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Abstract
The First Generation Magnox Storage Pond (FGMSP) is situated on the Sellafield Ltd.
site in the UK, and is an extremely inhospitable environment comprising of significant
levels of radioactivity coupled with a high pH of pH 11.4. Despite such extreme
conditions, microorganisms are known to colonise the pond and can form dense
microbial blooms in the summer months. The blooms can restrict the visibility within
the pond which hinders plant operations. The FGMSP is currently undergoing
decommissioning and waste retrieval operations, as a priority on site, therefore any
plant downtime increases both the cost and timeframe for decommissioning. Here we
describe the microbial community that colonises the FGSMP, including during two
bloom periods. In addition efforts to determine the adaptive mechanisms that key
microorganisms use to colonise the pond and their interactions with Sr are described.
Over the course of the sampling period Proteobacteria were the dominant phylum in the
pond, with variations seen at the lower taxonomic levels. In addition, a single
cyanobacterium, affiliated with a Pseudanabaena species, was identified as the
dominant photosynthetic microorganism from samples taken from two bloom periods,
comprising up to 30 % of the phylotypes detected. While the FGMSP was dominated by
prokaryotes, a hydraulically linked auxiliary pond was more abundant in eukaryotic
organisms. Comparisons between the two pond communities suggested that the
auxiliary pond was not seeding the FGMSP, as the elevated pH and radiation levels
inhibited such colonisation. Data supplied by Sellafield Ltd. showed that the onset of
the bloom periods coincided with increases in the residence time of the purge water,
used to maintain the elevated pH of the pond. Once the residence time of the purge
water was reduced the visibility was restored in the pond, indicating that this was an
effective means of removing the bloom-forming microorganisms. Laboratory-cultures
of Pseudanabaena catenata were used to investigate the adaptive responses to ionizing
radiation. The culture was found to consist of 9 other operational taxonomic units, 5 of
which were affiliated with genera identified in the FGMSP. Detailed investigations
indicated that X-irradiation treatment (95 Gy) had no significant impact on the growth
rate of the culture, however there was an increase in polysaccharide production and a
reduction in protein and chlorophyll-a production. Increases in polysaccharides could be
of importance in the FGMSP as this could influence the fate of radionuclides present in
the water. Sr was used to determine whether P. catenata could influence the fate of
radionuclides. P. catenata cells could be seen to accumulate Sr associated with
polyphosphate bodies, whilst SrPO4 and calcium containing SrCO3 minerals were
formed.
The colonisation of FGMSP by organisms closely related to those studied here,
including the cyanobacterium Pseudanabaena catenata requires careful consideration.
The results presented here suggest that elevated levels of polysaccharides could
potentially be generated within the pond as part of an adaptive strategy, and this could
have impacts not only on the radionuclide inventory of the pond but could also facilitate
the colonisation of the pond by other heterotrophic microorganisms. This project also
provides significant first steps into the development of effective control strategies to
prevent further bloom events, supporting the hypothesis that purging cycles are able to
control bloom formation. Finally the results presented provide an insight into the
potential use of organisms identified in such facilities for use in the remediation of
contaminated aquatic environments and other engineered facilities.
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1

Introduction

1.1 Project context

The Sellafield site, situated on the West Coast of Cumbria, is the UKs largest nuclear
site and contains several spent nuclear fuel ponds (SNFPs) that are in various stages of
decommissioning. One of the older Sellafield SNFPs, the First Generation Mangox
Storage Pond (FGMSP), was built in the late 1950s as a storage site for waste fuel from
the UK’s gas-cooled reactors, also known as Magnox nuclear power stations. The fuel
was intended for reprocessing, where the cladding was removed from the fuel rods,
however due to extended periods of storage the fuel and particularly the cladding have
corroded.

The decommissioning and retrieval of waste from older legacy storage

facilities, such as the FGMSP, is a priority on the Sellafield Ltd. site.
The FGMSP is an open-aired facility, which means that it is exposed to a variety of
environmental factors such as the ingress of carbon, nitrogen, rain water, and seabird
guano. In order to minimise further corrosion of the spent fuel in the pond, it is
maintained at an alkaline pH of ~pH 11.4. Despite the significant levels of radiation and
high pH, the pond is colonised by microorganisms, which are capable of forming
microbial blooms. These microbial blooms are thought to be formed by either
eukaryotic algae or cyanobacteria since the pond becomes green during these periods.
The growth of these organisms has the potential to disrupt waste retrieval operations
and decommissioning efforts, since the visibility in the pond is restricted. The
implication of the disruption not only has an impact on the timescale of the processes
but also results in increased financial costs. Little is known about the microorganisms
that inhabit the FGMSP or what organisms are involved in the bloom formations. It is
also not known what triggers the bloom events or the adaptive mechanisms these
organisms use to colonise the environment.

The lack of information about the

organisms present in the FGMSP makes it difficult to plan and implement effective
control strategies.
This project follows on from a previous PhD project, which made efforts to characterise
the microorganisms in a number of other SNFPs on the Sellafield Ltd. site. The focus of
this current work is to identify the organisms in the FGMSP and to determine the
adaptive mechanisms and radionuclide interactions of key microbial species present in
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the blooms. Increased knowledge on the metabolic responses of organisms in the pond
is an important step to help develop effective control strategies, and therefore minimise
plant downtime. In addition, the work carried out in this project has provided
information to support a NNL-based EngD programme focussing on the control of the
microbial biomass in the FGMSP. The work carried out in Chapter 5 provided
information and material for a further PhD project focused on the biocomplexation of
radionuclides in the FGMSP. In addition a clearer and more detailed understanding of
the capabilities of the naturally occurring microorganisms could potentially uncover
new candidate species that could be used for bioremediation applications in similar
facilities and other contaminated sites.

1.2 Aims and objectives

The overall aim of this project was to identify the microorganisms that colonise the
FGMSP and more particularly those that formed the microbial blooms. Further to this,
the project aimed to understand the adaptive mechanisms that relevant organisms utilise
to facilitate the colonisation of the pond. Additionally, the interaction of radionuclides
and microorganisms identified in the pond was also to be explored. The project aimed to
provide more detailed information that could help inform control strategies that could
be employed on site to prevent the unwanted growth of these organisms.
Three main objectives were formulated and investigated using a wide range of
techniques including, next generation sequencing platforms, spectroscopy, and light and
electron microscopy.
(I)

To determine what microorganisms colonise the FGMSP and what
organisms are responsible for the microbial bloom events. Water samples
collected throughout the duration of the project underwent DNA extraction
and they were then sequenced using next generation sequencing platforms.
The samples were assessed by targeting rRNA gene sequences of
prokaryotes and eukaryotes, in addition to the internal spacer region 2 of
fungal RNA genes. A variety of data were provided about the FGMSP,
which were recorded as part of standard operating procedures by Sellafield
Ltd. personnel, including photosynthetic pigment concentrations, pH,
temperature, concentrations of NO3-, PO43-, and SO4-. An additional auxiliary
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pond, which is allowed to feed into the FGMSP, was also monitored with the
aim to determine if this could be a source of microbial contamination.
a. Hypothesis 1: A mixed community of eukaryotic algae and
cyanobacteria will contribute to the microbial blooms in the FGMSP.

(II)

To determine the effect of ionizing radiation on microorganisms that
colonise the FGMSP. By understanding the physiological adaptations that
microorganisms use to colonise the FGMSP, a better understanding of their
impact pond management, and more specifically the stored inventory could
be determined, for example their interactions with radionuclides. Here a
laboratory culture of a related cyanobacterium identified in the pond was
subjected to doses of ionizing radiation (IR), with the aim of determining the
adaptive responses of the organism(s). Spectroscopy and cell counts used to
assess the effect of IR on the growth of the culture. The effect on the
metabolic state of the culture was determined using Fourier transform infrared (FT-IR) spectroscopy in conjunction with fluorescent microscopy.
a. Hypothesis 2: Microorganisms, relevant to the FGMSP will be able to
survive high doses of ionizing radiation.
b.

(III)

To determine the fate of Sr in the presence of microorganisms relevant
to those colonising the FGMSP. The FGMSP has an inventory of
radionuclides, including fission products mobile in the water. By using a
laboratory-culture of a cyanobacterium related to one identified in the pond,
specific interactions between the organisms present in the culture and Sr
were determined. A range of techniques were used to assess whether Sr had
an effect on the growth of the culture, and to identify whether Sr formed any
(bio)minerals. Any Sr minerals that were formed were characterised and
efforts were made to determine whether these were associated with the
microbial cells in the culture.
a. Hypothesis 3: Microorganisms relevant to the FGMSP will influence the
fate of radionuclides such as Sr, for example by forming mineral
precipitates.
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1.3 Thesis structure

The majority of this thesis is made up of three research papers, which cover the research
aims described above. The research chapters are preceded by a general introduction to
the scientific knowledge of the research area, including information on the First
Generation Magnox Storage Pond (FGMSP), radiation resistance mechanisms,
microorganisms in other spent nuclear fuel ponds and the interactions of radionuclides
with microorganism. The end of the thesis is made up of a conclusions section and a
discussion of future work directions.
Chapter 2: Literature review- provides an introduction to the nuclear fuel cycle and
spent nuclear fuel ponds and the microorganisms that have been identified in them. In
addition, an overview about algae, microbe and radionuclide interactions and a
summary of radiation resistant mechanisms is included.
Chapter 3: Methodology- provides detailed information about the practical and
theoretical details of the methods used in this project.
Chapter 4: Research chapter- “The microbial ecology of a spent nuclear fuel pond on
the Sellafield site”. This paper analyses the microbial community of several samples
collected from the FGMSP, including two bloom samples, and an auxiliary pond using
next generation sequencing techniques. The sequencing data was supported by a variety
of measurements taken in the pond throughout the sampling period. Data were provided
by Sellafield Ltd. and included concentrations of the photosynthetic pigments
chlorophyll-a and phycocyanin, concentrations of NO3-, PO43-, and SO42-, turbidity,
temperature, and pH measurements as well as details about the purge rate during the
bloom periods.
Prepared for submission to Microbiome.
Chapter 5: Research chapter- “The effect of X-irradiation on the growth and metabolic
status of Pseudanabaena catenata”. A laboratory culture of P. catenata was subjected
to a total dose of 95 Gy of X-irradiation over a five consecutive days. Since the culture
was not axenic 16S rRNA gene sequencing was carried out to identify what
microorganisms were present. The growth of the culture was monitored using direct cell
counts, optical density measurements and chlorophyll concentrations. In addition, the
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metabolic fingerprint of the culture was assessed by FT-IR spectroscopy, the results of
which were supported by total carbohydrate measurements and polysaccharide staining.
Prepared for submission to Nature Communications.
Chapter 6: Research chapter- “The fate of Sr in the presence of Pseudanabaena
catenata”. The impact of P. catenata on Sr speciation and solubility was assessed using
a range of techniques. Measurements were taken to see if the Sr had any effect on
growth. Inductively coupled plasma atomic emission spectroscopy (ICP-AES)
measurements were taken to determine the percentage of Sr in solution, whilst
transmission electron microscopy (TEM), extended X-ray absorption fine structure
(EXAFS) and X-ray diffraction (XRD) were carried out to determine the composition of
any minerals formed and if they were associated with the cells in the culture.
Prepared for submission to Applied and Environmental Microbiology
Appendix A1: An outline of the work carried out to date using metagenomic and
metatranscriptomic techniques on the Pseudanabaena catenata culture. The same
laboratory culture of P. catenata was subjected to the same ionizing radiation treatment
as described in Chapter 5. Metagenomic analysis of the culture was carried out to align
the metatranscriptomic data to. The data will be futher analysed for additional
publications outside of the scope of the thesis work presented in the main sections.
Intended title of research paper: The effect of X-irradiation on the gene expression of
Pseudanabaena catenata.

1.4 Author contributions
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2

Literature review

2.1 The nuclear fuel cycle
2.1.1

The fuel cycle

The nuclear fuel cycle is a process that generates electricity through the splitting of
uranium atoms (“The nuclear fuel cycle,” 2018). Electricity generated by nuclear power
stations accounts for approximately 10% of the global electricity usage, provided by
430 commercial nuclear reactors (Ewing, 2015). There are several different stages of the
cycle, from extracting uranium to the disposal of the waste generated by the process
(Figure 2-1).

Figure 2-1: A depiction of the nuclear fuel cycle, showing all the stages from

uranium mining to disposal (Adapted from “The nuclear fuel cycle,” 2018)
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U is a relatively abundant element, the highest reserves are found in Australia,
Kazakhstan, Russia, Canada and USA, accounting for over 60 % of total U production
(“The nuclear fuel cycle,” 2018). The first stage in the cycle is mining for uranium. Two
methods can be used to extract uranium depending on the depth of the ore and the
geology of the rock: 1) Mineralised rock is extracted from the ground, broken down and
treated to remove the minerals; or 2) in situ leaching, where the minerals are removed in
solution without removing the ore from the ground (Wilson, 1996). Leaching usually
involves the use of sulphuric acid to dissolve the uranium oxides due its higher
percentage recovery (70-90 %), depending on the geology of the site being mined
carbonate can also be used (60-70 % recovery). The minerals are removed once the
solution has been transported to the surface (Crossland, 2012; “The nuclear fuel cycle,”
2018; Wilson, 1996).
The next stage is milling, the purpose of milling is to generate U3O8 concentrate which
can then be transported from the mill for the next stages of the nuclear fuel cycle
(Crossland, 2012; “The nuclear fuel cycle,” 2018; Wilson, 1996). The U3O8 is yellowish
in colour and is often called yellowcake; the U content of yellowcake is in excess of 80
%. This is a significant concentration especially when compared to the ore from which
it was extracted, where the U content can be less than 0.1 % (“The nuclear fuel cycle,”
2018). At this stage the main waste is tailings, where the majority of the radioactivity is
found. The tailings contain rock and the part of the ore that is not needed. Due to the
radioactive nature and heavy metal content of the tailings, they must be disposed of in
such a way as they remain isolated from the wider environment (“The nuclear fuel
cycle,” 2018).
The extracted uranium cannot be used directly as fuel and requires further processing
prior to being used. There are a number of different types of nuclear reactor, the
majority of which use UO2 as fuel. Nuclear reactors that use UO2 as the fuel require the
enrichment of fissile

235

U, which is used in the nuclear reactor to generate energy,

through further processing of U3O8 (“The nuclear fuel cycle,” 2018; Wilson, 1996). 235U
makes up around 0.7 % of the total natural uranium, with the vast majority being
composed of the

238

U isotope (“The nuclear fuel cycle,” 2018; Wilson, 1996). At the

end of the enrichment process the

235

U content should be between 3.5 and 5 %. The

process for enrichment involves converting the U3O8 into uranium hexafluoride.
Differences in the mass of the uranium isotopes are used to draw off the

235

U fraction,

leaving behind depleted U. Following the separation UO2 is regained and can be placed
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into fuel rods (“The nuclear fuel cycle,” 2018). The fuel rods used by most nuclear
reactors consist of a metal outer casing containing ceramic pellets of enriched uranium
oxide. The pellets are formed by pressing the uranium oxide and heating it at
temperatures in excess of 1400 °C. A chain reaction occurs when

235

U splits in the

reactor core, this fission generates large amounts of heat (“The nuclear fuel cycle,”
2018). Pu is produced by the transmutation of some of the

238

U and subsequently

contributes to the energy output (“The nuclear fuel cycle,” 2018). Electricity is
generated by a turbine and an electric generator which are powered by the heat
produced by uranium fission. Every 12-18 months the reactor is replenished with fresh
fuel and about 1/3 of the fuel is removed (Crossland, 2012; Wilson, 1996).

2.1.2

Spent nuclear fuel storage ponds (SNFPs)

Storage ponds at nuclear power plants have been used for many years. Initially they
were intended to be used for a relatively short period of time, approximately 20 years.
The length of time that the storage ponds has been extended, in many cases, to around
40 years as it is more convenient to do this (Sarrό et al., 2005; Tišáková et al., 2013).
The fuel is stored in stainless steel canisters which are submerged in deionised water.
The water acts in two ways, first to shield against radiation. Secondly because the used
fuel continues to emit heat, the water absorbs the heat and can be circulated, it is then
possible to pass it though a heat exchange system to maintain a stable temperature
within the pond (Tišáková et al., 2013). Due to the nature of the material being stored in
the ponds, efforts must be made to reduce the risk of corrosion and the accumulation of
salts. The water undergoes demineralisation treatments in many ponds and is passed
through a range of filtration and/or ion exchange systems before release (Chicote et al.,
2005).

2.1.3

Magnox Reactors and the First Generation Magnox Storage Pond
(FGMSP) at Sellafield

Early gas-cooled reactors (Magnox reactors), which form part of the UK’s legacy
nuclear fleet, were run using fuel consisting of un-enriched U-metal, resulting in
different processing requirements (Wilson, 1996). The fuel was produced by heating
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pelleted UF4 that has been mixed with Mg; in addition Al metal coupons were added.
The process was carried out in a graphite container sealed in a stainless steel pressure
vessel. The reaction generates U-metal, which was cleaned and MgF2 formed as a byproduct, which underwent a leaching process to ensure all the U was removed prior to
final disposal (Wilson, 1996). Fuel rods were formed using a casting technique, where
the U-metal was heated to in excess of 1500 °C. The rods then underwent betaquenching, where they were subjected to a further heat treatment to reduce the grain
size in the fuel to prevent anisotrophic growth in the U-metal during irradiation
(Wilson, 1996). The term Magnox refers to the alloy that provides a non-oxidising
cover for the U-metal fuel, which consists of Mg and Al in small quantities.
Spent Magnox fuel is stored in ponds containing deionised water, but this is problematic
since the Magnox alloy reacts with water (Jackson et al., 2014). The First Generation
Magnox Storage Pond (FGMSP) situated on the Sellafield Ltd. site (UK) was
constructed to house the spent fuel from Magnox reactors. Sellafield Ltd. shutdown the
reprocessing of the FGMSP in the 1970’s, therefore fuel was stored for longer periods
of time (Jackson et al., 2014; Sellafield, 2014). The extended storage of the fuel rods led
to their corrosion, as a result of this the radiation levels in the pond are elevated and
visibility in the pond is poor (Sellafield, 2014). The FGMSP contains a large quantity of
sludge at the bottom of the pond, totalling around 1,500 cubic metres (NDA, 2016). The
sludge is made up of “corroded fuel particles, fragments of fuel rod and metal, concrete
degradation products, bird guano and animal remains” (Gregson et al., 2011a; Jackson
et al., 2014). When the sludge is disturbed, by movement of the water it reduces the
visibility in the pond. Microbial blooms are also known to occur within the pond
creating further visibility issues, which impedes the decommissioning operations
(Gregson et al., 2011a; Jackson et al., 2014).
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2.2 Microorganisms in nuclear storage facilities

2.2.1

Biofilms, microbial induced corrosion (MIC) and biofouling

Microbes have been observed in many nuclear storage facilities across the world. The
conditions in the ponds are extremely inhospitable to life with high levels of radiation
present. Additionally the use of highly pure deionized water adds the pressure of
osmolarity (Tišáková et al., 2013). Despite this there have been a variety of
microorganisms identified both as part of both a planktonic and biofilm community
(Chicote et al., 2005, 2004; Forte Giacobone et al., 2011; Masurat et al., 2005; Sarrό et
al., 2003; Sarrό et al., 2005; Sarrό et al., 2007; Tišáková et al., 2013). The formation of
biofilms is thought to aid the bacteria in surviving in extreme conditions, such as those
found in the SNFPs where the radiation dose is significantly higher than found naturally
elsewhere (Masurat et al., 2005; Sarrό et al., 2005). A biofilm is a non-homogenous
structure composed of organic polymers, with the microbes existing within the structure
(Masurat et al., 2005). The conditions within the biofilm are able to be modified when
compared to the external environment for example in terms of chemicals present and the
temperature, therefore reducing the pressures on the bacteria (Masurat et al., 2005;
Sarrό et al., 2003). Links have been made between biofilm formation and microbial
induced corrosion (MIC) (Bruhn et al., 2009; Chicote et al., 2004; Diόsi et al., 2003;
Libert et al., 2014; Sarrό et al., 2003). Identifying the microorganisms that are able to
grow within SNFPs would help with efforts to control their growth and provide possible
candidates for bioremediation (Chicote et al., 2004; Chicote et al., 2005).
The accumulation of microorganisms (biofouling) and the potential for MIC are
problematic within SNFP as they can/ could hinder the routine running and
management of the ponds (Masurat et al., 2005). Stainless steel is used for cladding due
to its ability to withstand the harsh conditions with minimal corrosion, however MIC
has been observed on stainless steel coupons (Chicote et al., 2005; Diόsi et al., 2003;
Forte Giacobone et al., 2011). Biofilms facilitate MIC although there may be further
requirements to cause corrosion (Chicote et al., 2004). In addition to the corrosion, the
biofilms also accumulate radionuclides, with radioactivity levels reportedly reaching
values of around 5,500 Bq cm-2 (Chicote et al., 2005; Sarrό et al., 2003).
Microorganisms existing free within the water have also been observed (Evans, 2013;
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Tišáková et al., 2013). Seasonal microbial blooms have been observed within SNFPs,
which restrict visibility within the ponds halting work (Evans, 2013).

2.2.2

Techniques used to study microbial communities in SNFPs.

Prior to the development of DNA sequencing, the identification of microorganisms was
limited to species that are amenable to culturing, which is roughly 1 % of the total
species present, and direct observations using light microscopy that show distinguishing
morphologies e.g. algae. Establishing the identity of a microbial community has become
much more achievable due to the advances in sequencing techniques. The cost of
sequencing DNA has reduced considerably over recent years, which has also allowed
molecular identification of microorganisms to be carried out more readily (Hugerth et
al., 2014). The 16S rRNA gene is commonly used to identify prokaryotic organisms.
The region is ubiquitous and contains regions that are unique to particular genera and
species as well as conserved regions where primers are able to bind. The 18S rRNA
gene is the equivalent for eukaryotic organisms.
Gene targets such as 16S rRNA, are amplified by PCR using oligonucleotide primers
that are usually between 18-21 base pairs in length. The amplified gene products can
then be subjected to further analysis such as denaturing gradient gel electrophoresis
(DGGE). With DGGE the gene products are run on a gel which separates them
according to differences in their nucleotide sequence, which confer to different
microbial species (Sarrό et al., 2003). DGGE gives a fingerprint of the community
present allowing comparisons between different communities but sequencing is required
to identify the organisms present (Díez et al., 2007; Lyautey et al., 2005). Sequencing
the gene and comparing it to reference sequences deposited in databases such as those
compiled by NCBI BLAST allows the identity of the microorganisms to be determined
(Sarrό et al., 2003).
Studies assessing the microbial communities that colonise SNFPs have used a range of
techniques, based around culturing, microscopy, and DNA analysis. Several studies
have visualised and assessed the formation of biofilms and MIC using a variety of
microscopy techniques. Epifluorescence was used by Masurat et al., (2005), Sarrό et al.,
(2003, 2005), and Chicote et al., (2005) to inspect the microorganisms in SNFPs and
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their ability to potentially corrode steel coupons.

Light microscopy, transmission

electron microscopy (TEM) and scanning electron microscopy (SEM) have been used to
determine the morphology of microorganisms, such as whether they are coccoid, rods,
or filamentous (Masurat et al., 2005; Santo Domingo et al., 1998; Sarrό et al., 2003;
Sarrό et al., 2005). Masurat et al., (2005) were able to identify rod shaped bacteria
within a biofilm using TEM, the bacteria were contained within a sheath structure.
Several studies have isolated and cultured microorganisms from SNFPs and then
subsequently carried out a variety of tests to determine what metabolic capabilities they
have. As previously stated, the majority of microorganisms are not amenable to
culturing and therefore the true diversity cannot be observed, as was observed by
Chicote et al., (2005) as epifluorescent observations were significantly more diverse
than the results of the culturing suggested. Tests to assess the metabolic capabilities of
the microorganisms isolated can provide an insight into how they colonise these
inhospitable environments. Galés et al., (2004), assessed H2 metabolism of isolated
microorganisms as an energy source (see Table 2-1), by assessing the activity of the
hydrogenase enzyme. Diόsi et al., (2003) tested the ability of cultures, isolated from the
Atomic Energy Research Institute (Hungary), to reduce nitrate and sulphate, and
sideophore production, in relation to MIC. More general microbiology techniques have
also been applied, for example Karley et al., (2017) characterised the colonies formed
on agar plates according to their size/shape, pigmentation, edge, elevation and the
appearance of the surface.

2.2.3

Microbes in SNFPs

Microorganisms have been identified in several SNFPs around the world, and in a water
pool containing spent fuel from a research reactor in France (Rivasseau et al., 2010).
Where the conditions within the SNFPs were recorded, measurements showed a degree
of consistency between different facilities, for example: conductivity measurements
were ~1 μS cm-1, temperatures ranged from 25- 37 °C, and pH values were between 5
and 7 (Table 2-1). The outdoor open-aired pond studied by MeGraw et al., (2018) was
the exception, as the temperature of the water showed seasonal variations and a
maximum pH of 8 was recorded. Earlier studies investigating the microbial
communities within SNFPs utilise culture dependent techniques to isolate and culture
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both planktonic and biofilm-forming microorganisms, whilst more recent studies have
relied on extracting DNA directly from water samples collected from the ponds.
The microorganisms identified in the most intensively studied site, Confrentes (Spain),
that are capable of biofilm formation remain fairly consistent across several studies
between 2003 and 2007 (Chicote et al., 2004; Chicote et al., 2004, Sarrό et al., 2003;
Sarrό et al., 2005; Sarrό et al., 2007).The studies identified the presence of Firmicutes
and Proteobacteria, which could form biofilms on steel coupons placed in the pond.
There was evidence of MIC on the steel coupons, associated with the biofilms.
Radionuclides have been seen to accumulate in association with the biofilms on the
steel coupons in the Confrentes SNFP (Sarrό et al., 2003), and also in biofilms produced
by microorganisms isolated from an SNFP in India (Karley et al., 2017). The ability to
accumulate radionuclides (Co2+ and Cs+) has been demonstrated in free-living
microorganisms isolated from an SNFP on the Sellafield site (Dekker et al., 2014) and
the green microalgae, Coccomyxa actinabiotis, which was isolated from a water pool
storing spent fuel from a research reactor in France (Rivasseau et al., 2010; Rivasseau et
al., 2013; Rivasseau et al., 2016).
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Table 2-1: Summary of microorganisms identified in various spent nuclear fuel ponds

Site

Organism

Method of

pH

Temperature

Conductivity

Reference

identification
Savannah River Sulphate-reducing bacteria, and acid SEM of metal coupons,
Site, USA

producing bacteria

Unknown

Ralstonia, Burkholderia, Micrococcus, Culture-dependent
Staphylococcus, Bacillus,

N/A

N/A

N/A

cell counts

Santo Domingo et
al., 1998

5.5

30.0 – 37.0

1.0

N/A

25 reception

91.4 ± 0.6

Masurat

microscopy, SEM, TEM

basins

85.3 ± 1.3

2005

Biofilm and planktonic

36 storage

cells

basin

Galès et al., 2004

Planktonic

Pseudomonas

CLAB, Sweden

Meiothermus

Fluorescence

40

et

al.,

Confrentes,

Bacillus, Actinobacteria,

Culture-dependent

Spain

Methylobacterium, Burkholderia,

Biofilm

5.0 – 6.5

25.0 – 34.0

0.8 – 1.5

Sarrό et al., 2003;
Sarrό et al., 2005;

Staphlyococcus, Nocardia,

Sarrό et al., 2007

Cellulomonas, Ralstonia,

& Chicote et al.,

Pseudomonas, Xylophilus,

2004

Stenotrophomonas, Gordonia,
Aspergillus (fungi)

Confrentes,

Pseudomonas, Burkholderia,

Culture-dependent

Spain

Sphingomonas, Stenotrophomonas,

Biofilm

5.67

25.0 – 30.0

1.1

Chicote et al.,
2005

Methylobacterium, Afipia,
Streptococcus, Staphylococcus,
Microbacterium, Nocardia

SNFP,
Argentina

Bacillus

Culture-dependent
Planktonic

N/A

N/A

N/A

Forte Giacobane
et al., 2011
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Interim SNFP

Kocuri; Micrococcus,

Culture-dependent

(JAVYS inc.)

Ochrobactrum,Pseudomonas, a

Planktonic

Tardiphaga, Curvibacter, Serratia,

Culture-dependent

Yersinia

Planktonic

Water pool

Coccomyxa actinabiotis (Green

Culture-independent

storing spent

microalgae)

Planktonic

unidentified

Culture-dependent

6.0 ± 0.1

34.8 ± 2.5

1.0 ± 0.4

Tišáková et al.,
2013

Slovak
Republic

Sellafield, UK

N/A

N/A

N/A

Dekker

et

al.,

2014

5.3 ± 0.2

25.0 ± 3.0

1.2 ± 0.2

Rivasseau et al.,
2016

fuel, Research
nuclear reactor,
France

MAPS, India

7.0

37.0

< 1.0 μS

Biofilm-capabilities

Sellafield, UK

Haematococcus pluvialis (Green

Culture-independent

microalgae)

Planktonic

Karley

al.,

2017
6.4 – 8.0

7.0 – 23.0

3.9 ± 0.6

McGraw et al.,
2018
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et

Savannah River Nitrospira, [Hyphomicrobiaceae],
Site, USA

Pedomicrobium, Aquabacterium,

Culture-dependent

6.1

18.0 – 26.0

1.5

Planktonic

Bagwell et al.,
2018

Rhodospira, Hyphomicrobium

Atomic Energy

3 aerobic isolates

Culture-dependent

Reseach

3 anaerobic isolate

Biofilm

Institute,
Budapest,
Hungary
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N/A

N/A

N/A

Diόsi et al., 2003

2.2.4

Microbial diversity in storage ponds at Sellafield

The FGMSP on the Sellafield site is known to experience algal blooms that disrupt
work on site, however very little is known about the organisms causing the blooms
(Gregson et al., 2011a; Gregson et al., 2011b; Jackson et al., 2014). The FGMSP is
unique in that it is maintained at a high pH which adds an additional pressure for the
microorganisms to overcome. A pilot study investigating the microbial community
based on the diversity of 16S rRNA genes amplified from DNA extracted from 3
samples collected from the FGMSP was carried out in 2012 (Evans, 2013). The results
showed a relatively small level of diversity, as shown in Figure 2-2. The three samples
were taken over a short sampling period, where no bloom was present. These data are
interesting due to the reports of green algal blooms in the ponds, however no eukaryotic
algae were detected based on the PCR results. Additionally cyanobacteria made up only
a small proportion of the 16S pyrosequencing data, S01: 0.50 %, S02: 0.70 %, and S03:
2.20 %.
100%

Proteobacteria

90%

Percentage in clone libaray

Planctomycetes
80%

Nitrospirae

70%

Gemmatimonadetes
Firmicutes

60%

Elusimicrobia
Cyanobacteria

50%

Chloroflexi
40%

Bacteroidetes
Armatimonadetes

30%

Actinobacteria

20%

Acidobacteria

10%

Candidate AD3
Bacteria other

0%
S01

S02

S03

Figure 2-2: Prokaryotic diversity present in the First Generation Magnox Storage Pond,
shown as relative abundances at the level of phyla based on next generation
pyrosequencing of 16S rDNA (Evans, 2013).
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Similarities between the planktonic microorganisms identified in the pond appear to be
restricted to species of Bacillus, Pseudomonas, and Micrococcus (Forte Giacobone et
al., 2011; Galès et al., 2004; Tišáková et al., 2013). Bagwell et al., (2018) are the first
to report the presence of microorganisms from the phylum Nitrospirae, which accounted
for 12 % of the community they observed, with the majority of the microbial
community present affiliated with Proteobacteria (83 %). The majority of studies have
only identified prokaryotic microorganisms in SNFPs, however, eukaryotic organisms
have been identified in a restricted number of studies. For example, species of
Aspergillus were found in the biofilms on the steel coupons placed in the Confrentes
pond, interestingly this is the only report of fungi across all sites studied so far in an
indoor pool (Chicote et al., 2004). An outdoor SNFP on the Sellafield site at
circumneutral-pH displayed a diverse microbial community of both prokaryotic and
eukaryotic organisms (MeGraw et al., 2018). The eukaryotic community was dominated
by a green microalga that was most closely related to Haematococcus pluvialis, with
several other members of the Chlorophyta family identified and to a lesser extent some
fungi (MeGraw et al., 2018). Assessments of the microbial community have thus far
been limited. To better understand the full extent of the microbial diversity in SNFPs,
more frequent sampling and in depth sequencing efforts are required. The availability of
such samples, coupled with radiological risks will place restrictions on such
investigations.

2.3 Cyanobacteria and eukaryotic algae
2.3.1

Introduction to cyanobacteria

Cyanobacteria are prokaryotic organisms that are capable of synthesising complex
carbon compounds using CO2 and light energy through photosynthesis. They are often
described as simple organisms since they lack organelles (Bellinger & Sigee, 2010).
The size and shape of cyanobacteria varies considerable, they are capable of living as
single cells or as branched or unbranched filaments (linear colonies of cells).
Cyanobacteria can be either be planktonic or benthic (Bellinger and Sigee, 2010).
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Table 2-2: A description of the 4 morphotypes of cyanobacteria (Bellinger and Sigee,
2010).

Cyanobacterial morphotype

Description

Chroococcales

Simplest- unicellular, no filaments, usually
have a thin layer of mucilage

Filamentous, lack cell differentiation,

Oscillatoriales

relatively simple

Filamentous,

Nostocales

form

heterocysts

and

akinetes, no true branching

Filamentous, heterocysts and akinetes,

Stigonematales

show true branching, structurally most
complex

Cyanobacteria are a large phylum of bacteria and are found in a wide variety of
environments. It is largely believed that cyanobacteria were responsible for the great
oxygenation event which occurred approximately 2.4 billion years ago (Schirrmeister et
al., 2013).. Cyanobacteria produce the photosynthetic pigments that are associated with
they thylakoid membranes, these are chlorophyll-a and the phycobilin pigments
phycocyanin and phycoerythrin (Bellinger and Sigee, 2010; Madigan and Brock, 2011).
Some species are capable of regulating their buoyancy within the water column due to
gas vesicles. They are known to be capable of inhabiting extreme environments
including; high temperature, low temperature, consistent exposure to direct sunlight,
desiccation and radiation- with ultra violet (UV) or ionizing (Madigan and Brock,
2011). Cyanobacteria exist as a variety of morphotypes and are commonly divided into
4 groups on the basis of this, described in Table 2-2. Cells lack true organelles, but do
contain granular inclusions such as phosphate bodies and carboxysomes (Bellinger and
Sigee, 2010). Some species of cyanobacteria are capable of complementary chromatic
adaptation (CCA) (Figure 2-3), which is a process whereby the organism restructures
the phycobilisomes to optimise the transfer of light energy to the photosystem II
reaction centres in response to different light conditions (Kehoe and Gutu, 2006). The
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ability to carry out CCA, provides the organisms with a competitive advantage against
other photosynthetic microorganisms under varying light conditions.

Figure 2-3: A schematic of complementary chromatic adaptation (CCA) of the
phycobilisomes of cyanobacteria (adapted from Stowe-Evans & Kehoe, 2004). Blue circles
indicate the allophycocyanin core molecules, with the antenna comprised of either
phycocyanin (PC) or phycoerythrin (PE). The antenna consist of a PC core, if the
organism is capable of CCA, the composition of the antenna can change. Under red light
PC is favoured, whilst green light PE is favoured (Kehoe and Gutu, 2006; Stowe-Evans
and Kehoe, 2004).

