strain was capable of growth even at pH 11.0 at 25°C, 30°C and 40°C. No growth 

however, occurred at 10°C and 15°C across the pH range. Similarly no growth 

occurred ocurred in pH values between 4 and 5 and 11 and 12 over the range of 

temperatures. 
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Figure 4.48 Effect pH on growth of Exiguobacterium aurantiacum across a wide 

temperature range 

Figure 4.49 represents the 3D surface plots of growth response of Exigubacterium 

aurantiacum to temperature and pH. The dark blue colour represents the 

maximum growth (FA values between 2 – 2.5) at 25°C. The base of the pyramid 

which is colour coded with light blue represents the areas where the combined 

effect of pH and temperature inhibited the growth of the microorganism. 
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Figure 4.49 The 3D scatter plot showing synergistic effect pH and temperature on the 

growth of Exiguobacterium aurantiacum 

 

The effect of pH on growth of Exiguobacterium undae is shown in Figure 4.50 

where temperature at 20°C supported the strain optimum growth (FA 2.6) at pH 

20°C. At the same time, growth was observed within a wide range of pH between 

5.0 and 10.0). No growth was observed in 10°C, 15°C, 40°C and 45°C over the 

range of pH. Similarly, no growth occurred at pH 4.0 and 5.0 and 11.0 and 12.0. 
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Figure 4.50 Effect pH on growth of Exiguobacterium undae across a wide temperature 

range 

 

The surface plot (Figure 4.51) shows the effect of both pH and temperature on the 

growth of Exiguobacterium undae. The peak of the growth pyramid (Green 

colour, FA 2.5 – 3) represents the maximum growth of the strain which occurred 

at 20°C at pH 8.0. No growth was observed at pH 4.0, 5.0, 11.0 and 12.0 as well 

as in 10°C, 15°C, 40°C and 45°C and these are indicated in blue colour at the base 

of the pyramid. 
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Figure 4.51 The 3D scatter plot showing synergistic effect pH and temperature on the 

growth of Exiguobacterium undae 

 

The pH profiles of Exiguobacterium alkaliphilum under a range of temperatures 

is presented in Figure 4.52. The results show that the strain responded favourably 

to growth between neutral pH and pH 10.0 where optimum growth (FA 2.75) 

occurred at pH 9.0 in 20°C. At 30°C, growth occurred over a wide range of pH 

between 6.0 and 11.0 in which maximum growth at pH 9.0.  
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Figure 4.52 Effect pH on growth of Exiguobacterium alkaliphilum across a wide 

temperature range 

 

The surface plot (Figure 4.53) shows how temperature and pH synergistically 

affect the growth of E. alkaliphilum. The peak (FA 2.5 – 3.0) denoted by green 

colour shows the optimum growth of the strain which occurred at 20°C at pH  9.0. 
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Figure 4.53 The 3D scatter plot showing synergistic effect pH and temperature on the 

growth of Exiguobacterium alkaliphilum 

 

The effect of pH on the growth of Exiguobacterium oxidotolerans over a range of 

temperatures is presented in Figure 4.54 where the tolerance of the strain to a wide 

range of pH and temperature was demonstrated. Growth was observed in all 

temperatures except 10°C, 15°C and 45°C. Similarly, the strain was able to grow 

in all the pH except in pH 4.0, 5.0 and 12.0. 
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Figure 4.54 Effect pH on growth of Exiguobacterium oxidotolerans across a wide 

temperature range 

 

The influence of pH and temperature on the growth of Exiguobacterium 

oxidotolerans is shown in the surface plot (Figure 4.55). The optimum growth 

which occurred at 30°C at pH 9.0 is shown at the peak of the pyramid denoted by 

grey colour.  
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Figure 4.55 The 3D scatter plot showing synergistic effect pH and temperature on the 

growth of Exiguobacterium oxidotolerans 

 

Consistent with earlier findings, the outcome of this study demonstrates the 

tolerance of the isolates to a wide range of temperature and pH whereby all strains 

were able to grow between pH 6.0 and 11.0. Optimum growth for all the strains 

occurred at higher pHs such as pH 8.0 and 9.0 reflecting on the alkaliphilic 

properties of the genus. The genus Exiguobacterium is described as a group with 

diverse origin [303, 368]. Although some species of this genus have been 

recovered from extremes of hot and cold temperatures none of the five isolates 

tested in this study could grow at lower temperatures below 15°C. This 

observation may be partly be attributed to the impact of the two parameters on the 

isolates under laboratory conditions. All the strains except Exigubacterium undae 

attained optimum growth at pH 9.0 and could grow in higher pH values up to pH 

11.0. These findings are generally supportive evidence of the thermophilic and 
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alkaliphilic characteristics of some members of this genus already described in 

literature [308, 368].  

These findings together suggest that within the GDF, the growth of 

microorganism could be impacted by the combined effect of pH and temperature 

that would evolve and could potentially affect ISA biodegradation.  

 Exiguobacterium sp. strain Hud biofilm formation and 

characterisation 

In view of the harsh conditions that that are expected to prevail within the GDF, 

the formation of biofilms will be an important survival strategy for microoganisms 

and to establish niches where the organisms would be confined. 

The aim of this part of the research was to assess the biofilm-forming potentials 

of Exiguobacterium sp. strain Hud and investigate the adherence of the biofilm to 

abiotic surface. The exopolysaccharide of the biofilm was also extracted and 

investigated. 

 Calcofluor White staining 

Calcofluor white is a non-specific polysaccharide-binding fluorochrome dye used 

in staining polysaccharides such as cellulose and chitin contained in the cell walls 

of fungi [369] and many other cellulose-containing microorganisms as well as 

extracellular matrix of microbial biofilm [370]. Calcofluor white staining is a 

rapid procedure for the detection of pathogenic microorganisms including 

Pneumocystis carinii, Microsporidium, Acanthamoeba, Naegleria, and 

Balamuthia species [371]. 

Maximum excitation and fluorescence with aqueous solutions of cacofluor white 

occurs with ultraviolet, violet or blue light whereby Fungi, Pneumocystis cysts 

and parasites fluoresce with brilliant apple-green [372]. In biofilm assays, the use 

of calcofluor white staining has been employed. In one such studies, when 135 

µM calcofluor white was applied to the biofilm formed by Pseudomonas 
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aeruginosa displayed blue under scanning laser fluorescence microscope (Zeiss 

510 META Laser Scanning microscope; Zeiss, Oberkochen, Germany [373]). 
Daniëlle et al. [374] also used calcofluor staining in a study to investigate 

Pseudomonas aeruginosa biofilm formation and slime excretion on antibiotic-

loaded bone cement where the biofilm stained blue under confocal scanning laser 

microscopy. 

In order to determine whether the biofilm of Exiguobacterium sp. strain Hud can 

form biofilm, a calcofluor staining was performed on a sample of colonies 

obtained from the strain. The result of the calcofluor white staining of the biomass 

of E. sp. strain Hud is presented in Figure 4.56. Cells are stained apple-green 

whereas EPS are stained light-blue around the edges of the cells. 

 

                                                                          X1000 

Figure 4.56 Calcofluor staining of biofilm produced by Exiguobacterium sp. strain Hud  

Cells are stained apple-green whereas exopolysaccharides of the biofilm (around cells) are 

stained light-blue.  
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 Biofilm formation and adherence assay 

Following calcofluor white staining, Biofilm formation and adherence was 

assessed. In order to quantify the biofilm adherence, the method used by 

Stepanovic et al. [230] was adopted with a few modifications (See methods 

section).  

The result presented in Figure 4.57 shows the biofilm formation and adherence 

onto the wells (abiotic surface). Statistical analysis with paired T-test showed 

significant difference between the mean absorbance of the control (ODc) and the 

sample (ODs; P value = 4.46 E-7) following 18 hours of incubation. At least, 10 

fold increase in absorbance over ODc was observed for the sample which 

according to the biofilm adherence capability classification means that the strain 

produces a strong adherent biofilm [230]. 

   

Figure 4.57 Biofilm adherence of Exiguobacterium sp. strain Hud  

Biofilm adherence onto abiotic surface following 18 hours of incubation. ODc is the optical 

density of negative control; ODs is the optical density of the biofilm exclusively   
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To analyse the polysaccharides generated by Exiguobacterium sp. strain Hud 

which may be associated with biofilm production the test organism was incubated 

anaerobically in 1 L minimal media at 25oC for 72 h.  Following incubation, the 

EPS produced during microbial growth was extracted prior to analysis (see 

methods section). EPS extraction was also carried out on agar-based culture 

whereby cell biomass was recovered from the surface of solid minimal media 

following 72 h of anaerobic incubation. Proton NMR (1H-NMR) analysis on the 

EPS was carried out by the University of Huddersfield NMR service. The Figure 

4.58 represents 1H-NMR spectra of the negative control (uninoculate minimal 

media) and the biofilm sample obtained from Exiguobacterium sp. strain Hud. It 

can be seen from the spectra that no signal was generated from both the negative 

control sample and that of the biofilm obtained from the strain which indicates 

that no polysaccharides were present in the samples analysed.  

Analysis with Proton NMR (1H-NMR) generate signals from all protons present 

within polysaccharide units which normally occur at 1-6 ppm chemical shift 

range. The anomeric proton in a unit of a polysaccharide (sugar) which is located 

next to two electronegative atoms becomes deshielded as the oxygen atoms draw 

electrons and leave the protons. In view of this, the signal of the proton occurs at 

the lower field (~ 4.5 – 5.8 ppm) as compared to the protons in the other units 

which is expected to occur at higher chemical shifts (~ 3.4 – 4.5ppm). Methyl 

protons appear at much higher fields (~ 1.2ppm).   
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Figure 4.58 1H-NMR analysis of EPS samples of Exiguobacterium sp. strain Hud 

Spectra obtained from control (uninoculated minimal media) and from biofilm sample from 

Exiguobacterium sp. Strain Hud.  The spectra show no signals in the anomeric regions for 

both the control and biofilm samples 

 

The results presented here show biofilm forming ability of Exiguobacterium sp. 

Strain Hud. Some species of this genus have been isolated from microbial biofilms 

[375] [376], from water and patients associated with  peri-implantitis [377].  The 

present study expands our knowledge on the potential of Exiguobacterium sp. 

strain Hud to form a biofilm (confirmed by calcofluor white staining) and 

subsequent adherence of the biofilm onto the abiotic surface.  

In the context of geological disposal of radioactive waste, biofilm formation is 

necessary for the survival of any microorganism that can utilise ISA as carbon 

source under repository conditions with special emphasis on high pH [59]. Within 

the biofilms microorganisms will be able to establish niches and obtain protection 

from the external repository conditions. Formation of biofilms on abiotic surfaces 
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within the repository will also increase sorption of radionuclides if the immobile 

microorganisms (Biofilm) actively take up the radionuclides onto cell surfaces or 

by intracellular uptake or through microbially induced precipitation [299]. The 

formation of biofilm within the repository is also likely to impact on radionuclide 

transport if biofilms clog up pore spaces and eventually block the pore system 

[378].  

The EPS of biofilms usually contains polysaccharides, proteins, nucleic acids and 

lipids which may form part of the microbial capsular material or be released into 

the surrounding as dispersed slime. As part of this study, attempts to isolate the 

exopolysaccharides produced by Exiguobacterium sp. strain Hud was not 

successful. While it is possible that the biofilm of Exigubacterium sp strain Hud 

is eDNA or protein based [379], this inability to detect EPS within the biofilm 

may also be attributed to a number of factors including those required to trigger 

EPS production. EPS production is influenced markedly by the composition of 

media and fermentation parameters and that the relative monosaccharides ratios 

within EPS are affected by pH and carbon sources [380]. These conditions which 

are strain specific need to be optimised to trigger the production of the EPS and 

to increase yield [381-383]. It is therefore possible to demonstrate from these 

studies that the laboratory conditions needed to elicit EPS production in 

Exiguobacterium sp. strain Hud may not have been optimised rather than 

suggesting that the strain is non-EPS producing. Further studies on optimisation 

of conditions for effective production and chemical characterisation of the strain’s 

EPS may improve our knowledge on biofilm formation in microorganisms 

associated with ISA biodegradation under repository conditions. 
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 Key findings 

 Exiguobacterium sp. strain Hud has shown the potential to degrade ISAs 

under anoxic alkaline conditions representative of the GDF 

 The biodegradation of ISAs results in the generation of acetic acid 

suggesting an acetogenic pathway 

 The degradation of ISAs may require some unusual enzymes compared to 

other carbohydrates such as glucose 

 The main fatty acids of Exiguobacterium sp strain Hud iC12:0, C13:0, aiC14:0 

and C17:0. The major menaquinone is MK7 

 The strain demonstrated broad biochemical capabilities along with 

significant salt, pH and heavy metal tolerances.  

 The main physiological and biochemical characteristics of 

Exiguobacterium sp. strain Hud are presented in Table 4.6 together with 

those of other four species from the literature 
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Table 4.6 Physiological and biochemical characteristics of Exiguobacterium sp. strain 

Hud compared with other related species  

 

Characteristics 

and  

biochemical profile 

 

Exiguobacterium species 

 

 

1 

 

 

2 

 

 

3 

 

 

4 

 

 

5 

Colony colour Orange orange-

yellow 

orange orange Orange or 

yellow 

Motility + * + * + 

Flagella * * Peritrichous * Peritrichous 

Oxidase + - + - + 

Catalase + + + + + 

NaCl tolerance (%) 9.4 6 * 9.5 12 but not 

15 

Optimum growth 

temperature (°C) 
35 37 37 35 34 

Optimum pH  9.5 10 * 9.5 7-10 

 

Carbohydrate 

utilization 

 

     

Glycogen + + + + * 

Mannan + * + - * 

N-Acetyl glucosamine + * + + * 

N-Acetyl mannosamine + * W + * 

Cellobiose + * + + * 

Melibiose + * + * * 

Raffinose + * V - * 

D-Glucose + + + + * 

D-Galactose + * + W - 

D-Mannitol + V + * * 

D-Raffinose + * + - - 

D-Ribose + + + + + 

D-Mannose + + + * + 

D-trehalose + * * * * 

D-Sorbitol + * - + * 

Acetic acid - * + - * 

 

Information on other four species; taken from Frühling et al., Kulshreshtha et al., Pitt et al. 

and Yumoto et al., [323, 332, 333, 367]. 1, E. sp. strain Hud, 2, E. aurantiacum, 3, E. undae, 

4, E. alkaliphilum, 5, E. oxidotolerans. +, positive, -, negative, W’ weak, V, variable, *, not 

determined 
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 Characterisation of bacterial isolate 2 
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 Oceanobacillus sp. strain Hud 

 Overview  

The genus  Oceanobacillus consisting of endospore-forming Gram-positive rods 

within the phylum Firmicutes were first described by Lu et al. in 2001 [384] where 

the novel strain (HTE831) was isolated from 1,050 m depth on the Iheya ridge, 

off the coast of Japan. Most species of this genus have been isolated from 

hypersaline environment such as the core of deep sea sediments and salt lakes 

[385] thereby reflecting their ability to survive and grow in hypersaline 

environments. This halophilic nature of some members of the genus has attracted 

the attention of researchers in their search for robust biocatalysts, as in other 

halotolerants [386]. Other species of the genus have also been recovered from 

fermented foods [387] and the human gut [388, 389]. Some species are obligatory 

aerobic, whereas others are facultative anaerobes [390]. 

Members of the genus in addition to their halotolerance are also noted for their 

tolerance to high pH [384] and temperature within which these isolates utilised a 

range of carbon substrates [385]. In the case of ability to grow at high 

temperatures, Whon et al. [387] and Raats et al. [391] demonstrated that 

Oceanobacillus kimichii and Oceanobacillus chironomi were capable of growth 

up to 46°C. In the bioremediation of heavy metals, Mulik and Bhadekar [392] in 

a study to assess heavy metal removal by bacterial isolates from the Antarctic 

oceanic region demonstrated that a member of this genus designated 

Oceanobacillus sp. 39 could tolerate high concentrations of Cd2+, Cr2+ Ni2+ and 

Pb2+.  

In a research project aimed at isolating alkaliphilic bacteria from hyperalkaline 

soil, Almrabet (MSc student of the environmental Microbiology group, 

University of Huddersfield) recovered the strain Oceanobacillus sp. strain Hud 

from mineral media broth inoculated with 10 g of soil sample from Harpur Hill 
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site [393]. The solid mineral medium for the isolation was supplemented with 

20% NaCl and CDP as carbon source at pH 9.0. 

Following DNA extraction, a draft whole genome sequence was carried out using 

a whole genome shortgun (WGS) sequence strategy. The Illumina Hiseq 2500  

system (BaseClear, NL) was employed to generate paired-end 125 cycles 

sequence reads while the Illumina Casava pipeline (version 1.8.3) generated 

FASTAQ sequence files. Quality assessment was carried out by the Illumina 

Chastity filter and reads containing adapter sequence were removed in-house. A 

second quality assessment was carried out by FASTQC tool (version 0.010.0). 

The FASTQ trimmed and assembled by employing CLC Genomic Workbench 

(version 7.0.4). The determination of the optimal k-mer size was done with 

KmerGenie [394]. The contigs were linked and placed into scaffolds or 

supercontigs.  Estimation of the orientation, order and distance between the 

contigs were done using insert size between the paired-end and/or matepair reads 

using the SSPACE Premium scaffolder version 2.3 [395].  

 Genome Description  

Whole genome sequencing generated 85 contigs with (PEGs), with total genome 

size 4,692,842 bp in length with 39.2% G-C content. The whole genome sequence 

which was annotated with the RAST server [396], produced an output of 

subsystem coverage of 48% which contained a total of 2,178 proteins. There were 

2,058 non-hypothetical and 120 hypothetical proteins (Figure 4.56). 

 



207 

 

 

Figure 4.59 RAST annotation of WGS sequencing of Oceanobacillus sp. strain Hud  

Showing subsystem coverage and features with protein counts 

 

Many of the proteins identified (Figure 4.59) were responsible for support and 

normal cell functioning including cell wall and capsule synthesis, membrane 

transport system and for the production of amino acids and its derivatives. A total 

of 89 and 155 proteins that were annotated were shown to be responsible for the 

metabolism of DNA and RNA respectively. Furthermore, a number of genes (124) 

were noted to be related to stress response, which included genes coding for 

proteins involved in resistance to antibiotics and toxic compounds, protection 

from reactive oxygen species and osmotic stress. The presence of these stress 

response genes underscores the ability of members of this genus to survive under 
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extreme conditions including high pH, temperatures and saline environment [390, 

397].  

In the case of resistance to toxic compounds, the genome annotation revealed the 

presence of 23 genes 22 of which coded for resistance to heavy metals while the 

remaining one coded for fosfomycin resistance. Cadmium-transporting ATPase 

(cadA), cadmium efflux system accessory protein (CadC) and cadmium resistance 

protein D (cadD) were noted to confer on the organism, resistance to cadmium 

toxicity. Genes were also present that coded for resistance to zinc toxicity where 

the sensor protein of zinc sigma-54-dependent two-component system (zraS) and 

response regulator of zinc sigma-54-dependent two-component system zraR were 

evident. In order for the strain to resist chromium toxicity, chromate resistance 

protein chrI and chrB as well as chromate transport protein A (chrA) were found 

within the genome. The genome annotation also revealed the presence of arsenic 

efflux pump-driving protein A (arsA), asenic efflux pump protein B (arsB) and 

arsenic reductase C (arsC) all of which confer ability of the strain to resist arsenic 

toxicity. The presence of these heavy metal resistance genes reflects on the ability 

of some members of this genus to be involved in bioremoval of some heavy metals 

[392]. 

In the case of resistance to osmotic stress, the presence of 14 genes were evident, 

13 of which were involved in choline uptake and conversion to betaine clusters. 

Included in this group of genes was alcohol dehydrogenase protein B (GbsB) 

essential for the utilization of choline. The remaining genes coded for proteins 

involved in osmoregulation where outer membrane protein A (ompA), 

osmotically inducible protein Y (osmY) among other proteins were observed. For 

oxidative stress response, the presence of genes coding for superoxide dismutase 

A, B, C and F (sod A, sod B, sod C and sod F) were present among others. In 

order to survive extremes of temperature, the genes involved in responding to 

cold/heat shock such as the cold shock protein A (cspA) family and heat inducible 



209 

 

repressor protein A (HrcA) were present in the genome. Detoxification and 

periplasmic stress proteins were also present for conferring stress response to the 

organism.  

The genome annotation also revealed that the subsystem category involving 

metabolism with the highest number of proteins was carbohydrate subsystem 

where 666 proteins (20.96% of the proteins annotated) were involved in the 

metabolism of carbohydrates (Figure 4.57). In this subsystem feature counts, 

protein associated with the metabolism of amino-sugars and sugar alcohols were 

present. Genes encoding proteins implicated in CO2 fixation and mixed acid 

fermentations that generate products such as lactate, acetate, CO2 and H2 were 

also reported. A number of genes encoding proteins involved in central 

carbohydrate metabolism were present, where 25 proteins responsible for the 

pyruvate metabolism II: Acetyl-CoA, acetogenesis from pyruvate were evident. 

The presence of genes encoding proteins involved in glycolysis, gluconeogenesis, 

TCA and pentose phosphate pathway were also noted. In terms of utilisation of 

carbon sources, the genome showed that the isolate is capable of metabolism of a 

range of carbon substrates. Genes for the metabolism of monosaccharides such as 

mannose, galactose, D-ribose, Xylose and D-sorbitol; disaccharides such as 

sucrose, lactose, fructose, trehalose and polysaccharides such as glycogen were 

present. The percentages of the the subsystems associated with carbohydrate 

metabolism is shown in Figure 4.60.  

Microorganisms are often faced with nutrient limitations in their surroundings but 

the ability of bacteria to survive such nutrient limitation via physiological 

processes is important for their survival in nutrient-limiting environments [398]. 

The genome annotation of this strain suggests the presence of carbon storage 

regulator gene (CsrA), which is reported to repress gluconeogenesis, glycogen 

biosynthesis, catabolic processes and biofilm formation [399-402] during nutrient 

limitation. This physiological behaviour reflects on ability of some species of this 
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genus to survive under limited-nutrient environment such as deep-sea sediments 

[385].   

 

 

Figure 4.60 RAST subsystem annotation for Oceanobacillus sp. strain Hud showing 

percentages of sub-features associated with carbohydrate metabolism. 

 

 Rationale for using Oceanobacillus sp. strain Hud in ISA 

biodegradation experiment. 

Most members of the genus Oceanobacillus have been described as halo-

alkaliphic microorganisms and have been recovered from either salty or alkaline 

environments including fermented indigo [403, 404], fermented food [387, 405] 

and marine environments [384, 406, 407]. Moderately alkaliphilic 

microorganisms can survive and grow in alkaline environment with a pH range of 

9-10 [408]. In order to survive such high pH environments, these microorganisms 

make use of homeostatic mechanisms such as Na+/H+ antiporterdependent to 



211 

 

neutralize cytoplasmic pH.  Moderately halophilic microorganisms can survive 

and grow in salty environments within a range of 5 – 20% (w/v) NaCl through the 

regulation of osmotic concentration [409]. As a result of their osmoregulatory 

strategies, halophilic bacteria are able to use osmolytes including betaines, polyols 

and ectoines under hypersaline conditions to adapt and counter external osmostic 

pressure [410]. The collective haloalkaliphic properties of Oceanobacillus species 

suggest that these microorganisms may have biotechnological applications such 

as biodegradation of organic pollutants. In addition, having been isolated from 

mineral media in which CDP was the main carbon source, this strain was selected 

for ISA biodegradation on the basis of the presence of genes coding for the 

metabolism of a range of carbon substrates. Furthermore, the presence of genes 

involved in stress response and fermentation of carbon substrates to produce 

acetate, ethanol, and formate at pH values above 7 (according to the genome 

annotation) makes the strain potentially capable of surviving and growing under 

the expected conditions of nuclear waste repository. 

 Cultivation of Oceanobacillus sp. strain Hud 

Oceanobacillus sp. strain Hud could grow on solid mineral media with either CDP 

or Ca(α-ISA)2 as the sole carbon source at pH 10.0 within 48 hours indicating 

their ability to utilise ISAs under alkaliphilic [411] anaerobic conditions. The 

colony morphology appeared to be cream in colour, sticky, circular and opaque 

following 18 h of incubation at 25°C on FAA at pH 10.0 under anaerobic 

conditions. The cells were Gram-positive rods facultatively anaerobic and motile 

with hanging drop microscopy. The strain was catalase and oxidase positive. The 

electron microscopy of the cells are shown in figure 4.61. 
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Figure 4.61 Electron micrograph of Oceanobacillus sp. strain Hud.  

