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Abstract 

Global dependency on phosphate (P) rich rock mining to produce inorganic 

phosphorus fertilisers has broken the balance of the phosphorus cycle and is 

threatening our ability to achieve food and water security. The predicted 

phosphorus scarcity crisis due to the imminent depletion of P-rock reserves 

represents one of the biggest challenges for humanity, as phosphorus is 

irreplaceable to sustain life on Earth. At the same time, nutrient-rich agricultural 

runoff and sewage discharges are generating an excessive load of nutrients into 

water bodies. This is triggering the eutrophication of aquatic ecosystems at a 

scale never seen before. To protect water resources, strict nutrient discharge 

limits have been set by local environmental agencies, particularly in Europe, the 

UK and North America, where limits are revised on a regular basis. For that 

reason, current P control systems struggle to comply with the P discharge limits; 

in addition, they do not facilitate P recovery and reuse. Microalgae may offer a 

solution as they grow naturally in wastewater, taking up nutrients in the process, 

but their vulnerability to changes in environmental conditions limits their use to 

reliably control P at wastewater treatment plants.  

Chlamydomonas reinhardtii and microalgae in general, can exhibit a P overplus 

response when transferred from P-deprived to P-replete conditions. This is the 

overaccumulation of P in the form of polyphosphate (polyP) granules. 

Understanding the factors that influence microalgal P overplus could be key to 

enhancing the robustness of P recovery in wastewater treatment systems using 

algae-based technologies. In this thesis, a quantitative method to analyse polyP 

in Chlamydomonas was developed and used along with more qualitative 

methods to follow changes in polyP and other physiological parameters during 

P-depletion and repletion. The results show that polyP content in algal cells is 

the key physiological parameter to monitor during P-deprivation, as the lowest 

in-cell polyP content triggers a bigger P overplus response upon P resupply. 

During P resupply, the successful P recovery depends on both P uptake and 

biomass growth.  While supplying all nutrients rather than P alone, did not affect 

polyP accumulation, it promoted biomass growth which led to a complete 

removal of P from the media in 12 h. These results contribute to better future 

design of P recovery systems from wastewaters using P overplus response in 

microalgae.  

This work provides further evidence of the PSR1 transcription factor of C. 

reinhardtii as the most important regulator of P homeostasis. The experimental 

comparison between PSR1 overexpression and PSR1 knockout strains led to 
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the determination that PSR1 is a key component of polyP synthesis and hence 

of P overplus responses. 

Real-life application of the research findings about the P overplus phenomenon 

requires a deeper understanding of microalgal P metabolism in terms of P 

sensing, P uptake, polyP synthesis and turnover.  
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Chapter 1 Introduction  

1.1 Phosphorus is crucial to food, energy and water security 

The increasing global demand for phosphorus and high dependency on 

phosphate rock minerals in the supply chain, is creating pressure on our society 

to change the current vision of ‘Exploit-Consume-Waste’. The phosphorus 

cycle, which usually takes millions of years to transform reactive forms of 

phosphorus (e.g., phosphates) into stable reserves (phosphate rock) has 

become linear due to the indiscriminate mining of (P)-rich rock for fertiliser 

production and subsequent net accumulation of reactive forms of phosphorus in 

the environment (Elser and Bennett, 2011). This practice is a threat to global 

phosphate rock reserves (and supply) and has a high energy demand for fossil 

fuels, as does its refinery, purification process and transport to suppliers and 

farmers (Childers et al., 2011). We face a future phosphorus scarcity crisis, as 

all living organisms rely on phosphorus to live. Inorganic fertilisers derived from 

P-rich rock are applied to crops in unsustainable ways to cope with the 

increasing global food demand, which causes huge P losses from soil to water 

streams (Hart et al., 2004, Carpenter, 2008). Approximately 50% of agricultural 

soils are P-limited and thus, they rely on the application of mined P fertilisers, as 

P is the second most important inorganic element for plant growth (after 

nitrogen) (Demay et al., 2023, Lynch, 2019).  

Paradoxically, solid wastes and wastewater generated by human activities are 

loaded with phosphorus, but they are usually disposed to land or left partially 

untreated and discharged to water streams (Jarvie et al., 2006). Surface water 

bodies, which are a source of clean water, are suffering from eutrophication and 

threaten water quality and accessibility. The UK government guidance 

recommends that rivers should not exceed an annual average concentration of 

0.1 mg P/L (DEFRA-UK). However, wastewater treatment works (WWTWs) in 

the UK are allowed to discharge untreated sewage after certain periods of high 

rainfall. The UK government and water regulators have been accused of 

breaking the law over how sewage release has been monitored and regulated1. 

Communities are organising campaigns to take their complaints to Parliament 

as the perception is that the UK Government is not doing ‘enough’ to achieve 

nutrient neutrality2 3. Thus, the eutrophication of water ecosystems in the UK is 

 

1 Esme Stallard Jonah Fisher and Sophie Woodcock ‘Government may have broken 
law over sewage - watchdog’, BBC news, 2023  

2 ‘River Wye tributary pollution above targets, campaigners claim’, BBC news, 2023 
3 Ione Wells & Sam Francis, ‘Ministers propose scrapping pollution rules to build more 

homes’, BBC news, 2023 
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definitely a topical matter in environmental and social policy. Public concerns 

are absolutely valid, as approximately two-thirds of the world population is 

affected by water scarcity, and governments are pushed to agree on very strict 

P discharge consents (0.1-1 mg/L) to protect water resources (Leaf, 2018, Todo 

and Sato, 2002, Sternlieb and Laituri, 2010, Mekonnen and Hoekstra, 2016). 

This increases  wastewater treatment costs as more sophisticated technologies 

(usually high-energy-intensive processes) are often implemented to meet 

regulated parameters. Traditional WWTWs are already complex and energy-

intensive and do not facilitate P recovery (Cordell et al., 2011). In the case of 

industrialised countries, there are enough resources and installed capacity to 

achieve wastewater treatment goals, but the urgent need is for such processes 

to be more cost-effective, less fossil-fuel dependent and sustainable in the long 

run. In contrast, low- and middle-income (LMIC) countries are far behind 

regarding service coverage, suitable infrastructure to cope with increase 

wastewater discharges and have fewer resources to enforce and comply with 

high standards of nutrient control facilities, including phosphorus control and 

recovery (von Sperling and Augusto de Lemos Chernicharo, 2002).  

1.2 Microalgae can help to fix the broken P cycle 

In the search for alternatives to phosphorus control and recovery at wastewater 

treatment works, natural wastewater treatment systems like wastewater 

stabilisation ponds (WSPs) have been considered as a cost-effective option 

(Johnson et al., 2007, Mara, 2006). This is due to the low maintenance and 

operation costs, especially in developing countries (Mara, 2013, von Sperling 

and Augusto de Lemos Chernicharo, 2002, Von Sperling, 2007). These 

systems make use of the naturally occurring symbiotic relationship between 

bacteria and microalgae to remove organic matter and nutrients from 

wastewater via biological uptake (Von Sperling, 2007, Camargo Valero et al., 

2010). Microalgae are photosynthetic microorganisms which grow naturally in 

wastewater. Microalgae capture carbon dioxide and accumulate nutrients, like 

nitrogen and phosphorus, with the power of sunlight via photosynthesis 

processes. Therefore, microalgae are a promising alternative to energy-

intensive WWTWs, however, open systems like WSPs are very susceptible to 

climate conditions (Abis and Mara, 2003). Overall, not enough research has 

been done on assessing the influence of environmental factors on P removal 

processes by microalgae. Far more research has been undertaken within a 

cold/temperate/arctic climate context than it has been done for tropical 

environments as it coincides with interests of the ‘Global North’ (Powell et al., 

2011, Powell et al., 2008, Sells et al., 2018, Cheregi et al., 2019). The great 
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majority of tropical environments coincide within the territory of LMICs or ‘Global 

South’, where there may be different types of barriers (political, socio-

economical, etc.) (Sathya et al., 2023, Chrispim et al., 2019, Mara, 2013, 

Confraria et al., 2017).  

Microalgae-based wastewater treatment (MBWT) systems are promising both 

as 1) a sophisticated tool to achieve strict nutrient discharge consents to control 

eutrophication, whilst producing high-value products, with the use of engineered 

systems - i.e., photobioreactors (PBRs) (Slompo et al., 2020, Borowitzka, 

2013), and also as 2) a suitable option for resource-limited rural and urban 

communities to reduce the impact of moderated nutrient discharges to water 

streams by cost-effective means like WSPs (Bunce et al., 2018, Mara, 2013). 

MBWT offers an alternative to recycle these nutrients for the benefit of these 

communities, according to their potential and technological boundaries (energy 

crops fertilisation, biofuel production, etc.) (Coppens et al., 2016). Van 

Puijenbroek et al. made an assessment of the predicted progress and 

challenges of nitrogen and phosphorus removal from wastewater for the next 

few decades, and found that for LMICs with high population growth, the impacts 

of inadequate nutrient control approaches will be severe and cause 

deterioration of water quality (van Puijenbroek et al., 2019). This evidences a 

need to direct efforts to help these communities developing simple and cost-

effective strategies for nutrient control and recovery, for which MBWT is 

promising. To achieve the goal of simplicity and cost-effectiveness of MBWT, 

further research needs to focus on each context of application. Microalgae are 

vulnerable to environmental conditions (e.g. nutrient concentration in 

wastewater, temperature, light/dark regime, etc.), which can change 

considerably for each case scenario/location. Therefore, the design of MBWT 

needs to consider the effect of environmental factors on nutrient removal 

efficiency and quality of microalgal biomass produced. Microalgae grown in 

wastewater have been mostly considered for their biofuel potential due to their 

lipid content (Hu et al., 2008). However, microalgal biofuels are still not cost 

competitive with petroleum based fuels. Moreover, the land demanded for 

biofuel production conflicts with that of food production (Ángeles et al., 2019). 

Thus, in the context of the phosphorus cycle, it makes more sense to use 

nutrient-rich microalgal biomass to return phosphate to land (Solovchenko et al., 

2016). 

Microalgae-based P biofertilisers have a slower nutrient release rate than P-rich 

rock fertilisers (Mulbry et al., 2005, Chu et al., 2020b, Coppens et al., 2016). 

Thus, the use of microalgae-based biofertilisers may not only decrease the P 

discharge to water streams due to runoff but is also more adapted to the P 
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uptake rate of plants in crops (Mulbry et al., 2005). Nonetheless, the choice of 

microalgae byproducts will depend on the context. For instance, in tropical 

countries like Colombia and Brazil in Latin America, large portions of land are 

being dedicated to the production of energy crops in the form of monocultures 

(Martínez Londoño et al., 2016). Sugarcane cultivation for biofuel production 

(bioethanol) is going through a yield decline mostly because of soil degradation 

caused by long-term monoculture and intensive application of inorganic 

fertilisers (Garside et al., 2005). In the South American context, the affordability 

of P-rich rock fertilisers represents a socioeconomic challenge, which drives 

inequity levels across small and large farm holdings. In this context, the problem 

begins with access to expensive industrial fertilisers when soils start to run out 

of nutrients and low-cost options like manures are not available (de Sousa et 

al., 2015, FAO, 2019); under such circumstances, produced microalgae 

biomass from MBWT may offer an alternative to inorganic fertilisers, as an 

organic fertiliser to support soil health and crop nutrient demand. In temperate 

climate countries like the UK, and most of Europe, there are no phosphate rock 

reserves (Cooper and Carliell-Marquet, 2013). This means that agricultural 

production depends on imported P fertilisers, which generates a high 

vulnerability to supply disruption or price increase (van Dijk et al., 2016). At the 

same time, poor soil quality is affecting the two most important field crops, 

wheat and oilseed rape. This is due to the loss of soil organic carbon caused by 

the intensive application of industrial fertilisers and soil loses. Soil organic 

carbon plays an important role in maintaining soil structure and storing 

nutrients. Organic matter-deficient soils lead to increased nutrient and soil 

losses to water bodies. Therefore, microalgae biomass, which is a source of 

nutrients (nitrogen, phosphorus and carbon), may offer a solution by recovering 

the nutrient storage capacity of soils by restoring organic carbon levels 

(Alobwede et al., 2019).  

1.3 The black box: The metabolism behind the P overplus 

response of microalgae 

The use of microalgae technology for P recovery currently faces its biggest 

challenge in the gap of understanding microalgal P metabolism. 

Microorganisms like microalgae, bacteria and yeasts exhibit a phosphate 

overplus response when transferred from culture media with low to high P 

concentration levels (Solovchenko et al., 2019a). Microalgae can also perform 

luxury P uptake when deprived of nutrients other than P (Powell et al., 2009). 

Both processes involve a transient overaccumulation of in-cell P as 

polyphosphates (polyP), but there is not clear understanding of the mechanistic 
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differences between these two phenomena (Solovchenko et al., 2019b, 

Slocombe et al., 2020). Microalgae can build up an approximate 2-6 fold 

increase in their P biomass content, mostly due to polyP accumulation, as a 

consequence of a period of nutrient deprivation followed by P re-supply, 

(Plouviez et al., 2021). 

It is believed that the microalgae P overplus phenomenon can be a solution to 

fix the broken phosphorus cycle, as it relies mostly on phosphate levels 

(Slocombe et al., 2020). Currently, there is no conclusive evidence on the 

conditions leading to high P recovery yields in MBWTs using P overplus 

capacity. The problem starts with the inconsistency in the methodologies to 

analyse microalgal polyphosphate accumulation dynamics which are the direct 

measurement of P overplus (Martin and Mooy, 2013, Werner et al., 2007, 

Aitchison and Butt, 1973). Hence, no biological questions regarding P overplus 

can be addressed without the development of reproducible polyphosphate 

analysis tools in microalgae.  

For instance, it is commonly assumed that longer periods of P deprivation 

maximise in-cell P surplus upon refeeding, but the actual criteria to determine 

the length of the P deprivation is not well defined – i.e., some studies use 

periods without specific or mechanistic biological variables (Aitchison and Butt, 

1973, Solovchenko et al., 2019a, Plouviez et al., 2023b, Lavrinovičs et al., 

2022). For example, an arbitrary 3-day period of P-deprivation using an 

experimental design with limited algal species, and set environmental factors, 

may have promoted a high P overplus performance under those conditions, but 

may be too short or too long for a different experimental set up. Thus, 

physiological parameters of P-deprivation are preferred, as they can be adapted 

to different scenarios. Some studies used the time of cessation of growth, or the 

time to reach the lowest in-cell P concentration (Solovchenko et al., 2019b, 

Aitchison and Butt, 1973). Moreover, the effect of other nutrients on microalgal 

P overplus has been overlooked – i.e., P recovery in MBWTs depends on the 

N:P ratio (Beuckels et al., 2015) and other nutrients like magnesium (Schönborn 

et al., 2001). Thus, a better understanding of how these factors affect P 

overplus responses may lead to a reliable design of MBWTs using this 

phenomenon.  

Furthermore, reducing the gap in the knowledge of microalgal P metabolism 

also requires going beyond the physiological level. Physiological responses in 

microalgae are controlled and regulated by transcriptional and post-

transcriptional processes which can differ in a species-dependent manner. 

However, the great majority of algal genomes have not been either sequenced 

or well annotated yet (Nelson et al., 2021). Many studies aimed at working with 
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microalgal strains collected directly from wastewater treatment systems as a 

means to be more realistic (Eladel et al., 2019, Han et al., 2014, Wen et al., 

2017). However, these studies struggled to provide in-depth explanations 

behind the advantages or limitations of these strains to recover nutrients from 

wastewater, based only on physiological data. The genome of Chlamydomonas 

reinhardtii, which is a model organism for microalgal research, is well annotated 

and hence, plenty of molecular biology tools have been developed to increase 

the understanding of phosphorus regulation mechanisms (Craig et al., 2023, 

Salomé and Merchant, 2019). 

In C. reinhardtii, ‘Phosphate Starvation Response 1’ (PSR1) is an important 

transcription factor in the regulation of phosphate metabolism (Wykoff et al., 

1999). Mutants lacking the expression of PSR1 were defective in their response 

to P deprivation (Shimogawara et al., 1999). Furthermore, Bajhaiya et al. 

reported that PSR1 overexpression in C. reinhardtii enhanced phosphate and 

starch accumulation under both ‘high P’ and ‘low P’ conditions (Bajhaiya et al., 

2016). These findings suggest that PSR1 also has an important role in 

regulating the P overplus response of C. reinhardtii. Understanding how PSR1 

intervenes in this phenomenon could lead to future strategies for the 

manipulation of these phenomena to enhance algal biomass P accumulation 

and nutrient removal from wastewater. 

1.4 Project Aim, Scope and Objectives 

This project aims to broaden and deepen the current knowledge of 

polyphosphate accumulation in microalgae, as a direct measurement of their 

phosphate overplus response. Specifically, one key goal is the standardisation 

of an experimental design to study P-deprivation and subsequent P repletion, to 

investigate the key parameters affecting polyP accumulation, microalgal 

biomass growth and nutrient removal, which is needed to produce reproducible 

results within the research community. This will contribute to expanding our 

knowledge across different algal species and cultivation conditions that are 

closer to real operation conditions at wastewater treatment systems using 

microalgal P overplus phenomena to control and recover phosphate. This study 

also seeks to determine the role of the phosphate starvation response 

transcription factor of C. reinhardtii in its P overplus response. 

