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Abstract 

The First Generation Magnox Storage Pond (FGMSP) at the Sellafield Nuclear Facility in the 

UK is in active use on site, and will shortly be undergoing decommissioning. High levels of 

radioactivity and alkaline pH at 11.4 provide extreme conditions in the pond. Despite such an 

extreme environment, seasonal blooms are frequently reported. The blooms restrict the 

visibility of pond water, which significantly hinders the maintenance and decommissioning 

operations. Previous investigations on the bloom identified that the dominant bloom organism 

was a cyanobacterium affiliated with a Pseudanabaena species. A mixed laboratory culture of 

Pseudanabaena catenata with a similar microbial community to the pond sample, was used to 

investigate the adaptive responses to the abundant radionuclide Cs. The investigation found 

that P. catenata can uptake Cs using the K transport system. A high K+ affinity Kdp-ATPase 

system was switched off by 1 mM of Cs. A moderate K+ affinity Trk system was highly 

stimulated by Cs which may increase the uptake of Cs+/K+ and stimulated a series of metabolic 

pathways, such as photosynthesis. Uptake of Cs induced common response proteins and 

proteins relate to nutrient limitation. In addition, Cs can be accumulated by P. catenata and 

concentrated in discrete zones. High concentration of K+ significantly reduced the growth of P. 

catnata. A chemostat experiment indicated that KOH performed better than NaOH in 

controlling the growth of the P. catanata dominated culture and so can be suggested as an 

alternative to the use of NaOH in the pond system to control the bloom and simultaneously 

maintain the alkaline conditions of pond water. 
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Chapter 1 Project context and thesis structure 

1.1 Project context 

The Sellafield site is the largest nuclear site in the UK. Several spent nuclear fuel ponds (SNFPs) 

are in the facility and the ponds are in different stages of decommissioning. The First 

Generation Magnox Storage Pond (FGMSP) built in the late 1950s were occupied as a storage 

site for the Magnox nuclear power stations. Due to the long-term storage, the fuel rods and the 

claddings have corroded. The decommissioning work of the FGMSP is a priority. The pond 

was abundant with Sr and Cs. The pH of the pond was maintained at 11.4 to minimize the 

corrosion of stored fuels and claddings. The FGMSP is an open-aired pond, and so many 

environmental factors, for example, seabird guano, giving ingress of carbon and nitrogen could 

affect the pond system. Therefore, despite the extreme conditions of the pond with regard to 

high pH and radioactivity, seasonal microbial blooms were frequently reported. The bloom 

reduced the visibility of the pond which disrupted the pond management and decommissioning 

progress. The triggers for the bloom event were unknown and the adaptive mechanisms of 

microorganisms to this extreme condition was not clear. 

 

Previous PhD projects had identified that the dominant microorganism in the pond was a 

cyanobacterium of Pseudanabaena sp. In order to develop control methods for the bloom, 

understanding its physiology in this experiment is essential. Previous work has identified the 

response of Pseudanabaena to radiation and the interaction between Pseudanabaena and Sr. 

The main aim of this work is to understand the interactions between Pseudanabaena and 

another pond abundant radionuclide Cs, and investigating a bloom control method for 

Pseudanabaena dominated microbial bloom in the pond. The output of this work could 

contribute to understand the mechanism of microorganism adaptation to Cs abundant 

environments and provide alternative choice for the Sellafield in bloom control. 
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1.2 Thesis Structure. 

The majority of this thesis is made up of two research papers. The research chapters start with 

a general introduction to the scientific knowledge of the research area, including the 

information of the First Generation Magnox Storage Pond (FGMSP) at Sellafield Site, the 

microbial blooms in SNFPs and the interaction between microorganisms and radionuclides 

(Cs), methods to control the growth of bloom dominated microorganisms. The end of the thesis 

is made up of a conclusion which contain a discussion of the outcomes and future work. 

Chapter 1: Project context and thesis structure 

Chapter 2: Introduction: provides information on the nuclear fuel cycle, spent nuclear fuel 

ponds (SNFPs), the formation of microbial blooms in the ponds and the microorganisms that 

have been identified. An overview of known information about microorganism radionuclide 

interactions and bloom control methods in SNFPs. The aims and objectives of this work 

 

Chapter 3: General methodology: provides detailed information about the theoretical and 

practical details of the techniques used in this project. 

 

Chapter 4: Research chapter “The interplay between Cs, K and the cyanobacterium 

Pseudanabaena catenata, the fate of Cs and its impact on cell growth and protein expression” 

In this study, I incubated P.catenata in a series of cultures with increasing concentrations of K 

and/or Cs. I monitored the growth of the cultures by optical density, the cell morphology by 

light microscopy, the distribution of Cs by Scanning transmission X-ray microscopy (STXM) 

and used LC-MS based proteomic techniques to identify the impact of Cs on P. catenata protein 

expression level. 

 

Chapter 5: Research chapter “KOH versus NaOH, the inhibited effect on the growth of 
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cyanobacteria Pseudanabaena catenata: Implications for control of P. catenata dominated 

blooms in FGMS” A chemostat experiment was carried out to simulate the pond system in the 

FGMSP. The culture was continuously flushed with KOH or NaOH. Optical density was 

recorded to compare the inhibitory effect on P.catenata growth, 16S rRNA gene sequencing 

and proteomic techniques were applied to analyze the change of microbial community and 

protein expression. 

Chapter 6: Discussion 

 
1.3 Author contributions 

Chapter 4: The interplay between Cs, K and the cyanobacterium Pseudanabaena catenata, 

the fate of Cs and its impact on cell growth and protein expression 

Kejing Zhang      Principal author; experimental work; data analysis 

Lynn Foster        Provided amino acid database for proteomics analysis 

Naji Bassil         Enrichment analysis for differentially expressed proteins 

Jon K Pittman      Concept development; manuscript review 

Jonathan R Lloyd   Concept development; extensive manuscript review 

 

Chapter 5: KOH versus NaOH, the inhibited effect on the growth of cyanobacteria 

Pseudanabaena catenata: Implications for control of P. catenata dominated blooms in 

FGMS 

Kejing Zhang           Principal author; experimental work; data analysis 

Lynn Foster             Provided amino acid database for proteomics analysis 

Christopher Boothman    16S rRNA gene sequencing analysis 

Jon K Pittman           Concept development; manuscript review 

Jonathan R Lloyd        Concept development; extensive manuscript review 
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A1 The fate of Sr in alkaline cultures of the cyanobacterium Pseudanabaena catenata 

 

This is a published work. The work was written and published during my PhD, I collected 

the data for this project during my MSc project and drafting led by lead author Lynn 

Foster 
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Chapter 2 Introduction 

Energy demand increases with the development of human society. A person in an industrial 

country consumes about 150 – 350 gigajoules of energy per year (WNA, 2021). The world 

population are currently 7.6 billion and predicted to reach 9.8 billion by 2050 (UN DESA, 

2017). With the increases of human population, the impact on energy demand is foreseen. 

Currently, 80% of the world energy comes from fossil fuels, such as oil, natural gases and coal. 

Theoretically, the resources of fossil fuels are sufficient to support the consumption of energy 

for more than a century. However, there are many environmental problems associated with the 

increasing extraction and burning of them. Therefore, more intensive utilization of non-carbon 

energy resources like nuclear power is required to decrease the dependence on fossil fuels 

(WNA, 2021). The basis of nuclear power reaction is a chain reaction of uranium fission which 

yields a large amount of energy. Typically, one tonne of natural uranium can produce 44 

million kwh of electricity, which equals to the production of burning 850,000 m3 or 20,000 

tonnes coal.  Currently, there are over 430 commercial nuclear power reactors are working 

and they generate 10% of the world’s electricity (Ewing, 2015). 

 

Radioactive wastes are generated at all stages of nuclear fuel cycle, include inherently 

radioactive materials, and materials contaminated by radioactivity. The areas where nuclear 

power and particularly nuclear weapons were developed, such as the USA, UK, France and the 

former Soviet Union (FSU) are facing the challenges from nuclear legacy. In terms of the UK, 

nuclear legacies cover nearly 85% of total nuclear liabilities. As shown in Table 2.1, this 

includes: 1) the Magnox fleet of nuclear power stations built during the 1960s- 1970s and 

operated by British Nuclear Fuels plc (BNFL). 2) Facilities and plants for Magnox fuel 

reprocessing and all materials and wastes associated with the reprocessing at Sellafield site. 3) 
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Nuclear facilities and plants which were established during the 1940s-1960s to support the 

research programmes of the Government and operated by BNFL and the United Kingdom 

Atomic Energy Authority (UKAEA), and all materials, wastes and spent fuel produced in those 

programmes (NDA, 2002). 

 

The facilities and structures at nuclear power generating and reprocessing sites should be 

demolished and decontaminated when the sites reached the end of their working lives. The 

process of demolishment and decontamination is referred to as decommissioning (NDA, 2002). 

For safety reason, decommissioning is not carried out instantly after the facilities were shut 

down. In addition to the contaminated surfaces of the plant, the components which have been 

exposed to neutron irradiation will be radioactive as well. These materials may include 137Cs, 

63Ni, 60Co, 55Fe and 14C, wherein, 55Fe and 60Co are highly radioactive due to the gamma 

rays that they produce (WNA, 2017). Thus, decommissioning is not allowed to be immediately 

carried out after shut down. New structures or facilities may be built during decommissioning 

but they will ultimately be decommissioned as well once not required. The decommissioning 

process can last for 100 years, depending on the type of plants and facilities involved. Apart 

from the long-time scale, the cost of decommissioning is huge. It is assessed that more than 

£115 billion is required for UK alone and the work is expected to be completed around 

2135(NDA, 2002). Wherein, the cost of work in Sellafield site is estimated around £85 billion 

and this part of work is expected to be finished around 2120 (NDA, 2015). The First Generation 

Magnox Storage Pond (FGMSP) is one of the older spent nuclear fuel ponds (SNFPs) at 

Sellafield site. Due to the long-term operation, the cladding has corroded. The 

decommissioning and retrieval of waste from older legacy storage ponds, such as FGMSP is a 

priority at the Sellafield site. 
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Table 2.1 Legacy sites in the UK (NDA,2002) 

 

 

2.1 The Nuclear fuel cycle 

2.1.1 The fuel cycle 

The nuclear fuel cycle is a series of process which underpin electricity generation from uranium 

and potentially other radioactive elements. It includes many stages, from uranium mining and 

milling to used fuel storage, reprocessing and disposal (Figure 2.1). Uranium is one of the 

heaviest natural elements. It is more abundant than silver, mercury and gold, similar as tin less 

than cobalt, molybdenum or lead.  

 

BNFL  Sellafield  Operational and decommissioning – fuel 
reprocessing and storage and management of 
nuclear wastes and materials. Also includes the 
Calder Hall Magnox station  

Capenhurst 
Works  

Decommissioning/waste management and 
storage  

Springfields 
Works  

Operational – fuel manufacture and nuclear 
services  

Drigg Storage 
Site  

Low Level Waste disposal 

UKAEA  Dounreay  Decommissioning  

Windscale  Decommissioning  

Harwell  Decommissioning  

Winfrith  Decommissioning  

Magnox  Wylfa  Operational 

Oldbury  Operational 

Sizewell A  Operational 

Dungeness A  Operational 

Hinkley Point 
A  

Defuelling and decommissioning  

Bradwell  Defuelling and decommissioning  

Hunterston A  Defuelling and decommissioning  

Trawsfynydd  Defuelling and decommissioning  

Berkeley  Defuelling and decommissioning  

Chapelcross  Operational  
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The fuel cycle starts with uranium mining. Excavation is one of the commonly used techniques 

in uranium mining. It is a process which extracts rock from ground, breaks them down and 

removes the minerals. It can be conducted either underground or via surface (open pit) mining. 

The choice is governed by the consideration of nature of the orebody, safety and economics. 

Generally, for the deposits which lie close to surface, open pit mining is employed, and it 

requires holes larger than the deposit itself and remove large amount of overburden and waste 

rock. Underground mining is usually used to underpin mining of deposits of greater depth. It 

has smaller surface damage and generates a lower quantity of waste minerals, which has less 

impact to the environment (WNA, 2021).  In situ leach (ISL) mining, which is also known as 

solution mining, is suitable for mining in sandstone or permeable sand deposits. It causes little 

surface disturbance and little waste rock or tailing generated, and an increasing portion of 

uranium are currently from this technique. ISL circulates acidified (alkaline) ground water with 

large amount of oxygen through the orebody to dissolve the uranium. Uranium oxide is 

dissolved and pumped to the surface with the solution and recovered (WNA, 2021). Acid or 

alkaline solutions may be applied in this process depending on the geology (Wilson, 1996). 

Acid leaching is commonly applied as it provides relatively higher uranium recovery and lower 

costs. Alkaline leach must be employed where significant levels of calcium exist in the orebody. 

Acid leaching provides relatively lower cost and higher uranium recovery and more commonly 

used (WNA, 2021). 

 

The mined original ore may contain only 0.1% uranium. Uranium should be concentrated to a 

higher concentration via uranium milling (U.S.NRC, 2021). In a mill, ores are crushed and 

dissolved to separate from waste minerals. Dissolved uranium is recovered and precipitated to 

uranium oxide (U3O8). U3O8 is yellow colour and often referred as “yellow cake”, with a 

concentration of uranium higher than 80% (WNA, 2021, Wilson, 1996). The remained waste 
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ore and rocks are called “tailings”. It contains toxic heavy metal and radioactive materials, 

which its disposal is isolated from the wider environment (WNA, 2021). 

 

Uranium occurs in several isotopes, which includes Uranium-238 (238U), uranium-236 (236U), 

uranium-235 (235U), uranium-234 (234U), uranium-233 (233U), uranium-232 (232U). Only 235U 

is fissile and can be used to generate electricity. 235U only accounts for 0.7% of natural in the 

Earth’s crust. Most nuclear reactors are light water reactors which require fissile 235U at a 

concentration of 3% - 5%. Some special power reactors use high-assay uranium (HALEU) with 

uranium concentrations at 7% - 20%. Thus, a process to enrich for the 235U is required. The 

most commonly used technique to enrich 235U is based on the mass difference between 235U 

and 238U. U3O8 is first converted to uranium hexafluoride (UF6) gas. UF6 is then centrifuged, 

and 235U and 238U are separated by their 1% mass difference.  The enriched 235UF6 is 

recovered to UO2 following the process described in Figure 2.2. UO2 is pressed and baked 

(over 1400 oC) to ceramic UO2 pellets. Fuel pallets are then fabricated to fuel rods (WNA, 

2021). 

 

The basis of the nuclear power reaction is a chain reaction of uranium fission. 235U nucleus 

contains 143 neutrons and 92 protons. It will split in two (fission) after capturing a moving 

neutron. Energy is released in the form of heat and 2 or 3 neutrons are expelled during the 

fission. The released neutrons may further be captured by other 235U nucleus and caused a 

chain-reaction. Millions of reactions occur and large amount of heat is released. The heat can 

be used to make steam to produce electricity (WNA, 2021). 238U in the fuel rods may capture 

a neutron and become plutonium-239 (239Pu). Further fission events will happen and yield 

energy when Pu-239 is hit by a neutron. Energy yielded from this process  accounts for one 
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third of the total fission energy. 239Pu atoms may simply capture a neutron and become Pu-240. 

The concentration of Pu-240 increases with time that fuels stay in the reactor. Similarly, the 

concentration of other fission fragments and heavy elements increase as well. Typically every 

18-36 months, the concentration of fission fragments and heavy elements will reach a point 

where the fuels are unable to be used. The used fuels typically contain 1.0% Pu (0.6% fissile), 

1.0% 235U, 3% minor actinides and fission products, 95% 238U (WNA, 2021).  

 

The used fuels removed from reactors emit heat and radiation due to the fission fragments. 

Thus, these used fuels are immediately emplaced to a spent nuclear fuel storage pond for 

temporarily storage before the final disposal. The water in ponds absorbs the heat and shield 

the wider environment from radiation. After the spent fuels are stored in the pond for months 

or sometimes several years, they will be either stored for final disposal or reprocessed to recycle 

the usable portion. (WNA, 2021).  

 

Figure 2. 1 Nuclear fuel cycle from uranium mining to disposal (WNA, 2021) 
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Figure 2.2 Process of fuel fabrication (WNA, 2021) 

 

2. 1.2 First Generation Magnox Storage Pond (FGMSP) at Sellafield 

Spent fuels from nuclear reactors generate heat and radioactive. They are temporally stored in 

Nuclear Fuel Storage Ponds (SNFPs) before the final decision of their disposal. SNFPs are 

filled with deionized water which can help cool down the spent fuels and shield the 

radioactivity (Chicote et al., 2005). Pond pH is tropically adjusted to alkaline to minimise the 

rate of corrosion of the spent fuels (Foster et al., 2020). Even though the extreme conditions, 

microorganisms are presented. SNFPs are initially designed to store spent fuels at most 20 

years, which is assumed long enough for determining their final disposal (Sarro et al., 2005). 

However, many nuclear power plants (NPPs) in Europe doubled the capacity of the ponds to 

extend the lifetime to 40 years. The short-term or long-term impact of microbes to the spent 

fuels in pond and facilities remains a topic of debate requiring further investigation. 

 

The Magnox reactors were a key part of the UK’s nuclear fleet. The fuels for the reactors 

comprised non-enriched uranium covered by an alloy of Al and Mg in small quantities (Wilson, 

1996). The First Generation Magnox Storage Pond (FGMSP) at Sellafield site is an open-air 

pond built to receive spent MAGNOX fuels. It is 6 m in depth, 20 m in width and 150 m in 
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length and contains deionised water. NaOH was used to kept an alkaline level of 11.4 to 

minimise the corrosion of material in the pond (Jackson et al., 2014; Sellafield Ltd, 2016). It 

started to accept spent nuclear fuels from Magnox reactors for mid-term storage and 

reprocessing from 1950s. The site stopped reprocessing spent fuels by the 1970s, but kept 

accepting Magnox spent fuels for housing until 1992. Over long-term operation, significant 

amounts of wastes have been generated. For example, around 14,000 m3 of water, 1500 m3 of 

radioactive sludge and 500 tonnes of solid nuclear fuels are located at the bottom of ponds 

(Sellafield Ltd, 2016). The sludge contains fragments of metal and fuel rods, concrete 

degradation products, corroded fuel particles and animal remains (Gregson et al., 2011). 

Although poised at high pH, the long-term operation and prolonged corrosion of the fuel and 

cladding has resulted in a significant level of radionuclides accumulating in the pond waters 

and sludges, including fission products, such as Sr and Cs (Jacckson et al., 2014). In addition, 

FMGSP has proved susceptible to seasonal blooms. The blooms increase water turbidity and 

cause water visibility issues, which impact the waste retrieval operations and downstream 

process, and can results in increasing costs and schedule of the decommissioning programme. 

They can also generate radionuclide impregnated organic rich sludge, which complicates 

disposal plans for the spent fuels. Therefore, controlling the seasonal bloom in the FGMSP was 

now a priority. The FGMSP was a complex system, with high pH and fission products of 

uranium, such as Sr and Cs. Therefore, it was essential to uncover the interactions between the 

bloom dominated microorganisms and the radionuclides in the FGMSP before designing the 

bloom control strategies.   
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2.2. Microorganisms in nuclear storage facilities 

2.2.1 Microbes in spent nuclear fuel ponds 

Microorganisms and their bio products are common problems in a wide range of industrial 

contexts, such as food processing, paper mills, oil and nuclear power industries. Many 

problems such as microbial induced corrosion, lower heat conductivity and filter blocking, may 

be associated with the presence of microorganisms (Wolfram and Dirk, 1997; Melo and Bott 

1977; Masurat et al, 2005). In addition, the presence of microorganisms in an industrial system 

is a warning of other subsequent fouling problems (Masurat et al, 2005). Solutions to 

biofouling are typically system specific due to the variable limiting factors in industrial systems 

(Costerton et al., 1995). Industries tend to make the environment more extreme to prevent the 

growth of microorganisms. For example, using biocides or ultra-pure water in their system. 

However, microorganisms still can still persist in such extreme conditions.  In recent years, 

various phylogenetic groups of microorganisms were reported and isolated from SNFPs. 21 

bacteria belong to α, β, γ-proteobacteria, actinobacteridae, and Firmicutes were identified and 

isolated from SNFP at the Cofrentes NPP by Chicote et al (2004). Masurat et al (2005) isolated 

Meiothermus sp. which was the dominated organism of biofilms in Sweden’s interim SNF 

storage facility. Tisakova et al (2012) isolated Pseudomonas aeruginosa, Kocuria palustris, 

Ochrobactrum spp. and Micrococcus luteus from the interim spent fuel storage pond in Slovak 

Republic and assessed the ability of accumulating Co and Cs. Microorganisms often develop 

biofilms as a survival strategy, consisting of surface attached microorganisms covered by 

extracellular polymers.  The extracellular polymers contain 50-90% of the organic carbon in 

the biofilm. They contain channels that connect the microbes inside and surrounding 

environment (Christensen and Claracklis, 1989; Meesters et al. 2003). The conditions inside 

the biofilm are not constant. The change of outside environment such as water temperature and 

water chemistry may change the condition inside biofilm, which helps to minimise the pressure 
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on the microorganisms, particularly in extreme environments (Masurat et al., 2005). Biofilms 

are able to adherence to surfaces, potentially enhancing corrosion processes, which can 

increase the radioactivity and turbidity of the pond water.   

 

Biofilms are also able to selectively accumulate metals and radionuclides via biosorption or 

bioaccumulation processes, especially when the concentration of radionuclides are at a very 

low level (Tisakova et al., 2012).  Chicote et al (2004) reported that some microorganisms 

formed biofilms on the surface of stainless steel in the SNFP and accumulated heavy metals 

and radionuclides equivalent to 5500 BQ cm-2 radioactivity. Some of these microorganisms 

have been identified and radionuclide-microbe interactions studied. For example, 

Microbacterium sp. can take up uranium and plutonium via siderophores-mediated processes 

(John et al., 2001). Pseudomonas can interact with Cd, Co and U, and degrade many toxic 

compounds (Brooks et al., 1998; Pattanapipitpaisal et al., 2002; Lloyd and Renshaw, 2005). 

Nocardia sp showed ability of accumulating cadmium, nickel and copper (Kim et al., 2002). 