 

The 16S rRNA gene sequencing indicated that the strain was 99% identical to 

Oceanobacillus aidingensis strain AD7-25 and Oceanobacillus oncorhynchi 

strain 20AG. Phylogenetic analysis clustered the isolate with Oceanobacillus 

aidingensis (98%) via bootstrap analysis of 1000 replicate trees. Furthermore, 

both strains clustered 97% together with Oceanobacillus oncorhynchi strain 

20AG and forms a clade thereby reflecting on evolutionary relationship between 

the three isolates (Figure 4.62). The percentage of replicate trees in which the 

associated taxa clustered together in the bootstrap test of 1000 replications are 

shown next to the branch points [328]. 
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Figure 4.62 Neighbour-Joining tree based on 16S rRNA gene sequences of 

Oceanobacillus sp. strain Hud 

The inferred tree shows the phylogenetic relationship between Oceanobacillus strain Hud and 

other species of the genus. E. coli J01695 was used as outgroup. Bar, 2 nucleotide substitution 

per 100 nucleotides 

 

 ISA biodegradation 

In order to investigate whether Oceanobacillus sp. strain Hud could utilise ISA as 

carbon source, a batch fermentation experiment in minimal media supplemented 

with 2% vitamin and trace elements solution was set up whereby NaISA, 

Ca(ISA)2 and CDP were added as carbon substrates following the method 

described previously. The pH was adjusted to 9.0. In all three experiments, ISA 

removal was accompanied by acetic acid production with a resultant increase in 

biomass. The generation of acetic acid resulted in the reduction in pH of each 

microcosm when compared to the abiotic control (Figures 4.61 and 4.62). 

In the Ca(ISA)2 driven system ISA removal began from the fifth (5th) day of 

sampling and continued steadily until the end of sampling period at a first order 

mean rate of degradation of 1.3 x 10-1 ± 0.00 d-1. At the end of sampling, a mean 

concentration of 2.23 mM ISA remained, indicating that 56% of the original 

concentration could still be detected in the samples (Figure 4.63). The 
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biodegradation of ISA was accompanied by increase in biomass (Figure 4.63B) 

and accumulation of acetic acid up to a concentration of 1.69 mM at the end of 

the sampling period (Figure 4.63A). This represents a total acetic acid yield of 

42% mM per mM ISA degraded but only 21% of the theoretical value. The 

detection of acetic acid lagged behind until day 15 probably because the 

concentration at that time was much below the detection limit. A drop in pH from 

the initial pH 9 to a final mean pH of 7.59 (Figure 4.63A) suggested acidification 

of the medium from the generation of acidic products of fermentation [412]. The 

parameters of the abiotic control system (i.e ISA concentration and pH) remained 

unchanged by the end of the experimental period and as a result, no acetic acid 

was detected. 

 

 

Figure 4.63 Oceanobacillus sp. strain Hud degradation of ISA from Ca(ISA)2 
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Figure 4.64 continues: ISA degradation in minimal media supplemented with vitamin and 

trace elements solution at pH 9.0 showing (A) ISA removal, acetate accumulation and drop in 

pH and (B) Biomass 

 

The degradation profile observed in the NaISA experiment was similar to that 

observed with Ca(ISA)2. As shown in Figure 4.65 partial removal of ISA (49%) 

was observed by the end of the experimental period where the first order mean 

rate of degradation was 1.5 x 10-1 ± 0.00 d-1. Similar to the Ca(ISA)2 degradation 

profile, the ISA removal from the NaISA culture was associated with a 

corresponding acetate accumulation as the main detectable VFA and an increase 

in biomass (Figures 4.65A And 4.65B). The acetic acid concentration of 1.81 mM 

could be detected 5 days earlier than in the Ca(ISA)2 system at the end of the 

sampling period. Thus, out of 2.03 mM NaISA degraded, mM acetic acid was 

generated which represented acetic acid yield of 89%. The early removal of ISA 

in the NaISA system than in Ca(ISA)2 system suggests Ca-ISA complex is harder 

to transport into cells than the Na-ISA complex. Biomass generation within the 

two systems as a result of the fermentation of ISA was essentially the same 

(Figures 4.62B). This suggests that the organism is capable of ISA assimilation 

0

1

2

3

4

5

6

7

8

9

0 5 10 15 20 25 30 35 40 45

L
o

g
 o

f 
B

io
m

a
ss

 (
C

F
U

/m
L

)

Time (Days)

Biomass

Control Biomass

Error bars ± SE

(B) 



216 

 

irrespective of the source. Similar to the Ca(ISA)2 system, the pH drop from an 

initial of 9.0 to 7.68 (Figure 4.65A) could be attributed to acidification via CO2 

and acetic acid production.  

 

 

Figure 4.64 Oceanobacillus sp. strain Hud degradation of ISA from NaISA  

ISA degradation in minimal media supplemented with vitamin and trace elements solution at 

pH 9.0 showing (A) ISA removal, acetate accumulation and drop in pH and (B) Biomass. 
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In the CDP system, both forms of ISA (α- and β-ISA) contributed to an initial 

total concentration of 3.98 mM in the CDP mixture (Figure 4.65A). Removal of 

β-ISA began after day 5 and was completed degraded by the end of day 30 at first 

order rate of total ISA degradation of 2.8 x 10-1 ± 0.00 d-1. A total of 24% of the 

initial concentration of the α- form of ISA (2.4 mM) still remained in the system 

until the end of the experimental period. This suggest that β-ISA which is more 

soluble [413] is more amenable to microbial action than the α-ISA. Similar to the 

two systems discussed earlier, acetic acid accumulation was associated with the 

ISA degradation where a net 1.08 mM concentration was detected at the end of 

sampling. The degradation of ISA also coincided with pH reduction and increase 

in biomass as shown in Figures 4.65A and 6.5B. 

 

 

Figure 4.65 Oceanobacillus sp. strain Hud degradation of ISA from CDP 
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Figure 4.65 continues: ISA minimal media supplemented with vitamin and trace elements 

solution at pH 9.0 showing (A) ISA removal, acetate accumulation and drop in pH and (B) 

Biomass 

 

Across all the systems enriched with either Ca(ISA)2, NaISA and CDP, the ISA 

degradation profiles appeared similar. In these systems only partial α-ISA 

biodegradation occurred which agrees with earlier findings by Charles et al. [83] 

and Kuippers et al. [74]. In those ISA biodegradation studies, the authors noted 

that only partial α-ISA degraded in their microcosms. This observation with α-

ISA microbial degradation may be attributed to the complex formation between 

α-ISA ligand and the metals involved, in relation to the different transport systems 

associated with those complexes within microbial cells.  

Across the systems, evidence of fermentation processes could be observed from 

the generation of acetic acid as the main volatile fatty acid. This observation is 

linked to the presence of genes described in the genome annotation to be 

responsible for acetogenic activities of the strain. The drop in pH across all three 

systems may be associated with the production of carbon dioxide and acetic acid 

as products of fermentation. These observations when compared to the abiotic 
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control suggest that the degradation of ISA in these systems is due to microbial 

metabolism via an acetogenic biochemical pathway whereby CO2 and H2 may be 

produced as by-products. 

 Biochemical Characterisation of Oceanobacillus sp. strain Hud  

Biochemical analysis of Oceanobacillus sp. strain Hud was carried out in order to 

profile the metabolic capabilities of the strain whereby Biolog, Phenotypic 

Microarray (PM1 and PM2, Biolog Inc. Hayward, USA), Analytical Profiling 

Index (API, bioMérieux) 20A test strips and traditional biochemical tests were 

used. The carbohydrate substrates utilised by the strain listed in Table 4.7. The 

ability of the strain to metabolise a wide range of carbohydrate substrates is a 

reflection of the presence of genes that code for the metabolism of carbohydrates 

as shown by the genome annotation. 

The carbohydrate substrate utilisation profiles of Oceanobacillus sp. strain Hud 

with its closest neighbours, Oceanobacillus aidingensis (type strain AD7 25T) and 

Oceanobacillus oncorhynchi shows both unique and shared characteristics 

(Figure 4.66). Whereas both Oceanobacillus sp. strain Hud and  aidingensis were 

capable of hydrolysing Tween 80, mannitol, xylose and aesculin, Oceanobacillus 

oncorhynchi could hydrolyse only Tween 40 on its own.  On the other hand, 

Oceanobacillus oncorhynchi shares similar metabolic capabilities with 

Oceanobacillus sp. strain Hud in its ability to utilise D-mannose, raffinose, and 

trehalose. All three species of the same clade could not hydrolyse gelatin but are 

similar in their ability to metabolise maltose, fructose, galactose, glucose 

melibiose and sucrose. Oceanobacillus sp. Strain Hud is biochemically unique 

from the other two neighbours in its capacity of utilising a range of carbohydrate 

substrates including N-acetyl-glucosamine, raffinose, arbutine, cellobiose, salicin, 

amygdalin, L-rhamnose, D-tagatose, D-arabinose, D-ribose. 
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Table 4.7 Biochemical profile of Oceanbacillus sp. strain Hud using API 20A and Biolog 

PM1 and PM2 
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Figure 4.66 Unique and shared carbohydrate substrate utilisation among the 3 

phylogenetically related species of Oceanobacillus sp. strain Hud  

Oceanobacillus sp strain Hud (data from this study), Oceanobacillus aidingensis [414], 

Oceanobacillus oncorhynchi [390]. N-acy; N-acetyl-glucosamine, Arb; arbutine, Cell; 

cellubiose, Sal; salicin, Amy; amygdalin, Rha; rhamnose, Tag; tagatose, Ara; arabinose, Raf; 

raffinose, Rib; ribose, Tre; Trehalose, Man; mannose, T.80; Tween 80’ Aes; easculin, Xyl; 

xylose; Mnt; mannitol; Mal; maltose, Fru; fructose, Gal; galactose, Glu; glucose, Mel; 

melibiose, T.20; Tween 20, T.60; Tween 60. 
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 Extraction and identification of Fatty acid methyl esters (FAME) of 

Oceanobacillus sp. strain Hud 

The results presented in Table 4.8 show the percentage composition of FAMEs 

from five species of the genus, Oceanobacillus. Only FAMEs of 12 or more 

carbon chains and their percentage compositions greater than 1% are shown and 

percentages greater than 10% are shown in bold. Interestingly, anteiso-

pentadecanoic acid (aiC15:0) is the major fatty acid among most species of this 

genus as observed in the report by Liu et al. [414]. In the present study, it was the 

second most abundant fatty acid (17.2%) after C14:0 (49%) of the total fatty acid 

detected in Oceanobacillus sp. strain Hud.  This difference in composition may 

be due to the difference in growth media and extraction method used or it may be 

a unique characteristic of this strain. The presence of long chain saturated fatty 

acids (17 carbons) is an indication that members of this genus may be capable of 

surviving in extremes of temperatures through fatty acid homeostasis [334, 415]. 

Table 4.8 Fatty acid percentage composition of Exiguobacterium species.  

Fatty acid O. sp. strain 

Hud 

O. aidingensis O. oncorhynchi O. kimchii O. iheyensis 

C14:0 49.5   5.6  

iC14:0  15.0 16.4  10.0 

iC15:0  17.5 13.1 23.9 28.1 

aiC15:0 17.2 44.5 28.3 36.2 32.1 

C16:0 4.1 1.7 1.7  1.5 

iC16:0 1.2 9.2 21.0 6.0 8.6 

aiC16:0 5.2     

C17:0  2.1 1.7   

iC17:0  1.8 3.9 4.3 3.3 

aiC17:0  6.9 12.6 10.8 17.0 

 

Only percentage compositions greater than 1% are shown. Percentages greater than 10% are 

shown in bold. Data for Oceanobacillus sp. Strain Hud (this study); Oceanobacillus 

aidingensis and Oceanobacillus onchorhynchi  from [414]; Oceanobacillus kimchi and 

Oceanobacillus. iheyensis [387]. 
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 Extraction and identification of isoprenoid quinones (Menaquinone) 

of Oceanobacillus sp. strain Hud 

The results in Figure 4.67 Show the TLC chromatographic plate showing spots of 

standard MK-7 and samples from Oceanobacillus sp. strain Hud after irradiation 

with UV. The result indicates that MK-7 and another menaquinone which could 

not be identified because it was not present in the standard were evident within 

the membranes of the strain. This outcome agrees with earlier findings where MK-

7, has been reported as the major isoprenoid quinone with or without MK-6 [4, 9, 

30].    

                     

Figure 4.67 Menaquinone MK-7 standard and menaquinone sample from 

Oceanobacillus sp. strain Hud  

UV irradiated chromatographic plate showing spots for 1 = MK-7 standard; 2 = MK-7 

standard 3 = Oceanobacillus sp. Strain Hud sample 1, 4 =  Oceanobacillus sp. Strain Hud 

sample 2. a = distance moved by sample; b = solvent front; c = distance moved by unknown 

sample 

The RF values of MK-7 and the unidentified MK were approximately 0.81 and 

0.56 respectively 
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 Oceanobacillus sp. strain Hud tolerance to pH 

Some members of the genus Oceanobacillus have been described as either 

facultative or obligate alkaliphiles [416], the results presented in Figure 4.68 

shows that Oceanobacillus sp. strain Hud is capable of growth in a wide range of 

pH between 6 and 12. Growth in pH 11 and 12 lagged behind for 16 and 20 hours 

respectively suggesting bacterial adaptation to higher pH values. This outcome is 

of particular significance to the nuclear waste disposal where pH is expected to 

rise to a high of 12.5 but later drop to pH 10.0 in the facility [8]. Optimum growth 

occurred at pH 9.0 suggesting that the strain is alkaliphic.  

 

 

Figure 4.68 pH profiling curve showing the optimum pH for growth of Oceanobacillus 

sp. strain Hud 

 

 



225 

 

 Oceanobacillus sp. strain Hud tolerance to heavy metals 

Growth response to different concentrations (0.5-5 mM) of heavy metal ions 

(Zn2+, Co2+, Cu2+, Ni2+, Cd2+ and Pb2+) was used as an indicator of tolerance of the 

strain to heavy metals. There is limited literature available on the metal tolerance 

of Oceanobacillus sp.  In one study, Vela-Cano et al. reported that an isolate with 

100% similarity to  Oceanobacillus sp. FR667183.1 was recovered from a 

microcosm seeded with sewage sludge compost tea and amended with increasing 

concentrations of Pb, Zn, Cd and Cu metals [417]. Mulik and Bhadekar [392] also 

reported that an isolate recovered from Antarctic oceanic region designated 

Oceanobacillus sp. 39 was capable of tolerance and the bioremoval of heavy 

metals including Cd2+, Cr2+, Ni2+ and Pb2+.   

The present study extends the available knowledge regarding the tolerance of 

members of this genus to heavy metals.  While nickel and copper appeared to be 

the most tolerable metals, cobalt seems to be most toxic. The first values for MIC 

and NIC of the strain within the genus Oceanobacillus for the respective metals 

are shown in Table 4.9. The MIC for Pb2+ could not be determined within the 

limits of this experiments. 

Table 4.9 The MICs and NICs of five heavy metals for Oceanobacillus sp. strain Hud 

 

Metal MIC (mM) NIC (mM) 

Zn2+ 1.41 0.09 

Ni2+ 4.09 2.09 

Cu2+ 4.50 2.32 

Co2+ 0.57 2.3 x10-3 

Cd2+ 2.78 0.31 

Pb2+ undetermined undetermined 
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 Oceanobacillus sp. strain Hud tolerance to salt (NaCl) 

Most species of Oceanobacillus have been described as either halotolerant [390] 

or halophilic [414, 416] depending on the site where the strain was isolated. In 

these studies the isolates have been shown to grow within a wide range of salt 

concentration from 0-25%. In the current study, whilst the strain was isolated from 

a hyperalkaline calcium dominated environment, it still demonstrated tolerance to 

a wide range of salt concentration between 1 and 15% (Figure 4.69), with 

optimum growth occurring at approximately 5.5% salt concentration. The current 

results are consistent with earlier findings where Oceanobacillus aidingensis 

tolerated salt within a range of 0-21%, Oceanobacillus oncorhynchi; 0-22%, 

Oceanobacillus neutrophilus; 0-17%; Oceanobacillus locisalsi; 25% 

Oceanobacillus sojae; 0-15%  [414].  

 

Figure 4.69 Oceanobacillus sp. strain Hud growth response to increased salt 

concentration  

Growth was expressed as a function of salt concentration. 
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Having shown the high tolerance to salt and potential for biodegradation of ISA 

collectively, this data suggest that Oceanobacillus may be a useful candidate for 

consideration in the disposal of radioactive waste especially in those underground 

repositories based in salt formations.  

 Assessing the combined effect of pH and temperature on the growth 

of Oceanobacillus sp. strain Hud 

The impact of pH on the growth of Oceanobacillus sp. strain Hud across a wide 

range of temperatures was investigated. The results indicated (Figure 4.70) that 

the isolate was incapable of growth at either 10°C or 45°C across a pH range of 4 

to 12. However, having been shown to grow at high pH values and possessing 

genes coding for response to cold- and heat-shock may suggest that a reasonable 

time limit may be required for growth under these conditions. Under the 

synergistic effect of pH and temperature, optimum growth occurred at pH 9.5 at 

30°C. Across all temperatures that supported growth, growth optimality occurred 

at pH 9.0 thereby highlighting on the alkaliphilic properties of the strain.  

 

Figure 4.70 Effect pH on growth of Oceanobacillus sp. strain Hud across a wide 

temperature range 
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The combined effect of pH and temperature on the growth of Oceanobacillus sp. 

strain Hud is presented in Figure 4.71 where the peak of the 3D surface plot 

represents the highest growth attained by the strain which occurred at pH 9.0 at 

30°C. The base represents those parameters within which no growth occurred 

such as pH 4 to pH 5 between 10 and 45°C.  

 

 

Figure 4.71 A 3D surface plot showing the synergistic effects of pH and temperature on 

the growth of Oceanobacillus sp. strain Hud 
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 Biofilm formation by Oceanobacillus sp. strain Hud 

 Calcoflour white staining 

Calcofluor white staining (Figure 4.72) of Oceanobacillus sp. strain Hud showed 

biofilm material which is stained light-blue around the edges of the cells. 

 

                                                              X1000 

Figure 4.72 Calcofluor staining of biofilm produced by Oceanobacillus sp. strain Hud.  

Cells are stained bright-green whereas the biofilm (around cells) are stained light-blue 

 

The biofilm formation and adherence assay (Figure 4.73) was performed 

following 18 hours of incubation. The mean absorbance of the control (ODc) was 

0.187 whereas that of the strain was 2.107. Analysis of paired T-test showed that 

there is a significant difference between the absorbance of the control and the 

experimental (P = 1.63 E-7). This difference represented about 11 fold increase 

in the experimental value over the control which according to the biofilm 

adherence capability classification meant that the strain produced a strong 
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adherent biofilm [230]. Isolation of exopolysaccharides from the biofilm was 

however unsuccessful.  

 

Figure 4.73 Biofilm adherence of Oceanobacillus sp. strain Hud  

Biofilm adherence onto abiotic surface was observed following 18 hours of incubation. ODc 

is the optical density of control and ODs is the optical density of the biofilm exclusively.   

 Key findings 

 The genome annotation of Oceanobacillus sp. strain Hud has showed the 

presence of genes that code for the metabolism of several carbohydrate 

 The strain has shown the potential to degrade ISAs under anoxic, alkaline 

conditions representative of the GDF 

 The biodegradation of ISAs results in the generation of acetic acid 

suggesting an acetogenic pathway similar to the one described by Eiteman 

and Altman [412] and Schroder et al. during a study on Thermotoga 

maritima [330] 

 The main fatty acids of Oceanobacillu sp. strain Hud C14:0, aiC15:0, C16:0 

iC16:0 and aiC16:0 

 The major menaquinone is MK7 
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 The strain demonstrated broad biochemical capabilities along with 

significant salt, pH and heavy metal tolerances 

 The strain has been shown to be haloalkaliphilic and has demonstrated the 

capability as a strong adherent biofilm former 

 The main physiological and biochemical characteristics of Oceanobacillus 

sp. strain Hud are presented in Table 4.10 together with those of other four 

species from the literature 

Table 4.10 Physiological and biochemical characteristics of Oceanobacillus sp. strain 

Hud compared with other related species 

 

Characteristics 

and  

biochemical profile 

 

Oceanobacillus species 

 

 

1 

 

 

2 

 

 

3 

 

 

4 

 

 

5 

Colony colour cream cream white Cream Creamy 

white 

Motility + + + + + 

Flagella * Polar Peritrichous Polar Peritrihous 

Oxidase + - + + + 

Catalase + + + + + 

NaCl tolerance (%) 15 21 22 15 21 

Optimum growth 

temperature (°C) 
30 33-37 30-36 35 30 

Optimum pH  

 
9.0 7.0-7.5 9.0-10 9.0 7.0-9.5 

Carbohydrate 

utilization 

 

     

N-Acetyl glucosamine + - - + - 

N-Acetyl mannosamine + - - * - 

Cellobiose + - + + - 

Melibiose + - + * - 

Raffinose + - + - - 

D-Glucose + + + + + 

D-Galactose + + +  - 

D-Mannitol + - * * * 

D-Ribose + - * + * 

D-Mannose + - + * + 

D-trehalose + - + * - 

D-Sorbitol + - - + - 
1. Oceanobacillus sp. strain Hud (this study), 2. Oceanobacillus aidingensis [414], 3. Oceanobacillus 

oncorhynchi [390], 4. Oceanobacillus kimchii [387] and 5. Oceanobacillus iheyensis [384] 
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 Isolation of alkaliphilic bacteria from pH 9.0 methanogenic 

polymicrobial microcosms 
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 Rational for the study 

ISA degradation by bacterial communities from anthropogenic hyper-alkaline soil 

has been the focus of current research. As a result, ISA biodegradation profiles 

involving pure bacterial isolates is lacking in literature. The aim of this section of 

the study therefore was to isolate in pure cultures individual cultivable species 

which form part of the ISA degrading polymicrobial consortia within the 

microcosms fed with both ISA and CDP for investigation into their ISA 

degradability potentials. This will allow for subsequent study into the molecular 

mechanisms associated with ISA assimilation by microorganism which is 

currently unavailable in literature. 

 Shewanella sp. strain IK Hud 

Members of the genus Shewanella comprises several species of Gram-negative, 

motile rods which are commonly found  in marine and freshwater environments 

[418]. They belong to the y-subclass of the Proteobacteria within the family 

Vibrionaceae [419] with S. putrefaciens as type strain [419]. Strains are mostly 

facultative anaerobes but usually maintains respiratory metabolism  where under 

anoxic biogeochemical conditions, oxidation of organic matter can be coupled to 

the reduction of NO-, Fe3+ and sulphur compounds [418]. Most species have been 

associated with biodegradation of organic compounds using terminal electron 

acceptors including Fe3+, Mn4+ and NO- [420-423]. Some species have been 

reported to have the ability to utilize arsenate, thiosulphate in addition to nitrate, 

iron or manganite across a broad range of temperatures and pH under anaerobic 

conditions [424]. The authors also reported the ability of the strain to tolerate the 

presence of heavy metals including (Cd, Co, Cr, Cu, Mn, Mo, Se, V and Zn under 

anaerobic conditions within which they grow and utilize arsenate thereby 

producing arsenic (III) sulfide (As2S3). 
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In the present study, the isolate designated Shewanella sp. strain IK Hud was 

isolated from a CDP-driven methanogenic polymicrobial microcosm operated at 

alkaliphic anaerobic conditions which was under investigation of ISA 

biodegradation. Ability of the strain to grow on solid mineral media with CDP as 

sole carbon source coupled to its characteristics in literature suggest the strain 

may be useful in ISA degradation studies relating to nuclear disposal.   

Analysis of the 16S rRNA gene sequences showed that the strain shared 99% 

sequence homology with Shewanella putrfaciens strain Hammer 95 and 

Shewanella profunda strain LT13a. Phylogenetic analysis (Figure 4.74) of 

associated taxa showed that the strain clustered 88% around Shewanella 

putrfaciens in a bootstrap test of 1000 replications indicating evolutionary relation 

between the two strains. The inferred phylogeny also suggested that the two 

strains were phylogenetically related to Shewanella profunda strain LT13a as both 

clustered 95% in the percentage replicate trees.  
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Figure 4.74 Phylogenetic tree of Shewanella sp. Strain IK Hud and other related species 

Neighbour-Joining tree based on 16S rRNA gene sequences showing the phylogenetic 

relationship between Shewanella strain IK Hud and other species of the genus. E. coli J01695 

was used as outgroup. Bar, 1 nucleotide substitution per 100 nucleotides   

 

 Trichococcus sp. strain IK Hud  

The genus Trichococcus was first described in 1984 when some novel species 

associated with the genus were isolated from a bulking sludge [425]. The type 

strain is T. flocculiformis. To date, there are only five known species [426] namely 

T. pasteurii, T. patagoniensis, T. collinsii, and T. palustris in addition to the type 

strain. Members of the genus are filamentous Gram positive bacteria consisting 

of several hundred coccoid cells where these filaments tend to form small white 

pellet flocs during cultivation without shaking in broth media [425].  