2.3.2

Introduction to eukaryotic algae

Eukaryotic algae include several different groups which include: Glaucophyta;
Rhodophyta;

Chlorophyta;

Charophyta;

Cercozoa-Chlorarachniophyceae;

and

Haptophyta;

Crytophyta;

Euglenozoa-Euglenophyceae

Ochrophyta;
(Barsanti

&

Gualtieri, 2014). Efforts to estimate the number of extant species of eukaryotic algae
vary between 30,000 and 1 million.
As with cyanobacteria, eukaryotic algae inhabit a wide range of environments
including, freshwater, marine, soil, rocks, ice and snow (Anderson, 1992). Different
algal species inhabit environments with very different light intensities, they therefore
produce an array of secondary pigments that either absorb light at different wavelengths
(i.e. in water at depths where red light cannot penetrate) or to protect them from photodamage caused by reactive oxygen species such as singlet oxygen. The range of
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pigments gives rise to the common names given to different groups of algae including;
green, red, brown, and golden (Barsanti & Gualtieri, 2014).
Eukaryotic algae can vary dramatically in their morphology and size, ranging from
picoplankton (0.2-2.0 μm) to much larger kelps (Barsanti & Gualtieri, 2014). Algal cells
are enclosed by a plasma membrane and a cell wall, and a wide range of extracellular
materials such as sheaths and mucilages can also be observed (Barsanti & Gualtieri,
2014). Whilst the majority of algal species use photosynthesis to generate complex
carbon molecules for respiration from sunlight and CO2, some algal species are
heterotrophic. These heterotrophic algae obtain the organic carbon molecules either by
engulfing bacteria and other cells, or by taking up dissolved substances. In addition
there are many species that are capable of switching between photoautotrophic and
heterotrophic metabolism (Barsanti & Gualtieri, 2014). Reproduction in algae also
shows a great deal of variation including both asexual and sexual reproduction.
For more information on the information described in this section see Algae: anatomy,
biochemistry, and biotechnology text book (Barsanti & Gualtieri, 2014).
2.3.3

Bloom formation and collapse

2.3.3.1 Cyanobacteria and algal blooms

Cyanobacteria and eukaryotic algae inhabit a wide range of aquatic environments from
freshwater to marine. The population dynamics of algal communities fluctuate, with
increases in population numbers being described as an algal bloom (Carstensen et al.,
2004). Interest in determining the cause of bloom events has largely been due to the
negative impacts associated with their occurrence, such as the production of toxins by
cyanobacteria. The organisms responsible for the blooms have been identified using
morphological characteristics and molecular analysis. Blooms can be dominated by an
individual species, which can be replaced by different species and referred to as a
succession event. An example of succession can be seen in a study by Davis et al.,
(2009), the group identified an initial dominance of Anabaena during a bloom in Lake
Agawam, later Microcystis was seen to be dominant. Fine scale analyses of the
organisms in a bloom have also shown that different strains are capable of showing
similar shifts in dominance (Rodriguez-Brito et al., 2010).
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Triggers for bloom formation are not completely understood, the timing and intensity of
blooms being somewhat inconsistent from year to year (Kahru et al., 2000). Roelke &
Buyukates (2001) suggest that a combination of different conditions trigger blooms of
cyanobacteria, and that these are species specific. Blooms are frequently associated with
water that is nutrient rich (Azad and Borchardt, 1970; Davis et al., 2009). Factors
affecting algal growth include: light availability; light-dark cycles; temperature; pH;
nutrient availability such as phosphorus, nitrogen, iron etc. (Azad and Borchardt, 1970;
Dubinsky and Berman-Frank, 2001; Finden et al., 1984; Jiang et al., 2008). Links
between reduced nitrogen and phosphorus ratios, increases in the amount of phosphorus
and temperature with the initiation of blooms (Davis et al., 2009; Jia et al., 2013; Jin et
al., 2005; Kahru et al., 2000; Kononen et al., 1996; O’Neil et al., 2012; Stal et al.,
2003). Increases to the phosphorus levels in natural water systems have been attributed
to human activity and upwelling from sediments- particularly when oxic sediments
become anoxic (Kahru et al., 2000; O’Neil et al., 2012).
Conditions within the water body determine what organisms are present. Elevated pH
levels in water are known to favour the growth of cyanobacteria over green algae (Jin et
al., 2005; López-Archilla et al., 2004). In addition the pH of water increases as
cyanobacteria growth continues, due to the depletion of CO2 caused by increased
photosynthesis. Cyanobacteria are capable of thriving at pH levels between 10 and 11
(López-Archilla et al., 2004; Summerfield and Sherman, 2008), while there is evidence
of cyanobacteria at even higher pH levels in excess of 12 (Pikuta et al., 2007). Water
that is stratified in terms of nutrients favour cyanobacteria, particularly those containing
gas vesicles as they can move through the water column to access the required nutrients
(Kahru et al., 2000).
Phytoplankton have the ability to store nutrients such as phosphorus, which is referred
to as luxury nutrient uptake, this prolongs their growth when the stored nutrients
become limiting (Azad and Borchardt, 1970; Cade-Menun and Paytan, 2010; Dubinsky
and Berman-Frank, 2001). The occurrence of Aphanizomenon species, which are
dominant in Baltic Sea blooms, is almost entirely due to luxury uptake of phosphorus
prior to the initiation of the bloom (Lilover and Stips, 2008; Raateoja et al., 2011).
Since many cyanobacteria are capable of fixing atmospheric nitrogen, phosphorus
becomes one of the key limiting nutrients (Jin et al., 2005; Kahru et al., 2000; Lilover
and Stips, 2008; O’Neil et al., 2012). Affects associated with phosphorus starvation
include increases to stored lipids, elevated carbohydrate: protein ratios, light and
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temperature stress responses are potentially altered as a result of P-deficiency (CadeMenun and Paytan, 2010; Gao et al., 2015; Jin et al., 2005). Links have been reported
between phosphorus availability and the uptake of nitrate by cyanobacteria due to the
effects on ATP and so enzyme activity (Hu et al., 1990; Jiang et al., 2008).
Phytoplankton species have developed mechanisms for concentrating inorganic carbon
dissolved in water to provide the carbon source for photosynthesis. O’Neil et al., (2012)
noted that knowledge about the effect on cyanobacterial growth with high CO2
concentrations is limited, however they acknowledge that certain cyanobacterial genera
can bloom at low CO2 concentrations. Carbon can be available in different forms, with
different species having different preferences and requirements. Differences in
dissolved inorganic uptake was determined in two species of Chlorophyceae,
Nannochloropsis gaditana Lubia´n could utilise bicarbonate (HCO3-) whilst
Nannochloris maculate Butcher preferentially utilised CO2 (Huertas, 2000).
Many links have been made with the formation of bloom events coinciding with
seasonal increases in water temperatures. Yu et al, (2007) measured levels of
chlorophyll-a as an indicator of biomass. Increases in biomass were seen to occur with
increases in the water temperature, suggesting that higher temperatures stimulated the
growth of the cyanobacteria (Yu et al., 2007). In natural systems such as lakes,
temperature increases have been linked with algal recruitment from the sediments (Jia et
al., 2013). Studies such as those by Jiang et al (2008) highlight the growth promoting
effect that increased temperatures have on algae. There is an upward movement of
nutrients through the water column at higher temperatures. Cyanobacteria that can
regulate their buoyancy using gas vesicles gain advantage as they can gain access to the
nutrients, so outcompeting non buoyant organisms (O’Neil et al., 2012; Paerl and Otten,
2013).

2.3.3.2 Bloom Collapse

Phytoplankton often store excess organic carbon generated by photosynthesis, elevated
excretion of this has been linked to limited nutrients and a reduction in growth rates and
cell death (Dubinsky and Berman-Frank, 2001; Paerl and Otten, 2013). Light intensity
has a limiting effect on both cyanobacterial and eukaryotic algal growth, once it goes
above a threshold it has a damaging effect on the photosynthetic apparatus. Viral lysis
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and predation by grazing are considered to be influential in the end of a bloom period.
When the cells are lysed following infection by viruses there is a release of nutrients
into the water body (Paerl and Otten, 2013). In large natural water bodies changes in the
mixing of the water can disperse the bloom, resulting in their end (Paerl and Otten,
2013).

2.3.3.3 Sellafield bloom events and methods to control cyanobacterial and
eukaryotic algal populations

Seasonal blooms of photosynthetic organisms (cyanobacteria or eukaryotic algae) have
been reported to occur in the FGMSP at Sellafield, causing disruption to routine
maintenance and plant operations (Gregson et al., 2011a; Jackson et al., 2014). Little is
known about the organisms responsible for these bloom events and the triggers for the
bloom formation. Work undertaken by Evans (2013) highlighted some organisms
present in the FGMSP but the samples were not taken when the pond was experiencing
a bloom (see 2.2.4). Another outdoor SNFP, which is circumneutral pH, was dominated
by the eukaryotic green algae H. pluvialis (MeGraw et al., 2018), which is capable of
accumulating a red ketocarotenoid pigment with strong antioxidant properties called
astaxanthin (Boussiba and Vonshak, 1991). Production of the astaxanthin pigments and
the formation of red cysts (aplanospores) is triggered by oxidative stress conditions
(Wang et al., 2004). Secondary pigments such as astaxanthin are thought to have a
protective role, different mechanisms have been proposed to explain this, such as a
physicochemical barrier against free radicals, and as antioxidant against reactive oxygen
species (ROS) (Wang et al., 2003). In addition astaxanthin acts as a carbon sink
(Dubinsky and Berman-Frank, 2001).
The blooms in the SNFPs are unwanted as they limit the visibility in the ponds and
work has to be stopped. The water in the SNFPs is filtered, deionised/demineralised,
however despite this and the high radiation levels, microorganisms are still able to
colonise these environments (Chicote et al., 2005). There are various treatment methods
that are possible to reduce/stop the growth of the microorganisms in the ponds as
summarised in Table 2-3 (for more detailed summary of the treatment methods see
Konovalovaite, 2017). Roelke & Buyukates (Roelke and Buyukates, 2001) suggest that
a single treatment method is unlikely to be sufficient to control photosynthetic blooms
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since the conditions in which they occur vary. Careful consideration is required due to
the radiation within the ponds and to ensure that the treatments do not have any negative
impacts to the conditions necessary for safety.00000000000000000000000000
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Table 2-3: Summary of treatment methods to prevent algal and microbial growth, taken from Konovalovaite, 2017.

Treatment

Organisms

Advantages

Disadvantages

Effects of pH

targeted
Sonication/ Jet

Low

No residue

Low depth penetration

No reported effects

cavitation

frequencies:

Wide range of organisms

High efficiency requires large power inputs

due to pH

cyanobacteria

targeted

Long treatment times

High

May only redistribute species in the mix.

frequencies:

Cyanobacteria lacking gas vacuoles not targeted

green algae
Photocatalysts

Most algal

Can be used without

Catalyst loss

species and

additional light source

Have to be on water surface

bacteria

Works on numerous

Have to be immobilised to improve efficiency

organisms
Can reduce bacterial
cultures as well
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UV light

Biocides

Most algal

No chemicals required

Additional lighting source on large area

species and

No residue

High power input required

bacteria

Can be used to remove

Long treatment times

bacterial cultures

Several treatments required

Works on numerous

Lighting frequency dependent

organisms

Some organisms may have defence mechanisms

Most algal

Can target specific

Species specific

pH sensitive,

species and

organisms

Residual concentration

depends on biocide

may work on

May require only one

Required concentration can be very high to be

some species of

treatment

effective

bacteria

Oxidation

Long biodegradation times

Most algal

Very low residual

Oxidative compounds can react with metals in the

species

concentration

pond

Effective on broad

Unstable in high pH

spectrum of organisms

Varied efficiency depending on compound used

Can be used to reduce

Safety hazard, special holding conditions

bacterial cultures
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pH sensitive

Halogenation

Coagulation

Most algal

Effective on broad

Possibility of reaction with metals

species

spectrum of organisms

Can leave halogenated compounds post algal

Can be used on bacterial

removal

cultures

Safety hazard, special holding conditions

Most algal

Can be species specific,

Large quantities of non-soluble residue

pH sensitive,

species

but will remove part of the

Large doses required

depends on

culture

Routine treatment required

coagulant

Easily available

Algae still viable and can be resuspended

Does not damage cell

Requires collection mechanism

membrane leading to

Waste disposal

increased nutrient
availability
Can remove some
nutrients from the water
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pH sensitive

Filtration

Algae and

Efficiency depends on cell

Can foul easily

pH sensitive,

bacteria- filter

size and shape, easy to

Some of the fouling is irreversible

effects depend on

parameters

adapt to suit a mixture of

Efficiency decreases with use

water chemistry

determine

organisms

Washing required periodically

and membrane used

which

If sizing of the membrane

pH sensitive

is right , can remove
bacteria as well

Nutrient removal

Algae and

Will reduce growth on

May require several technologies

bacteria

several species

May only lead to redistribution of organisms

Is a preventative rather

Periodic treatment may be required

than a treatment method

May require additional equipment

Would have an effect on
other microorganisms than
algae
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Electrochemical

Most

algal No chemical required, but High power input required

species

can be used to enhance the Efficiency depends on electrodes used
treatment

Generates oxidising compounds

Works on several species

Barley straw

Some

algae- Easily obtainable material

potentially

Can

growth

preventative measure

promoting

be

used

Long lag period

as Additional pre-treatment required to reduce lag
phase
Growth phase dependant
Can have promotional effects on some species
May require periodic treatment
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pH sensitive

Flushing

Most cultures

Works on several species

Increased energy requirement

No chemicals used

Can have a limited effect

No residuals

May cause sludge resuspension due to increased
water movement
Water quality can deteriorate if discontinued
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2.4 Radiation resistance
2.4.1

Ionizing radiation

Ionizing radiation (IR) can either be particulate or electromagnetic. Particulate IR, such
as α and β particles, generates ions by collision events. The particles have a short range
and their energy is deposited after entering matter (Cox and Battista, 2005). Gamma (γ)
radiation is part of the electromagnetic spectrum and is able to penetrate into cells
(Bagwell et al., 2008). Gamma-rays use energy absorption to generate ions e.g. the
Compton effect; here following collision with matter, the wavelength of the
electromagnetic radiation increases (Cox and Battista, 2005). Radiation can have both a
direct and an indirect effect on cellular components, both affecting DNA, proteins and
lipids (Bagwell et al., 2008; Kottemann et al., 2005). The direct effects are from the
radiation itself and account for approximately 20 % of the total damage to cells
(Kottemann et al., 2005). Indirect effects are associated with the production of radicals
and reactive oxygen species (ROS), irradiation in aqueous environments results in the
radiolysis of water resulting high levels of ROS (Kottemann et al., 2005). This indirect
effect of radiation is responsible for the remaining 80 % damage to DNA (Kottemann et
al., 2005).

2.4.2

Reactive oxygen species

Microorganisms readily generate ROS as a by-product of metabolic processes, (Kaur et
al., 2010; Liu et al., 2000; Priya et al., 2010; Zelko et al., 2002). The ROS that are
generated include singlet oxygen (1O1), hydrogen peroxide (H2O2), superoxide (O2• ¬)
and the hydroxide radical (•OH) (Banerjee et al., 2013; Hakkila et al., 2014; Robinson
et al., 2011). These have a damaging effect to the cells, affecting DNA, proteins and
lipids (Banerjee et al., 2013; Campbell and Laudenbach, 1995; Priya et al., 2010). The
1

O1 molecule is more reactive than O2• ¬and H2O2, however the latter two are known to

be involved in the production of the highly reactive •OH radical. Enzymatic removal of
O2• ¬ produces H2O2, which can react with ferrous iron in the Fenton reaction shown
here:
Fe2+ + H2O2  Fe3+ + OH- +•OH
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The •OH is highly reactive and is known to cause the production of other free radicals,
which damage molecules in cells (Aguirre and Culotta, 2012; Banerjee et al., 2012;
Hakkila et al., 2014; Lemire et al., 2013). The combination of the reactions of O2• ¬ and
the Fenton reaction is referred to as the Harber-Weiss reaction (Lemire et al., 2013). A
schematic of the ROS generated and some of the reactions that take place are shown in
Figure 2-4.

Figure 2-4: Generation of ROS by photosynthetic bacteria and some of the detoxification
mechanisms. Circles are toxic species or free radicals; squares are non-toxic; grey boxes
are detoxifying or repair enzymes (Banerjee et al., 2013).

2.4.2.1 DNA damage
Ionizing radiation is capable of causing a variety of damage to DNA as shown in Figure
2-5,

including double stand breaks (DSB) and single strand breaks (SSB), base

modifications, structural modifications and cross-links (Cox and Battista, 2005; Mrázek,
2002). The most common lesion in DNA is the 7,8-dihydro-8-oxoguanine, this occurs
due to the low-redox potential of guanine, which is subject to the majority of the
oxidative attack (Vieira et al., 2014). The ROS can also modify DNA bases, for
example 8-hydroxy-2’-deoxyguanosine is well known and is associated with the
formation of DSBs following efforts to remove the modified base (Kottemann et al.,
2005).
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Figure 2-5: Different types of DNA damage induced by ionizing radiation (Horneck et al.,
2002).

Organisms have developed a variety of repair mechanisms to repair DNA damage as
summarised in Table 2-4. Breaks in DNA result from DNA-damaging agents and can
occur in replication, these are potentially lethal and so must be repaired. Bacteria repair
breaks in their DNA via two mechanisms these are non-homologous end-joining
(NHEJ) and homologous recombination (Wigley, 2013). In NHEJ is the main repair
mechanism of double stranded breaks in eukaryotic organisms (Shuman and Glickman,
2007). The process involves the modification of the two ends of DNA, allowing them to
be ligated together. This method of repair is simple but potentially will introduce
mutations since the process has low fidelity. All organisms utilise homologous
recombination, simply this process requires a second copy of the genome to act as a
template (Wigley, 2013) Recombinase (RecA) in bacteria is involved in locating and
paring of the homologous sequences (Shuman and Glickman, 2007).

Deinococcus radiodurans can withstand doses of 5,000 Gy with no perceived loss of
viability, surviving around 100 DSBs per genome at 10,000 Gy (Cox and Battista, 2005;
Daly et al., 2007). This is in contrast to radiation sensitive organisms such as
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Shewanella oneidensis that is unable to survive 70 Gy (Daly et al., 2007). The amount
of double-strand and single-strand DNA breaks has been shown to be 2-3 orders of
magnitude higher when the DNA is in the aqueous state (Daly, 2012).

Table 2-4: The repair mechanisms used for different types of DNA lesion and the
causative agent for the lesions (Horneck et al., 2002).

DNA lesion

Cause

Repair
mechanism

Replication errors and
recombination

Base excision
and general
mismatch
repair

Heat

Base excision

Oxidative damage

Oxidative metabolism,
anoxia/hypoxia and ionizing
radiation

Base excision

Alkylation/alkyl adducts
(nonbulky/bulky adducts; non-native
chemical bonds that do not fit in the
standard double helix)

Nitrogen mustard
polyaromatic compounds
(alkylating agents - attaches
an alkyl group to DNA)

Direct repair
and base
excision

Intrastrand crosslinks (Bulky adducts)

UV or cisplatin (alkylatinglike agent)

Direct repair
and nucleotide
excision

Base mismatches, loops and bubble
structure
Deamination (the removal of an amine
group from a molecule )
Depurination (loss of a purine;
adenine or guanine from the DNA
backbone)

Interstrand crosslinks

Single-strand break

Double-strand break

Psoralen or melphalan
(alkylating agents)
Ionizing radiation and
oxidative stress
Ionizing radiation
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Nucleotide
excision and
recombination
Ligation
Ligation and
recombination

2.4.2.2 Protein damage
The level of DNA damage caused by IR was thought to be the critical factor in
determining if an organism was sensitive or resistant (Daly, 2009). Recent studies have
shown that it is in fact the level and severity of protein damage as a result of ROS that is
the critical factor determining survival following irradiation (Daly, 2012). Comparative
studies looking into the effect of IR, different cellular components highlighted that
resistant organisms experience much less oxidative damage to their proteins than IR
sensitive organisms (Banerjee et al., 2014; Daly, 2012). Daly (2012) notes that some
hypersensitive bacteria can encounter 100 times more oxidation of proteins as a result of
IR when compared to resistance species. Damage to proteins includes carbonylation of
amino acid residues, cross links and oxidation of the backbone of the protein. Ironsulphur and haem group containing proteins are more prone to this damage (Robinson et
al., 2011; Webb and Diruggiero, 2012). In protecting proteins, organisms enable repair
mechanisms to be implemented thus enabling damage to DNA to be corrected. The
damage incurred by DNA due to IR has been found to be comparable between resistant
and sensitive organisms (Banerjee et al., 2014; Daly, 2012).

Amino acid residues of radiation-resistant organisms have been shown to be less
susceptible to oxidation than those of radiation sensitive species (Sghaier et al., 2013).
Analysis of the amino acids present in radiation resistant organisms found that there
were fewer amino acids that contained aromatic rings, whilst there was an increase in
the abundance of small amino acids (Sghaier et al., 2013; Vieira et al., 2014). The
amino acid side chains that are most susceptible to attack by OH• are those containing
sulphur, aromatic rings and those which only contain carbon and hydrogen (Sghaier et
al., 2013; Webb and Diruggiero, 2012). The amount of oxidative damage seen in
radiation sensitive organisms can be as much as 100 times greater than that observed in
resistant organisms. The reduction of damage in radiation resistant organisms has been
linked to the antioxidant status of the cell as well as substitutions of amino acid residues
for those that are less likely to suffer from oxidative damage (Sghaier et al., 2013).
Aromatic amino acid residues are maintained at active sites to maintain the function of
the enzyme. Sghaier et al., (2010) compared the sequence of RecA proteins from E.coli
and D. radiodurans and found the phenylalanine had been substituted for another
aromatic amino acid tyrosine in D. radiodurans.
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2.4.2.3 Impacts on lipids
Singh et al., (2002) highlight the importance of maintaining membrane integrity in
response to environmental stress, particularly desiccation. The composition of lipids
confers to how likely they are to be targeted by ROS, with unsaturated bonds being
more prone to attack. The rates of these reactions can be unlimited as they are not
governed by enzymes, additionally they can result in highly reactive products that
damage other macromolecules in the cell. ROS attack on lipids and fatty acids has
consequences for cellular membranes in terms of fluidity, permeability and metabolic
functions in the cell (Cabiscol et al., 2000; Singh et al., 2002). Changes in membrane
fluidity are known to be triggered by a variety of stress conditions and therefore can be
an unspecific response to the environment the microorganism is in (Ramos et al., 2001).
However, Cabiscol et al., (2000) stated that the oxidative attack of lipids can result in
their degradation, which can lead to the formation of damaging compounds such as
aldehydes.

2.4.3

Radiation and microorganisms

Organisms have been identified that are able to survive continuous exposure to radiation
at doses of 1,500 kilorads. Studies estimating the levels of radiation present throughout
the Earth’s history do not indicate that such doses have occurred naturally; the highest is
estimated to be 400 mGy/year raising questions about the adaptation of these organisms
(Cox and Battista, 2005; Pikuta et al., 2007; Singh et al., 2010). It is thought that the
ability of these organisms to withstand exposure to IR is due to their ability to survive
other stresses that result in similar cellular damage (Billi, 2009; Daly, 2012; Pikuta et
al., 2007).

Table 2-5 shows the percentage survival of a number of microorganisms at different
doses of radiation measured in kilogray (kGy). The physical unit, gray is the absorption
of 1 joule of radiation energy per 1 kilogram of matter, however different forms of
radiation affect biological molecules to different degrees (Horneck et al., 2002).
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Table 2-5: The percentage survival of different microorganisms at different doses of
radiation kGy.

Organism

Dose of radiation % survival (if
(kGy)

known)

Chroococcidiopsis

2.5

30-80

sp.

15.0
20.0

0

Synechococcus sp.

2.5

0

Escherichia coli

1.0

0

Halobacterium sp.

5.0

10

Reference

Billi et al., 2000

Robinson et al.,
2011

Kineococcus sp.

20

-

Bagwell et al.,
2008

Anabaena sp.

5.0

Comparable to
other more
resistant species

Singh et al., 2010

A. torulosa

11.0

37

Anabaena L-31

11.0

52

Anabaena 7120

3.0

80

5.0

50

12.0

10

Chlororphyceae

6.0

50

Coccomyxa

6.0

~100

actinabiotis

10.0

50

Rivasseau et al.,

(eukaryote)

20.0

15

2013

Deinococcus

10.0

50

radiodurans

20.0

2.4.4

Singh et al., 2013

Desiccation tolerance linked to radiation tolerance

Links have been made between organisms that have the ability to survive periods of
desiccation and resistance to IR, for example in the case of Chroococcidiopsis sp. and
D. radiodurans (Billi, 2009; Cox and Battista, 2005; Daly, 2012; Singh et al., 2010).
Chroococcidiopsis can survive for extended periods in a dehydrated state, additionally
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members of this genus can survive doses of IR up to 15 kGy (Billi, 2009). Desiccation
tolerance is not fully understood, however there have been links to the ability to form
spores and with extracellular polysaccharide production (Billi et al., 2000). Organisms
that are able to survive periods of desiccation are known to protect their proteins against
oxidative damage (Daly, 2012). Other species of cyanobacteria such as Nostoc
commune and strains of Anabaena have also been shown to be able to survive high
doses of IR and periods of desiccation (Shirkey et al., 2003; Singh et al., 2010).

DNA of N. commune is known to undergo modifications, which are repaired upon
rehydration but there is little evidence of degradation or oxidative damage to the DNA
(Shirkey et al., 2003). Billi (2009) was able to show that following a period of
desiccation the genome of Chroococcidiopsis showed little fragmentation, which is in
contrast to observations made when the genome of D. radiodurans was inspected after
an irradiation treatment. This suggests that organisms use different mechanisms to
protect against the damage sustained by desiccation and therefore ionizing radiation e.g.
N. commune accumulates trehalose when in the desiccated state, this is a nonreducing
disaccharide. Trehalose is thought to replace water and also to act as a type of
cyropreservant (Wada et al., 2013). Organisms can either protect against the damage
and/or repair any damage they sustain (Billi, 2009).

The damage is incurred by

oxidative stress, for example during dessication, affects lipids, proteins and nucleic
acids (Billi et al., 2000).

2.4.5

Enzymes involved in ROS response

Microorganisms have developed various mechanisms to combat ROS stress; these
include the production of enzymes which act to remove these species or repair the
damage caused and photoprotective compounds (Singh et al., 2002). Enzymes linked to
combating oxidative damage include superoxide dismutases (SOD), catalases and
peroxidases (Singh et al., 2002).

2.4.5.1 Superoxide dismutases
An important first line defence against ROS are superoxide dismutases (SODs); these
are a family of enzymes that are found in all organisms that act on O2• ¬ (Zelko et al.,
66

2002). SODs are categorised by the metal co-factor that they contain which include Fe,
Mn, Cu/Zn or Ni (Adhikary and Klug, 2007; Priya et al., 2007). The specificity of Feand Mn-SOD for the metal co-factor has been shown to be interchangeable, with MnSOD having been shown to incorporate Fe instead of Mn. All the SODs carry out the
same dismutation reaction, however they have been shown to have different structures
(Aguirre and Culotta, 2012; Liu et al., 2000; Zelko et al., 2002). These antioxidant
enzymes catalyse the following dismutation reaction (Priya et al., 2010)
O−
2 + 2H +  O2 + H2 O2
This dismutation reaction is a key factor in the elevated H2O2 levels in cells (Banerjee et
al., 2013).

Oxidative stress is particularly prominent in cyanobacteria due to their photosynthetic
capabilities which generate oxygen (Priya et al., 2010). It is thought that the
chlorophylls and phycobilins could increase the level of oxidative stress cyanobacteria
encounter when irradiated. O2• ¬ is thought to be largely produced by the photosystem I
(PSI) complex, in a process known as the Mehler reaction (Badger et al., 2000; Priya et
al., 2010). Cyanobacteria are found in some very harsh conditions such as arid deserts,
hot springs and water pockets in Antarctic, therefore they have built up a variety of
tolerance mechanisms for stress (Banerjee et al., 2013). Banerjee et al., (2013) were
able to show that the heterocyst forming cyanobacteria Anabaena produced a Mn-SOD
in the heterocysts to protect against ROS. Heterocysts are specialised cells where
nitrogenase fixes N2, this is a highly sensitive enzyme to oxygen, so therefore requires
protection, both enzymatic and non (Banerjee et al., 2013; Liu et al., 2000). Elevated
levels of SodF (a superoxide dismutase) have been found in N. commune, which is
thought to provide a protective role against oxidative damage when cells are rehydrated
(Ramos et al., 2001).

2.4.5.2 Catalases and peroxidases
There are two classes of enzymes that detoxify H2O2; catalases and peroxidases.
Peroxidases can be divided into peroxiredoxins (PRXs), which are ubiquitous and
glutathione peroxidases (GPXs). There are four types of PRXs, they function by
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reducing H2O2 to water, but can also act on peroxinitrite and alkyl hydroperoxides
(Banerjee et al., 2013; Cui et al., 2012; Dayer et al., 2008). Catalases can be divided
into 3 groups; 1) monofunctional; 2) bifunctional; or 3) binuclear Mn-catalase
(Bernroitner et al., 2009). They function by detoxifying H2O2 via a dismutation
reaction, generating O2 and water (Banerjee et al., 2012).
Cyanobacteria are known to generate high levels of ROS species due to their metabolic
processes, surprisingly catalases are rare in these organisms. Cui et al., (2012) analysed
nearly 40 cyanobacterial genomes and found that the majority of genomes lacked genes
with homology to catalases, however, the bifunctional catalase peroxidase KatG is
known to be present in a large number of cyanobacteria (Banerjee et al., 2012; Dayer et
al., 2008). Despite not being as efficient as other H2O2 scavenging enzymes, PRXs are
considered to be important for the detoxification of peroxide in cyanobacteria (Cui et
al., 2012). The synthesis of 2-Cys-PRX, a peroxiredoxin that contains a catalytic
cysteine residue, is upregulated in cyanobacteria exposed to oxidative stress (Banerjee
et al., 2012).

2.4.5.3 Manganese complexes
There are several microorganisms that are known to be able to survive oxidative stress
despite a lack of enzymes associated with acting on ROS. Lactobacillus planetarium is
deficient in SOD enzymes, whilst D. radiodurans and Halobacterium salinarium retain
resistance to IR when SOD enzymes are knocked out (Sharma et al., 2013; Webb et al.,
2013). This demonstrates other mechanisms are important in the ability to survive
irradiation (Sharma et al., 2013).

Studies on D. radiodurans have shown that high cytosolic levels of Mn(II) play an
important role in the radiation resistance of these organisms (Daly, 2009; Ghosal et al.,
2005). The Mn(II) forms complexes with metabolites, such as orthophosphate, in the
cytosol that act as ROS scavengers, reducing the level of damage the cells experience
both during and after irradiation (Daly, 2012; Daly et al., 2010; Daly et al., 2004;
Sghaier et al., 2013). Mn2+ forms complexes with inorganic phosphorus (Pi), which acts
on O2• -- via a disproportionation mechanism that is completely different to that utilised
by SOD enzymes (Barnese et al., 2008; Sghaier et al., 2013). In addition the Mn(II) can
replace Fe as the cofactor in some enzymes, which helps to prevent damage to the active
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site (Aguirre and Culotta, 2012; Daly, 2012). Several studies have highlighted that
increased Mn/Fe ratios can be correlated to increased radiation tolerance (Aguirre and
Culotta, 2012; Daly, 2009; Kottemann et al., 2005; Omelchenko et al., 2005). Levels of
Mn2+ have been found to increase by up to 300 times whilst the Fe(II) levels can decline
by 3 times (Vieira et al., 2014). Ghosal et al., (2005) demonstrated that D. radiodurans
accumulated high levels of Mn(II) and had low levels of Fe2+; Mn2+ is said to have an
antioxidant role in the cell. In contrast Shewanella oneidensis was found have the high
Fe(II) and low Mn(II) levels and is very sensitive to IR (Ghosal et al., 2005).
Cyanobacteria have been shown to complex Mn2+ with trehalose as a mechanism of
protecting against oxidative damage associated with desiccation (Aguirre and Culotta,
2012; Robinson et al., 2011; Shirkey et al., 2003; Webb et al., 2013). Mn(II) in
bicarbonate solutions at physiological pH can also disproportionate H2O2, further
reducing the damaging effects of ROS (Aguirre and Culotta, 2012). Daly et al., (2010)
demonstrated that protein-free cell extracts from D. radiodurans are capable of
protecting against oxidative damage to proteins at very high doses of IR. The
ultrafiltrate contained high levels of Mn(II), phosphates, nucleosides, bases and
peptides. The group exposed the proteins in the ultrafiltrate to doses up to 50,000 Gy,
and were able to show 50 % of the dodecameric enzyme glutamine synthetase retained
its activity. Escherichia coli and human Jurkat T cells were protected against extreme
damage by IR when they were in the D. radiodurans protein-free cell extract (Daly et
al., 2010).

2.4.6

Non- enzymatic protection against ROS- carotenoids, melanin and
micosporin-like amino acids (MAAs)

The black pigment melanin has been linked to the ability of some species of fungi to
tolerate and thrive in highly radioactive environments. Melanin is believed to have a
variety of roles in the cell, for example metabolically linked electron transfer (Dighton
et al., 2008). The pigment is known to absorb all types of electromagnetic radiation,
additionally Dadachova et al., (2007) showed it can scatter or trap electrons or photons.
Melanin may enable organisms such as fungi to utilise radiation as a source of energy
for metabolism, in a similar way to other energy harvesting pigments e.g. chlorophylls
(Dadachova et al., 2007; Dadachova and Casadevall, 2008).
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Carotenoids are produced by a wide variety of organisms, they function as both an
accessory pigment in photosynthesis for capturing light and they also protect against
ROS (Asker et al., 2007; Glaeser and Klug, 2005; Wada et al., 2013). The two main
environmental factors that are linked with the increased production of carotenoids are
illumination and irradiation. Asker et al., (2007) studied the diversity of carotenoids that
a variety of bacteria produced in the naturally radioactive site of the Misasa spa region
in Japan. The authors concluded that there was a clear correlation between carotenoid
synthesis and an increase in radiation tolerance. H. salinarium and D. radiodurans both
produce red pigment, the carotenoid bacteriorubrin, associated with their membrane
proteins. Bacteriorubrin has been shown to reduce the effects of gamma irradiation by
scavenging ROS such as hydroxyl radicals (Kottemann et al., 2005). D. radiodurans
produces other carotenoids that are known to have antioxidant properties such as
deinoxanthin (Tian et al., 2009).

H. pluvialis is a species of green algae that is known for its ability to produce large
quantities of the ketocarotenoid astaxanthin (Sandesh Kamath et al., 2008). Astaxanthin
production is associated with stress conditions such as high irradiance, with cells
changing from green vegetative cells to red cysts (aplanospores) due to the
accumulation of the pigment in lipid bodies with the membrane (Kottemann et al.,
2005; Li et al., 2008; Wang et al., 2003; Wang et al., 2004). Wang et al., (2003)
demonstrated the role of astaxanthin in light absorption and linked this with a photoprotective role against oxidative stress in the cell. H. pluvialis upregulates the synthesis
of astaxanthin when exposed to stress conditions, however proteomic data has indicated
that the initial protection to the cell against oxidative damage is due to enzymes (Wang
et al., 2004). The group predict that the build-up of astaxanthin replaces the enzymatic
response as the cells become aplanospores, with the pigment having an antioxidant role
(Sandesh Kamath et al., 2008; Wang et al., 2004). Li et al., (2008) demonstrated that
the production of astaxanthin uses large quantities of oxygen, which reduces the amount
of subcellular molecular oxygen substrates and therefore reduce the level of oxidative
damage. In addition astaxanthin has been demonstrated to react much faster with ROS,
such as superoxide, than the associated enzymes, supporting its protective role in cells
(Li et al., 2008). H. pluvialis has recently been identified growing in an outdoor SNFP
at Sellafield forming dense algal blooms with a characteristic red colour (MeGraw et
al., 2018). Cultures of the algae were subjected to periodic doses of X-ray treatment,
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which showed increases in the production of astaxanthin suggesting a role in protecting
the organism against the effects of ionizing radiation (MeGraw et al., 2018).

Cyanobacterial species such as Anabaena doliolum have also been shown to use nonenzymatic molecules such as carotenoids and α-tocopherol to combat the adverse effects
of oxidative stress, particularly that of singlet oxygen (Banerjee et al., 2013; Hakkila et
al., 2014). In addition the presence of microsporin-like amino acids (MAAs), which are
small hydrophilic secondary metabolites, has been linked with stress resistance
associated with high levels of UV-irradiation in particular UV-B (Oren and GundeCimerman, 2007; Rath and Adhikary, 2007). Rath & Adhikary (2007) demonstrated
that the cyanobacterium Lyngbya aestuarii up regulated the expression of MAAs and
carotenoids when exposed to high levels of UV-B radiation. Some MAAs have been
shown to have antioxidant properties and have been shown to scavenge ROS,
particularly those containing an aminocyclohexenone structure (Oren and GundeCimerman, 2007; Wada et al., 2013). The presence of high levels of MAAs in
freshwater cyanobacteria is not common, with the notable exception of Microcystis,
instead accumulation is thought to aid organisms surviving in highly saline
environments and desiccation (Oren and Gunde-Cimerman, 2007). Wada et al., (2013)
noted that there have been several studies that have demonstrated that oxidative stress,
induced by light or heat, triggers MAAs production.

2.5 Interactions of microorganisms and radionuclides

Public concern about radiation and the release of radionuclides into the environment has
brought about extensive research into their fate (Lloyd and Gadd, 2011; Lloyd and
Renshaw, 2005). Accidental release of radionuclides has occurred, for example at the
Chernobyl (Ukraine) and Fukushima (Japan) sites, despite efforts to prevent such events
(Fukuda et al., 2014; Krejci et al., 2011). Effective remediation strategies need to be
employed in such instances to minimize the transport of the released radionuclides and
therefore limit their harmful effects. There is much interest in the potential application
of microorganisms for the remediation of contaminated environments, since they are
ubiquitous in the environment and have a diverse range of metabolic capabilities
(Blanco-Rivero et al., 2005; Gadd, 2004; Pikuta et al., 2007). Microbes have been
shown to influence the speciation and mobility of metal species, and play a role in the
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removal of toxic metals (Gadd, 2004, 1996; Simonoff et al., 2007; White et al., 1995).
A diverse range of microorganisms, including bacteria, fungi, and algae (eukaryotic and
cyanobacteria) have been shown to influence the fate of radionuclides using both
metabolism-dependent and –independent techniques, summarised in Figure 2-6 (Gadd,
1990; Macaskie and Lloyd, 2002).

Figure 2-6: Interactions between microbial cells and radionuclides and metals (Macaskie

and Lloyd, 2002).

Biosorption is energy independent and the radionuclide can either be absorbed or
adsorbed. Experiments have shown that biosorption can occur with both live and dead
biomass, with dead cells of Saccharomyces cerevisiae sorbing 40 % more than live cells
(Brady and Duncan, 1994; Volesky and May-Phillips, 1995; White et al., 1995).
Biosorption is influenced by the environment in which it is taking place, there is a
decline in the biosorption capacity of heavy metals when the pH is less than 6
(Nakajima and Tsuruta, 2004; Yan and Viraraghavan, 2003). Cell walls contain regions
of negative charge; this is where the adsorption of cations occurs (Gadd, 1996;
Valentine et al., 1996). In bacteria the carboxyl groups in the peptidoglycan layer are
where biosorption occurs, in fungal cell walls it is chitin (Gadd, 1996; White et al.,
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1995). It can also occur on extracellular components such as lipopolysaccharides,
glycoproteins and polysaccharides (Renshaw et al., 2007).

Bioaccumulation is an energy-depended process in which microorganisms take up
metals (Macaskie and Lloyd, 2002). When the radionuclides are inside the cells they
can be bound, precipitated, or contained within intracellular structures (Gadd, 1996).

The oxidation state of toxic metals and metalloids can be altered by microorganisms,
where transformations are a result of the direct catalytic action of the microbes
enzymes, for example by enzymes from Desulfovibrio species (Lloyd and Renshaw,
2005; Macaskie and Lloyd, 2002). This bioreduction can result in the metals being less
mobile in the environment, for example U(VI) reduction to the less soluble U(VI) form
in anaerobic conditions (Lloyd and Gadd, 2011; Lovley, 1993). In addition to direct
interactions, microorganisms can produce reducing compounds that interact with the
metals and result in changes in their oxidation state or complex with the ions (Renshaw
et al., 2007; Simonoff et al., 2007). More detail of these processes see (Behrends et al.,
2012; Lloyd and Gadd, 2011; Macaskie and Lloyd, 2002; Renshaw et al., 2007).

The radioactive isotope

137

Cs is not a naturally occurring radionuclide and results from

the fission of uranium (Idaho National Engineering Laboratory, 1996). It has a half-life
of ~30 years and decays by beta emission to

137

Ba (Macaskie and Lloyd, 2002). Most

microorganisms are able to accumulate Cs+ into their cells despite there being no known
biological role (Avery and Tobin, 1992). Uptake is usually through K+ transport systems
as Cs+ is chemically similar to K+ and is an active process (Gadd, 1996; Tišáková et al.,
2013). Different bacterial species vary in their ability to accumulate Cs +, for example
when Pseudomonas fluorescens was grown in the presence of Cs+, no uptake of Cs+ was
detected, whereas Rhodococcus species under the same conditions accumulated large
quantities (Avery, 1995). Avery et al., (1991) demonstrated that high concentrations of
Cs+ inhibited the growth of cyanobacteria. It was suggested that the cells stopped
growing due to a lack of K+, which is important in photosynthesis and respiration
(Avery et al., 1991).
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2.5.1

Interaction between microbes from SNFPs and radionuclides

As discussed in section 1.1, microorganisms have been identified colonising several
SNFPs in a variety of different locations. Amongst these studies several have reported
interactions between the members of native microbial community and a variety of
radionuclides. Microorganisms such as Bacillus sp. were identified in the Confrentes
SNFP that were capable of forming biofilms, which when analysed were shown to
accumulate radionuclides (Chicote et al., 2004; Chicote et al., 2005; Sarrό et al., 2003;
Sarrό et al., 2005; Sarrό et al., 2007). The accumulation of radionuclides to biofilms
occurs due to the negative charge associated with the largely polysaccharide
composition (Sarrό et al., 2003). Processes such as biosorption and bioaccumulation are
responsible for the accumulation of radionuclides within biofilms (Sarrό et al., 2003;
Tišáková et al., 2013).
137

MeGraw et al., (2018) were able to show that both

90

Sr and

Cs were retained on filter papers containing microorganisms from a near neutral

SNFP on the Sellafield site, indicating that that these fission products were associated
with the biomass.
In addition to the extracellular accumulation of radionuclides, there have been several
studies showing intracellular accumulation of a variety of radionuclides in
microorganisms that colonise SNFPs. Tišáková et al., (2013), isolated four pure cultures
of bacteria from an SNFP and tested their ability to accumulate

137

Cs and

60

Co. The

different microbial isolates showed varying levels of accumulation of the radionuclides,
with the maximum

60

Co accumulated 86.6 ± 12.2 μmol g-1 in Micrococcus luteus and

for 20.1 ± 2.2 μmol g-1 in Kocuria palustris (Tišáková et al., 2013). The interaction of
Cs+ ions with the microbes was suggested to have occurred by a rapid metabolicindependent interaction with negatively charged functional groups on the cell surface.
The bioaccumulation resulted in the transport of Cs+ ions, through K+ transport systems
(Dekker et al., 2014) inside the cells where it was compartmentalised and finally they
observed a gradual release of the intracellular Cs+.