In addition, it is found that some radioactivity-tolerated microorganisms formed carbonate and 

hydroxide complexes with radionuclides through chemisorption or bio mineralization 

mechanisms (Chicote et al., 2005). Therefore, identifying the microbes presented in the system 

and investigating their interactions with radionuclides may help to develop the potential of 

using specific micro-species in bioremediation. 

 

2.2.2 Microbial diversity in FGMSP 

Despite the high pH and radioactive nature of the FGMSP at Sellafield site, seasonal blooms 

have been reported. Foster et al (2019) investigated the pond ecology by amplifying and 

sequencing the 16S rRNA of the pond water samples (Figure 2.3). 7 samples from August 
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2014 to September 2017, covering both bloom periods and no bloom periods of the pond. 28 

genera were identified from the pond sample. The prokaryotic community was dominated by 

proteobacterial phyla. The microbial community changed from 2014 to 2016 and 2017. The 

most abundant genera were Sphingomonas and Sediminicoccus in 2014, and these declined in 

2016 and 2017. The microbial community between 2016 and 2017 was relatively stable, with 

6% - 12% Porphyrobacter, 8 - 17% Roseococcus, 8 - 18% Rhodobacter, 9% - 22% 

Mongoliitalea and 12% - 28%, Hydrogenpphaga detected in all samples. Cyanobacteria were 

detected in all samples collected from the FGMSP. During the no bloom periods, cyanobacteria 

accounted for less than 2.5%. During the bloom period in 2014, cyanobacteria readings 

increased, include Geitlerinema (<0.1%), Cyanoium (<0.1%), Synechocystis (<0.4%), 

Nodosilinea (<0.8%), Pseudanabaena (0.3% to 7%). The abundances of cyanobacteria 

increased to 30.1% in 2016 bloom event, wherein the Pseudanabaena abundances raised to 

28.9%. In addition, species of the Pseudanabaena genus presented in all samples except 

September 2017, which suggested that Pseudanabaena species were the main contributor to 

the bloom event (Foster et al, 2020). Therefore, investigating the physiology of Pseudanabaena 

and its interactions with radionuclides present in the pond is important for understanding the 

fate of radionuclides in the pond, and for developing control methods of the bloom in FGMSP. 

 

2.3 Interactions of microorganisms and radionuclides 

Nuclear power industry generates chemically toxic and radioactive compounds at all stages. 

Weapons testing and nuclear disasters, such as Fukushima in 2011 and Chernobyl in 1986, 

released massive amounts of radionuclides into the environment (Rivasseau et al., 2012). 

Microorganisms play an important role in environmental fate of radionuclides in terrestrial and 

aquatic ecosystems. They are able to change the mobility and speciation of radionuclides 

through physico-chemical and biological process (Gadd, 1996).  Microorganisms exist at both 
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start point as primary producers and end point as decomposers in food chains and are crucial 

in all biogeochemical cycles (Lovley, 1995). Microorganisms accumulate radionuclides by 

biosorption or transport them into the cell and can bound, precipitate and localize with cell 

organelles or cell structures (Gadd, 1996). Thus, radionuclides can be transported through the 

food chain. In addition, the movement of microorganisms will transport radionuclides in 

aquatic environments. In addition, radionuclides can be reduced and the mobility can be 

changed by some microorganism-catalysed reactions. 

 

Figure 2.3 Microbial community comparison of FGMSP samples based on 16S rRNA 

gene sequences, samples were collected between August 2014 and September 2017 (Foster 

et al, 2020) 

 

Cells can accumulate radionuclides through non-specific physico-chemical interactions or 

specific mechanisms of transport or sequestration. Microbial uptake of insoluble or soluble 
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radionuclides by physico-chemical mechanisms is called biosorption. This process may be 

affected by metabolic activities (Schultzelam and Beveridge, 1994). The constituents of 

microbial cell wall importantly affect the affinity of radionuclides and almost all biological 

macromolecules have some affinity for radionuclides. Microbial exopolymers contain 

glycoproteins and proteins associated with lipopolysaccharide and polysaccharide. Many of 

exopolymers act as negatively charged polyanions which can catch cationic radionuclides 

(Ehrlich and Brierley, 1990). Ligands such as amine, sulfhydryl, carboxyl, hydroxyl and 

phosphate groups of microbial exopolymers are the main binding sites of radionuclides 

(Simonoff et al., 2007). Such polymers and humic materials in soil are important sorbents of 

radionuclides in the terrestrial environment (Gadd, 1996).  

 

Cationic radionuclide species can penetrate the cell through specific or non-specific transport 

systems. For heavier radionuclides like uranium, the toxicity increases the permeability of 

membrane and allowed intercellular accumulation of uranium (Simonoff et al., 2007). Once in 

the cell, metals often prefer to locate in vacuoles. Some metals may precipitate in cell structures 

or organelles as oxides, sulphides or phosphates. Function of metal-binding peptides and 

proteins may be induced by their presence. For example, metallothioneins contains 

polypeptides rich in cysteine, which can bind to Zn, Cu and Cd (Turner and Robinson, 1995). 

 

Another main mechanism of radionuclides immobilization is forming mineral or sulphide 

formation by chemical reduction or precipitation. Dissimilatory reduction or bioreduction is an 

important microbial transformation that can affect the solubility of metal elements. It is coupled 

with the metabolism of obligate anaerobes in anaerobic conditions. Metallic elements can act 

as electron acceptors for respiration in this process (Lovley, 1993). For example, Shewanella 
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putrefaciens and Geobacter metallireducens are able to reduce U+6 to less soluble U+4, and 

hence form black precipitate of uranium oxide (Fortin et al., 1995). By contrast, bioreduction 

may indirectly increase the solubility of some radionuclides. For example, it is reported that 

some iron- and sulphate-reducing bacteria increased the solubility of radium from uranium 

mine tailings (Landa and Gray, 1991). Iron-reducing Bacillus strains solubilized 90% soil PuO2 

with presence of nitrilotriacetic acid in anaerobic conditions (Rusin et al., 1994). Sulphate-

reducing bacteria such as Desulfotomaculum sp. and Desulfovibrio can produce hydrogen 

sulphide, which forms low soluble sulphides with metal cations. Sulphate-reducing activities 

are commonly observed during the anaerobic decay of biomass. Sulphidic immobilization of 

toxic metals and radionuclides cam be observed in sediments and wastes (White and Gadd, 

1996). By contrast, some autotrophic bacteria, such as Thiobacillus ferrooxidans, can lead to 

oxidation of minerals under aerobic conditions. Heterotrophic bacteria may produce chelating 

agents, organic and proton acids, which can change the solubility of radionuclides. For example, 

salicylic acids, gluconic acids and dicarboxylic acids are efficient chelators of metallic species 

and can increase metal mobility in soil. Some soil organisms, such as Aspergillus niger are able 

to both increase the metal immobilization by oxalate formation and metal solubilization by 

critic acid (Francis et al., 1992; Gadd, 1996; Morley et al., 1996). 

 

2.3.1 Interaction between microbes from SNFPs and radionuclides 

As mentioned above, microorganisms have been identified in many SNFPs. And the 

interactions between microbes and radionuclides have been studied.  Microorganisms living 

in SNFPs show strong resistance to radionuclides and capacity of accumulating radionuclides. 

For examples, bacteria isolated from an external storage pond at Sellafield site showed 

resistance to Co and Cs, wherein, bacteria closely related to Tardiphaga and Curvibacter 

genera can grew in the presence of 3 mM CoCl and bacteria related to Yersinia and Serratia 
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genera are able to survive in presence of 500 mM CsCl (Dekker et al, 2014). In addition, 

microbes in SNFPs show the ability of absorbing and accumulating radionuclides. The 

autotrophic algae Coccomyxa actinabiotis nov. sp. isolated from the storage pool of a nuclear 

site has the ability of accumulating radionuclides, including 14C, 54Mn, 60Co, 65Zn, 110mAg, 

137Cs, 238U, via the mucilage shell surrounding the cell (Rivasseau et al, 2013). Microorganisms 

form biofilms as a survival strategy in extreme conditions, and in this context corrosion 

problems related to biofilm formation were reported in the wet interim storage of spent fuel at 

the Atomic Energy Research Institute in Budapest. Bacteria isolated from the water sample 

formed biofilm and showed ability of accumulating Cd, Co and Sr during the growth. The 

formation of biofilm changed the cathodic and anodic microenvironments and accelerated the 

corrosion rates on metal surface (Diosi et al., 2003; Littile and Wagner, 1996; Costerton et al., 

1987). 

 

Pseudanabaena catenate, a close relative of the bloom-forming cyanobacterium in the FGMSP 

at Sellafield Nuclear Facility are able to remove Sr2+ ions from laboratory cultures. Most of the 

Sr2+ was precipitated as minerals containing Ca and carbonate, with a small proportion entering 

the cell and forming polyphosphates. (Foster et al., 2020). The growth of cells was not affected 

by presence of Sr. Similar studies have been documented by Anderson and Appanna (1994), 

with the growth of Pseudomonas fluorescens not hindered by Sr, as the cells involved in 

formation of strontium carbonate minerals. Cyanobacteria form extracellular carbonate 

minerals driven by increases in external pH by photosynthetic activity (Cam et al., 2015). The 

mechanism of forming intracellular strontium polyphosphates is not known in detail, but many 

research has shown metals such as Pb, Cd and Ca can bind to polyphosphates and then export 

out of cells via Pit transport system to reduce the toxic effect (Baxter and Jensen, 1980; Jensen 

et al., 1982; van Veen et al., 1994 Albi and Serrano, 2016).  
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2.3.2 Interaction between microbes and Cs 

Cs is the rarest alkali metal, has no essential biological role and little economic value. The main 

geographic sources of stable Cs are in form of caesium oxide in Africa and USA. The 

concentration of natural Cs varies in different environments. In marine systems, concentrations 

of Cs range from 0.5 to 2.0 ng ml-1; in fresh water systems, the concentration range from 0.01 

to 1.2 ng ml-1, while its concentration is soils ranges between 0.3 and 25 μg g-1 (Avery, 1996).  

Cs can exist in 20 isotopic forms, including 123Cs to 144Cs, wherein 133Cs is the only stable 

isotope. 134Cs and 137C are fission products of uranium and other actinides (Poinssot and 

Geckeis, 2012). The nuclear industry has released significant quantities of Cs radioisotopes, 

particularly 134Cs and 137Cs, into environment. Interactions between Cs (and other 

radionuclides) and microorganisms are components of terrestrial and aquatic food chain and 

play important roles in biogeochemical cycling. The activities of microorganism’s impact on 

the retention and accumulation of Cs in upper soil layers, the leaching of Cs from plant in 

terrestrial ecosystems and mobilisation of Cs in aquatic sediments. (Angel, 1983; Clint et al., 

1992; Johnson et al., 1991; Witkamp and Frank, 1970). In addition, Cs as a fission product, 

largely exists in effluents from nuclear industry. Understanding its interactions with microbes 

are important to tracking the fate of Cs and develop Cs removal strategies.  

 

Cs is alkali metal. It is the most electropositive metal, easily oxidized and forming strong bases. 

It exists as the monovalent cation Cs+ form in solution (Gadd, 1992). Cs+ is a very weak Lewis 

acid when compared to other environmental metals, such as Cu2+ and Cd2+. The charge/ radius 

ratio of Cs ion is very low. Therefore, it has low polarizing power and charge density (Hughes 

and Poole, 1991). Consequently, it is difficult for Cs to interact with ligands (Avery, 1996). 
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The toxicity of metals is related to their coordinating ability. Generally, soft metals are toxic to 

microorganism, while hard metals are often essential nutrients for microbial growth (Avery 

and Tobin, 1993). Cs is a hard metal and trace amounts have been detected in many organisms, 

but no essential biological role is documented (Ghosh et al., 1993). Cs+ is chemically similar 

to other alkali monovalent cations, especially K+. The ionic radius of Cs+ is 165, which is close 

to K+ (133) and Rb+ (149). Thus, many K+ transport system located in the plasma membranes 

of microorganisms cannot discriminate them and transport Cs+ into cells as an analogue for K+ 

(Avery et al., 1992; Bossemeyer et al., 1989). 

 

Internal K+ concentrations are usually hundreds fold higher than external K+ concentration. 

The monovalent cation fluxes through the cell membranes against concentration gradients. 

Thus, energy is required in the process. Monovalent cation uptake via primary active transport, 

such as K+ - ATPase, is common observed in bacteria. Energy for driving the process comes 

from ATP (Walderhaug et al., 1987). The transport of monovalent cations can also be driven 

by the electrochemical proton gradient produced by the process that membrane-bound H+- 

ATPase expels protons. The transport of monovalent cations is not directly driven by the 

hydrolysis of ATP, but sustained transport requires consumption of ATP and maintain H+ efflux 

(Jones and Gadd, 1990) 

 

2.4 Bloom control methods 

There are numerous commonly used methods for cyanobacteria and algal removal or growth 

prevention. However, the condition in the FGMSP was unique. The pond was open to air and 

high pH. In addition, the pond was suspended with radionuclides and fuel rods were stayed at 

the bottom of the ponds. These features limited the effectiveness of most commonly used 

bloom control methods. Here several commonly used bloom control methods were assessed. 
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2.4.1 Nutrients Removal 

Limiting or removing the nutrients, such as nitrogen and phosphate, is an approach to limit the 

growth of microorganism chronically, and could be considered in priority (Sigee, 2005). Many 

chemicals can be used for this purpose. For instance, polyaluminium chloride, ferric or 

aluminium sulphate can efficiently remove ortho-phosphate (Aguilar et al., 2005). Calcium 

carbonate-based regent can be used to remove inorganic nitrogen and activated carbon shows 

distinct ability in absorbing organic nitrogen (Wending et al., 2013). Copper sulphate can also 

be used to remove nitrogen. In addition to nutrients removal, copper sulphate could induce lysis 

of cyanobacteria (Peterson et al., 1995; Fan et al., 2013a). Besides using chemical additions, 

biological methods can be used in nutrients removal. Schmack et al (2012) used a mixture of 

6 bacterial cultures in controlling algal bloom in a river system. The bacteria did not directly 

attack or lyse the algal cells but reduced the algal growth by competing for the nutrients. 

However, the inhibitory effects were not long-term. For instance, the effect of CuSO4 only 

lasted for 3 days (Fan et al., 2013a). In addition, the FGMSP is open to air, and is in a flow 

through system which limiting the nutrient ingress control options. 

 

2.4.2 Oxidation and Photocatalysts 

Oxidants could be used for microbial bloom removal. Hydrogen peroxide, potassium 

permanganate and ozone are widely used in bloom control. The effectiveness of oxidants is 

dose dependent. Potassium permanganate and hydrogen peroxide could damage cell 

membranes and effectively result in cell lysis (Fan et al., 2014). Fan et al. (2013b) reported 

that 3 mg/L of potassium permanganate show damage effect on cyanobacteria cell, 10 mg/L 

caused obvious of reduction of cell density. The experiment used a toxin producing strain of 

Microcystis aeruginosa. The dose of potassium permanganate damaged the cell and led to toxin 
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release. The toxins were totally oxidised by potassium permanganate after 7 h contact time. 

Ozone is more reactive than potassium permanganate and hydrogen peroxide in relatively 

alkaline environment (Li et al., 2011). Ozone could prevent the formation of biofilm even in 

low concentration. In addition, ozone could damage cell wall and lyse the cell (Fan et al., 2014). 

The removal of algae by ozone increases with temperature however, the solubility of ozone 

was negatively corresponded to temperature (Farooq et al., 1977; Roth and Sullivan, 1981). 

However, oxidation was not suggested due to the high pH of pond and the possibility of 

chemical reactions with the pond inventory  

 

Photocatalysts could be a possible way in controlling the growth of algae (Peller et al., 2007). 

Photocatalysts provides long-term suppression on algal growth, as the losses of catalyst in 

process are low. Titanium dioxide has been studied for decades in destruction of environmental 

contaminants. The mechanism that titanium dioxide removing algae is oxidation (Peller et al., 

2007). It could disrupt the cell structure and break up any microbial colonies (Kim and Lee, 

2005; Metzler et al., 2011) Oxidation takes place at the surface of photocatalyst. Therefore, 

maximising the surface area of photocatalyst is important. The inhibition of photocatalysts to 

algal cells is affected by oxygen availability, dose of photocatalysts and length of the treatment 

(Kim and Lee, 2005; Hong and Otaki, 2006; Song et al., 2008; Metzler et al., 2011). Due to 

the condition of FGMSP, powdered form photocatalysts might be flushed out or act as catalysts 

to unwanted chemical reactions in pond. And immobilised photocatalysts would require large 

contact area, therefore would suspended in the water and hinder the pond routine maintenance 

work. 
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2.4.3 Sonication, UV and Flushing 

Apart from using chemicals, there are physical methods for bloom control. Many reports 

demonstrated sonication could be an effective approach (Mason and Phillip, 2002; Wu et al., 

2012). Sonication is an approach that generates cavitation bubbles by ultrasonic radiation with 

frequency higher than 20 kHz (Rajasekhar et al., 2012). The pressure can increase up to 100 

MPa and the temperature can increase up to 5000 °C during the collapse of the bubbles (Suslick, 

1990). In addition, free radicals which could disrupt the cell wall and results in the leaching of 

intracellular matter are generated in this process (Tang et al., 2004). Sonication suppresses the 

growth of microorganisms by disturbing the metabolic activity, cell multiplication and 

collapsing gas vacuoles (Zhang et al., 2006; Xu et al., 2006; Rajasekhar et al., 2012; Wu et al., 

2012; Ahn et al., 2003). The efficiency of sonication treatments depends on exposure time, the 

chemical composition of culture, frequency and power supplied per volume (Rajasekhar et al., 

2012; Suslick 1990; Zhang et al., 2006; Zhang et al., 2009). For cyanobacteria, sonication has 

maximal effects on those with gas vacuoles (Tang et al., 2004). Sonication is a short live 

approach and cells can recover after the treatment. Therefore, it is better to combine sonication 

with other kinds of treatment (Nakano et al., 2001; Gavand et al., 2007). For instance, 

sonication combined with polyaluminium chloride could improve treatment efficiency (Zhang 

et al., 2006; Zhang et al., 2009). Sonication has little impact on pond inventory and water 

chemistry. However, sonication would lysis the cells and nutrients would release back to the 

system and recycled by the microbial community. UV light could also be used to control 

cyanobacterial blooms. The mechanism is that UV light are able to change the cell shape, 

damage cell membranes and degrading chlorophyll (Tao et al., 2010). The effect of UV 

treatment depends on the length of treatment and irradiation intensity. UV is not a long-term 

approach, it should be applied periodically as cell number starts to recover after the irradiations 

has been stopped (Ou et al., 2011). UV irradiation coupled with other treatments, for examples 
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photocatalysts, could enhance the effect of suppressing the bloom (Ou et al., 2011; Metzler et 

al., 2011). Flushing is also an effective method for algal bloom control in high nutrient 

concentration waters (Cooke et al., 2005). Flushing directly decreases the concentration of 

nutrients and cells (Pfafflin and Ziegler). The nutrient concentrations in flushing water should 

be lower than the water with algal culture. It is suggested that the water exchange should be at 

least 10% - 15% to have an obvious effect (Welch and Patmont, 1980). Flushing was reported 

more effective on cyanobacteria relative to algae (Hudnell et al., 2010). However, during the 

flushing, the water might be disturbed and particles at the bottom of the water body may release, 

which may affect the effectiveness of the treatment (Cooke et al., 2005). 

 

2.5. Potassium in Microorganisms 

2.5.1 Roles of potassium in bacteria 

Potassium is the activator of a number of cell enzymes. Ions of similar size, such as Rb+ and 

NH4
+ can replace K+ in some situations. Monovalent cations such as Na+ and Li+, with smaller 

size but larger hydration shells present antagonization effect to K+ activation (Suelter, 1970). 

Ennis and Lubin reported (1961) that protein synthesis was inhibited while DNA and RNA 

synthesis continued when the cell K+ decreased and Na+ increased in a mutant of Escherichia 

coli. The K+ concentrations in microorganisms ranged from 18 mM in a freshwater thermophile 

to 4 M in a Halobacterium halobium (Kushner, 1978; Christian and Waltho, 1962). K+ required 

for activation of enzymes is around 10 mM ((Suelter, 1970). High concentrations of K+ 

generally inhibit enzymes (Kushner, 1978). K+ has a function in controlling cell osmotic 

potentials. The osmotic activity of intracellular K+ depends on the type of anion associated with 

K+. K+ associated with low molecular weight anionic compounds has higher osmotic activity 

than K+ associated with large molecular weight compounds such as proteins and nucleic acids 

(Alexandrowicz, 1962). In bacteria, cell osmolarity is kept at a higher level than the medium. 
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The difference of osmotic pressure is essential for growth of bacteria and other cells with walls 

(Knaysi, 1951). As potassium is an important element for bacteria. Changing the environmental 

concentration of potassium might affect the growth of cells. Parker et al. (1997) reported that 

potassium ions strongly inhibited the growth of Microcystis. In terms of the FGMSP at 

Sellafield site, the pond was continuously flushed by NaOH buffered deionised water. Thus, in 

this thesis, I assessed the inhibitory effect of KOH to P.catenata dominated culture to justify 

the possibility of using KOH instead of NaOH as a pH buffer in the pond system to achieve the 

goals of keeping alkaline environment and bloom control simultaneously. 

2.5.2 Potassium transport system 

Potassium transport systems are species specific. Two potassium transport system were 

identified in Streptococcus faecalis. KtrI transports K+ with a maximum speed around 80 μm 

g-1 min-1 and could transport Rb+ in similar kinetics. ATP and Photon-motive force (PMF) were 

required for transport. The KtrII system is expressed in the environment with high 

concentration of Na+, low concentration of K+. It is not dependent on the PMF. The maximum 

velocity is around 30 μm g-1 min-1. The KtrII system did not transport Rb+ well (Kakinuma and 

Harold, 1985; Kobayashi, 1982).  Another two K+ transport system was identified in 

Escherichia coli. The Trk system is a constitutively expressed K+ transport system. It has the 

lowest affinity for K+. The Trk system can transport K+ at 500 μm g-1 min-1. The Kdp system 

has a high affinity for K+ and is only expressed when K+ is low. The Kpd system consists of 

KdpA, KdpB and KdpC proteins, wherein the KpdA subunit is important in binding K+ for 

transport. Kdp is ATP dependent system, the maximum velocity is around 150 μm g-1 min-1 

(Walderhaug et al., 1987). Previous studies reported that Cs as an analogue of K might 

transported via K transport system (Avery et al., 1992). Identifying the expressed K transport 

system and monitoring its regulation in Cs dosed conditions provided information for 
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understanding Cs transport and the adaption mechanism of P.catenata to Cs abundant 

environment.  