Members of the genus have been reported to show various features with the 

potentials for biotechnological applications including environmental 

bioremediation, production of chemicals with antifreeze properties,  production 

of extracellular polysaccharides and production of  lactic acid from a wide range 

of carbohydrate substrates [426, 427]. Van-Gelder et al. [428] described a novel 

 NR 044863.1 Shewanella putrefaciens strain Hammer 95

 Shewanella sp. strain IK Hud

 NR 104770.1 Shewanella profunda strain LT13a

 NR 041296.1 Shewanella hafniensis strain P010

 NR 116732.1 Shewanella xiamenensis strain S4

 NR 074798.1 Shewanella oneidensis strain MR-1

 NR 044418.1 Shewanella basaltis strain J83

 NR 025267.1 Shewanella baltica strain 63

 NR 114022.1 Shewanella glacialipiscicola strain NBRC 102030

 NR 108852.1 Shewanella seohaensis strain S7-3

 NR 025610.1 Shewanella decolorationis strain S12

 S001020552 E. coli J01695

92

93

88

95

78

63

48

43

36

0.01
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isolate from a methanogenic bioreactor sludge of the genus Trichococcus with 

metabolic capacity of fermenting glycerol as the sole energy and carbon source to 

generate  1,3‐propanediol as main product, with lactate, acetate and formate as 

minor products. This further expands knowledge on the bioremediation potentials 

of the strain.  

In this study the strain was isolated from a complex methanogenic polymicrobial 

ISA-degrading consortia that was operating under anaerobic condition at pH9.0. 

The strain was capable of growth on solid mineral media with Ca(ISA)2 as the 

only carbon source suggesting its ISA biodegradation potential in pure culture. 

Analysis of the 16S rRNA gene showed that the strain designated Trichococcus 

sp. strain IK Hud shares 99% sequence similarity with all the five known species. 

However, phylogenetic analysis (Figure 4.75) of the isolate showed that this strain 

was closely related more to T. flocculiformis as the percentage of the replicate 

trees in a bootstrap test showed that the two strain clustered together by 93%. The 

two organisms both clustered 51% with T. pasteurii. 

Filamentous microorganism have been reported to play a significant role in floc 

and biofilm formation where they produce amyloid-like adhesins during floc 

formation and serve as backbone of biofilm matrix [429, 430]. Together, these 

characteristics suggest that Trichococcus sp. strain IK Hud played important role 

within the community that degraded ISA and that within the repository where the 

formation of niches are required members of this genus could be useful.   
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Figure 4.75 Phylogenetic tree of Trichococcus strain Hud and other related species 

Neighbour-Joining tree based on 16S rRNA gene sequences showing the phylogenetic 

relationship between Trichococcus strain IK Hud and other species of the genus. E. coli 

J01695 was used as outgroup. Bar, 1 nucleotide substitution per 100 nucleotides   

 

 Bacillus sp. strain IK Hud 

The genus Bacillus was first described by Cohn in 1872 when he renamed Vibrio 

subtilis  that had been described by  Ehrenberg in 1835 as Bacillus mycoides [431]. 

Currently, the genus represents one of the large and diverse groups associated 

with the family Bacillaceae. The most distinguishing feature of members of this 

genus the production of endospores resistant to both chemical and physical agents 

which underscores their ubiquity in the natural environment [432]. Earlier studies 

have reported of impressive physiological states which enable members of the 

genus to degrade a wide range of substrates produced by both plants and animal 

including cellulose [433], starch, hydrocarbons and proteins [432]. Some species 

have been found to be heterotrophic nitrifiers, denitrifiers, nitrogen fixers, as well 

as facultative chemolithotrophs. Some members of the genus are acidophiles, 

alkaliphiles and psychrophiles while others are thermophiles [434, 435]. Others 

 NR 042060.1 Trichococcus flocculiformis strain DSM 2094

 Trichococcus sp. strain IK Hud

 NR 036793.2 Trichococcus pasteurii strain KoTa2

 NR 041841.1 Trichococcus patagoniensis strain PmagG1

 NR 042061.1 Trichococcus collinsii strain 37AN3

 NR 025435.1 Trichococcus palustris strain DSM 9172

 NR 125553.1 Jeotgalibaca dankookensis strain EX-07

 NR 116890.1 Bavariicoccus seileri strain WCC 4188

 NR 042093.1 Carnobacterium gallinarum strain DSM 4847

 NR 104715.1 Carnobacterium alterfunditum strain pf4

 NR 025211.1 Carnobacterium pleistocenium strain FTR1

 S001020552 E. coli J01695
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95

50

30

93

93

51

75

58

0.01
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have been noted for their detoxification potentials of heavy metals, including lead, 

chromium, and copper, by biosorption [436].  

The current strain designated Bacillus sp strain Hud was isolated from a CDP-

driven methanogenic, polymicromicrobial community that was operating at a 

starting pH 9.0. It was found to be facultative anaerobe, Gram positive rods which 

formed radial filaments colonies and could grow on solid mineral media with only 

CDP as the sole carbon source; suggesting the ability to utilize ISA. 16S rRNA 

gene sequence showed that the strain shares 99% percent sequence homology with 

Bacillus mycoides and other related species. Phylogenetic analysis (Figure 4.76) 

however showed that the B. strain IK Hud is more closely related to B. mycoides 

than other species as the bootstrap test of 1000 replicate trees showed that the two 

strains clustered by 89%. The closest neighbours of the two were B. thuringiensis 

and B. toyonensis. Given the characteristics of members of the genus Bacillus 

coupled to the ability to form resistant endospores suggest that this strain is a 

potential candidate for further investigation in ISA degrading experiments.   
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Figure 4.76 Phylogenetic tree of Bacillus sp. strain IK Hud and other related species 

Neighbour-Joining tree based on 16S rRNA gene sequences showing the phylogenetic 

relationship between Bacillus sp. strain IK Hud and other species of the genus. E. coli J01695 

was used as outgroup. Bar, 2 nucleotide substitution per 100 nucleotides   
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 NR 121761.1 Bacillus toyonensis strain BCT-7112
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 Overview  

The United Kingdom has a substantial amount of nuclear waste with LLW and 

ILW forming the bulk of the waste. These wastes need to be disposed of 

permanently and the Government’s current plan is geological disposal in a GDF 

– an engineered facility in a deep vault underground to retain the waste without 

the intention to retrieve [2]. 

Upon closure of the facility, chemical evolution within the facility will lead to the 

degradation of cellulosic materials buried together with the waste thereby 

generating soluble complexants such ISA [18] which has been reported to enhance 

radionuclide migration through the formation of complexes. This will 

compromise the radionuclide retention capacity of the GDF. 

As an organic compound, ISA represents a potential organic substrate for 

microbial biodegradation within the GDF which has the potentials to be colonised 

by microorganisms both during the constructional and operational phases [299]. 

However, a major limitation to microbial colonization of the GDF is the high pH 

that will prevail for a long time. 

Model studies have suggested that ISA degradation is possible under the GDF 

conditions but these studies have  focused on coupling the calcium salt of α-ISA 

(Ca[(α-ISA)2]) metabolism with biogeochemical processes involving terminal 

electron acceptors where the Ca[(α-ISA)2] is used as an analogue for CDP [70, 

74]. Furthermore, most studies have employed the use of compounds containing 

NH4
+ in their growth media although earlier studies have noted that some essential 

growth nutrients including nitrogen and phosphorus will be lacking in the GDF 

[236]. Investigation into the characteristics and degradation profiles of ISAs under 

alkaliphilic anaerobic conditions by pure microbial isolates is lacking in the 

literature. 
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This study aimed at investigating microbial metabolic capacity to biodegrade 

ISAs under a range of alkaliphilic, anaerobic conditions, assessing the impact of 

Ca(ISA)2, CDP and NH4
+ on ISA degradation and resultant microbial community 

evolution. In addition, the isolation and characterization of alkaliphilic, 

microorganisms with ISA degradability potentials were also carried.  

 Conclusion 1 

 Microbial community degradation of ISA under aerobic and 

anaerobic conditions 

The aim of this section of the study was to first investigate whether microbial 

consortia within an anthropogenic hyperalkline soil could degrade ISA at high pH 

of 10 under aerobic and anaerobic conditions where Ca(ISA)2 and CDP were used 

as sole carbon source. Microorganisms within the seeding soil were able to 

degrade ISAs completely from the microcosms under both conditions. These 

findings agreed with earlier studies and highlighted on the potentials of 

microorganism in bioremediation of ISA. 

 Conclusion 2 

 The impact of nitrogen source and the form of ISA on microbial 

community evolution 

In ISA degradation studies, the two major sources of ISA used are the Ca(ISA)2 

and CDP with different kinds of ammonium compounds at different 

concentrations being used as the preferred nitrogen source. However, these 

ammonium compounds are not likely to be present in the nuclear waste repository.  

The aim of this section of the study was to assess the impact of the form of ISA 

employed and the type of nitrogen source used on the evolution of ISA degrading 

microbial communities in relation to a nitrogen amended and nitrogen free system 

under alkaliphilic, anaerobic conditions. 
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The chemical analysis of the established consortia showed that in both NH4
+ 

amended and NH4
+-free systems, microorganisms within the consortia were 

capable of ISA biodegradation irrespective of the carbon source. Across the 

microcosms, ISA biodegradation was accompanied by the generation of acetic 

acid, CO2 and H2. The CO2 yield were lower than the expected due to high pH 

enhancing the solubility of CO2. Together with acetic acid products, the CO2 

acidified the growth media, which led to a drop in pH thereby creating a microbial 

niche for those microorganisms, which could not grow at high pH. The NH4
+-free 

systems generated more biomass than the system amended with NH4
+, which 

indicated that some level of ammonium toxicity was reducing the overall biomass 

in those systems. The yields of methane in the systems amended with NH4
+ were 

higher than the NH4
+-free systems but this was attributed to the activities of 

autotrophic methanogens. 

Analysis of the established consortia showed a complex community of bacterial 

and archaeal domains, dominated by taxa associated with Firmicutes while 

members of Proteobacteria dominated the background soil. The enrichment 

cultures selected for a high number of bacteria, which led to alpha diversity 

analysis favouring them against the background soil. The presence of NH4
+ was 

found to support a more diverse microbial population that were phylogenetically 

related.  

The archaeal domain across the systems was composed mainly of the 

Methanobacteriales and Methanosarcinales, which were, involved in both 

acetogenic and hydrogenotrophic activities. In association with the bacterial 

domain, ISA was broken down by the archaea into CH4
+, CO2 and H2 where the 

main biochemical pathway for the breakdown was a biphasic anaerobic digestion 

of ISA substrate involving aceticlastic and hydrogenotrophic methanogenesis. 

The background soil was found to contain soil ammonium ions at concentrations 

that could potentially be a source of nitrogen for microorganisms. It also contained 
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nitrogen fixing bacteria hence, the presence or absence of NH4
+ did not affect the 

degradation of ISA but it impacted on the evolution of the microbial community. 

The type of carbon source (Ca(ISA)2 or CDP) did not affect ISA degradation 

however, the established microbial communities under these carbon sources were 

significantly different from each other and from the background soil. 

 Conclusion 3 

 Microbial community ISA biodegradation under elevated pH 

conditions 

Previous authors have reported on ISA biodegradation up to pH11.0 but the 

associated communities have not been described. The aim of this section of the 

study was therefore to investigate the degradation profiles of microbial 

communities associated with ISA degradation at higher pH (pH10.0-11.5) and 

how the high pH impacted the evolution of these microbial communities. 

In the Ca(ISA)2 system at pH10.0, complete degradation of ISA occurred by the 

end of the study. In the higher pH ranges however, partial but significant ISA 

degradation occurred.  Across all systems, the degradation was accompanied by 

the generation of biomass, production and accumulation of acetic acid and 

evolution of gases including CH4, CO2 and H2. There was no CH4 production 

across both systems at pH11.5 but only CO2 and H2 due to the high pH suggesting 

that methanogenesis was limited by elevated pH. 

The ISA degradation profile and the generation of other parameters were less with 

increasing pH which indicated that pH is a major barrier to microbial activities 

under repository conditions. 

Microbial community analysis showed that in spite of the harsh pH stress, these 

microcosms maintained quite a diverse population of microorganisms which 

reflect the ability of some species to survive adverse environmental conditions. 



245 

 

Each of the carbon substrate selected for taxa that were phylogenetically related 

in spite of the pH indicating that the type of carbon source played a role in 

microbial community evolution. Complex microbial consortia were dominated 

mostly by Clostridiales where individual species have been reported to be capable 

of growth under harsh conditions and capable of fermenting a number of 

carbohydrate substrates. 

The production of CH4 was evidenced by the presence of archaeal community 

which was dominated mainly by Methanobateriales and Methanosarcinales. 

These groups of methanogens are noted for the acetogenic and hydrogen-

scavenging methanogenesis. The presence of methanogens in the pH11.5 system 

but no production of methane indicates that activities of methanogenic bacteria 

are suppressed by high pH. While pH is a major limiting factor in microbial 

processes, alkaliphilic microbial consortia involving both bacterial and archaeal 

domains exist in the natural environmental that are capable of ISA degradation. 

The production of gaseous products is likely to impact on the pressurization of the 

nuclear waste disposal facility.  

 

 Conclusion 4 

 Characterization of Exiguobacterium sp. strain Hud. 

Exiguobacterium sp. strain Hud was isolated from a fermentative alkaliphilic 

methanogenic polymicrobial microcosm that was operating at pH10.0. Several 

authors have reported of the ability of members of this genus to survive extreme 

conditions including temperature, pH, heavy metals and radiations. In addition, 

they have been noted for their ability to metabolise a range of carbon substrates. 

The annotation of the whole genome sequencing of Exiguobacterium sp. strain 

Hud showed the presence of genes that confirmed the afore-mentioned 
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characteristic. The aim of this section of the study was to characterize 

Exiguobacterium strain Hud and assess its ability to degrade ISA. 

The strain was found to be phylogenetically related to Exiguobacterium 

mexicanum (99% sequence homology). It was identified to be facultative 

anaerobic, Gram positive pleomorphic rod and was capable of metabolising a 

wide range of carbon substrates. The organism was found to be motile and both 

catalase and oxidase positive. The major fatty acids being C12:0, iC12:0, C13:0, aiC14:0 

and C17:0. The main menaquinones are MK6, MK7 and MK9 with MK7 being the 

dominant one. The strain was found to be alkaliphilic tolerating pH values up to 

12 with the optimum pH being 9.5, surviving and growing under multiple stress 

conditions including pH and temperature. This reflected on its ability to live in 

extremes of pH and temperature from where members of the genus are commonly 

isolated. The tolerance to salt concentration was also examined whereby it was 

found to tolerate salt concentration up to 10% with the optimum being 4.5%. The 

isolate was found to be a strong biofilm former. In terms of ISA biodegradability 

potentials, the strain was noted to ferment ISA at pH8.0 and 9.0 producing acetic 

acid and generating biomass.   

 

 Conclusion 5 

 Characterization of Oceanobacillus sp. Strain Hud. 

Members of the genus Oceanbacillus have been described as endospore-forming, 

halotolerant facultative anaerobic bacterium. Most strains have been isolated from 

hypersaline environment and noted for their resistance to heavy metal toxicity. 

Some authors have described their ability to degrade a range of organic 

compounds and hence suggested its application in bioremediation of organic 

pollutants.  
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Oceanobacillus sp. strain Hud was isolated from soil samples from hyperalkaline, 

Harpur Hill site and in view of the characteristics presented in literature about 

members of this genus, the aim of this section of the work was to characterize and 

assess its ISA biodegradation. 

The phylogenetic analysis showed that the strain shared 99% sequence homology 

with Oceanobacilluis aidingensis and Oceanobacillus oncorhynchii. The cells 

were Gram-positive rods, facultative anaerobe and positive for motility. The strain 

was both catalase and oxidase positive. While the major fatty acids included C14:0, 

aiC15:0, aiC15:0, C16:0, iC16:0 and aiC16:0, the major menaquinone was MK7. 

The strain was found to be to be alkaliphilic surviving and growing in a wide pH 

range between 4 and 12 with pH9.0 being the optimum. The whole genome 

sequencing of the strain revealed the presence of genes that code for several stress 

responses including cold and heat shock, osmotic stress and resistance to heavy 

metals. There were also genes that were responsible for carbohydrate metabolism, 

which was evident in its ability to degrade a range of carbohydrate substrates 

during the biochemical analysis.  

The strain was found to form strong adherent biofilm on abiotic surface 

suggesting ability to withstand adverse environmental condition. In terms of ISA 

degradation, the Oceanobacillus strain Hud was found to degrade ISA to acetic 

acid and generating biomass at pH9.0.  

 Conclusion 6 

 Isolation of alkaliphilic bacteria from methanogenic polymicrobial 

microcosms 

Three microorganisms have been isolated from the polymicrobial consortia that 

degraded ISA. These isolates included taxa associated with the genera 

Shewannella, Trichoccocus and Bacillus. Having been able to grow on media in 

which CaISA or CDP were the sole carbon source coupled to the characteristics 
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of their respective genera suggest their potential for ISA degradation where the 

molecular mechanisms associated with ISA metabolism may be studied.    

 Impact of the study 

Relating to nuclear waste repository, the findings of this study has shown that 

ISAs that are predicted to generate from alkaline degradation of cellulosic 

materials under repostory conditions could be biodegraded by microorganisms 

that would colonize the facility. The microbiology of the facility will play a 

significant role in its chemical evolution whereby gaseous products such as 

methane, carbon dioxide and hydrogen resulting from microbial biochemical 

activities are likely to contribute to the pressurization of the cement-based facility. 

The management of gases in the cement-based engineered barrier systems (EBS) 

however, has been extensively studied and noted in the Gas Status Report [354]. 

For instance, CO2 is expected to dissolve in porewater and react with cementitous 

materials which is especeted to remove CO2 from the gas phase [437]. Gas 

migration however, is likely to occur within the facility. The Nirex Reference 

Vault Backfill (NRVB) of the cement-based facilty is noted to have gas 

permeability of 10-16 m2 to to assist with gas release from the EBS [438]. It is 

therefore important to consider the formulation of the NRVB to have properties 

with high porosity and gas permeability without compromising safety. 

Although the presence of NH4
+ and the type of carbon source (Ca(ISA)2 or CDP) 

have been shown not to have significance on ISAs degradation, they have been 

shown to impact on the microbial community evolution which is important for the 

GDF safety assessment. It is therefore important to consider those factors in ISA 

degradation studies. 

The isolation and characterization of novel ISA degrading microorganisms will 

allow for the study into the molecular basis of ISA biodegradation in terms of 

analysing genes that are involved. The study of these genes would provide the 
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opportunity for further investigation into how ISA degrading microorganisms 

may be engineered or genetically modified. 

The organic rich soil surface layer of the Harpur Hill site has been shown to 

harbour indigenous methanogenic polymicrobial populations of microorganisms 

that are well adapted to high pH environment and capable of ISA degradation 

under anaerobic condition. Current ISA degradation studies have focussed on 

using sediments from the site. This suggests that the Harpur Hill anthropogenic 

hyperalkaline site may be a potential candidate site for a geological disposal 

facility. 

 Future works 

The molecular characterization of ISA degrading communities has highlighted the 

vast populations of microorganisms that are present within the established 

microbial consortia. Further studies will focus on targeting organisms of interest 

based on these analysis for bioremediation of ISA.  

The identification of Exiguobacterium sp. strain Hud and Oceanobacillus sp. 

strain Hud as novel ISA degrading bacteria and their subsequent molecular 

characterization will serve as a basis for the study into genes and biochemical 

pathways associated with ISA degradation. The isolation of alakliphilic, 

facultative anaerobic microorganisms from ISA degrading microcosms would 

also allow further studies into the potentials of pure isolates to degrade ISA.  

 

 

 

 



250 

 

 References 
 

1. Nda, UK Radioactive waste & materials inventory: UK radioactive waste 

inventory report, March 2017 by Pöyry Energy Limited and Amec Foster 

Wheeler plc. 2016. 

2. Nda, Radioactive wastes in the UK - A summary of the 2016 inventory. 

2017. 

3. Nda, UK Radioactive waste inventory: Main report, March 2008 by Pöyry 

Energy. 2008. 

4. Nda, Understanding activities that produce radioactive wastes in the UK. 

2015. 

5. Office of Nuclear Regulation Geological disposal of radioactive waste Pre-

application advice and scrutiny of Radioactive Waste Management 

Limited, Annual Report Apr 2015 to Mar 2016. 2016. 

6. Nda, UK radioactive waste and materials inventory: UK radioactive waste 

inventory report, march, 2017. By Pöyry Energy Limited and Amec Foster 

Wheeler plc. 2017. 

7. Nda, Near-field Evolution Status Report. NDA/RWMD/033 Nuclear 

Decommissioning Authority (Radioactive Waste Management 

Directorate), Harwell, Didcot, Oxfordshire, UK. 2010. 

8. Nda, Geological Disposal: Generic Disposal System Technical 

Specification, NDA Report NDA/RWMD/044,. 2010. 

9. Iaea, Geological disposal of radioactive waste, IAEA Safety Standards 

Series no. WS-R-4, 2006. 2006. 

10. Chambers, A.V., Gould, L.J., Harris, H.W., Pilkington, N.J., and Williams, 

S.J., Evolution of the Near Field of the Nirex Disposal Concept 

AEAT/R/ENV/0236 AEA Technology plc, Harwell, Didcot, Oxfordshire, 

UK. 2003. 



251 

 

11. Anon, The longevity of intermediate-level radioactive waste packages for 

geological disposal: A review NWAT/Nirex/06/003 Environment agency. 

2008. 

12. Nda, Geological Disposal: Package evolution status report, NDA Report 

NDA/RWMD/031. 2010. 

13. Libert, M., Bildstein, O., Esnault, L., Jullien, M., and Sellier, R., Molecular 

hydrogen: An abundant energy source for bacterial activity in nuclear waste 

repositories Physics and Chemistry of the Earth 2011. 36: p. 1616-1623. 

14. Wang, L., Martens, E., Jacques, D., Canniere, P.D., Berry, J., and Mallants, 

D., Review of sorption values for the cementitious near field of a near 

surface radioactive waste disposal facility, project near surface disposal of 

category A waste at Dessel, ONDRA/NIRAS Report 5-03-03 version 1. 

2009. 

15. Chambers, A.V., Gould, L.J., Harris, A.W., Pilkington, N.J., and Williams, 

S.J., Evolution of the nearfield of the Nirex Disposal Concept, 

AEA/R/ENV/0236. 2003. 

16. Askarieh, M.M. and Worth, S.V., Post-Closure thermal evolution of a 

conceptual repository design for disposal of intermediate-level radioactive 

waste, Proceedings ENS Topseal’99 Meeting in Antwerp, Belgium, 

Belgium nuclear society. 1999. 

17. Knill, C.J. and Kennedy, J.F., Degradation of cellulose under alkaline 

conditions. Carbohydrate Polymers 51 3: 281-300. 2003. 

18. Humphreys, P., Laws, A., and Dawson, J., A Review of Cellulose 

Degradation and the Fate of Degradation Products under Repository 

Conditions SERCO/TAS/002274/001 Serco Contractors Report for the 

Nuclear Decommissioning Authority, UK. 2010. 

19. Astbury, W.J. and Davies, M.M., Structure of Cellulose. Nature 154, 1944. 

154: p. 84. 



252 

 

20. Zugenmaier, P., Conformation and packing of various crystalline cellulose 

fibers. Progress in Polymer Science, 2001. 26(9): p. 1341–417. 

21. Shen, D.K. and Gu, S., The mechanism for thermal decomposition of 

cellulose and its main products. Bioresource Technology, 2010. 101(17): 

p. 6879. 

22. Siu, R.G.H., Microbial decomposition of cellulose. New York, Reinhold 

Publishing Corporation; London, Chapman & Hall, Ltd. 1951: p. 531. 

23. Tits, J., Wieland, E., and Bradbury, M., The effect of isosaccharinic acid 

and gluconic acid on the retention of Eu (III), Am (III) and Th (IV) by 

calcite. Applied Geochemistry 2005. 20(11). 

24. Burns, W.G., Henshaw, J., Walters, W.S., and Williams, S.J., Possible 

effects of radiolysis in the near field, AEA Technology Report 

AEAT/R/ENV/0239. 2003. 

25. Pravednikov, A.N. and Teleshov, E.N., In Shen-Kan, S. S. Medvedev, 

Investigation of the mechanism of radiolysis of polymers containing 

quaternary atoms of carbon. Journal of  Polymer Science, 1962. 58: p. 1039 

– 1048. 

26. Charlesby, A., Atomic Radiation and Polymers, Pergamon Press. Oxford. 

1960. 

27. Bolt, R.O. and Carroll, J.G., Radiation Effects on Organic Materials, 

Academic Press Inc, London. 1963. 

28. Chapiro, A., Radiation Chemistry of Polymeric Systems, Interscience 

Publishers (J .Wiley). London. 1962. 

29. Kudoh, H., Application of Electron Beam on Natural Polymer Systems, 

Viscose, Rayon and Polysaccharide Derivatives, JAERI-Conf-2003-016. 

2003. 

30. Doe, U.S., Appendix 3.6.8, Radiolytic G Values for Waste Materials, 

Remote Handled Transuranic Waste - Payload Appendices, US Department 

of Energy. 1996. 



253 

 

31. Reed, D.T., Okajima, S., Brush, L.H., and Molecke, M.A., Radiolytically-

Induced Gas Production in Plutonium-Spiked WIPP Brine," Scientific 

Basis for Nuclear Waste Management XVI, Materials Research Society 

Symposium Proceedings, Boston MA, November 30 December 4, 1992, 

Vol. 294, 431 , Eds. C. G. Interrante and R. T. Pabalan, SAND92-7283C, 

Materials Research Society, Pittsburgh, Pennsylvania. 1993. 