There is a lack of robust evidence regarding the potential differences between 

the concept of microalgal luxury phosphate uptake and phosphate overplus 

response. The following research questions so far still remain unanswered: 1) 

Are luxury P uptake and P overplus responses mechanistically different? and 2) 

are these responses triggered by different environmental factors? Therefore, to 
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improve our current understanding of luxury P uptake and phosphate overplus 

response, this research work reports the results from a series of lab-based 

approaches to monitor polyphosphate accumulation in the green microalgae C. 

reinhardtii, when subjected to P-deprivation and P-repletion conditions, 

separately. The P overplus experiment consisted of P-deprivation followed by P 

repletion. These experiments were designed and conducted to elucidate how 

the manipulation of P-deprivation, nutrient availability and PSR1 regulation, 

provide suitable conditions for polyphosphate accumulation, biomass growth 

and P removal from the media during P overplus. The results from this work will 

help as a guide to future research, aiming at the development of a robust and 

reliable MBWT system using the microalgae P overplus phenomena to meet P 

discharge consents, and consequently producing P-rich microalgal biofertilisers 

to help fixing the broken phosphorus cycle. 

The following objectives were designed for this project: 

1. To understand physiological responses to P deprivation and their 

relationship with the P overplus phenomena in C. reinhardtii. 

2. To implement reliable analytical methods to quantify and characterise in-

cell polyphosphate in C. reinhardtii and understand its dynamics during P 

overplus. 

3. To assess the role of nutrient availability, other than P, on P overplus at 

the P repletion stage using C. reinhardtii  

4. To evaluate the role of the PSR1 transcription factor on the phosphate 

overplus response of C. reinhardtii. 

1.5 Structure of the thesis 

The structure of this thesis comprises, apart from this introductory section, six 

further chapters as follows: Chapter 2 – Literature Review, which is focused on 

1) the relevance of the broken phosphorus cycle to food and water security, 2) 

the challenges of the current and alternative microalgae-based approaches for 

P recovery from wastewater and 3) the knowledge and gaps regarding 

microalgae P metabolism.  Chapter 3 – Materials and Methods: describes in 

detail all the methodology as well as the illustration of the experimental design 

to test: 1) Physiological changes in P-deprived C. reinhardtii against non-P-

deprived cultures, 2) the effect of the P-deprivation period, nutrient availability, 

or the PSR1 overexpression vs its knockout on P overplus, and 3) the induction 

of P overplus or luxury P uptake by PSR1 overexpression in C. reinhardtii.  

In chapters 4-6, I report on the results from these experiments according to their 

contribution towards the project objectives and compare these results with 
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previous studies. Chapter 4 - Phosphate deprivation and overplus: What 

parameters prime Chlamydomonas reinhardtii for enhanced polyphosphate 

accumulation?: includes the successful application of polyP qualitative and 

quantitative analysis tools for the determination of two physiological factors of 

P-deprivation. The effect of these physiological factors on P overplus is tested 

and new polyphosphate and inositol hexakisphosphate (IP6) dynamics are 

revealed. Chapter 5 - The effect of nutrients other than P on Chlamydomonas 

reinhardtii phosphate overplus response: exhibits the difference between P 

repletion as ‘P only’ against repletion with all nutrients, in terms of biomass 

growth, polyphosphate accumulation and nutrient removal. The change in the 

‘all nutrient’ repletion methodology provided insights which may be relevant to 

the application of P overplus for P recovery in WWTWs. Chapter 6 - PSR1 is a 

key component of polyphosphate synthesis during the phosphate overplus 

response in Chlamydomonas reinhardtii: reveals the capacity of PSR1 

overexpression to activate a phosphate overplus response without previous P-

deprivation conditions and the opposite effects of PSR1 overexpression versus 

PSR1 knockout on P deprivation and repletion. 

Chapter 7 – General Discussion and Conclusions, this chapter summarises the 

results obtained as part of the research work undertaken and their contribution 

to our understanding of Chlamydomonas reinhardtii phosphate overplus 

response. The new evidence obtained in this work is linked to the potential 

application of this phenomenon to biologically recover P from wastewater and 

highlights future areas of research and recommendation.
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Chapter 2 Literature Review 

2.1 The paradox of the phosphorus cycle 

Due to its high chemical reactivity, mineral forms of phosphorus (Pm) are not 

widely found. As a nutrient source, their contribution in the bio-, geo-, chemical 

cycle of phosphorus differs from other nutrient cycles, such as nitrogen (N) and 

carbon (C), as Pm is not linked to a gaseous phosphorus phase (Ashley et al., 

2011). As it is shown in Figure 2.1A, the natural state of Pm consists of apatite 

minerals in the lithosphere which took around 10 to 15 million years to form as 

sediments in oceans and freshwaters. Apatite minerals are biologically 

unavailable for living organisms (Sonzogni et al., 1982). Phosphate (P), which is 

the bioavailable form of phosphorus, becomes available when it is released 

from apatite minerals via chemical weathering in the soil formation process, or 

when it is transferred from terrestrial to aquatic ecosystems in the form of 

eroded soil that is dissolved through riverine runoff (Yuan et al., 2018). 

Therefore, living organisms rely on the processes that allow phosphorus to be 

bioavailable to survive (Solovchenko et al., 2019a). After N, P is the second 

most frequent macronutrient that limits plant growth. This is mainly because 

living organisms contain different cellular compounds containing phosphorus 

(e.g. Nucleic acids, phospholipids, proteins, etc.). P plays an important role in 

many natural processes as well (Ashley et al., 2011). In small concentrations, it 

represents a vital component of the aquatic ecosystems, enhancing biological 

productivity (Melia et al., 2017). Once bioavailable, P becomes part of organic 

cycles, through living organisms. P is mobilised from soils to plants and animals 

and then returns to the soil where it is taken up by plants through a process 

called mineralization (Yuan et al., 2018).  

However, the P cycle has been transformed with the input of human activities 

involving: P-rich rock extraction, crop fertilisation, livestock production with 

manure generation and food consumption leading to waste production (Cordell 

et al., 2009). The impact of these activities is reflected in the acceleration of P 

transfers between land and water (Figure 2.1B). Extracted P from mining is 

processed into fertilisers that are exported around the globe to be directly 

applied to crops. Commercial agriculture companies harvest those crops, which 

are then transported to different areas and traded for food production and 

consumption. P circulates all around these traded areas, either as a fertiliser or 

as a component of harvested crops. This creates a bigger need to apply 

fertilisers each time crops are harvested to prepare the soil for the next 

production cycle and to keep with global food demand (Yuan et al., 2018). Once 

the food is consumed, P is excreted from our bodies in urine and faeces, 
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directly into wastewater (Cordell et al., 2009). P extracted and circulated never 

comes back to the place it was taken from and this results in the P cycle 

becoming linear. Thus, the consequence of human alterations to the P cycle is 

the increased speed of the cycle phases that would naturally take millions of 

years to come through and further renew the P source. All living organisms rely 

on P to survive and hence, finding a way to fix the broken cycle of P is a matter 

of global importance (Solovchenko et al., 2016).  
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Figure 2.1 Summary of the phosphorus cycle. A Representation of the natural 

process by which P becomes bioavailable. P-rich rock composed of apatite minerals 
took millions of years to form. Chemical weathering and natural erosion cause the 
release of P, which becomes part of the soil and sediments. Plants, algae and 
microbes generate biomass by taking P as a macronutrient. This biomass is ingested 
by heterotrophic organisms. In aquatic environments, P becomes bioavailable when P 
soil particles are disseminated by riverine runoff from the land. B Human alterations to 
the P cycle. Exacerbated mining of P-rich rock to produce inorganic fertilisers, causes 
an increase of soil P losses to water streams. Fertilisers are used for food or livestock 
production. Once consumed, the P ends up as solid waste in landfills or wastewater. 
Inadequate management of lost P causes eutrophication. Figure adapted from Yuan et 
al. (2018).  
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2.1.1 Global effects of the broken phosphorus cycle 

Human alterations to the phosphorus cycle have generated consequences for 

all the different processes where phosphorus is involved. However, the biggest 

threats that this problem poses for our society are the following: 

1. The problem of a future phosphorus scarcity is a consequence of the 

mining of P-rich rock from reserves that take such a long time to form 

(Yuan et al., 2018). The International Centre for Soil Fertility and 

Agriculture Development (IFDC) last report, estimated the worldwide 

phosphate rock reserves to be around 60.000 million metric tons (Mt) 

instead of 16.000 Mt (which was the amount estimated before), based on 

inferred reserves (Ashley et al., 2011). However, these ‘new’ reserves 

have not been confirmed yet and do not remove the threat of phosphorus 

scarcity. Another important factor is the quality of the remaining reserves, 

which may be lower in P concentration and higher in radioactive 

compounds and heavy metals concentration (Cordell et al., 2009). 

2. Phosphorus scarcity represents a serious threat to food security. 

Worldwide human population relies on P to sustain its food demand as 

agriculture depends on P fertilisers that are produced in large part from 

P-rich rock (Solovchenko et al., 2016). Since P is irreplaceable in food 

production, P scarcity could lead to a food security crisis (Ashley et al., 

2011). It also brings concern about the geographical distribution of P-rich 

rock sources. Globally, P-rich rock reserves are concentrated in 

particular regions. Morocco holds approximately 73% of the global 

reserves, following by China, Algeria and the United States. Such 

geographical distribution of P sources increases other countries' 

geopolitical vulnerability (El Wali et al., 2019). The UK and other 

European countries rely on imported P fertilisers for agriculture (Cooper 

and Carliell-Marquet, 2013). For this reason, many European 

organisations are working on the development of new strategies to 

overcome P import dependency, by promoting an emphasis on the role 

of P recycling and recovery as an alternative to P rich minerals (van Dijk 

et al., 2016). For instance, Latin American and Caribbean nations are 

already struggling with P supply (Nyamangara et al., 2020), as local 

farmers struggle to cope with an increased demand for food as the soils 

lose their nutrient content. As developing countries with lower economic 

incomes, many of these farmers cannot afford to buy imported P-rich 

rock fertilisers. Therefore, in some cases, the use of organic fertilisers in 

the form of manure, for example, is more commonly used to cope with 

food demand (Appleton and Notholt, 2002, Rao et al., 2004). However, 
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its use as an organic fertiliser means that delivered phosphorus will not 

be readily bioavailable for plants (Holford, 1997) and can also represent 

a risk to public health, as they might get contaminated with pathogens 

(Nicholson et al., 2005), heavy metals (Zhao et al., 2014) and antibiotics 

(Li et al., 2015). 

3. The unsustainable use of extracted phosphate rock, in the form of 

applied fertilisers generates a load of P leakage to groundwater. 

Inorganic fertilisers have a high solubility that plants cannot fully cope 

with when absorbing the nutrients from the soil (Schachtman et al., 

1998). This means that a high portion of P is wasted and ends up by 

runoff into water streams, causing eutrophication (Talboys et al., 2016). 

This is the elevated nutrient concentration (e.g. N and P) in lakes, 

estuaries, and coastal areas. The effects of these high nutrient loads are 

the generation of algal/cyanobacterial blooms that are harmful to fishes 

and cover the water surface, thus limiting access to oxygen from the 

atmosphere. The dissolved oxygen (DO) in the river is consumed by the 

decomposition of organic matter, causing hypoxic conditions that are not 

tolerable by aquatic forms of life (Elser, 2012). The effects are chronic, 

and it may take years for a river to reduce P levels and recover 

biodiversity even with the strictest conservation practices (Yuan et al., 

2018). In addition, phosphate excretion by human beings increases P 

discharge in domestic wastewater. Whether climate change acts as an 

aggravator of the problem of harmful algal blooms (HAB) in 

eutrophicated water streams is a subject of debate as different studies 

reach opposite conclusions (Hallegraeff et al., 2021, Mejbel et al., 2023). 

However, it seems that the effect of climate change on the occurrence of 

HAB should be evaluated on a case-to-case level, as Hallegraeff et al. 

(2021) showed that the pattern of HABs variated across different regions.  

2.2 Wastewater as a potential P source 

The threat of eutrophication and inadequate wastewater management affecting  

the quality of aquatic ecosystems has created a need to develop stringent 

regulations for P discharge, which increases  capital and operational and 

maintenance costs at WWTWs. The EU Urban Wastewater Directive 91/271, 

Water Framework Directive (2000/60/EC) and the UK Environment Agency 

have consent for a maximum annual average P discharge level of 1 mg/L, 

which means that some WWTWs will have to achieve P effluent concentrations 

under 0.1 mg/L (Yulistyorini, 2016, DEFRA-UK, UK-Environment-Agency, 

2019). WWTWs in the UK are required to handle approximately 55 kilotons (kt) 
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of P per year from municipal wastewater, which is equivalent to 71% of 

imported fertilisers, 77.5 kt P. Handling of P inputs to WWTWs has represented 

an average investment of £80 billion since 1989 (Cooper and Carliell-Marquet, 

2013). With upcoming more stringent P discharge consents, there is a need to 

consider more cost-effective alternatives to current WWTWs. In the context of 

the broken phosphorus cycle, wastewater represents a potential source of P. 

Once recovered, P can be returned to the land as a biofertiliser. However, the 

fate of recovered P is determined by the method of P removal used at WWTWs. 

This section reviews the current approaches for P control and recovery.  

2.2.1 Traditional physicochemical and biological approaches for P 

control and recovery 

One of the most common physicochemical techniques for P removal is chemical 

precipitation. Phosphate is a trivalent anion and thus, can be readily easy to 

precipitate, using di-valent or trivalent salts of iron (Fe), aluminium (Al) or 

calcium (Ca). These salts form complexes with both the organic and inorganic 

fractions of P by coagulation/crystallisation where flocs and salts are formed. 

Consequently, flocs and insoluble salts are removed by sedimentation in the 

form of sludge (Nassef, 2012). The process has sufficient levels of efficiency 

especially at pH > 9.5, where virtually all free phosphate (orthophosphate) will 

precipitate, for instance as hydroxyapatite (Ca5(PO4)3OH) when lime (CaCO3) is 

chosen as coagulant agent. However, the most relevant disadvantage is that it 

requires chemical additions that increase treatment costs (Ruzhitskaya and 

Gogina, 2017). Alternatively, a process of electrochemical coagulation of 

phosphate does not require chemical addition as it involves the use of stainless-

steel cathodes and stable semiconductor anodes to stimulate phosphate 

precipitation (Cid et al., 2018). However, the main constraint of 

physicochemical-based approaches is the generation of large amounts of 

sludge not suitable for reuse due to the low bioavailability of the recovered P, 

which is strongly bound to the metallic salts (Qiu and Ting, 2014, Melia et al., 

2017).  

The bioavailability of the phosphorus in the sludge can be achieved with 

biological treatment. The enhanced biological phosphorus removal (EBPR) with 

activated sludge systems, for example, consists of the use of polyphosphate 

accumulative organisms (PAOs) (Melia et al., 2017, Ong et al., 2016). EBPR is 

based on enhancing PAOs ability to perform polyP accumulation, beyond that 

required for survival (a process known as luxury phosphorus uptake). PolyPs 

are polymers of ten to hundreds of orthophosphate residues linked by 

phosphoanhydride bonds (Kulaev et al., 2005). Polyphosphate is retained within 
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the cells as an energy reserve for maintenance or to provide a competitive 

advantage over ordinary heterotrophic bacteria, a reason why PAOs tend to 

outcompete other organisms.  

- PAOs activity in WWTWs 

The EBPR process requires alternating anaerobic and aerobic/anoxic 

conditions (Jeyanayagam, 2005, Tarayre et al., 2016). In the anaerobic phase, 

PAOs consume available volatile fatty acids (VFA) as carbon storage in the 

form of polyhydroxyalkanoates (PHAs), using ATP (Adenosine triphosphate) as 

an energy source. ATP is produced from the hydrolysis of accumulated polyP, 

releasing orthophosphate (soluble P). Then the aerobic phase leads to the 

oxidation of PHAs, a process that releases energy that can be used for P 

uptake. Since the uptake rate in the aerobic phase is greater than the amount of 

released orthophosphate under the anaerobic phase, P accumulation is 

achieved (Bunce et al., 2018). Therefore, P is removed from wastewater as it 

goes from the liquid to solid phase and becomes part of the sludge that is 

removed by sedimentation (Du et al., 2012). 

The literature highlights Candidatus Accumulibacter phosphatis as the PAO 

most responsible for EBPR. Their full genome sequence is available, which 

allows the study of the metabolic pathways associated with P accumulation 

(Camejo et al., 2019). Other putative PAOs found in WWTWs include 

Acintobacteria sp., Pseudomonas sp., Paracoccus sp. and some Enterobacter 

sp. The biochemical machinery to perform P accumulation is well-studied in 

bacteria (Achbergerová and Nahálka, 2011, Günther, 2011, Albi and Serrano, 

2016). The most important enzymes involved in the process are the 

polyphosphate kinase (PPK), which catalyses the elongation of the polyP chain, 

and the exopolyphosphatase (PPX), which removes a phosphate group at the 

end of the polyP chain (Albi and Serrano, 2016, Rashid and Kornberg, 2000, 

Kawakoshi et al., 2012).  

- Progress and challenges of EBPR 

The EBPR process stability and reliability remain a challenge as standards for 

the cultivation of these microorganisms have not been established and just a 

few microorganisms have been isolated for further research. Different factors 

like stricter P discharge limits or sudden increase in P concentration in coming 

wastewater, make the addition of a carbon source and calcium and magnesium 

salts necessary, which incurs additional costs to the EBPR process (Qiu and 

Ting, 2014, Izadi et al., 2021). Furthermore, PAOs might be outcompeted by 

glycogen accumulative organisms (GAOs) for the carbon substrate. These 

organisms grow in the same environment as PAOs and represent one of the 
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main causes of deterioration of the EBPR process as they do not contribute to 

the P removal (Günther, 2011). 