 

2.6 Aims and objectives 

As mentioned above, the decommissioning work of FGMSP was a priority at Sellafield Site. 

Pseudanabaena sp. dominated seasonal blooms were presented in the pond, which increased 

water turbidity and caused water visibility issues. In addition, the microbes presented in the 

pond increased the risk of increasing the radiation of pond water, as the mobility of 

radionuclides might be affected. Hence, the bloom impacted the downstream process and 

hindered the decommissioning work. Uncovering the adaption mechanism of the 

Pseudanabaena sp. to the radionuclides are the basis for designing the bloom control methods. 

And identifying the fate of radionuclides in the microbe active system might provide 

remediation options for radionuclides. Therefore, understanding the interactions between the 

most abundant radionuclides Sr and Cs in the system was crucial for making pond management 

strategies. Previous work had identified that the Sr could be biomineralized by P.catenata and 

form carbonate minerals. However, there was a gap in the knowledge of Cs - P.catenata 

interactions. In addition, controlling the microbial bloom in the FGMSP was another purpose 

of the project. As the pond was opened to air and flushed by NaOH dosed deionised water, 

many commonly used bloom control methods were not effective. And the nature that pond 

stored spent nuclear fuel rods and suspended with radionuclides also makes the designing of 

control methods for the bloom more challenging. Therefore, this work aims to fill the gaps that 

the knowledge of Cs – P.catenata interactions and designing the bloom control method for the 

Pseudanabaena dominated microbial bloom in the FGMSP. 
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2.6.1 Aims 

The overall aim of this project was to understand the interactions between Pseudanbaena and 

Cs. This was achieved in chapter 4 by determining the adaptive mechanisms of P. catenata to 

Cs abundant environment and the fate of Cs in the P.catenata active system Further to this, the 

project aims to develop a bloom control method for the Pseudanabaena dominated FGMSP 

pond. This was achieved in chapter 5 by comparing the inhibitory effect between KOH and 

NaOH on P.catenata growth and identifying the impact of Na and K on cell protein expression. 

 

Four main objectives were formulated and investigated using a wide range of techniques, 

including optical density, microscopy, ICP-MS, STXM, 16S rRNA gene sequencing and 

proteomics techniques. 

 

2.6.2 Objectives 

1. To determine the adaptive mechanisms of P. catenata to a Cs abundant environment. 

The FGMSP has an inventory of radionuclides, wherein Sr and Cs were the most abundant 

fission products of uranium in the FGMSP.  By understanding the physiological 

adaptations that microorganisms use to colonize the FGMSP, a better understanding of their 

impact on pond management could be achieved. Here a laboratory culture of P.catenata 

was dosed with Cs and K. The effect of Cs on cell growth kinetics, cell morphology and 

protein expression were determined by using optical density measurement, light 

microscopy and proteomic tools.    

2. To identify the fate of Cs in the P. catenata active culture. 

Cs is mobile in aquatic system. Identifying the fate of Cs in P.catnata active system 

provides remediation options to Cs. Inductively coupled plasma mass spectrometry (ICP-

MS) and scanning transmission X-ray microscope were used to determine the mobile and 
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accumulated Cs respectively. 

3. To compare the inhibitory effect between NaOH and KOH on P. catenata growth. 

Based on the outcome from understanding the adaption mechanism of P. catenata to Cs 

abundant environment. It is found that P.catenata was sensitive to K, which provides a 

bloom control option for P. catenata dominated algal bloom. Here a batch culture 

experiment and a chemostat experiment which simulated the pond system were used to 

compare the inhibitory effect between NaOH and KOH on P. catenata growth, which could 

justify the possibility of using KOH instead of NaOH as a pH buffer to keep the alkaline 

environment of the pond system and control the Pseudanabaena sp. dominated microbial 

bloom simultaneously. The inhibitory effect was evaluated by measuring the growth using 

optical density, the microbial community by using 16s rRNA gene sequencing.   

 

4. To identify the impact of K and Na on P. catenata protein expression 

Identifying the impact of K and Na on P.catenata gave an insight into the mechanism of  

inhibitory effect of K. It was achieved by analyzing the protein expression profile of K and 

Na dosed culture.  
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Chapter 3 Methodology 

3.1 Measurement of Pseudanabaena catenata growth 

Because the radiological safety limitations prevented obtaining organisms directly from water 

from the Spent Nuclear Fuel Pond (SNFP), the closest related strain to the Pseudanabaena sp. 

Identified from the pond was obtained from a stock centre: Pseudanabaena catenata was 

obtained from the NIVA Culture Collection of Algae (NIVA-CYA 152 Pseudanabaena 

catenata Helbig’s Pond, Warburg, Alberta, Edmonton, Canada, 1980-07) and was used as a 

representative culture for the pond system. An axenic culture of P. catenata was not available, 

and the culture used in this thesis was a mixed community and also contained other bacteria 

taxa (Foster et al., 2020). The P. catenata genome has been sequenced by Dr Lynn Foster 

(University of Manchester Geomicrobiology Group), and the amino acid sequence was used as 

a database for the proteomics analysis. The mixed community contained several bacterial 

genera that were also present in the FGMSP, therefore the culture is highly representative of 

the microbial community in the pond (Foster et al., 2020). 

 

Cultures were grown in BG-11 medium (Appendix 1). All batch cultures were incubated in a 

light cabinet with light intensity of 30 µmol m −2 s −1 on a 16:8 h light-dark cycle, and were 

shaken at 140 rpm. The temperature was set to 20 ± 1 °C. Lights used in the batch culture 

experiment are LED lights. For the chemostat experiment, cells were grown in a PG-120 

growth tent (Progrow, UK) with light intensity of 30 µmol m −2 s −1 with 16:8 h light-dark 

regime on a magnetic stirrer (Fisher Scientific Isotemp, China) operating at 50 rpm. The lights 

used in the chemostat are fluorescent lights. The growth of the P. catenata was monitored by 

measuring the optical density at 600 nm (OD600). 
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3.2 Cell morphology 

Cell morphology was observed by using a Zeiss Imager A1 microscope (Carl Zeiss  

International) fitted with an Axiocam 506 mono camera using Zen2 imaging software. The 

length and width of P. catenata cells were measured using ImageJ software. By comparing the 

cell morphology in control, K and Cs dosed culture justified the impact of Cs on cell 

morphology, the results were shown in chapter 4. 

 

 

3.3 Scanning transmission X-ray microscope 

3.3.1 Description of STXM 

A simplified view of STXM is shown in Figure 3.1. The X-ray from the synchrotron source is 

focused by the Fresnel zone plate. The focal point is 50 nm in diameter over a 3 – 10 µm waist. 

The X-ray raster-scans through a thin section of a sample. The transmitted signal is measured 

by single photon counting using counting periods of 0.2-0.5 ms per pixel for imaging. The 

detailed chemical analysis can be achieved by taking a series of images at energies around the 

absorption edge of interest (Koprinarov and Hitchcock, 2000).  
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Figure 3.1 Schematic scanning x-ray transmission microscope (STXM) (Koprinarov and 

Hitchcock, 2000) 

 

3.3.2 Near Edge X-ray Absorption Fine Structure (NEXAFS)  

When the X-ray passes through substance, it is absorbed to some extent. The absorbed photons 
induced excitation of the inner shell electrons of the atoms in the substance.  
 
A short-lived excited state or ionized state are formed, as the excited inner shell electrons are 

promoted to unoccupied energy levels. X-ray absorption spectroscopy is described in terms of 

absorption edges (Figure 3.2), all elements have an X-ray absorption edge in the energy range 

of 100 – 1200 eV. NEXAFS spectra are different even for similar structures (Figure 3.3). 

Therefore, NEXAFS spectrum can be used to identify organic polymers. Finally, comparisons 

with NEXAFS spectra of pure standards provides a method to quantitative composition maps 

of a complex material from a series of X-ray microscopy images (Koprinarov and Hitchcock, 

2000). 
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Figure 3.2 X-ray absorption edges of carbon, nitrogen and oxygen (Koprinarov and 

Hitchcock, 2000) 

 

For our experiment, STXM were used to identify the distribution of cell accumulated Cs. Cells 

from the control, 1 ml Cs and 1 mM Cs + 2.5 mM K cultures were analysed by STXM. 1 ml 

of culture sample was taken after 10 days incubation. Samples were centrifuged at 14000 x g 

for 10 minutes. Supernatant was removed and pellets were washed with deionised water. 0.2 

µl of washed samples were placed on a Formvar/Carbon Film 200 mesh Cu grid and stored in 

a desiccator. STXM images were measured at Dimond Light Source Ltd using the I08 beamline. 

Carbon K-edge (280-320 eV) stack images were collected using the following settings: 280-

283 eV, 0.5 eV energy step; 283 - 290 eV, 0.1 eV energy step; 290 - 293 eV, 0.2 eV energy 

step; 293 - 295 eV, 0.5 eV energy step; 295 - 303eV, 0.2 eV energy step; 303 - 320 eV, 0.5 eV 
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energy step. Sequenced images were then collected at the Cs M-edge (720 - 745 eV) by using 

the following settings: 720 – 728 eV, 1 eV energy step; 728.5 – 740 eV, 0.5 eV energy step; 

740 – 745 eV, 1 eV energy step. Data processing was performed by using the aXis 2000 

software package. Results were shown in chapter 4 

 

Figure 3.3 NEXAFS spectra of common polymers. PC, polycarbonate; PET, poly 

(ethylene terephthalate); PPTA, poly (p-phenylene terephthalamide); PAR, polyacrylate; 

PS, polystyrene; SAN, styrene-acrylonitrile; Nylon-6, poly(ε-caprolactam); PP, 

polypropylene; PE, polyethylene (Koprinarov and Hitchcock, 2000)  
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3.4 Inductively coupled plasma mass spectrometry (ICP-MS) 

Total Cs, K and Na concentrations were measured by Inductively coupled plasma mass 

spectrometry (ICP-MS). 1 mM of samples were centrifuged for 10 minutes to separate cells 

and supernatants. 100 μL of supernatant was then added to 9.9 ml of 2% nitric acid for ICP-

MS analysis. In the ICP-MS, the inductively coupled plasma atomizes the sample and creates 

atomic ions. The ions from inductively coupled plasma are extracted and then separated on the 

basis of their mass to charge ratio. The ion signal is proportional to the concentration. The 

concentration of a sample is determined by calibration with reference materials. In chapter 4, 

ICP-MS were used to identify the mobile Cs, coupled with the accumulated Cs identified by 

STXM, the objective that identify the fate of Cs in P.catenata active system was achieved. In 

chapter 5, ICP-MS used to trace the concentration of K and Na.   

 

3.5 16S rRNA Gene Sequencing 

16S rRNA gene sequencing is a commonly used tool for identification, classification and 

quantitation of prokaryotic microorganisms in biological samples (Schmidt et al., 1991). The 

16S rRNA gene is highly conserved in all prokaryotes (Cox el al., 2013). The 16S rRNA gene 

contains variable and conserved regions (Figure 3.4). The conserved regions of 16S rRNA 

gene can be targeted by Universal PCR primers and the gene can be amplified. The variable 

regions are used for discrimination of different microorganisms. In this thesis, 16S rRNA gene 

sequencing was applied in chapter 5 to identify the change of microbial community before and 

after the system were continuously flushed by KOH and NaOH dosed medium. In addition, the 

differences between KOH and NaOH flushed system were used to estimate the inhibitory effect 

of KOH and NaOH to the P.catenata dominated culture. 
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Figure 3.4 16S RNA gene of Escherichia coli showing nine variable regions 

 

DNA was extracted from 200 µl of sample using a DNAeasy PowerSoil Pro Kit (Qiagen, 

Manchester, U.K). Sequencing of PCR amplicons of 16S rRNA genes were conducted with 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). 

PCR amplification was performed using Roche FastStart High Fidelity PCR System (Roche 

Diagnostics Ltd, Burgess Hill, UK) in 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 (Caporaso et al., 2011; Caporaso et al., 2012). 

The PCR products were purified and normalised to ~20 ng each using the SequalPrep 

Normalization Kit (Fisher Scientific, Loughborough, UK). The PCR amplicons from all 

samples were pooled in equimolar ratios. The run was performed using a 4.5 pM sample library 

spiked with 4.5 pM PhiX to a final concentration of 12% following the method of Kozich et al 

(2013).  

 

Raw sequences were divided into samples by barcodes (up to one mismatch was permitted) 

using a sequencing pipeline. Quality control and trimming was performed using Cutadapt, 
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FastQC and Sickle (Martin, 2011; Joshi and Fass, 2011). MiSeq error correction was performed 

using SPADes (Nurk et al., 2013). Forward and reverse reads were incorporated into full-length 

sequences with Pandaseq, and chimeras were removed using ChimeraSlayer (Hass et al., 2011).  

 

For the 16S rRNA gene sequences, Operational Taxonomic Units (OTUs) were generated with 

UPARSE (Masella et al., 2012; Edgar, 2013). OTUs were classified by Usearch at the 97% 

similarity level, and singletons were removed (Edgar, 2010). Rarefaction analysis was 

conducted using the original detected OTUs in Qiime (Caporaso et al., 2010). The taxonomic 

assignment was performed by the RDP naïve Bayesian classifier version 2.2, used in 

combination with the Silva SSU 132 ribosomal RNA gene database (Wang et al., 2007; Quast 

et al., 2013). The OTU tables were rarefied to the sample containing the lowest number of 

sequences, all samples having less than 5,000 sequences were removed from analyses prior to 

the rarefaction step. The step size used was 2000 and 10 iterations were performed at each step. 

 

3.6 Molecular biology- Cell lysis, Protein Extraction, Identification and Quantification 

3.6.1 Cell lysis 

Samples were centrifuged at 14000 x g for 10 minutes. Supernatant was removed and cell 

pellets were refined with 130 µl lysis buffer (5% SDS with 50 mM TEAB pH 7.5). Samples 

were then lysed using a LE220-plus Focused-ultrasonicator with the following parameters, 

peak power: 500 W, duty factor: 40%, cycle/burst: 200, average power 200 W. Each sample 

was lysed for 600 seconds.  
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3.6.2 Protein Extraction 

S-Trap sample processing technology is a method that use SDS in S - Trap columns or 96-well 

plates for proteomics sample preparation. SDS is a universal protein solvent that can support 

the dissolve of poorly soluble membrane proteins. S -Trap protein extraction starts with the 

lysed cell samples in 5% SDS. Samples were further denatured by acidification to pH<1 and 

exposure to high concentration of methanol. These 3 steps damaged any enzymatic activity. 

Then, sample is alkylated and reduced in 5% SDS. Denatured proteins bond to the silica S-

Trap with maximum surface area by centrifugation. Contaminants can be easily washed out 

later. Then protease was added to the S-Trap column for digestion. Peptides were the final 

product in protein extraction (Figure 3.5) (Protifi, 2021).   

 

Figure 3.5 Schematic of the protocol for protein extraction using S-trap coloumn (Protifi, 

2021) 

 

3.6.3 Protein Identification and Quantitation  

Liquid Chromatography- mass spectrometry (LC-MS) is an analytical chemistry technique that 

combines liquid chromatography and mass spectrometry (Figure 3.6). Liquid chromatography 
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is a physical separation method which distributed the liquid mixture into a mobile and 

stationary phase. When analytes were injected, it is distributed on the stationary, and solvent 

passes through the column to separate the compounds one by one based on their relative affinity 

to the packing materials and the solvent, the component with the most affinity to the stationary 

phase is the last to separate. The separated sample species are then sprayed into an atmospheric 

pressure ion source (API) where the compounds are converted to ions in the gas phase. The 

ions were sent to the mass spectrometry and be determined by mass to charge ratio (Chemyx, 

2021). Proteins were identified and quantified by search the spectra from the LC-MS against 

referenced amino acid database. The proteomic tools gave a landscape of all expressed proteins 

and their regulations under specific conditions (Stalmach et al., 2015). Differences between 

physiological states at cellular level are reflected by the state and expression level of all proteins. 

Therefore, the mechanism that P.catenata adapted to Cs abundant environment was identified 

by using proteomic tools in chapter 4. And the impact of K and Na on P.catenata protein 

expression level was justified by applying proteomic tools in chapter 5. 

 

Figure 3.6 Schematic of LC-MS system (Chemyx, 2021) 

 

3.6.4 Workflow of proteomics study in this project 

The workflow of the proteomics study in this project is shown in Figure 3.7 Samples of 1 ml 

volume were taken at day 10 of the incubation. Samples were centrifuged at 14000 x g for 10 
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minutes. Supernatant was removed and cell pellets were refined with 130 µl lysis buffer (5% 

SDS with 50 mM TEAB pH 7.5). Samples were then lysed using a LE220-plus Focused-

ultrasonicator with the following parameters, peak power: 500 W, duty factor: 40%, cycle/burst: 

200, average power 200 W. Each sample was lysed for 600 seconds. 

 

Figure 3.7 Workflow for proteomics study 

 

Lysed samples were reduced and alkylated with dithiothreitol and iodoacetamide. Protein 

concentrations were quantified by using the Millipore Direct Detect system. Protein 

concentrations were then normalized to 1 mg/l for subsequent protein extraction. 5 µl of 12% 

aqueous phosphoric acid was added to 50 ml (50 µg) protein lysate. 330 µl of S-Trap binding 

buffer (90% aqueous methanol containing a final concentration of 100 mM TEAB, pH 7.1) 

was added to acidified protein lysate and mixed. Protein solutions were loaded onto a S-Trap 

column (PROTIFI) and centrifuged at 4000 RCF for 2 mins, and then the S-Trap column were 

washed with 150 µl S-Trap binding buffer 4 times. 20 µl of digestion buffer (50 mM 

triethylammonium bicarbonate) and 20 µl of 0.25 µg/µl trypsin were added to the S-Trap 

column and incubated at 47 °C for 1 hour.  3 washes with 65 µl digestion buffer, 65 µl of 0.1% 

aqueous formic acid and 30 µl of 30% aqueous acetonitrile containing 0.1% formic acid were 
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applied in order to elute peptides. For sample desalination, the digested sample solutions were 

moved to a Corning FiltrEX desalt filter plates and mixed them with pre-washed beads for 5 

mins at 800 RPM. Liquids were removed by centrifuging at 200 x g for 1 minute. The wells 

with beads in were then washed by using 0.1% formic acid twice. Then the peptides were 

extracted to by 2 washes with 50 µl 0.1% formic acid in 30% acetonitrile. 100 µl peptides 

solutions were transferred to sample vials and dried in Heto vacuum centrifuge. Dried samples 

were kept in a freezer at -20 °C for subsequent analysis. 

 

Digested samples were analysed by Liquid chromatography–mass spectrometry (LC-MS/MS) 

using an UltiMate® 3000 Rapid Separation LC (RSLC, Dionex Corporation, Sunnyvale, CA) 

coupled to a QE-HF (Thermo Fisher Scientific, Waltham, MA) mass spectrometer. Mobile 

phase A was 0.1% formic acid in water and mobile phase B was 0.1% formic acid in acetonitrile 

and the column used was a 75 mm x 250 μm i.d. 1.7 µm CSH C18, analytical column (Waters). 

A 1 µl aliquot of the sample was transferred to a 5 µl loop and loaded on to the column at a 

flow of 300 nl/min for 5 minutes at 5% mobile phase B. The loop was then taken out of line 

and the flow was reduced from 300 nl/min to 200 nl/min in 0.5 min.  Peptides were separated 

using a gradient that went from 5% to 18% mobile phase B in 34.5 min, then from 18% to 27% 

mobile phase B in 8 min and finally from 27% mobile phase B to 60% mobile phase B in 1 

min. The column is washed at 60% mobile phase B for 3 min before re-equilibration to 5% 

mobile phase B in 1 min. At 55 min the flow is increased to 300 nl/min until the end of the run 

at 60 min. Mass spectrometry data were acquired in a data directed manner for 60 min in 

positive mode. Peptides were selected for fragmentation automatically by data dependent 

analysis on a basis of the top 12 peptides with m/z between 300 to 1750 Th and a charge state 

of 2, 3 or 4 with a dynamic exclusion set at 15 sec. The MS Resolution was set at 120,000 with 

an AGC target of 3e6 and a maximum fill time set at 20 ms. The MS2 Resolution was set to 
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30,000, with an AGC target of 2e5, a maximum fill time of 45 ms, isolation window of 1.3 Th 

and a collision energy of 28. 

 

Proteome Discoverer software (Version 2.5.0.400) (Thermo Scientific) were applied for 

protein identification and quantification. MS1 spectra with precursor mass between 350 Da and 

5000 Da was selected. Raw data was searched against the amino acid sequence of the same 

culture (By Lynn Foster) by using Sequest HT search engine. A fragment with peptide length 

between 6 and 144 was selected. Trypsin was used as digestion enzyme. Maximum 2 missed 

cleavage sites with a fixed amino acid modification through carbamidomethyl and a dynamic 

amino acid modification by N-terminal acetyl oxidation was accepted. Fragment mass 

tolerance was set to 0.02 Da and precursor mass tolerance 10 ppm. Highly confident peptide 

hits, peptide-spectrum matches (PSMs) and proteins were selected with False discovery rate 

(FDR) at 0.01. Precursor Ions Quantifier was used for protein quantification, intensities were 

used to calculate the peptide abundances. The summed abundances of connected peptide 

groups were used to calculate protein abundance. Protein abundances ratio was calculated as 

the median of all possible pairwise peptide ratios calculated between replicates of all connected 

peptides. The protein file was loaded to Perseus software for further comparative analysis. 