32. Brush, L.H., Molecke, M.A., Westerman, R.E., Francis, A.J., Gillow, J.B., 

Vreeland, R.H., and Reed, D.T., "Laboratory Studies of Gas Generation for 

the Waste Isolation Pilot Plant," Scientific Basis for Nuclear Waste 

Management XVI, Materials Research Society Symposium Proceedings, 

Boston, Massachusetts, November 30 December 4, 1992, C. G. Interrante 

and R. T. Pabalan, eds., Vol. 294, pp. 335 340, Materials Research Society, 

Pittsburgh, Pennsylvania; SAND92-2160C. 1993. 

33. Brush, L.H., Systems Prioritization Method Iteration 2, Baseline Position 

Paper: Gas Generation in the Waste Isolation Pilot Plant, Sandia National 

Laboratories, March 17. 1995. 

34. Arthur, J.C., Reactions Induced by High Energy Radiation, p. 937-975, in 

Cellulose and Cellulose Derivatives, Edited by N.M. Bikales and L. Segal, 

Wiley Interscience. 1971. 

35. Bludovsky, R., Prochazka, M., and Kopoldova, J., The Influence of Oxygen 

on the Radiolytical Products of Cellulose. Journal of Radioanalytical and 

Nuclear Chemistry, 1984. 87: p. 69-79. 

36. Whistler, R.L. and Bemiller, J.N., Alkaline Degradation of 

Polysaccharides. Advances in Carbohydrate Chemistry and Biochemistry, 

1958. 13: p. 289-329. 

37. Hurdus, M.H. and Pilkington, N.J., The Analysis by HPLC of Short Chain 

(C1 to C5) Acid Products from Alkaline, Anaerobic Degradation of 

Cellulose, AEA Technology Report AEAT/ERRA-0152. 2000. 



254 

 

38. Heath, T.G. and Williams, S.J., Effects of Organic Complexants and their 

Treatment in Performance Assessments, Serco Assurance Report SA/ENV-

0726. 2005. 

39. Greenfield, B.F., Hurdus, M.H., Spindler, M.W., and Thomason, H.P., The 

Effects of the Products from the Anaerobic Degradation of Cellulose on the 

Solubility and Sorption of Radioelements in the Near Field, Nirex Report 

NSS/R376. 1997. 

40. Hurdus, M.H. and Pilkington, N.J., The Identification of 2-C-

(Hydroxymethyl)-3-deoxy-D-pentonic Acid in a Leachate from the 

Degradation of Cellulose in the Presence of Nirex Reference Vault 

Backfill, AEA Technology Report AEAT/ERRA-0077. 2000. 

41. Loon, L.R.V. and Glaus, M.A., Experimental and Theoretical Studies on 

Alkaline Degradation of Cellulose and its Impact on the Sorption of 

Radionuclides, NAGRA Technical Report NTB 97-04. 1998. 

42. Machell, G. and Richards, G.N., Journal of the Chemical Society 

Mechanism of saccharinic acid formation. Part I. Competing reactions in 

the alkaline degradation of 4-O-methyl-D-glucose, maltose, amylose, and 

cellulose. 1960: p. 4500-4506. 

43. Machell, G. and Richards, G.N., Mechanism of saccharinic acid formation. 

Part III. The α-keto-aldehyde intermediate in formation of D-

glucometasaccharinic acid. Journal of the Chemical Society, 1958: p. 1924-

1931. 

44. Machell, G. and Richards, G.N., Journal of the Chemical Society, The 

alkaline degradation of polysaccharides. Part II. The alkali-stable residue 

from the action of sodium hydroxide on  cellulose. Journal of the Chemical 

Society, 1957: p. 4500-4506. 

45. Greenfield, B.J., Harrison, W.N., Robertson, G.P., Somers, P.J., and 

Spindler, M.W., Mechanistic Studies of the Alkaline Degradation of 

Cellulose in Cement, NSS/R272, AEA-D&R-0219 



255 

 

1993. 

46. Allard, S. and Ekberg, C., Complexing Properties of α-Isosaccharinate: 

Stability Constants, Enthalpies and Entropies of Th-complexation with 

Uncertainty Analysis. Journal of Solution Chemistry, 2006. 35(8): p. 1173-

1186. 

47. Vercammen, K., Glaus, M., and Loon, L.R.V., Complexation of Th (IV) 

and Eu (III) by α-isosaccharinic acid under alkaline conditions. 

Radiochimica Acta, 2001. 89(6): p. 393. 

48. Warwick, P., Evans, N., Hall, T., and Vines, S., Complexation of Ni(II) by 

α-isosaccharinic acid and gluconic acid from pH 7 to pH 13. Radiochimica 

Acta, 2003. 91(4): p. 233-240. 

49. Warwick, P., Evans, N., Hall, T., and Vines, S., Stability constants of 

uranium (IV) α-isosaccharinic acid and gluconic acid complexes. 

Radiochimica Acta, 2004. 92(12): p. 897-902. 

50. Wieland, E., Tits, J., Doble, J., and Spieler, P., The effect of α-

isosaccharinic acid on the stability of and Th (IV) uptake by hardened 

cement paste. Radiochimica Acta 2002. 90(9): p. 683-688. 

51. Rai, D., Rao, L., and Xia, Y., Solubility of crystalline calcium 

isosaccharinate. Journal of Solution Chemistry, 1998. 27(12): p. 1109-

1122. 

52. Randall, M., Rigby, B., Thomson, O., and Trivedi, D., Assessment of the 

effects of cellulose degradation products on the behaviour of europium and 

thorium NNL (12) 12239 Part A Issue 4 National Nuclear Laboratory, 

Chadwick House, Warington, UK. 2013. 

53. Bassil, M.N., Bewsher, A.D., Thompson, O.R., and Lloyd, J.R., Microbial 

Degradation Of Cellulosic Material Under Intermediate-Level Waste 

Simulated Conditions. Mineralogical Magazine, 2015. 79(6): p. 1433–

1441. 



256 

 

54. Strand, S.E., Dykes, J., and Chiang, V., Aerobic Microbial Degradation of 

Glucoisosaccharinic Acid Applied and Environmental Microbiology, 1984. 

47(2): p. 268-270. 

55. Rydholm, S.A., Pulping processes: Krieger Publishing Company, 

Florida,US. 1965. 

56. Kringstad, K.P. and Lindström, K., Spent liquors from pulp bleaching. 

Environmental Science & Technology, 1984. 18(6): p. 236A-248A. 

57. Knill, C.J. and Kennedy, J.F., Degradation of cellulose under alkaline 

conditions. Carbohydrate Polymers, 2003. 51(3): p. 281-300. 

58. Rout, S.P., Charles, C.J., Garratt, E.J., Laws, A.P., Gunn, J., and 

Humphreys, P.N., Evidence of the Generation of Isosaccharinic Acids and 

Their Subsequent Degradation by Local Microbial Consortia within Hyper-

Alkaline Contaminated Soils, with Relevance to Intermediate Level 

Radioactive Waste Disposal. PLoS ONE, 2015. 10(3): p. e0119164. 

doi:10.1371/journal.pone.0119164. 

59. Greenfield, B.F., Holtom, G.J., Hurdus, M.H., O’kelly, N., Pilkington, N.J., 

Rosevear, A., Spindler, M.W., and Williams, S.J., The Identification and 

Degradation of Isosaccharinic Acid, a Cellulose Degradation Product 

Material Research Society, 1995. 353: p. 1151-1158. 

60. Bailey, M.J., Utilization of glucoisosaccharinic acid by a bacterial isolate 

unable to metabolize glucose. Applied Microbiology and Biotechnology 

1996. 24(6): p. 493-498. 

61. Williams, A. and Morrison, I., Studies on the Production of Saccharinic 

Acids by the Alkialine Treatment of Young Grass and Their Effectiveness 

as Substrates for Mixed Rumen Microorganisms In Vitro. Journal of the 

Science of Food and Agriculture 1982. 33: p. 21-29. 

62. Horiko, K., Kita, Y., and Koide, K., Method for cultivation of 

microorganism. US 4514501 A. 1985. 



257 

 

63. Strand, S.E., Dykes, J., and Chiang, V., Aerobic Microbial Degradation of 

Glucoisosaccharinic Acid. Applied and Environmental Microbiology 1984. 

47(2): p. 268-271. 

64. Pekarovicoová, A., Mikulášová, M., and Cernakova, L., Biodegradation of 

black liquor hydroxyacids by Micrococcus lylae. Journal of Chemical 

Technology and Biotechnology, 1991. 52(4): p. 539-543. 

65. Mikulasova, M., Pekarovicova, A., Rybarikova, D., and Kosik, M., 

Biodegradation of wood-pulp black liquor hydroxyacids by Micrococcus 

lylae. Journal of Chemical Technology and Biotechnology, 1993. 57(4): p. 

309-312. 

66. Wang, S., Mccarthy, J., and Ferguson, J., Utilization of 

Glucoisosaccharinic Acid and Components of Kraft Black Liquor as 

Energy Sources for Growth of Anaerobic Bacteria. Holzforschung, 1993. 

47(2): p. 141-148. 

67. Grant, W.G., Greedy, R.G.J.H., O'kelly, N., and Rosevear, A., The Survival 

of Micro-Organisms in a Deep Cementitious Repository under Alkaline, 

High Temperature Conditions AEAT/R/ENV/0227 AEA Technology plc, 

Harwell, Didcot, Oxfordshire, UK. 2001. 

68. Francis, A.J. and Dodge, C.J., Microbial Transformations of TRU and 

Mixed Wastes: Actinide Speciation and Waste Volume Reduction BNL-

77300-2006 Project Report to Department of Energy, Environmental 

Sciences Department, Brookhaven National Laboratory, Upton, New York, 

US. 2006. 

69. Maset, E.R., Sidhu, S.H., Fisher, A., Heydon, A., and Worsfold, P.J., Effect 

of organic co-contaminants on technetium and rhenium speciation 

solubility under reducing conditions. Environmental Science & 

Technology, 2006. 40: p. 5472-5477. 

70. Bassil, N.M., Bryan, N., and Lloyd, J.R., Microbial degradation of 

isosaccharinic acid at high pH. The ISME journal, 2014. 9: p. 310-320. 



258 

 

71. Grant, W., Greedy, R., Holton, G.J., O'kelly, N., Rosevear, A., and 

Widdowson, D., The Survival of Micro-organisms in a Deep Cementitious 

Repository Under Alkaline, High Temperature Conditions, AEA 

Technology Report AEAT/R/ENV/0227. 2001. 

72. Nirex, Sellafield Geological and Hydrogeological Investigations: The 

Hydrochemistry of Sellafield, 1997 Update. Nirex Science Report, 

S/97/089. UK Nirex Ltd. 1997. 

73. Rout, P.S., Radford, J., Laws, A.P., Sweeney, F., Elmekawy, A., Gillie, 

L.J., and Humphreys, P.N., Biodegradation of the Alkaline Cellulose 

Degradation Products Generated during Radioactive Waste Disposal. 

PLOS ONE, 2014. 9. 

74. Kuippers, G., Bassil, N.M., Boothman, C., Bryan, N., and Lloyd, J.R., 

Microbial degradation of isosaccharinic acid under conditions 

representative for the far field of radioactive waste disposal facilities. 

Mineralogical Magazine, 2015. 79(6): p. 1443-1454. 

75. Summons, R.E., Schubotz, F., Hays, L.E., Meyer-Dombard, R.D.A., 

Shock, A.G.E.L., and Summons, R.E., Stable isotope labelling confirms 

mixotrophic nature of streamer biofilm communities at alkaline hot springs. 

Frontiers in Microbiology, 2015. 6(42): p. 10.3389/fmicb.2015.00042. 

76. Urbieta, M.S., Lez-Toril, E.G., and A´, A.B.N., Comparison of the 

microbial communities of hot springs waters and the microbial biofilms in 

the acidic geothermal area of Copahue (Neuqu´en, Argentina). 

Extremophiles, 2015. 19: p. 437–450. 

77. Flemming, H.C. and Wingender, J., The biofilm matrix. Nature Reviews 

Microbiology, 2010. 8: p. 623–33. 

78. Jones, B.E., Grant, W.D., and Collins, N.C., Alkaliphiles: diversity and 

identification. In: Priest FG, Ramos-Cormenzana A, Tindall BJ (eds). 

Bacterial Diversity and Systematics. New York. Springer Science, 1994. 

75: p. 195–230. 



259 

 

79. Gorlenko, V., Tsapin, A., and Namsaraev, Z., Anaerobranca californiensis 

sp. nov., an anaerobic, alkalithermophilic, fermentative bacterium isolated 

froma hot spring on Mono Lake. Int ernational Journal of Systematic 

Evolution, 2004. 54: p. 739-743. 

80. Rodrigues, D.R., Goris, J., Vishnivetskaya, T., Gilichinsky, D., Michael, 

F., and Je, T.Æ.J.M.T., Characterization of Exiguobacterium isolates 

fromthe Siberian permafrost. Description of Exiguobacterium sibiricum sp. 

nov. Extremeophiles, 2006. 10: p. 285-2294. 

81. Ez, O.F.O., Flores, M.R., Dib, J.R., Paz, A., and Farías, M.E., Extremophile 

culture collection from Andean lakes: extreme pristine environments that 

host a wide diversity of microorganisms with tolerance to UV radiation. 

Microbial Ecology, 2009. 58: p. 461-473. 

82. Conrad, R., Ji, Y., Noll, M., Klose, M., Claus, P., and Enrich-Prast, A., 

Response of the methanogenic microbial communities in Amazonian 

oxbow lake sediments to desiccation stress. Environmental  Microbiology, 

2014. 16: p. 1682–1694. 

83. Charles, C.J., Rout, S.P., Garratt, E.J., Patel, K., Laws, A.P., and 

Humphreys, P.N., The enrichment of an alkaliphilic biofilm consortia 

capable of the anaerobic degradation of isosaccharinic acid from cellulosic 

materials incubated within an anthropogenic, hyperalkaline environment 

FEMS Microbiology Ecology, 2015. 91(8): p. doi: 10.1093/femsec/fiv085. 

84. Dang, H. and Lovell, C.R., Microbial surface colonisation and biofilm 

development in matine environments. Microbiology and Molecular 

Biology Reviews 80:91-138, 2016. 80: p. 91-138. 

85. Katharios-Lanwermeyer, S., Xi, C., Jakubovics, N., and Rickard, A., 

Minireview: Microbial coaggregation: ubiquity and implications for 

biofilm development. Biofouling, 2014. 30: p. 1235-1251. 

86. Charles, C.J., Rout, S.P., Patel, K.A., Akbar, S., Laws, A.P., Jackson, B.R., 

Boxall, S.A., and Humphreys, P.N., Floc formation reduces the pH stress 



260 

 

experienced by microorganisms living in alkaline environments. Applied 

and Environmental Microbiology, 2017. 83(6). 

87. Vreeland, R.H., Piselli, F., Mcdonnough, S., and Meyer, S.S., Distribution 

and diversity of halophilic bacteria in a subsurface salt formation. 

Extremeophiles, 1998. 2: p. 321-331. 

88. West, J.M., Rowe, E.J., Wealthall, G.P., and Allen, M.R., The 

geomicrobiology of the Drigg Research Site. NERC British Geological 

Survey Technical Report WE/89/8. 1988. 

89. Farkas, G., Gazso, L.G., and Diosi, G., Characterisation of subterranean 

bacteria in the Hungarian upper permian siltstones (aleurolite) formation. 

Canadian Journal of Microbiology, 2000. 46: p. 559-564. 

90. Eaton, A.D., Clesceri, L.S., Rice, E.W., and Greenberg, A.E., Standard 

Methods for the Examination of Water and Wastewater 21st Edition. 21 ed. 

Washington, US: APHA/AWWA/WEF. 2005. 

91. Sutton, S., The Most Probable Number Method and its uses in 

Enumeration, Quantification and validation. Journal of Validation 

Technology, 2010: p. 35-38. 

92. Fukunaga, S., Jintoku, T., Iwata, Y., Nakayama, M., Tsuji, T., Sakaya, N., 

Mogi, K.-I., and Ito, M., Investigation of microorganisms in bentonite 

deposits. Geomicrobiology Journal, 2005. 22(7-8): p. 361-370S. 

93. Horn, J.M., Masterson, B.A., Rivera, A., Miranda, A., Davis, M.A., and 

Martin, S., Bacterial growth dynamics, limiting factors, and community 

diversity in a proposed geological nuclear waste repository environment. 

Geomicrobiology Journal, 2004. 21(4): p. 273-286. 

94. Hallbeck, L. and Pedersen, K., Characterisation of microbial processes in 

deep aquifers of the Fennoscandian Shield Applied Geochemistry, 2008. 

23: p. 1796-1819. 

95. Tanner, R.S., Cultivation of bacteria and fungi. Manual of Environmental 

Microbiology, 3rd Edition. Edited by Hurst C J, Crawford R L, Garland J 



261 

 

L, Lipson D A, Mills A L and Stetzenbach L D. ASM Press, Wasington D. 

C. Chpt 6, pp 69- 78. 2007. 

96. Rappe, M.S. and Giovannoni, S.J., The Uncultured Microbial Majority. 

Annual Reviews of Microbiology, 2003. 57: p. 369-394. 

97. Nedelkova, M., Merroun, M.L., Rossberg, A., Hennig, C., and S, S.S.-P., 

Microbacterium isolates from the vicinity of a radioactive waste depository 

and their interactions with uranium. FEMS Microbial Ecology, 2007. 59: 

p. 694-705. 

98. Icopini, G.A., Boukhalfa, H., and Neu, M.P., Biological reduction of Np 

(V) and Np (V) citrate by metal-reducing bacteria. Environmental Science 

& Technology 2007. 41(8): p. 2764-2769. 

99. Horn, J., Martin, S., Carillo, C., and Lian, T., Microbial effects on nuclear 

waste packaging materials. UCRL-TR-213915-Rev-1, LLNL, USA. 2005. 

100. Beadle, I., Humphreys, P.N., Pettit, C., and Small, J., Integrating 

Microbiology into the Drigg Post-closure Radiological Safety Assessment. 

Edited by Hart K P and Lumpkin G R. . Materials Research Society 

Symposium Proceedings, 2001. 663: p. 665-674. 

101. Beadle, I., Gas Monitored Trench Simulants, Progress Report. DTP 01/02 

TN106. Drigg Technical Programme, BNFL. 2001. 

102. Beadle, I., Long Term Trench Experiment, Progress Report. DTP 02/03 

TN120. Drigg Technical Programme, BNFL. 2001. 

103. Mcdonald, C., Ambrose, D., Brewer, A.J., Campbell, D.J.V., James, L., and 

Sopp, C., Investigations into the potential rate, composition and cumulative 

amount of gas generated from the biodegrdation of simulated low-level 

waste. Nirex Report NSS/R322. 1997. 

104. Kelly, E.J., Bell, B.I., and Johnstone, T.J., Lysimeter studies to investigate 

the leaching of  241Am from low lelvel radioactive waste. Journal of Alloys 

and Compounds, 1998. 271-273: p. 227-230. 



262 

 

105. Nikolova, R., Powrie, W., Humphreys, P.N., and Smallman, D.J., 

Performance of leachate drainage systems. Proceedings Sardinia 2001, 

Eighth International Waste Management and Landfill Symposium, S. 

Margherita di Pula, Caligari, Italy, 1-5 Oct 2001, 103-112. CISA, 

Environmental Sanitary Engineering Centre, Italy. 2001. 

106. West, J.M., Cave, M., Coombs, P., Milodowski, A.E., and Rochelle, C.A., 

Alteration of repository structural materials within the first few years. 

Materials Research Society Symposium Proceedings, 1998. 506: p. 503-

510. 

107. Hama, K., Bateman, K., Coombs, P., Hards, V.L., Milodowski, A.E., West, 

J.M., Wetton, P.D., Yoshida, H., and Aoki, K., Influence of bacteria on 

rock-water interaction, and clay mineral formation in subsurface granitic 

environments. Clay Minerals, 2001. 36: p. 599-613. 

108. Tuck, V.M., Edyvean, R.G.J., West, J.M., Bateman, K., Coombs, P., 

Milodowski, A.E., and Mckervey, J.A., Biologically induced clay 

formation in subsurface granitic environments. Journal of Geochemical 

Exploration, 2006. 90: p. 123-133. 

109. Wolfaardt, G.M., Korber, D.R., and Lawrence, J.R., Cultivation of 

Microbial Consortia and Communities, Manual of Environmental 

Microbiology, 3rd Edition, Chpt 9. Edited by Hurst C J, Crawford R L, 

Garland J L, Lipson D A, Mills A L and Stetzenbach L D. ASM Press, 

Wasington D. 2007: p. 101-111. 

110. Fox, J.R., Mortimer, R.J.G., Lear, G., Lloyd, J.R., Beadle, I., and Morris, 

K., The biogeochemical Behaviour of U(IV) in the simulated near-field of 

a low-level radioactive waste repository. Applied Geochemistry, 2006. 21: 

p. 1539-1550. 

111. Fru, E.C. and Athar, R., In situ bacterial colonisation of compacted 

bentonite under deep geological high-level radioactive waste repository 



263 

 

conditions. Applied Microbiology and Biotechnology, 2008. 79: p. 499-

510. 

112. Kieft, T.L., Kovacik, W.P., Ringelberg, D.P., White, D.C., Haldeman, 

D.L., Amy, P.S., and Hersman, L.E., Factors limiting microbial growth and 

activity at a proposed highlevel nuclear repository, Yucca Mountain, 

Nevada. Applied and Environmental Microbiology, 1997. 63(8): p. 3128-

3133. 

113. Rout, S.P., Charles, C.J., Doulgeris, C., Mccarthy, A.J., Rooks, D.J., 

Loughnane, J.P., Laws, A.P., and Humphreys, P.N., Anoxic biodegradation 

of isosaccharinic acids at alkaline ph by natural microbial communities. 

PLOS ONE 2015. DOI:10.1371: p. 1-17. 

114. Baron, E.J., Medical Microbiology. 4th edition.Chapter 3. Classification 

Edited by Samuel Baron University of Texas Medical Branch at Galveston, 

Galveston, Texas Galveston (TX): University of Texas Medical Branch at 

Galveston; ISBN-10: 0-9631172-1-1. 1996. 

115. Bochner, B.R., Sleuthing out bacterial identities. Nature, 1989. 339: p. 157-

158. 

116. Garland, J.L. and Mills, L., Classification and characterization of 

heterotrophic microbial communities on the basis of patterns of 

community-level sole-carbon-source utilization. Applied Environmental 

Microbiology, 1991. 57(8): p. 2351–2359. 

117. Garland, J.L. and Mills, A.L., Physiological approach for studying 

microbial communities. In Ritz, K., Dighton, J., Giller, K. E. (Eds.), 

Beyond the biomass, Wiley-Sayce Publication. 1994: p. 77-83. 

118. Pedersen, K., Motamedi, M., Karnland, O., and Sandén, T., Mixing and 

sulphatereducing activity of bacteria in swelling, compacted bentonite clay 

under high-level radioactive waste repository conditions. Journal of 

Applied Microbiology, 2000. 89(6): p. 1038-1047. 



264 

 

119. Macdonell, M.T. and Colwell, R.R., Phylogeny of the Vibrionaceae, and 

recommendation for two new genera, Listonella and Shewanella. 

Systematic and Applied Microbiology, 1985. 6(2): p. 171-182. 

120. Eydal, H.S.C. and Pedersen, K., Use of an ATP assay to determine viable 

microbial biomass in Fennoscandian Shield groundwater from depths of 3-

1000 m. Journal of Microbiological Methods, 2007. 70(2): p. 363-373. 

121. Stroes-Gascoyne, S., Hamon, C.J., Vilks, P., and Gierszewski, P., 

Microbial, redox and organic characteristics of compacted clay-based 

buffer after 6.5 years of burial at AECL’s Underground Research 

Laboratory. Applied Geochemistry, 2002. 17 p. 1287-1303. 

122. Stroes-Gascoyne, S., Altmann, S., Beaucaire Catherine, S., S.D., Marrec, 

C.L., Jean-Michel, M., Mauclaire, L., Mckenzie, J., Nagaoka, T., Poulain, 

S., Schippers, A., Schwyn, B., Sergeant, C., Simonoff, M., and Vinsot, A., 

Microbial community analysis of Opalinus clay drill core samples from the 

Mont Terri underground research laboratory, Switzerland. 

Geomicrobiology Journal, 2007. 24(1): p. 1-17. 

123. Hugenholtz, P., Exploring prokaryotic diversity in the genomic era. 

Genome Biology, 2002. 3(2): p. 1-8. 

124. Warwick, Rastogi G., Sani R.K. (2011) Molecular Techniques to Assess 

Microbial Community Structure, Function, and Dynamics in the 

Environment. In: Ahmad I., Ahmad F., Pichtel J. (eds) Microbes and 

Microbial Technology. Springer, New York, NY. 