As shown in Figure 2.2, the current energy-intensive WWTWs have come to 

accumulate a subset of processes for the removal of C, N and P (Heterotrophic 

bacteria, nitrifying bacteria, PAOs, etc.). This is not a sustainable approach, as 

it requires a larger footprint and flexible capacity to deliver on-demand 

wastewater treatment to growing human populations. Furthermore, nitrate is 

recirculated from the final effluent as a substrate for denitrifying bacteria to 

produce gaseous N and nitrous oxide, the latter being a potent greenhouse gas 

and also a major scavenger of ozone (Wunderlin et al., 2012). Some of the 

released phosphate in the EBPR also needs to be recirculated to the nitrification 

and heterotrophic organic matter removal steps as a substrate to avoid the use 

of additives. Additionally, organic carbon may be added to the EBPR process as 

the levels of organic carbon at this step would be already low, and are required 

for PAOs phosphorus metabolism (Figure 2.2). These parts of the process add 

complexity to the operation and maintenance of the system.  

 

Figure 2.2 The evolution of energy-intensive wastewater treatment. The 

additive characteristic of current approaches in WWTWs for C, N and P removal is 
energy-intensive, complex and unsustainable. The activated sludge system was 
developed to remove organic matter. Secondary treatment included the N removal via 
nitrification and denitrification and P via the EBPR process. In red, are greenhouse gas 
emissions and steps where carbon source or oxygen provision is required, which 
increases the treatment costs (££). 
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2.2.2 P recovery from digestate in EBPR-based WWTWs 

The phosphate recovery process is achieved by producing struvite from the 

anaerobic digestion (AD) product of sludge generated at the wastewater 

treatment facility as shown in Figure 2.3. Struvite precipitation has been the 

most studied process for the recovery of phosphate and ammonia. Magnesium 

salts are added to the digested liquor to form a compound called magnesium 

ammonium phosphate or struvite (MgNH4PO4·6H2O), which is insoluble and 

precipitates (Monfet et al., 2018). The precipitate can be further used as a slow-

release biofertiliser. Slow-release fertilisers are considered those with a delayed 

time of inorganic nutrient release to match crop plants nutrient uptake rate, thus 

reducing nutrient-rich runoff from soils to water. As a fertiliser struvite provides 

magnesium and ammonium to the soil, which are also considered important 

plant nutrients (Talboys et al., 2016). Despite being to date one of the best ways 

to recover and reuse P from wastewater, this process incurs additional 

operational and maintenance costs. It requires the addition of magnesium salts 

and can generate an unwanted accumulation of struvite within the reactor, 

which may affect P recovery rates (Nättorp et al., 2019). 

 

Figure 2.3 Energy generation and nutrient recovery opportunities from 

sludge in WWTWs. Hydrothermal hydrolysis and AD of primary and secondary 
sludge produced at WWTWs produce biogas, which supports on-site energy demand. 
The liquid phase from the AD process is usually recirculated to the WWTWs, while the 
solid phase is treated and then disposed of in landfills. 

Comparable to struvite is the calcium phosphate (Ca-P) precipitation from the 

digestate liquor, which creates a form of P that is similar to that found in apatite 

minerals extracted from P-rich rock, which is more useful for industrial 
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applications (Melia et al., 2017). In general, struvite and recovered Ca-P 

represent acquired benefits from EBPR processes, however, they are limited to 

WWTWs that include biological treatment and industrial P-rich wastewaters 

(Nättorp et al., 2019). Struvite production from chemical precipitation processes 

is not recommended as the removed P is strongly bounded to cations (Ohtake 

and Tsuneda, 2019).  

2.2.3 Alternative cost-effective biological approaches for P control 

and recovery 

A Wastewater Stabilization Pond (WSP) is the simplest form of wastewater 

treatment. In their most basic form, the process consists of a pond where 

wastewater is left for a period of time, long enough so natural processes can 

achieve organic matter stabilization (Von Sperling, 2007). Biological wastewater 

treatment in the form of (WSPs) represents one of the broader alternatives for 

smaller populations (Sells et al., 2018). This is mainly because it is fairly easy to 

construct and can be designed to be cost-effective (Powell et al., 2008). WSPs 

take advantage of the naturally occurring symbiotic relationship between 

microalgae and bacteria in water streams. As shown in Figure 2.4, 

heterotrophic bacteria metabolise organic carbon from wastewater in the 

presence of oxygen for both growth and energy, producing carbon dioxide 

(CO2). CO2 is utilised by microalgae for photosynthesis, growth and the 

production of oxygen (O2), which supports bacterial activity (Acién Fernández et 

al., 2018). Microalgae are photosynthetic eukaryotic microorganisms that can 

grow photoautotrophically, photoheterotrophically, chemoheterotrophically or 

mixotrophically, depending on the algal species (Abdulsada, 2014, Abreu et al., 

2022). Microalgae are widely used for wastewater treatment. The most common 

species found in wastewater are Chlorella sp., Scenedesmus sp. and 

Chlamydomonas sp. These species are the most studied for nutrient control in 

WWTWs (Von Sperling, 2007, Powell et al., 2008). 
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Figure 2.4 Microalgae/Bacteria consortia in WSPs. The organic and inorganic 

carbon coming from wastewater is metabolised by heterotrophic bacteria, a process 
that requires O2 and produces CO2. Microalgae use the produced CO2 as a carbon 
source and light for photosynthesis, growth and the production of O2, which supports 
bacterial activity. 

- Microalgal activity in WSPs 

P removal by microalgae in WSP relies on two different processes: 1) 

Microalgae consume CO2 from both the atmosphere and produced by 

heterotrophic bacteria during respiration. CO2 consumption increases the pH in 

WSPs (Von Sperling, 2007). An increase in the pH leads to the precipitation of 

phosphates due to the formation of complexes with metal cations like Ca+2, Mg+ 

and Fe+2. 2) Production of microalgal biomass drives the uptake of both P and 

N. In the case of P, in-cell accumulation of phosphate beyond that required for 

growth is possible due to the synthesis of polyphosphate (Slocombe et al., 

2020). Microalgae P metabolism allows this microorganism to cope with both 

high and low concentrations of P found in wastewater. However, depending on 

the environmental conditions, microalgae may require a longer hydraulic 

retention time1 (HRT) compared to traditional WWTWs (Solovchenko et al., 

2016, Powell et al., 2008). 

- Performance and challenges of WSPs 

WSPs require a fairly simple operation and little or no equipment, as they rely 

on natural processes. The need for a long HRT creates the need for very large 

areas of land (Von Sperling, 2007). The WSPs offer an efficient treatment in 

terms of organic matter and pathogen removal, however, for nutrient control, 

this is not the situation (Sells et al., 2018). In the case of P, the removal rates 

are highly variable, due to seasonal changes in the environmental factors that 

interact with WSPs (Mbwele, 2006, Picot et al., 1992). Therefore, understanding 

 

1 Hydraulic retention time is a parameter widely used in the design on wastewater 
treatment systems to determine the minimum time that a ‘mass’ of wastewater 
needs to be retained at each stage of the process to achieve the treatment goal. 
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how environmental factors affect these processes is important for the design of 

WSPs with the capacity to meet P discharge consents. 

- Effect of environmental factors on microalgae P removal 

Temperature has a positive effect on microalgal growth and P uptake. Martinez 

et al. reported nitrogen and phosphate removal rates of over 90% and high 

biomass productivity of Scenedesmus sp. grown in a secondary wastewater 

treatment effluent between 20-30ºC (Martı́nez et al., 2000). Powell et al. 

reported higher P removal at higher temperatures (~25°C), when cultivating a 

microalgal inoculum mainly composed of Scenedesmus sp. in synthetic 

wastewater, which explains at least one possible cause for the seasonal 

variation of P removal in WSPs (Powell et al., 2008). Varying temperatures 

under 15°C had no effect in the Schmidt et al. study, using also synthetic 

wastewater (Schmidt et al., 2016). At temperatures below 20°C, the challenge is 

more related to the growth and survival of microalgae, however, this seems to 

be correlated to photoperiod based on the findings of Delgadillo-Mirquez et al. 

stud, using a microalgal-bacteria consortia and primary wastewater effluent 

(Delgadillo-Mirquez et al., 2016). At 5°C they found no microalgal growth, which 

is also consistent with the results of the Roleda et al. report. In the Roleda et al. 

study no cell division of microalgae was observed at 10°C, when cultivating 

Thalassiosira pseudonana, Odontella aurita, Nannochloropsis oculata, 

Isochrysis galbana, Chromulina ochromonoides and Dunaliella tertiolecta in F/2 

synthetic media (Roleda et al., 2013). However, better P removal rates at higher 

temperatures might be just linked to the increase in biomass production rather 

than an increase in the in-cell P content per biomass. 

Higher light intensity coincided with more polyphosphate and biomass 

accumulation under cultivation in synthetic wastewater media (Powell et al., 

2009). However, this also meant less P content per biomass produced. On the 

other hand, Sforza et al. found Nannochloropsis salina cultivated in synthetic 

media to have a higher specific growth rate under a light intensity of 150 mol 

m-2 s-1, but the maximum P content was observed with lower specific growth 

rate in the cultures grown with a light intensity of 750 mol m-2 s-1 (Sforza et al., 

2018).  In the case of WSPs, light intensity varies seasonally and decreases 

exponentially with the depth of the pond, meaning that the deeper the ponds 

are, the lower the P removal will be. Thus, the biggest areas are required to 

achieve lower depth of the ponds. At the same time, low-depth WSPs favour 

CO2 losses to the atmosphere, instead of inorganic carbon uptake by 

microalgae (Acién et al., 2017). Light provision is possible to favour P removal 

but incurs high extra costs to a process intended to offer cost-effectiveness.  
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Photoperiod determines the light/dark regime and has an important role in 

microalgae growth (photosynthesis and respiration) and nutrient metabolism 

(Belkoura et al., 2006, Krzemińska et al., 2014, Yulistyorini, 2016). Generally 

speaking, the longer the light regime is, the more biomass will be produced for 

almost every algal species. However, based on the Krzemińska et al. report, the 

effects of photoperiod on microalgal biomass production vary among microalgal 

species with some preferring continuous light, or 12 h:12 h light/dark regime 

(Krzemińska et al., 2014). Lee et al. found that the elongation of the dark cycle 

in photoperiod is advantageous for organic matter metabolism but not for N and 

P removal. In their study, Coelastrum microporum was cultivated in municipal 

wastewater coming from anaerobic digester treating sludge from both primary 

and secondary wastewater treatment (Lee et al., 2015). These results were 

consistent with Zhang et al. observation that Scenedesmus dimorphus grown in 

Bold’s Basal Media (BBM), required at least 16 h of light for nitrogen and 20 h of 

light for P removal (Zhang et al., 2015). Furthermore, Yulistyorini observed that 

Chlamydomonas reinhardtii achieved a comparable P biomass accumulation to 

that of continuous light-grown cultures when grown with a photoperiod of 16 h:8 

h when supplied with initial N and P concentrations of 200 mg/L and 100 mg/L, 

respectively. Such nutrient concentrations are comparable to those found in 

digestate generated at WWTWs (Yulistyorini, 2016). However, municipal 

wastewater concentrations of N and P are expected around ~40 mg/L and ~9 

mg/L, respectively (Di Capua et al., 2022, Ragsdale, 2007, Qadir et al., 2020). 

The manipulation of both temperature and photoperiod can compensate for a 

decreased P quota (Shatwell et al., 2014). 

Nutrient availability influences P removal by microalgae. Ruiz et al. found that 

decreasing the P concentration in the influent, coincided with a higher reduction 

of the P levels in the media while conserving the biomass production in 

Chlorella vulgaris grown in filtered urban wastewater (Ruiz et al., 2011). 

However, these results are not consistent with other reports. For instance, 

Sforza et al. found that higher P levels in the media resulted in an increased 

uptake of P by Nannochloropsis salina and Powell et al. reported higher P 

accumulation as polyP at higher P concentrations in synthetic wastewater 

(Sforza et al., 2018, Powell et al., 2009). Microalgae growth increases with 

higher nutrient concentrations in the media which consequently, enhances P 

removal. Nonetheless, microalgae can also adapt and grow in wastewater, even 

when there is a high variation in the concentration of nutrients, and can assist in 

the nutrient control process (Wang et al., 2010).  

Apart from N and P, other nutrients may influence microalgae growth if they are 

limiting, and hence, P removal. For instance, Sells et al. studied the variation in 
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the organic load (C) and the cation concentration, to examine its effect on the 

cellular P content of an inoculum dominated by the Scenedesmus genus, 

collected from a WSP. The organic load had a negative effect on cellular P 

content, as it promoted heterotrophic growth, in contrast with the negligible 

influence of the cation concentration (Sells et al., 2018). This was unexpected 

as cations like calcium have a role in the stability of in-cell polyP (Diaz et al., 

2009).  

pH. As mentioned before, when microalgal consumption of CO2 exceeds 

replenishment, pH increases and induces inorganic P to precipitate with cations, 

which may be removed from wastewater (Von Sperling, 2007). Larsdotter et al., 

observed higher P removal rates in microalgae hydroponic cultures at higher 

pH, due to both chemical precipitation and higher algal production (Larsdotter et 

al., 2010). In Sells et al. study, a pH of 7-8 was observed together with a lower 

cellular P content, than that of microalgae cultured at a pH of 8-9, and this was 

attributed to the increased biomass yield at lower pH (Sells et al., 2018). In 

WWTWs, pH is a very important parameter to be monitored, rather than 

manipulated, because its maintenance is not cost-effective.  

Microalgae/bacteria consortia in WWTWs. As shown in Figure 2.4, 

microalgae and bacteria can form a symbiotic relationship that is favourable for 

wastewater organic matter and nutrient removal (Delgadillo-Mirquez et al., 

2016). The success of such consortia may rely on the availability of these 

organisms to ‘clump’ together. Su et al. cultivated a wastewater-derived culture 

composed of filamentous cyanobacteria and bacteria in municipal wastewater. 

Under the microscope, they observed that this cooperative system is formed 

when bacteria get attached to the cyanobacteria filaments, and this also 

supports the settling ability of the cyanobacterial/bacterial biomass in the form 

of flocs (Su et al., 2011). Some species of microalgae are filamentous, thus it 

can be speculated that clumping of microalgal and bacterial cultures is also 

possible (Liu et al., 2020a). For P removal, previous studies have found a 

strong correlation between the performance of the algae/consortia and the N:P 

ratio (Chevalier and de la Noüe, 1985, Lee et al., 2015). However, this 

correlation can be very variable (5 to 30 N:P) and dependent on other factors 

like photoperiod and algal species (Choi and Lee, 2015). Other reports focused 

on the dynamics of competitive behaviour between bacteria and microalgae 

growth (Natrah et al., 2014, Fukami et al., 1997). González-Camejo et al. found 

that the bacteria/algae ratio was dependent on light intensity and temperature, 

and the type of bacteria that form the consortia. For example, the presence of 

nitrifying bacteria has a negative effect on nitrogen removal, since they compete 

with microalgae for ammonium, which is usually the nitrogen source preferred 
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by some microalgae species, although some species may prefer nitrate 

(González-Camejo et al., 2018, Wood, 2020, Hellebust and Ahmad, 1989, 

Podevin et al., 2015, Arumugam et al., 2013). 

Crimp et al. did a comprehensive study of microalgal P uptake in 15 WSPs 

distributed in 8 sites in New Zealand, with cool temperate, warm temperate and 

subtropical conditions. Among the parameters monitored over a year, only 

rainfall and P concentration influenced biomass P content. These findings were 

unexpected since variables like temperature (4.2-27.9ºC) and solar radiation 

were not significant (Crimp et al., 2018). A study by Schmidt et al. 

complemented that of Crimp et al., as it aimed at understanding P uptake by 

Chlorella vulgaris and Chlamydomonas reinhardtii, when grown in synthetic 

wastewater, under ‘cold’ (10-15oC) conditions. They also observed that the 

initial P concentration had a positive effect on the biomass P concentration 

(Schmidt et al., 2016).  

Evidence on P removal by microalgae in wastewater stabilisations ponds has 

been largely collected from comparing differences between pond inlet and outlet 

characteristics and correlating that with environmental and operational 

conditions, which perpetuates the “black box” approach used to study 

engineered systems.  That substantially limits current availability to fully 

understand what is really controlling algal P uptake and how microalgae 

respond to changing environmental and operational conditions.   

2.2.4 The use of photosynthetic microorganisms for sophisticated 

nutrient control in wastewater treatment 

WSPs are a common form of low-cost wastewater treatment and climate 

conditions are an important factor to consider for their design. When regulated 

parameters in the final discharge cannot be met, a highly engineered, closed 

MBWTs system may offer an alternative. Photobioreactors (PBRs) are a type of 

enclosed, suspended system, used for microalgae cultivation (Li et al., 2019). 