Differently expressed proteins between treatment group (LC, HC, CK) and control group were 

screened by using multi-sample-test, proteins with an p-value < 0.05 and log2 folder 

change >1.5 or < -1.5 were considered to be differently expressed. KEGG pathway enrichment 

analysis was conducted by using an R package clusterprofiler (and pathview (Wu et al., 2021; 

Luo et al., 2017). 
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Chapter 4 The interplay between Cs, K and the cyanobacterium 

Pseudanabaena catenata, the fate of Cs and its impact on cell 

growth and protein expression 

 

Kejing Zhang, Lynn Foster, Naji Bassil, Jon K Pittman and Jonathan R Lloyd 

 

Abstract  

The cyanobacterium Pseudanabaena was reported to dominate microbial blooms in the First-

Generation Magnox Storage Pond (FGMSP) at the Sellafield site. The fission produce Cs is a 

radiologically significant radionuclide in the pond, and understanding the interactions between 

Cs and Pseudanabaena spp. is therefore important for determining facility management 

strategies. This study used culturing methods coupled with bioimaging and proteomic 

techniques to evaluate the fate of Cs following interactions with P. catenate, a model laboratory 

culture most closely related to the organism dominating FGMSP blooms. A growth kinetics 

experiment showed that Cs did not affect the growth of P. catenate, while a high concentration 

of K caused a reduction in cell yield. Light microscopy and scanning transmission X-ray 

microscopy elemental mapping identified that some Cs can be accumulated by P.catenata cells, 

localised to discrete cytoplasmic locations. Light microscopy also showed the uptake of Cs can 

result in distinct changes in cell morphology. The protein expression patterns of P. catenata 

were dramatically changed when exposed to 1 mM of Cs. Several stress response proteins and 

proteins related to nutrient limitation were stimulated by Cs treatment. The expression of KdpD, 

which is involved in the regulation of the Kdp-ATPase higher-affinity K+ pump, was identified 

to be affected by K concentration, with Cs acting as an inhibitor of expression of the KdpA 

protein. The expression of high velocity, moderate K affinity Trk transport system proteins 

TrkA and TrkB were also up regulated by Cs. 
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4.1 Introduction 

137Cs is a fission product of uranium that has no known biological role and limited economic 

value (Avery, 1995). However, with the development of the nuclear industry, large scale 

dispersal of 137Cs has been observed worldwide, for example, in contaminated land and spent 

fuel ponds used by the nuclear energy industry (Czirjak et al., 2010; Hoyos-Hernandez et al., 

2019; Koarashi et al., 2012; Chicote et al., 2005; Sarro et al., 2005; Tisakova et al., 2006). 

137Cs has a long half-life (28 years) and it exists in a high water-soluble (Cs+ form. Nuclear 

industries have continuously discharged radionuclides including 137Cs into environment and 

the associated pollution attracted great concerns in the 1980s and 1990s, particularly following 

the Chernobyl nuclear disaster (Avery, 1995; Singh et al., 1997). More recently, after the 

accident at the Fukushima Dai-ichi nuclear power plant in Japan, radionuclides like 137Cs, 90Sr, 

and 131I were released into the atmosphere, soil and aquatic system (MeGraw et al., 2018; 

Povinec et al, 2013). Since these radionuclides can be concentrated via food chains, the 

biological fate of Cs has attracted great attention (Fukuda et al., 2014). 

 

Many reports indicate that most organisms including plants, algae, bacteria and fungi are able 

to accumulate Cs, often via K transport systems due to the similar chemical and physical 

properties of Cs and the essential nutrient K (Avery et al., 1992; Haselwandter et al., 1988; 

Bakken and Olsen, 1990; Perkins and Gadd, 1995; Saski et al., 2016). Most of the research 

have focussed on understanding the mechanism of Cs accumulation, while the consequences 

of Cs exposure to cell physiology are less well understood, particularly in cyanobacteria. 

Previous studies demonstrated that in most cases Cs+ uptake is energy dependent and regulated 

by a K+ transport system (Avery et al., 1992). Extracellular Na+ affect Cs+ uptake to similar 

extent as K+ (Avery et al., 1991) while nitrogen species, such as NH4
+may act as another 

competitor for Cs+ uptake. For example, a mutant strain of Anabaena variabilis with deficient 
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NH4
+ transport accumulates less Cs+ than the nitrogen-fixing cells (Avery et al., 1993). Cs is 

considered the most toxic Group 1 metal and the presence of Cs leads to inhibition of cell 

growth (Pekins and Gadd, 1995).  

 

Many microorganisms including cyanobacteria have a wide range of metabolic and adaptive 

capabilities, which allows them to adapt to a wide range of stressful environments including 

those with extremes of temperature, pH, pressure, salinity, radiation and availability of water 

(Pikuta et al., 2007; Nazina et al., 2007; Billi and potts, 2002; Katz et al., 2007; Blanco-Rivero 

et al., 2005; Foster et al., 2020). The Cyanobacterium Pseudanabaena sp. was reported to be 

the dominant microbe of the seasonal algal bloom in the First-Generation Magnox Storage 

Pond (FGMSP) at the Sellafield nuclear processing site in Cumbria, UK (Foster et al., 2020). 

This pond started to accept spent MAGNOX nuclear fuels from the 1950s. The long-term 

operation and prolonged corrosion of the fuel and cladding has resulted in a significant level 

of radionuclides accumulating in the pond waters and sludges, including fission products, such 

as Sr and Cs (Jackson et al, 2014; NDA, 2017). The presence of microorganisms has led to 

several problems for facility maintenance, which include reducing visibility of pond waters, 

biofouling of surfaces, the potential for microbial-induced corrosion, and interactions with 

fission products and redox sensitive radionuclides (Avery et al., 1992; Foster et al., 2020; 

MeGraw et al., 2018). Pseudanabaena spp. are filamentous cyanobacteria that are able to act 

as a primary producer in pond systems, frequently identified in algal bloom events (Singh et 

al., 1993), They can also be toxic to aquatic organisms and humans due to the production of 

hepatotoxic microcystin (Zhu et al., 2015). However, studies of Pseudanabaena spp. and 

knowledge about their physiology and metabolism are limited. Understanding their interactions 

with Cs might be helpful in developing bloom control strategies and also of a remediation 

method for Cs in pondwaters. Modern imaging and omics techniques provide a chance to 
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investigate the fate of Cs and its impacts on cell protein expression in more detail. This study 

utilized scanning transmission X-ray microscopy (STXM) and Liquid chromatography–mass 

spectrometry (LC-MS) based proteomic approaches to demonstrate Cs+ transport and to 

understand the biological impacts of Cs exposure at the protein expression level in 

Pseudanabaena catenata.  

 

4.2 Materials and Methods 

4.2.1 Culturing of P.catenata 

Radiological safety limitations prevented obtaining organisms directly from water in the Spent 

Nuclear Fuel Pond (SNFP). Therefore, a closely related strain to the organism identified in 

SNFP called Pseudanabaena catenata was obtained from the NIVA Culture Collection of 

Algae (NIVA-CYA 152 Pseudanabaena catenata, Helbig’s Pond, Warburg, Alberta, 

Edmonton, Canada, 1980-07) and was used as a representative culture for the pond system. 

Cultures were set up by inoculating P. catenata into BG-11 medium (Appendix 4.1) to a final 

volume of 30 ml. The starting optical density (measured at 600 nm) was set to 0.2. Cultures 

with no Cs or K addition were set as a control. Two sets of cultures were prepared with the 

addition of 0.5 mM or 1 mM Cs to explore the impact of Cs exposure on P. catenata. To explore 

the impact of high concentrations of K, two sets of cultures were prepared with the addition of 

2.5 mM or 5 mM K. A set of cultures were prepared with 1 mM Cs and 2.5 mM K to explore 

the combined effect of Cs and K exposure on P. catenata. Biological triplicates were prepared 

for all 6 treatments, which were incubated for 2 weeks on a shaker at 140 rpm, under a white 

light intensity of 30 µmol m −2 s −1 with a 16:8 h light-dark cycle. The temperature of the 

incubator was controlled at 20 ± 1°C. Samples were taken at day 0, 3, 7, 10 and 14 for growth 

measurement, cell morphology recording and water chemistry analysis. 
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4.2.2 Growth measurement, cell morphology and water chemistry 

Absorbance values at 600 nm (OD600nm) of 1 mL aliquots of P. catenata cultures were recorded 

by using a Jenway 6700 UV/Vis spectrophotometer (Bibby Scientific Limited, Staffordshire) 

to quantify the total biomass in the cultures by turbidity.  

 

A Zeiss Axio Imager A1 light microscope (Carl Zeiss Microimaging 234 GmbH, Germany) 

fitted with an Axiocam 506 mono camera was utilized for recording cell morphology. Images 

were processed by Zen 2 imaging software. Cell length and width were measured by using 

ImageJ. The removal of Cs and K were evaluated by measuring the concentration of dissolved 

K and Cs in supernatants of growth media samples by inductively coupled plasma mass 

spectrometry (ICP-MS) using an Agilent 7700 Series. Samples of 1 ml volume taken at day 0, 

3, 7, 10 and 14 were centrifuged at 14000 g for 10 mins to remove cells, and 100 μL of 

supernatant was then added to 9.9 ml of 2% nitric acid for ICP-MS analysis. 

 

4.2.3 Scanning transmission X-ray microscopy (STXM) 

Cells from the control culture, and those containing 1 ml Cs and 1 mM Cs + 2.5 mM K cultures 

were analysed by STXM. 1 ml of samples were taken after 10 days incubation. Samples were 

centrifuged at 14000 x g for 10 minutes. Supernatant was removed and pellets were washed by 

deionised water. 0.2 µl of washed samples was placed on a Formvar/Carbon Film 200 mesh 

Cu grid and stored in a desiccator. STXM images were measured at Dimond Light Source Ltd 

using the I08 beamline.  Carbon K-edge (280-320 eV) stack images were collected using the 

following settings: 280-283 eV, 0.5 eV energy step; 283 - 290 eV, 0.1 eV energy step; 290 - 

293 eV, 0.2 eV energy step; 293 - 295 eV, 0.5 eV energy step; 295 - 303eV, 0.2 eV energy 

step; 303 - 320 eV, 0.5 eV energy step. Sequenced images were then collected at the Cs M-

edge (720 - 745 eV) by using the following settings: 720 – 728 eV, 1 eV energy step; 728.5 – 
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740 eV, 0.5 eV energy step; 740 – 745 eV, 1 eV energy step. Data processing was performed 

by using the aXis 2000 software package. 

 

4.2.4 LC-MS sample preparation, protein identification and quantification 

Samples of 1 ml volume were taken at day 10 of the incubation. Samples were centrifuged at 

14000 x g for 10 minutes. Supernatant was removed and cell pellets were resuspended in 130 

µl lysis buffer (5% SDS with 50 mM TEAB pH 7.5). Samples were then lysed by LE220-plus 

Focused-ultrasonicator with the following parameters; peak power: 500 W, duty factor: 40%, 

cycle/burst: 200, average power 200 W. Each sample was lysed for 600 seconds. Lysed samples 

were then reduced and alkylated with dithiothreitol and iodoacetamide. Protein concentrations 

were quantified by using the Millipore Direct Detect. Protein concentrations were then 

normalized to 1 mg/l for subsequent protein extraction. 5 µl of 12% aqueous phosphoric acid 

was added to 50 ml (50 µg) protein lysate. 330 µl of S-Trap binding buffer (90% aqueous 

methanol containing a final concentration of 100 mM TEAB, pH 7.1) was added to acidified 

protein lysate and mixed. Protein solutions were loaded onto a S-Trap column (PROTIFI) and 

centrifuged at 4000 x g for 2 mins, and then the S-Trap column were washed with 150 µl S-

Trap binding buffer 4 times. 20 µl of digestion buffer (50 mM triethylammonium bicarbonate) 

and 20 µl of 0.25 ug/ul trypsin were added to the S-Trap column and incubated at 47 °C for 1 

hour.  3 washes with 65 µl digestion buffer, 65 µl of 0.1% aqueous formic acid and 30 µl of 

30% aqueous acetonitrile containing 0.1% formic acid were applied, in order to elute peptides. 

For sample desalination, the digested sample solutions were moved to a Corning FiltrEX desalt 

filter plates and mixed them with pre-washed beads for 5 mins at 800 RPM. Liquids were 

removed by centrifuging at 200 x g for 1 minute. The wells with beads in were then washed by 

using 0.1% formic acid twice. Then the peptides were extracted to by 2 washes with 50 µl 0.1% 

formic acid in 30% acetonitrile. 100 µl peptides solutions were transferred to sample vials and 
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dried in Heto vacuum centrifuge. Died samples were kept in a freezer at -20 °C for subsequent 

analysis. 

 

Digested samples were analysed by Liquid chromatography–mass spectrometry (LC-MS/MS) 

using an UltiMate® 3000 Rapid Separation LC (RSLC, Dionex Corporation, Sunnyvale, CA) 

coupled to a QE-HF (Thermo Fisher Scientific, Waltham, MA) mass spectrometer. Mobile 

phase A was 0.1% formic acid in water and mobile phase B was 0.1% formic acid in acetonitrile 

and the column used was a 75 mm x 250 μm i.d. 1.7 µm CSH C18, analytical column (Waters). 

A 1 µl aliquot of the sample was transferred to a 5 µl loop and loaded on to the column at a 

flow of 300 nl/min for 5 minutes at 5% mobile phase B. The loop was then taken out of line 

and the flow was reduced from 300 nl/min to 200 nl/min in 0.5 min.  Peptides were separated 

using a gradient that went from 5% to 18% mobile phase B in 34.5 min, then from 18% to 27% 

mobile phase B in 8 min and finally from 27% mobile phase B to 60% mobile phase B in 1 

min. The column was washed with 60% mobile phase B for 3 min before re-equilibration to 5% 

mobile phase B for 1 min. At 55 min the flow was increased to 300 nl/min until the end of the 

run at 60 min.  Mass spectrometry data were acquired in a data directed manner for 60 min in 

positive mode. Peptides were selected for fragmentation automatically by data dependent 

analysis on a basis of the top 12 peptides with m/z between 300 to 1750 Th, and a charge state 

of 2, 3 or 4 with a dynamic exclusion set at 15 sec. The MS Resolution was set at 120,000 with 

an AGC target of 3e6 and a maximum fill time set at 20 ms. The MS2 Resolution was set to 

30,000, with an AGC target of 2e5, a maximum fill time of 45 ms, isolation window of 1.3 Th 

and a collision energy of 28. 

 

Proteome Discoverer software (Version 2.5.0.400) (Thermo Scientific) was used for protein 

identification and quantification. MS1 spectra with precursor masses between 350 Da and 5000 
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Da were selected. Raw data were searched against the amino acid sequence of the same culture 

(provided by Dr Lynn Foster, University of Manchester) by using Sequest HT search engine. 

Fragments with peptide lengths between 6 and 144 was selected. Trypsin was used as digestion 

enzyme. A maximum of 2 missed cleavage sites with a fixed amino acid modification through 

carbamidomethyl and a dynamic amino acid modification by N-terminal acetyl oxidation was 

accepted. Fragment mass tolerance was set to 0.02 Da and precursor mass tolerance 10 ppm. 

Highly confident peptide hits, peptide-spectrum matches (PSMs) and proteins were selected 

with a False discovery rate (FDR) at 0.01. The Precursor Ions Quantifier was used for protein 

quantification, and intensities were used to calculate the peptide abundances. The summed 

abundances of connected peptide groups were used to calculate protein abundance. The protein 

abundances ratio was calculated as the median of all possible pairwise peptide ratios calculated 

between replicates of all connected peptides. The protein file was loaded to Perseus software 

for further comparative analysis. Differently expressed proteins between treatment group (LC, 

HC, CK) and the control group were screened by using multi-sample-t-test; proteins with an p-

value < 0.05 and log2 folder change >1.5 or < -1.5 were considered to be differently expressed. 

KEGG pathway enrichment analysis was conducted by using an R package clusterprofiler and 

pathview (Wu et al., 2021; Luo et al., 2017). The definition and procedure of Enrichment 

analysis were described by Reimand et al. (2019).  

 

4.3 Results and Discussion 

4.3.1 Impact of Cs and K on cell growth and morphology 

In order to evaluate the impact of Cs on growth kinetics and cell morphology of P. catenata 

cultures, optical density values at 600 nm (OD600nm) were recorded routinely for 2 weeks 

(Figure 4.1).  The addition of 0.5 mM Cs, 1 mM Cs and 2.5 mM K showed little impact on 

the growth of cultures compared to the control, whereas 5 mM K inhibited the growth. The 1 
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mM Cs + 2.5 mM K treatment showed an inhibition of cell growth after day 10. OD600nm values 

of all cultures increased steadily in the first 10 days. The growth rates were almost the same, 

except for the 5 mM K treatment which was much lower. After day 10, cells from the Control, 

0.5 mM Cs, 1 mM Cs and 2.5 mM K groups grew at a slightly higher rate than before and 

reached OD600nm 2.8 ± 0.189, 3.03 ± 0.044, 2.82 ± 0.217 and 2.6 ± 0.040, respectively at day 

14. Cells from the 1 mM Cs + 2.5 mM K group kept growing but the growth rate decreased 

and reached OD600nm 1.77 ± 0.122 at day 14. The highest OD600nm of the 5 mM K group was 

reached at day 10 with a value of 1.04 ± 0.039, then decreased to 0.45 ± 0.002 at day 14.   

 

Cell morphology was monitored by light microscopy. Cells in standard BG-11 samples were 

rectangular in shape, typically 3 µm to 6 µm in length, and around 2 µm in width. With the 

addition of 1 mM Cs, round and elliptical shaped cells appeared frequently in the culture (more 

images in Appendix 4.2). This type of morphological change was not observed in the 1 mM 

Cs + 2.5 mM K group, or in the 0.5 mM Cs culture either, where cells typically became thinner 

and longer, approximately 5 µm to 11 µm in length, and 1 µm to 1.5 µm in width. Cells from 

the 2.5 mM K and 5 mM K cultures were slightly thicker than the control, at around 2.8 µm in 

width for the 2.5 mM K cells and around 2.5 µm in width for the 5 mM K cells. The observation 

that morphological change of P. catenata cells presented in the 1 mM Cs group but not in the 

0.5 mM Cs group indicated that the concentration of Cs needs to be over a threshold 

concentration in order to cause this change. The observation that K protected P. catenata cells 

from morphological change caused by Cs (as seen in the 1 mM Cs + 2.5 mM K group cultures) 

indicated that K might act as a competitor of Cs uptake, as also suggested in other previous 

studies (Avery et al., 1992). The concentration of K and Cs was monitored in the growth 

medium supernatant following cell removal, to evaluate the uptake of Cs and K. Another 

treatment was prepared in which cells were incubated in a version of BG 11 medium lacking 
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K (BG11M), but with addition of 1 mM Cs (the background K were removed by replacing the 

K2HPO4 with Na2HPO4). The results showed that the presence of Cs did not significantly 

reduce the uptake of K and the concentration of Cs in the supernatant did not change 

significantly over time (Appendix 4.3 A and B), indicating that Cs may not be uptake by cells 

or that the amount of removal Cs is very small compared to the concentration in the growth 

medium.  

 

Figure 4.1 (A) Growth curves of P. catenata cultures obtained by plotting the mean values 

of the optical density at 600 nm. Cultures were spiked with 0.5 mM CsCl, 1 mM CsCl, 2.5 

mM KCl, 5 mM KCl and 1 mM Cs + 2.5 mM K, or were untreated (Control). Error bars 

show the standard deviation. (B) Representative cells observed under light microscopy, 

x1000 amplification. Samples were taken after 10 days incubation. 

 

4.3.2 Fate of Cs in P. catenata culture 

Measuring the concentration of dissolved Cs and K in the growth medium over time suggested 

low levels of Cs uptake. STXM-based elemental imaging was used to further investigate 

whether Cs taken up into the cells was localised or distributed evenly in the biomass, and to 

further investigate the impact of K on this process. Cells from the control treatment, an elliptical 
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cell from the 1 mM Cs sample, a normal shaped cell from the 1 mM Cs sample and a cell from 

the 1 mM Cs + 2.5 mM K sample (Figure 2 A) were all imaged. Image sequences at the carbon 

K-edge (280 eV– 320 eV) were collected to identify the P. catenata cell, and image sequences 

at the Cs M-edge (720 eV – 745 eV) were collected to determine the distribution of Cs. Carbon 

signals were detected in all 4 samples (Figure 4.2 B a) and the near edge X-ray absorption fine 

structure (NEXAFS) spectra at 288.2 eV (Mitsunobu et al., 2015) which correspond to amide 

C were used to map the cell structure, with the spectra at 735 eV (Suzuki et al., 2019) used to 

map the distribution of Cs. Cs signals were found in both the “normal” shaped cell and the 

elliptical shaped cell from the 1mM Cs sample, but not in the sample with additional K (Figure 

4.2 B b). Cs was uniformly distributed in the normal shaped cells (Figure 4.2 A c). In the 

elliptical shaped cell, Cs was accumulated in several areas (such as the spot labelled as R3), 

while relatively weaker signal was detected in other areas of the cell (such as the area labelled 

as R2) (Figure 2 A b). The results confirmed that in the 1 mM sample, Cs was accumulated 

by the P. catenata cell, and the cell morphological change was coincident to the accumulation 

of Cs.  

 

Cell morphological changes were only present in the 1 mM Cs culture. Neither 0.5 mM Cs nor 

1 mM Cs + 2.5 mM K was able to induce the change of cell morphology. This indicates that 

the cell morphological change can only be induced when P.catenata cells are exposed to 

relatively high Cs levels, but that K is able to protect the cells from morphological change 

induced by Cs. Here we hypothesised that Cs could be accumulated by P. catanata cells, and 

that Cs and K shared the same transport system （Avery et al., 1992）. The STXM data showing 

that Cs was only associated with the cell from the 1 mM Cs sample while no Cs signal was 

detected in the 1 mM Cs + 2.5 mM K sample supported this hypothesis. While Cs signal was 

detected in both the normal shaped cell and the elliptical shaped cell, several spots with very 
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strong Cs signal were observed only in the elliptical shaped cell, which suggested that the 

morphological change might be induced by the concentration of Cs. 

.  

 

Figure 4.2 (A) STXM elemental maps of P. catenata cells. Proteins (Blue): 288.2 eV; Cs 

(Red): 735.0 eV (a) P. catanata cell from the control sample (b) Heteromorphic P. catanata 
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cell from the 1 mM Cs sample. (c) Normal shape P. catanata cell from the 1 mM Cs sample. 