125. Janda, J.M. and Abbott, S.L., 16S rRNA Gene Sequencing for Bacterial 

Identification in the Diagnostic Laboratory: Pluses, Perils, and Pitfalls. 

Journal of clinical microbiology, 2007. 45(9): p. 2761–2764. 

126. Ghebremedhin, B., Layer, F., Konig, W., and Konig, B., Genetic 

Classification and Distinguishing of Staphylococcus Species Based on 

Different Partial gap, 16S rRNA, hsp60, rpoB, sodA, and tuf Gene 

Sequences. Journal of clinical microbiology, 2008. 46(3): p. 1019–1025. 



265 

 

127. Janssen, P.H., Identifying the Dominant Soil Bacterial Taxa in Libraries of 

16S rRNA and 16S rRNA Genes. Applied Environmental Microbiology, 

2006. 72(3): p. 1719–1728. 

128. Maron, P.A., Maitre, M., Mercier, A., Lejon, D.P.H., Nowak, V., and 

Ranjard, L., Protein and DNA fingerprinting of a soil bacterial community 

inoculated into three different sterile soils. Research in Microbiology, 2008. 

159(4): p. 231-236. 

129. Gentry, T.G., Wickham, G.S., Schadt, C.W., He, Z., and Zhou, J., 

Microarray applications in microbial ecology research. Microbial Ecology, 

2006. 52: p. 159-175. 

130. Acinas, S.G., Sarma-Rupavtarm, R., Klepac-Ceraj, V., and Polz, M.F., 

PCR-induced sequence artifacts and bias: insights from comparison of two 

16S rRNA clone libraries constructed from the same sample. Applied and 

Environmental Microbiology, 2005. 71(12): p. 8966-8969. 

131. Kanagawa, T., Bias and artifacts in multitemplate polymerase chain 

reactions (PCR). Journal of Bioscience and Bioengineering 2003. 96(4): p. 

317-323. 

132. Dowd, S.E. and Pepper, I.L., PCR: Agricultural and environmental 

applications for soil microbes. Manual of Environmental Microbiology, 3rd 

Edition. Edited by Hurst C J et al, ASM Press, Washington, USA. Chpt 55, 

pp 679-686. 2007. 

133. Osborn, A.M. and Smith, C.J., Molecular Microbial Ecology. Taylor and 

Francis Grp, New York. 2005. 

134. Agilent Technologies Inc. Introduction to quantitative PCR methods and 

Application guide. 2012: p. 1-14. 

135. Green, S.I., Prakash, O., Jasrotia, P., Overholt, W.A., and Cardenas, E., 

Denitrifying Bacteria from the Genus Rhodanobacter Dominate Bacterial 

Communities in the Highly Contaminated Subsurface of a Nuclear Legacy 



266 

 

Waste Site. Applied and Environmental Microbiology, 2012. 78(4): p. 

1039-1047. . 

136. Lear, G., Mcbeth, J.M., Boothman, C., Gunning, D.J., and Ellis, B.L., 

Probing the biogeochemical behavior of technetium using a novel nuclear 

imaging approach. Environmental Science & Technology, 2009. 44(1): p. 

156-162. 

137. Pedersen, K., Arlinger, J., Ekendahl, S., and Hallbeck, L., 16S rRNA gene 

diversity of attached and unattached bacteria in boreholes along the access 

tunnel to the Äspö hard rock laboratory Sweden FEMS Microbiol 

Ecolology, 1996. 19: p. 249-262. 

138. Wilkins, M.J., Livens, F.R., Vaughan, D.J., Beadle, I., and Lloyd, J.R., The 

influence of microbial redox cycling on radionuclide mobility in the 

subsurface at a low-level radioactive waste storage site. Geobiology, 2007. 

5: p. 293-301. 

139. Islam, E., Paul, D., and Sar, P., Microbial Diversity in Uranium Deposits 

from Jaduguda and Bagjata Uranium Mines, India as revealed by clone 

library and Denaturing Gradient Gel Electrophoresis analyses. 

Geomicrobiology Journal, 2014. 31(10): p. 862-874. 

140. Banowetz, G.M., Whittaker, G.W., Dierksen, K.P., Azevedo, M.D., 

Kennedy, A.C., Griffith, S.M., and Steiner, J.J., Fatty acid methyl ester 

analysis to identify sources of soil in surface water. Journal of 

Environmental Quality, 2006. 3: p. 133-140. 

141. Young, K.E., Quinn, S.M., and Trumble, S.J., Comparing Gas 

Chromatographic Techniques Used in Fatty Acid Profiling of Northern Fur 

Seals (Callorhinusursinus) and Steller Sea Lions (Eumetopiasjubatus) from 

Lovushki Island Complex, Russia. International Journal of Applied Science 

and Technology, 2012. 2(9): p. 11-21. 



267 

 

142. Cronan, J.E. and Thomas, J., Bacterial Fatty Acid Synthesis and its 

Relationships with Polyketide Synthetic Pathways. Methods in 

Enzymology, 2009. 459: p. 395–433. 

143. Kaneda, T., Iso- and anteiso-fatty acids in bacteria: biosynthesis, function 

and taxonomic significance. Microbiological Reviews, 1991. 55(2): p. 288-

302. 

144. Quezada, M., Buitron, G., Moreno-Andrade, I., Moreno, G., and L´Opez-

Mar´ın, L.M., The use o f fatty acid meth y l esters as biomarkers t o 

determine aero bic, facultatively aero bic and anaerobic communities in 

wastewater treatment systems. FEMS Microbiology Letters, 2007. 266: p. 

75–82. 

145. Li, Y., Wu, S., Wang, L., Li, Y., Shi, F., and Wang, X., Differentiation of 

bacteria using fatty acidprofiles from gas chromatography–tandemmass 

spectrometry. Journal of the Science of food and Agriculture, 2010. 90: p. 

1380–1383. 

146. Choi, K.H., Heath, R.J., and Rock, C.O., Beta-ketoacyl-acyl carrier protein 

synthase III (FabH) is a determining factor in branched-chain fattyacid 

biosynthesis. Journal of Bacteriology, 2000. 182: p. 365–370. 

147. Qiu, X., Choudhry, A.E., Janson, C.A., Grooms, M., Daines, R.A., 

Lonsdale, J.T., and Khandekar, S.S., Crystal structure and substrate 

specificity of the beta-ketoacyl-acyl carrier protein synthase III (FabH) 

from Staphylococcus aureus. Protein Science, 2005. 14(8): p. 2087–2094. 

148. Von-Wintzingerode, F., Rainey, F.A., Kroppenstedt, R.M., and 

Stackebrandt, E., Identification of environmental strains of Bacillus 

mycoides by fatty acid analysis and species-specific rDNA oligonucleotide 

probe. FEMS Microbiology Ecology, 1997. 24: p. 201-209. 

149. Cha, D.K., Fuhrmann, J.J., Kim, D.W., Golt, C.M., Chihib, N.E., Crepin, 

T., Delattre, G., and Tholozan, J.T., Fatty acid methyl ester (FAME) 



268 

 

analysis for monitoring Nocardia levels in activated sludge. Journal of 

Water Resources, 1999. 33: p. 1964–1966. 

150. Pinkart, H.C., Ringelberg, D.B., Piceno, Y.M., Macnaughton, S.J., and 

White, D.C., Biochemical approaches to biomass measurements and 

communit y structure analysis. Manual of Environmental Microbiology 

(Hurst CJ, Crawford RL, Knudsen GR, McInerney MJ & Stentzenbach LD, 

eds), pp. 101–113. ASM Press, Washington, DC. 2002. 

151. Pinkart, H.C., Ringelberg, D.B., Piceno, Y.M., Macnaughton, S.J., and 

White, D.C., Biochemical approaches to biomass measurements and 

communit y structure analysis. Manual of Environmental Microbiology 

(Hurst CJ, Crawford RL, Knudsen GR, McInerney MJ & Stentzenbach LD, 

eds),101–113. ASM Press, Washington. 2002. 

152. Phadtare, S., Recent developments in bacterial cold-shock response. current 

Issues in Molecular Biology, 2004. 6: p. 125-136. 

153. Murata, N. and Wada, H., Acyl lipid desaturases and their importance in 

the tolerance and acclimatization to cold of cyanobacteria. Biochemical 

Journal, 1995. 308: p. 1-8. 

154. Mcdonough, V.M., Stukey, I.E., and Martin, C.E., Specificity of 

unsaturated fatty acid-regulated expression of the Saccharomyces 

cerevisiae OLEl gene. Journal Biological Chemistry, 1992. 267: p. 5931-

5936. 

155. Quinn, P.J., The fluidity of cell membranes and its regulation. Progress in 

Biophysics & Molecular Biology Journal, 1981. 38: p. 1-104. 

156. Chintalapati, S., Kiran, M.D., and Shivaji, S., Role of membrane lipid fatty 

acids in cold adaptation. Cellular and Molecular Biology. 50(5): p. 631-

642. 

157. Konstantinidis, K.T., Ramtte, A., and Tiedje, J.M., The bacterial species 

definition in the genomic era. Philosophical Transactions of the Royal 

Society of London. Series B, Biological Sciences, 2006. 361: p. 1929-1940. 



269 

 

158. Thomas, T., Gilbert, J., and Meyer, F., Metagenomics - a guide from 

sampling to data analysis. Microbial Informatics and Experimentation, 

2012. 2(3): p. 1-12. 

159. Riesenfeld, C.S., Schloss, P.D., and Handelsman, J., Metagenomics: 

genomic analysis of microbial communities. Annual Review of Genetics, 

2004. 38: p. 525-552. 

160. Handelsman, J., Metagenomics: Application of genomics to uncultured 

microorganisms. Microbiology and molecular biology reviews, 2004. 

68(4): p. 669-685. 

161. Rondon, M.R., August, P.R., Bettermann, A.D., Brady, S.F., Grossman, 

T.H., Liles, M.R., Loiacono, K.A., Lynch, B.A., Macneil, I.A., Minor, C., 

Tiong, C.L., Gilman, M., Osburne, M.S., Clardy, J., Handelsman, J., and 

Goodman, R.M., Cloning the soil metagenome: a strategy for accessing the 

genetic and functional diversity of uncultured microorganisms. Applied 

Environmental Microbiology, 2000. 66(6): p. 2541-2547. 

162. Lowe, R., Shirley, N., Bleackley, M., Dolan, S., and Shafee, T., 

Transcriptomics technologies. PLoS Computational Biology, 2017. 13(5): 

p. e1005457. 

163. Moran, M.A., Metatranscriptomics: eavesdropping on complex microbial 

communities. Microbe, 2009. 4: p. 329-335. 

164. Urich, T., Lanzén, A., Qi, J., Huson, D.H., Schleper, C., and Schuster, S.C., 

Simultaneous Assessment of Soil Microbial Community Structure and 

Function through Analysis of the Meta-Transcriptome. PLoS ONE, 2008. 

3(6): p. e2527. 

165. Perazzolli, M., Herrero, N., Sterck, L., Lenzi, L., Pellegrini, A., Puopolo, 

G., De-Peer, Y.V., and Pertot, I., Transcriptomic responses of a simplified 

soil microcosm to a plant pathogen and its biocontrol agent reveal a 

complex reaction to harsh habitat. BMC Genomics, 2016. 17(838): p. 1-18. 



270 

 

166. Keller, M. and Hettich, R., Environmental proteomics: A paradigm shift in 

characterizing microbial activities at the molecular level. Microbiology and 

molecular biology reviews, 2009. 73(1): p. 62–70. 

167. Wilmes, P. and Bond, P.L., Metaproteomics: studying functional gene 

expression in microbial ecosystems. trends in Microbiology, 2006. 14: p. 

92–97. 

168. Keller, M. and Hittich, R., Environmental proteomics: a paradigm shift in 

characterizing microbial activities at the molecular level. Microbiology and 

Molecular Biology Reviews, 2009. 73: p. 62-70. 

169. Benndof, D., Balcke, G.U., Harms, H., and Von-Bergem, M., Functional 

metaproteom analysis of protein extracts from contaminated soul and 

groundwater. International Society of Microbial Ecology Journal, 2007. 1: 

p. 224-234. 

170. Mandal, S.D., Panda, A.K., Bisht, S.S., and Kumar, N.S., Microbial 

Ecology in the Era of Next Generation Sequencing. Journal of Next 

Generation Sequencing & Applications, 2015. S1(001): p. 1-6. 

171. Kircher, M. and Kelso, J., High-throughput DNA sequencing: Concepts 

and limitations. Bioessays, 2010. 32: p. 524-536. 

172. Metzker, M.L., Sequencing technologies - the next generation. Nature 

Reviews Genetics, 2010. 11: p. 31-46. 

173. Chapman, N.A., Mckinley, I.G., and Smellie, J.A., The Potential of Natural 

Analogues in Assessing Systems for Deep Disposal of High-Level 

Radioactive Waste; Nagra Technical Report NTB 85-41, Nagra, 

Wettingen, Switzerland. 1984. 

174. Miller, W.M., Alexander, W.R., Chapman, N.A., Gmckinley, I., and 

Smellie, J.a.T., Geological disposal of radioactive wastes and natural 

analogues. Waste management series, vol. 2, Pergamon, Amsterdam, The 

Netherlands. 2000. 



271 

 

175. Alexander, W.R., Milodowski, A.E., and Pitty, A.F., Cyprus Natural 

Analogue Project (CNAP) Phase III Final Report. 2012. 

176. Jones, B.E., Grant, W.D., Duckworth, A.W., and Owenson, G.G., 

Microbial diversity of soda lakes. Extremophiles, 1998. 2(3): p. 191-200. 

177. Simmons, A.M. and Stuckless, J.S., Analogues to Features and Processes 

of a High-Level Radioactive Waste Repository Proposed for Yucca 

Mountain, Nevada. U.S. Geological Survey Professional Paper 1779 Los 

Alamos National Laboratory, Los Alamos, New Mexico, US. 2010. 

178. Burke, I., Mortimer, R., Palani, S., Whittleston, R., Lockwood, C., Ashley, 

D.J., and Stewart, G.I., Biogeochemical reduction processes in a hyper-

alkaline affected leachate soil profile. Geomicrobiology Journal, 2012. 

769-779.(9): p. 29 9: 769-779. 

179. Humayoun, S.B., Bano, N., and Hollibaugh, J.T., Depth distribution of 

microbial diversity in Mono Lake, a meromictic soda lake in California. 

Applied and Environmental Microbiology, 2003. 69(2): p. 1030-1042. 

180. Rees, H.C., Grant, W.D., Jones, B.E., and Heaphy, S., Diversity of Kenyan 

soda lake alkaliphiles assessed by molecular methods. Extremophiles, 

2004. 8(1): p. 63-71. 

181. Khoury, H., Salameh, E., Clark, I., Fritz, P., Bajjali, W., Milodowski, A.E., 

Cave, M.R., and Alexander, W.R., A natural analogue of high pH cement 

pore waters from the Maqarin area of northern Jordan. I: introduction to the 

site. Journal of Geochemical Exploration, 1992. 46(1): p. 117-132. 

182. Blum, J.S., Bindi, A.B., Buzzelli, J., Stolz, J.F., and Oremland, R.S., 

Bacillus arsenicoselenatis, sp. nov., and Bacillus selenitireducens, sp. nov.: 

two haloalkaliphiles from Mono Lake, California that respire oxyanions of 

selenium and arsenic. Archives of Microbiology, 1998. 171(1): p. 19-30. 

183. Hoover, R.B., Pikuta, E.V., Bej, A.K., Marsic, D., Whitman, W.B., Tang, 

J., and Krader, P., Spirochaeta americana sp. nov., a new haloalkaliphilic, 

obligately anaerobic spirochaete isolated from soda Mono Lake in 



272 

 

California. International Journal of Systematic and Evolutionary 

Microbiology, 2003. 53(3): p. 815-821. 

184. Gorlenko, V., Tsapin, A., Namsaraev, Z., Teal, T., Tourova, T., Engler, D., 

Mielke, R., and Nealson, K., Anaerobranca californiensis sp. nov., an 

anaerobic, alkalithermophilic, fermentative bacterium isolated from a hot 

spring on Mono Lake. International Journal of Systematic and Evolutionary  

Microbiology 54 3: 739-743, 2004. 54(3): p. 739-743. 

185. Oremland, R.S., Dowdle, P.R., Hoeft, S., Sharp, J.O., Schaefer, J.K., 

Miller, L.G., Blum, J.S., Smith, R.L., Bloom, N.S., and Wallschlaeger, D., 

Bacterial dissimilatory reduction of arsenate and sulfate in meromictic 

Mono Lake, California. Geochimica and Cosmochimica Acta, 2000. 

64(18): p. 3073-3084. 

186. Scholten, J., Joye, S., Hollibaugh, J., and Murrell, J., Molecular Analysis 

of the Sulfate Reducing and ArchaealCommunity in a Meromictic Soda 

Lake (Mono Lake, California) by Targeting 16S rRNA, mcrA, apsA, and 

dsrAB Genes. Microbial Ecology, 2005. 50(1): p. 29-39. 

187. Sorokin, D.Y., Gorlenko, V.M., Tsapin, A.I., Nealson, K.H., and Kuenen, 

G.J., Thioalkalimicrobium cyclicum sp. nov. and Thioalkalivibrio 

jannaschii sp. nov., novel species of haloalkaliphilic, obligately 

chemolithoautotrophic sulfur-oxidizing bacteria from hypersaline alkaline 

Mono Lake (California). International Journal of Systematic and 

Evolutionary Microbiology, 2002. 52(3): p. 913-920. 

188. Vargas, V.A., Delgado, O.D., Hatti-Kaul, R., and Mattiasson, B., Bacillus 

bogoriensis sp. nov., a novel alkaliphilic, halotolerant bacterium isolated 

from a Kenyan soda lake. International Journal of Systematic and 

Evolutionary Microbiology, 2005. 55(2): p. 899-902. 

189. Edwards, S., Hudson-Edwards, K., Cann, J., Malpas, J., and Xenophontos, 

C., Classic geology in Europe 7: Cyprus. Terra Publishing, Herpenden, UK. 

2010. 



273 

 

190. Rizoulis, A., Milodowski, A.E., Morris, K., and Lloyd, J.R., Bacterial 

diversity in the hyperalkaline Allas Springs (Cyprus), a natural analogue 

for cementitious radioactive waste repository. Geomicrobiology Journal, 

2014. 33(2). 

191. Milodowski, A.E., Shaw, R.P., and Stewart, D.I., The Harpur Hill Site: its 

geology, evolutionary history and a catalogue of materials present British 

Geological Survey Commissioned Report CR/13/104 43pp British 

Geological Survey, Keyworth, Nottinghamshire, UK. 2013. 

192. Rittmann, B.E. and Mccarty, P.L., Environmental Biotechnology: McGraw 

Hill, New York, US. 2001. 

193. Yuan, H., Chen, Y., Zhang, H., Jiang, S., Zhou, Q., and Gu, G., Improved 

bioproduction of short-chain fatty acids (SCFAs) from excess sludge under 

alkaline conditions. Environmental Science & Technology, 2006. 40(6): p. 

2025-2029. 

194. Liu, Q., Zhang, X.L., Jun, Z., Zhao, A.H., Chen, S.P., Liu, F., Tai, J., Liu, 

J.Y., and Qian, G.R., Effect of carbonate on anaerobic acidogenesis and 

fermentative hydrogen production from glucose using leachate as 

supplementary culture under alkaline conditions. Bioresource Technology, 

2012. 113: p. 37-43. 

195. Jurtshuk, P., Bacterial Metabolism. In Medical Microbiology. (4th edition), 

Baron S, editor. Galveston (TX): University of Texas Medical Branch at 

Galveston. 1996. 

196. Poehlein, A., Cebulla, M., Ilg, M.M., Bengelsdorf, F.R., Schiel-

Bengelsdorf, B., Whited, G., Andreesen, J.R., Gottschalk, G., Daniel, R., 

and Dürre, P., The Complete Genome Sequence of Clostridium aceticum: 

a Missing Link between Rnf- and Cytochrome-Containing Autotrophic 

Acetogens. mBio 2015. 6(5): p. e01168-15. 

197. Islam, M.A., Zengler, K., Edwards, E.A., Mahadevan, R., and 

Stephanopoulos, G., Investigating Moorella thermoacetica metabolism 



274 

 

with a genome-scale constraint-based metabolic model. Integrative 

Biology, 2015. 7(8): p. 869-882. 

198. Schink, B., Energetics of syntrophic cooperation in methanogenic 

degradation. Microbiology and Molecular Biology Reviews, 1997. 61(2): 

p. 262–280. 

199. Pierce, E., Xie, G., Barabote, R.D., Saunders, E., Han, C.S., Detter, J.C., 

Richardson, P., Brettin, T.S., Das, A., Ljungdahl, L.G., and Ragsdale, S.W., 

The complete genome sequence of Moorella thermoacetica (f. Clostridium 

thermoaceticum). Environmental Microbiology, 2008. 10(10). 

200. De-Bok, F.a.M., Harmsen, J.M.H., Plugge, C.M., De-Vries, M.C., 

Akkermans, A.D.L., Vos, W.M.D., and Stams, A.J.M., The first true 

obligately syntrophic propionate-oxidizing bacterium, Pelotomaculum 

schinkii sp. nov., co-cultured with Methanospirillum hungatei, and 

emended description of the genus Pelotomaculum. International Journal of 

Systematic and Evolutionary Microbiology, 2005. 55(4): p. 1697–1703. 

201. Schuchmann, K. and Müller, V., Autotrophy at the thermodynamic limit of 

life: a model for energy conservation in acetogenic bacteria. Nature 

Reviews Microbiology, 2014. 12: p. 809–821. 

202. Demirel, B. and Scherer, P., The roles of acetotrophic and 

hydrogenotrophic methanogens during anaerobic conversion of biomass to 

methane: a review. Reviews in Environmental Science and Biotechnology, 

2008. 7(2): p. 173–190. 

203. Conrad, R., Contribution of hydrogen to methane production and control of 

hydrogen concentrations in methanogenic soils and sediments. FEMS 

Microbiology Ecology, 1999. 28(3): p. 193–202. 

204. Verstraete, W., Doulami, F., Volcke, E., Tavernier, M., Nollet, H., and 

Roles, J., The importance of anaerobic digestion for global environmental 

development in Proceedings of the JSCE Annual Meeting. 2002: p. 97–

102. 



275 

 

205. Griffin, M.E., Mcmahon, K.D., Mackie, R.I., and Raskin, L., Methanogenic 

population dynamics during start-up of anaerobic digesters treating 

municipal solid waste and biosolids. Biotechnology and Bioengineering, 

1998. 57(3): p. 342–355. 

206. Karakashev, D., Batstone, D.J., and Angelidaki, I., Influence of 

environmental conditions on methanogenic compositions in anaerobic 

biogas reactors. Applied and Environmental Microbiology, 2005. 71(1): p. 

331–338. 

207. Thauer, R.K., Kaster, A., Seedorf, H., Buckel, W., and Hedderich, R., 

Methanogenic archaea: ecologically relevant differences in energy 

conservation. Nature Reviews Microbiology, 2008. 6(8): p. 579-591. 

208. Lang, K., Schuldes, J., Klingl, A., Poehlein, A., Daniel, R., and Brune, A., 

New mode of energy metabolism in the seventh order of methanogens as 

revealed by comparative genome analysis of ‘Candidatus Methanoplasma 

termitum’. Applied and Environmental Microbiology, 2015. 81: p. 1338–

1352. 

209. Vanwonterghem, L., Evans, P.N., Parks, D.H., Jensen, P.D., Woodcroft, 

B.J., Hugenholtz, P., and Tyson, G.W., Methylotrophic methanogenesis 

discovered in the archaeal phylum Verstraetearchaeota. Nature 

Microbiology, 2016. 3(1): p. 1-9. 

210. Oren, A., The Family Methanobacteriaceae The Prokaryotes 2014. 10(6): 

p. 165-193. 

211. Mori, K., Lino, T., Suzuki, K.-I., Yamaguchi, K., and Kamagata, Y., 

Aceticlastic and NaCl-requiring methanogen “Methanosaeta pelagica” sp. 

Nov., isolated from marine tidal flat sediment. Applied and Environmental 

Microbiology, 2012. 78(9): p. 3416–3423. 

212. Thauer, R.K., Kaster, A.-K., Seedorf, H., Buckel, W., and Hedderich, R., 

Methanogenic archaea: ecologically relevant differences in energy 

conservation. Natural Reviews Microbiology, 2008. 6(8): p. 579–591. 



276 

 

213. Galagan, J.E., Nusbaum, C., Roy, A., Endrizzi, M.G., Macdonald, P., 

Fitzhugh, W., Calvo, S., Engels, R., Smirnov, S., Atnoor, D., Brown, A., 

Allen, N., Naylor, J., Stange-Thomann, N., Dearellano, K., Johnson, R., 

Linton, L., Mcewan, P., Mckernan, K., Talamas, J., Tirrell, A., Ye, W., 

Zimmer, A., Barber, R.D., Cann, I., Graham, D.E., Grahame, D.A., Guss, 

A.M., Hedderich, R., and Ingram-Smith, C., The Genome of M. 