60

Co also showed interactions with

cell surfaces and accumulation intracellularly, however it exhibited a toxic effect on
cells. The toxicity of 60Co, resulted in the lysis of cells and thus release of Co back into
solution. The eukaryotic microalga Coccomyxa actinabiotis, which as previously
mentioned has been isolated from a research facility in France (Rivasseau et al., 2010;
Rivasseau et al., 2016), has been shown to be able to accumulate a wide range of
radionuclides in various concentrations (Rivasseau et al., 2013). C. actinabiotis was
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capable of accumulating the following radionuclides;
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238

U;

137

Cs;

110m

Ag;

60

Co;

54

Mn;

Zn and 14C, in relatively high concentrations (Rivasseau et al., 2013). There is limited

information about the interaction of microorganisms found in such facilities, for
example their metabolic capabilities and interactions with radionuclides. Further work is
required to determine the extent to which the native microbial communities of SNFPs
are able to influence the fate of radionuclides, since they could provide cost-effective
and efficient remediation strategies in contaminated areas.

2.5.2

Sr interactions

Sr exists as a divalent cation that is analogous to Ca2+ and therefore is of biological
interest since it can be taken up through the same transport routes as Ca, despite it
having no known essential biological function (Avery et al., 1999; Avery and Tobin,
1992; Krejci et al., 2011). Radioactive strontium (90Sr) is generated as part of the fission
reactions of nuclear industry, the isotope has a half-life of ~29 years and can be highly
mobile in the environment (Avery et al., 1999). Sr is present as part of inventory of
radionuclides in SNFPs, although the fate of Sr with microorganisms within these
engineered systems has not been studied.
Sr2+ can be adsorbed onto cell surfaces and in some cases this has been seen to occur
with the release of Mg2+ and Ca2+ , for example with the alga Vaucheria species (Crist
et al., 1990). Studies have shown that Sr can be accumulated by microorganisms, such
as Saccharomyces cerevisiae, which transports the Sr into its vacuoles (Avery and
Tobin, 1992). Anderson & Appanna (1994) demonstrated that the growth of
Pseudomonas fluorescens was not inhibited by the presence of Sr. P. flourescens was
shown to be involved in the production of SrCO3 crystal precipitates, it is thought that
this allows their continued growth in Sr-rich environments (Anderson and Appanna,
1994). There has been much interest in the ability of microorganisms and the formation
of CaCO3 minerals, largely from a geological perspective. Other divalent cations have
been shown to be incorporated into carbonate minerals including Sr, and can be seen at
different ratios with Ca (Mitchell and Ferris, 2005; Rivasseau et al., 2013). Extracellular
carbonate mineral formation has been associated with the bacterial hydrolysis of urea,
with Sr co-precipitating into calcite minerals (Mitchell and Ferris, 2005; Mitchell and
Ferris 2006). Cyanobacteria are known to form carbonate minerals, a process that has
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largely been viewed as an extracellular process (Cam et al., 2015) driven by increases in
the external pH by photosynthetic activity. The incorporation of Sr into carbonate
minerals poses a potential remediation strategy in aquatic environments.

Recently there have been several studies that have identified the ability of some species
of cyanobacteria (Benzerara et al., 2014; Cam et al., 2015; Cam et al., 2016; Cam et al.,
2018; Couradeau et al., 2012) and a eukaryotic green desmid alga species (Krejci et al.,
2011) to form intracellular carbonate minerals. The majority of this work has centred
around CaCO3 minerals although Sr and Ba have been shown to be incorporated
(Benzerara et al., 2014; Cam et al., 2015; Cam et al., 2016; Cam et al.,

2018;

Couradeau et al., 2012). At present it is not known how widespread intracellular
carbonate synthesis is in microorganisms. Traditional sample preparation techniques for
investigating the ultrastructure of cells and other features within the cells such as these
biominerals has been shown to distort or result in their complete removal (Li et al.,
2016). The cyanobacteria that have been shown to form intracellular carbonates, so far,
are deep branching species, which suggests this is an ability that evolved early on. At
present it is not known whether this capability was lost in some species or has evolved
separately several times (Benzerara et al., 2014). Benzerara et al., (2014) suggest that
the formation of carbonate minerals might be inhibited by polyphosphate, which are a
common feature in all organisms.

Polyphosphate (polyP) bodies can be found in many organisms, and are composed of
orthophosphate residues linked by phosphanhydride bonds (Achbergerová and Nahálka,
2011; Albi and Serrano, 2016). PolyP bodies have a variety of functions, such as being
a phosphate store for when it becomes limited, they are also thought to play a role in
stress responses and metal detoxification (Albi and Serrano, 2016; Keasling, 1997).
There has been a lot of research which has shown metal binding to polyP, particularly
Ca, Cd, and Pb, which reduces the concentrations that are free in the cytoplasm (Albi
and Serrano, 2016; Baxter and Jensen, 1980; Jensen et al., 1982). In addition, research
has shown that enzymatic activity can cleave the metals bound to polyP as phosphate
minerals and export them out of the cell, via the Pit transport system, thus reducing their
toxic effect (Albi and Serrano, 2016; van Veen et al., 1994). Interestingly there is
virtually no information about the association of Sr with polyP, Baxter and Jensen
(1980) report intracellular Sr in the cyanobacterium Plectonema boryanum, however
this is not consistent and P is not always present.
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3

Methodology

3.1 Pond water sample collection, procedures and safety
Samples of pond water were collected from two facilities on the Sellafield site, namely
the FGMSP and the auxiliary pond, by Sellafield Ltd. staff. The samples were collected
from a depth of approximately 1 m, using a hose dispensed into the pond. Water was
drawn through the hose into a collection bottle, prior to being sent to the National
Nuclear Laboratory’s (NNL) Central Laboratory. At the Central Laboratory
radioactivity monitoring was conducted and the samples were then stored at 4 ˚C prior
to further handling. The samples were monitored before DNA extractions were carried
out (see 3.2), the resulting DNA samples were stored at 4˚C. Strict radiological
monitoring procedures are in place to facilitate the movement of the samples from this
nuclear licensed site to the University of Manchester (UoM). Upon arrival at the UoM,
samples were monitored again before being stored at -20 ˚C, to await PCR checks,
qPCR and sequencing.
Additional pond data was collected by Sellafield Ltd. staff as part of routine operations
on site, for details (see Chapter 4).

3.2

Molecular biology- DNA extraction, amplification, quantitative amplification
and visualisation

3.2.1

DNA extraction

All DNA extractions were carried out using the MoBio PowerWater DNA isolation kit
(MoBio Laboratories, Inc., Carlsbad, CA, USA). The FGMSP and auxiliary pond
samples were not a consistent volume, records were kept of the volume of water used
for the extractions at Central Laboratory. DNA extractions carried out at the Central
Laboratory were performed in a UV hood, which had the UV lamp on for 15 min before
samples were handled. Where P. catenata cultures were sampled for DNA extraction a
1 mL volume was used, the extractions were carried out in the designated “clean”
molecular laboratory at the University of Manchester.
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All samples were passed through a sterile 0.2 μm filter using a vacuum filtration
technique. The DNA extraction protocol set out in the in-kit manual was followed for
all the samples (Figure 3-1). The first step after the filtrations chemically lysed the cells,
the filter papers were placed into bead beading tubes and 1 mL of the PW1 reagent
(heated to 55 °C to dissolve any precipitates) was added before the samples were
vortexed at maximum speed for 5 min (Qiagen, 2018).

The samples were then

centrifuged for 2 min at 4000 g. A volume of 650 μL was then transferred to a fresh
collection tube and centrifuged at 14,000 g for 1 min. The supernatant was transferred to
a fresh Eppendorf collection tube where 200 μL of PW2 reagent was added, the samples
were vortexed to mix and then incubated at 4 °C for 5 min. PW2 reagent removes
unwanted inorganic and organic materials from the samples, excluding DNA, e.g. cell
debris and proteins which would otherwise inhibit further analysis of the DNA (Qiagen,
2018). Following the incubation at 4 °C, the samples were centrifuged at 14,000 g for 1
min, and the supernatant was transferred to a fresh collection tube. A high concentration
salt solution, PW3, was added (650 μL) to the samples to allow the binding of DNA to
the spin filters, whilst any remaining organic and inorganic material will pass through
(Qiagen, 2018). Aliquots of 650 μL of the samples were loaded onto the spin filters and
centrifuged at 14,000 g for 1 min, this process was repeated until all of the sample is
used, the flow through was discarded. The spin filter was placed into a fresh collection
tube, and 650 μL of PW4 was added, this is an alcohol based wash that is used to wash
the samples further (Qiagen, 2018). The samples were centrifuged at 14,000 g for 1
min, the flow through was discarded, before 650 μL of PW5 was added, which is a
wash solution that removes PW4 from the samples. The samples were then centrifuged
twice at 14,000 g the first time for 2 min and the second for 1 min, discarding the
supernatant each time, this ensures that all of the wash solution is removed prior to
eluting the DNA (Qiagen, 2018). The final step removes the DNA from the silica spin
filter membrane, using 100 μL of PW6 (a sterile elution buffer). Once PW6 was added
the samples are centrifuged for a final time (in a fresh collection tube) at 14,000 g for 1
min. The samples could be analysed immediately or stored at -20 °C to await future
analysis (Qiagen, 2018).
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Figure 3-1: Schematic of the protocol for DNA extraction using the MoBio PowerWater
DNA isolation kit (MoBio Laboratories, Inc., Carlsbad, CA, USA) [adapted from Qiagen,
2018].
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3.2.2 Polymerase Chain Reaction (PCR)

Polymerase chain reaction (PCR) is a technique that is used to amplify regions of DNA
to concentrations that can then be used for other techniques and processes (Saiki et al.,
1988). The requirements for PCR include; template double stranded DNA, forward and
reverse primers; a thermo-stable polymerase enzyme (Taq), and deoxynucleotide
triphosphates (dNTPS). The primers ideally are 18-24 bases in length and must bind to
sequences upstream and downstream to the region of interest (Devereux et al., 2004).
The enzyme used in a PCR was isolated from Thermus aquaticus, which is a
thermophilic bacterium and can therefore withstand the elevated temperatures used
without being denatured (Chien et al., 1976). The reaction takes place in the presence of
a buffer and a known concentration of MgCl2 solution, this alters the specificity of the
primers binding.
The first stage of the PCR reaction involves heating the DNA at 94-95 °C to separate
the two strands of the double helix. Following from this 30-39 cycles of different
temperatures are used to copy the DNA, resulting in hundreds of billions of copies of
the target DNA (Saiki et al., 1988). The cycles include strand separation or denaturation
at 94-95 °C, followed by a reduction in temperature (usually between 50-60 °C) to
allow the primers to anneal to the template DNA. The temperature is then raised to ~72
°C to allow the polymerase to copy the DNA. There is a final extension step at ~72 °C
once the cycles have been completed. The stages of PCR are shown in Figure 3-2.
Control samples are run alongside the samples of interest, these include a negative
control (PCR grade water), to check for contamination, which should show no signs of
amplification. A positive control is also included, which is a sample of DNA that is
known to contain the target DNA sequence that is being amplified in the reaction. The
controls allow for contamination of the reagents to be detected (negative control) and to
check that the PCR has run correctly; that the reagents were correctly added; and that
the correct primers and cycling conditions were used.
PCR runs were carried out on the DNA extracted from the pond samples and the P.
catenata cultures to screen for the presence of prokaryotes, eukaryotes and archaea.
Ribsomal RNA (rRNA) genes are present in all living organisms, since they encode
ribosomes that are involved in protein synthesis, the genes have been conserved.
Prokaryotes and archaea ribosomes are encoded by the 16S and 23S rRNA genes, these
code for the small and large subunits of the ribosomes, respectively. In eukaryotes the
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genes are the 18S and the 28S rRNA molecules, respectively. The 16S and 18S rRNA
genes have 9 hypervariable regions that are different in different species, therefore
making these genes ideal candidates for phylogenetic analysis (Case et al., 2007; Ishaq
and Wright, 2014; Weisburg et al., 1991). The presence of prokaryotes, archaea and
eukaryotes can be identified by the amplification and visualisation of the 16S and 18S
rRNA genes, and the identification of the organisms can be determined by sequencing
the genes and the subsequent analysis.
The preparation of the PCR mixes took place in a UV-hood. Empty 200 µL thin walled
PCR tubes, 1.5 mL Eppendorf tubes, reagents for the PCR (except the polymerase and
DNA), pipettes and tips were subjected to UV light for a 5-10 min. A master mix was
prepared for each primer set, of which 48 µL was then transferred to each 200 µL PCR
tube. The reactions were made up to 50 µL with the addition of 2 µL of purified DNA.
A negative control for all PCR reactions was ran with 2 µL of sterile Roche PCR Grade
water (Sigma-Aldrich, Dorset, UK) instead of DNA to check for contamination. Where
possible a suitable positive control was used to check the PCR was working correctly.
Cycling conditions were optimised for each primer set. The tubes were then transferred
to a thermal cycling machine where the DNA underwent cycles of denaturation,
annealing, and extension. The product of the reaction were stored until required at -20
°C or visualised by running the samples on a 1 % agarose gel in 1x TAE (Tris- acetic
acid- EDTA) buffer. The samples were stained using Syber safe DNA stain (Invitrogen,
Carlsbad, CA, USA), this binds to the DNA and fluoresces in UV light. DNA was
viewed using a BioRad Geldoc 2000 system (BioRad, Hemel Hempstead, Herts, UK)
under short-wave UV light. The reaction mixtures used for PCR reactions were as
follows (quantities per reaction- scaled up for the number of samples):
TaKaRa Ex Taq polymerase (Clonetech, UK): 36.7 µL sterile purified water (Roche
PCR Grade); 5 µL 10x Ex Buffer; 4 µL dNTP mixture (2.5 mM Each nucleotide); 1 µL
25 μM forward primer; 1 µL 25 μM reverse primer; and 0.3 µL Ex Takara Taq.
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Figure 3-2: The stages of a PCR, where a target sequence on DNA undergoes multiple
rounds of thermal cycling. The initial step is denaturation, where the double stranded
DNA is separated this usually takes place at ~95 °C. The temperature is reduced to allow
the primers to bind to the single strands of DNA (50-60 °C). The polymerase enzyme then
adds individual nucleotides that are complementary to the template DNA, working from
the 5’ end to the 3’ end. This process is repeated for 30+ cycles (adapted from Purves et al.,
2004).

3.2.3 Quantitative polymerase chain reaction (qPCR)

Quantitative polymerase chain reaction (qPCR) is a technique which is based on the
standard PCR (described above) and run on a real-time PCR instrument. During a qPCR
run the amplification of the target DNA (e.g. a region of the 16S rRNA gene) can be
quantified in real time. In order to track the amplification of the template DNA, a
fluorescent dye is added to the reaction (e.g. SYBR Green, Invitrogen, Carlsbad, CA,
USA), which binds to the major groove of double stranded DNA (dsDNA) and emits a
fluorescent signal. When the dye is free in solution, for example when the dsDNA is
denatured, the fluorescent signal is very weak. Each PCR cycle results in double the
number of copies of DNA, as a result more of the fluorescent dye can bind with the
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dsDNA and therefore a stronger fluorescent signal is emitted. Each qPCR run includes a
set of standards, run in triplicate, that contain known concentrations of DNA extracted
from a pure culture. The fluorescent signals recorded for the standards are used to
generate a standard curve, which are used to quantify the concentration of the DNA in
the samples being tested. The standard curve is used to set the cycle threshold. In order
to quantify the concentration of DNA in a given sample, the level of fluorescence
detected over the course of the qPCR run must reach a cycle threshold level. Where
higher initial concentrations of DNA are present in a sample, the cycle threshold will be
reached with fewer PCR cycles. The data collected from a qPCR run can then be used to
calculate an estimate of the copy number of the target gene amplified in the sample
(Equation 3-1).
Ctarget = 𝑛target x

c𝐷𝑁𝐴 𝑥 𝑁𝑎
𝑙DNA x Mbp

Equation 3-1: Calculation of target concentration where: Ctarget is copies μL-1; ntarget is
the number of targets per DNA fragment; cDNA is the concentration of DNA (ng μL-1); Na
is Avagadro’s constant (6.022 X 1023 bp mol-1); lDNA is the length of the DNA fragment
(bp); Mbp is the average weight of a double stranded base pair (660 g mol-1 = 6.6 x 1011 ng
mol-1) (Brankatschk et al., 2012).

3.2.4

Agarose gel electrophoresis

DNA or RNA can be separated and visualised using agarose gel electrophoresis. A
polymeric matrix is formed by dissolving agarose (0.8-2.0 % wt/vol) in an electrolytecontaining solution (usually tris-acetic acid-EDTA) by boiling, the matrix allows DNA
(or RNA) to be separated according to the fragment length. A loading dye is mixed with
the DNA prior to being loaded in the wells of the gel, this allows the DNA to sink to the
bottom of the well. Once loaded in the agarose gel, which is covered in the electrolyte
buffer, an electric current is applied, which carried the DNA fragments towards the
cathode (Figure 3-3), due to the negative charge of the phosphate molecules in the
backbone of DNA. The smaller fragments of DNA travel further through the matrix
during the run, therefore allowing for size separation. A DNA ladder is added to a run,
this contains known lengths of DNA fragments, to allow the size of samples to be
qualitatively determined. The gels in these studies were stained with SyberSafe
(Invitrogen, Carlsbad, CA, USA), which binds to the DNA molecule and allows the
DNA to be visualised under UV light.
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Figure 3-3: A schematic of the set-up of an agarose gel electrophoresis run, side view
(adapted from Biotech, 2018).

3.3 Pyrosequencing
Pyrosequencing is a method of sequencing DNA or RNA (Figure 3-4) that does not
require the generation of clone libraries (Hamady et al., 2008). It is a flexible process
that can generate several hundred thousand reads (>100,000 sequences per run) and
relatively long sequence lengths of ~900 bp. During pyrosequencing nucleotides are
detected and identified as they are added to the growing DNA strand (real time
detection), this is achieved through chemiluminescence detected by a charged coupled
device (CCD) camera (Ronaghi et al., 1996). The requirements for pyrosequencing
include: single stranded DNA (ssDNA); primers, DNA polymerase; primers; and
dNTPs. The sequencing method also needs the following enzymes ATP sulfurylase;
luciferase and apyrase, in addition luciferin and adenosine 5’ phosphosulphate
substrates are required. During a pyrosequencing run, dNTPs are added one at a time in
a sequential order to the samples, where the dNTP is complementary to the template
DNA. The polymerase enzyme forms a phosphodiester bond between the nucleotide
and the last nucleotide of growing DNA chain, resulting in the release of pyrophosphate
(PPi). The PPi reacts with adenosine 5’ phosphosulphate (APS) in the presence of the
APT sulfurylase enzyme, resulting in the production of SO42- and adenosine
triphosphate (ATP). Light is generated by the luciferase enzyme, which utilises the ATP
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as the energy source to oxidise luciferin. Free nucleotides and any remaining ATP are
degraded at the end of each reaction by the addition of Apyrase. The process is repeated
with the next nucleotide in the sequence, resulting in the full sequence of the DNA
being determined (Ronaghi, 2001; Ronaghi et al., 1996). Longer length sequences
generated by this process are advantageous for downstream analysis, however due to its
extended use, the DNA polymerase might introduce errors whilst copying the DNA
template (Ronaghi and Nyrén, 1998).
The work carried out in Chapter 4 was carried out using 454-pyrosequencing, this is an
array based technology that allows multiple samples to be run in parallel. The sequences
produced during 454-pyrosequencing can be assigned to individual samples by adding a
specific 454 Life Systems adapter to the template DNA (Hamady et al., 2008).
Streptavidin-coated beads covered in complementary sequences for the adapters (one
adapter sequence per bead). The template DNA binds to a bead with the corresponding
adapter, resulting in each bead being specific for a single sample. Microreactors are
created for each bead by adding a droplet of oil and water over the bead, and an
emulsion PCR can then be carried out resulting in millions of copies of each DNA
fragment on a single bead. A picotitre plate is used for the pyrosequencing run, the
plate contains in excess of 1 million wells that are designed to allow only a single bead
per well. At this stage the substrates and enzymes mentioned earlier are added and the
plate can then be placed into the sequencer and sequencing can begin (Bassil, 2015).
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Figure 3-4: Schematic of the chemical reactions that occur during a pyrosequencing run
(adapted from Owen-Hughes and Engeholm, 2007; Sarwat & Yamdagni, 2016;
Fakrauddin et al., 2012). dNTPs are added sequentially, if they are complementary to the
template DNA sequence they are incorporated into the growing nucleic acid chain by DNA
polymerase. A pyrophosphate (PPi) molecule is releases, which reacts with adenosine 5’
phosphosulphate (APS) in the presence of the ATP sulfurylase enzyme which results in the
production of ATP and SO42-. The ATP is used as the energy source for the enzymatic
conversion by luciferase of luciferin to oxylyciferin. In addition visible light is produced
which is then detected.

The pyrosequencing PCR was carried out using the FastStart High Fidelity PCR system
(Roche, Basel, Switzerland). The tagged fussion universal primers 27F (Lane, 1991)
and 907R (Muyzer et al., 1995) were used to amplify the V1-V5 hypervariable regions
of the 16S rRNA, the primers were synthesized by IDTdna (Integrated DNA
Technologies, BVBA, Leuven, Belgium). The fusion forward primer
(5’- CCA TCT CAT CCC TGC GTG TCT CCG ACT CAG NNNNNNNNNN AG
AGT TTG ATC MTG GCT CAG-3’) contained the 454 Life Sciences “Lib-L Primer
A”, a 4 base “key” sequence (TCAG), a unique ten-base barcode “MID” sequence for
each sample, and bacterial primer 27F. The reverse fusion primer (5’- CCT ATC CCC
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TGT GTG CCT TGG CAG TCT CAG CCG TCA ATT CMT TTR AGT TT -3’)
contained the 454 Life Sciences “Lib-L Primer B”, a 4 base “key” sequence (TCAG),
and bacterial primer 907R (MeGraw et al., 2018). The reactions were set up using the
following reagents and quantities per reaction: 40 µL Sterile Purified Water (Roche
PCR Grade); 5 µL Reaction Buffer; 1 µL Nucleotide Mix; 0.8 µL (25 μM) 907R
Primer; 0.4 µL High Fidelity Enzyme Blend. The reactions are made up to 50 µL with
the addition of 2 µL of DNA template and 0.8 µL of different MID labelled forward
primer (25 µM). The amplification of each sample was carried out in triplicate to ensure
sufficient DNA for sequencing. The thermal cycling conditions for the reaction were as
follows: initial denaturation step at 94 ˚C for 4 min; 35-39 cycles of: 94˚C for 30 s;
58˚C for 30 s; 72˚C for 1 min; followed by a final extension step at 72˚C for 5 min.
The entire product of each PCR was subsequently run on a 2 % Tris-AcetateEDTA/agarose gel and bands at 900 bp were exercised from the gel. The QIAquick Gel
Extraction Kit (Qiagen, Limburg, The Netherlands) was used to extract the DNA from
the gel and clean it, following the manufacturers protocol. The concentration of the
DNA was measured using an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc.,
Santa Clara, CA, USA), which was then diluted to achieve a final concentration of 10
ng μL-1. Prior to the emulsion PCR, the DNA samples were stored at 4 °C, the
University of Manchester’s 454 GS Junior pyrosequencing system (Roche) was used to
carry out the sequencing (Bassil, 2015).
The Quantitative Insights Into Microbial Ecology (QIIME) 1.8.0. release pipeline
(Caporaso et al., 2010) was used to analyse the raw data from the pyrosequencing runs.
The barcode sequences were used to group the samples, the sequences were size
selected and the reverse primer was removed (Bassil, 2015).

The Usearch 6.1

programme (Edgar, 2010) was used to detect chimeras, which were then removed, and
to pick operational taxonomic units (OTUs) that were compared to the greengenes OTU
reference (at 97% sequence similarity). Taxonomic classification of the reads was
carried out in Qiime, using the Ribosomal Database Project (RDP) at 90 % confidence
threshold (Cole et al., 2009), while the closest GenBank match for the OTUs that
contained the highest number of reads (the representative sequence for each OTU was
used) was identified by Blastn nucleotide search. In addition, QIIME was used to show
the rarefaction curves.
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3.4 MiSeq, Illumina next generation sequencing

The Illumina MiSeq is a sequencing platform, which like pyrosequencing is based on
sequencing by synthesis, multiple samples can be analysed in parallel generating
millions of reads per sample. During MiSeq sequencing, the addition of nucleotides to
the query DNA template is detected through chemiluminescence, with each nucleotide
emitting a characteristic wavelength. In contrast to pyrosequencing (see Section 3.3),
sequencing is carried out on a flow cell where clusters of identical DNA templates are
created, which ensures the level of light emitted as a nucleotide is incorporated into the
growing nucleotide chain can be detected.

3.4.1

Sample preparation

The first step to prepare a set of samples is to amplify the DNA in a PCR run with
appropriately tagged primers designed for the MiSeq platform (for example the V4
region of the 16S gene). The final DNA fragments generate contain; an adapter region
that is complementary to oligonucleotides that are tethered to the flow cell used for
sequencing; an index region which allows the reads generated during the sequencing to
be assigned to a sample; and regions for the binding of primers for sequencing.
Following the PCR the concentration of DNA is quantified using a Qubit 3.0
Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). Briefly a fluorescent dye
that binds nucleic acids is added to the samples. UV excitation results in the
fluorescence of the dye that is intercalated between the bases in DNA, the intensity of
fluorescence is directly proportional to the concentration of the DNA in the sample.
Known concentrations are used to calibrate the Qubit 3.0 fluorometer (Thermo Fisher
Scientific, Waltham, MA, USA) prior to running the samples. For Qubit analysis 2 μL
of DNA is added to a solution containing 198 μL of working stock solution (10x
reactions is made with 1990 μL buffer and 10 μL of fluorescent dye). For the standards
190 μL of the working stock solution is added to 10 μL of the standards. All samples are
mixed thoroughly by vortexing and incubated at room temperature for 2 min, prior to
analysis.
The samples are then purified and normalised, this was carried out using the
SequalPrepTM normalisation kit (Thermo Fisher Scientific, Waltham, MA, USA) in this
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thesis, following the in kit manual. The kit works by adjusting the pH of the samples,
which causes nucleic acid binding. Contaminants and proteins that are not bound can
then be washed away. A further quantification of the DNA concentrations was then
carried out on the Qubit 3.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA,
USA) as previously described. The samples were then assessed using a 2100
Bioanalyzer (Agilent, Santa Clara, CA, USA) to check the sequence lengths are the
correct size. The bioanlyzer works on the combined principles of fluorometry
(excitation and emission) and gel-electrophoresis (charge to mass ratios). The samples
are separated by electrophoresis and fluorescent signals are then used to detect the
components.
The Illumina MiSeq library preparation protocol was followed to create the final DNA
library for MiSeq sequencing (Illumina, San Diego, CA, USA). The steps involved
include adding equimolar concentrations of the samples to create a pooled library (4
nM), which is then denatured to form single stranded DNA and diluted to a 4 pM
library. In addition a PhiX control is prepared, denatured and diluted to the same
concentration as the pooled library, to which it is added to give a final concentration of
10 % (Kozich et al., 2013). The 600 μL of the pooled library is then added the MiSeq
reagent cartridge, that has been fully defrosted and the reagents mixed.

3.4.2

Cluster generation

Sequencing on the MiSeq platform is carried out on a flow cell, which is a glass slide
with lanes on it; the lanes are channels where the clusters that will be sequenced are
formed. The surface of the channels is covered with two different oligonucleotide
sequences, complementary to the adapters on the DNA fragments (Figure 3-5). The
ssDNA fragments are introduced to and they hybridize with the oligonucleotides on the
channel surface (Illumina, 2012). The template DNA is copied using a DNA
polymerase, once the copy is completed the strands are separated through denaturation
to separate the bases of the double stranded molecule and the template DNA is washed
off. This ssDNA fragment then folds over and hybridizes to the second oligonucleotide
sequence forming a bridge. DNA polymerase creates a copy of the DNA fragment in a
process called bridge amplification. Once the complementary strand has been made, the
double stranded bridge is denatured to linearize the DNA forming both forward and
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Figure 3-5: Cluster generation: a) MiSeq flow cell channels contains a lawn of two
different types of oligonucleotide (light blue and purple circles) attached to the surface.
The single stranded fragment DNA hybridizes with one of the oligonucleotides on the flow
cell. DNA polymerase then creates a complementary strand of nucleotides to the
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fragmented strand. b) once the DNA polymerase (large grey circle) has created a copy, the
strands are denatured, the original DNA is released and washed away, leaving the copied
tethered strand; c) colonial amplification of the DNA strand attached to the flow cell
occurs by bridge amplification. Here the DNA strand bends over and is hybridized to the
2nd type of oligonucleotide on the flow cell; d) A double stranded bridge is formed through
the action of DNA polymerase which generates a complementary strand; e) two separate
copies of DNA are generated by the denaturation of the double stranded bridge; f)
processes (a-e) are repeated multiple times over the whole of the flow cell; g) clusters of
the same forward and reverse sequences of single-stranded DNA fragments tethered to the
flow cell are generated as a result of repeated bridge amplification; and h) the reverse
strands are cleaved off at the oligonucleotides and the 3’ ends are blocked, thus preventing
unwanted priming events from occurring (Adapted from Illumina MiSeq vision, Illumina,
2012).

reverse ssDNA fragments that are tethered to the flow cell (Illumina, 2012). This
process is repeated multiple times to generate a cluster of identical linear ssDNA
fragments. Millions of clusters are generated across the channels, which can then be
sequenced in parallel. The reverse strand of DNA is cleaved and removed, the 3’ ends
of the DNA are blocked to prevent any unwanted priming, the first round of sequencing
can then begin (Illumina, 2012).

3.4.3

Sequencing

Sequencing of the forward strand is carried out first and then followed by the reverse
strand (Figure 3-6). The process begins with the addition of the first primer to the
channels, which binds to the DNA strand. The DNA strand is copied by DNA
polymerase which adds a fluorescently labelled nucleotide to the growing chain one at a
time (Illumina, 2012). After the addition of each nucleotide the clusters are excited by a
light source, which results in the incorporated nucleotide emitting a fluorescent signal.
The four different nucleotides each emit a characteristic wavelength of light which in
addition to the signal intensity, can be used to determine what base was added
(Illumina, 2012). Following the excitation of the cluster, the fluorescent tag is cleaved
and the cycle can be repeated. The number of cycles is dependent on the desired read
length, once this has been achieved the read sequence is removed from the tethered
DNA template and washed away (Illumina, 2012). An index read is generated by in a
similar way to the forward read, using index 1 primer. The index read is removed and
the 3’ ends are unblocked, which allows the ssDNA to fold over and hybridize with an
oligonucleotide sequence on the surface of the channel. A second index read is carried
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out (index 2) in the same manner as before using the index 2 primer (Illumina, 2012). A
double stranded bridge is generated by DNA polymerase, which is subsequently
denatured resulting in ssDNA molecules of both the forward and reverse sequences. The
forward sequence is cleaved and washed away, 3’ ends are once again blocked, thus
allowing for the reverse read to be sequenced. The second primer is then introduced and
the process of nucleotide addition and the recording of the fluorescence emissions are
repeated as with the forward run (Illumina, 2012).
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Figure 3-6: DNA sequencing of the forward stand on the MiSeq sequencing platform; a)
the first sequencing primer anneals to the tethered DNA strand, where DNA polymerase
creates a copy of t by the addition of a complementary nucleotide; b) each nucleotide is
fluorescently tagged, after the addition of each individual nucleotide, a light source excites
each cluster, which generates a characteristic fluorescent signal. The fluorescent tag is
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then cleaved; c) after the desired number of reads has been achieved the read product and
the tethered strand are denatured and the read product is washed away. The index 1 read
primer is added and hybridizes to the template DNA. A read is generated in a similar way
as described in a and b; d) the index read product is washed off and the 3’-block is
removed to facilitate sequencing of the reverse strand; e) the forward strand bends over
and hybridizes with the complementary oligonucleotide on the flow cell. Index 2 is read in
the same way as index 1, and DNA polymerase then copies the forward strand of DNA; f)
A double stranded bridge is formed containing the forward and reverse sequences; g) the
double stranded bridge is linearized by denaturing the DNA; h) the forward strand is
cleaved and washed away, the 3’ ends are blocked to prevent unwanted priming; i) the
read 2 primer is added and the reverse read is sequenced as described in a) (adapted from
Illumina MiSeq vision, Illumina, 2012).

3.4.4

Data analysis

Millions of reads are generated during the sequencing process, and require further
handling to ensure the quality of the sequencing is sufficiently high and that the data are
usable. The unique indices introduced, where multiple samples are sequenced in
parallel, allow for the sequences to be sorted into samples. The raw data from a
sequencing run are checked for quality and assigned a Phred score, which ranges from
0-40. The Phread score assigned to the sequencing run gives an indication of the how
accurately the base call was during the run. A quality score of above 30 is required to
ensure that the accuracy is above 99.9 %. The data set then undergoes quality control
steps, which include trimming the sequences and filtering them. The end of the
sequences usually require trimming since the quality score usually drops at the end of
the sequence. Trimming scripts remove sequences that are below the quality threshold,
in addition the adapters are also removed from the sequences. The forward and reverse
sequences (read 1 and read 2) are aligned to create full length sequences, therefore
improving the quality and the length of the reads. The sequences are then checked for
the presence of chimeras, which are hybrid products that have formed from two or more
parent sequences. These could be mistakenly identified as a novel sequence and
therefore give a false indication of the diversity in a sample (Haas et al., 2011).
Chimeric sequences once detected are removed from the sequencing data, using chimera
detection tools for example ChimeraSlayer (Haas et al., 2011) and UCHIME (Edgar et
al., 2011). The sequences are assessed to determine how similar they are to one
another; sequences that are highly similar (97 %) are then grouped together to form an
operational taxonomic unit (OTU). Rarefaction analysis is then carried out on the data,
this assesses the species richness, providing an indication of the number of species
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present in a sample. Rarefaction curves can be generated where the number of species is
plotted against the number of sequences, if the sequencing depth has been sufficient the
curve should reach a plateau (Figure 3-7). Plots where the curve has not levelled out,
indicate that the depth of sequencing was insufficient to detect all the diversity within a
sample. Taxonomic classification of the sequences is then determined, this process
involves aligning the sequencing data to known DNA sequences that have been
deposited in reference databases. For the tools used to carry out these analyses in this
thesis for 16S and 18S rRNA genes and the fungal internal transcribed spacer region 2
(ITS2) sequencing data see Chapter 4.

Figure 3-7: An example of an alpha-rarefaction curve, showing the sequencing depth is
sufficient to identify all species within the samples.

3.5 Measurement of Pseudanabaena catenata growth

Isolation and cultivation of microbial cultures from pond water samples was not
possible during the course of this project. A culture of P. catenata (NIVA-CYA 152),
which is a close relative of the Pseudanabaena species identified in the FGMSP, was
acquired from the NIVA culture collection of algae, Norway. An axenic culture of P.
catenata was not available, therefore the culture used throughout this thesis was a
mixed community, which later 16S rRNA gene sequencing would reveal contained
several of the key genera that were present in the FGMSP samples, and was therefore
highly representative of the microbial community in the pond. All cultures were grown
in unmodified BG11 media (see Appendix A2), and grown in a Sanyo/Panasonic MLR352-PE growth cabinet set to 25 ± 1 °C, a photon flux density of 150 μmol m-2 s-1, and
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a 16:8 h light–dark cycle, cultures were shaken at 100 rpm. Cultures were set up in
triplicate for all experimental work and included appropriate sets of controls. The
growth of the P. catenata cultures were measured in three ways, the optical density at
600 nm (OD600nm), the concentration of chlorophyll-a (Chl-a), and direct cell counts of
P. catenata.
The OD600nm and Chl-a concentration measurements were carried out using a Jenway
6700 UV/Vis spectrophotometer (Bibby Scientific Limited, Staffordshire,UK).
Spectrophotometers measure the absorbance or the transmission of a material as a
function of wavelength. Spectrophotometers can either be single of dual (split) beamed
(Figure 3-8). Absorbance values were recorded for both OD600nm and Chl-a
measurements. Monochromatic light at specific wavelengths was passed through
samples which were placed in low absorbance disposable plastic microcuvettes (1 mL).
A blank measurement at each wavelength was made prior to assessment of the samples,
blanks were typically BG11 medium or 70 % ethanol, which allowed for the collection
of quantitative data.

Figure 3-8: Schematic of duel and single beam spectrophotometers (adapted from
Aduroka, 2017)
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3.5.1

Chl-a concentration analysis

1 mL samples of P. catenata were centrifuged at 14,000 g for 10 min to pellet the cells.
The supernatant was discarded and the cells re-suspended in 1 mL of 70 % ethanol and
incubated at room temperature for 2 h. The samples were then centrifuged at 14,000 g
for 10 min, the supernatant was then removed and analysed using the Jenway 6700
UV/Vis spectrophotometer (Bibby Scientific Limited, Staffordshire, UK). The
absorbance was measured at 665 nm (Chl-a) and at 750 nm to correct for turbidity
(Bellinger and Sigee, 2010). The concentration of Chl-a was then calculated using the
formula of Jespersen and Christoffersen, (Jespersen and Christoffersen, 1987)(Equation
3-2).
𝐶ℎ𝑙 − 𝑎 (𝜇𝑔 𝐿−1 ) =

𝑉𝑒 𝑥 𝑓 𝑥 𝐴
𝑉𝑠 𝑥 𝑙

Equation 3-2: Equation to determine the concentration of Chl-a (Jespersen and
Christoffersen, 1987). Where: Ve = total volume of solvent (ml), A = Absorbance at 665nm
- Absorbance at 750nm, Vs= Total volume of sample filtered (litres), L = Cell path length
(cm), f= (1/specific extraction coefficient)*1000, where the specific extinction coefficient
for Chl-a in 96% (v/v) ethanol is 83.41 g-1 cm-1 (Wintermans and De Mots, 1965).