(d) P. catanata cell from the 1 mM Cs + 2.5 mM K sample (B) STXM-based NEXAFS 

spectra corresponding to R1 - R5 showing in the elemental map. (a) NEXAFS carbon 

spectra. (b) NEXAFS caesium spectra 

 

4.3.3 Impact of Cs and K on P. catenata protein expression 

4.3.3.1 Overview of quantitative proteomics analysis 

1776 proteins from a total 3816 proteins in the P. catenata database were identified in the 

cultures generated in this study (Figure 4.3 A). Normalized protein abundance values of the 

identified proteins were evaluated by multiple-sample test using Perseus software. 1604 

proteins with p-value < 0.05 were accepted as significantly differentially expressed proteins. 

The 1604 proteins include hypothetical proteins and putative proteins for which the function is 

unknown. 886 of the 1604 proteins were annotated to KEGG with predicted function and were 

used for differential expression analysis. The proteins in each sample were subjected to 

hierarchical clustering to generate a heatmap showing changes in expression in the cultures 

(Figure 4.3 B).  The control group were distinct out of the 6 treatments, with a relatively 

lower expression of proteins.  The expression profile of the 0.5 mM Cs group and the 1 mM 

Cs + 2.5 mM K group were more similar. Proteins in these two groups were slightly up 

regulated in cluster 3, and mostly up regulated in cluster 6. The expression pattern of proteins 

in the 1 mM Cs and 2.5 mM K groups were similar, and the proteins were mostly up-regulated.  

 

The significantly differentially expressed proteins were annotated to KEGG and plotted in 

Figure 4.3 C and D. All treatments induced more up-regulation of proteins than down-

regulation of proteins. The 1 mM Cs group and 2.5 mM K group induced more up-regulated 

proteins, but less down-regulated proteins than the 0.5 mM Cs and 1 mM Cs + 2.5 mM K 
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groups. The expression of proteins related to metabolism, including peptidases and inhibitors, 

amino acid related enzymes, and photosynthesis proteins were affected dramatically. Down 

regulation of amino acid related enzymes and peptidases and inhibitors were only detected in 

the 0.5 mM Cs and 1 mM Cs + 2.5 mM K groups. By contrast, 1 mM Cs and 2.5 mM K 

stimulated more amino acid related enzymes, photosynthesis proteins and peptidases and 

inhibitors. Dramatically up regulated proteins were related to genetic information processing 

including DNA repair and recombination proteins, chromosome and associated proteins, 

ribosome proteins, proteins related to mitochondrial biogenesis, proteins related to transfer 

RNA biogenesis and proteins related to chaperones and folding catalysts. Down regulation of 

proteins related to transfer RNA biogenesis were mainly identified in the 0.5 mM Cs and 1 mM 

Cs + 2.5 mM K groups. The down regulation of proteins related to chaperones and folding 

catalysts and proteins related to mitochondrial biogenesis were mainly detected in the 5 mM K 

group. 1 mM Cs and 2.5 mM K induced relatively stronger up regulation of proteins related to 

transfer RNA biogenesis, membrane trafficking, mitochondrial biogenesis, ribosome proteins 

and DNA repair and recombination proteins. In terms of proteins related to signalling and 

cellular processes, the expression of transporters was dramatically influenced. In addition, 

proteins of the secretion system, two-component system and prokaryotic defense system and 

exosome proteins were stimulated. Exosome proteins and proteins related to prokaryotic 

defence system were up regulated more dramatically in the 1 mM Cs and 2.5 mM K group. 

The exosome proteins and proteins related to prokaryotic defence system were down regulated 

more in the 0.5 mM Cs group. 5 mM K also induced relatively stronger down regulation of 

prokaryotic defence system proteins. 
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Figure 4.3 Comparative proteomic analysis between treatment groups. (A) Venn diagram 

summary the number of labelled proteins in the total proteins data base. (B) Hierarchical 

clustering showing the changes in abundances of the identified proteins. Missing values 

were imputed from normal distribution. The protein abundances were normalized by z-

score (the mean of each protein was subtracted; the results were then divided by the 

standard deviation). Z-scores were used for hierarchical clustering into heat map. The 

nearness of two items was defined by Euclidean distance. The distance between 2 clusters 

was defined by average distances between 2 single items. (C)Histogram of down-regulated 

proteins. (D) Histogram of up-regulated proteins. Differentially expressed proteins were 

evaluated by using multiple-sample test. Proteins with p< 0.05 and log2 folder change >1.5 

or < - 1.5 were considered as significantly differentially expressed proteins. Significantly 

differentially expressed proteins were then categorized to KEGG for the histogram of up- 

/ down- regulated proteins. 

 

4.3.3.2 Differentially expressed pathways 

To evaluate the specific biological reactions that were affected by Cs and K, the identified 

proteins were related the KEGG pathways. The enrichment analysis was carried out by using 

an R package Clusterprofiler. The Pathways with p-value <0.05 were accepted as differentially 

expressed pathways. The results are shown in Appendix 4.4. Proteins from the two-component 

system were differentially expressed in all treatments except for the 5 mM K group. The 

differentially expressed pathways, such as the carbon fixation pathways and lysine biosynthesis 

presented in the 2.5 mM K groups were also differentially expressed in the 1 mM Cs group. In 

addition, photosynthesis and cysteine and methionine metabolism pathways were differentially 

expressed in the 1 mM Cs group. ABC transporters and oxidative phosphorylation pathways 

were differentially expressed in the 0.5 mM Cs and 1 mM Cs + 2.5 mM K groups. Protein 
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export pathway and pyrimidine metabolism pathway were differentially expressed in the 0.5 

mM Cs and 5 mM K groups, respectively. The regulation of photosynthesis pathway and two-

component system are shown in Figure 4 and 5. Other differentially expressed pathways are 

shown in Appendix 4.8. 

 

4.3.3.2.1 Impact on Photosynthesis 

Cyanobacteria store light energy by synthesizing organic compounds from carbon dioxide and 

water via photosynthesis. Photosynthesis consists of a light reaction and carbon fixation. The 

light reaction occurs in the thylakoid in cyanobacteria. Light energy is used by photosystems I 

and II to generate NAD(P)H and proton motive force (PMF), which provides the driving force 

for generating ATP. ATP and NADPH are then used to fix carbon dioxide (Golbeck and Bryant, 

1991; Mccvoy and Brudvig, 2006). It was found that in all treatments, the proteins related to 

photosynthesis were up regulated to some extent (Figure 4.4). Wherein, 1 mM Cs caused 

relatively stronger regulation than other treatments. Up regulated proteins in photosystem II 

including photosystem II P680 reaction centre proteins (psbA, psbD), photosystem II CP43 

chlorophyll apoprotein (psbC), photosystem II cytochrome b559 subunit (psbE), photosystem 

II oxygen-evolving enhancer protein (psbO and psbP) and photosystem II 13kDa protein 

(psb28). psbO protein and Psb28 protein were only up regulated with the 1 mM Cs suspended 

culture. Wherein, Psb28 protein protects and assists the assembly intermediate RC47 convert 

to functional Photosystem II. It is an important protein when cells are in a stress condition and 

the Photosystem II is damaged frequently (Weisz et al., 2017. Sakata et al., 2013).  Up 

regulation of photosystem I proteins including photosystem I subunits (psaC, psaD, psaE and 

psaL) were detected. The cytochrome b6f complex connects the electron flow between 

photosystem I and II to transport electron from water to NADP+ (Anderson, 1992; Baniulis et 

al., 2008). cytochrome b6 (petB, petC, petD) and apocytochrome f (petA) were up-regulated. 
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Wherein, more up-regulation of petA and petC were presented in the 1mM Cs group. 

Ferredoxin (petF) is an electron carrier protein, it transports electrons from Photosystem I to 

Fd-dependent enzymes such as Fd-NADP+ oxidoreductase (petH, FNR) and Fd-thioredoxin 

reductase (FTR) for NADP+ reduction (Kurisu et al., 2001). In addition, petF acts as electron 

donor to a series of enzymes involved in sulfur metabolism, nitrogen metabolism and carbon 

metabolism (Knaff, 1996). Down regulation of petF was detected in the 0.5 mM Cs and 1 mM 

Cs + 2.5 mM K cultures. petH was up regulated with the addition of Cs and K. F – type H+ - 

transporting ATPase subunits (atpA, atpB, atpH, atpE and atpF) were stimulated. Wherein, 

atpA, atpF and atpH were stronger up-regulated in 1 mM Cs group, atpB and atpE were up-

regulated more in the 0.5 mM Cs and 1 mM Cs + 2.5 mM K group.   

  



 

90 

Figure 4.4 Schematic of photosynthesis pathway regulated by Cs and K treatment. The 

results were obtained by plotting the log2 fold change of the quantified proteins identified 

in the KEGG database. Up-regulated proteins are shown in red colour and down-

regulated proteins are shown in green colour in the boxes representing each protein. Each 

box is divided into 5 segments, the 5 segments from left to right correspond to the 

expression of proteins in the 0.5 mM Cs, 1 mM Cs, 1 mM Cs + 2.5 mM K, 2.5 mM K and 

5 mM K treatments respectively. 

 

4.3.3.2.2 Impact on the two-component system  

The two-component system consists of a sensor protein-histidine kinase to sense the signals in 

the environment, and a regulator response to the signals by regulating the cellular physiology 

and gene expression. Kdp-ATPase is a higher-affinity K+ pump. Kdp-ATPase comprising of 

kdpFABC complex is regulated by sensor protein KdpD/E (Ballal et al., 2007). KdpD can be 

triggered by turgor pressure, osmolarity, K+ concentration, ATP concentration and coupled 

with the response regulator KdpE to control the expression of kdpFABC (Freeman el al., 2013). 

In our experiment, kdpD proteins were up-regulated in the 0.5 mM Cs, 1 mM Cs, 1 mM Cs + 

2.5 mM K and 2.5 mM K groups, but down regulated in the 5 mM K group (Figure 4.5).  The 

lowest abundances of kdpD proteins were detected in the 5 mM K group and the highest 

concentration of kdpD were detected in the K depleted group (Appendix 4.5 A) suggesting 

that the expression of kdpD might be regulated by the concentration of external K+.  Down 

regulation of KdpA was detected in 1 mM K group. The abundance values of KdpA were lower 

in all Cs presented samples (Appendix 4.5 B), which indicated that Cs might act as an inhibitor 

of kdpA expression.  
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The up regulation of phoB which responds to phosphate limitation, phoP proteins which 

respond to Mg2+ limitation, mntA response to Mn2+ limitation and nitrogen regulatory protein 

glnA and glnB were also detected in the 1mM Cs group and 2.5 mM K group (Makino et al., 

1989; Groisman, 2001; Yamaguchi et al., 2002; Newsholme et al., 2003; Ven el al., 1991). 

nblS is involved in controlling photosynthesis related gene expression in high light intensity 

and nutrient stress conditions, and the cicadian timing mediator protein sasA were all 

overexpressed in our experiment (Van et al., 2002; Takai et al., 2006). It should be pointed out 

that the over expression shown here was because of no related proteins were detected in the 

control. The abundances of nblS and sasA were shown to be higher in the 1 mM Cs group 

(Appendix 4.6 A and B). Other stress response proteins including HtrA proteins which are 

involved in stress response by removal of misfolded or damaged proteins to prevent the 

accumulation of unfolded proteins, polJ, pilG, pilH and pixH which are related to cell motility, 

and the light sensory system proteins cph1 and rcp1, were also up-regulated in the 1 mM Cs 

and 2.5 mM K groups (Yeh et al., 1997; Psakis et al., 2011; Hansen and Hilgenfeld, 2013; 

Yoshihara and Ikeuchi, 2004; Chung et al., 2001; Whitchurch et al., 2004). crp which is related 

to biofilm formation was down-regulated in the 0.5 mM Cs and 1 mM Cs + 2.5 mM K groups 

(Tao et al., 2010).   

 

Pseudanabaena dominated microbial blooms present in the SNFPs inhibited the maintenance 

work of the facility and increased the risk of enhancing the radioactivity. Understanding the 

interactions between P. catenata and the abundant radionuclides including Cs in the pond is 

important for determining pond management strategies. Previous studies investigating Cs-

microorganism interactions suggested that Cs as an analogue of K might be accumulated via K 

transport systems (Avery et al., 1992). Therefore, this study evaluated the interactions between 

Cs, K and P. catenata. The growth kinetics experiment indicated that Cs did not inhibit biomass 
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yields. By contrast, lower concentration of Cs slightly stimulated the growth of culture. In 

addition, it has been previously shown that radiation does not significantly affect the growth of 

P. catenata cells (Foster et al., 2020). This probably is the reason why Pseudanabaena spp. 

dominated blooms could occur in the nuclear fuel pond. 

 

Two K transport system were expressed in P.cateata. A high K+ affinity, low transport velocity 

KdpD-ATPase transport system which is normally expressed in low K environments, and a 

modest K+ affinity, high transport velocity trK system, which is normally expressed in high K 

environments (Polarek et al., 1987; Walderhaug et al., 1987). The Kdp-ATPase transport 

system was switched off due to the high concentration of Cs. However, the high velocity Trk 

K transport system was strongly stimulated by Cs (Appendix 4.7 A and B), which potnetially 

increased the uptake of Cs/K. The up regulation of the Trk system suggests that the Trk 

transport system can not discriminate between K and Cs. Previous studies also reported that Cs 

could be transported via K transport systems (Avery et al., 1992). The similar protein 

expression patten of 1 mM Cs and 2.5 mM K group indicated that K uptake was increased in 

the 1mM Cs group. This could explain the up regulation of metabolisms such as photosynthesis 

presented in the 1 mM Cs group, as K acted as an activator for many enzymes in metabolism 

(Suelter, 1970). In summary, even though Cs switched off the Kdp-ATPase transport system, 

a higher velocity Trk system was stimulated. This mechanism may give P.catenata the ability 

to live in a Cs-abundant K-limited environment. The mechanism of Cs inhibition of kdpA 

expression is unknown. A previous study reported that the N-terminal cytoplasmic region of 

kdpD is specifically bound to cyclic di-AMP produced by Staphylococcus aureus, and resulted 

in the down regulation of kdp potassium transporters during osmotic stress conditions 

(Moscoso et al., 2016). It is possible that the uptake of Cs induced the production of this type 
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of response. Another possible mechanism could be that the KdpD sensor can not discriminate 

between K and Cs. Further studies are required to uncover the mechanisms at play. 
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Figure 4.5 Schematic of the two-component system regulated by Cs and K treatment. The 

results were obtained by plotting the log2 fold change of the quantified proteins identified 

in the KEGG database. Up-regulated proteins are shown in red colour and down-

regulated proteins are shown in green colour in the boxes representing each protein. Each 

box was divided into 5 segments, the 5 segments from left to right correspond to the 

expression of proteins in the 0.5 mM Cs, 1 mM Cs, 1 mM Cs + 2.5 mM K, 2.5 mM K and 

5 mM K treatments respectively. 

 

4.4 Conclusion 

Cs did not affect the growth of P. catenata but high concentrations of K significantly inhibited 

growth. The P. catenata cells were able to uptake Cs probably via a K transport system when 

the concentration of Cs is high enough, and accumulated in discrete locations within the cell, 

which remain to identified. Understanding the mechanisms by which the Cs is concentrated in 

discrete zones may help uncover detoxification processes for this metal, and also has 

implications for Cs retention in biomass within FGMSP and other radioactive environments.  

Cell morphology also changed with the cellular concentration of Cs, and the impact of Cs on 

P. catenata protein expression was, perhaps not surprisingly dramatic. Exposing cells to 1 mM 

Cs up regulated many of the photosystem I and II proteins.  In addition, a series of stress 

response proteins and nutrient regulation proteins were stimulated. The proteomic study 

showed that the expression of the sensor protein kdpD can be induced by the concentration of 

K and expression of kdpA can be inhibited by Cs. However, the expression of the Trk K 

transport system proteins TrkA and TrkB could be stimulated by Cs. In summary, these 

experiments have uncovered mechanisms that P.catenata adapt to Cs abundant environment 

and provide evidence that Cs can be accumulated in discrete zones by P. catenata. However, 

the sub-cellular region where Cs is stored is unknown. Further experiments can identify the 
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structures or proteins that Cs is associated with, which may allow further understanding of the 

cellular Cs response mechanisms.  
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4.6 Appendix  

Appendix 4.1 Chemical composition of BG-11 medium 

 

 

 

NaNO3 17.64913519

K2HPO4 0.229647491

MgSO4.7H2O 0.304296669

CaCl2.2H2O 0.244881301

CITRIC ACID (C6H8O7) 0.031230481

FeC6H11NO7 0.022641509

EDTANa2 0.002974332

Na2CO3 0.188697047

H3BO3 0.046255863

MnCl2.4H2O 0.009145571

ZnSO4.7H2O  0.000765058

Na2MoO4.2H2O 0.001611903

CuSO4.5H2O  0.000320397

Co(NO3)2.6H2O 0.000171804

Chemical Concentration  in BG11 (mM)
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Appendix 4.2 Cells in 1 mM Cs group observed under light microscopy, x1000 

amplification. Samples were taken after 10 days incubation 

 

Appendix 4.3. (A) concentration of K in supernatant. (B) concentration of Cs in 

supernatant 
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Appendix 4.4. Enrichment results of the differentially expressed pathways. 

 

5 mM K Description setSize p-value

ko00270 Cysteine and methionine metabolism 15 0.009055627
ko00300 Lysine biosynthesis 10 0.009915014

ko00195 Photosynthesis 27 0.030732861

ko00240 Pyrimidine metabolism 12 0.048209366

2.5 mM K

ko02020 Two-component system 32 0.01807229
ko00720 Carbon fixation pathways in prokaryotes 12 0.03181336

ko00300 Lysine biosynthesis 10 0.0369164

1 mM Cs + 2.5 mM K

ko02020 Two-component system 29 0.005733945
ko00195 Photosynthesis 27 0.018306636

ko00400 Phenylalanine, tyrosine and tryptophan biosynthesis 12 0.019417476
ko00190 Oxidative phosphorylation 26 0.02173913

ko00240 Pyrimidine metabolism 65 0.033985582

ko02010 ABC transporters 48 0.038297872

1 mM Cs
ko00300 Lysine biosynthesis 10 0.003232759

ko00270 Cysteine and methionine metabolism 15 0.00619195
ko02020 Two-component system 34 0.009045226

ko00720 Carbon fixation pathways in prokaryotes 12 0.019047619

ko00195 Photosynthesis 27 0.042253521

0.5 mM Cs
ko02020 Two-component system 31 0.003401361

ko02010 ABC transporters 49 0.011904762
ko00190 Oxidative phosphorylation 26 0.03959276

ko03060 Protein export 10 0.044136192
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Appendix 4.5 (A) Grouped abundance values of kdpD proteins (B) Grouped abundance 

values of kdpA proteins 
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Appendix 4.6 (A) Grouped abundance values of nblS proteins (B) Grouped abundance 

values of sasA proteins 

 

 

 

 

 

 

 



 

109 

 

Appendix 4.7 (A) Grouped abundance values of TrkA proteins (B) Grouped abundance 

values of TrkB proteins 
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Appendix 4.8 Schematic of enriched pathways regulated by Cs and K treatment. The 

results were obtained by plotting the log2 fold change of the quantified proteins identified 

in the KEGG database. Up-regulated proteins are shown in red colour and down-

regulated proteins are shown in green colour in the boxes representing each protein. Each 

box was divided into 5 segments, the 5 segments from left to right correspond to the 

expression of proteins in the 0.5 mM Cs, 1 mM Cs, 1 mM Cs + 2.5 mM K, 2.5 mM K and 

5 mM K treatments respectively. 
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Chapter 5 KOH versus NaOH, the inhibited effect on the growth 

of cyanobacteria Pseudanabaena catenata: Implications for control 

of P. catenata dominated blooms in FGMS 

 

Kejing Zhang, Lynn Foster, Christopher Boothman, Jon K Pittman and Jonathan R 

Lloyd  

 

Abstract 

Microbial blooms have been reported in the First Generation Magnox Storage Pond (FGMSP) 

at the Sellafield Nuclear Facility where they disrupt facility operation. The dominant 

microorganism within the bloom is a very close relative to the cyanobacterium Pseudanabaena 

catenata. A previous study has suggested that although this organism is tolerant to the high pH 

values maintained within FGMSP (to prevent corrosion of the stored waste materials), this 

organism is sensitive to potassium ions.  This study aimed, therefore, to examine the effect of 

potassium treatment (as KCl or KOH) versus sodium treatment (as NaCl or NaOH) on growth 

of a mixed inoculum dominated by P. catenata using batch and chemostat cultures. The 

addition of 5 mM KCl reduced the cell density by 80% by day 14 in the batch culture 

experiment, while 5 mM NaCl promoted the growth of the culture slightly. The addition of 10 

mM NaCl reduced cell growth by 40%. The chemostat experiment also indicated that KOH 

has a strong ability of hindering the growth of the Pseudanabaena dominated culture, while 

NaOH maintained stability to the end of the experiment, when the concentration of NaOH 

reached 29.4 mM. Microbial community analysis demonstrated that the KOH-dependent 

inhibition of cell growth was organism specific in this non axenic culture of P. catenata. KOH 

treatment substantially reduced the relative abundance of P. catenata, and the total number of 
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expressed proteins of P. catenata were significantly reduced. In contrast, bacteria at the genus 

level related to Phreatobacter (G), Roseomonas (G) and Rhodobacteraceae (F) increased with 

the KOH dosing. Both KOH and NaOH dosing enhanced the down regulation of 

Pseudanabaena protein expression. Proteins response to KOH are summarized. Collectively 

these data show that the alkali-tolerant bloom forming cyanobacterium P. catenata is sensitive 

to potassium ions, and the addition of KOH to nuclear storage ponds may help inhibit growth 

of this organism, while maintaining the high pH needed to inhibit nuclear fuel waste corrosion. 
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5.1 Introduction 

Algal blooms are presented as the excessive growth of algae, cyanobacteria, and protists in 

freshwater or marine aquatic system (Deng et al., 2017). The blooms can seriously affect water 

quality, and damage the stability of aquatic ecosystems. Some toxin-producing species in the 

bloom are serious threats to animal and human health (Pan et al., 2011; Liu et al., 2013). 