Acetivorans Reveals Extensive Metabolic and Physiological Diversity. 

genome Research, 2002. 12(4): p. 532–542. 

214. Guo, J., Peng, Y., Ni, B.-J., Han, X., Fan, L., and Yuan, Z., Dissecting 

microbial community structure and methane-producing pathways of a full-

scale anaerobic reactor digesting activated sludge from wastewater 

treatment by metagenomic sequencing Microbial Cell Factories, 2015. 

14(33): p. 1-11. 

215. Iso, B.S.I.B., Plastics-Determination of the ultimate anaerobic 

biodegradation of plastic materials in an aqueous system- Method by 

measurement of biogas production British Standards Institute, London, 

UK. BS ISO 14853, 2005. 

216. I, B.S., BS ISO 14853:2005 Plastics-Determination of the ultimate 

anaerobic biodegradation of plastic materials in an aqueous system-Method 

by measurement of biogas production British Standards Institute, London, 

UK. 2005. 

217. Cowper, M., Marshall, T., and Swanton, S., Sorption detriments in the 

geosphere: the effect of cellulose degradation products. Phase 1 

Experimental study. NR3169/026 Serco Contracters Report for UK Nirex 

Ltd, Harwell, Didcot, Oxfordshire, UK. 2011. 

218. Whistler, R.L. and Bemiller, J.N., Methods in Carbohydrate Chemistry: 

New York; London, UK; Academic Press. Reactions of Carbohydrate 

1963. 2. 



277 

 

219. Allard, S. and C, E., Complexing Properties of -Isosaccharinate: Stability 

Constants, Enthalpies and Entropies of Th-complexation with Uncertainty 

Analysis Journal of Solution Chemistry, 2006. 35(8): p. 1173-1186. 

220. Bolleter, W.T., Bushman, C.J., and Tidwell, P.W., Spectrophotometric 

Determination of Ammonia as Indophenol. Analtical Chemistry, 1961. 

33(4): p. 592-592. 

221. Griffiths, R.I., Whiteley, A.S., O'donnell, A.G., and Bailey, M.J., Rapid 

Method for Coextraction of DNA and RNA from Natural Environments for 

Analysis of Ribosomal DNA- and rRNA-Based Microbial Community 

Composition. Applied and Environmental Microbiology, 2000. 66(12): p. 

5488-5491. 

222. Qiagen, QIAquick PCR Purification spin protocol using a microcentrifuge; 

QIAquick Spin Handbook. 2008. 

223. Edgar, R.C., Haas, B.J., Clemente, J.C., Quince, C., and Knight, R., 

UCHIME improves sensitivity and speed of chimera detection. 

Bioinformatics, 2011. 27(16): p. 2194-2200. 

224. Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., and S, K., 

MEGA5: molecular evolutionary genetics analysis using maximum 

likelihood, evolutionary distance, and maximum parsimony methods. 

Molecular Biology and Evolution, 2011. 28(10): p. 2731-2739. 

225. Wheeler, D.L., Barrett, T., Benson, D.A., Bryant, S.H., and Canese, K., 

Database resources of the national center for biotechnology information. 

Nucleic Acids Research, 2007. 35 (suppl 1: ): p. D5-D12. 

226. Edgar, R.C., MUSCLE: multiple sequence alignment with high accuracy 

and high throughput. Nucleic Acids Research, 2004. 32(5): p. 1792-1797. 

227. Lambert, R.J.W. and Pearson, J., Susceptibility testing: accurate and 

reproducible minimum inhibitory concentration (MIC) and non-inhibitory 

concentration (NIC) values. Journal Applied Microbiology, 2000. 88(5): p. 

784-90. 



278 

 

228. Yeh, S.-T., Using Trapezoidal Rule for the Area Under a Curve 

Calculation. SUGI-27, 2014: p. 227-229. 

229. Collins, M.D. and Jones, D., Distribution of isoprenoid quinone structural 

types in bacteria and their taxonomic implications. Microbiology Reviews, 

1981. 45: p. 316–354. 

230. Stepanović, S., Vuković, D., Dakić, I., Savić, B., and Švabić-Vlahović, M., 

A modified microtiter-plate test for quantification of staphylococcal 

biofilm formation. Journal of Microbiological Methods, 2000. 40(2): p. 

175-179. 

231. Bubb, W.A., NMR Spectroscopy in the Study of Carbohydrates: 

Characterizing the Structural Complexity. Wiley InterScience, 2003. 

19A(1): p. 1–19. 

232. Burke, I.T., Mortimer, R.J.G., Palaniyandi, S., Whittleston, R.A., 

Lockwood, C.L., Ashley, D.J., and Stewart, D.I., Biogeochemical 

Reduction Processes in a Hyper-Alkaline Leachate Affected Soil Profile. 

Geomicrobiology Journal, 2012. 29: p. 769-779. 

233. Wang, J., Yan, D., Dixon, R., and Wang, Y.-P., Deciphering the Principles 

of Bacterial Nitrogen Dietary Preferences: a Strategy for Nutrient 

Containment. M.Bio, 2016. 7(4): p. e00792-16. 

234. El-Sharkawi, H.M., Effect of nitrogen sources on microbial biomass 

nitrogen under different soil types. International Scholarly Research 

Network, 2012. 7(3): p. 10.5402/2012/310727. 

235. Esnaulta, L., Libertb, M., and Bildstein, O., Assessment of microbiological 

development in nuclear waste geological disposal: a geochemical modeling 

approach. Procedia Earth and Planetary Science 2013. 7: p. 244 – 247. 

236. Stroes-Gascoyne, S., The potential for microbial life in a Canadian high-

level nuclear fuel waste disposal vault: A nutrient and energy source 

analysis. Atomic Energy of Canada Limited Report, AECL-9574. 1989. 



279 

 

237. Yenigün, O. and Demirel, B., Ammonia inhibition in anaerobic digestion: 

A review. Process Biochemistry 2013. 48: p. 901–911. 

238. Leejeerajumnean, A., Ames, J.M., and Owens, J.D., Effect of ammonia on 

the growth of Bacillus species and some other bacteria. Letters in Applied 

Microbiology, 2000. 30: p. 385-389. 

239. Koster, I.W. and Lettinga, G., The influence of ammonium-nitrogen on the 

specific activity of pelletized methanogenic sludge. Agricultural Wastes, 

1984. 9: p. 205–216. 

240. Angelidaki, I. and Ahring, B.K., Thermophilic anaerobic digestion of 

livestock waste: the effect of ammonia. Applied and Environ Microbiology, 

1993. 38: p. 560–564. 

241. Hao, L.P., Mazéas, L., Lü, F., Grossin-Debattista, J., He, P.J., and Bouchez, 

T., Effect of ammonia on methane production pathways and reaction rates 

in acetate-fed biogas processes. Water Science and Technology, 2017. 

75(7-8): p. 1839-1848. 

242. Lozupone, C. and Knight, R., Unifrac: A new phylogenetic method for 

comparing microbial communities. Applied Environmental Microbiology, 

2005. 71(12): p. 8228–8235. 

243. Izquierdo, J.A., Pattathil, S., Guseva, A., Hahn, M.G., and Lynd, L.R., 

Comparative analysis of the ability of Clostridium clariflavum strains and 

Clostridium thermocellumto utilize hemicellulose and unpretreated plant 

material. Biotechnology for Biofuels, 2014. 7(136): p. 1-8. 

244. Kwon, M.J., Wei, N., Millerick, K., Popovic, J., and Finneran, K., 

Clostridium geopurificans strain mj1 sp. Nov., a strictly anaerobic 

bacterium that grows via fermentation and reduces the cyclic nitramine 

explosive hexahydro-1,3,5-trinitro-1,3,5-triazine (rdx). Curr Microbiol, 

2014. 68: p. 743–750. 

245. Gelder, A.H.V., Sousa, D.Z., Rijpstra, W.I.C., Damste, J.S.S., Stams, 

A.J.M., and Sanchez-Andrea, I., Ercella succinigenes gen. nov., sp. nov., 



280 

 

an anaerobic succinate-producing bacterium. Int ernational Journal of 

Systematic and Evolutionary Microbiology, 2014. 64: p. 2449–2454. 

246. Braun, M. and Gottschalk, G., Acetobacterium wieringae sp. nov., a new 

species producing acetic acid from molecular hydrogen and carbon dioxide. 

1982. 3(3): p. 368-376. 

247. Eichler, B. and Schink, S., Oxidation of primary aliphatic alcohols by 

Acetobacterium carbinolicum sp. nov., a homoacetogenic anaerobe. Arch 

Microbiol, 1984. 140: p. 147–152. 

248. Bertsch, J. and Müller, V., CO Metabolism in the Acetogen 

Acetobacterium woodii. Applied and Environmental Microbiology, 2015. 

81(17): p. 5949-5956. 

249. Balch, W.E., Schoberth, S., Tanner, R.S., and Wolfe, A.R.S., 

Acetobacterium, a new genus of hydrogen-oxidizing, carbon dioxide-

reducing, anaerobic bacteria. International jwjrnalo f systematbaicct 

eriology, 1977. 27(4): p. 355-361. 

250. Prat, L., Maillard, J., Grimaud, R., and Holliger, C., Physiological 

adaptation of Desulfitobacterium hafniense strain TCE1 to 

tetrachloroethene respiration. Applied Environmental Microbiology, 2011. 

77(11): p. 3853-3859. 

251. Kato, S., Haruta, S., Cui, Z.J., Ishii, M., Yokota, A., and Igarashi, Y., 

Clostridium straminisolvens sp. nov., a moderately thermophilic, 

aerotolerant and cellulolytic bacterium isolated from a cellulose-degrading 

bacterial community. Int ernational Journal of Systematic and Evolutionary 

Microbiology, 2004. 54(6): p. 2043-2047. 

252. Lawson, P.A., Song, Y., Liu, C., Molitoris, D.R., Vaisanen, M.L., Collins, 

M.D., and Finegold, S.M., Anaerotruncus colihominis gen. nov., sp. nov., 

from human faeces. Int ernational Journal of Systematic and Evolutionary 

Microbiology, 2004. 54(2): p. 413-417. 



281 

 

253. Matthies, C., Evers, S., Ludwig, W., and Schink, B., Anaerovorax 

odorimutans gen. nov., sp. nov., a putrescine-fermenting, strictly anaerobic 

bacterium. Int ernational Journal of Systematic and Evolutionary 

Microbiology, 2000. 50(4): p. 1591-1594. 

254. Jeong, H., Lim, Y.W., Yi, H., Sekiguchi, Y., Kamagata, Y., and Chun, J., 

Anaerosporobacter mobilis gen. nov., sp. nov., isolated from forest soil. Int 

ernational Journal of Systematic and Evolutionary Microbiology, 2007. 

57(8): p. 1784-1787 

 

255. Sorokin, Y.D. and Chernyh, N.A., Desulfonatronospira sulfatiphila sp. 

nov., and Desulfitispora elongata sp. nov., two novel haloalkaliphilic 

sulfidogenic bacteria from soda lakes. Int ernational Journal of Systematic 

and Evolutionary Microbiology, 2017. 67: p. 396-401. 

256. Abbas, S., Ahmed, I., Iida, T., Lee, Y.-J., Busse, H.-J., Fujiwara, T., and 

Ohkuma, M., A heavy-metal tolerant novel bacterium, Alcaligenes 

pakistanensis sp. nov., isolated from industrial effluent in Pakistan. Antonie 

van Leeuwenhoek, 2015. 108: p. 859–870. 

257. Trappen, S.V., Tan, T.-L., Samyn, E., and Vandamme, P., Alcaligenes 

aquatilis sp. nov., a novel bacterium from sediments of the Weser Estuary, 

Germany, and a salt marsh on Shem Creek in Charleston Harbor, USA. 

International Journal of Systematic and Evolutionary Microbiology, 2005. 

55: p. 2571–2575. 

258. Rehfuss, M. and Urban, J., Alcaligenes faecalis subsp. phenolicus subsp. 

nov. a phenol-degrading, denitrifying bacterium isolated from a graywater 

bioprocessor. Systematic and Applied Microbiology, 2005. 28: p. 421–429. 

259. Rehfuss, M. and Urban, J., Alcaligenes faecalis subsp. phenolicus subsp. 

nov. a phenol-degrading, denitrifying bacterium isolated from a graywater 



282 

 

bioprocessor. Systematic and Applied Microbiology, 2005. 28(5): p. 421-

429. 

260. Jørgensen, N.O.G., Brandt, K.K., Nybroe, O., and Hansen, M., Delftia 

lacustris sp. nov., a peptidoglycandegrading bacterium from fresh water, 

and emended description of Delftia tsuruhatensis as a peptidoglycan-

degrading bacterium. Int ernational Journal of Systematic and Evolutionary 

Microbiology, 2009. 59: p. 2195–2199. 

261. Valverde, A., Velázquez, E., Gutiérrez, C., Cervantes, E., Ventosa, A., and 

Igual, J.M., Herbaspirillum lusitanum sp. nov., a novel nitrogen-fixing 

bacterium associated with root nodules of Phaseolus vulgaris. Int ernational 

Journal of Systematic and Evolutionary Microbiology, 2003. 53(6). 

262. Guizelini, D., Saizaki, M.P., Coimbra, N.a.R., Weiss, A.V., Faoro, H., 

Sfeir, M.Z.T., Baura, V.A., Monteiro, R.A., Chubatsu, L.S., Souza, E.M., 

Cruz, L.M., Pedrosa, F.O., Raittz, R.T., Marchaukoski, J.N., and Steffensa, 

M.B.R., Complete Genome Sequence of Herbaspirillum hiltneri N3 (DSM 

17495), Isolated from Surface-Sterilized Wheat Roots. Genome 

Announcements, 2015. 3(5): p. e01288-15. 

263. Kirchhof, G., Eckert, B., Stoffels, M., Baldani, J.I., Reis, V.M., and 

Hartmann, A., Herbaspirillum frisingense sp. nov., a new nitrogen-fixing 

bacterial species that occurs in C4-fibre plants. Int ernational Journal of 

Systematic and Evolutionary Microbiology, 2001. 51(1): p. 157-168. 

264. Yoon, K.-S., Tsukada, N., Sakai, Y., Ishii, M., Igarashi, Y., and Nishihara, 

H., Isolationand characterization ofa newfacultativelyautotrophic 

hydrogen-oxidizingBetaproteobacterium,Hydrogenophaga sp. AH-24. 

FEMS Microbiol Letter, 2008. 278: p. 94–100. 

265. Kaden, R., Sproer, C., Beyer, D., and Krolla-Sidenstein, P., Rhodoferax 

saidenbachensis sp. nov., a psychrotolerant, very slowly growing bacterium 

within the family Comamonadaceae, proposal of appropriate taxonomic 

position of Albidiferax ferrireducens strain T118T in the genus Rhodoferax 



283 

 

and emended description of the genus Rhodoferax. Int ernational Journal 

of Systematic and Evolutionary Microbiology, 2014. 64: p. 1186–1193. 

266. Guo, J.K., Ding, Y.Z., Feng, R.W., Wang, R.G., Xu, Y.M., Chen, C., Wei, 

X.L., and Chen, W.M., Burkholderia metalliresistens sp. nov., a multiple 

metal-resistant and phosphate-solubilising species isolated from heavy 

metal-polluted soil in Southeast China. Antonie van Leeuwenhoek, 2015. 

107: p. 1591–1598. 

267. Farrow, J.a.E., Lawson, P.A., Hippe, H., Gauglitz, U., and Collins, M.D.,  

Phylogenetic evidence that the gram-negative nonsporulating bacterium 

Tissierella (Bacteroides) praeacuta is a member of the Clostridium 

subphylum of the gram-positive bacteria and description of Tissierella 

creatinini sp. nov. Int ernational Journal of Systematic and Evolutionary 

Microbiology, 1995. 45: p. 436-440. 

268. Breitenstein, A., Wiegel, J., Haertig, C., Weiss, N., Andreesen, J.R., and 

Lechner, U., Reclassification of Clostridium hydroxybenzoicum as 

Sedimentibacter hydroxybenzoicus gen. nov., comb. nov., and description 

of Sedimentibacter saalensis sp. nov. International Journal of Systematic 

and Evolutionary Microbiology, 2002. 52: p. 801–807. 

269. Imachi, H., Sakai, S., Kubota, T., Miyazaki, M., Saito, Y., and Takai, K., 

Sedimentibacter acidaminivorans sp. nov., an anaerobic, amino-acid-

utilizing bacterium isolated from marine subsurface sediment. International 

Journal of Systematic and Evolutionary Microbiology, 2016. 66: p. 1293–

1300. 

270. Ueki, A., Akasaka, H., Suzuki, D., and Ueki, K., Paludibacter 

propionicigenes gen. nov., sp. nov., a novel strictly anaerobic, Gram-

negative, propionate-producing bacterium isolated from plant residue in 

irrigated rice-field soil in Japan. Int ernational Journal of Systematic and 

Evolutionary Microbiology, 2006. 56: p. 39–44. 



284 

 

271. Hurek, B.R.-H.a.T., Reassessment of the taxonomic structure of the 

diazotrophic genus Azoarcus sensu lato and description of three new genera 

and new species, Azovibrio restrictus gen. nov., sp. nov., Azospira oryzae 

gen. nov., sp. nov. and Azonexus fungiphilus gen. nov., sp. nov. Int 

ernational Journal of Systematic and Evolutionary Microbiology, 2000. 50: 

p. 649–659. 

272. Shaw, A.J., Podkaminer, K.K., Desai, S.G., Bardsley, J.S., Rogers, S.R., 

Thorne, P.G., Hogsett, D.A., and Lynd, L.R., Metabolic engineering of a 

thermophilic bacterium to produce ethanol at high yield. PNAS, 2008. 

105(37): p. 13769–13774. 

273. Venkateswaran, K., Kemp, M., Chen, F., Satomi, M., Nicholson, W., and 

Kern, R., Bacillus nealsonii sp. nov., isolated from a spacecraft-assembly 

facility, whose spores are Ɣ-radiation resistant. Int ernational Journal of 

Systematic and Evolutionary Microbiology, 2003. 53: p. 165–172. 

274. Basso, O., Caumette, P., and Magot, M., Desulfovibrio putealis sp. nov., a 

novel sulfate-reducing bacterium isolated from a deep subsurface aquifer. 

Int ernational Journal of Systematic and Evolutionary Microbiology, 2005. 

55(1): p. 101-104. 

275. Worakit, S., Boone, D.R., Mah, R.A., Abdel-Samie, M.-E., and E-Hwagi, 

M.M., Methanobacterium alcaliphilum sp. nov., an H2-Utilizing 

Methanogen That Grows at High pH Values. Int ernational Journal of 

Systematic and Evolutionary Microbiology, 1986. 36: p. 380-382. 

276. Zhu, J., Liu, X., and Dong, X., Methanobacterium movens sp. nov. and 

Methanobacterium flexile sp. nov., isolated from lake sediment. 

International Journal of Systematic and Evolutionary Microbiology, 2011. 

61: p. 2974–2978. 

277. Deppenmeier, U., Johann, A., Hartsch, T., Merkl, R., Schmitz, R.A., 

Martinez-Arias, R., Henne, A., Wiezer, A., Bäumer, S., Jacobi, C., 

Brüggemann, H., Lienard, T., Christmann, A., Bömeke, M., Steckel, S., 



285 

 

Bhattacharyya, A., Lykidis, A., Overbeek, R., Klenk, H.P., Gunsalus, R.P., 

Fritz, H.J., and Gottschalk, G., The genome of Methanosarcina mazei: 

evidence for lateral gene transfer between bacteria and archaea. Journal of 

Molecular Microbiology and Biotechnology, 2002. 4(4): p. 453-61. 

278. Wagner, D., Schirmack, J., Ganzert, L., Morozova, D., and Mangelsdorf, 

K., Methanosarcina soligelidi sp. nov., a desiccation- and freeze-thaw-

resistant methanogenic archaeon from a Siberian permafrost-affected soil. 

Int ernational Journal of Systematic and Evolutionary Microbiology, 2013. 

63(8): p. 2986-2991. 

279. Krich, K., Augenstein, D., Batmale, J.P., Benemann, J., Rutledge, B., and 

Salou, D., Biomethane from dairy waste; a sourcebook for the production 

and use of renewable natural gas in california; Two-Phase Anaerobic 

Digestion In: Appendix A, Stoichiometry of the anaerobic digestion 

process. 2005: p. A-2. 

280. Hattori, S., Syntrophic acetate-oxidizing microbes in methanogenic 

environments. Micrbes and Environment, 2008. 23(2): p. 118-127. 

281. Shiratori, H., Sasaya, K., Ohiwa, H., Ikeno, H., Ayame, S., Kataoka, N., 

Miya, A., Beppu, T., and Ueda, K., Clostridium clariflavum sp. nov. and 

Clostridium caenicola sp. nov., moderately thermophilic, cellulose-

/cellobiose-digesting bacteria isolated from methanogenic sludge. Int 

ernational Journal of Systematic and Evolutionary Microbiology, 2009. 

59(7): p. 1764-1770. 

282. Van-Dyke, M.I. and Mccarthy, A.J., Molecular Biological Detection and 

Characterization of Clostridium Populations in Municipal Landfill Sites. 

Applied and Environmental Microbiology, 2002. 68(4): p. 2049–2053. 

283. Robert, C., Chassard, C., Lawson, P.A., and Bernalier-Donadille, A., 

Bacteroides cellulosilyticus sp. nov., a cellulolytic bacterium from the 

human gut microbial community. Int ernational Journal of Systematic and 

Evolutionary Microbiology, 2007. 57(7): p. 1516-1520. 



286 

 

284. Deinema, M.H., Van-Loosdrecht, M., and Scholten, A., Some 

Physiological Characteristics of Acinetobacter spp. Accumulating Large 

Amounts of Phosphate. Water Science and Technology, 1986. 17(11-12): 

p. 119-125;. 

285. Lotter, L.H., Wentzel, M.C., Loewenthal, R.E., Ekama, G.A., and Marais, 

G., A study of selected characteristics of Acinetobacter spp. isolated from 

activated sludge in anaerobic/anoxic/aerobic and aerobic systems. Water 

SA, 1986. 12(4): p. 203-208. 

286. Horikoshi, K. and Grant, W.D., Extremophiles: Microbial Life in Extreme 

Environments; Wiley-Liss: New York, NY, USA. 1998. 

287. Rampelotto, P.H., Resistance of Microorganisms to Extreme 

Environmental Conditions and Its Contribution to Astrobiology. 

Sustainability, 2010. 2: p. 1602-1623. 

288. Cao, X., Liu, X., and Dong, X., Alkaliphilus crotonatoxidans sp. nov., a 

strictly anaerobic, crotonate-dismutating bacterium isolated from a 

methanogenic environment. International Journal of Systematic and 

Evolutionary Microbiology, 2003. 53: p. 971-975. 

289. Hwang, C., Copeland, A., Lucas, S., Lapidus, A., Barry, K., Detterb, J.C., 

Rio, T.G.D., Hammonb, N., Israni, S., Dalin, E., Tice, H., Pitluck, S., 

Chertkov, O., Brettin, T., Bruce, D., C.Han, Schmutz, J., Larimer, F., Land, 

M.L., Hauser, L., Kyrpides, N., Mikhailova, N., Ye, Q., Zhou, J., 

Richardson, P., and Fields, M.W., Complete Genome Sequence of 

Alkaliphilus metalliredigens Strain QYMF, an Alkaliphilic and Metal-

Reducing Bacterium Isolated from Borax-Contaminated Leachate Ponds 

Genome Announcements, 2016. 4(6): p. e01226-16. 

290. Zhilina, T.N., Zavarzina, D.G., Kolganova, T.V., Lysenko, A.M., and 

Tourova, T.P., Alkaliphilus peptidofermentans sp. nov., a new alkaliphilic 

bacterial soda lake isolate capable of peptide fermentation and Fe(III) 

reduction. Microbiology, 2009. 78: p. 496-505. 



287 

 

291. Zhang, K.I., Song, L., and Dong, X., Proteiniclasticum ruminis gen. nov., 

sp. nov., a strictly anaerobic proteolytic bacterium isolated from yak rumen. 

International Journal of Systematic and Evolutionary Microbiology, 2010. 

60: p. 2221-2225. 

292. Liu, W., He, Z., Yang, C., Zhou, A., Guo, Z., Liang, B., Varrone, C., and 

Wang, A.-J., Microbial network for waste activated sludge cascade 

utilization in an integrated system of microbial electrolysis and anaerobic 

fermentation. Biotechnology for Biofuels, 2016. 83(9). 

293. Sorokin, Y.D. and Muyzer, G., Haloalkaliphilic spore-forming sulfidogens 

from soda lake sediments and description of Desulfitispora alkaliphila gen. 

nov., sp. nov. Extremophiles, 2010. 14(3): p. 313–320. 

294. Lebuhn, M., Achouak, W., Schloter, M., Berge, O., Meier, H., Barakat, M., 

Hartmann, A., and Heulin, T., Taxonomic characterization of 

Ochrobactrum sp. isolates from soil samples and wheat roots, and 

description of Ochrobactrum tritici sp. nov. and Ochrobactrum grignonense 

sp. nov. International Journal of Systematic and Evolutionary 

Microbiology, 2000. 50: p. 2207–2223. 