3.6 X-irradiation of P. catenata

A Faxitron CP-160 cabinet X-radiator (Faxitron; Arizona, USA) was used to generate
the X-radiation used to irradiate cultures of P. catenata in Chapter 5. Briefly the
machine generates electrons from a source (cathode), an applied voltage is applied
which accelerates the electrons that then collide with the anode, a metal target
(tungsten). Core electrons are then ejected from the target atoms, as a consequence of
the collision of the electrons. The electron vacancy is filled as an outer orbital electron
drops down, releasing an X photon. Triplicate cultures of P. catenata was inoculated
into 20 mL fresh sterile BG11 medium to a starting OD600nm of 0.2 and subjected to total
dose of 95 Gy (1 Gy min-1) administered over five consecutive days.
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3.7 Microscopy

All light microscopy was carried out using a Zeiss Imager A1 microscope (Carl Zeiss
International) fitted with an Axiocam 506 mono camera using Zen2 imaging software.

3.7.1

Cell counts

A visual assessment of the cultures was carried out to directly quantify the number of P.
catenata cells per mL of culture. All cell counts were carried out using a Sedgewick
rafter cell counting chamber (Figure 3-9). The Sedgewick rafter holds 1 mL of liquid
and the chamber is divided into 1000 squares that are 1 mm2. The cultures were
assessed at X10 magnification using a Zeiss Imager A1 microscope (Carl Zeiss
International). Random squares were selected and photographed using an attached
camera for analysis using ImageJ (NIH, 2018).

Figure 3-9: Diagram of a Sedgewick rafter counting chamber, showing the central
chamber which holds 1 mL of sample, the bottom of the chamber is scored with 1 mm
squares. Volume of the chamber is 50 mm x 20 mm x 1 mm.

The length of P. catenata filaments were measured using ImageJ. All filaments
touching the top and left sides of a square were included in the measurements, whilst
those in contact with the right and bottom sides were discounted. Individual cell lengths
were then determined of 100 cells and the average cell length was calculated. The total
filament length was then divided by the average cell length to give the number of cells,
Equation 3-3 shows the calculation used to determine the number of cells per mL.
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𝐶𝑒𝑙𝑙𝑠 𝑚𝐿−1 = (

𝑡𝑜𝑡𝑎𝑙 𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 10 𝑠𝑞𝑢𝑎𝑟𝑒𝑠
) 𝑥 100 𝑥 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑒𝑙𝑙 𝑙𝑒𝑛𝑔𝑡ℎ

Equation 3-3: calculation used to determine the number of P. catenata cells per mL

3.7.2

Calcofluor white cell staining

Calcofluor white cell stain (Sigma-Aldrich, Dorset, UK) was used to determine whether
there were any differences in the polysaccharide content of samples of irradiated and
non-irradiated cells in P. catenata cultures. There are a variety of stains that can be used
to bind to different polysaccharides, in this project calcofluor white was utilised as it
binds to a broad range of β-1,4-linked polysaccharides, including chitin, which is a
component of fungal cell walls (Anderson et al., 2010; Dunker et al., 2017).
Samples were prepared using the same method as used for the Fourier-transform
infrared (FT-IR) Spectroscopy to allow for comparisons to be drawn between the
results. Sterile normal saline solution (9 g L-1 NaCl) was used to wash 500 μL samples
of irradiated and non-irradiated P. catenata cultures, samples were washed twice. An
equal volume of calcofluor white stain (5 μL) was added to cells on a glass slide, mixed,
a cover slide was placed over the sample, which was then left in the dark for 10 min
prior to being analysed. Samples were analysed at X100 magnification under oilemersion. Calcofluor white stain is a fluorescent dye, excitation occurs at 355 nm,
whilst the emission range is between 300-440 nm. The Zeiss filter set #49 was used to
assess the fluorescence of calcofluor white (335-383 nm excitation and 420-470 nm
emission). In addition to the auto-fluorescence of P. catenata cells was also monitored,
this was carried out using the Zeiss filter set #00 (530-585 nm excitation and 615-4095
nm emission).

3.7.3

Electron microscopy

Samples collected from the Sr-containing cultures (Chapter 6) were visualised using
electron microscopy, since it has much higher resolution than light microscopy.
Identification of the elements present within the samples was determined using energy
dispersive X-ray spectroscopy (EDS). EDS analysis detects secondary X-rays, specific
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to each element, that are generated when the sample becomes excited from the electron
beam used to generate images.

3.7.3.1 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) was used to identify the biomineral
precipitates formed when Sr was added to cultures of P. catenata (Chapter 6). TEM
samples were prepared by washing a 1 mL sample twice in sterile deionised water
before loading 2 μL of sample onto a copper TEM grid with a carbon film (Agar
Scientific, Essex, UK). The dried samples were placed in the TEM where an electron
beam (under vacuum), focussed by electromagnetic lenses, was passed through the
sample and onto the detector (Figure 3-10). Since the image is generated from the
electrons that pass through the sample there is a requirement that the sample should be
very thin to facilitate this process. A FEI Tecnai T20 LaB6 Transmission Electron
Microscope that was equipped with an Oxford XMax EDS detector.
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Figure 3-10: Image showing the main features of a transmission electron microscope
(TEM), electrons are fired from the electron gun at the top of the TEM and focussed on to
the specimen, which they pass through (Karlsson, 2007).

3.7.3.2 Environmental scanning electron microscopy (ESEM)

An environmental scanning electron microscope was used to gather images Srbiominerals formed when Sr was added to cultures of P. catenata. This technique passes
a beam of electrons through an atmosphere of water vapour prior to the beam hitting the
sample (Figure 3-11). There are two ways in which an image can be generated using the
ESEM. In secondary electron mode a high resolution topographical image can be
generates as the low energy electrons are emitted from the sample surface. The second
mode of the ESEM is backscattered electron mode, here the electron beam collides with
atomic nuclei resulting in high energy electrons coming off the sample which are picked
up by a detector. Elements with higher atomic numbers generate higher degrees of
backscattering, which results in heavier elements appearing brighter in the resulting
images. The work carried out in this thesis was carried out on a FEI Quantia 650 FEG
SEM operating at 20 kV, EDS data was collected using a Bruker Quantax system with
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Bruker XFlash EDS detector. Bruker Espirt V2.1 software was used to carry out the
EDS analysis.

Figure 3-11: Schematic of an ESEM, an electron beam is fired from the top of the
microscope and focused onto the sample which is supported on a stage. The electrons
which come off the sample can be detected by the backscattered electron detector or the
secondary electron detector, depending on which settings are used. In addition the
identification of the elements in the sample can be determined using the energy dispersive
X-ray detector (adapted from Electron microanalysis core facility, (University of Arizona,
2018)
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3.8 Fourier-transform infrared (FT-IR) spectroscopy

The metabolic profile of microorganisms can be determined by Fourier-transform
infrared (FT-IR) spectroscopy. The technique allows for rapid, quantitative sample
analysis with minimum sample preparations (Brown, 2013; Goodacre et al., 2004;
Wang et al., 2010). Samples are subjected to a beam of infrared radiation, for such
analysis the mid-infrared (4000-600 cm-1) region. This region is used since it is
information rich and targets regions of biological interest, namely; 3050-2800 cm-1
(CH2 and CH3 vibrations of fatty acids); 1750-1500 cm-1 (C-N, C=O, and N-H from
proteins and peptides); and 1200-900 cm-1 (C-O, C-O-C from polypeptides) . Functional
groups in the sample absorb the radiation, which results in characteristic vibrations that
correlate with (bio)chemical species (Table 3-1), further assignments can be found in
Ellis et al., (2003) and Wang et al., (2010).

Table 3-1: Assignment of specific wavenumber(s) to biochemical bands identified using
FT-IR spectroscopy (adopted from Ellis et al., 2003)

Region

Wavenumber

/ Assignment

-1

cm

Fatty acid

Amide

3400

OH

2956

CH3 asymmetric stretch

2920

CH3 asymmetric stretch

2870

CH3 asymmetric stretch

2850

CH3 asymmetric stretch

1745/1735

C=O stretch (fatty acid esters)

1705

C=O stretch

1652-1648

groups

1550-1548

Amide

1460-1454

conformation

(esters,

carboxylic

(C=O)

different

I,

Amide II (NH, C-N)
CH2 bend
Mixed

1400-1398

C-O bend (carboxylate ions)

1310-1240

Amide III (C-N)

1240

P=O (phosphate)
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Polysaccharide

1222

P=O

1114

C-O-P, P-O-P

1085

Sugar ring vibrations

1052

C-O, C-O-C (polysaccharide)

FT-IR is a form of spectroscopy that quantifies the light absorption of the sample at
each wavelength over a given range. Infrared spectra can be collected simultaneously
over a range of wavelengths using FT-IR due to the incorporation of an interferometer
and the application of the Fourier transform algorithm to generate the signal output (a
coherent spectrum). A FT-IR adapted interferometer is designed to split a beam of light
generated by an infrared source, the two beams are then reflected on two mirrors, one
static, one motorised. As the non-static mirror moves, it generates waves of different
path lengths, resulting in a beam containing a different spectrum at each moment. The
split beams are reflected back to the beam splitter, some of this light is passed to the
sample, where it is focussed. Baseline measurements are recorded with no sample
present, absorption peaks are then measured when a sample is analysed.
Samples of P. catenata (1 mL) were collected at 4 time points (day 4, 8, 12, and 16).
Samples were washed twice in sterile normal saline (0.9 % wt/vol NaCl) discarding the
supernatant. The cell pellet was flash frozen in liquid nitrogen and stored at -80 °C until
further analyses. The frozen samples were then re-suspended in sterile normal saline
solution, the OD600nm was normalised to 15. Following normalisation 3 x 20 µL of each
sample was plated out onto a pre-washed Bruker 96-well silicon plate (Bruker Ltd,
Coventry, UK). Each sample was randomly assigned a well using the randomising
function in Excel. A standing oven was then used to heat the samples to dryness for 30
min at 55 °C. A Bruker Equinox 55 infrared spectrometer was used to carry out the FTIR analysis of the samples. Further details of the FT-IR run can be found in Chapter 5.
MATLAB version 9 (The MathWorks Inc., Natick, MA) was used to analyse the
collected FT-IR spectra. The extended multiplicative signal correction (EMSC) method
(Martens et al., 2003) was used to scale the spectra generated from the FT-IR run, the
CO2 bands (2400-2275 cm-1) were removed and replaced with a linear trend. Principal
component analysis (PCA) is a way of simplifying complicated data sets with multiple
variants, such as the FT-IR spectral data. The unsupervised method of PCA, was
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applied to the spectral data in this thesis to reduce its dimensionality and to determine
the variations between groups.

3.9 Inductively-coupled plasma atomic emission spectroscopy (ICP-AES)

The total concentration of strontium in solution was measured using inductivelycoupled plasma atomic emission spectroscopy (ICP-AES). Analysis was carried out on
cell free samples of BG11 medium where Sr had been added to the culture at the start of
the experiment. The cell-free samples were diluted in 2 % nitric acid to give a final
concentration between 0.1-10 mg L-1. The technique generates an aerosol mist from the
sample using a nebuliser. The aerosol is then passed through an argon plasma, which
ionizes the sample. The concentration of a specific element by ICP-AES relies on the
emission of a photon of light which is produced when an outer shell electron is excited
and subsequently relaxes. Each element has characteristic wavelengths of light that are
generated, therefore facilitating their identification, the concentration of the element
within a sample is determined by the intensity of the light generated using a calibration
curve.

3.10 X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) is a non-destructive technique that can be used
across a range of samples such as solids (amorphous or crystalline) and solutions, to
generate detailed information about a specific element’s local coordination environment
and speciation. A synchrotron (or storage ring) is used to accelerate a high-energy
electron beam. X-rays are generated when the trajectory of an electron beam is bent as it
passes through electromagnets, the X-rays are then passed through the sample (PennerHahn, 2004). Inner electrons (K or L shell) absorb the X-rays and the absorption
increases at the absorption edge, when the binding energy and the X-ray energy are
equal. The atom is left in an unstable excited state due to the ejection of an electron. The
hole that has been left is filled with an electron from the L or M shell, resulting in the
release of energy as a secondary fluorescent X-ray. The energy of incident X-rays that
result in the ejection of an electron is specific for each element. If an element is redox
120

active the absorption edge will change position dependent on the oxidation state of the
element, however this is not relevant for Sr2+ since it is not redox active. Information
can also be gathered from observing the interaction of the secondary X-ray with
surrounding atoms. XAS can be split into two different regions (Figure 3-12) these
being the X-ray absorption near-edge spectroscopy (XANES) and the extended X-ray
absorption fine-structure spectroscopy (EXAFS). XANES includes a region ~ 50 eV
above the absorption edge and provides information about the absorbing atoms
oxidation state and coordination chemistry (e.g. tetrahedral coordination) (Newville,
2014). EXAFS is the area of the spectra more than ~ 50 keV from the absorption edge,
oscillations in this region are the result of a spherical wave generated when the electron
is ejected from the central absorber that is scattered by the surrounding atoms. EXAFS
data are commonly presented as a function of the wave vector, k and in order to enhance
the signal at higher energies are weighted as k3. In addition, a Fourier transform can be
applied to provide a pseudo-radial distribution function.

Figure 3-12: Schematic of a normalised spectrum indicating the different XAS regions

XAS was used to determine the speciation and coordination environment of Sr in the
biominerals formed when Sr was added to cultures of P. catenata. The solid phase was
removed from solution by vacuum filtration and a pellet containing a ~1 % Sr loading
was prepared by diluting in cellulose. The sample was analysed at the Diamond Light
Source, Harwell, UK on the beamline B18 using a liquid nitrogen cooled cryostat in
transmission mode, where Sr K-edge spectra (16115.26 keV) were collected. ATHENA
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(Ravel and Newville, 2005) was used to average, calibrate, background subtract and
normalise multiple scans. The coordination of Sr in the solid phase was determined by
using ARTEMIS to fit EXAFS spectra (Ravel and Newville, 2005). The F-test was used
to determine whether shells made statistical improvements to the model fit, only those
that were statistically significant were included (Downward et al., 2007). Preparation of
the sample for XAS analysis, running on the beamline and data analysis were carried
out by Adrian Cleary.

3.11 X-ray diffraction

The crystallographic structure of precipitated minerals was analysed using X-ray
diffraction (XRD). Samples are subjected to X-rays which are subsequently diffracted
by the planes of a mineral lattice. In order for the X-rays to provide constructive
interference, Bragg’s Law must be satisfied (Equation 3-4). A range of diffraction
angles (between 5 ° and 70 °) and lattice spacings are generated since the X-ray tube
and detector are rotated around the sample (360 °). Where the mineral assessed consists
of a highly ordered crystal structure, at concentrations in excess of 5 % by mass, the
mineral can be identified by using standard reference materials to compare with the
lattice d-spacings generated by the technique (Cullity, 1978).
𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃
Equation 3-4: Bragg’s Law, where; n is a positive integer; λ is the wavelength of the
incident X-ray; d is the lattice spacing; θ is the diffraction angle
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4.1 Abstract
The First Generation Magnox Storage Pond (FGMSP) is a high pH spent nuclear fuel
pond (SNFP) situated on the Sellafield Ltd. site, Cumbria, UK. Despite the inhospitable
conditions associated with the pond, microorganisms have been noted to cause
“blooms” within the facility, the nature of which has previously been unknown. Using
high throughput next generation sequencing techniques, the identity of the microbial
community colonising the pond, including during two microbial bloom periods, in 2014
and 2016, has been determined. Probe data collected from the pond indicated a
cyanobacterial bloom event, quantitative polymerase chain reaction (qPCR)
quantification of 16S rRNA and 18S rRNA genes indicated that prokaryotic organisms
were most abundant in the pond, particularly during the 2016 bloom. Analysis of the
16S rRNA gene revealed that a single cyanobacterial genus was dominant during the
blooms, which was most closely related to Pseudanabaena. In addition, comparisons
between the microbial community of FGMSP and an additional SFNP, that is
occasionally purged into the FGMSP showed distinct community profiles. Pond data
show that the onset of the microbial blooms occurred when the purge rate was reduced,
but can be managed by re-establishing a high purge rate. In addition to supporting the
targeted development of microbial control procedures, the identification of members of
the Pseudanabaena genus that can colonise the pond and dominate during the bloom
period is of interest, since Pseudanabaena species have received little attention for their
roles in cyanobacterial blooms. This work could also be relevant to bioremediation
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efforts to treat waters contaminated with radionuclides, which could benefit from the
use of cyanobacteria able to tolerate the extreme environment of the FGMSP.

4.2 Introduction
Microorganisms are ubiquitous in the environment and are known to exhibit a broad
range of adaptive and metabolic capabilities (Billi and Potts, 2002; Blanco-Rivero et al.,
2005; Pikuta et al., 2007). With the development of culture independent profiling
techniques increasingly hostile environments have been shown to support microbial
colonisation, including radioactive contaminated land and nuclear facilities (Ashworth
et al., 2018; Karley et al., 2017; MeGraw et al., 2018; Rivasseau et al., 2013). The
ability of microorganisms to withstand high doses of radiation have been widely
studied, with the most intensively studied organism, Deinococcus radiodurans
recording the highest tolerance, and able to withstand acute doses in excess of 10 kGy
(Daly et al., 2004; Daly, 2009; Rivasseau et al., 2013). Several other organisms have
been shown to display high levels of radiation resistance, for example species of
cyanobacteria that belong to the genera Anabaena (Singh et al., 2013), Arthrospira
(Badri et al., 2015; El-Fatah Abomohra et al., 2016) and Chroococcidiopsis (Billi et al.,
2000). Natural radiation levels have not been recorded at such high doses, therefore it
has been suggested that the ability to withstand such doses and colonise significantly
radioactive environments is a consequence of adaptations to other extreme
environments that generate high levels of reactive oxygen species (Billi et al., 2000;
Billi and Potts, 2002; Jolivet et al., 2003).
Microorganisms have been detected in many nuclear facilities across the world,
including ponds used to store spent fuels, and there has been much interest in applying
state of the art DNA characterisation techniques to understand the microbial
communities of such systems (Bagwell et al., 2018; Chicote et al., 2005; Dekker et al.,
2014; MeGraw et al., 2018; Sarrό et al., 2007). Microbial growth in nuclear facilities
causes concern for several reasons e.g biofouling (Gadd, 1990) and reduced visibility
(MeGraw et al., 2018), interactions with redox sensitive radionuclides and other fission
products (Avery et al., 1992; Avery et al., 1992; Gadd, 2004; Rivasseau et al., 2013),
and the potential for microbial induced corrosion (MIC) (Bruhn et al., 2009). Studies
have shown that microorganisms capable of biofilm formation and MIC of steel
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coupons are present in the Confretes spent nuclear fuel pond (SNFP) (Valencia, Spain)
(Chicote et al., 2005; Sarrό et al., 2003; Sarrό et al., 2005, Sarrό et al., 2007). In other
SNFPs the presence of microorganisms is problematic due to their ability to form
microbial blooms, for example as shown with the eukaryotic microalgae
Haematococcus pluvialis in another SNFP (MeGraw et al., 2018). Dense microbial
growth restricts visibility in the pond, which is disruptive to plant operations such as
waste retrieval (Ashworth et al., 2018.; MeGraw et al., 2018).
Part of the UK’s legacy nuclear fleet included gas-cooled reactors, more commonly
referred to as Magnox reactors due to the nature of the cladding used for the fuel rods
(Crossland, 2012; Wilson, 1996). The fuel rods utilised in the Magnox reactors were
composed of unenriched uranium metal encased in a magnesium non-oxide (Magnox)
cladding (Gregson et al., 2011a; Gregson et al., 2011b; Jensen and Nønbel, 1999). Once
the fuel rods are no longer efficient at producing energy they are usually stored in large
engineered ponds containing demineralised water. The water provides thermal cooling
and shields against radiation, since the rods continue to generate heat and radiation after
power generation (Wilson, 1996). Currently in the UK, the spent Magnox fuel is stored
in the FGMSP on the Sellafield Ltd. site (Cumbria, UK) (Jackson et al., 2014). The
FGMSP contains a stock of historic (legacy) fuel that is unsuitable for reprocessing,
which has been stored for a significantly longer period of time than anticipated. The
Magnox fuel rods are chemically unstable in water, resulting in corrosion of the fuel and
cladding (Gregson et al., 2011a; Gregson et al., 2011b; NDA, 2016). The extended
storage period of the fuel rods has resulted in the build-up of significant levels of
radioactive sludge as a result of the corrosion (Chen, 2011; Sellafield, 2014). In order to
prevent further corrosion of the fuel cladding and fuel, the pond is continuously purged
with water dosed to a pH of 11.4 using NaOH. In addition, since the pond is open-aired,
it is subject to an influx of environmental debris, providing carbon and nitrogen
(Gregson et al., 2011a; Gregson et al., 2011b).
The FGMSP is currently undergoing decommissioning which involves waste retrieval
operations and sludge removal (Sellafield, 2014). Visibility in the pond is important to
allow efficient and safe plant operations to be carried out. The microbial community in
the pond is known to undergo seasonal microbial growth which increases the turbidity
in the pond and considerably restricts the visibility in the waters (Sellafield, 2014).
When the visibility is reduced plant operations are halted, which results in both an
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increased timeframe for decommissioning and increased financial cost. The microbial
blooms are thought to occur when the purge into the pond is disrupted.
Whilst the presence of microorganisms is well known within the pond (Gregson et al.,
2011a), including indications that the bloom is of algal origin, nothing is known about
the identity of the organisms present. The purpose of this study is to determine the
composition of the microbial community, particularly during a bloom period. Here
water samples were collected, and extracted DNA samples were sequenced and
analysed to characterise the prokaryotic and eukaryotic community over a three-year
period. In addition, samples were collected from a hydraulically isolated auxiliary pond,
which is allowed to overflow into the main pond, to determine if this could be a
potential source of bloom forming microbial inocula. Identifying the microbial
community in the pond is the first step in determining the potential metabolic functions
that they are utilising to colonise the pond, and will also help inform bloom control
strategies, for example the use of purge strategies, application of biocides

or

employment of sonication systems.

4.3 Materials and Methods
4.3.1

Pond samples, sampling and pond description

The FGMSP is a legacy pond situated on the Sellafield site (Cumbria,UK) and is the
primary storage pond for legacy Magnox spent fuel. The pond is continuously purged
with caustic dosed demineralised water at a pH of 11.4, and contains an outflow point,
where water is removed from the pond. There are two further feeds into the pond, the
first contains caustic dosed water (pH ~11.4) from another fuel handling pond facility
on site. The second inlet comes from an auxiliary settling tank (auxiliary pond). Water
from the auxiliary pond is allowed to flow into the FGMSP when its water levels are
sufficiently high.
A total of 7 samples were taken from two sites from the FGMSP between 2014 and
2017 (Table 4-1). All samples, approximately 200 mL, were collected from a depth of 1
m, using a hose and syringe to withdraw the water and decant into sample bottles. A
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further 6 samples were taken from the auxiliary pond, and were collected using the
same method.

Table 4-1: Details of the date, location and names of all samples collected from the
FGMSP and auxiliary ponds between August 2014 and September 2017

Sample date

Sampling location

Sample name

13/08/14

FGMSP main pond

Main_Aug_14_1

(Bloom sample)

04/08/16

Main_Aug_14_2

FGMSP main pond

Main_Aug_16

FGMSP main pond

Main_Sept_16_1

(Bloom sample)

24/09/16
(Background water
sample)

26/06/17

Main_Sept_16_2

FGMSP main pond

Main_Jun_17

FGMSP main pond

Main_Sept_17

Auxiliary pond

Aux_Aug_14_1

(Background water
sample)

24/09/17
(Background water
sample)

12/08/14

Aux_Aug_14_2

24/05/16

Auxiliary pond
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Aux_May_16

05/08/16

Auxiliary pond

Aux_Aug_16

26/06/17

Auxiliary pond

Aux_Jun_17

24/09/17

Auxiliary pond

Aux_Sept_17

Data about the pond conditions between 2014 and 2016 were provided by Sellafield Ltd
as part of standard pond operations. The sampling depth for all measurements was
approximately 1 m, which is the same depth at which water samples were collected for
DNA extraction. The data collected covers the pond conditions during two microbial
blooms in the facility, which were reported to start 29th July 2014 and 28th July 2016
and lasted 6 and 4 weeks respectively. Estimations of the abundance of photosynthetic
microorganisms in the pond were made using an Exo total algae sensor (WTW
Wissenschaftlich-Technische Werkstätten, Germany), which is a dual-channel
fluorescence sensor designed to measure chlorophyll and phycocyanin pigments. The
sensor emits a blue excitation beam (470 ± 15 nm) which, quantifies the chlorophyll-a
molecule found in all photosynthetic algae. Additionally an orange excitation beam
(590 ± 15 nm) is emitted that quantifies the phycocyanin molecule found in
cyanobacteria. Measurements were also taken routinely by Sellafield Ltd throughout the
sampling period for the following; turbidity (Formazin turbidity unit, FNU), SO4 (μg
mL-1), NO3 (μg mL-1), PO4 (μg mL-1), plus total organic carbon measurements (TOC,
ppm), temperature (°C) and pH.

4.3.2

DNA extraction and 16S rRNA gene sequencing

Samples were stored at 4 °C in the dark at the National Nuclear Laboratory’s Central
Laboratory facility situated on the Sellafield site (Cumbria, UK) to await DNA
extraction due to the significant levels of radioactivity associated with the water. All
DNA extractions were carried out in a UV hood, and each sample was passed through a
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sterile 0.2 μm filter using a vacuum filtration technique. DNA was then extracted using
the MoBio PowerWater DNA isolation kit (MoBio Laboratories, Inc., Carlsbad, CA,
USA). All samples were eluted into 100 μL volumes and frozen prior to storage and
eventual transfer to the University of Manchester.

4.3.2.1

454-pyrosequencing

The DNA extracted from samples taken in 2014 were analysed using 454pyrsosequencing of the 16S rRNA gene. The tagged fusion universal bacterial primers
27F (Lane, 1991) and 907R (Muyzer et al., 1995), synthesised by IDTdna (Integrated
DNA Technologies, BVBA, Leuven, Belgium), were used to perform PCR
amplification of the V1-V5 hypervariable regions of the 16S rRNA gene. The fusion
forward primer
(5’-AGAGTTTGATCMTGGCTCAGNNNNNNNNNNAGAGTTGATCMTGGCTCA
G-3’) contained the 454 Life Sciences “Lib-L Primer A”, a 4 base “key” sequence
(TCAG), a unique ten-base barcode “MID” sequence for each sample, and bacterial
primer 27F. The reverse fusion primer (5’- CCGTCAATTCMTTTRAGTTT -3’)
contained the 454 Life Sciences “Lib-L Primer B”, a 4 base “key” sequence (TCAG),
and bacterial primer 907R.
The pyrosequencing run was done at the University of Manchester sequencing facility,
using a Roche 454 Life Sciences GS Junior system. Qiime 1.8.0 release (Caporaso et
al., 2010) was used to analyse the 454-pyrosequencing reads, and during OTU picking
(at 97% sequence similarity) with usearch (Edgar, 2010), QIIME performed de-noising
and chimera removal. QIIME was used to perform the taxonomic classification of the
reads, using the Ribosomal Database Project (RDP) at 90 % confidence threshold (Cole
et al., 2009), while the closest GenBank match for the OTUs that contained the highest
number of reads (the representative sequence for each OTU was used) was identified by
Blastn nucleotide search. In addition, Qiime was used to generate the rarefaction curves.
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4.3.2.2 Illumina MiSeq sequencing

The pyrosequencing platform was discontinued in 2015, therefore the Illumina MiSeq
sequencing platform was used to sequence samples collected after this time. Samples
taken between 2016 and 2017 were analysed to identify the microbial community
present in the FGMSP and auxiliary pond by sequencing the 16S rRNA and 18S
(Amaral-Zettler et al., 2009) rRNA genes, and also the fungal internal transcribed
spacer region 2 (ITS2) region (Taylor et al., 2016). Sequencing of each set of PCR
amplicons from each set of primers (see Supplementary Table 4-1) was conducted with
the Illumina MiSeq platform (Illumina, San Diego, CA, USA). All PCR amplifications
were carried out in 50 μL reactions, utilising the Roche FastStart High Fidelity PCR
system (Roche Diagnostics Ltd, Burgess Hill, UK), using conditions specific for the
primer sets used (Supplementary Table 4-1). The SequalPrep Normalization Kit (Fisher
Scientific, Loughborough, UK) was used to purify and normalise the PCR products to
~20 ng each. The PCR amplicons from all samples were pooled in equimolar ratios. The
run was performed using a 4 pM sample library spiked with 4 pM PhiX to a final
concentration of 10 % following the method of Schloss and Kozich (2013).
For the 16S and 18S rRNA gene sequencing runs a sequencing pipeline was used to
divide the raw sequences into samples by barcodes (up to one mismatch was permitted).
Cutadapt (Martin, 2011), FastQC (Andrews, 2018), and Sickle (Joshi and Fass, 2011)
were used to perform quality control and trimming, whilst SPADes (Nurk et al., 2013)
was used to carry out MiSeq error corrections. Forward and reverse reads were
incorporated into full-length sequences with Pandaseq (Masella et al., 2012).
ChimeraSlayer (Haas et al., 2011) was utilised to remove chimeras. The 16S rRNA
OTU’s generated UPARSE (Edgar, 2013) were classified by Usearch (Edgar, 2010) at
the 97 % similarity level, and singletons were removed. VSEARCH (Rognes et al.,
2016) was used to generate and classify the 18S rRNA OTUs. Rarefaction analysis was
conducted using the original detected OTUs in QIIME (Caporaso et al., 2010). The
RDP classifier, version 2.2 (Wang et al., 2007) was used to perform the taxonomic
assignment of the 16S rRNA gene data. 18S rRNA gene taxonomic assignment was
performed by UCLUST using the Silva119 database (Quast et al., 2013)
The fungal ITS2 region data was analysed using the PIPITS automated pipeline (Gweon
et al., 2015). Reference based chimera detection UCHIME (Edgar et al., 2011) in
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conjunction with the UNITE UCHIME reference data set was utilised to remove
chimeras. The UNITE fungal ITS reference data set and the RDP classifier (Wang et al.,
2007) were used to perform taxonomic assignment.

4.3.3

qPCR analysis of DNA extracts to determine approximate total microbial
numbers

Quantitative PCR (qPCR) of target genes was performed in polypropylene 96-well
plates on a Mx3000P qPCR Stratagene System (Agilent Genomics, Headquarters, Santa
Clara, CA, United States). The qPCR master mix contained 0.4 µL forward primer 25
µM, 0.4 µL reverse primer 25 µM, 0.4 µL of 1 in 500 diluted ROX reference dye
(Agilent Genomics, Headquarters, Santa Clara, CA, United States), 12.5 µL of 2x
Brilliant II SYBR green master mix (Agilent Genomics, Headquarters, Santa Clara, CA,
United States) and PCR grade water (Roche Diagnostics, Mannheim, Germany) to make
up a final volume of 23 µL. Universal primers 1391F and EukBr were used to target the
V9 region of 18S rRNA gene (Tanaka et al., 2014), and primers 8F and 519R to target
the V1-V3 region of 16S rRNA gene (Lane, 1991). Finally 2 µL of the DNA samples
was added. A standard curve for qPCR reaction was created by plotting the CT (cycle
threshold) values on serial known dilutions of template DNA. The thermal profile was
as follows: Initial denaturing step at 94 ⁰C for 10 min, followed by 35 cycles of 94 °C
for 30 s, 50 °C for 30 s, and 72 °C for 45 s. After 35 cycles a dissociation curve was
made for all qPCR products by increasing from 50 °C to 94 °C at a ramp rate of 0.01 °C
per second. Each plate included triplicate reactions per DNA sample and the appropriate
number of standards. In order to quantify the concentration of target genes, the absolute
quantification by the standard-curve (SC) method was used (Brankatschk et al., 2012).
Baseline and threshold calculations were done by the MxPro–Mx3000P software
(Version 3.00, Stratagene, USA).
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4.4

4.4.1

Results
General FGMSP pond conditions over study period

Throughout the sampling period, the pH of the pond was maintained at an average pH
of 11.4 ± 0.1 (Supplementary Figure 4-1), by continuous purging with caustic dosed
demineralised water, which minimises any further corrosion of the fuel and cladding.
The temperature of the pond typically shows seasonal variations, with maximum
temperatures of ~19 °C recorded during the summer months monitored in this study,
whilst the pond temperature dropped to ~8 °C in the winter (Supplementary Figure 4-2).
TOC were typically between 6-8 ppm (Supplementary Figure 4-3a), which is consistent
with an oligotrophic environment (Bagwell et al., 2018). The TOC levels increased 19 ±
15 ppm in late September 2014, three weeks after the end of the bloom, which is most
likely to be a result of ingress external organic inputs from the environment or disturbed
organics from the pond floor, from pond operations and retrievals. The concentrations
of NO3-, PO43-, and SO42- were monitored between July 2014 and December 2016
(Supplementary Figure 4-3). In general, the concentration of NO3- remained fairly
consistent, with 3 elevated readings recorded, the largest of which was 0.80 μg mL-1 on
27th August 2014 during the bloom period, compared to an average NO3- concentration
of 0.05 μg mL-1 (Supplementary Figure 4-3b). The concentrations of PO43- showed
small-scale fluctuations over the sampling period, with the majority of measurements
recorded being below detection limits (<0.00 μg mL-1). Spikes in PO43- concentrations
can be seen regularly between 2014 and 2016, two of which coincided with the two
bloom periods (Supplementary Figure 4-3c). The concentration of SO42- also showed
consistent low background levels throughout the sampling period, with some spikes in
the concentrations observed, particularly during the 2016 bloom period where
concentrations reached a maximum of 4.00 μg mL-1 (Supplementary Figure 4-3d).
Limited data (not shown) were available for the hydraulically-linked auxiliary pond,
since it is a redundant settling tank it is less frequently monitored. In general, the
information provided by Sellafield Ltd. indicated that the pH of the pond ranged from
pH 9.8-10.9. The concentration of NO3- in the pond was higher than observed in the
FGMSP, with concentrations ranging from 1.10 to 2.00 μg mL-1 between 2016 and
2017. The data collected for the concentrations of PO43- were all below the limit of
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detection (<0.00 μg mL-1), whilst the SO42- concentrations were consistently high, in
excess of 5.8 μg mL-1.

4.4.2

Photosynthetic pigment, residence time, and turbidity in the FGMSP
during the microbial blooms

The pond is continuously monitored using probes designed to detect the photosynthetic
pigments chlorophyll-a (Chl-a) and phycocyanin, which are representative of a broad
spectrum of photosynthetic organisms and cyanobacteria, respectively. Background
measurements from both the Chl-a and phycocyanin probes showed low levels of
fluorescence, suggesting that the abundance of photosynthetic microorganisms and
cyanobacteria was low.
In 2014 the average phycocyanin concentration between mid-February and the end of
July, prior to the bloom was 0.30 μg L-1, whilst the average Chl-a concentration was
0.30 μg L-1 (Supplementary Figure 4-4). The bloom period was deemed to have started
by pond operators on the 29th July, with visibility in the pond restored after a six week
period. The phycocyanin and Chl-a concentrations increased rapidly over seven-day
period (initiated on 29th July) reaching concentrations of 0.56 μg L-1 and 0.53 μg L-1,
respectively. These concentrations remained stable for a week, with moderate
fluctuations during the week of the 5th August, but was followed by a drop in the
concentration of both pigments, returning to an average of 0.34 μg L-1 phycocyanin and
0.35 μg L-1 Chl-a after 6 weeks. During normal plant operations the residence time in
the pond is approximately 2 weeks, however during the week of 29th July the purge rate
was significantly reduced, resulting in an increase in residence time to approximately 27
weeks (Figure 4-1a). The increase in the phycocyanin and Chl-a pigments occurred a
week after the drop in the purge rate. The increased residence time also coincided with
an increase in the PO43- and NO3- concentrations, at 0.03 μg mL-1 and 0.17 μg mL-1,
respectively, recorded on the 6th August 2014. The temperature of the pond at the start
of the bloom was 19.8 °C and gradually fell over the next six weeks to 15.3 °C.
Turbidity measurements over the course of the bloom period showed an increase in line
with chlorophyll concentrations (Figure 4-2).
The second bloom, which occurred in 2016 was reported to have begun on the 28th July
and took four weeks for pond visibility to be restored. Phycocyanin concentrations
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Figure 4-1: Residence time of the purge water plotted against the average phycocyanin
concentration (μg L-1) for the FGMSP. A) data collected from 2014; B) data collected from
2016. Error bars denote standard deviation of measurements collected on the day (3+
replicates). Green panel indicates when the microbial blooms were reported.

were consistently lower in 2016 than 2014, with background levels at approximately
0.10 μg L-1 (Figure 4-1b). The concentration of phycocyanin increased from the end of
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June and then returned to close to background levels by the end of July. From the 19 th
July a second increase in phycocyanin concentrations could be observed, which reached
a maximum of 0.26 μg L-1, and remained at approximately 0.22 μg L-1 for six days
before gradually returning to background levels. The purge water residence time in the
pond was 2 weeks at the point where there was an increase in the phycocyanin
concentrations at the end of June. The purge rate was increased for 3 weeks resulting in
a residence time of approximately 1.2 weeks, which coincides with the drop in
phycocyanin concentration (Figure 4-1b). The purge water residence time increased
over the first week of the bloom to 2.7 weeks, with the phycocyanin concentration
following the same trend. This suggests that cyanobacteria in the pond were potentially
in the early stages of forming a bloom at the end of June, but the increased purge rates
limited their impact on pond visibility. Interestingly the PO43- and NO3- concentrations
did not appear to follow the same trend as seen in 2014, as peaks in their concentration
were observed as the bloom was declining, according to the phycocyanin
concentrations. The temperature during this bloom period was 17.2 °C and remained
relatively consistent throughout the 4 weeks the bloom was evident (Supplementary
Figure 4-2). The turbidity in the pond during the 2016 bloom period increased in line
with the increase in phycocyanin concentration from 28th July onwards (Supplementary
Figure 4-5). A reduction in the turbidity was observed over the next two weeks,
however there is more variation in the turbidity towards the end of the bloom period,
which could be a result of other non-biological particulates which became suspended in
the water column, due to pond operations and retrievals.
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Figure 4-2: Turbidity (black points) and chlorophyll-a (blue points) concentrations
measured in the FGMSP from 1st July- 30th September 2014, including a microbial bloom
period indicated by the green panel. Error bars denote the standard deviation of 3+
measurements collected each day.