There are many subtypes of PBRs (panel, tubular, column, soft frame, hybrid 

PBRs, membrane PBRs etc.), from which, the most commonly used at industrial 

scale are the tubular PBRs. They have lower volume-to-surface ratios, which 

allow higher biomass concentrations than those achieved by WSPs. PBRs are 

efficient for microalgal cultivation, however, they are preferably used for the 

production of high-value-added products that can afford the considerably high 

costs and energy consumption of tubular PBRs which may consist of several 

connected loops (see Figure 2.5) (Płaczek et al., 2017). The high costs may 

come from the high HRT that PBRs require to avoid biomass losses, making the 

solid retention time (SRT) dependent on the HRT. (Luo et al., 2018). PBRs have 
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also been found to have poor settlement rates, leading to important biomass 

losses, and harvesting issues. As enclosed systems, they promote microalgal 

biofilm formation over the structure’s surface, which may reduce light 

penetration and photosynthesis (Płaczek et al., 2017).  

 

Figure 2.5. Stack tubular PBR (Algae PARC Wageningen University) 

For this type of technology, downstream processes are already available to 

facilitate harvesting of algal biomass. Although these may be expensive, 

accounting for approximately 30% of the total biomass production costs (Singh 

and Dhar, 2006, Gutiérrez et al., 2015, Uduman et al., 2010, Molina Grima et 

al., 2003). WSPs represent a more affordable alternative for P recovery, but the 

P removal efficiency is currently lower than that of more sophisticated and 

energy-intensive technologies like EBPR or chemical precipitation, as the 

resulting algal biomass leave the systems within the final effluent.  This 

characteristic is only beneficial if the final effluent is reuse in agricultural 

irrigation, as both treated water and algal biomass is used to support crops. 

Therefore, despite microalgal wastewater remediation has been applied using 

WSPs, this approach is yet far from replacing current processes applied at large 

WWTWs. More research work is needed to improve design and operation and 

maintenance conditions of both WSPs and PBRs, as well as optimum design 

parameters for P control and recovery.   

2.2.5 Recycling of P removed from wastewater as P-rich microalgal 

biomass  

The main advantage of MBWTs against EBPR in terms of P recovery 

performance is that it does not require chemical addition to support N and P 

removal. Biomass obtained from MBWT can be valorised as a slow-release 

biofertilizer, which is fully bioavailable to crops and soil biome. MBWT 

processes can also be steered towards the production of other final products, 

with different levels of quality depending on the downstream processing set for 
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the resulting biomass depending on its quality and quantity (Acién Fernández et 

al., 2018). 

Microalgae are a rich source of carbohydrates, lipids, proteins, pigments and 

vitamins. Coppens et al. reported the benefits of using microalgae as an organic 

slow-release fertiliser in the cultivation of tomatoes (Coppens et al., 2016). 

Improved quality of the fruits, measured as an increase in sugar and carotenoid 

content, was observed when microalgal-bacterial flocs were used to fertilise 

tomato crops. However, lower tomato yields were obtained which highlights the 

need to optimise parameters for either the microalgal-bacterial flocs processing, 

application and/or cultivation conditions (Coppens et al., 2016). Another study 

by Dineshkumar et al. analysed the impact of algal-biofertilisers on rice growth 

and productivity and found a positive performance of rice plants in terms of 

plant growth, seed yield and biological activity and chemical characteristics of 

soils, when fertilised with a combination Chlorella vulgaris and Spirulina 

platensis dry algal biomass (Dineshkumar et al., 2018). Schreiber et al. tested 

the use of dried versus wet C. vulgaris biomass as a biofertiliser for wheat 

cultivation in different substrates (Schreiber et al., 2018). They observed that 

wheat plants had vigorous growth compared with that obtained with mineral 

fertiliser application when using either dry or wet algal biomass. However, their 

discussion highlights the economic barrier of the costs of mineral fertilisers 

versus the costs of microalgal fertilisers, which creates a barrier to establishing 

algal biofertilisers in the agricultural sector (Schreiber et al., 2018). 

There are few studies of algal fertiliser applications where wastewater treatment 

was involved (Renuka et al., 2016, Mulbry et al., 2007). Wuang et al., assessed 

the suitability of S. platensis to both bioremediate aquaculture wastewater and 

examined the use of algal biomass as biofertiliser to leafy vegetables. S. 

platensis efficiently removed ammonium and nitrate, N being the only monitored 

nutrient. For crop performance, their results showed a range of efficiencies 

among tested vegetable types, but highlighted microalgal biomass as an 

effective micronutrient donor. The levels of N, P, and potassium (K) in 

microalgal biomass were lower compared to chemical fertiliser. However, the 

levels of different micronutrients like calcium, iron, selenium, manganese and 

zinc, which appear in low concentrations but higher that in chemical fertilisers, 

play key roles in plant growth and metabolism (Wuang et al., 2016). Microalgae 

fertilisers bring additional benefits to improve soil quality in contrast with mineral 

fertilisers, which are a major cause of erosion and nutrient losses when used 

extensively (Dineshkumar et al., 2018, Gonçalves et al., 2023). However, one 

possible constraint of using wastewater-grown algal biomass for crop 

fertilisation is the possibility of soil pollution with heavy metal traces above the 
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consented limits, which has not been well studied and no risk assessments 

have been made (Renuka et al., 2016). Hence, microalgae biomass produced 

at WWTWs could be applied as a biofertiliser for the production of energy crops 

instead of food crops. This would avoid the possible risk to public health 

associated with micropollutants present in harvested algal biomass from 

municipal wastewater treatment facilities. However, further research and risk 

assessments are needed to establish ‘best practices’. 

2.2.6 When technology is not enough: Performance and challenges 

of MBWTs 

While a part of the field focuses on developing new technologies to improve the 

performance and reliability of MBWTs, not strong evidence in published 

literature has aimed at overcoming the gap of uncertainty in the use of 

photosynthetic microorganisms for nutrient control and recovery in WWTWs, 

and this represents one of the biggest barriers this strategy faces. The 

uncertainty comes from the gap in the knowledge of microalgal in-cell P 

metabolism. Thus, acquiring a deep understanding of this process can help to 

improve design and performance of WSP systems and retrofit conventional 

WWTWs. Operation and maintenance costs can be reduced by just increasing 

the understanding of the biological processes behind this technology.  

Both sophisticated (PBR) and simple (WSP) alternatives are forms of MBWT. 

MBWTs are still far from being a perfect solution for wastewater treatment as 

their performance is clearly susceptible to changes in environmental conditions. 

Nevertheless, MBWTs have the potential to turn current WWTWs ‘greener’. 

Figure 2.6 shows a comparison between a conventional WWTW designed for 

biological nutrient control (EBPR) and a MBWT system for nutrient control. 

While both systems, with the current technologies, may produce undesirable 

products, the MBWT can be designed as a greener technology in terms of 

emissions and by-products. The future of wastewater treatment in the form of 

MBWT relies on a better understanding of the mechanisms that allow 

microalgae to cope with nutrients in wastewater and how these mechanisms are 

regulated by microalgae. 
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Figure 2.6 Comparison of wastewater treatment approaches.  A 

Conventional WWTW combining denitrification and EPBR processes after primary 
sedimentation and B A proposed substitution of these steps with an MBWT in the form 
of a microalgae/bacteria consortium. Undesirable products such as important 
greenhouse gases (e.g. CO2, N2O), energetically wasteful steps and costly/non-
renewable inputs (e.g. supplements: organic C) or wasteful outputs (e.g. N2, NO3

-) are 
shown in red. Products or steps that are beneficial or that can be potentially renewable 
are shown in green along with biogas, biofuels and value products. Downstream 
anaerobic digestion steps are indicated for both processes resulting in the production 
of methane and fertilisers. Figure adapted from (Slocombe et al., 2020). 

2.3 Phosphate Physiology of Microalgae 

P is an irreplaceable element for living organisms, including microalgae. Within 

the cells, phosphate can be found in organic forms, as it makes part of 

important cellular components, including the genetic material, DNA/RNA, and 

phospholipids, and inorganic forms (polyP, free phosphate) (Dyhrman, 2016). 

Due to the intrinsically slow characteristic of the natural phosphorus cycle (see 

section 2.1), Pm is not readily available to living organisms. This represented an 

opportunity for microalgae, whose evolution assisted in the development of a 

unique P metabolism that helps them cope with uncertain P environments.  

2.3.1 Phosphate biochemical composition of microalgal cells 

Microalgae cells synthesise several molecules that contain phosphate. These 

molecules serve different purposes within the cells and can be split into two 

groups, organic and inorganic P components. 
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- Organic pools of P 

The most important organic compounds that contain phosphate are nucleic 

acids (DNA/RNA) that store all of the microalgal (and any other living form) 

genetic and transcript information (Dyhrman, 2016). However, compared to 

RNA, DNA stability may be more important to preserve as it contains the very 

base of the microalgal genome. RNA, otherwise, has a very dynamic function 

and is synthesised and degraded constantly (Raven, 2013). RNA role is to 

assist in the process of protein synthesis by encoding distinct types of RNAs 

(messenger RNA-mRNA, ribosomal RNA- rRNA, and transfer RNA-tRNA). 

However, rRNA accounts for 85% of total P in RNA, which indicates that 

ribosomes are the main source of non-storage P in microalgal cells (Flynn et al., 

2010). Couso et al. observed a reduction of ribosomal proteins RPS6 and 

RPL37 under P-deprivation, as a response to the activation of autophagy in C. 

reinhardtii (Couso et al., 2017). A proteomics study by Plouviez et al. showed 

that the green microalgae C. reinhardtii reduces its abundance of proteins 

involved in ribosome structure and synthesis, and translation, after exposure to 

P-deprived conditions (Plouviez et al., 2023a). These results were consistent 

with previous transcriptomic studies in C. reinhardtii and other microalgae 

species like Nannochloropsis oceanica and Thalassiosira pseudonana 

(Mühlroth et al., 2017, Dyhrman et al., 2012, Plouviez et al., 2021). The 

Plouviez et al. proteome data also showed the transfer from P depleted to P 

replete conditions and observed an increase in the abundance of the same 

proteins that showed a decrease during P deplete conditions (ribosome 

structure and synthesis, and translation) (Plouviez et al., 2023a). Under no 

nutrient limitation, microalgae follow the maximum growth rate (µmax) hypothesis 

(Rees and Raven, 2021). The growth rate hypothesis indicates that the rate at 

which ribosomes are produced follows the biomass growth rate for different 

organisms (Elser et al., 2003). Simultaneously, when environmental conditions 

are limiting for growth, organisms (not just microalgae) will make use of the bulk 

of rRNA to sustain growth (Flynn et al., 2010, Allen and Gillooly, 2009). In this 

sense, the hypothesis indicates that biomass P content is mostly dominated by 

changes in RNA (mostly rRNA) (Raven, 2013). Rees et al corroborated the 

strong relationship between maximum specific growth rate (µmax) and biomass P 

content. However, RNA was not the only P-rich molecule correlated with the 

increase in µmax (Phospholipids, polyphosphate and to a lesser extent DNA). 

Moreover, they found that the µmax hypothesis was true for microalgae but not 

for cyanobacteria. Bacteria have up to seventeen copies of the rRNA operon 

which makes these organisms keep a constant 50% RNA, relative to its 

biomass total phosphate content, during the period of µmax. This indicates that in 
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cyanobacteria (prokaryotes), RNA is the largest pool of phosphate. In contrast, 

in microalgae the largest pool of P is polyP (35% of total P), followed by RNA 

(25% of total P) (Rees and Raven, 2021).  

Phospholipids are essential components of the cellular membrane of 

microalgae and also represent a reservoir of P (Mühlroth et al., 2017, Dyhrman, 

2016). Manisali et al. reported a decrease in the phospholipid content of 

Nannochloropsis oculata when cultures depleted phosphate from the media 

(Manisali et al., 2019). In Chlamydomonas reinhardtii, P limitation promotes the 

partial replacement of phospholipids with sulpholipids as a P-sparing response 

(Hidayati et al., 2019, Raven, 2013, Van Mooy et al., 2009). As observed by 

Rees et al., the phospholipid content of microalgae also increased in relation to 

µmax. Phospholipid contribution to the total P content of microalgae (14%) is 

higher than that of cyanobacteria (3%) (Rees and Raven, 2021). For 

microalgae, phospholipids are components of cell membranes and organelles. 

This characteristic and the difference in RNA dynamics mentioned before, 

suggest that cyanobacteria and microalgae, although both are photosynthetic 

microorganisms, have different P-sparing mechanisms. 

Inositol polyphosphates (IPs) are a class of P-rich molecules present in all 

eukaryotes (Lorenzo-Orts et al., 2020). In yeast and plants, IPs have several 

roles (i.e, P storage, P starvation signalling, DNA repair, autophagy, 

environmental stress responses and ribosome biogenesis) (Wild et al., 2016, 

Azevedo and Saiardi, 2017, Jia et al., 2023, Lorenzo-Orts et al., 2020, Rees 

and Raven, 2021, Raboy, 2020). However, in microalgae, the role of these 

molecules has not been explored to the same degree of depth as for yeast and 

plants. In Chlamydomonas sp., potential roles in calcium-dependent 

deflagellation were observed for IP3 (Yueh and Crain, 1993). The more 

phosphorylated forms of IPs (IP5-8) have been identified in Chlamydomonas 

reinhardtii, Chlorella vulgaris and Chlorella sorokiana, and their connection with 

carbon metabolism and photosynthesis regulation was reported (Couso et al., 

2016, Morales-Pineda et al., 2023, Couso et al., 2020, Couso et al., 2021). As 

Couso et al. showed in their latest study, CO2-mediated IPs synthesis enhanced 

phosphate storage in Chlorella sp. (Morales-Pineda et al., 2023). Thus, in 

microalgae IPs are believed to be involved in P signalling (like in yeast) rather 

than P storage (like in plants). In plants, inositol hexakisphosphate (IP6), also 

called phytate or phytic acid is the major storage form of P (Raboy, 2020). 

Adenosine triphosphate (ATP) is another organic P component of microalgal 

cells. Considered the cell energy currency, ATP is involved in many processes 

involving phosphorylation and dephosphorylation mechanisms (Dyhrman, 2016) 

(Geider and Roche, 2002). ATP is the P-donor of polyphosphate, the main 
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inorganic storage form of P (Tani et al., 2009). Sanz-Luque et al. found that 

polyphosphate accumulation is a mechanism of C. reinhardtii to avoid inhibition 

of electron transport in the mitochondria and the chloroplast, under sulphate 

deprivation (Sanz-Luque et al., 2020). As explained by Sanz-Luque et al., 

acclimation responses are energy-demanding (e.g. sulphate, phosphate, etc.). 

Thus, ATP is not a storage source of organic P, as it is a vital component of 

energy homeostasis in microalgal cells. 

- Inorganic pools of P 

Microalgae had to evolve to cope with fluctuating levels of phosphate in the 

environment. As mentioned earlier (section 2.2.1), polyphosphates are the 

molecules that microalgae and other organisms (e.g., yeast, bacteria) 

synthesise to store phosphate beyond what it is needed for growth (Albi and 

Serrano, 2016). It seems that this molecule was first described for microalgae in 

1960s by Myachi and Tamiya, who suggested that the role of polyphosphate 

was similar to that in yeast (P storage) (Miyachi and Tamiya, 1961).  

Polyphosphate represents the main form of inorganic P in microalgal cells, with 

a chain length in the range of 2-1,000 phosphate units (Christ et al., 2020b). It 

accounts for approximately 35% of the total biomass phosphate (Rees and 

Raven, 2021). Several functions have been described for this polymer, due to 

its polyanion characteristic, similar to that of ATP. The storage of phosphate in 

the form of polyP could be explained as a strategy to reduce the risk of 

unbalancing the delicate equilibrium of P-based biological reactions, due to very 

high uptake rates of P (Solovchenko et al., 2019a, Dyhrman, 2016). 

Polyphosphate is stored in vacuole-like organelles called acidocalcisomes 

which are membrane-enclosed organelles that accumulate polyP in the form of 

granules and sequester calcium and metals (Goodenough et al., 2019). Due to 

its high electron density, polyP co-localises with cations like calcium (Ca2+) and 

magnesium (Mg2+) in acidocalcisomes (Siderius et al., 1996, Tsednee et al., 

2019). Having a counterion helps to provide stability to this polymer (Ruiz et al., 

2001). Therefore, other than a P reserve, polyP is a cation chelator assisting in 

the resistance to heavy metals (Komine et al., 2000, Andreeva et al., 2014). It is 

also considered a source of energy (Van Mooy et al., 2009). Polyphosphate 

may also act as a regulator of enzyme activity and adaptation to stress 

responses and late-growth phases (Kulaev and Kulakovskaya, 2000, 

Goodenough et al., 2019). In microalgae, polyP is mostly accumulated in 

acidocalcisomes, although it has also been found in the cell wall during late 

growth stages or cytokinesis, where it has a presumed role in protecting 

daughter cells upon cell cycle completion, against pathogens (Werner et al., 

2007). Polyphosphate is synthesised during P-replete conditions and mobilised 
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during P-deplete conditions (Solovchenko et al., 2020, Solovchenko et al., 

2019a). This particular dynamic led to uncovering the phenomena of phosphate 

overplus response and/or luxury P uptake in microalgae.  

2.3.2 The phosphate overplus response and/or luxury phosphate 

uptake of microalgae 

The phosphate overplus or ‘overcompensation’ phenomena was first studied in 

yeast around 1960s, (Liss and Langen, 1962), but was identified a couple of 

decades earlier as a response to P limitation in the yeast Saccharomyces 

cerevisiae (Schmidt et al., 1946). P overplus is the term mostly used to describe 

the enhanced accumulation of phosphate in the form of polyphosphate after 

supplying P to P-deprived cells (Voelz et al., 1966). In microalgae, this 

phenomenon was first studied in detail by Aitchison and Butt (Aitchison and 

Butt, 1973).   