295. Mesbah, M.N., Hedrick, D.B., Peacock, A.D., Rohde, M., and Wiegel, J., 

Natranaerobius thermophilus gen. nov., sp. nov., a halophilic, 

alkalithermophilic bacterium from soda lakes of the Wadi An Natrun, 

Egypt, and proposal of Natranaerobiaceae fam. nov. and Natranaerobiales 

ord. nov. International Journal of Systematic and Evolutionary 

Microbiology, 2007. 57: p. 2507–2512. 

296. Gutierrez, O., Park, D., Raj, K., and Yuan, S.Z., Effects of long-term pH 

elevation on the sulfate-reducing and methanogenic activities of anaerobic 

sewer biofilms. Water Research, 2009. 43: p. 2549–2557. 

297. Whitman, W.B., Boone, D.R., Koga, Y., and Keswani, J., Taxonomy of 

methanogenic Archaea. In: Boone DR, Castenholz RW, Garrity GM (eds) 



288 

 

Bergey’s manual of systematic bacteriology, vol 1. Springer. 2001: p. 211–

294. 

298. Schmidt, J.E., Lange, M.Z., and Ahring, B.K., Acetate conversion in 

anaerobic biogas reactors: traditional and molecular tools for studying this 

important group of anaerobic microorganisms. Biodegradation, 2000. 11: 

p. 359–364. 

299. Humphreys, P., West, J., and Metcalfe, R., Microbial Effects on Repository 

Performance. Quintessa contractors report prepared for the Nuclear 

Decommissioning Authority (Radioactive Waste Management 

Directorate), Harwell,Didcot, Oxfordshire, UK. 2010. 

300. Ito, T., Yoshiguchi, K., Ariesyady, H.D., and Okabe, S., Identification of a 

novel acetate-utilizing bacterium belonging to Synergistes group 4 in 

anaerobic digester sludge. The ISME Journal, 2011. 5: p. 1844–1856. 

301. Archer, D.B., Hydrogen-using bacteria in a methanogenic acetate 

enrichment culture. Journal of  Applied Bacteriology, 1984. 56(1): p. 125-

129. 

302. Collins, M.D., Lund, B.M., Farrow, J.a.E., and Schleifer, K.H., 

Chemotaxonomic Study of an alkalophilic bacterium, Exiguobacterium 

aurantiacum gen. nov., sp. nov. Microbiology, 1983. 129: p. 2037-2042. 

303. Yang, J., Wang, C., Wu, J., Liu, L., Zhang, G., and Feng, J., 

Characterization of a multiresistant mosaic plasmid from a fish farm 

sediment Exiguobacterium sp. isolate reveals aggregation of functional 

clinic-associated antibiotic resistance genes. Applied Environromental  

Microbiology, 2014. 80: p. 1482–1488. 

304. Alam, M.Z. and Malik, A., Chromate resistance, transport and bioreduction 

by Exiguobacterium sp. ZM2 isolated from agricultural soil irrigated with 

tannery effluent. Journal of  Basic Bicrobiology, 2008. 48: p. 416–420. 

305. Belfiore, C., Ordoñez, O.F., and Farías, M.E., Proteomic approach of 

adaptive response to arsenic stress in Exiguobacterium sp. S17, an 



289 

 

extremophile strain isolated from a high-altitude Andean lake stromatolite. 

Extremophiles, 2013. 17: p. 421–431. 

306. Dhanve, R.S., Shedbalkar, U.U., and Jadhav, J.P., Biodegradation of diazo 

reactive dye Navy blue HE2R (reactive blue 172) by an isolated 

Exiguobacterium sp. RD3  Biotechnology and Bioprocessing Engineering, 

2008. 13: p. 53–60. 

307. Rodrigues, D.F., Goris, J., Vishnivetskaya, T., Gilichinsky, D., 

Thomashow, M.F., and Tiedje, J.M., Characterization of Exiguobacterium 

isolates from the Siberian permafrost. Description of Exiguobacterium 

sibiricum sp. nov. . Extremophiles 2006. 10(4): p. 285-294. 

308. Crapart, S., Fardeau, M.-L., Cayol, J.-L., Thomas, P., Sery, C., Ollivier, B., 

and Combet-Blanc, Y., Exiguobacterium profundum sp. nov., a moderately 

thermophilic, lactic acid-producing bacterium isolated from a deep-sea 

hydrothermal vent. International Journal of Systematic and Evolutionary 

Microbiology 2007. 57(2): p. 287-292. 

309. Ueno, S., Kaieda, N., and Koyama, N., Characterization of a P-type Na+-

ATPase of a Facultatively Anaerobic Alkaliphile, Exiguobacterium 

aurantiacum. Journal of Biological Chemistry, 2000. 275(19): p. 14537-

14540. 

310. Yumoto, I., Hishinuma-Narisawa, M., Hirota, K., Shingyo, T., Takebe, F., 

Nodasaka, Y., Matsuyama, H., and Hara, I., Exiguobacterium 

oxidotolerans sp. nov., a novel alkaliphile exhibiting high catalase activity. 

International Journal of Systematic and Evolutionary Microbiology 2004. 

54(6): p. 2013-2017. 

311. Pandit, R.J., Patel, B., Kunjadia, P.D., and Nagee, A., Isolation, 

characterization and molecular identification of heavy metal resistant 

bacteria from industrial effluents, Amala-khadi-Ankleshwar, Gujarat. 

International Journal of Environmental Sciences, 2013. 3(5): p. 1689-1699. 



290 

 

312. Duc, M.T.L., Osman, A.D.S., Moissl, C., Newcombe, D., and 

Venkateswaran, K., Isolation and characterization of bacteria capable of 

tolerating the extreme conditions of clean room environments. Applied and 

Environmental Microbiology, 2007. 73(8): p. 2600–2611. 

313. Gutiérrez-Preciado, A., Vargas-Chávez, C., Reyes-Prieto, M., Ordoñez, 

O.F., Santos-García, D., Rosas-Pérez, T., Valdivia-Anistro, J., Rebollar, 

E.A., Saralegui, A., Moya, A., Merino, E., Farías, M.E., Latorre, A., and 

Souz, V., The genomic sequence of Exiguobacterium chiriqhucha str. N139 

reveals a speciesthat thrives in cold waters and extremeenvironmental 

conditions. PeerJ, 2017. 5(e3162): p. DOI 10.7717/peerj.3162. 

314. Fernández-Zenoff, V., Heredia, J., Ferrero, M., Siñeriz, F., and Farías, 

M.E., Diverse UVB resistance of culturable bacterial community from 

high-altitude wetland water Current Microbiology, 2006. 52: p. 359-362. 

315. Fernández-Zenoff, V., Siñeriz, F., and Farías, M.E., Diverse responses to 

UV-B radiation and repair mechanisms of bacteria isolated from high-

altitude aquatic environments. Applied and Environmental Microbiology 

2006. 72: p. 7857-7863. 

316. Ordoñez, O.F., Flores, M.R., Dib, J.R., Paz, A., and Farías, M.E., 

Extremophile culture collection from Andean lakes: extreme pristine 

environments that host a wide diversity of microorganisms with tolerance 

to UV radiation. Microbial Ecology, 2009. 58(3): p. 461-473. 

317. Flores, M.R., Ordoñez, O.F., Maldonado, M.J., and Farías, M.E., Isolation 

of UV-B resistant bacteria from two high altitude Andean lakes (4,400 m) 

with saline and non saline conditions. The Journal of General and Applied 

Microbiology, 2009. 55(6): p. 447-458. 

318. Kamala, G., Chatterjee, C.C., and Gupta, B., Isolation and characterization 

of heavy metal tolerant Gram-positive bacteria with bioremedial properties 

from municipal waste rich soil of Kestopur canal (Kolkata), West Bengal, 

India. Biologia 2012. 67(5): p. 827-836. 



291 

 

319. Karami, K., Zolgharnein, H., Assadi, M.M., Savari, A., and Dadollahi, S., 

New report on the occurrence of Exiguobacterium sp. AT1b in the persian 

gulf and its resistance to mercury pollution. Current Research in 

Bacteriology, 2001. 4(1). 

320. Anderson, C.R. and Cook, G.M., Isolation and characterization of arsenate-

reducing bacteria from arsenic-contaminated sites in New Zealand. Current 

Microbiology 48, 2004. 48(5): p. 341-347. 

321. Keynan, Y., Weber, G., and Hsprecher, Molecular identification of 

Exiguobacterium acetylicum as the aetiological agent of bacteraemia. 

Journal of Medical Microbiology, 2007. 56: p. 563–564. 

322. Daniel, T., N M Martínez, J Casanova, García, J.L., E Román, M J Medina, 

and Sáez-Nieto, J.A., Exiguobacterium sibiricum skin infection in Human. 

Emerging Infectious Diseases, 2014. 20(12). 

323. Pitt, T.L., Malnick, H., Shah, J., Chattaway, M.A., Keys, C.J., Cooke, F.J., 

and Shah, H.N., Characterisation of Exiguobacterium aurantiacum isolates 

from blood cultures of six patients. Clinical Microbiology and Infection, 

2007. 13(9). 

324. Rout, S.P., Rai, A., and Humphreys, P.N., Draft Genome Sequence of 

Alkaliphilic Exiguobacterium sp. Strain HUD, Isolated from a 

Polymicrobial Consortia. Genome Announcements, 2015. 3(1): p. p. 

e01451-14. 

325. Rosenfeld, E., Duport, C., Zigha, A., and Schmitt, P., Characterization of 

aerobic and anaerobic vegetative growth of the food-borne pathogen 

Bacillus cereus F4430/73 strain. Canadian Journal Microbiology, 2005. 

51(2): p. 149-158. 

326. Chaturvedi, P., Prabahar, V., Manorama, R., Pindi, P.K., Bhadra, B., 

Begun, Z., and S.Shivaji, Exiguobacterium soli sp. nov., a psychrophilic 

bacterium from the McMurdoDry Valleys Antarctica. International Journal 

of Systematic and Evolutionary Microbiology, 2008. 58: p. 2447-2453. 



292 

 

327. Saitou, N. and Nei, M., The neighbor-joining method: A new method for 

reconstructing phylogenetic trees Molecular Biology and Evolution, 1987. 

4: p. 406-425. 

328. Felsenstein, J., Confidence limits on phylogenies: An approach using the 

bootstrap. Evolution, 1985. 39: p. 783-791. 

329. Brooks, A.N., Turkarslan, S., Beer, D.K., Lo, F.Y., and Baliga, N.S., 

Adaptation of cells to new environments. Wiley Interdisciplinary Reviews: 

Systems Biology and Medicine, 2010. 3(5): p. 544-561. 

330. Sehroder, C., Selig, M., and Seh6nheit, P., Glucose fermentation to acetate, 

CO2 and H2 in the anaerobic hyperthermophilic eubacterium Thermotoga 

maritima: involvement of the Embden-Meyerhof pathway. Archives of 

Microbiology, 1994. 161: p. 460-470. 

331. Schroder, C., Selig, M., and Seh6nheit, P., Glucose fermentation to acetate, 

CO2 and H2 in the anaerobic hyperthermophilic eubacterium Thermotoga 

maritima: involvement of the Embden-Meyerhof pathway. Archives of 

Microbiology, 1994. 161: p. 460-470. 

332. Frühling, A., Schumann, P., Hippe, H., Straubler, B., and Stackebrandt, E., 

Exiguobacterium undae sp. nov. and Exiguobacterium antarcticum sp. nov. 

International Journal of Systematic and Evolutionary Microbiology, 2002. 

52: p. 1171–1176. 

333. Kulshreshtha, N.M., Kumar, R., Begum, Z., Shivaji, S., and Kumar, A., 

Exiguobacterium alkaliphilum sp. nov. isolated from alkaline wastewater 

drained sludge of a beverage factory. International Journal of Systematic 

and Evolutionary Microbiology, 2013. 53: p. 4374–4379. 

334. Yong-Mei, Z. and Rock, C.O., Membrane lipid homeostasis in bacteria. 

Nature Reviews Microbiology, 2008. 6: p. 222-233. 

335. Kuzuyama, T. and Seto, H., Diversity of the biosynthesis of the isoprene 

units. Natural Product Reports, 2003. 20: p. 171–183. 



293 

 

336. Beifuss, U. and Tietze, M., Methanophenazine and other natural 

biologically active phenazines. Topics in Current Chemistry, 2005. 244: p. 

77–113. 

337. Lenaz, G., Fato, R., Formiggini, G., and Genova, M.L., The role of 

coenzyme Q in mitochondrial electron transport. Mitochondrion, 2007. 7: 

p. 8–33. 

338. Soballe, B. and Poole, R.K., Microbial ubiquinones: multiple roles in 

respiration, gene regulation and oxidative stress management. 

Microbiology, 1999. 145: p. 1817-1830. 

339. Nitschke, W., Kramer, D.M., Riedel, A., and Liebl, U., From naphtho- to 

benzoquinones—(r)evolutionary reorganisations of electron transfer chain, 

in: P. Mathis (Ed.), Photosynthesis: From Light to Biosphere, Vol. I, 

Kluwer Academic Publishers, Dordrecht. 1995: p. 945–950. 

340. Hiratsuka, T., Furihata, K., Ishikawa, J., Yamashita, H., Itoh, N., Seto, H., 

and T, D., An alternative menaquinone biosynthetic pathway operating in 

microorganisms. Science, 2008. 321: p. 1670–1673. 

341. Nowicka, B. and Kruk, J., Occurrence, biosynthesis and function of 

isoprenoid 

quinones. Biochimica et Biophysica Acta, 2010. 1797: p. 1587–1605. 

342. P´Erez-Gil, J. and Rodr´Iguez-Concepci´On, M., Metabolic plasticity for 

isoprenoid biosynthesis in bacteria. Biochemical Journal, 2013. 452: p. 19–

25. 

343. Walther, B., Karl, J.P., Booth, S.L., and Boyaval, P., Menaquinones, 

bacteria, and the food supply: The relevance of dairy and fermented food 

products to vitamin k requirements. Advances in Nutrition, 2013. 4: p. 463–

473. 



294 

 

344. Conly, J.M. and Stein, K., The production of menaquinones (vitamin K-2) 

by intestinal bacteria and their role in maintaining coagulation homeostasis. 

Progress in food & nutrition science, 1992. 16: p. 307–43. 

345. Hojo, K., Watanabe, R., Mori, T., and Taketomo, N., Quantitative 

measurement of tetrahydromenaquinone-9 in cheese fermented by 

propionibacteria. Journal of Dairy Science, 2007: p. 4078–4083. 

346. Farrand, S.K. and Taber, H.W., Changes in menaquinone concentration 

during growth and early sporulation in bacillus subtilis. Journal of 

Bacteriology, 1974. 117: p. 324–326. 

347. Collins, M.D., Pirouz, T., and Goodfellow, M., Distribution of 

menaquinones in Actinomycetes and corynebacteria. Journal of General 

Microbiology, 1977. 100: p. 221-230. 

348. Gupta, K., C Chatterjee, and Gupta, B., Isolation and characterization of 

heavy metal tolerant Gram-positive bacteria with bioremedial properties 

from municipal waste rich soil of Kestopur canal (Kolkata), West Bengal, 

India. Biologia, 2012. 67(5): p. 827-836. 

349. Lambert, M., Leven, B.A., and Green, R.M., New methods of cleaning up 

heavy metal in soils and water. Environmental science and technology 

briefs for citizens. Kansas State University, Manhattan, KS 

2000. 

350. Mann, C.M. and Markham, J.L., A new method for determining the 

minimum inhibitory concentration of essential oils. Journal of Applied 

Microbiology, 1998. 84: p. 538–544. 

351. Lambert, R.J.W. and Pearson, J., Susceptibility testing: accurate and 

reproducible minimum inhibitory concentration (MIC) and non-inhibitory 

concentration (NIC) values. Journal of Applied Microbiology, 2000. 48: p. 

538–544. 



295 

 

352. Nies, D.H., Microbial heavy-metal resistance. Applied Microbiology and 

Biotechnology, 1999. 51: p. 730-750  

353. Hansen, D.F. and Leigh, C.D., Salt disposal of heat-generating nuclear 

waste. SANDIA Report, 2011. 

354. Nda, Geological Disposal - Gas Status Report, in NDA Report. 2010. 

355. Doyle, M.P. and Roman, D.J., Response of Campylobacter jejuni to sodium 

chloride. Journal of Applied and Environmental Microbiology, 1982. 43: 

p. 561–565. 

356. Sofos, J.N., Antimicrobial effects of sodium and other ions in foods: a 

review. Journal of Food Safety, 1983. 6: p. 45-78. 

357. Hajmeer, M.N. and Marsden, J.L., Salted meat. In: , Encyclopedia of Food 

and Culture, vol. 2. Charles Scribners Sons, Thomson Gale, New York, 

NY. 2002: p. 471–473. 

358. Hajmeera, M., Ceylanb, E., Marsdenc, J.L., and Fung, D.Y.C., Impact of 

sodium chloride on Escherichia coli O157:H7 and Staphylococcus aureus 

analysed using transmission electron microscopy. Food Microbiology, 

2006. 23: p. 446–452. 

359. Krulwich, T.A., Alkaliphiles:‘basic’molecular problems of  pHtolerance 

and bioenergetics. Molecular Microbiology, 1995. 15: p. 403–410. 

360. Krulwich, T.A., Sachs, G., and Padan, E., Molecular aspects of bacterial 

pH sensing and homeostasis. Nature Reviews Microbiology, 2011. 9: p. 

330–343. 

361. Luct, J.M. and Bremer, E., Adaptation of Escherichia coli to high 

osmolarityenvironments:osmoregulation of the high-affinity glycine 

betaine transport system proU. FEMS Microbiology Reviews  1994. 14(1): 

p. 3-20. 

362. Wood, J.M., Bacteria responses to osmotic challenges. The Journal of 

General Physiology, 2013. 145(5). 



296 

 

363. Mudryk, W. and Donderski, W., Effect of sodium chloride on the metabolic 

activity of halophilic bacteria isolated from the lake Gardno estuary 

Estuaries, 1991. 14(4): p. 495-498. 

364. Boring, J., Kushner, D.J., and Gibbons, N.E., Specificity of the salt 

requirement ofHalobacterium cutirubrum. Canadian Journal of 

Microbiology, 1963. 9: p. 143-154. 

365. Ventosa, A., Nieto, J.J., and Oren, A., Biology of moderately halophilic 

aerobic bacteria. Microbiology and Molecular Biology Reviews, 1998. 

62(2): p. 504–544. 

366. Solomon, F.E. and Viswalingam, K., Isolation, characterization of 

halotolerant bacteria and its biotechnological potentials. International 

journal of Scientific & Engineering Research, 2013. 4(3): p. 1-7. 

367. Yumoto, I., Hishinuma-Narisawa, M., Shingyo, K.H., Takebe, F., Nodasak, 

Y., Matsuyama, H., and Hara, I., Exiguobacterium oxidotolerans sp. nov., 

a novel alkaliphile exhibiting high catalase activity. International Journal 

of Systematic and Evolutionary Microbiology, 2004. 54: p. 2013–2017. 

368. Vishnivetskaya, T.A., Kathariou, S., and Tiedje, J.M., The 

Exiguobacterium genus: biodiversity and biogeography. Extremophiles, 

2009. 13: p. 541–555. 

369. Hageage, G.J. and Harrington, B.J., Use of calcofluor white in clinical 

mycology. Lab Med, 1984. 15: p. 109-112. 

370. Stewart, P.S., Murga, R., Srinivasan, R., and Beer, D.D., Biofilm structural 

heterogeneity visualized by three microscopic methods Water Resources 

Research, 1995. 29: p. 2006-2009. 

371. Wilhelmus, K.R., Osato, M.S., Font, R.L., Robinson, N.M., and Jones, 

D.B., Rapid diagnosis of Acanthamoeba keratitis using calcofluor white. 

Archives of Ophthalmology, 1986. 104: p. 1309-1312. 



297 

 

372. Harrington, B.J. and Hageage, G.J., Calcofluor white: a review of its uses 

and applications in clinical mycology and parasitology. Lab Med, 2003. 34: 

p. 361-367. 

373. Covaris, Effective disruption of Pseudomonas aeruginosa biofilms using 

Adaptive Focused Acoustics™ (AFA). Proteomics, 2014. 

374. Daniëlle, N., Hendriks, J.G.E., Vanhorn, J.R., Mei, H.C.V., and Busscher, 

H.J., Pseudomonas aeruginosa biofilm formation and slime excretion on 

antibiotic-loaded bone cement. Acta Orthopaedica, 2005. 76(1): p. 109–

114. 

375. Carneiro, A.R., Ramos, R.T., Dall’agnol, H., Pinto, A.C., Soares, S.D.C., 

Santos, A.R., Guimara˜Es, L.C., Almeida, S.S., and Na, R.a.B., Genome 

sequence of Exiguobacterium antarcticum B7, isolated from a biofilm in 

Ginger Lake, King George Island, Antarctica. Journal of Bacteriology, 

2012. 194: p. 6689–6690. 

376. Lopez, M.A., Zavala, F.J., Serna, D.L., Jan-Roblero, J., Romero, J.M., and 

Handez-Rodr´ıguez, C., Phylogenetic analysis of a bio¢lm bacterial 

population in a water pipeline in the Gulf of Mexico. FEMS Microbial 

Ecology, 2006. 58: p. 145–154. 

377. Doneli, G., Microbiological diversity of peri-implantitis biofilms: In 

biofilm-based healthcare-associated infections. 2014. 1: p. 93. 

378. Brydie, J.R., Wogelius, R.A., Merrifield, C.M., Boult, S., Gilbert, P., 

Allison, D., and Vaughan, D.J., The  µ2M project on quantifying the effects 

of biofilm growth on hydraulic properties of natural porous media and on 

sorption equilibria; an overview. Geological Society Special Publications, 

2005. 249: p. 131-144. 

379. Speziale, P., Pietrocola, G., Foster, T.J., and Geoghegan, J.A., Protein-

based biofilm matrices in Staphylococci. Frontiers Cellular and Infection 

Microbiology, 2014. 4(171): p. 1-10. 



298 

 

380. Petry, S., Furlan, S., Crepeau, M.-J., Cerning, J., and Desmazeaud, M., 

Factors Affecting Exocellular Polysaccharide Production by Lactobacillus 

delbrueckii subsp. bulgaricus Grown in a Chemically Defined Medium. 

Applied Environmental Microbiology, 2000. 66(8): p. 3427–3431. 

381. Pal, A. and Paul, A.K., Optimization of Cultural Conditions for Production 

of Extracellular Polymeric Substances (EPS) by Serpentine 

Rhizobacterium cupriavidus pauculus KPS 201. Journal of Polymers, 2013. 

2013: p. 1-7. 

382. Vaningelgem, F., Zamfir, M., Adriany, T., and Vuyst, L.D., Fermentation 

conditions affecting the bacterial growth and exopolysaccharide production 

by Streptococcus thermophilus ST 111 in milk-based medium. Journal 

Applied Microbiology, 2004. 97(6): p. 1257-1273. 

383. Dante, S., Pereyra, V., and Ferrari, S.G., Extracellular polymeric substance 

(eps) production by Nostoc minutum under different laboratory conditions. 

Advances in Microbiology, 2016. 6: p. 374-380. 

384. Lu, J., Nogi, Y., and Takami, H., Oceanobacillus iheyensis gen. nov., sp. 

nov., a deep-sea extremely halotolerant and alkaliphilic species isolated 

from a depth of 1050 m on the Iheya Ridge. FEMS Microbiology Letters 

205 (2001) 2001. 205: p. 291-297. 

385. Kim, Y.-G., Choi, D.H., Hyun, S., and Cho, B.C., Oceanobacillus 

profundus sp. nov., isolated from a deep-sea sediment core. International 

Journal of Systematic and Evolutionary Microbiology, 2007. 57: p. 409–

413. 

386. Zapata-Pe´Rez, R., Gil-Ortiz, F., Martınez-Monino1, A.B., Garcıa-Saura, 

A.G., and Sanchez-Ferrer, J.J.a.A., Structural and functional analysis of 

Oceanobacillus iheyensis macrodomain reveals a network of waters 

involved in substrate binding and catalysis. Open Biology, 2017. 7. 

387. Whon, T.W., Jung, M.-J., Roh, S.W., Nam, Y.-D., Park, E.-J., Shin, K.-S., 

and Bae, J.-W., Oceanobacillus kimchii sp. nov. Isolated from a Traditional 



299 

 

Korean Fermented Food. The Journal of Microbiology 2010. 48(6): p. 862-

866. 

388. Lagier, J.-C., K, S., Azhar, E.I., C, O., Bibi, F., Jiman-Fatani, A.A., Yasir, 

M., Helaby, H.B., Robert, C., Fournier, P.-E., and Raoult, D., Genome 

sequence of Oceanobacillus picturae strain S1, an halophilic bacterium first 

isolated in human gut. Standards in Genomic Sciences, 2015. 10(91): p. 1-

9. 