4.4.3

Quantitative polymerase chain reaction (qPCR)

In order to quantify the relative abundance of the prokaryotic and eukaryotic
communities, qPCR was run targeting the 16S and 18S rRNA genes (Figure 4-3). The
qPCR results showed that in the two samples collected in August 2014 the copy
numbers of 16S rRNA genes per mL were 5.36 x 106 and 6.61 x 106. During the August
2016 bloom the copy number mL-1 was higher at 3.37 x 107, which is not surprising
since this sample was taken earlier on during the bloom period than the 2014 samples
were taken (Figure 4-3a). The remaining samples were collected when no loss in
visibility was recorded. The September 2016 and June 2017 samples showed a
significantly lower copy number of 16S rRNA genes mL-1, at 8.46 x 104, 2.63 x 105, and
1.53 x106. Interestingly the final sample taken in September 2017 indicated that the
abundance of prokaryotic organisms was in line with the level seen during the 2016
bloom. There was no obvious turbidity in the water sample that the DNA was extracted
from. The 18S rRNA qPCR showed that across all the samples that the abundance of
eukaryotic organisms was low, with all readings lower than the prokaryotic copy
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Figure 4-3: qPCR quantification of the copy number of a) 16S rRNA gene from samples
collected from the FGMSP; b) 18S rRNA gene from samples collected from the FGMSP;
c) 16S rRNA gene from samples collected from the auxiliary pond; and d) 18S rRNA from
samples collected from the auxiliary pond.

numbers for the same samples (Figure 4-3b). The maximum copy number of 18S rRNA
genes mL-1 recorded was in the June 2017 sample at 4.12 x 105, which is an order of
magnitude less than the corresponding prokaryotic copy number. An estimation of the
copy number mL-1 was unavailable for the sample from the August 2016 bloom, since
the concentration of the DNA was too low, this suggests that the microbial bloom in
2016 was predominantly prokaryotic in nature.
The overall copy number mL-1 of prokaryotic and eukaryotic rRNA genes was higher in
the auxiliary pond than in the FGMSP (Figure 4-3c). The sample collected in May 2016
had the highest prokaryotic 16S rRNA gene copy number mL-1, 2.14 x 108, while the
abundance of prokaryotic organisms estimated in the remaining samples were lower.
Interestingly the sample collected in September 2017, showed the lowest copy number
mL-1 for the 16S rRNA gene but the highest estimation for the 18S rRNA gene, 2.50 x
106 and 7.75 x 106, respectively. The lowest eukaryotic copy number mL-1 was recorded
in the August 2016 sample, at 2.88 x 105 (Figure 4-3d).
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4.4.4 Microbial community analysis of 16S rRNA gene of the FGMSP

Guided by the qPCR data, the numerically dominant prokaryotic microbial community
composition of 7 samples, collected between August 2014 and September 2017, was
determined by amplifying and sequencing the 16S rRNA genes within the samples
(Figure 4-4). Three samples were collected when the pond was experiencing microbial
blooms and the visibility in the pond was significantly reduced, whilst the remaining
“background” samples were taken when no loss in visibility was recorded. The total
number of operational taxonomic units (OTUs) present in each of the samples varied
and ranged from 43, seen in the sample taken during the 2016 bloom, to 79, taken in
June 2017. Rarefaction curves show that the sequencing depth was sufficient for all the
samples analysed (Supplementary Figure 4-6).

Figure 4-4: Genus-level microbial community comparison of FGMSP samples collected
between August 2014 and September 2017, based of 16S rRNA gene sequences. Genera
that accounted for 1 % or less of the combined abundance were omitted. Parentheses
indicate the last matched taxonomic level of identification, where sequences could not be
resolved to genus-level.
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Duplicate samples were collected in August 2014 two weeks after the onset of the
bloom. The community profile of the two samples showed the same genera present in
each sample, however there were differences observed in the relative abundances
between the samples. Proteobacteria was the dominant phylum in both samples (88.89
%; 46 OTUs and 97.20 %; 43 OTUs). The most abundant OTUs were affiliated with the
following genera; Acidovorax (12.58 % and 28.23 %; 3 OTUs); Sediminicoccus (24.63
% and 9.66 %; 3 OTUs); Sphingomonoas (15.77 % and 27.70 %; 3 OTUs);
Stenotrophomonas (8.13 % and 14.99 %; 3 OTUs). Additionally, 8 OTUs affiliated with
members of the Rhodobacteriaceae family accounted for 13.78 % and 5.27 % in the
samples. The samples showed significantly different levels in the abundance of OTUs
affiliated with cyanobacteria, only one genus of cyanobacteria was detected, namely
Pseudanabaena (7.02 % and 0.32 %; 2 OTUs).
The August 2016 sample was collected one week after the onset of the microbial bloom.
This sample showed the lowest relative abundance of Proteobacteria, at 49.2 % (28
OTUs), whilst Bacteroidetes became more abundant at 16.79 % (7 OTUs). Three OTUs
were affiliated with Cyanobacteria and accounted for 33.94 % of the sequences, the
most abundant OTU (32.83%) was again most closely affiliated with a member of the
Pseudanabaena genus, as seen in the 2014 samples. The genera of the remaining OTUs
were affiliated with Synechocystis (0.40 %) and Nodosilinea (0.71 %). Approximately
50% of the community could be described by 8 OTUs that were affiliated with the
following genera; Porphyrobacter (12.88%, 2 OTUs); Hydrogenophaga (12.05 %; 2
OTUs); Mongoliitalea (8.94 %; 1 OTUs); Rhodobacter (8.29 %; 2 OTUs); and
Sediminicoccus (8.22 %; 1 OTUs).
Two samples were collected one month after the end of the bloom in 2016; the samples
were taken from two different locations in the pond, and showed surprising levels of
similarity. Proteobacteria remained the most abundant phylum in both samples
accounting for 60.16 % and 61.14 % (36 and 38 OTUs). There were 8 OTUs affiliated
with the phylum Bacteroidetes which made up 20.12 % and 21.16 % of the reads. The
most abundant OTU could not be identified past the phylum level and accounted for
19.30 % and 20.45 % of the overall community. Firmicutes were present at 2.31 % and
2.38 % (1 OTU), whilst there was also 1 OTU at 4.29 % and 2.99 % that was affiliated
with Planctomycetes. Both samples contained the greatest diversity of OTUs that were
affiliated with Cyanobacteria (2.67 % and 2.30 %; 8 OTUs). The most abundant OTUs
were most closely associated with members of the Synechococcus genus (1.82 % and
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1.61 %; 2 OTUs). The genus Pseudanabaena was once again detected albeit at trace
levels (0.05 % and 0.07%; 1 OTU), whilst the remaining OTUs that could be classified
down to genus-level belonged to Leptolyngbya (0.10 % and 0.07 %; 2 OTUs) and
Geitlerinema (0.06 % and 0.4 %; 1 OTU). Approximately 50% of the microbial
community within the samples could be described by 7 OTUs that were affiliated with 4
genera namely; Xanthamonas (15.42 % and 17.87 %, 1 OTU); Legionella (14.69 % and
14.40 %, 4 OTUs); Polaromonas (12.53 % and 12.27 %, 1 OTU); and Porphyrobacter
(6.84 % and 6.04 %, 1 OTU).
The background sample collected in June 2017 had a very similar profile at the phylumlevel, with Proteobacteria dominating (64.69 %; 37 OTUs); Bacteroidetes accounted for
26.15 % (18 OTUs); Firmicutes were present at 2.72 % (2 OTUs). Cyanobacteria were
detected at low levels in the sample (2.21 %; 3 OTUs), with the most abundant OTU
again affiliated with the Pseudanabaena genus (2.00 % of sample). The most abundant
OTU, which made up 20.32 % of the total reads in the sample could only be categorised
to the family level, namely Comamonadaceae. A further two OTUs affiliated to the
Cyclobacteriaceae family represented 21.95 % of the sample. A further 36.71 % of the
diversity in the sample was accounted for by 5 OTUs, affiliated to 3 genera, which
included; Roseococcus (16.76 %; 2 OTUs); Porphyrobacter (11.74 %; 1 OTU); and
Rhodobacter (8.21 %; 2 OTUs).
The final sample analysed, which was collected in September 2017, consisted almost
entirely of Proteobacteria (83.86%; 32 OTUs) and Bacteroidetes (15.37 %; 13 OTUs).
Approximately 94 % of the diversity in the sample was linked to 8 OTUs which were
affiliated with 6 genera. The most abundant OTU could be identified as a member of the
Hydrogenophaga genus (27.90 %). Three of the genera detected had been identified in
previous samples taken from the pond, namely; Roseococcus (15.06 %, 2 OTUs);
Rhodobacter (13.93 %; 1 OTU); and Porphyrobacter (5.67 %). There were two genera
identified in the sample at high abundance that had previously not been observed, these
were Nevskia (16.72 %; 2 OTUs) and Belliella (14.56 %; 1 OTU).

4.4.5

Microbial community analysis of 16S rRNA gene of the auxiliary pond

A total of 6 samples were analysed by the amplification and sequencing of the 16S
rRNA gene, to determine the prokaryotic community present in the pond. All samples
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were dominated by Proteobacteria, with the duplicate samples taken in August 2014
showing the highest abundance at approximately 91 % in both samples. The samples
analysed from 2016 onwards showed more variation at the phylum level with
Bacteroidetes comprising a significant fraction of the samples, the highest abundance
seen was 40.10 % in May 2016, whilst the abundance was 11.44 % in September 2017.
Members of the Verrucomicrobia phylum were present in the samples taken after 2016.
The samples collected in August 2014 were similar in their community profile, with
dominant genera including; Acidovorax (16.67 % and 6.67 %); Rhodobacter (18.54 %
and 27.74 %); Sphingomonas (14.59 % and 8.67 %); and Stenotrophomonas (10.20 %
and 2.89 %). The samples taken in May and August 2016 showed some similarities with
some genera common between the two samples such as Algoriphagus; Porphyrobacter;
and Prosthecobacter. The August 2016 sample contained a single OTU that was
affiliated with the cyanobacterial genus Synechococcus abundant at 2.00 %, whilst the
presence of 2 OTUs affiliated with the genus Legionella could be observed at 5.20 %.
The sample collected in June 2017 contained a large proportion of OTUs that could not
be identified at the genus-level (32.22 %), of the OTUs that could be ascribed to a genus
the most abundant were; Flavobacterium (18.76 %); Limnohabitans (9.74 %); and
Polynucleobacter (7.87 %). The September 2017 sample contained a high percentage of
OTUs that could not be identified at the genus-level (28.15 %), and members of the
Polynucleobacter genus remained in high abundance (15.85 %). OTUs affiliated with
members of the Cyanobacteria phylum were largely absent across the samples from the
auxiliary pond, with the exception of the September 2017 sample. Here a single OTU
accounted for 21.01 % of the sample and was affiliated with the genus Cyanobium,
whilst a further 4.33 % belonged to other unidentified cyanobacterial groups.
Rarefaction curves show that the sequencing depth was sufficient for all the samples
analysed (Supplementary Figure 4-6)
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Figure 4-5: Genus-level microbial community comparison of auxiliary pond samples
collected between August 2014 and September 2017, based of 16S rRNA gene sequences.
Genera that accounted for 1.5 % or less of the combined abundance were omitted.
Parentheses indicate the last matched taxonomic level of identification, where sequences
could not be resolved to genus-level.

4.4.6

Microbial community analysis of 18S rRNA gene and fungal ITS2-region

In order to characterise the eukaryotic and fungal community profiles of the pond, the
18S rRNA gene and the fungal ITS2 region were amplified and sequenced. Eukaryotes,
including fungi, did not appear to be major contributors to the microbial community
profile, since the copy number of the 18S rRNA gene was significantly lower in the
FGMSP compared to the copy number of the 16S rRNA gene, particularly in regards to
the August 2016 bloom sample. Analysis of the sequencing data from both the fungal
ITS2 region and the 18S rRNA gene are provided in the supplementary material
(Supplementary Figure 4-8 toSupplementary Figure 4-9Supplementary Figure
4-10Supplementary figure 4-11). Rarefaction curves show that the sequencing depth
was sufficient for all the samples analysed (Supplementary Figure 4-7)
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4.5 Discussion

The First Generation Magnox Storage pond (FGMSP) situated on the Sellafield site is
an inhospitable environment, with significant levels of radioactivity and high pH.
Despite these conditions the pond is colonised by microorganisms, which are known to
form microbial blooms. Here we describe for the first time the composition of the
microbial community present in the pond, including fluctuations in the community
structure over a 3-year period between 2014 and 2017. This time period included two
samples collected during two separate bloom events. In addition, further samples were
collected from an auxiliary pond, from which water is occasionally purged into the
FGMSP. Analysis of the auxiliary pond’s microbial community was used to determine
whether the microorganisms inhabiting the pond could be responsible for the
colonisation and subsequent blooms observed in the FGMSP.
Collectively the sequencing data and the information regarding the pond conditions
throughout the sampling period indicate that the planktonic microbial community
colonising the FGMSP is predominantly prokaryotic. The ponds ecosystem is diverse
and includes primary photosynthetic colonisers and heterotrophs, including fungi.
Interestingly the concentrations of the photosynthetic pigments phycocyanin and Chl-a
were consistent with one another in 2014, which suggests that cyanobacteria were the
dominant organisms causing the bloom, since elevated levels of eukaryotic algae would
result in significantly higher concentrations of Chl-a. Whilst no Chl-a data were
available for the August 2016 bloom, qPCR data and phycocyanin concentrations
indicate a cyanobacterial-dominated bloom. A single cyanobacterium was identified in
the 2014 samples, which were collected in the latter stages of the bloom period, and
belonged to the genus Pseudanabaena. A member of this genus was the dominant OTU
in the August 2016 sample, and could be observed at low levels in the samples collected
in September 2016 and June 2017. The results suggest that Pseudanabaena is a
persistent organism in the pond, and contributes to the cyanobacterial blooms observed.
Low levels (<0.8 %) of two other cyanobacterial genera were observed in the 2016
bloom, the extent to which these cyanobacteria contributed to the bloom cannot be fully
determined from a single sample. Correlations between the concentration of PO43- and
phycocyanin are apparent in the 2014 data, however such trends are not apparent in the
2016 data, which suggests that PO43- concentrations were not controlling biomass
levels. The phycocyanin concentrations increased prior to the onset of the July 2016
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bloom, indicating cyanobacterial growth, which could have limited the accumulation of
PO43- in the water. The residence time in the pond shows strong correlations to the
concentration of phycocyanin, providing evidence that continuous purging is effective
at keeping the cyanobacterial population low. The data show that the cyanobacteria
present in the pond are able to respond quickly to reductions in the purge rate, forming
blooms that are sufficient to restrict visibility.
There were 3 proteobacterial genera that were present in all of the FGMSP samples
analysed, namely Porphyrobacter, Rhodobacter and Roseococcus, suggesting species of
these genera are persistent in the pond. These bacteria are pigmented and contain
bacteriochlorophyll-a and a variety of carotenoids (Boldareva et al., 2009; Glaeser and
Klug, 2005; Hanada et al., 1997; Hiraishi et al., 2002; Willett et al., 2007; Yurkov et
al., 1994), which have antioxidant properties and could facilitate their persistence in the
pond. Differences in the microbial community were observed between the samples
collected at different time points, which implies that the background microbial
community is dynamic and subject to seasonal variations. In contrast the microbial
community profile appears to be more diverse in the auxiliary pond in comparison to
the FGMSP and also contains a more consistent background prokaryotic community,
with 10 genera being present in all four samples. The lack of consistency in the
microbial community in the FGMSP could be a result of the continuous purging, which
restricts the long-term colonisation of pelagic microorganisms. The persistence of the
Pseudanabaena genus in the FGMSP could be explained by the formation of
cyanobacterial biofilms or mats which are established in more static regions or to
surfaces within the pond. With the exception of the high levels of Cyanobium present in
the September 2017 sample, the auxiliary pond appeared to be largely devoid of
cyanobacteria, with no OTUs ascribed to the Pseudanabaena genus. The lack of
abundant cyanobacterial OTUs in the auxiliary pond suggests that the source of the
bloom forming cyanobacteria in the FGMSP is unlikely to be a result in the transfer of
water between these ponds. Similarities between the prokaryotic community profiles of
the two ponds can be observed for example with species of

Porphyrobacter,

Rhodobacter, and Roseococcus, however all the overall 16S rRNA community profiles
of the two ponds appear to be distinct. The extent to which the introduction of water
from the auxiliary pond into the FGMSP affected the microbial community is debatable,
for example Legionella species were detected in the FGMSP in September 2016, having
only been observed in the auxiliary pond sample collected in August of the same year.
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According to the data collected in this study, eukaryotic organisms were significantly
less abundant in the FGMSP compared to that seen in the auxiliary pond. The higher
levels of radioactivity, elevated pH, and continuous purge of the FGMSP with caustic
dosed demineralised water are plausible explanations for the low abundance of
eukaryotic organisms (Goldman et al., 1982).
Pseudanabaena species make up a group of small filamentous cyanobacteria, with
simple morphology, and cells that are longer than wide and unable to differentiate
(Acinas et al., 2009). Reports of Pseudanabaena in the scientific literature are limited,
although they have previously been reported as part of cyanobacterial blooms (BertosFortis et al., 2016; Bukowska et al., 2017) and have been found in some extreme
environments (Zhu et al., 2015), such as in the closed cryoconite holes in the Antarctic
(Webster-Brown et al., 2015). Whilst there are reports of Pseudanabaena species in
cyanobacterial blooms, there is little information relating to their physiology or
metabolic capabilities (Acinas et al., 2009). Some members of the Pseudanabaena
genus are capable of complementary chromatic adaptation (CCA) (Acinas et al., 2009),
in which the organism is able to adjust the structure of the phycobilisomes to optimize
the transfer of light energy to the photosystem II reaction centres in response to different
light conditions (Kehoe and Gutu, 2006). It is not known whether the Pseudanabaena
species that colonise the pond have the capacity for CCA, however if they do this could
provide them with a competitive advantage in varying light conditions.
The indigenous microbial communities of several other SNFPs have been studied
recently, of which the most intensively studied pond is located in Confrentes, Spain.
Here there have been several studies that have relied on culture-dependent assessments,
on the native bacterial community to form biofilms on steel coupons in the pond. The
biofilm forming organisms included the following genera; Burkholderia, Bacillus,
Nocardia, and Microbacterium (Chicote et al., 2004; Chicote et al., 2005, Sarrό et al.,
2003; Sarrό et al., 2005, Sarrό et al., 2007). Biofilm forming organisms not only present
a biofouling problem but also the potential for microbial induced corrosion, which could
result in damage fuel containers and other inventory in the pond, resulting in increased
levels of radiation (Chicote et al., 2005; Diόsi et al., 2003; Masurat et al., 2005).
Interestingly several other genera were identified in the Confrentes SNFP that were also
detected in the waters of the FGMSP at Sellafield, namely; Stenotrophomonas,
Pseudomonas, and Staphylococcus (Chicote et al., 2005). Whether organisms such as
these are forming biofilms in the Sellafield pond has yet to be determined, however it is
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likely that a fraction of the microbial community in the pond exists as part of a biofilm.
Pseudanabaena species have also been identified in biofilms and cyanobacterial mats in
natural water bodies (Sorokovikova et al., 2008; Sorokovikova et al., 2013), and their
presence in a biofilm e.g. on the pond walls, could help explain their persistence. Other
studies looking at different SNFPs have identified a range of organisms for example,
Bagwell et al (2018) determined the dominance of members of the families
Burkholderiaceae, Nitrospiraceae, Hyphomicrobiaceae and Comamonadaceae.
Whilst most studies have identified prokaryotic organisms, there is evidence that
eukaryotic organisms are prevalent, and in some cases dominant in SNFPs. The green
microalga Haematococcus pluvialis has recently been identified as the dominant
organism responsible for microbial blooms which occur in another SNFP on the
Sellafield Ltd. site that is maintained at a neutral pH (MeGraw et al., 2018). The ability
of H. pluvialis to colonise the pond was attributed to its ability to synthesise and
accumulate the carotenoid astaxanthin, which is known to have antioxidant properties
(Li et al., 2008; Wada et al., 2013; Wang et al., 2003; Wang et al., 2014). The adaptive
processes that members of the Pseudanabaena genus utilise have yet to be determined,
but clearly warrant investigation. Rivasseau et al (2010; 2013; 2016) showed further
evidence of eukaryotic organisms present in a research SNFP in France, with the
identification of the green microalgae species Coccomyxa actinabiotis. The organism
was isolated and was found to be capable of accumulating large quantities of
radionuclides and fission products intracellularly (Rivasseau et al., 2013). The ability to
remove radionuclides and fission products from aquatic environments is of interest for
remediation efforts both in engineered environments and at sites where radioactive
contamination has occurred (Fukuda et al., 2014; Gadd, 1990). Members of the
Pseudanabaena genus could be candidate organisms for the remediation of fission
products and other radionuclides, since their presence in the pond suggests they are
tolerant to highly radioactive environments. Further work investigating the interaction
of this genus of cyanobacteria and radionuclides is ongoing.

4.6 Conclusion

The FGMSP is a unique environment with a combination of high background levels of
radioactivity and high pH ~11.4, despite these conditions microorganisms are able to
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thrive within the pond. Two microbial bloom samples photosynthetic component has
been shown to be dominated by a single cyanobacterial genus, Pseudanabaena. The
onset of the microbial bloom containing this cyanobacterium appears to be triggered by
the reduction of the purge rate, allowing their growth to flourish and reduce the
visibility within the pond. Once the purge rate is re-established, the abundance of the
blooming microorganisms is managed and restored to background levels. Further work
is required to determine the critical rates of the purge at which Pseudanabaena species
are capable of forming a bloom and what adaptive processes these organisms utilise to
withstand the inhospitable conditions within the pond. Further strategies to control the
cyanobacterial growth in the pond can be trialled in the laboratory, with specific
reference to Pseudanabaena species responses. The microbial communities of SNFPs
appear to be unique to the site and conditions of the individual ponds. Comparisons
between the 16S rRNA gene microbial community profile of the two ponds in this study
showed limited similarities, although more frequent sampling and analysis is required to
better determine the full extent of these observations. Here we present members of the
genus Pseudanabaena as potential candidate for the remediation of radionuclides,
however this needs to be studied to determine their suitability.
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4.9 Supplementary material:
Supplementary Table 4-1: Details of the fungal ITS2 region, and the 16S and 18S rRNA gene targets

Target

Read length

Forward primers

Reverse primers

PCR cycling
conditions

16S rRNA V4
hyper variable
region

2 × 250-bp paired-end
sequencing (Illumina)
(Caporaso et al., 2012,
2011)

515F,
5′- 806R,
5′- initial denaturation at
95°C for 2 min,
GTGYCAGCMGCCGCGGTAA-3′ GGACTACHVGGGTWTCTAAT-3′

18S rRNA

2 × 250-bp paired-end
sequencing
(Illumina)(Amaral-Zettler
et al., 2009)

forward
primer,
1391F,
GTACACACCGCCCGTC-3′

followed by 36 cycles
of 95 °C for 30 s, 55 °C
for 30 s, 72 °C for 1
min, and a final
extension step of 5 min
at 72 °C

5′- reverse
primer,
EukBR,
5′- initial denaturation at
TGATCCTTCTGCAGGTTCACCTAC- 95°C for 2 min,
followed by 36 cycles
3′

of 95°C for 30 s, 57°C
for 30 s, 72°C for 1
min, and a final
extension step of 5 min
at 72°C
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Fungal ITS2
internal
transcribed
spacer region
between the large
subunit (LSU)
and the 5.8S
ribosomal genes

2 × 300-bp paired-end
sequencing
(Illumina)(Caporaso et al.,
2011)

forward
primer,
ITS4F,
5′- reverse
primer,
5.8SR,
AGCCTCCGCTTATTGATATGCTTAART AACTTTYRRCAAYGGATCWCT
-3′
3′;)(Taylor et al., 2016)
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5′- initial denaturation at
- 95°C for 2 min,

followed by 36 cycles
of 95°C for 30 s, 56°C
for 45 s, 72°C for 2
min, and a final
extension step of 5 min
at 72°C

Supplementary Figure 4-1: The pH of the FGMSP between August 2014 and December
2016. Green panels indicate when the two microbial bloom events occurred. Green panels
indicate the microbial bloom periods. Error bars indicate the standard deviation of
multiple measurements throughout the day (>3).
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Supplementary Figure 4-2: Temperature of the FGMSP recorded between February 2014
and March 2017, showing seasonal variations. Green panels indicate the temperature of
the pond during the two microbial bloom periods, with blown up regions of the recorded
temperatures. Error bars indicate the standard deviation of multiple measurements
throughout the day (>3).
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Supplementary Figure 4-3: The averaged measurements collected from the FGMSP throughout the sampling period for: a) Total organic carbon (TOC) in
ppm; b) average NO3- concentrations (μg mL-1); c) average PO43- concentrations (μg mL-1) ; and d) average SO42- concentrations (μg mL-1). Green panels
indicate the two microbial bloom periods. Error bars indicate the standard deviation of multiple measurements throughout the day (>3).
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Supplementary Figure 4-4: Phycocyanin (black points) and chlorophyll-a (blue points)
concentrations measured in the FGMSP from 1st July- 30th September 2014, including a
microbial bloom period indicated by the green panel. Error bars denote the standard
deviation of 3+ measurements collected each day.
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Supplementary Figure 4-5: Average turbidity measurements recorded in the FGMSP
during the August 2016 microbial bloom period. Green panel indicate the microbial bloom
period. Error bars indicate the standard deviation of multiple measurements throughout
the day (>3).
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Supplementary Figure 4-6: Rarefaction curves for all sequencing runs; a) auxiliary pond
and FGMSP samples collected in August 2014; b) auxiliary pond sample collected May
2016; c) auxiliary pond and FGMSP samples collected August 2016; and d) auxiliary pond
and FGMSP samples collected in 2017.

Supplementary Figure 4-7: Rarefaction curves for; a) all 18S rRNA sequencing runs for
all auxiliary pond and FGMSP samples; and b) all fungal ITS2 sequencing runs for all
auxiliary pond and FGMSP samples.
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4.9.1

18S rRNA gene community analysis of the FGMSP

Since no eukaryotic DNA was detected in the August 2014 samples, only 5 samples
from 2016 and 2017 were analysed. The results showed that each of the samples had
different overall eukaryotic community profiles when compared at the class-level
(Supplementary Figure 4-8). During the August 2016 bloom, the most abundant
grouping was affiliated with the Chrysophyceae class (47.80 %), a group of golden
algae commonly found in freshwater environments. Other relatively abundant groupings
belonged to Bicosoecida (17.57 %), Heterolobosea (9.75 %) and Saccharomycetes (9.25
%). The samples taken in September 2016, showed almost identical 16S rRNA profiles,
however the 18S rRNA sequences for the two samples were remarkably different to one
another, suggesting that there is a varied eukaryotic community across the pond. The
sample collected in June 2017 was broadly similar to the August 2016 sample with the
same affiliations present, although differences in the relative abundances were observed.
The most abundant grouping in June 2017 was affiliated with an unknown fungal
species present at 43.06 % of the sample compared to just 3.27 % in August 2016. The
September 2017 sample was distinct from the previous samples with the 4 groupings,
previously not detected accounting for 94.25 %, namely; Apiales (33.55 %);
Dothideomycetes (13.26 %); Eurotiomycetes (28.52 %); and Trebouxiophyceae (18.92
%).
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Supplementary Figure 4-8: Class-level microbial community comparison of FGMSP
samples collected between August 2016 and September 2017, based of 18S rRNA gene
sequences.

4.9.2

Fungal ITS2 region community analysis of the FGMSP

Four samples were analysed to determine the fungal community profile (Supplementary
Figure 4-9). The results of the sequencing showed a high level of variation between the
samples, with only one genus common across all samples, which was affiliated with the
Cladosporium genus, albeit at different relative abundances. The sample collected in
August 2016 was the most diverse with 38 groups that could be affiliated to genus-level
from a total of 66 OTUs. Members belonging to the Phoma genus were the most
abundant fungal sequences that could be identified to this taxonomic level, accounting
for 12.54 % of the sample whilst a single OTU affiliated with the Botrytis genus
accounted for 7.14 %. The samples collected in September 2016 consisted of 16 and 18
OTUs, with 9 and 11 genera able to be identified. Despite being collected at the same
time these samples showed very little similarity as seen with the 18S rRNA sequencing,
likely due to the different sampling locations. One of the September 2016 samples was
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dominated by a single OTU that was affiliated with the genus Leptobacillium,
accounting for 87.96 %, but this genus was not present in the second sample. The fungal
community identified in the June 2017 sample was dominated by OTUs that could not
be identified at any taxonomic level (43.51 %), with a further 24.17 % consisting of
OTUs affiliated with the genus Fusarium.

Supplementary Figure 4-9: Genus-level microbial community comparison of FGMSP
samples collected between August 2016 and June 2017, based of fungal ITS2 region
sequences. Genera that accounted for 1 % or less of the combined abundance were
omitted.

4.9.3

18S rRNA gene community analysis of the auxiliary pond

The 18S rRNA gene community profile of 4-samples, collected between May 2016 and
September 2017, were analysed at the class-level (Supplementary Figure 4-10). The
sample collected in May 2016 was dominated by members of the Chrysophyceae class
(30.06 %), with other abundant groups affiliated with member of Aphelidea (16.72 %),
Dinophyceae (9.55 %), and Eustigmatophyceae (11.30%). The majority of the OTUs in
the August 2016 sample could not be ascribed to any known eukaryotic organism
(47.94 %). Of the OTUs that could be assigned to a class, the most abundant were as
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follows; Chrysophyceae (11.88 %); Eurotiomycetes (10.13 %); Eustigmatophyceae
(9.61 %); and Gleomeromycetes (11.56 %). The 18S rRNA community profile of the
June 2017 auxiliary pond sample was very similar to the profile of the corresponding
sample taken in from the FGMSP at the same time. The community profile of the June
auxiliary pond included: Chrysophyceae 23.34 %, Heterobolosea comprised 15.19 %,
and Bicosoecida 12.93 %. The most abundant grouping was affiliated with an unknown
fungal species present at 45.17 %. Bicosoecida was the most dominant class of
eukaryotic organisms in the September 2017 sample at 41.26 %, whilst 36.21 % of the
sample was affiliated with an unknown fungal species. A further 16.86 % of the sample
could be described by a further 8 class, the most abundant of which were
Trebouxiophyceae (5.38 %); Discosea (4.11 %), and Heterolobosea (2.63 %).

Supplementary Figure 4-10: Class-level microbial community comparison of the auxiliary
pond samples collected between May 2016 and September 2017, based of 18S rRNA gene
sequences.
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4.9.4

Fungal ITS2 region community analysis of the auxiliary pond

Three samples collected from the auxiliary pond had the fungal community profile
analysed following the amplification and sequencing of the ITS2 region (Supplementary
figure 4-11). The May 2016 sample was dominated by a single OTU affiliated with the
Cladosporium genus (43.29 %), a further 19.89 % could be accounted for by another
single OTU affiliated with the Botrytis genus. The fungal community profile of the
August 2016 sample was significantly different to that seen in the sample taken 3
months earlier. The majority of the OTUs present in the sample could not be identified
at any taxonomic level (46.78 %), whilst the most abundant OTUs that could be
identified at the genus-level were affiliated with Cadophora (33.46 %) and Exophialia
(9.48 %). The fungal community present in the June 2017 sample was more diverse,
although Cadophora and Exophialia remained the most abundant genera at 16.49 % and
11.01 %, respectively. A further 15 genera could explain 43.67 % of the samples
diversity, the most abundant of which were: Ramularia (7.15 %); Cordyceps (6.43 %);
Cryptococcus (5.09 %); Hypocreales (4.14 %); Penicillium (4.08 %); and Phoma (4.55
%).
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Supplementary figure 4-11: Genus-level microbial community comparison of auxiliary
pond samples collected between May 2016 and June 2017, based of fungal ITS2 sequences.
Genera that accounted for 1 % or less of the combined abundance were omitted.
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5.1 Abstract
Recently a species of Pseudanabaena was identified as the dominant organism during a
bloom event in a high pH (pH ~11.4), radioactive spent nuclear fuel pond (SNFP) at the
Sellafield Ltd. UK facility. The metabolic response of a laboratory culture containing
the

cyanobacterium

Pseudanabaena

catenata,

representative

of

the

major

photosynthetic microorganism found in the SNFP, to X-irradiation was studied to
identify potential survival strategies used to support colonisation of radioactive
environments. Growth was monitored and the metabolic fingerprints of the cultures,
during irradiation and throughout the post-irradiation recovery period, were determined
using Fourier transform infrared (FT-IR) spectroscopy. A dose of 95 Gy delivered over
5 days did not significantly affect cell growth of P. catenata, as determined by turbidity
measurements and cell counts. Multivariate statistical analysis of the FT-IR spectral
data revealed metabolic variation during the post irradiation recovery period, within the
polysaccharide and amide spectral regions. Increases in polysaccharides were confirmed
by complementary analytical methods including total carbohydrate assays and
calcofluor white staining. The results show that P. catenata is capable of tolerating an
elevated dose of ionizing radiation. The observed increased production of
polysaccharides is of significance, since this could have an impact on the fate of the
radionuclide inventory in the pond via biosorption of cationic radionuclides, and may
also impact on downstream processes through biofilm formation and biofouling.
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5.2

Introduction

Microorganisms are ubiquitous and inhabit a wide range of environments including
those with extremes of pH, temperature, pressure, availability of water, salinity and
radiation (Billi and Potts, 2002; Blanco-Rivero et al., 2005; Katz et al., 2007; Pikuta et
al., 2007). To colonise such environments, extremophiles are able to regulate their
intracellular environment, whilst extracellular structures and enzymes in direct contact
with the environment show specific adaptations and modifications e.g. in ion transport
pathways (Pikuta et al., 2007). The presence of microorganisms in radioactive
environments has been widely reported, for example in Spent Nuclear Fuel Ponds
(SNFPs) (Chicote et al., 2004; Chicote et al., 2005; Dekker et al., 2014; Diόsi et al.,
2003; Karley et al., 2017; MeGraw et al., 2018; Rivasseau et al.,2010; Rivasseau et al.,
201; Sarrό et al., 2003; Sarrό et al., 2005; Sarrό et al., 2007), and in contaminated land
surrounding the Chernobyl nuclear reactor (Dadachova et al., 2008). The ability of
microorganisms to inhabit highly radioactive environments has been linked previously
with their ability to survive other extreme environmental conditions such as desiccation
(Billi et al., 2000; Billi and Potts, 2002; Jolivet et al., 2003).
Nuclear generated power accounts for just over 10 % of global electricity (“The nuclear
fuel cycle,” 2018). Since their development in the mid-1950s, nuclear power plants have
undergone various improvements in terms of energy production and safety, leading to
several generations of reactor types (Crossland, 2012). At the point where energy
production is no longer efficient, the fuel rods are deemed “spent” and need to be
replaced (Crossland, 2012; “The nuclear fuel cycle,” 2018). As the spent fuel rods will
continue to generate significant levels of radiation and heat, they are therefore stored in
onsite pools containing water, which acts to shield against radiation and cool them
(Wilson, 1996). Once the fuel rods have been stored for a suitable period of time, they
are relocated to a separate facility to await long term storage, which in the UK is based
at the Sellafield Ltd. facility (Cumbria, UK) (Crossland, 2012).
Studies investigating the presence of microorganisms in SNFPs across several sites,
including in Spain, USA, France, India and the UK, have shown that each site exhibits a
unique microbial community profile (Chicote et al., 2004; Chicote et al., 2005; Dekker
et al., 2014; Diόsi et al., 2003; Karley et al., 2017; MeGraw et al., 2018; Rivasseau et
al., 2010; Rivasseau et al., 2016, Sarrό et al., 2003; Sarrό et al., 2005; Sarrό et al.,
2007). The majority of sites are dominated by Proteobacteria, although eukaryotic
176

microalgae have also been identified as being dominant at some sites (MeGraw et al.,
2018; Rivasseau et al., 2010). The presence of microorganisms in SNFPs is problematic
since high levels of biomass can result in reduced visibility (hampering pond
management), may lead to microbiologically induced corrosion (MIC) and could lead to
the formation of organic-rich radioactive waste. Bruhn et al. (2009) highlighted the
potential for the formation of biofilms and MIC in the presence of high levels of
radiation, which signals the possibility of MIC on waste storage containers and fuel
cladding. Indeed, several studies investigating biofilm forming organisms in ponds at
the Confrentes site (Valencia, Spain) have shown the occurrence of MIC on steel
coupons (Chicote et al., 2004; Chicote et al., 2005; Sarrό et al., 2003; Sarrό et al., 2005;
Sarrό et al., 2007). The potential for MIC on waste storage containers and fuel cladding
could have implications for the longevity of spent fuel storage. Biofilms are produced
by bacteria to facilitate attachment to surfaces and to provide a barrier against adverse
environmental conditions (Chicote et al., 2004). Biofilms largely consist of polymeric
substance which, in addition to the microorganisms themselves, can interact with
radionuclides and heavy metals (Tišáková et al., 2013). Biofilm interactions with
radionuclides are mediated by mechanisms which include biosorption, bioaccumulation
and biopreciptation. Such interactions have the potential to impact the radionuclide
inventory in the system, resulting in controls on the speciation and solubility of priority
radionuclides (Chicote et al., 2004; Sarrό et al., 2003; Tišáková et al., 2013).
Microorganisms have also been shown to accumulate fission products as shown with
the free-living eukaryotic microalga Coccomyxa actinabiotis, isolated from a SNFP in
research reactor in France, which has been shown to accumulate large quantities of
137

Cs (Rivasseau et al., 2013).

The conformation of fuel rods is dependent on the type of nuclear reactor they are used
in. The early gas cooled reactors, commonly referred to as Magnox reactors, form part
of the UK’s legacy nuclear fleet, and the fuel rods used in these reactors were clad in a
magnesium non oxide (Magnox) alloy (Gregson et al., 2011a; Gregson et al., 2011b;
Jackson et al., 2014; Jensen and Nønbel, 1999). Spent fuel rods containing this cladding
have been stored in an open air legacy storage ponds, including the First Generation
Magnox Storage Pond (FGMSP) situated on the Sellafield site (Cumbria, UK), since the
late 1950s (Jackson et al., 2014). Within the FGMSP, fuel storage times have been
longer than anticipated and the Magnox spent fuel has been subject to extensive
corrosion due to the Magnox cladding and metallic fuel having low chemical stability in
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water. This corrosion has led to the formation of a hazardous radioactive environment
with radioactive corroded spent nuclear fuel, radioactive pond effluent (NDA, 2016)
and radioactive sludge (Gregson et al., 2011a; Gregson et al., 2011b; Jackson et al.,
2014). Since the pond is open-aired, it is also subject to an influx of carbon, nitrogen
and environmental debris, including seabird guano and other airborne particles. There is
clear evidence for the presence of microorganisms in the pond, including events
described as algal blooms (Gregson et al., 2011a; Gregson et al., 2011b). In order to
provide thermal cooling and minimise further corrosion of the fuel rods and growth of
microorganisms, the pond is continuously purged with alkaline dosed demineralised
water (pH ~11.4) (Gregson et al., 2011a; Gregson et al., 2011b; Jackson et al., 2014).
The microbial community of the open-air legacy SNFP has recently been investigated
over a three year period, including during a microbial bloom period in August 2016 (see
Research chapter 4: The microbial ecology of a high pH spent nuclear fuel pond on the
Sellafield site.). Over the course of the investigation, highly pigmented organisms with
photosynthetic or hydrogen-metabolising capabilities were identified. Such organisms
are likely to be pioneer species that facilitate the colonisation of the pond by
heterotrophs. Background water samples indicated that Proteobacteria were the
dominant microorganisms in the pond, whilst a single cyanobacterial species,
Pseudanabaena catenata, was dominant during a significant bloom event (Research
chapter 4: The microbial ecology of a high pH spent nuclear fuel pond on the Sellafield
site.). Pseudanabaena spp. are filamentous cyanobacteria, displaying a simple
morphology, and lack the ability to form branches or differentiate (Acinas et al., 2009;
Zhu et al., 2015). Reports of Pseudanabaena spp.in the scientific literature are sporadic,
with little known about their physiology or capabilities, and although they are
associated with bloom events in a range of environments they are often overlooked
(Acinas et al., 2009; Bukowska et al., 2017; Khan et al., 2018; Webster-Brown et al.,
2015; Zhu et al., 2015).
The occurrence of cyanobacterial blooms in the legacy SNFP has the potential to disrupt
waste retrieval operations and downstream processes. Although the microbial
community structure of the legacy SNFP has been determined, nothing is known about
how the microorganisms are able to colonise this radioactive and highly alkaline
environment. The purpose of the present study is to determine the adaptive response of
a P. catenata culture to ionizing radiation, to help inform control strategies employed
onsite. It was not possible to source an axenic culture of P. catenata from any culture
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collection for this study, therefore a non-axenic P. catenata culture was used for this
work. The culture was characterised using 16S rRNA gene sequencing, which revealed
that the culture contained multiple taxa in addition to P. catenata

and was

representative of the SNFP community, with 5 of the 9 operational taxanomic units
(OTUs) in the culture also identified from SNFP community analysis (see Research
chapter 4: The microbial ecology of a high pH spent nuclear fuel pond on the Sellafield
site). To determine the physiological and metabolic fingerprint of the culture, Fourier
transform infrared (FT-IR) spectroscopy and classical microbiological techniques were
utilised. FT-IR spectroscopy is a metabolic fingerprinting technique that can be used to
determine the intracellular metabolites in a given sample (Muhamadali et al., 2015a).
Here, we demonstrate that a culture containing P. catenata as the sole cyanobacterial
species is capable of surviving a significant dose of X-irradiation over a period of 5
days. When grown photosynthetically, the culture did not display any physiological
differences to untreated cultures whilst receiving the irradiation treatment, however
increases in polysaccharides and a reduction in chlorophyll-a (Chl-a) became more
pronounced during the post-irradiation period. This study provides insight into the
radiation resistance mechanisms employed by microorganisms representative of those
colonising a high pH legacy SNFP. Understanding the behaviour of the microorganisms
in response to radiation (and other stress responses) will help to provide fundamental
information on adaptation mechanisms in extremophiles, and underpin more effective
control strategies to minimize microbial growth and bloom formation.