Furthermore, microalgae can also accumulate more phosphate than is needed 

for growth when exposed to another type of stress, when P is not a limiting 

factor (sulphur or nitrogen stress, etc.) (Chu et al., 2020a, Harold, 1966, Aksoy 

et al., 2014, Goodenough et al., 2019, Kuesel et al., 1989). This response has 

been named luxury P uptake (Fitzgerald and Nelson, 1975, Bolier et al., 1992). 

In our last review (Slocombe et al., 2020), it was highlighted that P overplus and 

luxury P uptake were two different phenomena in microalgae, in agreement with 

Eixler et al. and Powell et al. (Eixler et al., 2006, Powell et al., 2009). However, 

in published literature, luxury P uptake has also been referred to as the capacity 

of P-deprived microalgae to accumulate P after P is resupplied (Solovchenko et 

al., 2019a, Solovchenko et al., 2019b). Therefore, diverted interpretations of 

what luxury P uptake and P overplus responses really are, represent a limitation 

within the research community working in this field.  

There have been several studies on the response of microalgae or 

cyanobacteria to P supply after a period of P deprivation, named either P 

overplus or luxury P uptake. Aitchison and Butt’s study observed in Chlorella 

vulgaris, that polyP accumulation was enhanced by increasing the time of P-

deprivation (0 h – 36 h) before P resupply as resuspension in fresh media (3 

mM P ~ 100 mg PO4-P/L). They also observed that polyP levels would 

decrease during the exponential growth phase (under P-replete conditions), 

which was consistent with Harold’s study in Aerobacter arerogenes (Harold, 

1966). Moreover, Aitchison and Butt reported that under P deprivation, Chlorella 

vulgaris cells were able to mobilise internal P reserves to sustain the growth 

observed during this period (Aitchison and Butt, 1973). Sicko and Jensen 

deprived the cyanobacteria Plectomena boryanum of phosphate for 5 days, 
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followed by biomass harvesting and resuspension in fresh media (10 mg 

PO4/L). They observed that P. boryanum cells reduced their P content to 0.76 

microgram per million cells during P-deprivation, and then exhibited a 25-fold 

increase in its total P content after P supply (Sicko-Goad and Jensen, 1976). 

Eixler et al. used C. vulgaris to study its P overplus response by avoiding 

centrifugation of biomass to initiate P-deprivation and P repletion. Centrifugation 

of biomass may have a mechanical stress effect on the cells (Scarsella et al., 

2012). Instead, they diluted a preculture of C. vulgaris to initiate a P-deprivation 

period of 72 hours, which was followed by a P supply with a potassium 

phosphate solution.  Eixler et al. studied P overplus response when increasing 

P concentration during repletion using P-deprived cells cultured in up to 0.16 

mM P (Eixler et al., 2006). The result from Eixler et al. study was consistent with 

Sforza et al., who cultivated Nannochloropsis salina for 5 days with a low 

concentration of P (5 mg Na2HPO4·H2O/L), to generate P-depleted cultures. P-

depleted cultures exhibited a higher accumulation of phosphate and 

polyphosphate when inoculated in fresh media with 150 mg Na2HPO4·H2O/L, 

compared to 5,50 and 100 mg Na2HPO4·H2O/L (Sforza et al., 2018). 

Solovchenko et al. tried to build on previous works by stating that the lack of 

consistency leading to slow progress in the understanding of luxury P uptake in 

microalgae was due to (1) previous studies not depleting the internal P reserved 

of microalgal cultures before repletion and (2) the lack of advanced laboratory 

techniques for the study of this phenomena in microalgae (Solovchenko et al., 

2019a). In their study, C. vulgaris cells were P-deprived until biomass growth 

ceased for three consecutive days and then harvested and resuspended in 

fresh media (0.4 mM P) (Solovchenko et al., 2019b). Up to date, this is the first 

and only published work in which a physiological parameter of P deprivation, 

instead of an arbitrary time period, was used in an experimental design of P 

overplus in microalgae. Plouviez et al. cultivated Chlamydomonas reinhardtii in 

a medium containing 1 mg P/L for 5 days (considered P-depleted cultures), 

followed by a supply of P as potassium phosphate (10 mg P/L ~ 0.33 mM P). 

They corroborated the capacity of C. reinhardtii to perform P overplus. 

However, their transcriptomic data did not show signs of replacement of 

phospholipids with sulpholipids (Manisali et al., 2019). This indicates that the P 

depletion process in their experiment was not enough to activate phosphate 

deprivation responses in this microalga (Plouviez et al., 2021). Lavrinovičs et al. 

chose C. vulgaris to test the effect of P-deprivation length (0-10 days) and 

observed that a 10-day period of P-deprivation with low initial biomass 

concentration (0.2-1.5 g dry biomass/L) had improved P removal from the 

media and polyP accumulation. However, an AI-based approach in this same 

study, suggested that a one-day P-deprivation period with low initial biomass 
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concentration at the time of P resupply would achieve the highest performance 

(Lavrinovičs et al., 2022). These results were consistent only for the period of P-

deprivation, with those obtained by Plouviez et al. (Plouviez et al., 2023b). 

Plouviez et al. tested the effect of initial biomass and P concentration and P-

deprivation period length on C. reinhardtii P overplus. They found that higher 

initial biomass (0.17-0.57 grams dry biomass/L) and P concentration (0-20 mg 

P/L), generated higher total P accumulation during P overplus. Consistently with 

Aitchison and Butt study, Plouviez et al. also observed that a longer period of P-

deprivation (0-4 days) was correlated with a bigger P overplus (Plouviez et al., 

2023b, Aitchison and Butt, 1973). Interestingly, Lobakova et al. reported on 

Micractinium simplicissimum, which could be the first exception of microalgal P 

overplus (Lobakova et al., 2023). This species did not have abnormal behaviour 

when cultivated under P-deprived or P-replete conditions, separately. However, 

when M. simplicissimum was P repleted (800 mg PO4/L) after a period of P-

deprivation of three consecutive days after cell division ceased, it displayed 

intolerance to the P gradient. These results suggest that P overplus might not 

occur in all microalgae as previously assumed.  

So far, most studies on luxury P uptake or P overplus have been done in the 

green microalgae Chlorella vulgaris due to its fast growth and wide use in the 

microalgal research field (Krienitz et al., 2015). Also, all the studies mentioned 

above were performed under controlled conditions and synthetic cultivation 

media.  Lavrinovičs et al. evaluated the performance of Desmodesmus 

communis, Tetradesmus obliquus and Chlorella protothecoides when P-

deprived for 7 and 14 days. They chose those periods of P-deprivation to 

ensure near-complete to total depletion of polyphosphate before P resupply. 

Although, it is not clear if polyP content after P-deprivation was measured. The 

P-deprived cultures were inoculated in primary and secondary wastewater 

treatment effluent (Lavrinovičs et al., 2020). As mentioned previously (Figure 

2.3), the difference between primary and secondary wastewater treatment 

effluent is that the first one is more nutrient-rich than the second. Lavrinovičs et 

al. showed that none of these species was particularly more effective for P 

overplus as they exhibited different advantages and disadvantages in terms of 

growth, P removal and polyP accumulation. However, they highlighted the 

implications of using wastewater for the study of P overplus: high variations in 

the nitrogen to phosphorus ratios, pH, and organic load (Lavrinovičs et al., 

2020). In a later study, Lavrinovičs et al. used the species T. obliquus, 

Botrycoccus braunii, C. vulgaris and Ankistrodesmus falcatus, for their ability to 

grow in wastewater. In that study, the four species were P-deprived for 3 and 5 

days before being inoculated in secondary wastewater treatment effluent. From 
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this experiment, Lavrinovičs et al. reported that C. vulgaris had the best P 

overplus and biomass growth performances. B. braunii, which showed no 

differences according to the P-deprivation periods tested, was suggested as a 

promising alternative for its good biomass growth and nutrient removal rate 

(Lavrinovičs et al., 2021). As far as I can tell, Lavrinovičs et al. studies, are 

among the first to suggest the potential importance of other nutrients apart from 

P (i.e., Nitrogen to phosphorus ratio) on the performance of wastewater 

treatment systems using microalgal P overplus.  

2.3.3 Methods for the analysis of Microalgal polyphosphates  

The direct measurement of P overplus or luxury P uptake is polyphosphate 

accumulation. As pointed out by Solovchenko et al., one of the main gaps in the 

study of these phenomena is the availability of advanced techniques or 

reproducibility of commonly used techniques to analyse polyphosphate in 

microalgae (Solovchenko et al., 2019a). Most, if not all, methodologies for polyP 

analysis have been developed for yeast, and some have been adapted 

successfully to microalgae. The analysis of polyP, depending on the research 

aim, may be used to determine different characteristics of the polymer in a 

specific sample (Christ et al., 2020b):  

1. Total phosphate content in the biomass is not a direct measurement of 

polyphosphate, as it provides the quantification of all P-containing forms 

in the biomass (inorganic and organic). However, in microalgae, this 

method has been used as an approximation to detect polyphosphate 

accumulation during P overplus (Plouviez et al., 2023b, Plouviez et al., 

2021, Plouviez et al., 2022). Total phosphate in the biomass can be 

obtained after a complete hydrolysis of extracted dry microalgal biomass 

with the combination of a strong acid, an oxidising reagent, and heat to 

release all phosphate (Koistinen et al., 2020). Released phosphate can 

be quantified using common colourimetry methods like blue ascorbic acid 

method and malachite green assays (Carter and Karl, 1982, Murphy and 

Riley, 1962, Rodriguez et al., 1994).   

2. Total polyP quantification can be subdivided into the methods that 

require or do not require previous polyP extraction. PolyP extraction with 

trichloroacetic or perchloric acid is used to disrupt the cells, and this is 

followed by subsequent and time-consuming extractions with sodium 

perchlorate or sodium hydroxide (Liss and Langen, 1962, Kulaev et al., 

1966, Aitchison and Butt, 1973). Alternatively, polyP can be extracted by 

using commonly used methods to extract nucleic acids like RNA, due to 

the shared properties of both molecules (Neef and Kladde, 2003). Once 
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extracted polyP can be quantified by colourimetry at an absorbance of 

630 nm, after staining with toluidine blue O (Lavrinovičs et al., 2020, 

Lavrinovičs et al., 2021). Toluidine blue O is a metachromatic dye which 

stains nucleic acids in blue and polyP in pink (Au - Loss et al., 2011). 

However, the quality of the results may be affected by the presence of 

nucleic acids in the samples, which are also stained by toluidine blue O 

(Christ et al., 2020b). Quantification may also be achieved by digesting 

extracted polyP as mentioned above for total phosphate content in 

biomass (Powell et al., 2009). However, if the extraction of high-purity 

polyP is not achieved, the digestion process will lead to the quantification 

of other P-containing compounds (Christ et al., 2020b). The gold 

standard for polyP extraction and quantification was developed by Bru et 

al. (Bru et al., 2017). In this method, polyP and RNA are extracted using 

the phenol-chloroform method, followed by treatment with a recombinant 

exopolyphosphatase (ScPpx1), purified from the yeast Saccharomyces 

cerevisiae. This enzyme has specific polyphosphatase activity, which 

means that it only degrades polyphosphate (Wurst and Kornberg, 1994). 

The product of the digestion, which occurs at a temperature of 37 

degrees Celsius, contains all free phosphate (orthophosphate) released 

from polyP. Finally, quantification of phosphate released from polyP may 

be achieved with absorption spectroscopy. 

To avoid polyP extraction, nuclear magnetic resonance (NMR) can be 

used. This method, which is widely used in physical sciences, uses a 

magnetic probe to identify the unique spin properties of atomic nuclei. 

Therefore, 31P NMR is a non-destructive method that has been used in 

microalgae with the capacity to identify all P-containing compounds 

(Hebeler et al., 1992, Kuesel et al., 1989). However, 31P NMR detects 

polyphosphates and other molecules based on the class of bonds, and 

thus it might not distinguish molecules that contain phosphoanhydride 

bonds as polyP (Bru et al., 2017). Also, the presence of cation 

complexes according to pH variations can cause chemical shifts in the 

polyP signal in 31P NMR (Sianoudis et al., 1986). Alternatively, live cells 

can be stained with 4′,6-diamidino-2-phenylindole (DAPI) and polyP can 

be quantified by absorbance or fluorescence spectroscopy (Sforza et al., 

2018, Kolozsvari et al., 2014). DAPI is commonly used for the staining of 

DNA (emission maxima 461 nm) (Kapuscinski, 1995). A shift in the 

spectrum of the same sample can be used to stain polyP (emission 

maxima of 525 nm), due to the shared polyanion characteristic of both 

DNA and polyP (Aschar-Sobbi et al., 2008b). A Raman confocal 

microscopy method has been recently developed to quantify 
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polyphosphate in microalgae and obtained highly similar results 

compared to the gold standard (Moudříková et al., 2017). Raman 

microscopy identifies a signal that is recognizable for polyP, by 

measuring the light scattering ability of the compound of interest and 

generating a unique spectrum (Christ et al., 2020b). Raman microscopy 

was used to study the P overplus response of C. vulgaris (Solovchenko 

et al., 2019b). 

3. The polyphosphate chain length distribution of a sample can be 

determined by polyacrylamide gel electrophoresis (PAGE). 

Electrophoresis of polyacrylamide gels loaded with RNA/polyP samples 

offers an opportunity to qualitatively assess polyphosphate chains 

extracted in an RNA sample. Polyphosphate is a polyanionic compound 

and thus, migrates vertically in the opposite direction of the negative 

electrode, likewise RNA and other P-rich compounds in the sample like 

inositol polyphosphates (Losito et al., 2009, Lonetti et al., 2011). 

Furthermore, polyP migration will depend on the length (molecular 

weight) of the polymer. After migration, PAGE can be stained with 

toluidine blue O or for more sensitivity, DAPI is used. This method may 

be used to determine whether a sample contains mostly long, medium, 

or short-chain polyP, or if it is heterogeneous (parameter of 

polydispersity). PAGE has been used in C. reinhardtii and C. vulgaris 

recently (Sanz-Luque et al., 2020, Yi-Hsuan et al., 2023). PAGE can also 

be used to analyse inositol polyphosphate dynamics, which would be 

valuable to understand more of how these biomolecules participate in 

microalgae P metabolism. Alternatively, chromatography may also be 

used to determine polyP chain length distribution from extracted 

samples. This method allows the separation of a mixture of different 

polyP chain lengths with approximately 10 units of difference (Christ et 

al., 2020b). 

4. Cellular localisation of polyP and its morphology can only be achieved by 

non-destructive methods that involve microscopy imaging of live or fixed 

cultures. Raman confocal microscopy was successfully used to detect, 

quantify, and localise polyP, lipids, and starch in C. vulgaris and 

Desmodesmus quadricauda (Moudříková et al., 2021, Moudříková et al., 

2017). However, this technique is very complex and relies on the 

assumption that the culture is homogenous (Moudříková et al., 2017). 

Raman microscopy may not be the best technique to study P overplus in 

microalgae since the effect on the cells due to P deprivation can disturb 

the quality of the result. Microalgae cells have morphological changes 

when undergoing P-deprivation, which could affect the calibration of the 
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Raman microscopy settings (Bajhaiya et al., 2016). Confocal microscopy 

of DAPI-stained cells may provide information about the localisation and 

shape of polyP granules as has been shown in C. reinhardtii (Slocombe 

et al., 2023). DAPI is a light-sensitive dye and thus, appropriate 

standardisation of the confocal imaging and processing must be 

considered. An alternative to confocal microscopy is transmission 

electron microscopy (TEM). Granules of polyphosphate can be indirectly 

identified as electron-dense bodies. TEM has been used to analyse the 

structure of polyP granules in C. reinhardtii (Aksoy et al., 2014, 

Goodenough et al., 2019), C. vulgaris (Solovchenko et al., 2019b) and 

other microalgae (Shebanova et al., 2017). If sophisticated confocal 

(Raman) or electron microscopes are not available, light microscopy can 

offer an alternative to enable polyP visualisation. Light microscopy was 

used to localise polyP in C. reinhardtii cells stained with lead nitrate and 

ammonium sulphide (Plouviez et al., 2021). In this technique, the 

polyphosphate counterions (e.g. calcium or magnesium) are replaced by 

lead ions. Black staining of polyP granules is obtained as lead sulphite is 

generated (Bolier et al., 1992). 

5.  Polyphosphate counterions like calcium or magnesium can be quantified 

from extracted polyP samples using atomic absorption spectrometry or 

inductively coupled plasma optical emission spectrometry (Christ et al., 

2020b). The purity must be high to ensure that any cations identified are 

indeed a counterion of polyP. Otherwise, polyP counterions can also be 

detected by combining TEM with X-ray microanalysis. This technique 

was used in C. reinhardtii to identify calcium colocalization with polyP 

bodies (Ruiz et al., 2001) 

The methodologies mentioned above have been developed for the study of 

polyP and have been tested in microalgae. From these techniques, only a few 

have been used to study luxury P uptake or P overplus in microalgae. Those 

studies have mostly focused on total P or polyP quantification and localisation 

of polyP granules. For polyP quantification, the most reliable and specific 

methods seemed to be Raman microscopy and biochemical ScPpx1 assay. 