Microorganisms are able to adapt to a wide range of environments including extremes of 

salinity, pressure, temperature, pH and radiation (Billi and potts, 2002; Blanco-Rivero et al., 

2005; Pikuta et al., 2007; Nazina et al., 2007; Katz et al., 2007; Foster et al., 2020a). Even in 

an environment as extreme as Spent Nuclear Fuel Ponds (SNFPs), algal blooms have been 

reported (Diosi et al., 2003; Chicote et al., 2004; Sarró et al., 2003; Dekker et al., 2014; 

Rivasseau et al., 2016; Karley et al., 2017; MeGraw et al., 2018; Foster et al., 2020). Seasonal 

blooms in SNFPs have challenged facility maintenance and management, by reducing the 

visibility of pond water (to prevent retrievals), biofouling of pond surfaces, potentially causing 

microbial induced corrosion, and leading to the formation of radioactive, organic rich sludges 

due to bioaccumulation of radionuclides in decaying biomass (Avery et al., 1992; Foster et al., 

2020; MeGraw et al., 2018). 

 

The First-Generation Magnox Storage Pond (FGMSP) at the Sellafield site in Cumbria, UK 

was constructed to accept spent Magnox fuels from the 1950s. The pond is routinely purged 

with deionized water to buffer the pond pH to 11.4 by NaOH to minimise the corrosion of the 

stored fuel cladding (Fostor et al., 2020a). However, the long-term operation has resulted in a 

significant level of radioactive sludge accumulation in the pond. In addition, the FGMSP is 

open-aired facility and so animal remains, wind-blown sand and other materials have been 

introduced into the pond. Therefore, the access to sunlight and external nutrients from these 

materials will risk driving photoautotropic (and heterotrophic) growth. The microbial 
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community of FGMSP has been previously investigated by Foster et al (2020). A 

cyanobacterium identified as a Pseudanabaena sp. was shown to be the single dominant 

photosynthetic organism during the bloom event. Thus, developing a mitigation method for 

this pioneering photosynthetic bacterium is important for controlling the growth of blooms in 

the pond. 

 

Algal blooms are global issues for many different aquatic environments, and many control 

methods have been developed. However, most of them are unsuitable for the FGMSP. For 

example, the effectiveness of nutrient removal is limited by the open-air nature of the pond. 

Halogenation and oxidation methods are not possible due to the high alkaline environment of 

the pond and they may cause reactions with the pond radioactive inventory materials. Other 

engineering approaches, for example placing a roof over the pond, is also impractical given the 

complex legacy infrastructure at the facility.   

 

Potassium is an essential element for all microorganisms. It helps to maintain cell osmolarity 

and is an activator of many cell enzymes (Evans and Sorger, 1966; Suelter, 1970). However, 

high concentrations of potassium can be toxic to some microorganisms. For example, Parker 

et al (1997) reported that the cyanobacterium Microcystis aeruginosa is sensitive to K+ ions 

such that 3 mM of K+ resulted in a 50% reduction of growth. During routine FGMSP operations, 

NaOH is used to maintain alkaline conditions in the pond, required to prevent corrosion of the 

stored waste materials (Foster et al., 2020). In this study the effects of KOH on growth of 

Pseudanabaena sp. was explored, to determine whether KOH can be used as an alternative to 

NaOH to achieve both the purpose of maintaining alkaline pH conditions and mitigation the 

blooms. In this study, a mixed laboratory culture dominated by Pseudanabaena catenata was 

used as a model for the pond community as it is a close relative to the cyanobacterium identified 
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in the FGMSP (and contained other heterotrophs known to co-colonise the pond). Low 

concentration of nutrients and a high pH environment were simulated by use of BG-11 medium 

(Appendix 5.1). Batch culture experiments were used first to test the effect of K+ and Na+ on 

P. catenata growth.  A continuous flushed chemostat experiment was then used as a pond 

simulation to compare the inhibition effect of KOH and NaOH on P. catenata growth. 16S 

rRNA gene sequencing was used to determine the influence of KOH/NaOH on the microbial 

community while proteomics techniques were used to investigate the effect of KOH/NaOH on 

protein expression within the treated cultures.  

 

5.2 Materials and Methods 

As radiological safety limitations prevented obtaining organisms directly from water in the 

Spent Nuclear Fuel Pond (SNFP), a related strain of Pseudanabaena catenata was obtained 

from the NIVA Culture Collection of Algae (strain NIVA-CYA 152), Norway, and was used 

as a representative culture for the pond system (Foster et al., 2020a). An axenic culture is not 

available and the culture used in this study is a mixed culture. Previous analysis has 

demonstrated that several key genera presented in the FGMSP were contained in this culture. 

Therefore this culture was highly representative of the microbial community in the pond. 

 

5.2.1 Batch Culture Experiment 

Cultures were set up by inoculating P. catenata into BG-11 medium to a final volume of 30 

ml. The starting optical density at 600 nm (OD600) was set to 0.3. Cultures were prepared with 

the addition of 1 mM KCl, 2.5 mM KCl, 5 mM KCl and 10 mM KCl respectively in BG-11 

cultures. A treatment of NaCl spiked cultures were also set up with the same concentrations of 

KCl. A culture with no addition of KCl and NaCl was used as a control. Biological triplicates 

were prepared for all of the 9 treatments and in total 12 cultures were incubated for 2 weeks on 
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a shaker at 140 rpm under a white light intensity of 30 µmol m −2 s −1 on a 16:8 h light-dark 

cycle. The temperature of the incubator was controlled at 20 ± 1°C. Samples were taken at day 

0, 3, 7, 10 and 14. Cell growth was quantified by measuring the OD600nm values of 1 mL aliquots 

of P. catenata cultures using a Jenway 6700 UV/Vis spectrophotometer (Bibby Scientific 

Limited, Staffordshire). 

 

5.2.2 Chemostat Experiment  

P. catenata cultures were grown in 1 L Fernbach flasks containing 300 ml of BG-11 medium. 

Cells were grown under fluorescent lights with a 16:8 h light-dark regime on a magnetic stirrer 

(Fisher Scientific Isotemp, China) operating at 50 rpm. Cultures were flushed with BG-11 

medium at a flow rate of 10 ml/day by using Watson Marlow 205U pumps. Three cultures were 

operated in the experiment, one control culture was constantly flushed with BG-11 medium. A 

KOH group was flushed with BG-11 medium for the first 2 weeks, then continuously flushed 

with BG-11 medium containing 10 mM of KOH. A NaOH group was flushed with BG-11 

medium for the first 17 days, then continuously flushed with BG-11 medium containing 10 

mM of NaOH. Cell growth was routinely quantified by measuring OD600nm values. 

Concentrations of K and Na in the growth medium were quantified by inductively coupled 

plasma mass spectrometry (Agilent 7700 Series ICP-MS). 1 ml samples were removed at day 

17, 26, 38 and 53 for microbial community analysis. 1 ml of cultures were sampled at day 17, 

26 and 38 for protein expression analysis. 

 

5.2.3 DNA extraction and 16S rRNA gene sequencing 

DNA was extracted from 200 µl of sample using a DNeasy PowerSoil Pro Kit (Qiagen, 

Manchester, U.K). Sequencing of PCR amplicons of 16S rRNA genes were conducted with the 

Illumina MiSeq platform (Illumina, San Diego, CA, USA) targeting the V4 hyper variable 
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region (forward primer, 515F, 5′-GTGYCAGCMGCCGCGGTAA-3′; reverse primer, 806R, 

5′-GGACTACHVGGGTWTCTAAT-3′) for 2 × 250-bp paired-end sequencing (Illumina). 

PCR amplification was performed using Roche FastStart High Fidelity PCR System (Roche 

Diagnostics Ltd, Burgess Hill, UK) in 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 (Caporaso et al., 2011; Caporaso et al., 2012). 

The PCR products were purified and normalised to ~20 ng each using the SequalPrep 

Normalization Kit (Fisher Scientific, Loughborough, UK). The PCR amplicons from all 

samples were pooled in equimolar ratios. The run was performed using a 4.5 pM sample library 

spiked with 4.5 pM PhiX to a final concentration of 12% following the method of Kozich et al 

(2013). Raw sequences were divided into samples by barcodes (up to one mismatch was 

permitted) using a sequencing pipeline. Quality control and trimming was performed using 

Cutadapt, FastQC and Sickle (Martin, 2011; Joshi and Fass, 2011). MiSeq error correction was 

performed using SPADes (Nurk et al., 2013). Forward and reverse reads were incorporated 

into full-length sequences with Pandaseq, and chimeras were removed using ChimeraSlayer. 

For the 16S rRNA gene sequences, OTUs were generated with UPARSE (Hass et al., 2011; 

Masella et al., 2012; Edgar, 2013). OTUs were classified by Usearch at the 97% similarity 

level, and singletons were removed (Edgar, 2010). Rarefaction analysis was conducted using 

the original detected OTUs in Qiime (Caporaso et al., 2010). The taxonomic assignment was 

performed by the RDP naïve Bayesian classifier version 2.2, used in combination with the Silva 

SSU 132 ribosomal RNA gene database (Wang et al., 2007; Quast et al., 2013).  The OTU 

tables were rarefied to the sample containing the lowest number of sequences, all samples 

having less than 5,000 sequences were removed from analyses prior to the rarefaction step. The 

step size used was 2000 and 10 iterations were performed at each step. 
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5.2.4 Protein extraction, Identification and Quantification 

1 ml of samples were centrifuged at 14000 x g for 10 minutes. Supernatant was removed. 

Pellets were refined with 130 µl lysis buffer (5% SDS with 50 mM TEAB pH 7.5). Samples 

were then lysed by LE220-plus Focused-ultrasonicator with the following parameters, peak 

power: 500 W, duty factor: 40%, cycle/burst: 200, average power 200 W. Each sample was 

lysed for 600 seconds. Lysed samples were reduced and alkylated with dithiothreitol and 

iodoacetamide. Protein concentration were quantified by using the Millipore Direct Detect. 

Protein concentration were then normalized to 1 mg/l for subsequent protein extraction. 5 µl of 

12% aqueous phosphoric acid was added to 50 ml (50 µg) protein lysate. 330 µl of S-Trap 

binding buffer (90% aqueous methanol containing a final concentration of 100 mM TEAB, pH 

7.1) was added to acidified protein lysate and mixed. Protein solutions were loaded on a S-

Trap column (PROTIFI) and centrifuged at 4000 RCF for 2 min, and then the S-Trap column 

were washed with 150 µl S-Trap binding buffer 4 times. 20 µl of digestion buffer (50 mM 

triethylammonium bicarbonate) and 20 µl of 0.25 µg/µl trypsin were added to the S-Trap 

column and incubated at 47 °C for 1 hour.  3 washes with 65 µl digestion buffer, 65 µl of 0.1% 

aqueous formic acid and 30 µl of 30% aqueous acetonitrile containing 0.1% formic acid were 

applied in order to elute peptides. For sample desalination, the digested sample solutions were 

moved to a Corning FiltrEX desalt filter plates and mixed them with pre-washed beads for 5 

mins at 800 RPM. Liquids were removed by centrifuging at 200 g for 1 minute. The wells with 

beads in were then washed by using 0.1% formic acid twice. Then the peptides were extracted 

to by 2 washes with 50 µl 0.1% formic acid in 30% acetonitrile. 100 µl peptides solutions were 

transferred to sample vials and dried in Heto vacuum centrifuge. Died samples were kept in a 

freezer at -20 °C for subsequent analysis. 
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Digested samples were analyzed by liquid chromatography–mass spectrometry (LC-MS/MS) 

using an UltiMate® 3000 Rapid Separation LC (RSLC, Dionex Corporation, Sunnyvale, CA) 

coupled to a QE-HF (Thermo Fisher Scientific, Waltham, MA) mass spectrometer. Mobile 

phase A was 0.1% formic acid in water and mobile phase B was 0.1% formic acid in acetonitrile 

and the column used was a 75 mm x 250 μm i.d. 1.7 µm CSH C18, analytical column (Waters). 

A 1 µl aliquot of the sample was transferred to a 5 µl loop and loaded on to the column at a 

flow of 300 nl/min for 5 minutes at 5% mobile phase B. The loop was then taken out of line 

and the flow was reduced from 300 nl/min to 200 nl/min in 0.5 minute.  Peptides were 

separated using a gradient that went from 5% to 18% mobile phase B in 34.5 minutes, then 

from 18% to 27% mobile phase B in 8 minutes and finally from 27% mobile phase B to 60% 

mobile phase B in 1 minute. The column is washed at 60% mobile phase B for 3 minutes before 

re-equilibration to 5% mobile phase B in 1 minute. At 55 minutes the flow is increased to 300 

nl/min until the end of the run at 60 min.  Mass spectrometry data were acquired in a data 

directed manner for 60 minutes in positive mode. Peptides were selected for fragmentation 

automatically by data dependent analysis on a basis of the top 12 peptides with m/z between 

300 to 1750 Th and a charge state of 2, 3 or 4 with a dynamic exclusion set at 15 sec. The MS 

Resolution was set at 120,000 with an AGC target of 3e6 and a maximum fill time set at 20 ms. 

The MS2 Resolution was set to 30,000, with an AGC target of 2e5, a maximum fill time of 45 

ms, isolation window of 1.3 Th and a collision energy of 28. 

 

Proteome Discoverer software (Version 2.5.0.400) (Thermo Scientific) was used for protein 

identification and quantification. MS1 spectra with precursor mass between 350 Da and 5000 

Da was selected. Raw data was searched against the amino acid sequence of the same culture 

(sequence data provided by Dr. Lynn Foster in our Manchester group) by using the Sequest HT 

search engine. A fragment with a peptide length between 6 and 144 was selected. Trypsin was 
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used as digestion enzyme. A maximum of 2 missed cleavage sites with a fixed amino acid 

modification through carbamidomethyl and a dynamic amino acid modification by N-terminal 

acetyl oxidation was accepted. The fragment mass tolerance was set to 0.02 Da and the 

precursor mass tolerance to 10 ppm. Highly confident peptide hits, peptide-spectrum matches 

(PSMs) and proteins were selected with false discovery rate (FDR) at 0.01. Precursor Ions 

Quantifier was used for protein quantification, intensities were used to calculate the peptide 

abundances. The summed abundances of connected peptide groups were used to calculate 

protein abundance. The protein abundances ratio was calculated as the median of all possible 

pairwise peptide ratios of all connected peptides. The protein file was loaded to Perseus 

software for further comparative analysis (Tyanova et al., 2016).  

 

5.3 Results  

5.3.1 The effect of KCl and NaCl on the Growth of P. catenata in Batch Culture 

The sensitivity of P. catenata to K+ relative to Na+ was first investigated in a batch culture 

experiment. The optical density of cultures supplemented with varying concentrations of KCl 

or NCl was measured over 14 days. The control and lower concentration K+ cultures (1 mM 

and 2.5 mM) grew steadily at a similar growth rate (Figure 5.1 A) wherein, 1 mM of K+ slightly 

promoted the growth, and 2.5 mM of K+ slightly decreased the growth. The highest optical 

densities were reached at day 14, with OD600nm measurments of 2.81 (0.019 SD), 2.91 (0.027 

SD) and 2.60 (0.040 SD) respectively for the control, 1 mM and 2.5 mM of K+ cultures. The 

culture with 5 mM K+ grew at a much lower rate compared to the control culture, and the 

highest optical density of the 5 mM K+ dosed culture (1.04, 0.038 SD) was reached at day 10, 

then the optical density dropped to 0.45 (0.002 SD) at day 14. 10 mM K+ showed the strongest 

inhibition to cell growth. The optical density decreased from 0.31 (0.008 SD) to 0.24 (0.004 
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SD) after being dosed with 10 mM of K+, then the cells grew very slowly reaching the highest 

optical density of 0.60 (0.014 SD) at day 14.  

 

NaCl affected the growth of cells much less when compared to KCl (Figure 5.1 B). Optical 

density of the cultures experienced steady increases except the culture spiked with 10 mM Na+. 

1 mM, 2.5 mM and 5 mM of Na+ only slightly affected the cell growth. The optical densities 

of the 2.5 mM and 5 mM Na+ dosed cultures were slightly higher than the control cultures, 

while the 1 mM Na+ dosed culture reached a slightly lower optical density. Cells in the 10 mM 

Na+ spiked culture grew at a similar rate to other cultures over first week then grew slower and 

reached a much reduced optical density compared to the other cultures by day 14. The results 

evidenced that the P. catenata dominated cultures were more sensitive to K+ than Na+, and the 

inhibition effect increased with the increasing concentration of K+. 

 

 

Figure 5.1. Growth curves obtained by plotting the mean value of the optical density 

measured at 600 nm wavelength. Error bars are defined by standard deviation. (A) OD600 

of P. catenata cultures spiked with 1 mM, 2.5 mM, 5 mM and 10 mM KCl. (B) OD600 of 

P. catenata cultures spiked with 1 mM, 2.5 mM, 5 mM and 10 mM NaCl. 

 



 

126 

5.3.2 The effect of KOH and NaOH on the Growth of the P. catenata in a Chemostat 

System  

The FGMSP pond is routinely flushed with a NaOH solution (Foster et al., 2020). A chemostat 

was used as a simulant of the pond system to investigate and compare the effect of KOH and 

NaOH on the microbial growth in the pond system. Three chemostats were established, a 

culture flushed with standard BG-11 medium (Control culture), a culture flushed with KOH 

buffered BG-11 medium (KOH culture) and a culture flushed with NaOH buffered BG-11 

medium (NaOH culture). The chemostats were run over a period of 94 days and the growth of 

the cultures were quantified by measuring the optical density at 600 nm (Figure 5.2). The 

concentration of K and Na in the culture were increased incrementally and quantified by ICP-

MS (Appendix 5.2, A and B). The cultures were initially flushed with standard BG-11 medium. 

The background concentration of K+ and Na+ in the culture in the standard BG11 medium was 

around 0.45 mM and 18 mM, respectively (Appendix 5.2). After 17 days’ steady growth, the 

flushing medium for the KOH and NaOH cultures was replaced by KOH and NaOH buffered 

BG-11 medium, respectively. Overall, KOH inhibitted growth of the cultures, while NaOH 

slightly promoted growth. The cutures continued growing at the first day after changing the 

medium. Then from day 19, when the concentration of K+ in KOH culture reached 1.18 mM, 

the optical density of the culture started to decrease, while the OD600nm in the control and NaOH 

cultures kept increasing. After 15 days of flushing with KOH/NaOH buffered medium, at day 

32, the concentration of K+ in KOH culture had increased to 5.09 mM, and the OD600nm value 

had dropped to 0.314. By contrast, the concentration of Na+ in the NaOH culture reached 23.7 

mM and the OD600nm value reached 0.634, which is slightly higher than the OD600nm value of 

the control culture (0.597). The OD600nm values of the KOH culture did not keep decreasing 

but instead fluctuated over time, but was always lower than the values of the control and NaOH 

cultures since the second day after changing the medium. These results indicated that KOH has 
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a better inhibition effect on this P. catenata dominated culture in pond simulated system 

compared to NaOH. 

 

 

Figure 5.2 Growth curves of the chemostat cultures obtained by measuring the optical 

density at 600 nm wavelength. Cultures were initially flushed by standard BG-11 medium, 

from the time point marked “flush”, 3 treatments were given to the cultures. Control 

culture was continuously flushed with a standard BG-11 medium. The KOH and NaOH 

cultures were continuously flushed with modified BG-11 medium containing either 10 

mM KOH or 10 mM NaOH, respectively. The pH of the medium was adjusted to 11 with 

HCl. 

 

 

 

 

 

 

 

 



 

128 

5.3.2.1 Effects of KOH and NaOH on the microbial community composition 

 
Figure 5.3 Genus-level microbial community comparison of P. catenata cultures flushed 

with standard BG-11 medium, KOH buffered BG-11 medium and NaOH buffered BG-

11 medium based on 16S rRNA gene sequences. Samples were collected at day 17, 26, 38 

and 53. Day 17 is the start point of changing flushing medium to KOH/NaOH buffered 

medium. Sequences that cannot be identified to genus level were resolved to the last 

matched taxonomic level of identification G- Genus, F-Family, O-orde, C-Class. 

 

To identify whether the inhibition effect of K is organism-specific or broad-spectrum, and to 

compare the microbial community variation between chemostats supplied with KOH and 

NaOH supplementedmedium, 16S rRNA gene sequencing was performed. Samples were taken 

from the continuous cultures at day 17, 26, 38 and 53. The 16S rRNA gene sequencing 

indicated that cultures were initially dominated by operational taxonomic units (OTUs) 

affiliated to Pseudanabaena (G)(25% - 36%), Chitinophagaceae (F) (16% - 25%) and 

Sphingomonadales (O) (11% - 28%)  (Figure 5.3). Flushing with NaOH buffered medium 
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did not affect the microbial community composition greatly, whereas continuous flushing with 

KOH buffered medium caused a loss of nearly all of the Pseudanabaena genus. For the control 

culture that was continuously flushed with standard BG-11 medium, the OTUs were affiliated 

to Pseudanabaena (G) (25% - 43%), while Chitinophagaceae (F) (12% - 21%) were relatively 

stable during this period. OTUs affiliated to Sphingomonadales (O) showed a decreasing trend, 

accounting for 27.5%, 16.6%, 12.2% and 3% at day 17, 26, 38 and 53 respectively in the control 

culture. The composition of the microbial community in the NaOH culture was more stable 

than the control during this time period. OTUs affiliated to Pseudanabaena (G), 

Chitinophagaceae (F) and Sphingomonadales (O) accounted for 30.5% - 36.2%, 20.1% - 26.6% 

and 10.6% -14.4 %, respectively. The microbial community in the KOH culture showed a 

different pattern. OTUs affiliated to Pseudanabaena (G) accounted for 24.8% of the microbial 

community at the beginning of the experiment then the percentage of Pseudanabaena 

decreased dramatically with the increasing concentration of K+. At day 26, when the 

concentration of K+ rose to 3.57 mM, OTUs affiliated to Pseudanabaena (G) dropped to 3.4%. 