5.3 Methods
5.3.1

Culturing and irradiation of P. catenata

It was not possible to culture organisms directly from water taken from the SNFP due to
radiological safety limitations. A culture of the closest known relative to the
Pseudanabaena species detected in the pond, P. catenata was obtained from the NIVA
Culture Collection of Algae (NIVA-CYA 152), Norway. The P. catenata was
inoculated in unbuffered BG11 media (Culture Collection of Algae and Protozoa) and
incubated at 25 ± 1 °C, and shaken at 100 rpm in a light incubator with a photon flux
density of 150 μmol m-2 s-1, and a 16:8 h light–dark cycle (supplied by cool fluorescent
daylight lamps). Biological triplicates were prepared by inoculating 20 mL BG11
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medium with P. catenata to a starting optical density 0.2 (OD600nm). The cultures were
exposed to daily doses of ionising radiation using a Faxitron CP-160 Cabinet X-radiator
(160 kV; 6 mA; tungsten target). A dose of 1 Gy min-1 for 19 min per day was
administered to the cultures over five consecutive days to give a total dose of 95 Gy. A
further triplicate set of “no dose” controls were placed inside the irradiator, shielded by
an appropriate thickness of lead. All cultures were incubated following the treatment as
previously described.

5.3.2

DNA extraction and 16S rRNA gene sequencing of the P. catenata culture

Since the P. catenata culture was not axenic, 16S rRNA gene sequencing was used to
monitor the relative abundance of all the prokaryotic microorganisms present in the
culture and quantify any differences in the cultures at the end of the experiment.
Samples (1 mL) of irradiated and control cultures at day 16 were passed through a
sterile 0.2 μm filter using a vacuum filtration technique. DNA was then extracted using
the MoBio PowerWater DNA isolation kit (MoBio Laboratories, Inc., Carlsbad, CA,
USA). The 16S rRNA gene was sequenced from PCR amplicons on the Illumina MiSeq
platform (Illumina, San Diego, CA, USA) targeting the V4 hyper variable region
(forward primer, 515F, 5′-GTGYCAGCMGCCGCGGTAA-3′; reverse primer, 806R,
5′-GGACTACHVGGGTWTCTAAT-3′)

for

2 × 250-bp

paired-end

sequencing

(Illumina) (Caporaso et al., 2011; Caporaso et al., 2012). The Roche FastStart High
Fidelity PCR System (Roche Diagnostics Ltd, Burgess Hill, UK) was used to perform
the PCR amplifications (50 μL reactions) under the following conditions; initial
denaturation at 95 °C for 2 min, followed by 36 cycles of 95 °C for 30 s, 55 °C for 30 s,
72 °C for 1 min, and a final extension step of 5 min at 72 °C. The SequalPrep
Normalization Kit (Fisher Scientific, Loughborough, UK) was used to purify and
normalise the PCR products to ~20 ng each. The PCR amplicons from all samples were
pooled in equimolar ratios. The run was performed using a 4 pM sample library spiked
with 4 pM PhiX to a final concentration of 10 % following the method of Kozich
(2013).
A sequencing pipeline was used to divide the raw sequences into samples by barcodes
(up to one mismatch was permitted). Cutadapt (Martin, 2011), FastQC (Andrews, 2018),
and Sickle (Joshi and Fass, 2011) were used to perform quality control and trimming,
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whilst SPADes (Nurk et al., 2013) was used to carry out MiSeq error corrections.
Forward and reverse reads were incorporated into full-length sequences with Pandaseq
(Masella et al., 2012). ChimeraSlayer (Haas et al., 2011) was utilised to remove
chimeras, and OTUs were generated UPARSE (Edgar, 2013) generated OTUs, that
were classified by Usearch (Edgar, 2010) at the 97 % similarity level, and singletons
were removed. Rarefaction analysis was conducted using the original detected OTUs in
Qiime (Caporaso et al., 2010). The RDP classifier, version 2.2 (Wang et al., 2007) was
used to perform the taxonomic assignment.

5.3.3

Growth, chlorophyll-a (Chl-a) concentration and pH measurements

To quantify the total biomass in cultures by turbidity, absorbance values at 600 nm
(OD600nm) were recorded for 1 mL aliquots of the P. catenata cultures using a Jenway
6700 UV/Vis spectrophotometer (Bibby Scientific Limited, Staffordshire).
The concentration of Chl-a was determined as follows: 1 mL samples were centrifuged
at 14,000 g for 10 min to pellet the cells. The supernatant was then discarded and the
cells re-suspended in 1 mL of 70 % ethanol and incubated at room temperature for 2 h.
The samples were then centrifuged at 14,000 g for 10 min, the supernatant was then
removed and analysed using the Jenway 6700 UV/Vis spectrophotometer (Bibby
Scientific Limited, Staffordshire). The absorbance was measured at 665 nm (Chl-a) and
at 750 nm to correct for turbidity (Bellinger and Sigee, 2010). The concentration of Chla was then calculated using the formula of Jespersen and Christoffersen (1987).
The pH of the cultures was measured using a FiveEasyPlus pH meter (Mettler Toledo
Ltd, Leicestershire, UK).

5.3.4

Light microscopy

All light microscopy was carried out using a Zeiss Axio Imager A1 (Carl Zeiss
Microimaging 234 GmbH, Germany) light microscope fitted with an Axiocam 506
mono camera using Zen2 imaging software.
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5.3.4.1 Cell counts of P. catenata

Direct counts of P. catenata were carried out routinely throughout the experiment using
a Sedgewick Rafter counting chamber. Ten images were taken of random sites across
the samples. ImageJ was used to determine the length of filaments and individual cells.
An average cell count was determined by dividing the total filament length by the
average cell length. Samples were diluted with sterile BG11 medium to an appropriate
concentration as required for analysis.

5.3.4.2 Calcofluor white staining of β-polysaccharides

Cells were washed twice and re-suspended in sterile normal saline (9 g L-1 NaCl), 5 μL
of each sample was placed on a glass slide and 5 μL of calcofluor white stain (SigmaAldrich, Dorest, UK) was added and a cover slide placed over the sample. The samples
were left to incubate for 10 min in the dark prior to being analysed.
The auto-fluorescence of the culture was observed using filter set 00 (530-585 nm
excitation and 615-4095 nm emission). Calcofluor white stain fluorescence was
observed using filter set 49 (335-383 nm excitation and 420-470 nm emission).

5.3.5

Assay to determine the total carbohydrate concentration

The total carbohydrate assay kit (Sigma-Aldrich, Dorset, UK) was used to determine
carbohydrate concentrations. Prior to using the kit, the cells were prepared by washing
twice with sterile normal saline solution (9 g L-1 NaCl), the cell pellets were flash frozen
in liquid nitrogen and stored at -80 °C until they were analysed. All samples were
normalised to an optical density of OD600nm 15 (as per FT-IR preparation). Following
this, a 200 μL aliquot was then centrifuged and re-suspended in the assay buffer,
incubated for 10 min at room temperature. The samples were centrifuged at 14,000 g for
5 min and 15 μL aliquots from the samples were used for the assay reaction and made
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up to 30 μL with Roche PCR grade water. The sample preparation was then carried out
as detailed in the kit technical bulletin.

5.3.6

Metabolic profile of the cultures determined by FT-IR spectroscopy

Normalised samples were spotted as 20 µL aliquots onto a Bruker 96-well FT-IR silicon
plate (Bruker Ltd., Coventry, United Kingdom) in triplicates, and heated to dryness (2030 min) in an oven at 55 ˚C (Muhamadali et al., 2015b). All FT-IR spectra were
recorded in the mid-infrared range (4000-600 cm-1) with 4 cm-1 resolution and 64
spectral co-adds in absorbance mode using a HXTTM module on a Bruker Equinox 55
infrared spectrometer (Muhamadali et al., 2015c).

5.3.6.1 Multivariate statistical analysis

The collected FT-IR spectra were analysed using MATLAB version 9 (The MathWorks
Inc., Natick, MA). All spectra were scaled using the extended multiplicative signal
correction (EMSC) method (Martens et al., 2003), followed by replacement of the CO2
bands (2400 to 2275 cm-1) with a linear trend. The pre-processed FT-IR spectral data
were investigated by the unsupervised method of principal component analysis (PCA)
to reduce the dimensionality of the data and determine any between group variations
(Wold et al., 1986).

5.4 Results
5.4.1

Microbial community analysis of the P. catenata culture determined by 16S
rRNA gene sequencing

Since the P. catenata culture was not axenic, 16S rRNA gene sequencing was carried
out on the cultures to determine the community diversity of the culture. A comparison
of the prokaryotic community at day 16 between the irradiated and control samples was
made to determine what microorganisms were present and to see if the irradiation
treatment resulted in shifts in the diversity of the culture with and without irradiation.
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The culture consisted of 9 OTUs including P. catenata between the two sets of culture.
This showed that the irradiation treatment did not result in a significant shift in
phylogenetic diversity (Figure 5-1). As expected the most abundant OTU in both
cultures was affiliated with a Pseudanabaena species, which comprised 30.7 %
(control) and 32.7 % (irradiated) of the total community. The remainder of the OTUs
were associated with the phyla Bacteriodetes (37.3 % control; 36.5 % irradiated; 2
OTUs) and Proteobacteria (32.0% control; 30.7% irradiated; 6 OTUs). A comparison of
the microorganisms identified in the P. catenata culture showed strong similarities to
those identified in legacy SNFP samples, particularly during the bloom. Of the 9 OTUs
identified in the culture, 5 were affiliated with genera identified in the main pond
namely: species of Pseudanabaena; Flavobacterium; Porphyrobacter; Rhodobacter;
and Hydrogenophaga (see Research chapter 4: The microbial ecology of a high pH
spent nuclear fuel pond on the Sellafield site). In addition, species of Sediminibacterium
and Lacibacterium were observed in samples from an auxiliary pond (see Research
chapter 4: The microbial ecology of a high pH spent nuclear fuel pond on the Sellafield
site), which feeds into the high pH legacy SNFP on the Sellafield Ltd site, making this
culture highly representative of the SNFP.

184

% relative abundance

100
95
90
85
80
75
70
65
60
55
50
45
40
35
30
25
20
15
10
5
0

Hydrogenophaga
Aminobacter
Lacibacterium
Phreatobacter
Rhodobacter
Sediminibacterium
Porphyrobacter
Flavobacterium
Pseudanabaena

Control

Irradiated

Figure 5-1: Genus-level microbial community analysis of the P. catenata culture at day 16,
comparing the 16S rRNA gene irradiated community profile to that of the untreated
control.

5.4.2

The effect of X-irradiation on the growth and chlorophyll concentration of
the P. catenata culture

In order to determine the effect of ionising radiation on the growth and photosynthetic
pigment characteristics of the P. catenata culture, the optical density at 600 nm
(OD600nm), cell counts and Chl-a concentration were monitored during and after the
cultures were subjected to 95 Gy (1 Gy min-1) of X-irradiation over a five day period
(Figure 5-2). The absorbance of P. catenata cultures was measured at 600 nm over a
period of 16 days (Figure 5-2a). There was a steady increase in the optical density
recorded over time for both the irradiated culture and the control. The control culture
started at an OD600nm of 0.16 and reached 2.92 by day 16 whilst the irradiated culture
started at a slightly lower OD600nm of 0.13 and reached 2.79 by day 16. The overall
absorbance measurements at 600 nm showed very similar trends indicating that the
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amount of biomass in the cultures was not significantly different. Since the cultures
contained other microorganisms in addition to P. catenata, direct cell counts were
carried out using a light microscope to ensure the trends seen in the turbidity
measurements reflected the proliferation of the cyanobacterium, with its characteristic
chain morphology (see Figure 5-7 for representative morphology, and Figure 5-2c for
cell counts). Observation of both irradiated and control cultures showed P. catenata
dominated the field of view, which supports the sequencing data that shows it to be the
most abundant organism in the culture. Both the irradiated and control cultures started
with around 8x106 cells mL-1 and showed an increase in cell numbers over time. By day
16 the average cell counts for the irradiated cultures were 31 % higher than those for the
control at 2.8x108 cells mL-1 and 2.2x108 cells mL-1, respectively. Interestingly the
filament lengths were comparable between the irradiated and control cultures, and by
day 16 the irradiated cells were more variable in their length compared to the controls.
Both the turbidity measurements and the cell counts show the same overall trends in
growth, with no significant difference between the two sets of cultures with either
measurement. The concentration of Chl-a, (Figure 5-2b), did not follow the same trend
as seen with the OD600nm values and the cell counts. The initial Chl-a concentrations
were 0.4 mg L-1 and 0.5 mg L-1 for the control and irradiated cultures, respectively. The
cultures showed similar increases in the Chl-a concentration at day 4 and up to day 8,
which was whilst the irradiation treatment was still being administered and the first 3
days post irradiation. The control cultures showed a continued increase in the Chl-a
concentrations recorded, with 7.8 mg L-1 measured on day 16. The Chl-a levels in the
irradiated cultures were lower, at day 16 a concentration of 2.6 mg L-1 was recorded,
which is ~66 % less than the control value. Normalisation of the Chl-a concentration to
cell number showed that by day 4, the concentration of Chl-a per cell increased in both
treatments and reached the maximum of 1.1 x10-4 μg L-1 cell-1 and 1.0 x10-4 μg L-1 cell-1
for the control and irradiated cultures, respectively (Supplementary figure 5-1). Both
sets of cultures showed a decline in the average Chl-a concentration per cell from day 8,
which plateaued towards the end of the experiment, with the irradiated culture
consistently showed significantly reduced concentrations of Chl-a per cell compared to
the control. At day 16 the values were 9.4 x10-6 μg L-1 cell-1 compared to 3.7 x10-5 μg L1

cell-1, for the irradiated and control cultures respectively. The pH of the unbuffered

cultures was monitored over the course of sampling period, both cultures started off at a
pH of 7.3 which increased to pH >10 by day 4. The pH of the irradiated culture (Figure
5-2d) started to decline after day 4 reaching pH 9.2 at day 16. The pH of the control
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sample increased to 10.8 at day 8 and then gradually reduced to 9.8 at day 16. The pH
of the irradiated culture is significantly lower than seen in the control culture.

Figure 5-2: Growth of the P. catenata culture with and without radiation treatment: a)
absorbance at 600 nm; b) chlorophyll concentration (μg L-1); c) mean cell counts of P.
catenata; d) pH. The grey panel indicated the period in which the irradiation treatment
was being administered. Red lines are irradiated samples; black lines are control samples.
Error bars are the standard deviation of three replicates.

5.4.3

Metabolic response of the P. catenata culture to X-irradiation determined
by FT-IR spectroscopy

FT-IR spectroscopy was utilised to obtain a metabolic footprint of the cultures, and to
determine if there were physiological changes associated with irradiation. A PCA score
plot of the data (Figure 5-3) displayed clear separation of the samples according to PC1,
which accounted for 88.6 % of the total explained variance (TEV). At day 4 both sets of
samples clustered together, indicating that whilst receiving the treatment there was no
significant difference between the cultures; by contrast, by day 8 there was clear
separation of the samples according to the PC2 axis. The control samples from day 8 to
16 form a tight cluster (in top left part of the PCA scores plot) which was distinct from
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the cluster at day 4. Interestingly the irradiated samples showed continued separation
over time according to PC1 (from left to right) with each time point clustering closely.

Figure 5-3: a) Principal component analysis scores plot of all the FT-IR spectroscopy data.
Circles represent the irradiated samples; triangles are control samples. Colour code: Redday 4; Blue- day 8; Green- day 12; and Purple day 16. TEV = Total Explained Variance

According to the PC1 loadings plot (Figure 5-4) the main vibrational regions that
contribute toward the separation of the samples included: 1655 cm-1 (amide I, C=O of
proteins and peptides) (Maquelin et al., 2002); 1545 cm-1 (amide II, combination of inplane N-H bending and C-N stretching (40%) of proteins, secondary structure of
protein) (Lu et al., 2010); 1153 cm-1 (stretching vibrations of hydrogen bonded C-O
groups; carbohydrates) (Pop et al., 2013; Simonova and Karamancheva, 2013); 1080
cm-1 (carbonyl groups in cell wall, glycopeptides; P=O stretching, P-O-C (P-O-P) of
phospholipids and esters) (Filip et al., 2008); 1024 cm-1 (C-O bending and stretching
typical of glycogen) (Lewis et al., 2010). The FT-IR spectra confirmed the PCA
findings, with clear variance in the baseline corrected spectra apparent, which became
more pronounced in the irradiated samples taken at the later time points (Supplementary
Figure 5-2). Over the course of the experiment the irradiated samples showed increased
spectral intensities from 1200-900 cm-1, which is indicative of an increase in total
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Figure 5-4: PC1 loading plot including the wavenumbers contributing to the shifts seen
across PC1

polysaccharides (Ellis et al., 2012; Naumann, 2000). Conversely, reduced spectral
intensities were apparent in the amide regions from 1750-1500 cm-1 which indicates that
there was a reduction in the total peptide content as the irradiated cultures age (Ellis et
al., 2012; Naumann, 2000). The total carbohydrate band heights at 1160, 1086, 1050,
and 1036 cm-1 were quantified and normalised by expressing them as a ratio to the lipid
band at 1740 cm-1, since there was no significant differences observed in this region. At
day 4, the ratio value at 1160 cm-1 (Figure 5-5) for the irradiated sample was 1.35 (s.d.
0.11) compared to 1.43 (s.d. 0.08) in the equivalent control sample, showing that there
was very little difference in the polysaccharide levels during the irradiation treatment.
The ratio value of the control samples did not vary much over the course of the
sampling period, reducing slightly to 1.26 (s.d. 0.07) at day 16 (a 12 % reduction). The
irradiated samples showed continued increases in the ratio value reaching 2.49 at day
16, which is a 1.85 fold increase from day 4. At day 16 there was a 1.97 fold increase in
the polysaccharide content of the irradiated samples compared the control. The
carbohydrate bands at 1086, 1050, and 1036 cm-1 all showed the same trend. The
largest fold change between the day 16 samples was observed at the 1036 cm-1 band,
which had a 2.69 fold increase in the irradiated samples.
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Figure 5-5: Ratio plot of carbohydrate absorbance peaks: a) 1036 cm-1; b) 1050 cm-1; c)
1086 cm-1; and d) 1160 cm-1 normalised to the lipid peak at 1740 cm-1 taken from FT-IR
data, grey boxes indicates samples taken whilst irradiation treatment was being
administered, bars are the means from 3 FT-IR spectra and error bars denote standard
deviation

5.4.4

Total carbohydrate concentrations

To investigate the FT-IR spectroscopy findings further, the total carbohydrate
concentrations in the day 4 and day 16 samples (OD600nm normalised to 15) were
determined (
Figure 5-6). At day 4, the concentrations were 0.13 and 0.10 μg mL-1 for the control and
irradiated samples, respectively. By day 16 the control sample had shown a slight
reduction in carbohydrate levels to 0.09 μg mL-1, which is in agreement with the ratio
plots taken from the FT-IR spectroscopy data. The irradiated samples showed an
increase to 0.26 μg mL-1 at day 16 (2.69 fold increase), which is also in agreement with
the FT-IR ratio plots. A comparison of the carbohydrate concentrations at day 16
showed a 2.96 fold increase in the concentration of the irradiated samples compared to
the control.
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Figure 5-6: Total cell carbohydrate concentrations measured using Sigma-aldrich kit,
samples include controls (C), and irradiated (X) at day 4 and 16, bars are mean from 3
measurements and error bars denote standard deviation

5.4.5

Fluorescent light microscopy determination of cell morphology and
polysaccharide staining

Calcofluor white stain was used to label β-linked polysaccharides associated with cells
in the culture, to determine if the changes seen in the FT-IR spectra and carbohydrate
analyses were due to upregulation of polysaccharides associated with cells of P.
catenata. The auto-fluorescence of P. catenata was also noted throughout the
experiment, which gave a qualitative assessment of the levels of photosynthetic
pigments in the cells/filaments. There was little difference in both the auto-fluorescence
and the binding of the calcofluor white stain to the P. catenata filaments in either the
control or the irradiated cultures whilst they were still receiving the treatment (day 4)
(Supplementary Figure 5-3 a & c). However, by day 16 the auto-fluorescence seen
across all of the P. catenata filaments in both treatments was more variable, with some
cells lacking fluorescence altogether (Figure 5-7 a & c). Interestingly, the cells that had
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been exposed to the irradiation treatment showed a greater degree of variability in the
auto-fluorescence levels, with a higher proportion of the irradiated cells showing
reduced fluorescence compared to the non-treated filaments. At day 4 the level of
fluorescence with the calcofluor polysaccharide stain was comparable between the
treated and non-treated cultures (Supplementary Figure 5-3 b & d). The non-irradiated
controls showed the same level of fluorescence with the calcofluor white stain at day 4
and day 16, indicating that the levels of β-polysaccharides remained largely similar over
time. The irradiated samples, however, showed increased levels of fluorescence of the
calcofluor white stain at day 16 compared to the control cultures, providing evidence
that P. catenata had higher levels of β-polysaccharides associated with the cell walls or
extracellular mucilage (Figure 5-7 b & d). Unwashed samples were also inspected
using the calcofluor white stain, and the non-irradiated cells showed low levels of
binding and fluorescence (Figure 5-7e). The stain was concentrated at the poles of the
unwashed non-irradiated cells where they were connected within the filament. The
unwashed irradiated cells showed the same elevated levels of fluorescence with the
calcofluor stain as the washed samples. The calcofluor stain was also bound to
extracellular material apparently associated with the unwashed irradiated P. catenata
filaments, localised at the points where the cells in the filaments were connected (Figure
5-7f). This suggests that the cells were potentially releasing materials into the
supernatant that contain β-polysaccharides, which was removed upon washing.
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Figure 5-7: Light microscopy of P. catenata filaments at day 16: a-d were washed twice
with normal saline [0.9 g L-1 NaCl] a) auto-fluorescence of control culture; b) calcofluor
white stained control culture; c) auto-fluorescence of irradiated culture; d) calcofluor
white stained irradiated culture; e) calcofluor white stained unwashed control culture; and
f) calcofluor white stained unwashed irradiated culture. AF= autofluorescence; Calc=
calcofluor white stain.
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5.5 Discussion
The FGMSP spent nuclear fuel pond located on the Sellafield site is colonised by
microorganisms that are diverse in their metabolic capabilities, including the potential
to drive primary colonisation by photosynthesis. During a microbial bloom in August
2016, a cyanobacterium belonging to the genus Pseudanabaena was seen to dominate
the community (Research chapter 4: The microbial ecology of a high pH spent nuclear
fuel pond on the Sellafield site). This study investigated the effect of X-irradiation on
the growth and metabolism of a non-axenic culture of P. catenata. 16S rRNA gene
sequencing revealed the presence of five OTUs within the P. catenata culture, which
were consistent with genera identified in the SNFP, making this culture an ideal
representation of the pond community for use in laboratory studies. The levels of
radiation associated with the legacy SNFP are significant, Jackson et al. (2014) reported
doses of 5.65 Gy h-1 associated with sludge and 0.15 mGy h-1 with the pond liquor, but
the activity is also dynamic, with the consistent purging of water and in pond activities
changing the radiation flux that the microorganisms are likely to be in contact with. This
is the first study to our knowledge assessing the effect of radiation on a mixed microbial
culture representative of the microorganism community found in a high pH and
significantly radioactive legacy SNFP and at relatively representative doses, over
consecutive days.
Collectively the results of our experiments show that whilst the irradiation treatment
was being administered to the culture there were no visible phenotypic differences
observed when compared to the control cultures. This suggests that the entire culture,
including all microorganisms present, was able to tolerate the dose of radiation
administered. Differences between the two treatments only became apparent during the
post-irradiation recovery period, and became more pronounced over time.

The

estimation of total biomass by the OD600nm and cell counts were the only measurements
that remained comparable between the two treatments. Perhaps surprisingly, although
the cell counts of P. catenata increased over time, the recorded Chl-a concentrations did
not increase in line with cell numbers. Inspection of the auto-fluorescence at day 16
when the differences were greatest showed varied levels of fluorescence across
filaments. This suggests that within a filament of P. catenata cells were showing
different levels of photosynthetic potential/activity. The differences between the Chl-a
concentrations, the cell numbers and absorbance readings suggest that the proportion of
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photosynthetically active P. catenata cells was much lower than those contributing to
the total biomass data. A study by Sigee et al. (Sigee et al., 2007) highlighted that
estimations of total abundance of cyanobacterial populations might be misleading as
some organisms are at different stages of growth and may be in a senescent state. Thus,
the increase in cell numbers predicted by the optical density measurements may be
misleading, and do not match the number of viable and actively dividing cells.
Previous studies investigating the effect of ionizing radiation on axenic cultures of
cyanobacteria have reported similar drops in chlorophyll concentrations but after much
higher doses from a

60

Co-gamma radiation source. El-Fatah Abomohra et al. (2016)

reported up to a 25 % reduction in the chlorophyll concentrations of Arthrospira
platensis 15 days after exposure to 2.5 kGy of radiation. This coincided with a reduction
in total biomass production by 34 %. At lower doses of 1 and 1.5 kGy no recorded drop
in biomass was reported however chlorophyll concentrations were reduced by 8 and 12
% respectively. The effects of irradiation treatments on chlorophyll production is varied,
however, as Badri et al. (2015) reported no significant impacts on chlorophyll when
exposing Arthrospira cultures to similar doses used by El-Fatah Abomohra et al.
(2016). The authors reported a reduction in the antenna pigments allophycocynanin and
phycocynanin in addition to an increasing lag phase in growth as the dose of radiation
increased. Anabaena cultures exposed to gamma irradiation showed bleaching of their
pigments immediately after exposure to 6 kGy, with a 42.5 % reduction in Chl-a
concentration. However, all cultures were able to recover following irradiation although
longer lag phases were observed at higher doses (Singh et al., 2013). Several studies
have reported that low doses of ionizing radiation can stimulate the growth of
cyanobacteria, for example Wang et al. (1998) demonstrated this with an Arthrospira
spp. at 500 kGy, whilst several studies report the enhanced growth of a Synechococcus
spp. at dose rates of 20 mGy y-1 (Conter et al., 1984; Conter et al., 1986). The
stimulatory effect of lower chronic doses of ionizing radiation could offer a plausible
explanation for the continued increase in cell numbers despite the drop in Chl-a
concentration and auto-fluorescence in P. catenata. These studies show that the effect of
radiation can be varied and that photosynthetic pigments are affected but the dose at
which this is observed is variable between species.
The collected FT-IR spectral data, ratio plots, total cell carbohydrate concentrations and
calcofluor white staining all show an overall increase in carbohydrate production
overtime in the irradiated cultures. From the FT-IR spectra it is not possible to
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determine which organisms are responsible for the differences observed, as the
interrogation beam has a diameter of ~1 mm and so measures the whole microbial
community. The wavenumbers contributing to the shifts seen in the PCA scores and
loadings plots indicate that there are potentially changes associated with intracellular
and extracellular polysaccharides. The wavenumber 1024 cm-1 is indicative of glycogen
which is a common storage molecule in cyanobacteria and some bacteria. Nutrient
stress has been shown to result in increased storage of glycogen in Synechococcus
species, however this coincides with a reduction of growth (Klotz et al., 2016), which is
not observed in the current study. Calcofluor white stain is commonly used to identify
the presence of chitin, a β-polysaccharide found in fungal cell walls, but it is also used
to stain a variety of β-polysaccharides (Anderson et al., 2010; Dunker et al., 2017). In
our study, the calcofluor white stain was associated with the outer surface of the P.
catenata cells, suggesting that there is an increase in β-polysaccharides associated with
either; the cell wall, membrane or extracellular polymeric substances (Singh et al.,
2013). It should be noted that low doses of gamma irradiation (0.5-1.5 kGy) have been
shown to result in the increased production of carbohydrates in Arthrospira spp. in
another study (El-Fatah Abomohra et al., 2016). It is thought that the polymeric
substances provide an array of functions including increasing cell buoyancy, binding
metals, accumulating nutrients, aggregation of cells to one another, the formation of
biofilms on surfaces and a barrier to protect against environmental stress (Gao et al.,
2015; Nobles et al., 2001; Xu et al., 2013). It is not known whether the microorganisms
in the legacy SNFP produce such polymeric substances; however the similarities
between the community profile in the pond and the culture used in this study suggest
that this is feasible and warrants further investigation. The increased production of
polysaccharide/ polymeric substances by organisms in the pond could provide a
mechanism to protect microorganisms from the damaging effects of reactive oxygen
species (Gao et al., 2015).
The presence of polysaccharides or polymeric substances associated with the
microorganisms could have implications for the fate of radionuclides in the pond and
downstream processes. Cationic metals are able to adsorb to negatively charged
functional groups on the surfaces of the microorganisms and polysaccharide containing
mucilage of some cyanobacteria (Decho and Gutierrez, 2017; Gadd, 1990; Gadd, 2009;
Javanbakht et al., 2014). Extracellular polymeric substances also have the ability to trap
organic and inorganic colloids and nanoparticles, which are thought to be present in the
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pond (Decho and Gutierrez, 2017; Maher et al., 2016; Neil et al., n.d.). The same
experimental set-up described in this study was used recently to investigate the
interaction of

90

Sr with the cell free medium from irradiated and control cultures

(Ashworth et al., 2018). All of the

90

Sr remained in solution when it was added to the

cell free medium from the control cultures, whilst the irradiated samples resulted in the
removal of approximately 10 % of

90

Sr from solution. Analyses of the supernatants

showed higher total carbon levels in the control cultures (324 mg L-1) compared to the
medium from the irradiated cultures (162 mg L-1). The lower levels of TOC in the
irradiated medium is surprising, particularly as the calcofluor staining presented in this
study indicates the presence of extracellular material in unwashed samples which are
not present following centrifugation and washing. The reduced TOC in the medium
from the irradiated cultures suggests that irradiated medium either has modified
functional groups which better facilitate interactions with

90

Sr or that the irradiation

treatment has resulted in the secretion of additional metabolites not present in the
control samples. As noted by Ashworth et al. (2018) the level of interaction although
being low is worth exploring further, as is the interaction of Sr in the presence of the
microorganisms in the culture.
This study provides an insight into broad scale changes in the metabolism of a microbial
community dominated by P. catenata in response to doses of irradiation. The metabolic
responses revealed by FT-IR are representative of a culture-wide response, and cannot
be attributed to an individual organism. P. catenata specific responses were observed
with the decline in photosynthetic pigments, whilst the calcofluor staining showed some
of the changes observed in the polysaccharide levels could be attributed to this
organism. Previous irradiation studies have looked at the effect of ionising radiation on
axenic cultures of cyanobacteria at significantly higher doses. Whilst these are useful
for understanding the specific responses of microorganisms to radiation treatment, they
are not representative of this type of engineered system. The microorganisms in the
pond exist as part of a community structure, and response of individual members is
likely to influence the behaviour of others. Whilst it is not possible to know whether the
responses of the microorganisms in the pond community are the same as seen in this
experiment, the study does provide possible signatures to look for when further
investigating the pond community. FT-IR spectroscopy would be a useful tool to
investigate broad scale changes in the metabolic state of the pond community, as it is
neither time nor labour intensive to generate results. Further work is required to better
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understand the responses reported in this study. The utilisation of metabolomics
techniques on cell extracts and spent medium could provide further information on the
activity of different metabolic pathways and metabolite levels that support such resistant
mechanisms. In addition transcriptomic or proteomic techniques could provide an
insight into changes in gene expression, for example during the period of irradiation
treatment where no perceivable differences were observed in this study. The reduced
absorbance of the amide peaks in the FT-IR spectra have not been explored in this
study, however, studies on the gene expression could provide insights into which
proteins are responsible for the shifts seen. Additional work to characterise the culture
medium and the polysaccharides using more in depth metabolomics methods based on
LC-MS is required to determine more specifically what metabolic changes are occurring
as part of the post-irradiation recovery process.
The legacy SNFP on the Sellafield site is currently being decommissioned, which
involves amongst other things the removal of waste stored in the pond. In order to
safely and efficiently carry out routine pond operations, visibility within the pond must
be maintained. The presence of microorganisms in the pond has the potential to reduce
visibility and cause delays in the on-site operations, particularly during microbial bloom
events. Whilst the microbial community has been described recently (see Research
chapter 4: The microbial ecology of a high pH spent nuclear fuel pond on the Sellafield
site), little was known about the survival mechanisms the organisms used to colonise
the pond. The results presented in this study provide clear insight into the adaptive
response of a P. catenata dominated culture to doses of X-irradiation. The identification
of increased cell polysaccharide levels is of importance since elevated polysaccharide
levels could affect the behaviour and fate of key radionuclides present in the pond
(Gadd, 1990). High levels of polysaccharide containing material could be supporting the
growth of the heterotrophic microbial community whilst also providing the
microorganisms with a protective barrier against the environment (Song et al., 2016).
Analysis of microbial communities inhabiting SNFPs so far, indicate that the
communities are specific to individual ponds. Recently the dominant algae species
causing microbial blooms in a near neutral pH SNFP on the Sellafield Ltd. site, was
shown to synthesize large quantities of the carotenoid astaxanthin, which is known to
have antioxidant properties (MeGraw et al., 2018). The research carried out in this study
and that of McGraw et al. (2018) indicate that the adaptive response of the microbial
communities is unique to the specific microorganism and the SNFP that they have
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colonised. A greater understanding of the microbial responses to the radiation they
encounter in the legacy pond will help to optimise control strategies used on site to
control the microbial load in the pond and prevent blooms occurring during the planned
decommissioning of the FGMSP over the next 20+ years. This study also provides
further information about the response of microorganisms to doses of ionizing radiation
that have not previously been studied, but which are relevant to critical engineered
environments, including a wider range of nuclear facilities worldwide.
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5.8 Supplementary material

Supplementary figure 5-1: Chlorophyll-a concentration (μg L-1) normalised to average cell
number. Grey box indicated period where irradiation treatment was being administered.
Error bars denote standard deviation of three replicates
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Supplementary Figure 5-2: Average absorbance FT-IR spectra, with zooms of important spectral features. X denotes irradiated samples and C denotes
control samples. T1= day 4; T2= day 8; T3= day 12; and T4= day 16
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Supplementary Figure 5-3: Light microscopy of P. catenata filaments at day 4 after
washing in normal saline: a) autofluorescence of control culture; b) calcofluor white
stained control culture; c) autofluorescence of irradiated culture; and d) calcofluor white
stained irradiated culture. AF= autofluorescence; Calc= calcofluor white stain.
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6.1 Abstract
A non-axenic culture of Pseudanabaena catenata, representative of the bloomforming cyanobacterium found in a high pH legacy Spent Nuclear Fuel Pond (SNFP)
at the Sellafield Nuclear Facility, was supplemented with 1 mM of SrCl2, to
determine its effect on the fate of Sr. The addition of Sr to the P. catenata culture
resulted in ~16 % reduction in the overall growth of the culture (OD600nm) and a 21
% reduction in the concentration of chlorophyll-a (Chl-a) compared to those without
Sr. The fate of Sr was assessed using a multi-technique approach. Inductively
coupled plasma atomic emission spectroscopy (ICP-AES) showed that virtually all
of the Sr was removed from solution, while extracellular Sr-enriched biomineral
precipitates were detected using transmission electron microscopy (TEM) analysis,
which were shown to contain Sr, Ca and S using energy-dispersive X-ray
spectroscopy (EDS) analysis. In addition, intracellular P-containing electron-dense
features, likely to be polyphosphate (polyP) bodies, were associated with the P.
catenata cells and contained low levels of Sr. Bulk analysis of the cultures by X-ray
diffraction (XRD) showed the presence of Ca containing strontianite (Sr(Ca)CO3),
whilst extended X-ray absorption fine-structure spectroscopy (EXAFS) analysis
showed the presence of SrPO4 minerals. The presence of Sr associated with
intracellular polyP was unexpected, and contrasts with other model photosynthetic
systems in the literature that have highlighted carbonate biominerals as the dominant
sink for Sr. Understanding the fate of freely available Sr within microorganisms
associated with SNFPs is crucial to understanding the fate of radioactive 90Sr in such
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extreme environments, and could also suggest a potential remediation strategy for
treatment of 90Sr contaminated waters from SNFPs and also in contaminated aquatic
systems.