Moreover, it is important to make use of alternative techniques to generate 

information about other parameters of polyP that will drive the microalgal 

polyphosphate field forward. Parameters like polyP chain length distribution or 

average chain length, and structure of polyP (linear, cyclic, etc.), have been 

mostly neglected in microalgae studies, but have provided valuable insights into 

P metabolism in yeast (Christ et al., 2020b). For instance, thanks to the good 

understanding of polyP metabolism in yeast, methods have been developed for 
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the production of food-quality grade polyP from yeast (Christ et al., 2020a). One 

attempt to produce long-chain polyP (with a high demand in the medical field) 

from C. vulgaris, has been very recently published (Yi-Hsuan et al., 2023). 

There is a great opportunity to make the most of the techniques recently 

developed to bring microalgal polyphosphates closer to the level of yeast. 

Improving the understanding of microalgal polyP will provide more suitable 

conditions for their use in medicine, agriculture, the food industry, etc. At the 

same time, this may help to promote P recovery from wastewater using 

microalgae, prevent eutrophication of water ecosystems and supply the demand 

for polyphosphates in the industry. 

2.4 Chlamydomonas reinhardtii as a model organism to study 

microalgae P metabolism 

P overplus and luxury P uptake responses have been studied in several 

microalgal species, where polyP was analysed together with other physiological 

parameters like biomass growth and P removal from the media. Physiological 

responses are controlled by transcriptional and post-transcriptional processes. 

However, molecular biology techniques are limited for microalgal species with 

little to no genomic information available. This represents a major gap in 

understanding the underlying mechanisms behind P overplus or luxury P uptake 

in microalgae.  

The unicellular alga Chlamydomonas reinhardtii is considered a reference 

organism for microalgae research, serving as a model for other algae (Harris, 

2001). This is because its reference genome has been fully sequenced, multiple 

strains have been identified and it has a haploid genome (Craig et al., 2023). 

The latter feature has led to the generation of hundreds of non-lethal mutants 

and consequently, a better understanding of its cell biology (Salomé and 

Merchant, 2019, Fauser et al., 2022). It was highlighted before that one of the 

main gaps in achieving cost-effective, robust and reliable MBWT constitutes the 

need for understanding the mechanisms of P uptake and their regulation, 

Chlamydomonas reinhardtii is seen as a suitable organism for the development 

of this project as a contribution to fulfilling this gap. 

The morphology of Chlamydomonas reinhardtii is shown in Figure 2.7.            

C. reinhardtii is unicellular and has two flagella supported by basal bodies, 

which means they can move spatially in the growth media (Dutcher and 

O'Toole, 2016). The eyespot is responsible for photoreception, thus assisting in 

phototaxis of C. reinhardtii (Ueki et al., 2016). Cells are oval-shaped and 

measure ~5-10 µm, although their volume has been fitted to that of a sphere 
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(Hillebrand et al., 1999). C. reinhardtii has a cell wall, however, there are 

laboratory strains that carry cell wall mutations and are cell wall deficient. These 

mutants are viable and are widely used for genetic modifications but might be 

more sensitive to stressors. The chloroplast occupies two-thirds of the cell and 

contains the pyrenoid, where Rubisco is concentrated and has a role in the 

inorganic carbon concentration (Mackinder et al., 2016, Harris, 2001). Starch 

granules and plastoglobules are believed to contain lipids and thylakoid 

components (Engel et al., 2015). Acidocalcisomes are membrane-enclosed 

organelles that accumulate polyP in the form of granules and sequester calcium 

and other metals (Goodenough et al., 2019).  

 

Figure 2.7 Chlamydomonas reinhardtii cell structure and morphology.  

Adapted from Harris et al. (Harris, 2001). 

Despite having high efficiency in the transformation of foreign DNA into C. 

reinhardtii cells, a major obstacle is to further achieve the overall expression of 

transgenes from the Chlamydomonas nuclear genome (Neupert et al., 2009). 

This difficulty comes from the presence of non-conventional epigenetic 

suppression activities and/or a repressive chromatin structure (Schroda, 2019). 

The chromatin complex is found in the nucleus of eukaryotic cells and includes 

DNA, RNA, and protein; therefore, a repressed chromatin structure inhibits 

promoter accessibility and further transgene expression (Neupert et al., 2020). 

To overcome this problem, Neupert et al. isolated C. reinhardtii strains that have 

an enhanced capacity to accumulate fluorescence proteins expressed from 

nuclear transgenes. From this study, the strain called UVM4 resulted in high 

fluorescent protein expression levels (Neupert et al., 2009). This strain was 
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obtained by mutagenesis of Chlamydomonas reinhardtii cw15 arg- (also known 

as CC-4350) which is cell wall deficient and does not grow in arginine. It also 

harbours the nit1 mutation, meaning that it does not grow on nitrate as a 

nitrogen source (Gallaher et al., 2015). The line UVM4 has been used for the 

high-level expression of various transgenes, which makes it suitable for the 

generation of over-expressor lines (Schroda, 2019). 

With all the molecular techniques and information available for this species, C. 

reinhardtii can be considered a model for the study of microalgal P metabolism 

during its P overplus response (Figure 2.8). The next sections aim to provide 

an overall understanding of what is already known about C. reinhardtii P 

metabolism behind its P overplus response. For some of the yet unknown 

mechanisms, some assumptions or speculations are based on similarities of C. 

reinhardtii with yeast and vascular plants. 

 

Figure 2.8 The in-cell processes behind the P overplus response of C. 
reinhardtii  

2.4.1 Phosphate sensing  

The first component of P metabolism, and specifically, P overplus is P sensing. 

C. reinhardtii cells need first need to sense ‘low to no P’ and ‘high P’ conditions, 

so the right response mechanism is activated. The most important element in P 

sensing uncovered so far is the phosphorus starvation response transcription 

factor (PSR1) (Moseley et al., 2006). PSR1 regulates Pi acquisition through the 

up or downregulation of various enzymes involved not only in P homeostasis 

but also in redox, photosynthesis and starch and lipid metabolism, among many 

others (Bajhaiya et al., 2016). PSR1 plays a key role in the regulation of genes 

involved in nutrient starvation responses. Shimogawara et al. elucidated the 

mechanisms that photosynthetic organisms like microalgae use to respond to P 

deprivation (Shimogawara et al., 1999). In their study, they isolated mutants of 

C. reinhardtii with an inefficient ability to acclimate to P limitation. Mutants that 
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were able to survive high concentrations of radioactive P (phosphorus 

radiolabelling) during starvation and mutants that were unable to accumulate 

extracellular phosphatase during P-replete conditions were isolated. The results 

highlighted the role of the PSR1 transcription factor in the response to the 

sense of low environmental P levels, and signal transduction of P deprivation to 

activate the cell machinery needed (Shimogawara et al., 1999). PSR1 is similar 

to the Phosphate-starvation response 1 factor (PHR1) in vascular plants (Rubio 

et al., 2001). These genes encode a nucleus-localised factor with a 

Myeloblastosis (Myb)-like DNA binding domain2 (Moseley et al., 2006, Jiang et 

al., 2019). Although there are many similarities in the functions of both PSR1 

and PHR1, there is far more understanding of the regulation of PHR1, which 

shows some features not associated with PSR1 function. For instance, PSR1 

has glutamine-rich domains and PHR1 does not, PHR1 has sumoylation sites 

that are not present in PSR1 (Grossman, 2015). Interestingly while PHR1 binds 

to a palindrome sequence (5’-GNATATNC-3’) called PHR1-binding sequence 

(P1BS) (Jiang et al., 2019), there is not enough proof that this sequence is 

ubiquitously the binding site of PSR1 in C. reinhardtii (assuming that it triggers 

its regulation by binding to DNA as PHR1) (Grossman, 2015). Bahjaiya et al. 

made an earlier assessment to determine if P1BS is a PSR1 binding site, 

however, their results are not conclusive as this sequence was found upstream 

of both known genes regulated or not regulated by PSR1 (Bajhaiya et al., 

2016). Therefore, it is still unclear how PSR1 is activated and how it activates 

the P starvation response, in a phosphate-dependent way, in C. reinhardtii. 

PSR1 transcripts are upregulated under P-deprivation conditions (Moseley et 

al., 2006, Bajhaiya et al., 2016). When P is resupplied to P-deprived cells, to 

trigger a P overplus response, PSR1 transcripts are downregulated as shown in 

Plouviez et al. study (Plouviez et al., 2021). However, the mechanism behind 

PSR1 inhibition or downregulation under P-replete conditions is still unknown. In 

Arabidopsis thaliana, one of the model organisms for the study of vascular 

plants, the SPX1 gene was found to inhibit PHR1 in a phosphate-dependent 

way (Puga et al., 2014). The SPX domain is named after SYG1/Pho81/XPR1 

proteins from yeasts and humans (Yao et al., 2014). SPX domains are found in 

many eukaryotic genes in fungi, algae, plants and humans (Wild et al., 2016). In 

plants, inositol pyrophosphate (IP8) acts as the intracellular signal of P 

sufficiency, when it binds to the protein SPX1, which increases the affinity of the 

interaction of SPX1 with PHR1. SPX1/PHR1 interaction is believed to prevent 

PHR1 binding to DNA to activate downstream responses (Dong et al., 2019). 

 

2 MYB proteins contain from one to four conserved DNA-binding repeats and are 
divided into different classes based on the number of these repeats. 
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Suppression occurs by affecting PHR1 binding equilibrium with DNA (Qi et al., 

2017). C. reinhardtii harbours a homolog of the SPX1 gene, but so far there is 

neither evidence of IP8 binding to SPX1 nor of this complex interaction with 

PSR1.  

2.4.2 Phosphate scavenging/sparing and acclimation 

Under P-limiting or deprived conditions, C. reinhardtii and microalgae in 

general, release phosphatases and phosphodiesterases involved in the 

degradation of organic P compounds. Moseley et al. showed in C. reinhardtii 

that PSR1-dependent P starvation response induced an increase in the 

expression of genes involved in P scavenging like PHOX (alkaline pH optimum 

phosphatase). The PHOX protein was described by Quisel et al. study (Moseley 

et al., 2006, Quisel et al., 1996). Moreover, in C. reinhardtii purple acid 

phosphatases (PAPs) were identified for their role in degrading inositol 

hexakisphosphate (IP6), also called phytate, when cultivated in the presence of 

IP6 as the whole P source (Rivera-Solís et al., 2014). The work of Yehuda et al. 

highlighted the chloroplast DNA of C. reinhardtii as a P repository. In their study, 

the chloroplast polynucleotide phosphorylase (PNPase), consumes and 

generates phosphate in a PSR1-dependent way, and thus is believed to have a 

role in P recycling (Yehudai-Resheff et al., 2007). The low phosphate bleaching 

gene (LPB1), whose specific function remains unknown but is predicted to be 

localised in the chloroplast, is associated with cell survival under P-deprivation 

(Chang et al., 2005). Chang et al. developed lpb1 mutants and found that, 

under P deprivation, C. reinhardtii cells had a ‘usual’ P starvation response (e.g. 

upregulation of phosphatases and P transporters), compared to the wild type. 

However, lpb1 rapidly bleached and died after resuspension in P-free media, 

which indicates that LPB1 has a role in acclimation to P-deprived conditions 

(Chang et al., 2005). Furthermore, as mentioned in Section 2.3.1, under P 

deprivation, microalgae replace phospholipids with sulpholipids. In C. 

reinhardtii, P-deprivation led to the upregulation of a gene encoding a putative 

phosphodiesterase GDP1, involved in the degradation of phospholipids and the 

genes SQD1 and SQD3, required for sulpholipid sulfoquinovosyldiacylglycerol 

(SQDG) synthesis (Bajhaiya et al., 2016). This coincided with a reduction of the 

phospholipid phosphatidylglycerol (PG) observed by Riekhof et al. in P-deprived 

C. reinhardtii (Riekhof et al., 2003). Sanz-Luque and Grossman provided a 

possible explanation for the observations made by Chang et al. in the lpb1 

mutant. In Arabidopsis, a homolog of LPB1 encodes a UDP-glucose 

pyrophosphatase (UGP3), which is required for sulpholipids synthesis (Okazaki 

et al., 2009). If C. reinhardtii LPB1 function is as that of Arabidopsis, the lpb1 

mutant degrades PG but cannot replace them with SQDG, as it cannot 
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synthesise sulpholipids. PG are major components of the cell membrane and 

can only be replaced by sulpholipids due to their anionic character, which 

causes bleaching and cell death (Sanz-Luque and Grossman, 2023). The lipid 

remodelling regulator (LRL1) was found to assist membrane composition shift 

from PG to SQDG under P-deprivation (Hidayati et al., 2019). 

2.4.3 Phosphate transport 

Once the signal of ‘high P’ or ‘low P’ is activated, P acquisition is achieved by 

the upregulation of P transporters. Like in yeast, microalgae harbour genes 

encoding both low-affinity H+/PO4
3- (PTA) and high-affinity Na+/ PO4

3- (PTB) 

transporters. In a PSR1-dependent way, PTA (1 and 3) and PTB transporters 

are downregulated and upregulated during P-deprived conditions, respectively 

(Bajhaiya et al., 2016, Moseley et al., 2006). PTA1 and PTA3 are hence, 

candidates of a low affinity uptake system under P-repleted conditions in C. 

reinhardtii. Both P uptake systems have a predicted location in the plasma 

membrane of C. reinhardtii (Wang et al., 2020).  

Other genes involved in P metabolism in C. reinhardtii include PTC1, which is a 

homologue of the yeast Saccharomyces cerevisiae low-affinity Pi transporters 

PHO87, PHO90 and PHO91 (Wykoff and O'Shea, 2001). This gene was 

believed to resemble a low-affinity Pi transporter and to have a role in P sensing 

because low-affinity phosphate transporter defective mutants of S. cerevisiae 

showed a constitutive activation of the PHO regulon with no defects in Pi 

uptake, meaning that the mutants exhibited a de-repression of P response 

genes (Auesukaree et al., 2003). The Wang et al. study showed that PTC1 

could have a role in P sensing, as they observed that the ptc-1 mutant also 

exhibited a higher accumulation of polyP than its parental strain. Moreover, 

PTC1, which also has an SPX domain, is suggested to repress low P stress 

responses, as ptc1-1 mutant exhibited higher transcriptional expression of 

PSR1, PTB2 and PHOX. Wang et al. results suggested that C. reinhardtii gene 

PTC1 is involved in phosphate transport outside the acidocalcisomes, polyP 

accumulation and P-deprivation-dependent signalling (Wang et al., 2021). 

Furthermore, C reinhardtii harbours two homologues of the mitochondrial and 

chloroplast PHT transporters (PHT3 and PHT4, respectively), previously 

characterised in plants (Liu et al., 2020b, Zhu et al., 2012). A new publication 

from Tóth et al. confirmed that the PHT4-7 gene of C. reinhardtii encodes a 

chloroplast membrane phosphate transporter, which helps to maintain P 

homeostasis. The pht4-7 mutant exhibited abnormal growth and lower tolerance 

to high light under P limitation, which appears to be due to ATP shortage (Tóth 

et al., 2023). 
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2.4.4 Polyphosphate synthesis  

Once P is transported to the cell, it is stored in the form of polyphosphate 

granules. The synthesis of polyP by C. reinhardtii occurs through the VTC 

complex and is conjectured to be similar to that of yeast, as plants do not seem 

to synthesise polyphosphate (Lorenzo-Orts et al., 2020). In yeast, phosphate 

transported to the cell is needed to drive ATP synthesis which is the main donor 

of polyP. The terminal phosphate of ATP is transferred to the polyP chain, 

generating adenosine 5’-diphosphate (ADP) (Gerasimaitė and Mayer, 2016). 

Inositol polyphosphates are synthesised as a response to ATP fluctuation and 

bind to the SPX domain of the Vacuolar transporter chaperone (VTC) complex, 

which activates polyphosphate synthesis (Wild et al., 2016, Gerasimaite et al., 

2017). In yeast, polyP synthesis occurs in the cytosolic side of the vacuolar 

membrane, but it is translocated to the acidocalcisomes where it elongates. 

This is believed to avoid the toxicity of cytosolic nascent short-chain polyP 

(Gerasimaitė et al., 2014). The polyP chain-length dynamics of microalgae are 

currently unknown, although the hypothesis is that polyP accumulation occurs 

similarly to that of yeast (Solovchenko et al., 2019a, Solovchenko et al., 2019b, 

Lobakova et al., 2023). 

In C. reinhardtii the homologs of the polyP synthesizing enzyme VTC4 and the 

VTC1 protein of S. cerevisiae were essential for polyP synthesis and 

acclimation to sulphur deprivation (Aksoy et al., 2014, Sanz-Luque et al., 2020). 

Moreover, Cliff et al. found homologs of the VTC4 protein in 48 algal species 

and a model was used to predict its protein structure (Cliff et al., 2023). 

Interestingly, Sanz-Luque et al. uncover a new role of polyP in C. reinhardtii 

ATP homeostasis. Under nitrogen (N) and sulphur (S) deprivation, active 

electron flow in mitochondria and chloroplast is necessary and drives ATP 

synthesis. N and S deprivation cause growth arrest, and since the vtc4-1 mutant 

cannot synthesise polyP, ATP levels accumulate and do not recycle to ADP. 

ADP is necessary to sustain the respiratory electron flow (Vermeglio et al., 

1990). Therefore, polyP synthesis from ATP helps to store excess P and 

maintain ATP levels, which highlights its role in maintaining electron transport in 

the mitochondria and chloroplast (Sanz-Luque et al., 2020). This study 

highlights the interaction between nitrogen, sulphur, and phosphorus 

metabolism in C. reinhardtii. For instance, it is known that S deprivation of 

microalgae causes the opposite effect as that of P deprivation, as sulpholipids 

are replaced by phospholipids (Moseley et al., 2009b). This response helps to 

sustain photosynthetic activity (Sato et al., 2017). The lpb1 mutant of C. 

reinhardtii was slightly more resistant to S deprivation than to P-deprivation but 

still bleached. Meanwhile, deprivation of both P and S did not trigger cell 
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bleaching as ATP synthesis was reduced. This observation led Sanz-Luque and 

Grossman to suggest that PG are not as efficient as SQDGs at protecting the 

cells from the damage caused by S deprivation (Sanz-Luque and Grossman, 

2023). 