At day 38, the concentration of K+ reached 5.73 mM, and by then OTUs affiliated to 

Pseudanabaena decreased to 0.9%.  Finally, at day 53, when the concentration of K+ reached 

8.18 mM, OTUs affiliated to Pseudanabaena (G) decreased to 0.4%. OTUs affiliated to 

Runella (G) showed a similar decrease in relative abundance as Pseudanabaena (G). OTUs 

affiliated to Phreatobacter (G) increased from 3.9% to 12.7 after 7 days flushing of KOH, then 

remained at around 12%. Similarly, OTUs affiliated to Rhodobacteraceae (F) and Roseomonas 

(G) increased with the increasing concentration of KOH in the culture. OTUs affiliated to other 

organisms did not show such a clear variation during the flushing, which indicated that the 

inhibition of KOH to cell growth was organism specific. When compared to NaOH, KOH 

showed a distinct ability of controlling the growth of Pseudanabaena (G). 
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The microbial diversity was also evaluated by using proteomic techniques.  The ratio of total 

protein abundance of each organism and the total protein abundance of each culture sample 

isolated on a specific day were used to quantify the proportion of each organism in the sample 

(Figure 5.4). The abundance of Pseudanabaena proteins accounted for around 40% - 45% 

initially in each treatment sample at day 17. After 3 weeks flushing, the proportion in the 

control increased to 59.21%, and the proportion in NaOH culture slightly decreased to 37.84%. 

The proportion of Pseudanabaena proteins in the KOH group decreased from 39.98% at day 

17 to 27.62% at day 26 and 9.90% at day 38. The proportions of all organisms did not show 

much variation across time in the control. In the KOH group, the proportion of 

Chitinophagaceae (F), Phreatobacter (G) and Porphyrobacter (G) increased across time. In 

the NaOH group, the proportion of Chitinophagaceae (F), Runella (G) and Porphyrobacter (G) 

slightly increased, while the proportion of Rhodobacteraceae (F) decreased.  
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Figure 5.4 Microbial diversity comparison based on protein abundances. Percentage of 

each microorganism was obtained by using the total protein abundances of each organism 

divided by the total identified protein abundances of each sample. 

 

5.3.2.2 Impacts of KOH/NaOH on Protein Expression  

LC-MS based proteomics techniques were applied to evaluate the influences of KOH and 

NaOH on protein expression.  A clear separation of KOH treatment was displayed according 

to principal component analysis (Figure 5.5, a). Component 1 accounted for 53.2% of the total 

explained variance (TEV).  According to the PC1 axis, samples in the NaOH and control 

group clustered together. By contrast, the day 38 samples in KOH group distributed separately 

to the control and NaOH group, which indicated that the protein expression in the KOH group 

are significantly different from the NaOH and Control group. Component 2 accounted for 16.5% 

of the total TEV. Samples in the Control and KOH groups distributed separately across time 

according to the PC2 axis. However, samples in the NaOH group clustered together in both 

PC1 and PC2 dimensions, which indicated that protein expression in NaOH group are relatively 

stable when compared to control and KOH group.  

 

The proteins in each sample were subjected to hierarchical clustering generating the heatmap 

in Figure 5.5 b. Taxonomy of the proteins were enriched at FDR 0.05 level (Appendix 5.3). 

Protein expression was first evaluated vertically across time. Proteins in the KOH group 

showed obvious variances across time-course, while the Control and NaOH group were not. 

Cluster 1 contains 227 proteins. The KOH group showed strong up-regulation across time 

relative to the other samples. The enriched organisms are Chitinophagaceae (F), Phreatobacter 

(G) and Blastomonas (G). Cluster 2 contains 167 organisms, and proteins in the control and 

NaOH groups were slightly down regulated across time, while the proteins in the KOH group 
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were slightly up regulated at day 26, then down regulated at day 38. The enriched organisms 

are Runella (G) and Flavobacterium (G). Cluster 3 contains 631 proteins, of which the proteins 

in the KOH group showed down regulation and the only enriched organism is Pseudanabaena 

(G).  Cluster 4 contains 214 proteins and showed a similar pattern to cluster1, the day 38 

sample in the KOH group showed mostly up-regulation while proteins in other samples were 

relatively stable. The enriched organisms were Porphyrobacter (G) and Rhodobacteraceae (F). 

Cluster 5 contains 118 proteins, in which proteins in the KOH and NaOH groups were down 

regulated relative to the control. Enriched organisms are Limnobacter (G), Hydrogenophaga 

(G) and Pseudanabaena (G). The results indicated that KOH had a distinct impact on protein 

expression and the impact is organism specific.  

 

The regulation of protein expression was then evaluated horizontally across diffenent 

treatments. The protein abundance ratio values of the KOH and NaOH groups relative to the 

Control were used to evaluate the change (up- or down-regulation) of protein expression in the 

KOH and NaOH groups. The ratio value was then converted to log2 based normalization. 

Proteins with log2 fold change >2 or <-2 were classified as up or down regulated. Proteins of 

Pseudanabaena showed significant down regulation during the KOH suspended medium flush 

(Figure 5.6, a and b). The number of down regulated proteins increased from 118 to 386 from 

day 17 to 38. The number of up regulated Pseudanabaena proteins slightly decreased with time. 

Pseudanabaena was the only organism in which proteins were obviously down regulated with 

the increasing concentration of KOH in the culture. By contrast, proteins of many organisms 

such as Blastomonas (G), Porphyrobacter (G), Rhodobacteraceae (F) and Chitinophagaceae 

(F) were up regulated in response to increasing concentration of KOH. When the culture was 

flushed with NaOH medium, the protein expression profile of Pseudanabaena (G) was affected 

more than other organisms (Figure 5.6, c and d). Around 86 down regulated Pseudanabaena 
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(G) proteins were identified, and the number increased to 237 by day 38. The number of up 

regulated Pseudanabaena (G) proteins were kept to around 30. Apart from Pseudanabaena 

(G), down regulated proteins of Rhodobacteraceae (F) slightly increased from 9 to 27 by day 

38. Up regulated proteins of Chitinophagaceae (F), Blastomonas (G) and Porphyrobacter (G) 

increased during the NaOH flush.  

 

Pseudanabaena cells were depleted due to the increasing concentration of K+ in the culture. 

The down regulation of proteins might have partly resulted from the reduction of 

Pseudanabaena cell density. Thus, identifying the down regulated proteins caused by KOH is 

difficult. However, the up regulated proteins presented were clearly due to the high 

concentration of KOH. Up regulated proteins covered metabolism, genetic information 

processing and signalling and cellular processes (Appendix 5.4). Proteins related to 

metabolism are mainly enzymes. These include, glutathione peroxidase (gpx1), which 

functions as a defence against organic peroxides and hydrogen peroxide (Brenot et al., 2004), 

chorismate mutase (aroH), which is related to the biosynthesis of phenylalanine, tyrosine and 

tryptophan (Chook et al., 1994), and N-acetylmuramic acid 6-phosphate etherase (murQ), 

which converts N-acetylmuramic acid-phosphate (MurNAc-P) to N-acetylglucosamine-

phosphate and is essential for growth on MurNAc as the source of carbon (Uehara et al., 2006). 

Another up-regulated enzyme was uridylate kinase (pyrH), which is the first enzyme in 

pyrimidine nucleotide biosynthesis and responsible for microbial UMP phosphorylation 

(Marco-Marin et al., 2005). Other up-regulated proteins included ispF, which is involved in 

the biosynthesis of secondary metabolites (Herz et al., 2000). Up-regulated proteins related to 

genetic information processing include, deoxyuridine 5'-triphosphate nucleotidohydrolase (dut) 

(Mol et al., 1996), recombination protein (recA) (Hintz et al., 1995), pyruvate kinase (pyk) 

(Mazurek, 2011) and ribosomal proteins, large subunit ribosomal protein L28 (rpmB) (Maguire, 
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2011), large subunit ribosomal protein L16 (rplP) (Arnold, 1996), small subunit ribosomal 

protein S1 (rpsA) (Skorski et al., 2006), and the concentrative nucleoside transporter (TC.CNT).  

 

Figure 

5.5. Comparison of dynamic proteomic changes across time points. (a) Principal 

component analysis plot based on the abundance values of all identified proteins. Results 

were cut off by Benjamini-Hochberg FDR 0.05. Squares represents control samples. 

Circles represents KOH buffered medium flushed samples. Diamonds represents NaOH 

buffered medium flushed samples. Colour code: Green- day 17, Blue- day 26, Red- day 

38. (b) Hierarchical clustering showing the changes in abundances of the identified 

proteins. Missing values were imputed from normal distribution. The protein abundances 

were normalized by z-score (the mean of each protein was subtracted; the results were 

then divided by the standard deviation). Z-scores were used for hierarchical clustering 

into heat map. The nearness of two items was defined by Euclidean distance. The distance 

between 2 clusters was defined by average distances between 2 single items. 
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Figure 5.6 Numbers of up-regulated or down-regulated proteins in the KOH and NaOH 

group relative to the Control group. Abundance ratios of the KOH and NaOH group to 

the Control group at selected time points were used to evaluate the regulation of protein 

expression (e.g., regulation of a specific proteins in the KOH group at day 26 was 

evaluated by the ratio of protein abundance of this protein in the KOH group to its 

abundance in the control group at day 26). The ratios were log2 transformed. Proteins 

with log2 fold change values > 2 or < -2 were classified into up-regulated or down 

regulated proteins. (a) Down-regulated proteins in KOH group. (b) Up-regulated proteins 

in KOH group. (c) Down-regulated proteins in NaOH group. (d) Up-regulated proteins 

in NaOH group. 
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5.4 Discussion 

Seasonal blooms have been regularly reported at the FGMSP located at the Sellafield nuclear 

processing site. A cyanobacterium belonging to the genus Pseudanabaena was identified to be 

the dominant microorganism in the community during the microbial bloom in August 2016, 

and it was the only photosynthetic organism present in the bloom event (Foster et al, 2020). 

Thus, controlling the growth of Pseudanabaena is thought to be the key to control the seasonal 

bloom in this pond. This study tested the use of KOH instead of NaOH in the pond simulated 

system to achieve the purpose of maintaining an alkaline environment and controlling the 

growth of Pseudanabaena simultaneously.  

 

Initial batch culture experiments compared K versus Na response through the addition of 

chloride salts, and 5 mM of KCl started to show a strong ability of inhibiting the growth of the 

Pseudanabaena dominated culture, which decreased by around 80% of the optical density 

compared to the control. By contrast, cultures dosed with 5 mM NaCl achieved a relatively 

higher OD value at the end of the experiment. 10 mM of NaCl started to inhibit the growth of 

the culture, but the reduction of OD was moderate when compared to the KCl treatment. The 

FGMSP at Sellafield site is routinely purged with deionised water dosed with NaOH to 

minimise the rate of corrosion of the fuel and fuel cladding (Foster et al, 2020). A chemostat 

experiment were therefore designed to simulate the pond system. Cultures were continuously 

flushed with KOH or NaOH dosed medium. The concentration of K+ or Na+ ions were 

continuously increaed during the experiment. However, even at the end of the experiment, 

when the concentration of Na+ ions reached nearly 28 mM, the OD value was higher than for 

the control and the KOH dosed culture. Microbial community analysis and protein expression 

analysis also showed that the microbial community and protein expression in the NaOH dosed 

culture were more stable than the control and KOH dosed culture. By contrast, the OD of the 
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KOH flushed culture showed an obvious reduction once the culture had been flushed with KOH 

supplemented medium for 3 days. Furthermore, the culture was physically changed from dark 

brown to transparent at the end of the experiment (Appendix 5).  

 

The KCl used in the batch culture experiment and KOH used in the chemostat experiment both 

showed a strong ability to inhibit the growth of the culture, which indicated that K+ ions, added 

either as chlorides or hydroxide, inhibit the growth of Pseudanabaena. The microbial 

community analysis showed that KOH flushing removed nearly all of the P.catenata  and 

reduced the abundance of Pseudanabaena proteins significantly with the increased 

concentration of KOH in the culture. However, genera closely related to Phreatobacter (G), 

Roseomonas (G) and Rhodobacteraceae (F) increased in abundance while some organisms did 

not change with the KOH dosing, which indicated that the inhibition effect of K+ ions on cell 

growth is specific to Pseudanabaena. K+ is an essential nutrient for all organisms, involved in 

many cellular functions, such as controlling cell osmotic activity, transport activity, enzyme 

activity and gene expression (Alexandrowicz, 1962; Kundig et al., 1966; Perlin and Lerner, 

1981; Sutherland et al., 1986; Epstein, 1986, Wood, 1999; Gralla and Vargas, 2005). Studies 

related to the inhibition of microorganism growth by excess K+ are limited. Other cyanobacteria 

which were shown to be sensitive to K+ were Microcystis spp. Reducing the concentration of 

K+ in modified Fitzgerald medium achieved a better yield of M. aeruginosa NRC-1. By contrast, 

partly replacing NaNO3 by KNO3 inhibited the growth of M. aeruginosa NRC-1 (Zehnder and 

Gorham, 1960). Parker et al. (1997) reported that both M. aeruginosa and Microcystis flos-

aquae were sensitive to K+, such that 1 mM KCl in DP medium caused a 50% reduction in the 

10-day yield. By contrast, 2 – 30 mM of NaCl had no effect on M. flos-aquae growth. Later, a 

mixed culture of M. aeruginosa and Wolffia arrhizal was initially dominated by M. aeruginosa, 

but the dominant species changed to W. arrhizal after dosing with 4.8 mM of KCl (Parker et 



 

138 

al., 1997). Thus, there are similarities between the response of Microcystis spp. to K+ ions, and 

the response presented here for Pseudanabena.  

 

The impacts of KOH and NaOH on protein expression were evaluated, and KOH caused up 

regulation of Blastomonas (G), Porphyrobacter (G), Rhodobacteraceae (F) and 

Chitinophagaceae (F) proteins. Both KOH and NaOH dosing caused down regulation of 

Pseudanbaena proteins. However, as the population of Pseudanbaena cells were significantly 

decreased due to the increasing concentration of K+ in the culture, the observed down 

regulation might be partly due to the reduction of total Pseudanbaena population. However, 

the up regulated proteins in these reduced population cells are thought to be stimulated by KOH 

dosing.  

 

The condition of FGMSP in Sellafield is unique. The pond is open to the air, filled with alkaline 

water and spent nuclear fuels were stored in the pond. Commonly used bloom control methods 

should be considered carefully in such a situation. For example, the effectiveness of nutrient 

removal methods will be limited by the open-air nature of the pond. Induction of halogenation 

and oxidation reactions may not work due to the alkaline pH of the pond water, and the nuclear 

inventory may react with the halogens and oxidants. Foster et al. (2020a) reported that the 

formation of the onset of microbial blooms occurred when the water purge rate was reduced 

(residence time of the purge water increased), and suggested that the increase of the water purge 

rate could be a method for controlling the microbial bloom. The pond is purged with reused 

water from the Fuel Handling Plant (FHP) and Independent Pond Purge (IPP), and the shortest 

residence time that can be reached in the pond is around 10 days. Whether the facility can meet 

the required purging regime should be considered.  In addition, increasing the purge rate will 

also increase the effluent discharged from the pond which would increase the load of 
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downstream processes. KOH has been evidenced in this study as a treatment to effectively 

inhibit Pseudanabaena yields. However, there could be other consequences to Sellafied 

operations by using KOH instead of NaOH. The purged pond water is sent to the Sellafield Iox 

eXchange Effluent Plant (SIXEP) to remove Sr-90 and Cs-137 by using ion exchangers. The 

impact of changing NaOH to KOH on SIXEP operation and/or to other downstream processes 

should be evaluated.  

 

At the end of the chemostat experiment, the concentration of K+ in the KOH culture reached 

9.02 mM, while the concentration of Na+ in the NaOH culture reached 29.36 mM. The K+ 

concentration which could dramatically reduce the growth of the culture was much lower than 

Na+. The maximum concentration of Na+ in the FGMSP was about 4 mM, which was much 

lower than the concentration of Na+ in our experiment (Konovalovaite, 2019). Based on the 

results from the chemostat experiment, 4 mM of K+ was capable to reduce the OD to 0.365. A 

previous study indicated that the inhibition effect of K+ to cells may be a result of the altered 

ratio of K+ to Na+ (Parker et al., 1997). The effect of K+ and Na+ ratio was not tested here. A 

further study can try to identify whether the absolute concentration of K+ or the relative 

concentration of K+ and Na+ are important to inhibit the growth of Pseudanabaena. If the 

inhibition effect is driven by the ratio of K+ and Na+, changing NaOH to KOH might be a very 

effective way to control the bloom, and the concentration of K+ required can be much lower 

than that determined in this study. Thus, the impact of changing NaOH to KOH on the 

downstream Sellafield processes may be further decreased.  

In our study, KOH reduced the growth of Pseudanabaena, meanwhile organisms such as 

Phreatobacter (G), Roseomonas (G) and Rhodobacteraceae (F) were stimulated.  As the 

stimulation of other organisms are weaker relative to the inhibition to Pseudanabaena growth, 

the OD of the whole culture presented a decreasing trend.  The composition of the culture 
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used in this experiment was not exactly the same as the Sellafield Pond system, and so it is 

possible that organisms that can be stimulated by KOH exists in the pond system. Therefore, 

future work should test KOH on actual pond samples to evaluate the inhibition effect.  

 

5.5 Conclusion 

Pseudanabaena cells are sensitive to K+ ions. Both our batch culture experiment and chemostat 

experiment evidenced that high concentration of K+ can significantly inhibit the growth of 

Pseudanabaena dominated cultures. The inhibition effect of K+ is organism specific. In our 

experiment, only Pseudanabaena was inhibited by K+ ions and organisms such as 

Phreatobacter (G), Roseomonas (G) and Rhodobacteraceae (F) were slightly stimulated. KOH 

mainly down regulated Pseudanabaena proteins, the down regulation increased with the 

increasing concentration of K+. However, the decreascing cell numbers may contribute to the 

down-reglation in KOH dosed culture Up regulated proteins were identified, but the up 

regulated proteins decreased with the increasing concentration of K+.  Proteins related to 

metabolism, genetic and information processing and signalling and cellular processes were 

stimulated. KOH is more capable of controlling the growth of a Pseudanabaena dominated 

culture compared to NaOH.  If applying KOH as a bloom control method in FGMSP, the 

influence of KOH on the downstream facility should be considered and the possibility of 

causing other organisms to become dominant in a bloom should be evaluated.  
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5.7 Appendix 

Appendix 5.1 Chemical composition of BG-11 medium 

 

 

NaNO3 17.64913519

K2HPO4 0.229647491

MgSO4.7H2O 0.304296669

CaCl2.2H2O 0.244881301

CITRIC ACID (C6H8O7) 0.031230481

FeC6H11NO7 0.022641509

EDTANa2 0.002974332

Na2CO3 0.188697047

H3BO3 0.046255863

MnCl2.4H2O 0.009145571

ZnSO4.7H2O  0.000765058

Na2MoO4.2H2O 0.001611903

CuSO4.5H2O  0.000320397

Co(NO3)2.6H2O 0.000171804

Chemical Concentration  in BG11 (mM)



 

149 

Appendix 5.2 Concentration of K/Na in the culture measured by ICP-MS. 1 mM samples 

were taken routinely, samples were centrifuged and the supernatant were using for 

quantification of the K/Na concentrations in the culture (a) Concentration of potassium 

in culture across time (mM), (b) Concentration of sodium in culture across time (mM) 

 

Appendix 5.3 Enrichment results, FDR 0.05 

 

 

Appendix 5.4 Up-regulated proteins in KOH group. Protein classification was based on 

KEGG. Proteins were filtered by Log2 folder change > 2 

 

 

Type Name P value Enrichment Score Total identified proteins Proteins In cluster Cluster size Benj. Hoch. FDR

Cluster 1 Chitinophagaceae (F) 6.7747E-41 3.7539 151 91 227 3.7261E-40

Cluster 1 Phreatobacter (G) 1.9962E-28 4.3367 79 55 227 7.3193E-28

Cluster 1 Blastomonas (G) 5.9852E-10 2.7597 79 35 227 1.6459E-09

Cluster 2 Runella (G) 1.9791E-10 4.2335 44 22 167 2.177E-09

Cluster 2 Flavobacterium (G) 0.0011136 2.6611 35 11 167 0.0061245

Cluster 3 pseudanabaena(G) 3.103E-133 1.6776 728 545 631 3.413E-132

Cluster 4 Porphyrobacter (G) 6.6974E-40 3.993 139 84 214 3.6836E-39

Cluster 4 Rhodobacteraceae (F) 1.8416E-21 3.332 117 59 214 6.7525E-21

Cluster 5 Limnobacter (G) 0.0014868 4.2293 17 6 118 0.016355

Cluster 5 Hydrogenophaga (G) 0.0089967 2.9958 24 6 118 0.032988

Cluster 5 pseudanabaena(G) 0.015831 1.1522 728 70 118 0.043534

Glutathione peroxidase Enzymes 6.64 4.76

Chorismate mutase AroH Enzymes 6.64

N-acetylmuramic acid 6-phosphate etherase Enzymes 6.64

Uridylate kinase Enzymes 6.64 2.53

2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase Enzymes 3.33

Genetic Information Processing
Deoxyuridine 5'-triphosphate nucleotidohydrolase DNA repair and recombination proteins 6.64

Recombination protein DNA repair and recombination proteins 6.64

Pyruvate kinase Membrane trafficking 6.64

50S ribosomal protein L28 Ribosome 6.64

30S ribosomal protein S1 Ribosome 6.64 3.9

50S ribosomal protein L16 Ribosome 6.64

Signaling and Cellular Processes
Pyruvate kinase Exosome 6.64

concentrative nucleoside transporter Transport 6.64

Function
Log2 Folder

Change (Day 26)

Log2 Folder Change

(Day 38)
Metabolism
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Appendix 5.5 cultures were flushed with standard BG-11 medium, KOH suspended BG-

11 medium, NaOH suspended BG-11 medium from left to right  
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Chapter 6 Discussion  

Seasonal blooms have been reported regularly at the FGMSP located at the Sellafield nuclear 

processing site. A cyanobacterium belonging to the genus Pseudanabaena was identified to be 

the dominant microorganism in the community during the microbial bloom in August 2016, 

and it was the only photosynthetic organism present in the bloom event (Foster et al, 2020). 

Thus, controlling the growth of Pseudanabaena is thought to be the key to control the seasonal 

bloom in this pond. The pond is open to the air, maintained at a high pH, radioactive and rich 

in radionuclides such as strontium and caesium. Due to the complex conditions of the pond and 

aging infrastructures, developing bloom control methods for the FGMSP is challenging. 