6.2 Introduction
The generation of energy by the nuclear industry has resulted in the production of
significant levels of radioactive spent fuel and other radioactive waste (Crossland,
2012; Wilson, 1996). Despite efforts to contain these radioactive materials,
accidental releases have occurred, for example the accidents associated with the
nuclear reactors at the Chernobyl (Ukraine) and Fukushima (Japan) sites (Fukuda et
al., 2014; Krejci et al., 2011). The release of radionuclides into the environment
requires effective remediation strategies to be employed to minimize their transport
and any harmful effects. There has been a lot of interest in the potential use of
microorganisms in cost-effective and efficient remediation strategies, since they are
ubiquitous in the environment and have a diverse range of metabolic capabilities
(Blanco-Rivero et al., 2005; Pikuta et al., 2007). A wide range of microorganisms,
including bacteria, cyanobacteria, eukaryotic algae and fungi are known to influence
the uptake of radionuclides by either metabolism-independent or dependent
mechanisms (Gadd, 1990).
Of particular interest is the removal of fission products, such as

137

Cs and 90Sr from

aquatic environments, since they are not only radioactive but also bioavailable, as
analogues for K+ and Ca2+, respectively (Brookshaw et al., 2012; Fukuda et al.,
2014; Simonoff et al., 2007). The ability of microorganisms to influence the fate of
these key fission products has been demonstrated, for example with high levels of
137

Cs uptake by the eukaryotic microalgal species Coccomyxa actinabiotis

(Rivasseau et al., 2013). The fate of

90

Sr appears to be strongly linked to Ca

behaviour with, for example, co-association with carbonate minerals that can
precipitate out of solution or adsorb to surfaces (Fukuda et al., 2014; Kang et al.,
2014; Lauchnor et al., 2013). In addition Sr is known to interact with phosphate, for
example it can sorb to the surface of hydroxyapatite [Ca5(PO4)3(OH)] and can be
removed from solution in the presence of glycerol 2-phosphate (Handley-Sidhu et
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al., 2014). The majority of carbonate mineral formation is thought to occur as
extracellular precipitates that can adsorb to a variety of surfaces including clays and
extracellular features of microorganisms (Chiang et al., 2010; Gadd, 1990; SchultzeLam and Beveridge, 1994). Strontium carbonate formation has recently been shown
to occur intracellularly in a small number of microorganisms including the desmid
green algae Closterium moniliferum, and more recently some cyanobacteria species,
e.g. Candidatus Gleomargarita lithophora (Cam et al., 2015; Cam et al., 2016;
Krejci et al., 2011; Couradeau et al., 2012). Li et al., (2016) observed that traditional
electron microscopy methods used to prepare microbial cells for examination of
ultrastructure and sites of metal accumulation, can result in the removal or distortion
of such features, and therefore give a false account of intracellular carbonate
biomineralisation. It is therefore likely that the number of microbial species which
are identified as being capable of forming such intracellular carbonate minerals will
increase with improvements in preparation techniques.
In the UK, legacy waste from Magnox reactors, a type of gas-cooled nuclear reactor,
has been stored in the First Generation Magnox Storage Pond (FGMSP). The
FGMSP is an open air spent nuclear fuel pond (SNFP) on the Sellafield site
(Cumbria, UK), since the late 1950s (Sellafield, 2014; Wilson, 1996). Magnox
reactor fuel consisted of unenriched uranium metal clad in a magnesium nonoxidising (Magnox) alloy, which both have low chemical stabilities in water
(Gregson et al., 2011a; Jackson et al., 2014). The Magnox fuel was originally
intended for reprocessing, but in some cases has been stored in the Spent Nuclear
Fuel Pond (SNFP) for considerably longer than anticipated, which has led to
extensive corrosion of the MAGNOX cladding and fuel (Jackson et al., 2014). As a
result of fuel corrosion, the pond has significant levels of radiation associated with
the corroded spent nuclear fuel (NDA, 2016), pond effluent, and radioactive sludge
(Gregson et al., 2011a; Gregson et al., 2011b; Jackson et al., 2014), of which a
major constituent is brucite (Mg(OH)2) (Ashworth et al., 2018). In addition to the
radioactive inventory, the pond is open to the air and so it is subject to an influx of
carbon, nitrogen and environmental debris (Gregson et al., 2011a; Gregson et al.,
2011b; Jackson et al., 2014). The pond is continuously purged with alkaline dosed
demineralised water at alkaline pH (~11.5), which provides thermal cooling whilst
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minimizing any further corrosion to the fuel (Gregson et al., 2011a; Gregson et al.,
2011b; Jackson et al., 2014).
Despite the extreme conditions of high pH and significant radioactivity,
microorganisms are known to colonise the pond, with exponential growth periods
observed and reported as algal blooms (Gregson et al., 2011a; Gregson et al., 2011b;
see Research chapter 4: The microbial ecology of a high pH spent nuclear fuel pond
on the Sellafield site). Recently the microbial community of the pond has been
investigated over a three year period including during a bloom event in August 2016
(see Research chapter 4: The microbial ecology of a high pH spent nuclear fuel pond
on the Sellafield site). The pond community of background water samples was
shown to be dominated by Proteobacteria, with photosynthetic or hydrogenmetabolising capabilities present in abundant members of the population. During the
August 2016 bloom event, the cyanobacterium, Pseudanabaena catenata (see
Research chapter 4: The microbial ecology of a high pH spent nuclear fuel pond on
the Sellafield site) was the most abundant organism detected, making up ~30 % of
the 16S rRNA genes sequenced in water samples. Despite its presence in a range of
other environments and in algal blooms (Acinas et al., 2009; Zhu et al., 2015), there
is little information in the scientific literature about the ecology of this filamentous
cyanobacterium, and its impact on radionuclide speciation.
The legacy SNFP is currently undergoing decommissioning as a high priority. This
includes waste retrieval operations and more recently the removal of the radioactive
sludge (Sellafield, 2014). It is important to understand the potential fate of key
radionuclides in the pond during these plant operations, to ensure that they are safely
managed and processed.

90

Sr is present at low but significant levels, and is both

highly active and potentially very soluble, and thus needs to be considered carefully
during effluent processing and discharge (Ashworth et al., 2018). The purpose of this
investigation was to determine the fate of Sr in the presence of microorganisms
representative of those in the FGMSP system, namely a mixed laboratory culture
dominated by P. catenata, which is considered a good model for the pond
community (Research Chapter 5: The effect of X-irradiation on the growth and
metabolic status of Pseudanabaena catenata). This study also aimed to determine if
intracellular Sr-containing minerals could be formed by this species of
cyanobacterium. Here we demonstrate that in the presence of an actively growing P.
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catenata culture, Sr forms both (Sr,Ca)CO3 and SrPO4 minerals. Interestingly, Sr
could be observed by TEM and EDS analysis in association with the electron dense
intracellular features containing P, thought to be polyphosphate (polyP) bodies.
Understanding the interactions between Sr and the P. catenata culture provides an
insight into the potential fate of Sr in the pond and may provide potential
remediation strategies in other 90Sr contaminated aquatic sites.

6.3 Methods
6.3.1 Culturing of Pseudanabaena catenata with Sr
Experiments were set up to investigate the interaction and fate of Sr with a
cyanobacterium, P. catenata, which has been identified in a legacy SNFP on the
Sellafield Ltd. site. Control measures in place at the Sellafield Ltd. site for the legacy
SNFP prevented the isolation and culturing of microorganisms directly from pond
water. A photosynthetic culture dominated by P. catenata, which is the closest match
to the species identified in the pond, was obtained from the NIVA Culture Collection
of Algae (NIVA-CYA 152), Norway. Whilst an axenic culture could not be sourced,
previous 16S rRNA gene sequencing revealed that of the 9 operational taxonomic
units (OTUs) identified in this culture, 5 were affiliated with genera identified in the
legacy SNFP (Research Chapter 5: The effect of X-irradiation on the growth and
metabolic status of Pseudanabaena catenata). The P. catenata culture used was
therefore considered representative of the pond community.
Cultures were set up by inoculating P. catenata into 30 mL of unbuffered BG11
medium (Culture Collection of Algae and Protozoa) to a starting optical density (600
nm) of 0.2. Three biological replicates were spiked with SrCl2 (Sigma-Aldrich)
solution to a final concentration of 1 mM. The concentration of Sr used in this
experiment is significantly higher than observed in the pond, the higher
concentration was used to make the detection of any minerals easier. A further three
identical cultures were set up with sterile deionised water used to adjust the total
volume in line with the Sr-containing cultures, to assess the impact of Sr on the
growth of the culture. All cultures were incubated at 25 ±1 °C, and shaken at 100
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rpm in a light incubator with a photon flux density of 150 μmol m-2 s-1, with a 16:8 h
light-dark cycle (supplied by cool fluorescent daylight lamps). Sterile controls were
also set up using 30 mL BG11 medium with 1 mM SrCl2 to determine the effect of
abiotic versus biotic processes.

6.3.2 Optical density, chlorophyll-a concentration, and pH
measurements
In order to determine whether the addition of Sr affected the growth of P. catenata,
optical density, chlorophyll-a (Chl-a) concentration and pH measurements were
taken at selected time points throughout the experiment.

All absorbance

measurements were carried out on 1 mL samples using a Jenway 6700 UV/Vis
spectrophotometer (Bibby Scientific Ltd, Staffordshire, UK). The growth of the P.
catenata culture was assessed by measuring optical density at 600 nm (OD600nm) to
indicate the total biomass present in the cultures. The concentration of Chl-a was
determined using the same samples as used for the OD600nm measurements, as
described in Research Chapter 5: The effect of X-irradiation on the growth and
metabolic status of Pseudanabaena catenata. Briefly, the cells from a 1 mL sample
were pelleted by centrifuging at 14,000 g for 10 min and the supernatant was
discarded. The cells were re-suspended in 1 mL of 70 % ethanol and left in the dark
at room temperature for 2 h. The samples were centrifuged for a further 10 min at
14,000 g, and the absorbance of the supernatant was recorded at 665 nm (Chl-a) and
750 nm (turbidity correction). The concentration of Chl-a was calculated using the
formula as set out by Jespersen and Christoffersen (1987). pH measurements were
made using a calibrated FiveEasyPlus pH Meter (Mettler Toledo Ltd, Leicestershire,
UK).

6.3.3 Assessment of Sr behaviour
The fate of Sr in the presence of the P. catenata culture was determined using a
range of analytical techniques.
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6.3.3.1 Inductively coupled plasma atomic emission spectroscopy (ICP-AES)

The concentration of soluble Sr in the culture medium was measured by inductively
coupled plasma atomic emission spectrometry (ICP-AES, Perkin-Elmer Optima
5300 dual view) using a matrix-matched serially diluted Specpure multielement
plasma standard solution 4 (Alfa Aesar) for calibration. Briefly, a 600 μL sample
was centrifuged at 14,000 g for 10 min, 500 μL of supernatant was added to 9.5 mL
of 2 % nitric acid prior to analysis.

6.3.4

Electron Microscopy

In order to image any Sr minerals formed during the experiment and their potential
interactions with P. catenata (and other associated microorganisms present in the
culture), electron microscopy was carried out on non-fixed samples. Samples (1 mL)
were taken after 20 days of incubation for analysis by transmission electron
microscopy (TEM). The samples were washed twice in sterile demineralised water
(centrifuged 10 min at 14,000 g). For TEM analysis, 2 μL of the washed cell
suspension was dropped onto a copper TEM grid with a carbon film (Agar Scientific,
Essex, UK) and allowed to dry at room temperature. The samples were assessed
using a FEI Tecnai T20 LaB6 Transmission Electron Microscope operating at 200
kV equipped with an Oxford XMax EDS detector. The images were captured with
Gatan Digital Micrograph whilst the EDS data analysis was performed using Oxford
INCA software.

6.3.4.1 X-Ray Diffraction (XRD)

An aliquot of culture containing Sr was centrifuged to pellet the cells, the
supernatant was discarded, and the cell pellet was spread evenly over a glass slide
and allowed to dry. The sample was then analysed by XRD to identify any
crystalline Sr-containing minerals present. Measurements were carried out on a
Bruker D8 Advance diffractometer, equipped with a Gӧbel Mirror a Lynxeye
detector. The X-ray tube had a Cu source, providing Cu Kα1 X-rays with a
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wavelength of 1.540 Å. The sample was scanned from 5-70 ° 2θ, with a step size of
0.01 ° and a count time of 1.5 s per step. The resultant patterns were evaluated using
EVA version 4, which compares experimental data to standards from the ICDD
(International Centre for Diffraction Data) Database.
6.3.4.2 Extended X-ray absorption fine structure (EXAFS)

The coordination environment of Sr in the solid phase was analysed using X-ray
absorption spectroscopy (XAS). Samples were prepared for XAS by removing the
solid phase after 20 days from the culture media by vacuum filtration and then
diluting with cellulose to form a pellet with approximately 1 % Sr loading. Sr Kedge spectra (16115.26 keV) were collected in transmission mode on Beamline B18
at the Diamond Light Source, Harwell, using a liquid nitrogen cooled cryostat.
Multiple scans were averaged, calibrated, background subtracted and normalised
using ATHENA (Ravel and Newville, 2005). ARTEMIS was then used to fit
extended X-ray absorption fine structure (EXAFS) spectra to determine the
coordination of Sr in the solid phase (Ravel and Newville, 2005). Shells were only
included in the fit if they made a statistically significant improvement to the model
fit as determined by the F-test (Downward et al., 2007).

6.3.5 PHREEQC modelling

All speciation and saturation thermodynamic calculations were performed using the
United States Geological Survey thermodynamic speciation code PHREEQC
Interactive (3.3.7) using the Andra Specific Interaction Theory (SIT)- database
(ThermoChimie v.9.b0 August 2015version 3.4.0. The theoretical behaviour of Sr in
BG11 medium was predicted at pH 7.2 and 10.
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6.4 Results
6.4.1

The effect of Sr on the growth of the P. catenata culture

In order to determine whether the addition of Sr had any effect on the growth of the
P. catenata culture, the optical density and the concentration of Chl-a of the cultures
were measured. Measurements were taken over a period of 20 days. Both the control
and Sr-containing cultures showed a steady increase in absorbance over the 20-day
sampling period as expected, when inoculated with an actively growing culture
(Figure 6-1a). The two sets of treatments started with approximately the same
OD600nm measurements of 0.21 for the Sr-containing cultures compared to 0.22 in the
Sr-free controls. The culture containing Sr grew at the same rate as the control until
day 12, indicating that the addition of the Sr did not inhibit growth during this
period. The cultures reached their highest optical densities at day 20 at 2.49 and 2.10
for the control and Sr-containing cultures respectfully. Assessment of the OD600nm
measurements at day 20, using a one-way ANOVA test, shows that there was a
significant difference between these measurements (P-value 0.01, F-ratio 15.3). This
indicates that at the end of the sampling period the Sr had a measurable inhibitory
effect on the final growth yields of the P. catenata culture compared to the control.
In addition to the OD600nm measurements, the concentration of Chl-a was measured
to give an indication of the photosynthetic biomass of the cultures (Figure 6-1b). The
cultures started off with Chl-a concentrations of 0.66 mg L-1 and 0.60 mg L-1 for the
control and Sr-containing cultures respectfully. Both sets of cultures showed a
continuous increase in the concentration of Chl-a, and were not significantly
different for the first 12 days of the experiment. At day 20 the concentrations
recorded were 8.0 mg L-1 in the control and 6.3 mg L-1 in the Sr-containing cultures,
which represents a 21 % reduction in Chl-a levels between the two treatments. The
differences seen between the two treatments at day 20 are significant according to a
one-way ANOVA test (P-value 0.04, F-ratio 9.4). The reduction in the Chl-a
concentrations are consistent with the reduction seen in the OD600nm measurements
indicating that this is likely to be a consequence of reduced biomass. The pH of the
cultures was not controlled externally during the course of the experiment, allowing
for natural shifts as a result of the photosynthetic activity of P. catenata. The pH
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started at 7.5 and 7.6 in the control and Sr-containing cultures respectfully (Figure
6-1c). By day 5 the pH had risen to 9.3 (control) and 9.7 (Sr-containing) and
remained relatively consistent over the remaining sampling period. The pH of sterile
BG11 medium with Sr remained stable over the same experimental period (data not
shown), which confirms that that the increase in the pH is driven by photosynthesis
(Jin et al., 2005; López-Archilla et al., 2004).

Figure 6-1: Growth curves of P. catenata with and without the addition of Sr: a) optical
density at 600 nm; b) Chl-a concentrations (μgL-1); c) pH; d) percentage of Sr in
solution measured by ICP-AES. Error bars are the standard deviation of 3 replicates.

6.4.2 Sr removal from solution

In order to determine the amount of Sr in solution, ICP-AES was used to measure
the concentration of Sr throughout the study (Figure 6-1d). At day 8, 13.5 % Sr was
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removed from solution. In the next 4 days a further 65.3 % was removed from
solution and by day 20 only 0.46 % of the total Sr added remained soluble. The
largest reduction in soluble Sr concentrations coincided with the maximum pH
measurements recorded. In contrast a maximum of 20 % of Sr was insoluble in
sterile BG11 medium controls (Supplementary Figure 6-1), indicating the large-scale
removal seen in this study was microbiologically driven.

6.4.3

Sr speciation and saturation calculations

Thermodynamic modelling of 1 mM Sr in BG11 medium was carried out to identify
the products that could precipitate with Sr under our experimental conditions
(Supplementary Table 6-1). The modelling indicated when the BG11 medium was
held at a pH of 7.2, Ca and Sr metal phosphate phases were over saturated,
suggesting precipitation was possible. When the modelling was repeated at pH 10,
the saturation indices log10(ion activity/solubility product) for the metal phosphates
phases increased, indicating that precipitation was more favourable. The
thermodynamic calculations at the elevated pH (10) suggested that carbonates such
as strontianite (SrCO3) were oversaturated. The concentration of PO43- and CO32- in
BG11 medium was 0.23 mM and 0.19 mM, respectively.

6.4.4 Determining the fate of Sr in the P. catenata culture

6.4.4.1 Electron Microscopy analysis

TEM was used to analyse samples from both the Sr-containing (and control cultures)
to determine where the Sr was located and if it was associated with the
microorganisms. The samples were washed twice with sterile demineralised water
and air dried prior to analysis. Cells were clearly visible in both sets of samples, with
the distinctive P. catenata filaments clearly visible (~ 1 μm x 5 μm). In both sets of
samples P. catenata cells displayed circular electron dense features, which
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frequently occurred centrally down the length of the filaments (Figure 6-2a and
Supplementary Figure 6-2). EDS analysis of these features commonly identified the
presence of phosphorus, suggested that these features could be polyP bodies. In
addition low levels of calcium could be detected in association with these features.
Sr could also be detected with phosphorus, indicating that the Sr detected could be
intracellular (Figure 6-2). Sr could not be detected in other regions of the cells
(Supplementary Figure 6-3), indicating that any Sr that is taken up by the cells was
localised with the P-containing features. The micrographs also showed the
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Figure 6-2: TEM images and EDS data taken from samples of P. catenata cultures incubated with SrCl2 at day 20, washed twice. EDS data corresponds to
the numbers on TEM images, site of scans indicated by red circle. All scale bars represent 2 μm.
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presence of Sr-containing minerals which appeared to be extracellular but were still
associated with the microorganisms (Figure 6-2: A1 and B3). EDS analysis of the
extracellular minerals showed the presence of Sr, Ca and S in different proportions.

6.4.4.2 X-ray diffraction (XRD) characterisation of Sr biominerals

The remaining P. catenata culture that contained Sr was analysed using XRD to
identify any crystalline minerals that had been formed during the course of the study.
The results of the scan indicated the presence a carbonate mineral which was
comprised of Sr and Ca in a ratio of 0.85 : 0.15 (Figure 6-3).

Figure 6-3: XRD analysis of a bulk sample of P. catenata culture incubated with Sr.
Red dots indicate the presence of calcian strontianite [(Sr 0.85, Ca 0.15) (CO3)]
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6.4.4.3

EXAFS analysis of Sr minerals

The speciation and coordination environment of Sr in the biominerals was analysed
using X-ray absorption spectroscopy. K-edge X-ray absorption near-edge
spectroscopy (XANES) and EXAFS spectra were collected on Sr in the solid phase.
XANES spectra for all samples showed a single peak consistent with a 9 fold
coordination environment with no evidence for 6 fold coordination observed in Sr
substituted calcite (Thorpe et al., 2012a; Thorpe et al., 2012b). Modelling of the
EXAFS as outer sphere sorbed Sr with a single shell of 9 oxygen atoms at a distance
of 2.6 Å provided a satisfactory first fit, however there were features between 3.2
and 3.6 Å in the Fourier Transform that were not resolved with this simple model
(Figure 6-4). Further refinement of the the EXAFS modelling was informed by the
relevant literature on Sr mineral formation (Bazin et al., 2014; Handley-Sidhu et al.,
2014; Thorpe et al., 2012b). The best fit was obtained when Sr was modelled to be
incorporated into a phosphate mineral, with a shell of 1.8 P scattering paths at 3.2 Å
and 1 Sr scattering path at 3.48 Å. These bond lengths are consistent with Sr
substituted into hydroxyapatite-like nanoparticulate phases seen in previous literature
(Bazin et al., 2014; Handley-Sidhu et al., 2014).

Interestingly, as XRD data

suggested some measurable fraction of the Sr was present in a crystalline strontianite
phase, the EXAFS data were also modelled as SrCO3, however this did not yield a
realistic fit. This suggests the bulk of the Sr is associated with hydroxyapatite-like
phases, consistent with observations from TEM that the polyP structures had Ca, Sr
and P co-located.
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Figure 6-4: Sr K-edge EXAFS experimental data (black line). Theoretical best fit (red
line) calculated using Artemis (Ravel and Newville, 2007)

6.5 Discussion

The First Generation Magnox Storage Pond (FGMSP) situated on the Sellafield site
contains a significant inventory of fission products, including 90Sr. This current study
investigates the fate of Sr when incubated with non-axenic culture of P. catenata,
representative of the microbial community detected in a microbial bloom in the pond
on August 2016 (see Research chapter 4: The microbial ecology of a high pH spent
nuclear fuel pond on the Sellafield site). This is the first study to our knowledge,
which investigates the fate of Sr on a mixed microbial community relevant to the
microbial ecology of a high pH legacy SNFP.
Collectively the results of our experiments show that the presence of Sr in the culture
medium does not prevent the growth of the microorganisms in this mixed culture,
although the total biomass at the end of the study period was lower when Sr was
present, presumably due to toxicity of the added metal. Analysis of the Sr in the
culture using EXAFS showed that Sr most likely formed Sr-Ca-PO4 minerals, which
is in agreement with the PHREEQC modelling. The TEM data provides evidence
that P. catenata cells are capable of taking up a small proportion of the Sr in
solution, which can become localised with polyP type features in the cells. Large
quantities of small extracellular Sr-containing minerals were also visible using the
TEM, which vary in their composition, with P not always present. The extracellular
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minerals appeared to be associated with the outer surfaces of the microorganisms.
The extracellular minerals lacking a P peak, are likely to be carbonate minerals, as
indicated by XRD analysis. The XRD analysis was not able to confirm the presence
of PO4 minerals in the bulk sample, presumably due to the amorphous character of
Sr-Ca-PO4, hydroxyapatite-like phases implicated by EXAFS analyses.
PolyP bodies are made up of many orthophosphate residues that are linked by
phosphoanhydride bonds to form linear polymers, and can be found in many
organisms (Achbergerová and Nahálka, 2011; Albi and Serrano, 2016). Previous
studies have shown that polyP bodies can have a variety of metals associated with
them, with the most commonly studied metals including Cd, Pb, and Ca (Albi and
Serrano, 2016; Baxter and Jensen, 1980; Jensen et al., 1982). Evidence for Sr
interactions with polyP bodies is, however, extremely limited. A study by Baxter and
Jensen (1980) showed variable uptake of Sr by the cyanobacterium Plectonema
boryanum. Intracellular Sr, as shown by TEM analysis, was associated with two
types of electron dense clusters, the first being polyP bodies whilst the second was
devoid of any detectable P. The authors noted the presence of K in both of the Sr
containing electron dense clusters, with the addition of S and Ca features when P
was absent. Interestingly K, S, and Ca were also observed in the minerals formed in
the P. catenata culture, including those associated with the polyP type bodies. The
Sr containing electron dense bodies seen in P. boryanum, could potentially be
carbonate minerals, incorporating both Sr and Ca. Such intracellular Sr carbonates
have been the focus of more recent studies using Candidatus Gleomargarita
lithophora and Cyanothece sp. PCC7425, which show selective uptake and
carbonate mineral formation with Sr (Benzerara et al., 2014; Cam et al., 2015; Cam
et al., 2016; Couradeau et al., 2012). The ability to form intracellular carbonate
minerals does not appear to be ubiquitous, with P. catenata appearing to be
incapable of such intracellular mineral formation.
The uptake of small amounts of Sr in P. catenata, which are localised at distinct
features including polyP, is potentially significant, particularly during microbial
bloom periods. There are multiple functions associated with polyP in organisms,
including the detoxification of heavy metals (Albi and Serrano, 2016; Keasling,
1997). The level of polyP in microorganisms has been linked to metal tolerance, with
higher levels resulting in increased tolerance (Albi and Serrano, 2016) and there is
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evidence that polyP play a role in adaptation strategies in extreme environments
(Achbergerová and Nahálka, 2011). In addition, efflux systems have been identified
in other microorganisms that remove the metals as PO4 minerals via the Pit transport
system, following the enzymatic degradation of the polyP (Albi and Serrano, 2016;
van Veen et al., 1994). Whilst this mechanism has not been observed previously
with Sr systems, it is plausible that the microorganisms in the pond could utilise a
similar mechanism to protect themselves against the toxicity of 90Sr.
Interactions between the microorganisms in the pond and

90

Sr are as yet unknown,

however this study provides information about the potential fate of
systems. In pond effluents

90

90

Sr in such

Sr is present in the water column, suggesting that at

least a proportion of the Sr is mobile in the pond. The levels of Sr in the pond water
could be indicative of Sr-containing colloids (Mal’kovskii et al., 2014; Neill et al.,
n.d.). Whether such Sr-colloids can be influenced by microbial activity remains
unknown and clearly requires further investigation. Given the low levels of PO4 in
the pond, it is more likely that the majority of microbial induced precipitation would
be comprised of carbonate minerals in contrast to the observations in this laboratory
study. The ability of microorganisms to adjust the pH of their surrounding
environments and to influence the precipitation and the potential uptake of Sr is of
interest in contaminated environments, such as the Fukushima site in Japan.
Naturally occurring microbial populations could potentially provide a first step in the
removal of fission products such as 90Sr from aquatic systems.
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6.8 Supplementary material
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Supplementary Table 6-1: PHREEQC thermodynamic calculations of Sr (1 mM)
saturation in BG11 medium at pH 7.2 and pH 10.

Complex
Sr5(PO4)3(OH) (s)
Sr5(PO4)3 (s)
MnPO4 (s)
Hydroxyapatite
[Ca5(OH)(PO4)3]
Chloroapatite
[Ca5Cl(PO4)3]
Ca3(PO4)2 (alpha)
Strontianite [SrCO3]
Sphaerocobaltite
[CoCO3]
Magnesite [MgCO3] (nat)
Magnesite [MgCO3] (syn)
Vaterite [CaCO3]
Dolomite [CaMg(CO3)2]
CaCO3.H2O (s)
Calcite [CaCO3]
CaMg3(CO3)4 (s)
Argonite [CaCO3]

Saturation index / pH Saturation index / pH
7.2
10.0
13.75
21.25
0.03
3.55
3.32
0.84
4.17
10.84
3.46

8.35

-1.46
-1.06
-2.73

1.85
2.42
0.17

-2.00
*2.82
-3.08
-4.76
-3.36
-2.46
-12.96
-2.66

1.47
0.64
0.32
2.11
0.05
0.91
0.84
0.74
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Supplementary Figure 6-1: Percentage of Sr in solution of sterile BG11 medium. Error
bars denote standard deviation of three replicates.

Supplementary Figure 6-2: TEM image and EDS data taken from a sample of P.
catenata culture day 20, washed twice. EDS data taken from the electron dense feature
of highlighted with the red circle.

Supplementary Figure 6-3: TEM image and EDS data taken from a sample of P.
catenata culture incubated with SrCl2 at day 20, washed twice. EDS data collected from
within the region indicated by red circle.
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7

Conclusion and further work

7.1 Conclusion
The main aim of this project was to determine the microbial ecology of the First
Generation Magnox Storage Pond (FGMSP) situated on the Sellafield Ltd. site. The
facility is currently in the process of being decommissioned, as such microbial
bloom episodes are inhibitory to the process since they restrict the visibility in the
pond, resulting in delays to operations. Prior to this work the nature of the
microorganisms that inhabit this extreme environment and indeed those responsible
for the “bloom” events were not known. Information about the microorganisms
present in the pond and a neighbouring auxiliary pond were gathered to determine
possible sources for the microbial colonisation of the FGMSP. In addition to
identifying the microbes, further efforts were made to determine possible adaptive
mechanisms that key organisms use in response to ionizing radiation and how such
organisms might influence the fate of radionuclides found in the pond. The
hypotheses that were used as the basis for this research project and subsequently
investigated in the research chapters 4-6 were:


A mixed community of eukaryotic algae and cyanobacteria will contribute to
the microbial blooms in the FGMSP



Microorganisms, relevant to the FGMSP will be able to survive doses of
ionizing radiation



Microorganisms relevant to the FGMSP will influence the fate of
radionuclides such as Sr, forming mineral precipitates

In Chapter 4 the identity of microorganisms present in the FGMSP was determined
over a 3-year period, including the fluctuations in the community profile over this
period. Prokaryotic microorganism were found to be dominant in the pond, with two
bloom samples providing evidence for a single cyanobacterium species dominating,
namely Pseudanabaena catenata, which accounted for ~30 % in the August 2016
bloom sample. This cyanobacterium was the only one consistently identified
throughout the 3-year period. Other microorganisms identified in the pond belonged
to genera known to contain a variety of carotenoids and photosynthetic pigments.
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Such photosynthetic pigments, particularly carotenoids, have been shown to be
effective reactive oxygen species scavengers and therefore could provide an effective
mechanism for surviving the doses of ionizing radiation experienced in the pond.
Probe data, which estimates the concentration of chlorophyll-a (Chl-a) and
phycocyanin, was useful in tracking the onset of the algal bloom and the progress.
Upward trends in data such as this could provide an early warning sign of the onset
of a bloom, and allow control mechanisms to be deployed. Increases in the residence
time of the purge water in the pond coincided with the formation of the bloom
events, and restoration of the purge rate to normal operational levels was seen to be
effective at flushing the microorganisms out of the pond. Changes in the purge rate
were the biggest contributor to the formation of blooms, with very little notable
differences observed in other pond measurements such as PO43- and NO3concentrations. Efforts on site to plan necessary halts to the purge regime should be
considered and scheduled away from the summer months, since the most recent
bloom periods occurred during August when there were disruptions to the purge
regime. Assessment of the microbial community of a hydraulically isolated auxiliary
pond indicated a higher proportion of the community consisted of eukaryotic
organisms, suggesting that when water is allowed to flow into the FGMSP the
increased pH and radiation levels are sufficient to prevent colonisation. Comparison
of the prokaryotic communities in the two ponds suggested that the two ponds had
fairly discrete ecologies and that auxiliary pond does not significantly contribute to
the microbial community in the FGMSP.
In Chapter 5 the effect of ionizing radiation on the growth and metabolic state of
microorganisms relevant to the FGMSP was assessed. Here P. catenata was selected
as a model organism to study, since a non-axenic culture could not be obtained 16S
rRNA gene sequencing was carried out on the culture. The results of the sequencing
indicated that there was a high degree of similarity between the laboratory culture
and the microorganisms present in the FGMSP. A total of 5 out of 9 OTUs could be
affiliated to the genera found in the pond, making the culture used in the subsequent
work highly representative of the microbial community of the FGMSP. The results
from the FT-IR spectroscopy and other complementary techniques confirmed that
upon receiving a total dose of 95 Gy of X-irradiation, the P. catenata culture
produced elevated levels of polysaccharides. A proportion of the polysaccharides
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produced could be seen to be associated with the P. catenata filaments. The
production of polysaccharide materials is of interest for the FGMSP, since they are
thought to have a wide array of functions such as; binding metals, accumulating
nutrients, formation of biofilms and providing a protective barrier against
environmental stress (Chicote et al., 2004; Diόsi et al., 2003; Masurat et al., 2005).
Increased levels of polysaccharides could have implications on the fate of
radionuclides in the pond for example cationic metals are able to adsorb to some
functional groups found on microbial cell surfaces and polysaccharide containing
mucilage (Sorokovikova et al., 2008; Sorokovikova et al., 2013; Wada et al., 2013).
This was demonstrated using the cell-free medium (collected from the same
experimental set-up used in this chapter), to investigate the fate of

90

Sr and brucite

(MgOH) in a related study. The cell-free medium from the irradiated cultures
showed ~10 % removal of

90

Sr from solution, whilst the non-irradiated cell-free

medium had no effect. The results suggest that organisms relevant to the pond
community could produce compounds which are capable of influencing the fate of
radionuclides such as

90

Sr in the pond (Ashworth et al., 2018). The results also

showed a reduction in the concentration of Chl-a and auto-fluorescence of
photosynthetic pigments in the irradiated P. catenata cells. These results suggest that
the abundance of cyanobacterial cells might not be reflective of the proportion of
cells that are photosynthetically active. The cyanobacteria in the pond have likely
adapted to the doses of ionizing radiation in the pond and consequently
photosynthetic pigments might not be affected. Other studies investigating chronic
doses of ionizing radiation on Synechococcus spp. have suggested that the treatment
can stimulate growth, whether this is the case for the P. catenata culture or occurs in
the pond is unknown. Understanding the metabolic state of relevant microorganisms
provides an insight into adaptive responses in the pond, which are unique to the
organism(s) and the pond environment. The data are useful as they could help
provide a more targeted approach for the assessment of the pond community.
Increased understanding of the adaptive responses to ionizing radiation in such
engineered systems will help to inform the control strategies employed for example
the use of biocides or the purge rate utilised.
In Chapter 6 the fate of Sr was determined when added to P. catenata cultures. In
the presence of the actively growing culture, almost all the soluble Sr was removed
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from solution according to ICP-AES measurements. The localisation of the Sr with
respect to the P. catenata cells and other microorganisms was assessed using TEM,
which indicated that a proportion of the Sr was localised at electron dense features,
thought to be polyphosphate (polyP) bodies. Previous studies had shown the
formation of intracellular carbonate mineral deposits consisting of Ca, Sr and Ba
(Cam et al., 2015; Cam et al., 2016; Couradeau et al., 2012), however these were not
observed in this study. Little work has been carried out looking at the interaction of
Sr with polyP bodies, however other metal interactions have been well documented.
Poly-P bodies have been shown to function as a detoxification system for heavy
metals, whereby they are enzymatically cleaved from the polyP body as a metal
phosphate and excreted from the cell via the Pit transport system (Albi and Serrano,
2016; van Veen et al., 1994). It is plausible that P. catenata is able to utilise similar
pathways with Sr, resulting in the formation of SrPO4 minerals, which were shown
to be produced by EXAFS analysis of the solid phase from the cultures. In addition
to the Sr that could be associated with the polyP bodies, minerals were observed that
appeared to be extracellular and lacked P. Analysis of the solid phase by XRD
identified the presence of calcian strontianite (Sr(Ca)CO3), which is in agreement
with the data collected by EDS on the TEM. Here we present plausible fates for Sr in
the FGMSP, with SrCO3 minerals likely to be more readily formed due to the low
levels of PO43- in the pond water. The ability of naturally occurring microbial
populations to remove fission products e.g. Sr is of interest when considering the
decommissioning of nuclear fuel ponds and the remediation of contaminated aquatic
systems.
This project has demonstrated that there is a unique microbial community dominated
by prokaryotic organisms residing in the FGMSP. It appears as though the
community profile is not significantly influenced by the inflow of water from an
auxiliary pond, and as such the elevated pH and radioactivity associated with the
FGMSP is sufficient to limit the proliferation of eukaryotic organisms. P. catenata
was present in all but one sample collected from the FGMSP, and was the most
abundant cyanobacterium present in the bloom samples, indicating that it is able to
persist in the pond despite the purge regime implemented to control its growth. The
adaptive mechanisms utilised by P. catenata were predicted, using a representative
culture, to involve the synthesis of elevated quantities of polysaccharides. Such a
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strategy could potentially facilitate the colonisation of the pond by facilitating its
attachment to pond surfaces, and the accumulation of nutrients, which enables other
heterotrophic microorganisms to thrive in the pond. In addition the polysaccharide
materials could directly influence the radionuclide inventory in the pond, such as
adsorption to the negative functional groups thus removing them from the pond
water, but creating hot spots of radioactivity. The activity of microorganisms
relevant to those identified in the pond was shown to result in the removal of soluble
Sr from solution. The potential involvement of polyP bodies to form SrPO4 minerals,
possibly as part of a detoxification mechanism could explain how microorganisms in
the pond protect themselves from radionuclides in the pond. The Sr also formed
calcian strontianite minerals, which are perhaps more likely to form in the pond as
the levels of PO43- are low in the pond. In summary, the work presented here
highlights the benefit of investigating the capabilities of microorganisms that
colonise spent nuclear fuel ponds. By investigating the adaptations and interactions
of the microorganisms in the pond to relevant radionuclides, a clearer understanding
of the processes that the organisms might influence can be gained, for example the
fate of radionuclides. The more information about what such microorganisms are
doing and how they are colonising the pond, will allow control strategies to be more
specific for the system and therefore potentially more effective.

7.2 Further work
The assessment of the microbial community profile of the FGMSP was determined
on a set of samples that were collected when possible from the site. Further
assessment of the pond whilst it is undergoing decommissioning would provide
information on if there are any significant changes to the microbial community
which could be of concern e.g. the presence of sulphate-reducing bacteria, which
could result in microbial induced corrosion (Hamilton, 1985). Any further
assessments of the pond would benefit from a more structured sampling regime, to
better observe any changes in the community structure. In addition regular
monitoring of the microbial community of all water that enters the pond should be
carried out to more thoroughly determine whether these influence the community in
the FGMSP. Water samples collected from a variety of points across the pond would
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determine whether the community is consistent throughout the pond or whether it
varies. Variations in the microbial community could potentially identify areas in the
pond where the water chemistry and/or radiation levels are not within the normal
parameters of the general conditions. Safety limitations and the doses of radiation
that workers are exposed to are obvious limiting factors on such proposals for more
samples.
The experiments carried out in this thesis provide a detailed look at capabilities of P.
catenata and the other microorganisms present in the culture. The experiments
should be repeated in conditions more relevant to the pond such as lower nutrient
concentrations particularly NO3- and PO43- and maintaining the pH at around pH
11.4 using NaOH. Prior to subjecting the culture to ionizing radiation or the Srtreatment, P. catenata and the other microorganisms should be allowed to adapt to
the new conditions. Such experiments would help to determine whether the adaptive
strategies observed in work carried out in this thesis are influenced by the culturing
conditions. The fate of Sr in low nutrient conditions would be of particular interest
since it is not known if P. catenata would form polyP bodies and whether the
minerals formed would be the same. Additional analysis of the irradiation
experiment using metatranscriptomics (see Appendix A1) and/ or metaproteomics
would provide information about changes in gene expression, and give a clearer idea
of what each of the organisms are doing individually. Further metabolic analysis of
the culture such as liquid chromatography coupled with mass spectroscopy (LC-MS)
and liquid chromatography (LC) analysis would characterise the changes in the
metabolic state of the cells and identify the composition of the polysaccharides.
Similar experiments investigating the fate of a variety of radionuclides relevant to
the pond, and of interest to Sellafield and the operation/decommissioning of the pond
should be carried out. This would give a more complete picture of the capabilities of
the microorganisms in the pond. Where possible non-active isotopes of radionuclides
should be investigated first, only if the results could be of added value or interest and
it is safe to do so should the radioactive isotopes be used. The use of radioactive
isotopes would also subject the culture to different forms of ionizing radiation, which
might elicit different adaptive responses from the organisms. The use of such
radioactive isotopes could however restrict the analytical techniques that could be
used on the system and therefore might not be as informative as non-active work. In
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addition the fate of radionuclides with irradiated cultures of P. catenata should be
investigated to see if this affects their behaviour. There is evidence that some of the
radionuclides are in colloidal form in the pond (Javanbakht et al., 2014; Maher et al.,
2016; Neill, 2018), it would therefore be of interest to determine if the
microorganisms had any influence on these.
The development of “omic” techniques that could be used on pond samples would be
of benefit to the future investigation of other SNFPs and other radioactive sites.