From this perspective, polyP synthesis serves as a phosphate repository, which 

helps to regulate ATP levels, especially during periods of nutrient deprivation 

(other than P). However, if polyP synthesis in C. reinhardtii resembles the same 

mechanisms observed in S. cerevisiae, ATP would require the synthesis of IPS 

to activate the VTC complex via its SPX domain. In C. reinhardtii a mutant of 

the Vegetative Insecticidal Protein (VIP1) protein, vip1-1, encodes an IP6 kinase 

(Couso et al., 2016). vip1-1 had reduced levels of the inositol pyrophosphates 

IP7 and IP8, putative precursors of VTC complex activation of polyP synthesis. 

The vip1-1 mutant showed an impaired Target of Rapamycin (TOR) signalling.  

TOR is a protein kinase found in yeast, plants, animals and algae, and acts as 

an essential regulator of cell growth. This indicates that IPs synthesised by VIP 

are involved in cell growth regulation and signalling. Interestingly, in a later 

publication, Couso et al. showed that the activity of a component of TOR in C. 

reinhardtii, TORC1, was inhibited during P-deprivation in a PSR1-mediated way 

(Couso et al., 2020). PSR1 modulates the activity of one of the key components 

of the TORC1, the subunit LST8, which is required for TOR activation. Their 

proposed model suggests that the psr1-1 mutant is defective in P-sensing or P-

deprivation signalling, as TORC1 is an effector of PSR1 regulation. Couso et al. 

observed high and low levels of LST8 in the psr1-1 mutant when grown in P-

deprived and P-replete conditions, respectively (Couso et al., 2020). It is 

unknown whether PSR1 regulation of TORC1 influences VIP1-mediated IPs 

synthesis and hence, polyP synthesis. Sanz-Luque and Grossman suggest that 

polyP synthesis could be relevant to modulating TOR kinase activation. Their 

hypothesis, yet unexplored, is that the vip1-1 mutant may have excess ATP 

levels. Excess ATP would be directed to other processes (related to growth), 

instead of IPs mediated polyP synthesis, via the TOR pathway (Sanz-Luque 

and Grossman, 2023). 

2.4.5 Polyphosphate turnover 

At this time, no proteins have been identified with a putative 

exopolyphosphatase function in C. reinhardtii. In yeast, there is more than one 

protein involved in polyphosphate degradation (Rao et al., 2009). The gene 

PPX1 encodes an exopolyphosphatase which can degrade very efficiently 

polyP chains from three to several hundreds (Wurst and Kornberg, 1994, Lichko 

et al., 2006). A polyphosphate kinase has a reversible function as it can 
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synthesise polyP from ATP and degrade it by transferring phosphate residues 

to ADP (Rao et al., 2009). Endopolyphosphatases like PPN1 in yeast, cleave 

long-chain polyP to generate shorter polyP chains (Lonetti et al., 2011, Lichko 

et al., 2010). Plouviez et al. RNA sequencing analysis of C. reinhardtii P 

overplus response led them to suggest that a gene encoding a 

diphosphoinositol polyphosphate phosphohydrolase (DIPP) could be involved in 

polyP turnover (Plouviez et al., 2021). In their subsequent proteome study, 

Plouviez et al. observed that only two proteins exhibited low abundance during 

P repletion of P-deprived C. reinhardtii cells: an inorganic pyrophosphatase 

(IPY1) and a Nudix hydrolase MutT / 8-oxo-dGTP diphosphatase (Plouviez et 

al., 2023a). However further research is needed to confirm their 

polyphosphatase activity. 

2.4.6 Similarities and differences of microalgae with yeast and 

plants P metabolism 

As discussed in the sections above, there are still many mechanisms of C. 

reinhardtii and microalgae overall P metabolism that are unknown to us. 

Microalgae are photosynthetic microorganisms, likewise cyanobacteria. 

Cyanobacteria are prokaryotes and have a similar P metabolism to that of other 

PAOs like Escherichia coli (Dyhrman, 2016). However, an example of a shared 

response to P-deprivation in cyanobacteria and microalgae is the replacement 

of phospholipids with sulpholipids (Dyhrman, 2016, Van Mooy et al., 2009, 

Reistetter et al., 2013). Nonetheless, microalgae are eukaryotes as they have 

both a mitochondrion and a chloroplast. It seems that the P metabolism of 

microalgae may be an intermediate (or hybrid) between that of yeasts and 

plants. C. reinhardtii for instance has been named ‘the green yeast’ (Rochaix, 

1995). In terms of P metabolism, C. reinhardtii harbours some homologs with a 

putative function similar to the ones characterised in yeast for polyphosphate 

synthesis (see section 2.4.4). At the same time, C. reinhardtii is considered an 

organism for the study of plants, due to its similarities to the model A. thaliana 

(Gutman and Niyogi, 2004). P homeostasis regulation in C. reinhardtii may be 

closer to that of plants like A. thaliana as both harbour P deprivation response 

transcription factors (PSR1/PHR1). Since C. reinhardtii harbours a homolog of 

the SPX1 protein, P signalling could potentially be regulated via SPX1 binding 

to PSR1, likewise in A. thaliana (see section 2.4.1). Interestingly, SPX domains 

have a major role in yeast polyP synthesis, and homologs of the VTC complex 

in C. reinhardtii also have SPX domains. Therefore, research is needed to 

uncover the unexplored regulation of P metabolism (especially P signalling and 

polyP synthesis) via SPX domains, in C. reinhardtii. Lastly, researchers should 
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keep an open mind to the possibility that C. reinhardtii and microalgae in 

general, could have unique features of their P metabolism that are not 

necessarily related to yeast or plants.  

2.5 Research gaps 

Based on the literature reviewed, it was found that P overplus responses of 

microalgae are still far from being applied for the improvement of P control and 

recovery from wastewater. The first gaps found are (1) the imprecision in the 

use or knowledge of the concepts of luxury P uptake and P overplus in 

microalgae and (2) the lack of appropriate analytical techniques of microalgal 

polyphosphates. No biological questions regarding these two phenomena can 

be answered without the development of reproducible analytical techniques for 

polyP identification and characterisation. Polyphosphate is the direct 

measurement of luxury P uptake and P overplus. Once we have developed 

clear and robust analysis techniques of polyP in microalgae, we can proceed to 

study this phenomenon in a more reproducible way. For instance, the 

knowledge regarding how P-deprivation and not its time length, affect P 

overplus will drive more focus towards the physiological aspects indicating that 

microalgae are ‘ready’ to perform their best P overplus response. Moreover, 

wastewater is a fluctuating environment where P is present along with all other 

nutrients. Therefore, it is important to understand how nutrients other than P 

affect microalgal P overplus response. Understanding how both factors, P-

deprivation, and nutrient availability, will contribute to the constitution of reliable 

design parameters of P overplus-based recovery systems in MBWTs. 

Lastly, the role of C. reinhardtii PSR1 in regulating the response to P-

deprivation has been widely assessed. P overplus depends on P-deprivation 

and yet, no direct connection has been made to the role of PSR1 in C. 

reinhardtii P overplus. Thus, assessing how this transcription factor affects 

polyP accumulation after P-deprived cells are repleted with P, will be an 

important contribution to the knowledge of C. reinhardtii P metabolism. This will 

drive the robust manipulation of microalgal P overplus for biological P recovery 

from wastewater.
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Chapter 3 Materials and Methods 

This chapter contains all relevant information regarding the research 

methodology used throughout the project, for the cultivation of Chlamydomonas 

reinhardtii for maintenance, and for the course of experiments, sample 

collection and treatment and analyses. The sections in this chapter are split into 

1) The list of strains used, 2) Cultivation media and solutions used for each 

experimental treatment, 3) Microalgal cultivation conditions, 4) Culture 

analyses, 5) Media analyses and 6) Biomass analyses. Unless otherwise 

stated, all methods were conducted at the Faculty of Biological Sciences of the 

University of Leeds.  

3.1 Chlamydomonas reinhardtii strains 

The strains of Chlamydomonas reinhardtii used throughout the project are listed 

in Table 3.1. Most of the strains were purchased from the Chlamydomonas 

Resource Center, University of Minnesota, USA. The strain UVM4 was provided 

by Ralph Bock (Neupert et al., 2009). The genetically modified strains 8-27, 8-

42 and 8-2 were designed and developed by Dr Lili Chu (Slocombe et al., 

2023). The number of additional copies of the construct inserted in the genome 

(if larger than one), is yet to be determined (Figure 3.1). For all the 

experiments, three biological replicates of the designated strains were used.  

 

Figure 3.1 PSR1 construct in C. reinhardtii 8-27, 8-42 and 8-2 strains. The 

transgene PSR1 expression is controlled by the light-sensitive promoter PsaD. The 
RBCS2i intron enhances expression. The C-terminus Venus tag is used for the 
detection of the transgene PSR1. The PsaD terminator indicates the end of 
transcription for the construct. 
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PSR1 gene
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Table 3.1 Chlamydomonas reinhardtii strains used throughout this project 

Strain Phenotype Description 

 

‘Wild type’ mt+ Also referred to as 21gr (Sager, 

1955) 

 

‘Wild type’ mt+ nit1 nit2 Also referred to as 137c 

(Davies and Plaskitt, 1971) 

 

Thinner cell wall (cw15 

mt-) 

 

Also referred to as CC-4533 or 

CMJ030 (Zhang et al., 2014). 

Background strain of the 

Chlamydomonas CliP mutant 

Library 

 

Cell wall deficient cw15 

nit1 nit2 arg7-8 mt+ 

 

Also referred as [Matagne 302] 

or CC-4350 cw15-302 mt+ 

(Fernández and Matagne, 

1984) 

 

Cell wall deficient cw15  UV mutated strain used for high 

transgene expression levels 

(CC-4350 background) 

 

Cell wall deficient cw15 PSR1 overexpression strain 

(UVM4 background) 

 

Cell wall deficient cw15 PSR1 overexpression strain 

(UVM4 background) 

 

Cell wall deficient cw15 PSR1 overexpression strain 

(UVM4 background) 

psr1-1 

mt- CC-4267 psr1-1 (CC-125 

background), derived from 

original psr1-1 cw15 strain 

(Shimogawara et al., 1999) 

 

3.2 Cultivation media and solutions 

The microalgal culture was in one of the following culture media alone or 

supplemented with the solutions listed below. Throughout the project, all growth 

media and solutions were prepared in distilled-deionised water (ddH2O) and 

sterilised by autoclaving at 121oC for a minimum of 20 min before use. 
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3.2.1 Tris Acetate Phosphate (TAP) media 

Tris Acetate Phosphate media (TAP) was prepared according to the 

Chlamydomonas Resource Center (University of Minnesota, USA). This media 

provides all nutrients in adequate balance to sustain biomass growth. The 

Hutner’s trace element solution was replaced with a list of trace element 

solutions following Kropat et al. recipe, without selenium (Kropat et al., 2011). 

The recipe is listed in Table 3.2. 

Table 3.2 Tris Acetate Phosphate (TAP) recipe 

Preliminary 

stock 1 

EDTA-Na2  

(125 mM) 

- 13.959 g EDTA-Na2 in approx. 250 

mL dH2O - Make to pH 8.0 using 

KOH (approx. 1.7 g; trace element 

grade) - Fill to 300 mL total with 

dH2O 

Preliminary 

stock 2 

(NH4)6Mo7O24  

(285 µM)  

- 0.088 g (NH4)6Mo7O24.4H2O in 

dH2O 

Trace Element 

1 (TE1) 

EDTA-Na2  

(25 mM) 

50 mL Pre1 made up to 250 mL with 

dH2O 

Trace Element 

2 (TE2) 

(NH4)6Mo7O24  

(285 µM)  

- 25 mL Pre2 made up to 250 mL with 

dH2O 

Trace Element 

3 (TE3) 

Zn.EDTA  

(2.5 mM) 

- 0.18 g ZnSO4.7H2O - 5.5 mL Pre1 - 

Make up to 250 mL with dH2O 

Trace Element 

4 (TE4) 

Mn.EDTA  

(6 mM) 

- 0.297 g MnCl2.4H2O - 12 mL Pre1 - 

Make up to 250 mL with dH2O 

Trace Element 

5 (TE5) 

Fe.EDTA  

(20 mM) 

2.05 g EDTA-Na2 - 0.58 g Na2CO3 - 

Dissolve in approx. 150 mL dH2O - 

1.35 g FeCl3.6H2O - Make up to 250 

mL with dH2O 

Trace Element 

6 (TE6) 

Cu.EDTA  

(2 mM) 

- 0.085 g CuCl2.2H2O - 4 mL Pre1 - 

Make up to 250 mL with dH2O 

Potassium 

Phosphate  

(KPO4)  

Phosphate Buffer 

II 

- 10.8 g K2HPO4 - 5.6 g KH2PO4 - 

Make up to 100 mL with dH2O 
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A Solution A - 20 g NH4Cl - 5 g MgSO4.7H2O - 2.5 

g CaCl2.2H2O - Make up to 500 mL 

with dH2O 

Tris Tris base – Trizma 

(1 M) 

- 60.57 g Trizma - Make up to 500 mL 

with dH2O (Buffers to pH 8.5) 

TAP media Add the following solutions to approx. 750 ml dH2O - 20 mL 

Tris  

- 1.0 mL KPO4  

- 10.0 mL A  

- 20.0 mL Tris 

- 1.0 mL TE1  

- 1.0 mL TE2  

- 1.0 mL TE3  

- 1.0 mL TE4  

- 1.0 mL TE5  

- 1.0 mL TE6  

- 1.0 mL Glacial Acetic Acid  

- Adjust to pH 7.0 using HCl/KOH - Makeup to 1 L with 

dH2O 

 

3.2.2 Tris Acetate (TA) media 

Tris Acetate media (TA) was used to trigger phosphorus starvation in 

Chlamydomonas strains. Thus, TA is prepared with the same recipe as TAP 

media, replacing the KPO4 solution with 1 mL/L media of a 1.65M KCl solution, 

to keep potassium concentration the same as in TAP media. 

3.2.3 Media supplements 

TAP agar was supplemented with paromomycin (10g/mL), for the transgenic 

strains 8-27, 8-42 and 8-2 to maintain the transgene in these strains. 

Paromomycin was not used in liquid cultures during the experiments to prevent 

effects on biomass growth rates. To supply paromomycin, TAP media with agar 

was melted in a microwave and let to cool under 50oC of temperature, before 

adding paromomycin. The media was then poured into 30 mL universal tubes 

and left to solidify.  
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Arginine was supplied to TAP agar and liquid (before autoclaving) for the 

cultures of the arginine auxotrophic strain CC-4350 up to a concentration of 100 

g/ml. Arginine was also supplied to TAP or TA media for cultures of all strains 

(CC-1690, CC-125 and CC-5325), that were used in the same experiment with 

CC-4350 to keep the culture conditions equivalent for all the strains. 

3.3 Microalgal cultivation 

Inoculation and manipulation of microalgal cultures (agar or liquid) always took 

place within a laminar flow cabinet to sustain axenic conditions. For cultivation, 

an AG230 (Photo Systems Instruments, Czech Republic) was used. The 

cultures were kept at 25 oC and constant light at 100 mol m-2 s-1 of intensity. 

The liquid cultures were shaken at 160 rpm for all experiments. No additional 

CO2 was provided apart from atmospheric CO2. 

3.3.1 Long-term storage 

Chlamydomonas reinhardtii strains were kept from 6-8 weeks on TAP Agar 

slopes. In some cases supplemented as stated in section 3.2.3.  

3.3.2 Starter cultures 

Liquid cultures were inoculated from agar cultures in 30 mL universal tubes 

containing 15 mL of TAP media. These cultures (referred to as Starter cultures) 

were left under controlled conditions (see above) 

3.3.3 Inoculation 

Inoculation was done by transferring a volume of cells from the starter culture to 

fresh media up to an initial optical density of OD750nm=0.005.  

3.3.4 Phosphorus deprivation 

OD750nm 1.0 cultures (OD1.0) were harvested by centrifugation at 3000g for 

10 min. The supernatant was discarded and the biomass was washed twice 

with fresh TA media (supplemented with arginine 10 g/mL), before its final 

resuspension in fresh TA media (supplemented with arginine 10 g/ mL).  

3.3.5 Phosphorus repletion 

Phosphate-deprived cultures were supplied with phosphorus as either ‘P1’ only 

or together with all other nutrients in TAP media, both up to 1 mM P.  

 

1 Phosphate (PO4) is referred throughout the project as ‘P’.  
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In one experiment, phosphorus repletion with all nutrients together with P was 

done by harvesting centrifuged biomass (3000 x g for 10 min), discarding old 

media and resuspending in fresh TAP media, whereas ‘P’ only was fed as a 

calculated volume from the KPO4 solution.  

In another experiment, to avoid the effect of centrifugation, phosphorus 

repletion together with all nutrients was provided as a calculated volume from 

the KPO4 solution to give a final concentration of 1mM and all other nutrients 

were supplied with a 5xTA solution to a known volume of culture (1:5 v/v). ‘P’ 

only repletion was supplied by adding a calculated volume from the KPO4 

solution and ddH2O was added to make the same 1:5 dilution as for the TAP-

supplemented cultures with the same final concentration of P (1mM). 