389. Mondal, A.K., Kumar, J., Pandey, R., Gupta, S., Kumar, M., Bansal, G., 

Mukerji, M., Dash, D., and Chauhan, N.S., Comparative Genomics of 

Host–Symbiont and Free-Living Oceanobacillus Species. Genome Biology 

and Evolution, 2017. 9(5): p. 1175-1182. 

390. Yumoto, I., Hirota, K., Nodasaka, Y., and Nakajima, K., Oceanobacillus 

oncorhynchi sp. nov., a halotolerant obligate alkaliphile isolated from the 

skin of a rainbow trout (Oncorhynchus mykiss), and emended description 

of the genus Oceanobacillus. International  Journal of Systematic and 

Evolutionary Microbiology, 2005. 55: p. 1521-1524. 

391. Raats, D. and Halpern, M., Oceanobacillus chironomi sp. nov., a 

halotolerant and facultatively alkaliphilic species isolated from a 

chironomid egg mass. International Journal of Systematic and Evolutionary 

Microbiology, 2007. 57: p. 255–259. 

392. Mulik, A.R. and Bhadekar, R.K., Heavy metal removal by bacterial isolates 

from the antarctic oceanic region. International Journal Pharmacy and 

Biological Science, 2017. 8(3): p. 535 -543. 

393. Almrabet, W., Isolation of Novel Anaerobic Bacteria. MSc Analytical 

Bioscience Project Report, Huddersfield University, Huddersfield, UK. 

2015. 

394. Chikhi, R. and Medvedev, P., Informed and automated k-mer size selection 

for genome assembly. Bioinformatics, 2014. 30(1): p. 31-37. 



300 

 

395. Boetzer, M., Henkel, C.V., Jansen, H.J., Butler, D., and Pirovano, W., 

Scaffolding pre-assembled contigs using SSPACE. Bioinformatics, 211. 

27(4): p. 578-579. 

396. Aziz, R.K., Bartels, D., Best, A.A., Dejongh, M., Disz, T., Edwards, R.A., 

Formsma, K., Gerdes, S., Glass, E.M., Kubal, M., Meyer, F., Olsen, G.J., 

Olson, R., Osterman, A.L., Overbeek, R.A., Mcneil, L.K., Paarmann, D., 

Paczian, T., Parrello, B., Pusch, G.D., Reich, C., Stevens, R., Vassieva, O., 

Vonstein, V., Wilke, A., and Zagnitko, O., The RAST Server: rapid 

annotations using subsystems technology BMC Genomics 9 2008. 9(75): 

p. 1-15. 

397. Takami, H., Takaki, Y., and Uchiyama, I., Genome sequence of 

Oceanobacillus iheyensis isolated from the Iheya Ridge and its unexpected 

adaptive capabilities to extreme environments. Nucleic Acids Research, 

2002. 30(18): p. 3927-3935. 

398. Shimizu, K., Regulation Systems of Bacteria such as Escherichia coli in 

Response to Nutrient Limitation and Environmental Stresses. Metabolites, 

2014. 4: p. 1-35. 

399. Jackson, D.W., Suzuki, K., Oakford, L., Simecka, J.W., Hart, M.E., and 

Romeo, T., Biofilm formation and dispersal under the influence of the 

global regulator CsrA of Escherichia coli. Journal of Bacteriol, 2002. 184: 

p. 290–301. 

400. Romeo, T., Gong, M., Liu, M.Y., and Brun-Zinkernagel, A.M., 

Identification and molecular characterization of csrA, a pleiotropic gene 

from Escherichia coli that affects glycogen biosynthesis, gluconeogenesis, 

cell size, and surface properties Journal of Bacteriology, 1993. 175: p. 

4744–4755. 

401. Sabnis, N.A., Yang, H., and Romeo, T., Pleiotropic regulation of central 

carbohydrate metabolism in Escherichia coli via the gene csrA. Journal of  

Biological  Chemistry, 1995. 270: p. 29096–29104. 



301 

 

402. Yang, H., Liu, M.Y., and Romeo, T., Coordinate genetic regulation of 

glycogen catabolism and biosynthesis in Escherichia coli via the CsrA gene 

product. Journal of Bacteriology, 1996. 178: p. 1012–1017. 

403. Hirota, K., Aino, K., Nodasaka, Y., and Yumoto, I., Oceanobacillus 

indicireducens sp. nov., a facultative alkaliphile that reduces an indigo dye. 

International Journal of Systematic and  Evolutionary Microbiology, 2013. 

63: p. 1437-1442. 

404. Hirota, K., Hanaoka, Y., Nodasaka, Y., and Yumoto, I., Oceanobacillus 

polygoni sp. nov., a facultatively alkaliphile isolated from indigo 

fermentation fluid. Int ernational Journal of Systematic and Evolutionary 

Microbiology, 2013. 63: p. 3307-3312. 

405. Namwong, S., Tanasupawat, S., Lee, K.C., and Lee, J.S., Oceanobacillus 

kapialis sp. nov., from fermented shrimp paste in Thailand. Int ernational 

Journal of Systematic and Evolutionary Microbiology, 2009. 59: p. 2254-

2259. 

406. Graham, R.L., Pollock, C.E., O'loughlin, S.N., Ternan, N.G., Weatherly, 

D.B., Tarleton, R.L., and Mcmullan, G., Multidimensional analysis of the 

insoluble sub-proteome of Oceanobacillus iheyensis HTE831, an 

alkaliphilic and halotolerant deep-sea bacterium isolated from the Iheya 

ridge. . Proteomics 2007. 7: p. 82-91. 

407. Lee, S.Y., Oh, T.K., Kim, W., and Yoon, J.H., Oceanobacillus locisalsi sp. 

nov., isolated from a marine solar saltern. Int ernational Journal of 

Systematic and Evolutionary Microbiology, 2010. 60: p. 2758-2762. 

408. Krulwich, T.A. and Ito, M., Alkaliphilic Prokaryotes, pp. 441-469. In 

Rosenberg E, DeLong E, Lory S, Stackebrandt E, Thompson F (eds.). The 

Prokaryotes. Springer, Berlin-Heidelberg. 2013. 

409. Ventosa, A., Nieto, J.N.J., and Oren, A., Biology of Moderately Halophilic 

Aerobic Bacteria. Microbiology and Molecular Biology Reviews, 1998. 62: 

p. 504-544. 



302 

 

410. Roberts, M.F., Organic compatible solutes of halotolerant and halophilic 

microorganisms. Saline System, 2005. 1: p. 5. 

411. Horikoshi, K., Alkaliphiles: Some applications of their products for 

biotechnology. Microbiology and molecular biology reviews, 1999. 63(4): 

p. 735–750. 

412. Eiteman, A.M. and Altman, E., Overcoming acetate in Escherichia coli 

recombinant protein fermentations. Trends in Biotechnology, 2006. 24(11): 

p. 530-537. 

413. Whistler, R.L. and Bemiller, E.N., α-D-isosaecharino-1,4-lactone, action of 

lime water on lactose. In: Methods in Carbohydrate Chemistry. Vol. 2: 

Reactions of Carbohydrates. M.L. Wotfrom and J.N. BeMiller (eds.), 

Academic Press, N.Y. 1963. 477-479. 

414. Liu, W. and Yang, S.S., Oceanobacillus aidingensis sp. nov., a moderately 

halophilic bacterium. Antonie van Leeuwenhoek, 2014. 105: p. 8.1-808. 

415. Brambey, P.M. and Mackenzie, A., Regulation of carotenoid biosynthesis. 

Current Topics in Cellular Regulation, 1998. 29: p. 291-343. 

416. Amoozegar, M.A., Bagheri, M., Makhdoumi-Kakhki, A., Didari, M., 

Schumann, P., Spröer, C., Sánchez-Porro, C., and Ventosa, A., 

Oceanobacillus limi sp. nov., a moderately halophilic bacterium from a salt 

lake. International Journal of  Systematic and Evolutionary Microbiology, 

2014. 64(4): p. 1284-1289. 

417. Vela-Cano, M., Castellano-Hinojosa, A., Fernández-Vivas, A., and Toledo, 

M.V.M., Effect of Heavy Metals on the Growth of Bacteria Isolated from 

Sewage Sludge Compost Tea. Advances in Microbiology, 2014. 4: p. 644-

655. 

418. Ziemke, F., Gmanfred, Lalucat, H.J., and Rossello-Mora, R., 

Reclassification of Shewanella putrefaciens Owen's genomic group II as 

Shewanella baltica sp. nov. International Journal of Systematic 

Bacteriology, 1998. 48: p. 1 79-1 86  



303 

 

419. Macdonell, M.T. and Colwell, R.R., Phylogeny of the Vibrionaceae and 

recornmenda tion for two new genera, Listonella and Shewanella. 

Systematic and Applied Microbiology, 1985. 6: p. 171-1 82. 

420. Dichristina, T. and Delong, E.F., Design and application of rRNA-targeted 

oligonucleotide probes for the dissimilatory iron- and manganese-reducing 

bacterium Shewanella putrefaciens. Applied Environvironmental 

microbiology, 1993. 59(41): p. 52-4 1 60. 

421. Caccavo, R., Blakemore, R.P., and Lovely, D.R., A hydrogen-oxidizing, 

Fe(II1)-reducing microorganism from the Great Bay Estuary, New 

Hampshire. Applied and Environ Microbiology, 1992. 58: p. 321 1-3216. 

422. Brettar, I. and Hafle, M.G., Nitrous oxide producing heterotrophic bacteria 

from the water column of the central Baltic, abundance and molecular 

identification.  . Marine Ecology Progress Series, 1993. 94: p. 253-265. 

423. Nealson, K.H. and Saffarini, D., Iron and manganese in anaerobic 

respiration, environmental significance, physiology and regulation. annual 

Review of Microbiology, 1994. 48: p. 3 1 1-343. 

424. Drewniak, L., Stasiuk, R., Uhrynowski, W., and Sklodowska, A., 

Shewanella sp. O23S as a Driving Agent of a System Utilizing 

Dissimilatory Arsenate-Reducing Bacteria Responsible for Self-Cleaning 

of Water Contaminated with Arsenic Int J Mol Sci., 2015. 16(7): p. 14409–

14427. 

425. Scheff, G., Salcher, O., and Lingens, F., Trichococcus flocculiformis gen. 

nov. sp. nov. A new gram-positive fdamentous bacterium isolated from 

bulking sludge. Applied Microbiology and Biotechnology, 1984. 19: p. 

114-119  

426. Wholzapfel, H., Wood, J.B., Pikuta, V.E., and Hoover, B.R., The genus 

Trichococcus Lactic Acid Bacteria: Biodiversity and Taxonomy. 

Onlinewiley.com, 2014. 



304 

 

427. Pikuta, E.V., Hoover, R.B., Bej, A.K., Marsic, D., Whitman, W.B., Krader, 

P.E., and Tang, J., Trichococcus patagoniensis sp. nov., a facultative 

anaerobe that grows at -5 degrees Celcius isolated from penguin guano in 

Chilean Patagonia. international  Journal of Systematic and Evolutionary 

Microbiology, 2006. 56(9): p. 2055-2062. 

428. Van-Gelder, A.H., Aydin, R., Madalena, M., Alves, and Stams, A.J.M., 

1,3‐ Propanediol production from glycerol by a newly isolated 

Trichococcus strain. Microbial Biotechnology, 2012. 5(4): p. 573–578. 

429. Larsen, P., Nielsen, J.L., Otzen, D., and Nielsen, P.H., Amyloid-Like 

Adhesins Produced by Floc-Forming and Filamentous Bacteria in 

Activated Sludge. Applied Environmental Microbiology, 2008. 74(5): p. 5 

1517-1526. 

430. Janissen, R., Murillo, D.M., Niza, B., Sahoo, P.K., Nobrega, M.M., L, C., 

Marcia, C., Temperini, L.A., Carvalho, H.F., De-Souza, A.A., and Cotta, 

M.A., Spatiotemporal distribution of differentextracellular polymeric 

substances andfilamentation mediateXylella fastidiosaadhesion and 

biofilm formation. Scientific Reports, 2015. 5 (9856): p. srep09856. 

431. Gordon, R.E., One hundred and seven years of the genus Bacillus. R. C. 

Berkeley, and M. Goodfellow (ed.) The aerobic endosporeforming bacteria. 

Academic Press. London,. 1981. 

432. Slepecky, A.R. and Hemphill, H.E., The Genus Bacillus - Nonmedical. 

Prokaryotes, 2006. 4: p. 530–562. 

433. Gupta, P., Samant, K., and Sahu, A., Isolation of Cellulose-Degrading 

Bacteria and Determination of Their Cellulolytic Potential. International 

Journal of Microbiology, 2012. V2012: p. 1-5. 

434. Yan, L., He, Y.-L., Kong, H.-N., Tanaka, S., and Lin, Y., Isolation of a new 

heterotrophic nitrifying Bacillus sp. strain. Journal of Environmental 

Biology, 2006. 27(2): p. 323 - 326. 



305 

 

435. Ruger, H.-J., Fritze, D., and Sproer, C., New psychrophilic and 

psychrotolerant Bacillus marinus strains from tropical and polar deep-sea 

sediments and emended description of the species. International Journal of 

Systematic and Evolutionary Microbiology, 2000. 50: p. 1305–1313. 

436. Syed, S. and Chinthala, P., Heavy Metal Detoxification by Different 

Bacillus Species Isolated from Solar Salterns. Scientifica 2015; 2015: 

319760., 2015. V2015: p. 1-8. 

437. Taylor, H.F.W., Cement chemistry, 2nd Edition, Thomas Telford, London. 

1997. 

438. Francis, A.J., Cather, R., and Crossland, I.G., Nirex safety assessment 

research programme: Development of the Nirex Reference Vault Backfill; 

report on current status in 1994, Nirex Science Report S/97/014. 1997. 

 

 

 

 

 

 

 

 

 



306 

 

 

 

 Appendix 
 

Exiguobacterium sp. strain Hud heavy metal tolerance 

Graphs show a plot of fractional areas against log of metal ion concentration for 

experimental and fitted Gompertz function 
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Exiguobacterium sp. strain Hud NaCl tolerance 

Graphs show a plot of fractional areas against log of NaCl concentration for 

experimental and fitted Gompertz function 
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Oceanobacillus sp. strain Hud heavy metal tolerance 

Graphs show a plot of fractional areas against log of metal ion concentration for 

experimental and fitted Gompertz function 
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Statistical analysis 

T-test for CDP with and without NH4
+ systems 
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t-Test: Paired Two Sample for Means

CDP System with NH₄⁺ CDP System without NH₄⁺

Mean 0.55 0.7875

Variance 0.168571429 0.235535714

Observations 8 8

Pearson Correlation 0.971450972

Hypothesized Mean Difference 0

df 7

t Stat -5.157518783

P(T<=t) one-tail 0.000656526

t Critical one-tail 1.894578605

P(T<=t) two-tail 0.001313052

t Critical two-tail 2.364624252
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T-test for Ca(ISA)2 with and without NH4
+ systems 

 

 

Statistical analysis for Exiguobacterium sp strain Hud biofilm formation 

 

 

 

 

 

 

 

t-Test: Paired Two Sample for Means

Ca(ISA)₂ Syetem with NH₄⁺ Ca(ISA)₂ Syetem without NH₄⁺

Mean 0.525 0.6875

Variance 0.216428571 0.255535714

Observations 8 8

Pearson Correlation 0.96130805

Hypothesized Mean Difference 0

df 7

t Stat -3.264606815

P(T<=t) one-tail 0.006888242

t Critical one-tail 1.894578605

P(T<=t) two-tail 0.013776484

t Critical two-tail 2.364624252

t-Test: Paired Two Sample for Means

Absorbance of Control (ODc) Absorbance of Biofilm (ODs)

Mean 0.1875125 2.06195

Variance 0.001065504 0.131446014

Observations 8 8

Pearson Correlation 0.978413126

Hypothesized Mean Difference 0

df 7

t Stat -16.03244804

P(T<=t) one-tail 4.46101E-07

t Critical one-tail 1.894578605

P(T<=t) two-tail 8.92201E-07

t Critical two-tail 2.364624252
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Statistical analysis for Oceanobacillus sp. strain Hud biofilm formation 

 

 

 

16srRNA sequencing for microbial identification 

>IK130220152_premix -- 23..949 of sequence Exiguobacterium sp. strain Hud 

GCAGTCGAGCGCAGGAAATCGACGGAACCCTTCGGGGGGAAGTCGACGGAATGAGCGGCG 

GACGGGTGAGTAACACGTAAAGAACCTGCCCTCAGGTCTGGGATAACCACGAGAAATCGG 

GGCTAATACCGGATGGGTCATCGGACCGCATGGTCCGAGGATGAAAGGCGCTTCGGCGTC 

GCCTGGGGATGGCTTTGCGGTGCATTAGCTAGTTGGTGGGGTAATGGCCCACCAAGGCGA 

CGATGCATAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGAC 

TCCTACGGGAGGCAGCAGTAGGGAATCTTCCACAATGGACGAAAGTCTGATGGAGCAACG 

CCGCGTGAACGATGAAGGCCTTCGGGTCGTAAAGTTCTGTTGTAAGGGAAGAACAAGTGC 

CGCAGGCAATGGCGGCACCTTGACGGTACCTTGCGAGAAAGCCACGGCTAACTACGTGCC 

AGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGCGCG 

CGCAGGCGGCCTCTTAAGTCTGATGTGAAAGCCCCCGGCTCAACCGGGGAGGGCCATTGG 

AAACTGGGAGGCTTGAGTATAGGAGAGAAGAGTGGAATTCCACGTGTAGCGGTGAAATGC 

GTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGACTCTTTGGCCTATAACTGACGCTGA 

GGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGA 

TGAGTGCTAGGTGTTGGAGGGTTTCCGCCCTTCAGTGCTGAAGCTAACGCATTAAGCACT 

CCGCCTGGGGAGTACGGTCGCAAGGCTGAAACTCAAAGGAATTGACGGGGACCCGCACAA 

GCGGTGGAGCATGTGGTTTAATTCCAA 

 

 

 

 

t-Test: Paired Two Sample for Means

Absorbance of Control (ODc) Absorbance of Biofilm (ODs)

Mean 0.1875125 2.2950375

Variance 0.001065504 0.118588908

Observations 8 8

Pearson Correlation 0.738977243

Hypothesized Mean Difference 0

df 7

t Stat -18.57004013

P(T<=t) one-tail 1.62891E-07

t Critical one-tail 1.894578605

P(T<=t) two-tail 3.25783E-07

t Critical two-tail 2.364624252
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>IK2706201607_premix -- 62..945 of sequence IK2706201607  ASR003D257   
Oceanobacillus sp., strain Hud 
 
CTCTTCGGAGGGAAGTTCGTGGAACGAGCGGCGGACGGGTGAGTAACACGTAGGCAACCT 
GCCTGTAAGACTGGGATAACTCGCGGAAACGCGAGCTAATACCGGATAACACTTTCTATC 
ACCTGATGGAAAGTTGAAAGGCGGCTTTTGCTGTCACTTACAGATGGGCCTGCGGCGCAT 
TAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCGACGATGCGTAGCCGACCTGAGAGGGT 
GATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAA 
TCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTTTTCGG 
ATCGTAAAACTCTGTTGTCAGGGAAGAACAAGTACGATAGTAACTGATCGTACCTTGACG 
GTACCTGACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGG 
CAAGCGTTGTCCGGAATTATTGGGCGTAAAGCGCTCGCAGGCGGTTCTTTAAGTCTGATG 
TGAAATCTTGCGGCTCAACCGCAAACGTGCATTGGAAACTGGAGGACTTGAGTGCAGAAG 
AGGAGAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTG 
GCGAAGGCGACTCTCTGGTCTGTAACTGACGCTGAGGAGCGAAAGCGTGGGGAGCGAACA 
GGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAGGTGTTAGGGGGTTTC 
CGCCCCTTAGTGCTGAAGTTAACGCATTAAGCACTCCGCCTGGGGAGTACGGCCGCAAGG 
CTGAAACTCAAAAGAATTGACGGGGACCCGCACAAGCGGTGGAG 
 

 

>IK2706201606_premix -- 62..940      ASR003D256  Bacillus sp. strain IK Hud       
TTGCTATTATGAAGTTAGCGGCGGACGGAGTGAGTAACACGTGGGTAACCTACCCATAAG 
ACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATAATATTTTGAACTGCATAGTTC 
GAAATTGAAAGGCGGCTTCGGCTGTCACTTATGGATGGACCCGCGTCGCATTAGCTAGTT 
GGTGAGGTAACGGCTCACCAAGGCAACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCA 
CACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCA 
ATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGCTTTCGGGTCGTAAAA 
CTCTGTTGTTAGGGAAGAACAAGTGCTAGTTGAATAAGCTGGCACCTTGACGGTACCTAA 
CCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTT 
ATCCGGAATTATTGGGCGTAAAGCGCGCGCAGGTGGTTTCTTAAGTCTGATGTGAAAGCC 
CACGGCTCAACCGTGGAGGGTCATTGGAAACTGGGAGACTTGAGTGCAGAAGAGGAAAGT 
GGAATTCCATGTGTAGCGGTGAAATGCGTAGAGATATGGAGGAACACCAGTGGCGAAGGC 
GACTTTCTGGTCTGTAACTGACACTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGA 
TACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTT 
AGTGCTGAAGTTAACGCATTAAGCACTCCGCCTGGGGAGTACGGCCGCAAGGCTGAAACT 
CAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCAT 
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>IK2706201603_premix -- 44..965 of sequenceIK2706201603 ASR003D253  
Trichococcus sp. strain IK Hud     
GAGTCTTTTCTATGGAAGCTTACTTCCACTGAGAAGATAGTGGCGGACGGGTGAGTAACA 
CGTGGGTAACCTGCCCATAAGAGGGGGATAACATCCGGAAACGGGTGCTAATACCGCATA 
GTTTTCTTGATCGCATGATTGAGAAAGGAAAGACGGCCTTTGTGCTGTCGCTTATGGATG 
GACCCGCGGCGTATTAGTTAGTTGGTGAGGTAATGGCTCACCAAGACGATGATACGTAGC 
CGACCTGAGAGGGTGATCGGCCACATTGGGACTGAGACACGGCCCAAACTCCTACGGGAG 
GCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTG 
AAGAAGGTTTTCGGATCGTAAAACTCTGTTGTCAGAGAAGAACAAGTCGGAGAGTAACTG 
CTCCGGCCTTGACGGTATCTGACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGG 
TAATACGTAGGTGGCAAGCGTTGTCCGGATTTATTGGGCGTAAAGCGAGCGCAGGCGGTT 
CCTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAAGGTCATTGGAAACTGGGGAA 
CTTGAGTGCAGAAGAGGAGAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGATATATG 
GAGGAACACCAGTGGCGAAGGCGACTCTCTGGTCTGTAACTGACGCTGAGGCTCGAAAGC 
GTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAAG 
TGTTGGAGGGTTTCCACCCTTCAGTGCTGCAGCTAACGCATTAAGCACTCCGCCTGGGGA 
GTACGGCCGCAAGGCTGAAACTCAAAGGAATTGACGGGGACCCGCACAAGCGGTGGAGCA 
TGTGGTTTAATTCGAAGCAACG 
 

 

>IK2704201605_premix -- 51..994 of sequence Shewanella sp strain IK Hud 
CAAAGGGAGTTTACTAACTGAGGTGGCGAGCGGCGGACGGGTGAGTAATGCCTAGGGATC 
TGCCCAGTCGAGGGGGATAACAGTTGGAAACGACTGCTAATACCGCATACGCCCTACGGG 
GGAAAGGAGGGGACCTTCGGGCCTTCCGCGATTGGATGAACCTAGGTGGGATTAGCTAGT 
TGGTGAGGTAATGGCTCACCAAGGCGACGATCCCTAGCTGTTCTGAGAGGATGATCAGCC 
ACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCAC 
AATGGGGGAAACCCTGATGCAGCCATGCCGCGTGTGTGAAGAAGGCCTTCGGGTTGTAAA 
GCACTTTCAGTAGGGAGGAAAGGGTGTAGTTTAATACGCTATATCTGTGACGTTACCTAC 
AGAAGAAGGACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGGTCCGAGCGTT 
AATCGGAATTACTGGGCGTAAAGCGTGCGCAGGCGGTTTGTTAAGCGAGATGTGAAAGCC 
CTGGGCTCAACCTAGGAATAGCATTTCGAACTGGCGAACTAGAGTCTTGTAGAGGGGGGT 
AGAATTCCAGGTGTAGCGGTGAAATGCGTAGAGATCTGGAGGAATACCGGTGGCGAAGGC 
GGCCCCCTGGACAAAGACTGACGCTCATGCACGAAAGCGTGGGGAGCAAACAGGATTAGA 
TACCCTGGTAGTCCACGCCGTAAACGATGTCTACTCGGAGTTTGGTGTCTTGAACACTGG 
GCTCTCAAGCTAACGCATTAAGTAGACCGCCTGGGGAGTACGGCCGCAAGGTTAAAACTC 
AAATGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGATGCAACGC 
GAAGAACCTTACCTACTCTTGACATCCACGGAATTCGCTAGAGA 
 