Metagenomics: Here the entire genome of all the organisms present in a
sample would be sequenced. The data can then be analysed and individual
genomes can be drafted providing more information about what organisms
are present in the pond. Since the data set contains all of the genetic
information not just from a single region as with 16S rRNA gene sequencing,
this would therefore provide more detailed information about the genes
present in the community. The results of the sequencing could then be used
to predict metabolic pathways that could be being utilised by the
microorganisms. Such data could provide information on potential adaptive
strategies the organisms are using, such as enzymes linked to combating
reactive oxygen species or the synthesis of carotenoids. Such data would also
provide a more detailed understanding of the possible physiology and
phenotype of the microorganisms in the pond. It is important to understand
these data would only be predictive and would show what genes are present,
not what genes are being expressed.



Transcriptomics/ proteomics/ metabolomics: Here the RNA, proteins and
metabolites (respectively) are sequenced and characterised, the data produced
provides detailed information about the genes that are being expressed and
metabolites present either in the cells or excreted from them. These could be
carried out on their own or combined to provide a more complete picture of
which organisms are active in the pond and what their metabolic activities
are. Trials on the extraction and preparation of pond water samples to check
that the radioactivity is removed from the samples, or reduced to levels which
are acceptable for transport and further analytical techniques, would need to
be carried out. The results of such analyses would provide information that is
specific to the time point when the samples were collected, and therefore the
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interpretation would need to be carefully considered. Targeted sampling of
the pond (and appropriate processing/analysis) during plant operation, or as
the decommissioning efforts continue would provide information about
changes in the activity of the microorganisms. Such information would
identify the active organisms in the pond and potentially highlight specific
metabolic pathways that could be targeted for control strategies.
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A1 The effect of X-irradiation on the gene expression of
Pseudanabeana catenata
A1.1 Introduction
Work carried out in Chapter 5 aimed to determine the adaptive response of the
Pseudanabaena catenata culture to doses of ionizing radiation. Fourier-transform
infrared (FT-IR) spectroscopy assessment and subsequent principal component
analysis (PCA) showed no significant difference in the metabolic state of the
irradiated and control cultures at D4 (during the irradiation treatment). Differences in
the metabolic state of the cultures could, however, be observed during the post
irradiation recovery period, which became more pronounced over time. The
irradiated cultures also displayed a reduction in the concentration of chlorophyll-a
(Chl-a), whilst the growth rate of the irradiated and control cultures remained similar
according to optical density measurements and direct cell counts of P. catenata.
The aim of the current work is to determine what changes in gene expression there
are both during the irradiation treatment and in the subsequent recovery period.
Changes in the expression of specific gene targets for example those associated with
photosynthesis, stress response, and DNA repair, will be investigated. In addition,
functional annotation will identify which metabolic pathways are involved in the
stress response and which are activated or deactivated during the recovery period
following the irradiation treatment.
This chapter highlights work that is ongoing, further data analysis will be carried out
and used as the basis of a separate paper. Here, we provide a summary of the work
that has been carried out to date and some of the data collected relating to the
structural annotation of the differentially expressed genes (DEG), which is still
undergoing further analysis. The work carried out in this chapter is in collaboration
with Dr. Naji Bassil, who has supported the laboratory preparation of the
metagenomic sample (DNA) and the metatranscriptomic samples (mRNA) and the
bioinformatics and data handling of the metatranscriptomic data. The irradiation
experiment was conducted solely by Lynn Foster. The metagenomic data analysis
was initially conducted by Robert Danczak at the Ohio State University, including
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quality checks, assembly, initial annotations and binning using MetaBAT and
MaxBin. Additional support and guidance on manual binning and quality checks on
the bins were provided by Dr. Sophie Nixon and Dr Edwin Gnanaprakasam.

A1.2 Methods
A1.2.1 Whole genome sequencing of the P. catenata culture

Sequencing and annotation of the entire metagenome of the P. catenata culture was
carried out to provide a reference to align the metatranscriptomic data to. DNA was
extracted from a sample taken from the culture using the MoBio PowerWater DNA
isolation kit (MoBio Laboratories, Inc., Carlsbad, CA, USA) as described in
Chapters 3.7, 4, and 5. The extracted DNA was then fragmented into approximately
200 bp lengths using the NEBNext dsDNA fragmentase (New England Biolabs,
Ipswich, MA, USA). The concentration and purity of the fragmented DNA was
checked using a Qubit 3.0 Fluorometer and the Qubit dsDNA HS Assay kit (Thermo
Fisher Scientific, Waltham, MA, USA), and a NanodropTM 2000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). The fragmented DNA was then
cleaned using the Beckman Coulter Agencourt AMPure XP beads (Fisher Scientific,
Loughbourgh, UK). The library was prepared following the NEBNext Ultra DNA
Library Prep Kit for Illumina instruction manual (New England Biolabs, Ipswich,
MA, USA), selecting for a 200 bp size library, with 8 cycles of PCR used to amplify
the sample with the NEBNext Mulitplex Oligos for Illumina (Index Primers Set 1),
using the Index primer/ i7 (index 1), and the universal PCR primer /i5 primer. A
final clean up step using the Beckman Coulter Agencourt AMPure XP beads was
performed prior to sequencing. The DNA library was then prepared for sequencing
following the Illumina manual (Illumina, San Diego, CA, USA), where it was
diluted to 4 nM and denatured with freshly prepared 0.2 M NaOH, and then further
diluted to 10 pM with solution HT1. A 1 % PhiX control DNA was added to the
library before it was sequenced on the Illumina MiSeq platform using the MiSeq
Reagent Kit v2.
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The sequencing reads were sent to Ohio State University to carry out the initial data
analyses, which consisted of quality trimming of the reads to ensure a Phred score of
30 or higher using Sickle (Joshi and Fass, 2011). Following this the reads were
assembled using IDBA-UD v1.1.1 (Wrighton et al., 2012; Brown et al., 2015) which
uses de Bruijn graphs for assembly. The coverage and GC of the scaffolds was
determined using Bowtie 2 v2.2.9 (Wrighton et al., 2012). Scaffolds were annotated
using Prodigal v2.2.6 (Hyatt et al., 2012). Binning was carried out using two binning
tools, MetaBAT v0.32.4(Kang et al., 2015) and MaxBin v2.1.1 (Wu et al., 2014),
and the resulting bins were assessed using DASTool to identify unique, nonredundant, high-scoring bins. The bins selected by DASTool v1 (Sieber et al., 2018)
showed high levels of completion and low levels of contamination (i.e. scaffolds that
have been mis-binned).
The Ohio State University pipeline uses an in house script to generate a Quicklooks
file for all the data, which provides a basic annotation of all the scaffolds (> 5,000
bp). Each scaffold has the number of genes present, the GC content, probable
affiliation to microorganisms (based on comparisons of gene sequences to the
UniRef90 database (UniProt, 2018)), coverage and the percentage match. The
Quicklooks file was used to manually bin the genomic data based on the coverage,
GC content and affiliation.
The bins were assessed for completeness and redundancy by searching for the
presence and number of single copy genes (SCGs), and the bins were reannotated
using Prodigal v2.6 (Hyatt et al., 2012). The number of SCGs detected acts as a
proxy for the completeness of the bin, whilst multiple copies should be checked to
see if the gene is split across two scaffolds or whether the bin contains a scaffold that
has been mis-binned. Bins with over 80 % completeness (i.e. 80 % of the SCGs
searched for were present in the bin) were retained and deemed suitable for further
analysis

A1.2.2 Metatranscriptomics

P. catenata cultures were subjected to doses of ionizing radiation, as previously
described in Chapter 5. Briefly cultures of P. catenata (in triplicate) were irradiated
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over five consecutive days, receiving a total dose of 95 Gy, using a Faxitron CP-160
Cabinet X-radiator (160 kV; 6 mA; tungsten target). A further set of biological
triplicates were used as a “no-dose” control. Samples were collected at day 4 and day
8 (three days post irradiation), centrifuged at 14,000 g at 4 °C for 3 min, and the
pellets were flash frozen in liquid nitrogen and stored at -80 °C. RNA (and protein)
was extracted from the samples using the RNA/Protein Purification Plus Kit (Norgen
Biotek Corp., Ontario, Canada). A DNase digestion (DNase, RNA-free, Thermo
Fisher Scientific, Waltham, MA, USA) was carried out on the samples to ensure that
no residual DNA remained in the samples that could interfere with rRNA removal
and RNA sequencing. The concentration and purity of the RNA was checked using a
Qubit 3.0 Fluorometer and the Qubit RNA BR Assay kit (Thermo Fisher Scientific,
Waltham, MA, USA), and a NanodropTM 2000 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). The RNA integrity was checked by running the
samples through a RNA ScreenTape on the TapeStation 4200 (Agilent, Santa Clara,
CA, USA). The ribosomal RNA was then removed from the samples, leaving the
mRNA which would then be sequenced. The rRNA was removed using the RiboZero rRNA Removal Kit (Bacteria) (Illumina, San Diego, CA, USA). Following the
removal of the rRNA the samples were run again through a RNA ScreenTape on the
TapeStation 4200 (Agilent, Santa Clara, CA, USA) to ensure the rRNA had been
removed. The concentration of rRNA depleated RNA was measured using a Qubit
3.0 Fluorometer and the Qubit RNA HS Assay kit (Thermo Fisher Scientific,
Waltham, MA, USA) before sequencing. The samples were then prepared for
sequencing by the University of Manchester Central Sequencing Facility using the
Lexogen SENSE total RNA-Seq library prep kit (Lexogen GmbH, Vienna, Austria),
and sequenced using the HiSeq 4000 (Illumina, San Diego, CA, USA). The principle
of HiSeq sequencing is the same as the MiSeq, however shorter reads are sequenced,
although more data are generated allowing for deeper sequencing.
The initial bioinformatics on the transcriptomic data were carried out by the
University of Manchester core bioinformatics group. The sequences were aligned to
the annotated metagenome (unbinned) using Bowtie 2 v2.1.0 (Wrighton et al., 2012)
and the expressed gene counts were made using HTSeq v0.9.1 (Anders, 2018).
Comparisons of differentially expressed genes (DEG) were made between the
different treatments using DESeq2 v1.20.0 in R including;
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Irradiated day 4 v control day 4
Irradiated day 8 v control day 8
Control day 8 v Control day 4
Irradiated day 8 v irradiated day 4

(I4_C4)
(I8_C8)
(C8_C4)
(I8_I4)

A1.3 Results
A1.3.1 Metagenomics

The whole genome sequencing of the P. catenata culture was carried out principally
to provide a reference to align the metatranscriptomic data to. The metagenome was
subsequently binned and checked with the aim of potentially being able to assign the
metatranscriptome data to discrete genomes, and therefore identify organism specific
responses to irradiation, in particular P. catenata. The bins generated through the
Ohio State pipeline and manual binning were comparable, with similar completeness
(based on SCGs), GC content and coverage observed (Table A 1-1). There are some
differences between the two binning methods due to the difference in the cut-off
length of the scaffolds used with each binning tool (MetaBAT >2,500 bp; MaxBin
>1,000 bp; Quicklook/ manual binning >5,000 bp). Manual binning resulted in 11
bins (2 of which were below the 80 % threshold of completeness that would be used
for further analysis if purely working on the metagenomic data), whilst DASTool
selected 10 non-redundant bins. The taxonomic affiliations of the individual bins
broadly matched those that were produced from the analysis of the PCR amplified
16S rRNA gene sequences (results from Chapter 5), with the Pseudanabaena genus
showing the highest coverage.

A1.3.2 Metatranscriptomics

The raw data generated from the sequencing run is summarised in Table A 1-2; all
but I_4.1 were sequenced at a sufficient depth for further analysis.
The number of differentially expressed genes (DEGs) for each comparison was
variable with the highest number of DEGs observed in the I8_I4 comparison, whilst
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the lowest number of DEGs was observed in the I8_C8 comparison, 1234 and 470
genes respectively (Table A 1-3). All comparisons apart from I8_C8 showed a
higher proportion of significantly overexpressed genes. The total log2 fold change for
each of the comparisons also show a higher proportion of significantly
overexpressed genes, with the exception of the I8_C8 comparison, where the levels
of over and under expression are comparable (Figure A 1-1).
A list of genes of interest was generated relating to; photosynthesis, genes involved
in stress responses, DNA repair, protein folding (chaperones), ATPases, and
quinones. Checks were then made to determine whether the same genes (same locus
tag) were differentially expressed in multiple comparisons, to determine whether the
changes in gene expression were a result of time (C8_C4), stress (I4_C4), recovery
response (I8_C8), or a combination of time and the recovery response (I8_I4). Table
A 1-4 toTable A 1-8 show the DEGs which have been broadly grouped according
their activity.

7.3.1 Stress (I4_C4)

A total of 16 genes associated with stress response showed significant levels of
differential gene expression, 10 were over expressed whilst 6 were under expressed
(Table A 1-4). There were 8 genes associated with photosynthesis that showed
differential gene expression, 5 of which were under expressed in the irradiated
samples compared to the control (Table A 1-6). All genes for chaperone proteins [11
genes] (Table A 1-5), cytochromes [10 genes] (Table A7), and ATP synthases [11
genes] (Table A 1-8) showed over expression.

7.3.2 Recovery (I8_C8)

There were 11 genes associated with stress response and cytochromes showed
significant levels of differential gene expression, 3 was over expressed whilst 8 were
under expressed (Table A 1-4 and Table A 1-7). There were 20 genes associated
with photosynthesis that showed differential gene expression, 14 of which were
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under expressed in the irradiated samples compared to the control (Table A 1-6).
Chaperone protein genes only showed 5 DEGs, 4 were under expressed (Table A
1-5), whilst there were only 4 ATP synthase genes that showed significant
differential expression, 3 of which were under expressed (Table A 1-8).

7.3.3

Time (C8_C4)

Photosynthetic genes showed the highest level of significant DEGs, 31 overall 29 of
which were over expressed on day 8 compared to day 8 (Table A 1-6). Stress
response genes also showed high levels of DEGs 13 over expressed and 4 under
expressed (Table A 1-4). There were 9 genes that were over expressed associated
with both chaperone (Table A 1-5) and cytochrome genes (Table A 1-7), with only 1
and 2 genes under expressed respectively. A total of 6 ATP synthase genes showed
differential gene expression, 3 over and under expressed (Table A 1-8).

7.3.4

Recovery and time (I8_I4)

The comparison between day 8 and day 4 of the irradiated cultures showed the
largest number of DEGs in each of the gene groupings. Genes associated with
photosynthesis had the highest number of significant DEGs (46), with 35 genes over
expressed and 11 under expressed (Table A 1-6). There were 24 stress response
genes that were significantly differentially expressed, 15 of which were over
expressed and 9 that were under expressed (Table A 1-4). Chaperone (Table A 1-5)
and ATP synthase (Table A 1-8) genes both had 9 genes that were under expressed,
whilst 6 and 2 genes were over expressed respectively. Differential gene expression
of cytochromes was evenly split with 6 genes over and under expressed (Table A
1-7).
Further work is on-going to further understand the response of the P. catenata
culture

to

both

ionizing

radiation
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and

the

recovery

period.

Table A 1-1: Results of manual binning from the Quicklooks file (red) with the bins generated using the Ohio State University’s pipeline which uses both
MaxBin and MetaBAT to bin the metagenomics data and DASTool to identify the unique, non-redundant, high-scoring bins (green).
Predicted organism
(Quicklooks)

Av. Coverage

Av. GC %

Completeness
%

/ Misbin / DASTool selected bins
%
(coverage; GC %)

Completeness
/%

Misbin /
%

Pseudanabaena

538.21

42.21

81

0

Meta.1 (537.08; 42.22)

87

3

Porphoryrobacter

161.19

64.69

100

3

MaxBin.002 (163; 64.6)

100

3

Flavobacterium

145.71

33.28

100

0

MaxBin.003 (145.8_32.9)

100

0

Rhodobacteraceae

60.87

62.75

100

3

Meta.7 (61.97; 63.92)

100

0

Sphingomonadaceae

52.03

62.18

100

3

MaxBin.005 (51.59; 63.97)

100

3

Chitinophagaceae

48.45

39.98

100

0

MaxBin.006 (48.64; 38.96)

100

0

Comamonadaceae

37.97

65.10

100

0

Meta.10 (38.47; 65.07)

100

0

Rhizobiales

15.71

67.64

90

0

Meta.11 (15.80; 67.59)

94

0

Limnobacter

12.67

52.46

90

0

MaxBin.009 (12.78; 52.58)

100

6
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Runella

9.07

45.35

48

3

Hoeflea

6.57

63.53

13

0

255

MaxBin.010 (9.12; 45.14)

97

6

0

0

Table A 1-2: Summary of the results collected from the HiSeq 4000 run on the 12 mRNA samples. Red highlighted sample showed insufficient sequencing
depth and was therefore omitted from subsequent analysis.

Sample

Total reads

Filtered reads

Filtered %

Mapped reads

Mapped %

Pair

Pair %

Counts

Counts %

C_4.1

26105592

23526690

90

24126045

102

19993500

82

12032500

51

C_4.2

21310012

18268932

85

18667560

102

14671266

78

9451669

51

C_4.3

18527574

16020768

86

16409816

102

12493150

76

8306051

51

C_8.1

18990114

16866352

88

15855478

94

13750642

86

8914431

52

C_8.2

20885682

18041274

86

17926964

99

14517068

80

9884068

54

C_8.3

31543964

27556210

87

27818023

100

20482932

73

12922258

46

I_4.1

31600

25886

81

25734

99

22198

86

6135

23

I_4.2

27307638

23144464

84

22926937

99

17835796

77

11867181

51

I_4.3

16600702

14245374

85

14527717

101

11588052

79

7461434

52

I_8.1

23941794

20936806

87

20937998

100

14618794

69

9387520

44

I_8.2

17442426

14820260

84

10905176

73

7172326

65

4544197

30

I_8.3

10616544

9205866

86

9238300

100

6669752

72

4213580

45

256

Table A 1-3: Summary of number of differentially expressed genes (DEG) in each comparison between the I4 irradiated at D4, I8 irradiated D8, C4 control
D4, and C8 control D8.

I4_C4

I8_C8

C8_C4

I8_I4

691

470

915

1234

614

435

855

1146

Up regulated genes

497

219

631

735

Down regulated genes

194

251

284

499

Hypothetical proteins

150

138

264

345

Total number of DEG
DEG
reads)

(excluding

ribosomal

257

Table A 1-4: The log2 fold change of differentially expressed genes associated with the response to stress (for example reactive oxygen species), at a
Padj<0.1. Comparisons are between the different treatments and time points; I4 is irradiated D4; I8 is irradiated D8; C4 is control D4; and C8 is control
D8.

log2FoldChange
Product

Locus tag
I4_C4

I8_C8

C8_C4

Catalase C

ECKGJPBD_13290

Catalase-peroxidase

ECKGJPBD_06229

Catalase-peroxidase

ECKGJPBD_14160

Catalase-peroxidase

ECKGJPBD_15297

1.592319

Catalase-peroxidase

ECKGJPBD_16230

1.661126

Ferredoxin

ECKGJPBD_29098

-0.65117

Ferredoxin CarAc

ECKGJPBD_28843

-1.42584

Ferredoxin-1

ECKGJPBD_29099

-0.88762

Ferredoxin-6

ECKGJPBD_39416

Ferredoxin-dependent glutamate synthase 1

ECKGJPBD_05652

6.400769

-6.02682

Ferredoxin-dependent glutamate synthase 1

ECKGJPBD_36887

0.52999

2.200815
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I8_I4

8.115293
5.743753
2.480602

7.465826

Ferredoxin--NADP reductase

ECKGJPBD_00482

8.450908

Ferredoxin--NADP reductase

ECKGJPBD_28734

Glutaredoxin arsenate reductase

ECKGJPBD_07623

7.819055

Glutathione import ATP-binding protein GsiA

ECKGJPBD_01426

5.079598

Glutathione transport system permease protein GsiC

ECKGJPBD_01424

10.08856

Glutathione transport system permease protein GsiD

ECKGJPBD_01425

3.503579

Glutathione-binding protein GsiB

ECKGJPBD_11092

7.795215

Glutathione-binding protein GsiB

ECKGJPBD_16557

6.732817

0.860869

Glutathione-regulated potassium-efflux system protein ECKGJPBD_06380
KefC

0.678882

4.833695

LexA repressor

ECKGJPBD_00230

8.085158

-2.77555

LexA repressor

ECKGJPBD_11972

3.017348

-2.34608

Lon protease

ECKGJPBD_15437

Lon protease

ECKGJPBD_16288
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1.523126
9.026749

-9.65275

Lon protease 2

ECKGJPBD_22358

Protein RecA

ECKGJPBD_06429

8.399741

Protein RecA

ECKGJPBD_12006

5.540286

Putative peroxiredoxin

ECKGJPBD_04196

putative peroxiredoxin

ECKGJPBD_22922

Putative peroxiredoxin

ECKGJPBD_27247

Putative peroxiredoxin bcp

ECKGJPBD_28684

Spermidine/putrescine-binding periplasmic protein

ECKGJPBD_01495

-8.46883

Spermidine/putrescine-binding periplasmic protein

ECKGJPBD_08140

-5.58611

Spermidine/putrescine-binding periplasmic protein

ECKGJPBD_23942

-0.70924

Superoxide dismutase [Fe]

ECKGJPBD_09159

Superoxide dismutase [Fe]

ECKGJPBD_14110

-5.53498

Superoxide dismutase [Fe]

ECKGJPBD_35901

-0.66639

Thioredoxin

ECKGJPBD_04575

Thioredoxin

ECKGJPBD_38431
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-6.5028
-7.12525

7.539139
-0.65864
-0.8683

0.63607

-1.67743

0.765635

0.551343

7.505788

-0.85833

8.055419
4.072216

8.799244

Thioredoxin 1

ECKGJPBD_17904

7.839502

Thioredoxin reductase

ECKGJPBD_27246

1.784892

-2.40163

Thioredoxin reductase

ECKGJPBD_33656

9.37163

-7.82006

Trehalose import ATP-binding protein SugC

ECKGJPBD_09798

-2.12624

-1.50692

Trehalose transport system permease protein SugA

ECKGJPBD_01508

-5.93331

2.043996

Trehalose transport system permease protein SugA

ECKGJPBD_09454

-8.10479

Trehalose transport system permease protein SugB

ECKGJPBD_09795

Universal stress protein UP12

ECKGJPBD_24617

261

6.883139

7.575335
9.370231

-2.4901
-4.99371

4.276654

-2.88998

Table A 1-5: The log2 fold change of differentially expressed genes associated with chaperone proteins, at a Padj<0.1. Comparisons are between the
different treatments and time points; I4 is irradiated D4; I8 is irradiated D8; C4 is control D4; and C8 is control D8.

Product

Locus tag

Log2 fold change
I4_C4

I8_C8

C8_C4

I8_I4

10 kDa chaperonin

ECKGJPBD_17678

10 kDa chaperonin

ECKGJPBD_33955

3.123051

-3.87024

10 kDa chaperonin

ECKGJPBD_35697

2.696437

-2.61423

60 kDa chaperonin

ECKGJPBD_27329

7.535438

-5.98956

60 kDa chaperonin 1

ECKGJPBD_03019

4.4237

60 kDa chaperonin 1

ECKGJPBD_33954

3.021562

60 kDa chaperonin 1

ECKGJPBD_33954

60 kDa chaperonin 2

ECKGJPBD_35696

2.532747

60 kDa chaperonin 5

ECKGJPBD_17677

3.328477

Chaperone protein ClpB 1

ECKGJPBD_04108

-7.73836

Chaperone protein ClpB 1

ECKGJPBD_10119

-3.0223

Chaperone protein ClpB 1

ECKGJPBD_21027
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-8.97297

-0.82628
-3.63183

1.14732

-3.399

6.208115

Chaperone protein DnaJ

ECKGJPBD_12657

Chaperone protein DnaK

ECKGJPBD_04707

1.822546

Chaperone protein DnaK

ECKGJPBD_13026

1.878919

Chaperone protein DnaK

ECKGJPBD_14965

Chaperone protein DnaK

ECKGJPBD_24803

Chaperone protein DnaK

ECKGJPBD_24805

1.316649

Chaperone protein DnaK

ECKGJPBD_48847

-2.71632

Chaperone protein dnaK2

ECKGJPBD_20227

Chaperone protein dnaK2

ECKGJPBD_20227

Chaperone protein HtpG

ECKGJPBD_29910

Chaperone protein HtpG

ECKGJPBD_29910

1.227956

Chaperone SurA

ECKGJPBD_26329

6.249204

Cold shock protein CspA

ECKGJPBD_06267

Cold shock protein CspA

ECKGJPBD_16159

Heat shock protein HspQ

ECKGJPBD_15337

Small heat shock protein IbpA

ECKGJPBD_00762
263

9.08567

8.330274

-9.00721
1.56888

2.593141

1.577116

1.253876
-1.79077

2.075663
-1.22982

7.388759
-1.36512

1.198707
7.873936

9.402129

5.589138

Small heat shock protein IbpA

ECKGJPBD_15948

264

1.931678

Table A 1-6: The log2 fold change of differentially expressed genes associated with photosynthesis, at a Padj<0.1. Comparisons are between the different
treatments and time points; I4 is irradiated D4; I8 is irradiated D8; C4 is control D4; and C8 is control D8.

Product

Locus tag

log2 fold change
I4_C4

I8_C8

C8_C4

I8_I4

Allophycocyanin alpha chain

ECKGJPBD_33685

7.718943

Allophycocyanin beta chain

ECKGJPBD_33684

6.06659

protein ECKGJPBD_32352

6.672542

Carbon
CcmK

dioxide-concentrating

mechanism

Chlorophyllide reductase 52.5 kDa chain

ECKGJPBD_06245

Chlorophyllide reductase 52.5 kDa chain

ECKGJPBD_17135

Chlorophyllide reductase subunit Z

ECKGJPBD_17136

6.984072

C-phycocyanin alpha chain

ECKGJPBD_36210

8.227657

C-phycocyanin-1 beta chain

ECKGJPBD_36209

5.508814

C-phycocyanin-2 beta chain

ECKGJPBD_35335

C-phycoerythrin beta chain

ECKGJPBD_37316

Cytochrome b559 subunit beta

ECKGJPBD_20972
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5.433245

4.522592
6.628996

7.462897
1.782904

3.78048

Cytochrome b6-f complex iron-sulfur subunit

ECKGJPBD_33945

Cytochrome b6-f complex subunit 4

ECKGJPBD_35897

7.191599

Iron stress-induced chlorophyll-binding protein

ECKGJPBD_27462

4.305218

Light-harvesting protein B-800/850 beta 2 chain

ECKGJPBD_17137

Light-harvesting protein B-875 alpha chain

ECKGJPBD_01608

Light-harvesting protein B-875 beta chain

ECKGJPBD_01609

Light-harvesting protein B-880 alpha chain

ECKGJPBD_17138

Light-independent protochlorophyllide reductase iron- ECKGJPBD_17152
sulfur ATP-binding protein

1.327245

2.31559

2.197894
-6.55026

protochlorophyllide

reductase ECKGJPBD_03196

Light-independent
subunit B

protochlorophyllide

reductase ECKGJPBD_17150

Light-independent
subunit B

protochlorophyllide

reductase ECKGJPBD_33611

266

3.301984
2.90888

2.680983

2.697982
1.646631

2.314884
9.338372

-7.3997

Light-independent protochlorophyllide reductase iron- ECKGJPBD_33612
sulfur ATP-binding protein
Light-independent
subunit B

5.670181

0.494283

8.360251

-0.61806

-1.07415

3.59213

5.947399

Light-independent
subunit N

protochlorophyllide

reductase ECKGJPBD_03195

Light-independent
subunit N

protochlorophyllide

reductase ECKGJPBD_17149

Light-independent
subunit N

protochlorophyllide

reductase ECKGJPBD_33610

7.132873

0.579375

-1.45901

-1.26335

0.395979

Photosynthetic reaction center cytochrome c subunit

ECKGJPBD_06239

Photosystem I assembly protein Ycf3

ECKGJPBD_41232

Photosystem I iron-sulfur center

ECKGJPBD_32523

Photosystem I P700 chlorophyll a apoprotein A1

ECKGJPBD_31679

Photosystem I P700 chlorophyll a apoprotein A1

ECKGJPBD_56700

-1.21835

Photosystem I P700 chlorophyll a apoprotein A2

ECKGJPBD_31680

-1.52339

Photosystem I reaction center subunit II

ECKGJPBD_29644

Photosystem I reaction center subunit III

ECKGJPBD_22919

Photosystem I reaction center subunit XI

ECKGJPBD_28092

-0.65765

0.540599

Photosystem II CP43 reaction center protein

ECKGJPBD_30533

-1.22446

0.78724
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5.508814
-0.46457
2.803864

7.887966
0.323605
-0.89585

0.492591

-0.98066
-3.81273

0.914485

0.890766

-0.39209

Photosystem II CP47 reaction center protein

ECKGJPBD_38993

-1.0023

Photosystem II D2 protein

ECKGJPBD_30532

-1.52726

-1.61566

Photosystem II manganese-stabilizing polypeptide

ECKGJPBD_21407

-1.79802

-1.5441

Photosystem II protein D1

ECKGJPBD_27450

0.907376

1.077173

Photosystem II protein D1

ECKGJPBD_47506

0.899519

1.296158

Photosystem II reaction center protein H

ECKGJPBD_27315

0.788567

1.381368

Photosystem II reaction center protein K

ECKGJPBD_30133

0.800402

Phycobiliprotein ApcE

ECKGJPBD_28090

0.657839

Phycobiliprotein ApcE

ECKGJPBD_45805

Phycobiliprotein beta chain

ECKGJPBD_27251

Phycobilisome 27.9 kDa
phycoerythrin-associated, rod

linker

polypeptide, ECKGJPBD_34729

Phycobilisome 37.5 kDa
phycocyanin-associated, rod

linker

polypeptide, ECKGJPBD_34333

Phycobilisome
39
kDa
phycocyanin-associated, rod

linker

polypeptide, ECKGJPBD_34334

268

-1.32339

-0.87039

-0.9763

0.812303

0.661262
1.976657

2.447824

1.181464

0.799404

0.962069

0.392014

Phycobilisome
8.9
kDa
phycocyanin-associated, rod

polypeptide, ECKGJPBD_34335

linker

1.434236

Phycobilisome rod-core linker polypeptide CpcG

ECKGJPBD_20936

Phycobilisome rod-core linker polypeptide CpcG2

ECKGJPBD_36211

0.836388

0.790433

Phycocyanobilin lyase subunit alpha

ECKGJPBD_42190

1.128337

0.871881

Phycocyanobilin:ferredoxin oxidoreductase

ECKGJPBD_37313

1.111775

1.211397

Reaction center protein H chain

ECKGJPBD_01641

Reaction center protein H chain

ECKGJPBD_11139

1.025796

Reaction center protein H chain

ECKGJPBD_22070

0.507971

Reaction center protein L chain

ECKGJPBD_01607

Reaction center protein L chain

ECKGJPBD_17139

Reaction center protein M chain

ECKGJPBD_01606

Reaction center protein M chain

ECKGJPBD_17140

R-phycocyanin-2 subunit alpha

ECKGJPBD_48242

Thylakoid-associated
protein

single-stranded

DNA-binding ECKGJPBD_22223

269

-0.95058

1.083207

-6.30351

0.582847

-1.95436

-6.3748

0.706828

1.188023
1.12189
-1.12615

-0.9263
-0.51525

1.326306
-1.5645

0.763241

-0.67576

Table A 1-7: The log2 fold change of differentially expressed genes associated with cytochromes, at a Padj<0.1. Comparisons are between the different
treatments and time points; I4 is irradiated D4; I8 is irradiated D8; C4 is control D4; and C8 is control D8.

log2 fold change
Product

Locus tag
I4_C4

I8_C8

C8_C4

-2.36742

4.794867

Cytochrome b

ECKGJPBD_17283

Cytochrome b

ECKGJPBD_37269

Cytochrome b561

ECKGJPBD_13131

Cytochrome b6

ECKGJPBD_35898

-0.76527

Cytochrome c biogenesis protein CcsB

ECKGJPBD_05635

8.077725

Cytochrome c oxidase subunit 1

ECKGJPBD_00664

Cytochrome c oxidase subunit 1

ECKGJPBD_02309

Cytochrome c oxidase subunit 1

ECKGJPBD_10338

Cytochrome c oxidase subunit 1

ECKGJPBD_13324

2.67691

Cytochrome c oxidase subunit 1

ECKGJPBD_19619

7.58008

Cytochrome c oxidase subunit 1 , bacteroid

ECKGJPBD_15583

Cytochrome c oxidase subunit 2

ECKGJPBD_10337

270

I8_I4

4.210853
8.349835
0.819666

3.925762
2.94194

-1.77549
-1.62908

2.166059
1.508796

-0.89365
-8.61835

-7.40457
-7.3917

Cytochrome c oxidase subunit 2

ECKGJPBD_27504

0.843425

Cytochrome c oxidase subunit 3

ECKGJPBD_10342

-5.79914

Cytochrome c oxidase subunit 3

ECKGJPBD_22883

Cytochrome c oxidase subunit 3

ECKGJPBD_27502

Cytochrome c1

ECKGJPBD_05685

Cytochrome c1

ECKGJPBD_34349

Cytochrome c2

ECKGJPBD_01648

Cytochrome c2

ECKGJPBD_03208

5.120065

Cytochrome c2

ECKGJPBD_06829

3.182057

Cytochrome c2

ECKGJPBD_06897

3.449251

Cytochrome c4

ECKGJPBD_02339

4.109262

Cytochrome c4

ECKGJPBD_05634

3.426098

Cytochrome c-550

ECKGJPBD_37618

Cytochrome c-556

ECKGJPBD_08112

Cytochrome c6

ECKGJPBD_28726

-3.68962

Cytochrome f

ECKGJPBD_33946

-0.61457
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1.654804
4.728997
-5.22786

1.069507

1.663254
-7.83893

8.507844

-8.66485
1.677803

2.423345

4.774875

3.579519

-1.44146

-0.84502
3.778401

Cytochrome P450-terp

ECKGJPBD_11751

272

6.90818

Table A 1-8: The log2 fold change of differentially expressed genes associated with ATP synthases, at a Padj<0.1. Comparisons are between the different
treatments and time points; I4 is irradiated D4; I8 is irradiated D8; C4 is control D4; and C8 is control D8.

Product

Locus tag

log2 fold change
I4_C4

ATP synthase epsilon chain

ECKGJPBD_11386

ATP synthase gamma chain

ECKGJPBD_02826

ATP synthase gamma chain

ECKGJPBD_11388

ATP synthase subunit a

ECKGJPBD_26220

ATP synthase subunit alpha

ECKGJPBD_03004

5.259723

ATP synthase subunit alpha

ECKGJPBD_07997

3.776911

ATP synthase subunit alpha

ECKGJPBD_11389

2.535455

ATP synthase subunit alpha

ECKGJPBD_16782

ATP synthase subunit alpha

ECKGJPBD_21647

ATP synthase subunit alpha

ECKGJPBD_26215

ATP synthase subunit b

ECKGJPBD_11391

ATP synthase subunit b

ECKGJPBD_12045

273

I8_C8

C8_C4

6.669715

I8_I4
-8.75809
7.346492

3.881848
-0.50917

-3.99764
-4.2705

1.787993

10.27056

-10.4099
0.330018
-7.82562

5.996062

-3.41562
-6.88567

ATP synthase subunit beta

ECKGJPBD_16780

2.438865

ATP synthase subunit beta

ECKGJPBD_40961

2.824625

ATP synthase subunit beta 1

ECKGJPBD_11387

4.577366

-6.14497

ATP synthase subunit beta 1

ECKGJPBD_21645

10.52579

-9.75542

ATP synthase subunit c

ECKGJPBD_11392

ATP synthase subunit delta

ECKGJPBD_11390

ATP synthase subunit delta

ECKGJPBD_16783

274

-1.97222

1.751957

-2.58223

8.217339
-8.18281
-3.30893

2.865122

-5.26242

Figure A 1-1: The total log2 fold change of the differentially expressed genes for each
comparison, showing the up regulated and down regulated genes. Comparisons are
between the different treatments and time points; I4 is irradiated D4; I8 is irradiated D8;
C4 is control D4; and C8 is control D8.

A1.4 Future plans





Functional annotation of the metatranscriptomic data set, to determine which
metabolic pathways are most affected, using
o COG
o KEGG
o GO
Bin the metatranscriptomic data to try to determine the P. catenata specific
response to ionizing radiation and recovery
Draft manuscript for submission for publication
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A2 BG11 medium
Table A 2-1: Composition of BG11 media, including the concentration (M) of the final
media and details of each stock solution.
Stock number
1
2
3
4
5
6
7
8
9 (trace metal
solution)

NaNO3
K2HPO4
MgSO4.7H2O
CaCl2.2H2O
Citric acid
Ammonium ferriccitrate green
EDTANa2
Na2CO3
H3BO3
MnCl2.4H20
ZnSO4.7H2O
Na2MoO4.2H2O
CuSO4.5H2O
Co(NO3)2.6H2O

g L-1 of each stock
15.00
4.00
7.50
3.60
0.60
0.60
0.10
2.00

Concentration / M
0.017648159
0.000229621
0.000304297
0.000244881
3.12298E-05
7.76555E-06
2.68644E-06
0.000188699

2.86
1.81
0.22
0.39
0.08
0.05

4.62559E-05
9.14557E-06
7.65058E-07
1.89394E-06
5.01225E-06
2.73309E-07

Each stock of BG11 media was made separately and was sterilised by autoclaving (gL-1
of each stock in Table A2-1). The stock solutions were diluted to the final
concentrations shown in Table A2-1 by combining 100 mL of stock 1, 10 mL of stocks
2-8, and 1 mL of stock 9 (trace metal solution) and making up to 1 L with sterilised
deionised water.
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A3 List of courses and conferences attended









“NERC funded Metagenomics workshop”, University of Liverpool, 3 day
workshop on practical metagenomics data handling, April 2018
FEMS 7Th congress of European microbiologists , Valencia, Spain, July 2017
Geomicrobiology research in progress meeting, University of Manchester, June
2017
Microbiology society annual conference, Edinburgh, April 2017
Leadership in action course, University of Manchester, January 2017
Postgraduate research conference, University of Manchester, December 2016
Dalton Symposium, University of Manchester, November 2016
Geomicrobiology research in progress meeting, University of Bangor, June 2016
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