Understanding interplays between the microorganisms and radionuclides present in the ponds 

and the physiology of microorganisms in such environment is essential for developing bloom 

control methods. Because of the radiological safety limitations prevented obtaining organisms 

directly from water in the Spent Nuclear Fuel Pond (SNFP), a mixed culture dominated by 

Pseudanabaena catenate were selected as a representative of the microbial community in the 

pond for our study. Previous studies tested the resistance of P. catenata to X-ray irradiation 

and studied the interactions between P. catenate and strontium (Foster et al., 2020a; Foster et 

al., 2020b). The main aim of this project was to improve our understanding of the interactions 

between P. catenate and Cs, and also to develop bloom control methods for the P. catenate 

dominated bloom.  

 

In chapter 4, the impact of Cs to P. catenate growth was identified. Low concentrations of Cs 

to some extent promotes the yields of P. catenate dominated culture. When the concentration 

of Cs reached up to 1 mM, the growth was stayed at the same level as the control culture. This 

suggests that the entire culture was able to tolerate the dose of Cs. Previous study showed that 



 

152 

Sr and radiation levels similar to those in the pond did not significantly affect the growth of P. 

catenate either. I also found that the P. catenate dominated culture would self-buffer the pH of 

the growth medium to around 10.5. This explained the reason that microbial blooms occurred 

in the “extreme” condition in FGMSP. The microscopy images showed that 1 mM Cs caused 

morphological change of cells. Analysing the protein expression file gave the results that Cs 

switched off the Kdp-ATPase K transport system, but stimulated the Trk high velocity K 

transport system. In addition, Cs additions dramatically up-regulated a range of cellular 

proteins. These included a battery of common stress response and nutrients limitation response 

systems. Previous studies reported that for some microbes, K and Cs might share a same 

transport by a series of kinetics experiments. In this study, the regulation of K transport system 

proteins were uncovered, which directly proved that for P.catenata cell, Cs acted as a 

competitor for K in K transport. The results from growth kinetics, cell morphology and protein 

expression profile gave fundamental knowledge of the behaviour and mechanism that 

P.catenata cells adapted to Cs abundant environment. To the nuclear industry, the findings 

explained the basis that the P.catenata colonised the FGMSP, which gained detailed 

information that could be considered in pond management strategies.  

 

The fate of Cs in P. catenate active culture has been identified in the project by using ICP-MS 

and STXM. This was the first attempt of imaging Cs in a cyanobacteria cell. The findings 

evidenced that P.catenata could uptake Cs and accumulate them in discrete zones. Despite the 

amount of accumulated Cs was hint, understanding the mechanisms by which the Cs is 

concentrated in discrete zones may help uncover detoxification processes for this metal, and 

also has implications for Cs retention in biomass within FGMSP and other radioactive 

environments.  
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Finally, 5 mM K presented a surprising and profound inhibitory effect on culture yields in this 

study, which provided a possible way for controlling the growth of P. catenate. NaOH dosing 

is used to maintain an alkaline environment in pond (Konovalovaite, 2019), and the use of 

KOH could offer a biocontrol strategy while maintaining the high pH required to prevent fuel 

corrosion in the pond. 

 

In chapter 5, I compared the inhibitory effect of KOH and NaOH to P. catenate. First, I 

compared K to Na in both batch cultures and in a chemostat system which simulated the pond 

purging system. The results from both experiments showed that P. catenate was sensitive to K, 

and that K can be used for controlling the growth of the organism. Microbial community 

profiles of the P. catenate-dominated culture were collected by 16S rRNA gene analysis, 

alongside changes in community protein expression profiles. Overall, the community analysis 

demonstrated that the sensitivity to K is organism specific, leading to enrichment to organisms 

such Phreatobacter (G), Roseomonas (G) and Rhodobacteraceae (F). However, despite the 

increase in relative abundance of these organisms, the overall biomass levels in the experiment 

declined significantly, suggesting that KOH dosing may offer a bloom control strategy, through 

inhibition of the primary photosynthetic pioneering colonizer within the FGMSP pond. The 

findings gave nuclear industry a biocontrol option for P.catenata dominated microbial bloom. 

However, before applying KOH to the FGMSP for bloom control, the methods should be tested 

on actual pond samples to evaluate the inhibitory effect, as the composition of the culture used 

in this experiment was not exactly the same as the Sellafield Pond system, and so it is possible 

that organisms that can be stimulated by KOH exists in the pond system ecosystem. In addition, 

the impact of changing Na to K to downstream processes at the plant should be evaluated (e.g. 

radionuclide treatment of pond effluents using SIXEP ion exchange systems). Previous studies 

indicated that the inhibitory effect of K+ to cells may be a result of the altered ratio of K+ to 
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Na+ (Parker et al., 1997). The effect of K+ and Na+ ratios was not tested in this study. A further 

study could also try to identify whether the absolute concentration of K+ or the relative 

concentration of K+ and Na+ are important to inhibit the growth of Pseudanabaena. If the 

inhibition effect is driven by the ratio of K+ and Na+, changing NaOH to KOH might be a very 

effective way to control the bloom, and the concentration of K+ required can be much lower 

than that determined in this study. Thus, the impact of changing NaOH to KOH on the 

downstream Sellafield processes may be further decreased. In addition to the nuclear industry. 

the findings can be explored to other high pH aquatic system as a bloom control strategy. 

Consistent with the loss of in P. catenate in the KOH-treated cultures, was a decline in proteins 

from the P. catenate proteome. However, the increase in abundance of proteins such as gpx1, 

suggested up-regulation stress-response proteins, when exposed to K. Which demonstrated the 

impact of high concentration of K to P.catenata cells in cellular level. 
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Appendices 

A1 The fate of Sr in alkaline cultures of the cyanobacterium 

Pseudanabaena catenata 

Lynn Foster, Adrian Cleary, Heath Bagshaw, David Sigee, Jon K Pittman, Katherine 

Morris, Kejing Zhang, Kurt F Smith, and Jonathan R Lloyd* 

 

Abstract 

A non-axenic culture of Pseudanabaena catenata, a close relative of the bloom-forming 

cyanobacterium found in the high pH First Generation Magnox Storage Pond (FGMSP) at the 

Sellafield Nuclear Facility, was supplemented with 1 mM of SrCl2, to determine its effect on 

the fate of Sr. The addition of 1 mM 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 biomineral 

precipitates were analysed using TEM analysis, and 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 bodies, were associated with the P. catenata 

cells and contained lower levels of Sr. Bulk analysis of the cultures by X-ray diffraction (XRD) 

showed the presence of Ca-containing strontianite (Sr(Ca)CO3), whilst EXAFS analysis 

showed the presence of SrPO4 minerals. The presence of Sr associated with intracellular 

polyphosphate 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 Sr within microorganisms associated with SNFPs is crucial to 
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understanding the fate of radioactive 90Sr in such extreme environments, and could also suggest 

a potential  remediation strategy for treatment of 90Sr contaminated waters from SNFPs and 

in contaminated aquatic systems.  

 

A1.1 Introduction  

The generation of energy and the development of weapons by the nuclear industry has resulted 

in the production of significant levels of radioactive material (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 speciation and fate of radionuclides by 

either metabolism-independent or dependent mechanisms (Gadd, 1990).  

 

Of particular interest is the removal of fission products, such as 137Cs 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 high yield and key fission products 

has been demonstrated, for example with high levels of 137Cs uptake by the eukaryotic 

microalgal species Coccomyxa actinabiotis (Rivasseau et al., 2013). The fate of 90Sr appears 

to be strongly linked to Ca behaviour with, for example, co-association with carbonate minerals 
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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 

interact with biologically precipitated hydroxyapatite [Ca5(PO4)3(OH)] which can be formed 

by microbial communities supplied with glycerol 2-phosphate (Handley-Sidhu et 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; Schultze-Lam 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 cyanobacterial species, e.g. Candidatus Gleomargarita lithophora (Cam 

et al., 2015, 2016; Couradeau et al., 2012; Krejci et al., 2011). Li et al., (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. Indeed, 

the number of microbial species which are identified as being capable of forming such 

intracellular carbonate minerals may increase with improvements in preparation techniques.  

In the UK, legacy waste from early Magnox gas-cooled nuclear reactors 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 nuclear complex (Cumbria, UK), in operation since the late 

1950s (Sellafield, 2014; Wilson, 1996). Magnox reactor fuel consisted of unenriched uranium 

metal clad in a magnesium non-oxide (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 
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corrosion, the pond has significant levels of radioactivity including 90Sr and 137Cs associated 

with the corroded spent nuclear fuel (NDA, 2016), pond effluent, and radioactive sludge 

(Gregson et al., 2011a, 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, 2011b; Jackson et al., 2014). The pond is continuously purged with alkaline dosed 

demineralised water at alkaline pH (~11.4), which provides thermal cooling whilst minimizing 

any further corrosion to the fuel (Foster et al., 2020a; Gregson et al., 2011a, 2011b; Jackson et 

al., 2014).  

 

Despite the elevated pH and radionuclide inventory in the pond, microorganisms are known to 

colonise the pond, with extensive growth periods observed and reported as algal blooms (Foster 

et al., 2020a; Gregson et al., 2011a, 2011b).  Recently the microbial community of the pond 

has been investigated using DNA-based tools over a three year period including during a bloom 

event in August 2016 (Foster et al., 2020a). The pond community of background water samples 

taken in non-bloom periods was shown to be dominated by Proteobacteria, with photosynthetic 

or hydrogen-metabolising capabilities present in abundant members of the population (Foster 

et al., 2020a). During the August 2016 bloom event, the cyanobacterium, Pseudanabaena 

catenata (Foster et al., 2020a) 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 and fate.  
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The FGMSP is currently undergoing decommissioning as a high priority. This includes 

planning for waste retrieval operations over 10 year plus timescales and more recently has 

involved the start of removal of the radioactive sludge inventory (Sellafield, 2014). It is 

important to understand the potential fate of key radionuclides in the pond during plant 

operations, to ensure predictable and safe management.  While stable Sr is present in pond 

waters at low levels, 90Sr is present at significant levels by activity and is potentially very 

soluble, and thus needs to be considered carefully during effluent processing to minimise 

discharges to the environment (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, a good model 

for the pond community (Foster et al., 2020b). This study also aimed to determine whether 

under the conditions of study, intracellular Sr-containing minerals could be formed by this 

species of cyanobacterium. Here we demonstrate that in the presence of an actively growing P. 

catenata culture, both (Sr,Ca)CO3 and SrPO4 biominerals are formed. Interestingly, Sr could 

be observed by TEM and EDS analysis in association with the electron dense intracellular 

features containing P, thought to be polyphosphate bodies. Understanding the interactions 

between Sr and the P. catenata culture provides insight into the fate of Sr in the pond and may 

provide pathways towards potential remediation strategies in other 90Sr contaminated aquatic 

sites.  

 

A1.2 Methods 

A.1.2.1 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 the FGMSP on the Sellafield site (Foster et al., 2020a). 

Radiological control measures in place at the Sellafield site for the legacy SNFP prevented the 
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isolation and culturing of microorganisms directly from pond water. A photosynthetic culture 

dominated by P. catenata, which is a close match to the species identified in the FGMSP, was 

obtained from the NIVA Culture Collection of Algae (NIVA-CYA 152), Norway. Whilst it 

was not possible to source an axenic culture, previous 16S rRNA gene sequencing revealed 

that of the 9 operational taxonomic units (OTUs) identified in the NIVA-CYA 152 culture, 5 

were affiliated with genera identified in the FGMSP (Foster et al., 2020b).  The P. catenata 

culture used in the current work was therefore considered representative of the pond 

community.  

 

Cultures were set up by inoculating the P. catenata culture 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 approximately 1 mM. 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 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. 

 

A1.2.2 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, 
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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 

Foster et al. (Foster et al., 2020b). 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 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 (Jespersen and 

Christoffersen, 1987). All pH measurements were made using a calibrated FiveEasyPlus pH 

Meter (Mettler Toledo Ltd, Leicestershire, UK). 

 

A1.2.3 Assessment of Sr behaviour 

The fate of Sr in the presence of the P. catenata culture was determined using a range of 

analytical techniques.  

 

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 then added to 9.5 mL of 2 % nitric acid prior to analysis.  

 

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 
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the culture (Foster et al., 2020b)) 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.  

 

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 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.  

 

Extended X-ray absorption fine structure (EXAFS). The coordination environment of Sr in 

the bulk 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 K-edge spectra (16115.26 keV) were collected in transmission mode on Beamline B18 at 
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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 average coordination environment 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). 

 

A 1.2.4 PHREEQC modelling 

All speciation and saturation thermodynamic calculations were performed using the United 

States Geological Survey thermodynamic speciation code PHREEQC (3.3.7) using the Andra 

specific interaction theory database (ThermoChimie v.9.b0 August 2015). 

 

A1.3 Results 

A1.3.1 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. When inoculated with an actively growing 

culture, both the control and Sr-containing cultures showed a steady increase in optical density 

over the 20-day sampling period as expected. (Figure A1.1.1a). The two sets of treatments 

started with approximately the same OD600nm measurements of 0.22 (0.01 standard deviation 

(SD)) for the Sr-free controls compared to 0.21 (0.01 SD) in the Sr-containing cultures.  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 initial growth. The cultures reached their 

highest optical densities at day 20; 2.49 (0.11 SD) and 2.10 (0.14 SD) for the Sr-free control 

and Sr-containing cultures respectfully. Assessment of the OD600nm measurements at day 20, 
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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 1 mM Sr had an 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 

A1.1.1b). The cultures started off with Chl-a concentrations of 0.66 mg L-1 (0.04 SD) and 0.60 

mg L-1 (0.04 SD) for the control and Sr-containing cultures respectfully. Both sets of cultures 

showed a continuous increase in the concentration of Chl-a, which was not significantly 

different for the first 12 days of the experiment. At day 20 the concentrations recorded were 

7.95 mg L-1 (0.82 SD) in the control and 6.23 mg L-1 (0.52 SD) 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 by acid or base additions during 

the course of the experiment, allowing for pH buffering as a result of the photosynthetic activity 

of P. catenata. The pH started at 7.5 (0.1 SD) and 7.6 (0.1 SD) in the control and Sr-containing 

cultures respectfully (Figure A1.1.1c). By day 5 the pH of the control cultures had risen to 9.3 

(0.01 SD) and the Sr-containing cultures pH was 9.7 (<0.01 SD) experiments and remained 

elevated 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 observed 

increase in the pH is driven by photosynthesis (Jin et al., 2005; López-Archilla et al., 2004). 
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Figure A1.1: 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. 

 

A1.3.2 Sr removal from solution 

ICP-AES was used to determine the amount of Sr in solution throughout the experiment (Figure 

A1.1d). At day 8, 13.5 % Sr was removed from solution with the biomass. In the next 4 days a 

further 65.3 % was removed from solution, and by day 20 >99.5 % of the total Sr added had 

been removed. 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 at pH 7.5 (Supplementary Figure 1), indicating the large-scale removal seen 

in this study was pH driven by photosynthesis.  
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A1.3.3 Sr saturation calculations  

Thermodynamic modelling of 1 mM Sr in BG11 medium was carried out to identify the 

products that could precipitate with Sr under representative experimental conditions 

(Supplementary Table 1). The concentration of PO4
3- and CO3

2- in BG11 medium was 0.23 

mM and 0.19 mM, respectively. The modelling indicated when the BG11 medium was at pH 

7.2, calcium and strontium phosphate phases were over saturated, suggesting phosphate 

induced precipitation was possible. When the modelling was repeated at pH 10 (representative 

of the upper limit of pH in the experiments), the saturation indices (log10(ion activity/solubility 

product)) for the metal phosphates phases increased, indicating that precipitation was more 

favourable. Here, thermodynamic calculations at the elevated pH (10) suggested that 

carbonates such as strontianite (SrCO3) were oversaturated.  

 

A1.3.4 Determining the fate of Sr in the P. catenata culture 

Electron Microscopy analysis. TEM was used to analyse samples from both the Sr-containing 

(and control cultures) to assess 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) alongside other smaller heterotrophic 

microorganisms (Foster et al., 2020b). In both sets of samples P. catenata cells displayed 

circular electron dense features, which frequently occurred in the centre of and down the length 

of the filaments (Figure A1.2 a and Supplementary Figure 2). EDS analysis of these features 

commonly identified the presence of phosphorus, and this suggested that these features could 

be polyphosphate bodies. In addition, low levels of calcium could also be detected in 

association with these features. Sr could also be detected with these phosphorus-containing 

structures, indicating that the Sr detected could be intracellular (Figure A1.2). Significant Sr 
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concentrations could not be detected in other regions of the cells (Supplementary Figure 3), 

offering further support that Sr taken up by the cells was localised with the phosphorus-

containing features. The micrographs also showed the presence of Sr-containing deposits 

which appeared to be extracellular but were still associated with the microorganisms (Figure 

A1.2: b4 and c5). EDS analysis of the extracellular deposits showed the presence of Sr, Ca and 

S in different proportions. 



 

168 
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Figure A1.2: 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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X-ray diffraction (XRD) characterisation of Sr biominerals. An additional sample 

of the P. catenata precipitate 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 A1.3).  

 

Figure A1.3: 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)] 

 

 EXAFS analysis of Sr minerals. The average speciation and coordination 

environment of the Sr in the microbial cultures was further analysed using X-ray 

absorption spectroscopy. K-edge XANES and EXAFS spectra were collected on Sr in 

the solid phase. XANES spectra for all samples showed a single peak consistent with a 
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9 fold coordination environment (Thorpe et al., 2012b, 2012a). 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 A1.4). 

Further refinement of the the EXAFS modelling was informed by the relevant literature 

on Sr bio-mineral formation (Bazin et al., 2014; Handley-Sidhu et al., 2014; Thorpe et 

al., 2012b). Here, the best fit was obtained when Sr was coordinated to P with a shell 

of 1.8 P backscatterers at 3.2 Å and 1 Sr backscattering path at 3.48 Å. These bond 

lengths are consistent with Sr substituted into nanoparticulate hydroxyapatite-like 

phases seen in past work (Bazin et al., 2014; Handley-Sidhu et al., 2014). Interestingly, 

as XRD data suggested the measurable crystalline 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 nano-

crystalline hydroxyapatite-like phases, consistent with observations from TEM that the 

polyphosphate structures had Ca, Sr and P co-located. 
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Figure A1.4: Sr K-edge EXAFS experimental data (black line). Theoretical best 

fit (red line) calculated using Artemis (Ravel and Newville, 2007) 

 

A1.4 Discussion 

The FGMSP situated on the Sellafield site contains a significant inventory of 

radioactive fission products, including 90Sr. This current study investigated 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 (Foster 

et al., 2020a, 2020b). 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 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 hydroxyapatite like nanoparticulate phases consistent with 

thermodynamic modelling predictions suggesting oversaturation of phosphate phases. 

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 co-localised with polyphosphate 

type features in the cells. Significant quantities of small extracellular Sr-containing 

minerals were also visible using the TEM, which varied in their composition, with P 
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not always present. The extracellular 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 observed through 

EXAFS analyses on the bulk cell precipitates.  

 

Polyphosphate 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 polyphosphate 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 

polyphosphate bodies is, however, limited. A study by Baxter and Jensen (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 polyphosphate 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 in the current work K, S, and Ca were also observed in the minerals 

formed in the P. catenata culture, including those associated with the polyphosphate 

type bodies. The Sr containing electron dense bodies seen in the past work with P. 
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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, 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 polyphosphate, is potentially significant, particularly during microbial bloom 

periods. There are multiple functions associated with polyphosphate in organisms, 

including the detoxification of heavy metals (Albi and Serrano, 2016; Keasling, 1997). 

The level of polyphosphate in microorganisms has been linked to metal tolerance, with 

higher levels resulting in increased tolerance (Albi and Serrano, 2016) and there is 

evidence that polyphosphate play a role in adaptation strategies in extreme 

environments (Achbergerová and Nahálka, 2011). In addition, efflux systems have 

been identified in other microorganisms that have been proposed to remove the metals 

as PO4 minerals via the Pit transport system, following the enzymatic degradation of 

the polyphosphate (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 FGMSP could utilise a similar mechanism to protect themselves 

against the toxicity of 90Sr.  
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Interactions between the microorganisms in the FGMSP and 90Sr are as yet unknown, 

however this study provides information about the potential fate of 90Sr in such systems. 

In pond effluents 90Sr is present in the water column, suggesting that at least a 

proportion of the Sr is mobile in the pond. Given the low levels of PO4 in the pond, 

which are below the limits of detection (Foster et al., 2020a), 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 wider interest in contaminated environments, such 

as the Fukushima site in Japan. Here, it is clear that naturally occurring microbial 

populations could potentially facilitate a first step in the removal of fission products 

such as 90Sr from aquatic systems. 
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A1.6 Supplementary material 

Supplementary Table 1: PHREEQC thermodynamic calculations of Sr (1 mM) 

saturation in BG11 medium at pH 7.2 and pH 10. 

Complex Saturation index / pH 

7.2 

Saturation index / pH 

10.0 

Sr5(PO4)3(OH) (s) 13.75 21.25 

Sr5(PO4)3 (s) 0.03 3.55 

MnPO4 (s) 3.32 0.84 

Hydroxyapitite 

[Ca5(OH)(PO4)3] 

4.17 10.84 

Chloroapitite 

[Ca5Cl(PO4)3] 

3.46 8.35 

Ca3(PO4)2 (alfa) -1.46 1.85 

Strontianite [SrCO3] -1.06 2.42 

Sphaerocobaltite 

[CoCO3] 

-2.73 0.17 

Magnesite [MgCO3] (nat) -2.00 1.47 

Magnesite [MgCO3] (syn) *2.82 0.64 

Vaterite [CaCO3] -3.08 0.32 

Dolomite [CaMg(CO3)2] -4.76 2.11 

CaCO3.H2O (s) -3.36 0.05 

Calcite [CaCO3] -2.46 0.91 

CaMg3(CO3)4 (s) -12.96 0.84 

Argonite [CaCO3] -2.66 0.74 
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Supplementary Figure 1: Percentage of Sr in solution of sterile BG11 medium. 

Error bars denote standard deviation of three replicates. 
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Supplementary Figure 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. Peaks indicate the presence of P; the Cu 

peaks are due to the Cu-TEM grids. 

 

 

Supplementary Figure 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. The peaks do not show the presence 

of Sr associated with the cell (away from the polyphosphate features), the Cu peaks 

are due to the Cu-TEM grid.  

 

 

 