3.3.6 Monitoring Bacterial Contamination 

Although axenic practices were kept during all experiments, contamination of 

microalgal cultures at the end of each experiment was checked by plating 100 

l of culture on Luria Bertani (LB) petri plates and incubated at room 

temperature, 30oC and 37oC, temperature to check for fungi, yeast or bacterial 

contamination, respectively. LB media provides suitable conditions for bacteria 

and yeast, but not for microalgae, thus it can be used as a tool to detect 

contamination of microalgal cultures. 

Luria Bertani media composition is detailed below for 1 L (agar 15 g/L): 

1. 10 g Tryptone 

2. 5 g Yeast Extract 

3. 10 g Sodium Chloride (NaCl) 

3.4 Culture analysis 

Cultivation during all experiments was monitored at the beginning of the 

sampling sessions using a Jenway 6715 UV/Vis spectrophotometer to monitor 

optical density. Spectrophotometry was also used to measure absorbances to 

calculate chlorophyll concentration. Growth was also measured in the culture by 

cell counting. 

3.4.1 Optical Density  

Optical density at an absorbance of 750nm was measured to monitor biomass 

growth in 1.5 mL polystyrene semi-micro cuvettes. Microalgal culture samples 

were diluted with ddH2O to maintain the absorbance reading under 1.0 and 

were mixed before taking the reading in the spectrophotometer.  
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3.4.2 Cell counting and size 

Cell counts were collected from fixed culture samples. Cells diluted between 10-

50x and were fixed with a 5% glutaraldehyde and 10% formaldehyde solution in 

ddH2O. 10 L of fixed cells was loaded in duplicates on a Neubauer chamber 

and left for 45 seconds to settle. Cells were counted using an Olympus CK2  

microscope with a CDPlan 40/0.6 160/0-2 Objective Len. Cell numbers were 

collected with a mechanical counter. 

Cell concentration was calculated as follows: 

 

Eq 1 𝑪𝒆𝒍𝒍 𝒄𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 (𝟏𝟎𝟔 𝒄𝒆𝒍𝒍𝒔

𝐦𝐋
) =  

𝒂𝒗𝒆𝒓𝒂𝒈𝒆 𝒏𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒄𝒆𝒍𝒍𝒔 (𝒕𝒐𝒑,𝒃𝒐𝒕𝒕𝒐𝒎 𝒈𝒓𝒊𝒅)

𝒗𝒐𝒍𝒖𝒎𝒆 𝒐𝒇 𝒕𝒉𝒆 𝒈𝒓𝒊𝒅
=

𝒏𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒄𝒆𝒍𝒍𝒔∗𝟏𝟎−𝟔

𝟏 𝒎𝒎∗𝟏𝒎𝒎∗𝟎.𝟏 𝒎𝒎
=

𝒏𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒄𝒆𝒍𝒍𝒔∗𝟏𝟎−𝟔

𝟏𝟎𝟒 𝐦𝐋
 

 

Cell size from cell counting pictures was estimated from photographs taken at 

the moment of cell number collection, using an iPhone 11 camera (12-

megapixel wide lens and 12-megapixel ultra-wide lens), to estimate the cell 

size. 

Fiji (ImageJ) software was used for the image processing of the photographs. 

The settings were used as shown in Table 3.3: 

Table 3.3 Cell size estimates from cell counting pictures, using Fiji 
software.  

Preparation Processing Analysing  

Under the ‘Analyze’ 

tab 

Set scale, using 

Neubauer chamber 

scale in µm 

 

Under the ‘Process’ 

tab, 

‘Enhance contrast’ of 

cells against the 

background and then 

‘Subtract Background’  

 

Under the ‘Process’  

tab  

1.  ‘Binary’ –  

‘Make Binary’ 

 

2. ‘Noise’ – ‘Remove 

outliers’ to get rid of 

traces of 

background 

 

3. ‘Binary’ - 

‘Watershed’ 

Under the ‘Analyze’ 

tab 

4. ‘Analyze particles’ 

to identify the cells 

within the expected 

range in µm2 and 

with a circularity not 

lower than 80%  
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Cell volume was calculated as reported previously (Hillebrand et al., 1999). 

According to this study, Chlamydomonas reinhardtii cell volume resembles that 

of a sphere: 

Eq 2 

𝐶𝑒𝑙𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 (𝜇𝑚3) =
𝜋

6
 𝑑𝑖𝑎3  

Where,  

π , is the pi coefficient 

dia , is the measured diameter of the cell 

3.4.3 Chlorophyll concentration 

Chlorophyll quantification was calculated after solvent extraction. 0.1 – 1.0 mL 

of microalgal culture, according to the growth phase (0.1 mL for stationary 

cultures, ~0.2-0.5 mL for exponential growth cultures and 1.0 mL for early 

exponential growth cultures) was collected. The volume of the sample was 

controlled to avoid absorbance readings over the value of 1.0 for chlorophyll 

determination.  

The collected sample was centrifuged at maximum speed (12000 g for 10 min) 

and the supernatant was discarded. The biomass pellet was resuspended in 1.0 

mL of 80% (v/v) acetone / 20% (v/v) methanol by vortexing thoroughly, before 

centrifugation at maximum speed for 5 min, to remove all cellular debris. The 

supernatant was transferred to a glass cuvette and absorbances were obtained 

simultaneously at 646.6nm, 663.6nm and 750nm. Acetone and methanol 

solution were used as a blank to contrast the sample readings.  
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Chlorophyll concentration was determined as reported previously (Porra et al., 

1989). Abs stands for the absorbance readings at the specific spectrum length 

(nm) minus the absorbance at 750nm:  

Eq 3 

𝐶ℎ𝑙 𝑎 (
𝜇𝑔

𝑚𝑙
) =

12.25 𝐴𝑏𝑠663.6𝑛𝑚 − 2.55 𝐴𝑏𝑠646.6𝑛𝑚

𝑠𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝑙)
 

Eq 4 

𝐶ℎ𝑙 𝑏 (
𝜇𝑔

𝑚𝑙
) =

21.31 𝐴𝑏𝑠646.6𝑛𝑚 − 4.91 𝐴𝑏𝑠663.6𝑛𝑚

𝑠𝑎𝑚𝑝𝑙𝑒𝑠 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝑙)
 

Eq 5 

𝐶ℎ𝑙 𝑎 + 𝑏 (
𝜇𝑔

𝑚𝑙
) =

17.76 𝐴𝑏𝑠646.6𝑛𝑚 + 7.34 𝐴𝑏𝑠663𝑛𝑚

𝑠𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝑙)
 

 

3.4.4 DAPI staining and Confocal microscopy 

 DAPI (4',6-diamidino-2-phenylindole) is a fluorescent stain used commonly to 

stain DNA in live or fixed cells, which can also be used to stain polyphosphate 

granules within the cells. A culture sample volume of 200 µL was taken, 2 µL of 

1 mM DAPI stain (Sigma) was added and left incubating in the dark for 4 h. 

Cells were fixed for 20 min by adding 4 µL of 25% Glutaraldehyde (Sigma), and 

then flash frozen with liquid nitrogen at stored at -70oC. 

30-50x cells of C. reinhardtii were visualised in a Zeiss LSM880 Upright 

Confocal Microscope (Carl Zeiss) with a Plan-Apochromat 63x/1.4 Oil DIC M27 

objective. The filter for excitation (Ex) was Ex 405nm and emission (Em) was 

DAPI-DNA Em 420-475nm and DAPI-polyP Em 535-575nm. 

6-8 z-stacks were taken for each cell. Image processing on software Fiji (Image 

J) was used to do a Z-projection of the z-stacks into one 2D image with all the 

polyphosphate granules (Schindelin et al., 2012). This software was also used 

to collect the diameter of the cells to calculate the cell volume as mentioned in 

section 3.4.2. 

3.5 Media analysis 

Culture samples were collected and biomass was harvested by centrifugation 

(3000g for 10 min). The supernatant (the media) was sterile filtered with a 

syringe filter system (0.22 m pore size) and stored in sterile 7 mL universal 

tubes at -20oC. Sterile filtration prevents further assimilation of nutrients by 

microalgae cells, which are retained in the filter, thus allowing to determine the 

concentration of nutrients at the specific time point when the sample was 

collected.  

https://www.thermofisher.com/uk/en/home/life-science/cell-analysis/fluorophores/dapi-stain.html
https://www.thermofisher.com/uk/en/home/life-science/cell-analysis/fluorophores/dapi-stain.html
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The media was used to obtain pH measurements and the concentration of both 

anion and cations.  

3.5.1 pH 

A Mettler Toledo FiveEasyTM pH meter was used to monitor the pH of filtered 

media samples.  

3.5.2 Phosphate concentration in the media 

Phosphate concentration in the media was obtained using the ascorbic acid 

blue molybdate assay, adapted from previously reported protocols (Koistinen et 

al., 2020) (Pierzynski, 2000). Before the tests all glassware was acid washed in 

0.1M HCl overnight, the next day the glassware was washed in ddH2O and left 

to dry overnight before use.  

The following solutions (1-5) were prepared: 

1. 2.5 M H2SO4 in ddH2O 

2. 2.75 g L-1 Potassium antimonyl tartarate in ddH2O 

3. 40 g L-1 Ammonium molybdate tetrahydrate in ddH2O 

4. 0.1 M Ascorbic acid in ddH2O (Opaque bottle) in ddH2O 

5. 5 g L-1 Phenolphthalein dissolved in ethanol 50% of total volume and 

topped up with ddH2O 

All reagents were kept at 4oC except for the sulphuric acid (H2SO4). 

The assay began with frozen filtered supernatants being left to thaw at room 

temperature and then diluted between 1-100x in ddH2O in 1.5 mL polystyrene 

cuvettes. To avoid the effect of high pH, phenolphthalein (solution 5) was used 

as an indicator. One drop of phenolphthalein (approx. 10 l) was added to each 

cuvette, if a pink colour was formed, drops of sulphuric acid (solution 1) were 

added until the colour disappeared. Any additional volume added between 

solutions 1 and 5 was accounted for in the final calculation as a dilution factor. 

A combined reagent was freshly prepared by mixing the solutions in the 

following order, at the beginning of each assay: 

1. 500 mL L-1 solution 1 

2. 50 mL L-1 solution 2 

3. 150 mL L-1 solution 3 

4. 300 mL L-1 solution 4 

160 L of a combined reagent (stable for 4 h) was added to 1 mL of diluted, pH-

adjusted sample, tapped gently and left for 20 min before taking the absorbance 

reading at 880nm in a spectrophotometer (see section 3.4) against ddH2O as a 
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blank. For every 10 samples, the blank absorbance reading was taken and 

adjusted once again at 0 for accuracy.  

For each assay, the absorbance at 880nm of a calibration curve (0-24 M PO4-

P) after 20 min of contact with the combined reagent, was taken. The calibration 

curve was made from a solution of 1 M KH2PO4 in ddH2O.  

A linear regression of the calibration curve (Abs880nm vs M PO4), was used to 

calculate the PO4 concentration, which was then expressed as mg PO4-P/L2. 

3.5.3 Ion Chromatography (IC-MS) 

The concentration of anion and cations in the filtered media was determined by 

Ion Chromatography (IC-MS) using a Metrohm 850 Professional IC, with an 896 

Detector at the Environmental Engineering Laboratory (School of Civil 

Engineering, University of Leeds) by the laboratory technicians Dr. David Elliot,  

Miss Emma Tidswell and Mr Morgan McGowan. The samples were diluted 10x 

before analysis, using ddH2O). 

For the cations, a Metrosep C4-100/4.0 column (kept at a constant temperature 

of 30oC was used. 10 µL of sample was loaded with an injector at a flow rate of 

0.9 ml/min with an injector pump (20 MPa of pressure), through the column. 

For the anions, a Metrosep A Supp 5-150/4.0 column (kept at a constant 

temperature of 30oC) was used together with an RP2 Guard Column. 20 µL of 

samples were loaded with an injector at a flow rate of 0.7 ml/min with an injector 

pump (15 MPa of pressure).  

The Metrohm IC used has a carousel (Metrohm 856 Professional Sample 

Processor) that allows to run 50 samples automatically, and organises the data 

in an Excel file with the concentrations measured for both anion and cations.  

3.6 Biomass analysis 

Fresh microalgal biomass samples were collected after phase separation of 

microalgal culture by centrifugation (3000g for 10 min). After removing the 

supernatant (media), the fresh pellets were resuspended in ddH2O and 

transferred to a 1.5 mL microcentrifuge tube. Then, the pellets (for Biomass 

concentration, Elemental analysis (CHNS) and Polyphosphate) were washed 

twice with ddH2O to remove any media components attached to the microalgal 

cell, before being flash frozen with liquid nitrogen and stored at -70oC. Fresh 

 

2 Throughout this project ‘mg PO4-P/L’ refers to the concentration of phosphate 
obtained by colorimetry or IC-MS assays, expressed as P (30.97 g/mol). Similarly, 
mg NH4-N/L and mg SO4-S/L, correspond to the IC-MS results expressed as N 
(14.01g/mol) and S (32.06 g/mol), respectively. 
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biomass samples collected for Western Blot analysis were used for protein 

extraction before being flash-frozen with liquid nitrogen and stored at -70oC. 

3.6.1 Biomass concentration 

Throughout the project, the volume of culture sample (mL) collected to 

determine biomass concentration was equivalent to 5/OD750nm. This ensured 

the dry biomass was kept in the range of 1.0-2.5 mg, which assists in the 

standardisation of the protocol. Before each experiment, empty pre-labelled  1.5 

mL microcentrifuge tubes were weighed before sample collection. 

Depending on the sample volume calculated, the samples were collected in 15 

mL falcon tubes and transferred to pre-weighed 1.5 mL microcentrifuge tubes or 

directly into the pre-weighed 1.5 mL microcentrifuge tubes.  

Biomass concentration (g dry weight/L) was obtained by drying fresh biomass 

pellets to collect their dry weight (dw). Fresh biomass pellets, were dried under 

vacuum in a SpeedVac Plus (SC210A – Thermo Savant Instruments) overnight. 

The weight was collected from the dry pellets before a second drying period 

(overnight) was conducted. The latter period of drying ensured no difference in 

the weight collected. Biomass concentration was calculated as follows: 

Eq 6 

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑔
𝑑𝑤

𝐿
)

=  
(𝑇𝑢𝑏𝑒 + 𝐷𝑟𝑦 𝑝𝑒𝑙𝑙𝑒𝑡 𝑤𝑒𝑖𝑔ℎ𝑡) 𝑚𝑔 − (𝑃𝑟𝑒 𝑤𝑒𝑖𝑔ℎ𝑒𝑑 𝑡𝑢𝑏𝑒) 𝑚𝑔 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑚𝐿)
   

3.6.2 Total Phosphate content in the biomass 

Total Phosphate content in the biomass was measured from the dry pellets 

collected for biomass concentration (section above). The dry pellets were 

digested to release from the biomass, all inorganic phosphorus compounds and 

break all organic phosphorus compounds into free PO4.  

Complete digestion of dry biomass occurred after transferring  200 µL of 

oxidizing reagent to the 1.5 mL tubes containing the dry pellets. The oxidizing 

reagent is composed of 0.675 M H2SO4 and 50 g/L potassium persulfate 

(K2S2O8) in ddH2O.Digestion was conducted at 100oC for 60 minutes in a dry 

bath (Cole-Parmer BH-200). After this period, free PO4 was released into the 

liquid phase. The samples were left to cool, diluted in ddH2O, and assayed for 

PO4-P concentration as detailed in section 3.5.2.  
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Total phosphate content in the biomass (%PO4-P,dw) was calculated as 

follows: 

Eq 7 

𝑇𝑜𝑡𝑎𝑙 𝑃𝑂4 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 (%𝑃𝑂4 − 𝑃, 𝑑𝑤)

=  

𝑚𝑔 𝑃𝑂4 − 𝑃
𝐿 ∗ 200 𝜇𝑙 ∗ 10−6𝐿

𝑚𝑔 𝑑𝑤
∗ 100% 

Where 

𝑚𝑔 𝑃𝑂4−𝑃

𝐿
,  is the phosphate concentration measured from the digested pellets 

200 𝜇𝑙 ∗ 10−6𝐿,  is the volume of oxidizing reagent added to the dry pellet  

calculated in L 

𝑚𝑔 𝑑𝑤 ,  is the dry weight of the sample collected in section 3.6.1  

3.6.3 Elemental analysis (CHNS) 

Throughout the project, the volume of culture sample collected for Elemental 

analysis (CHNS) corresponded to 40/OD750nm. This practice allowed to 

collection of a minimum of 8-10 mg dw required for this analysis. The samples 

were collected in 15 mL or 50 mL falcon tubes and transferred to 1.5 mL 

microcentrifuge tubes. The fresh biomass pellets were washed, stored and 

dried as explained in section 3.6.1. The dry samples were left in a desiccator 

before 2-3 mg of dry biomass sample was encapsulated in tin capsules, in 

duplicates. 

The Elemental analysis (CHNS) was conducted at the Analytical Laboratory 

(School of Chemical and Process Engineering, University of Leeds) by the 

laboratory manager Dr. Adrian Cunliffe and the analytical technician Karine 

Alves Thorne. CHNS content in the dry biomass capsules was obtained using a 

Thermo Scientific Flash EA2000 organic elemental analyser. The capsules 

were fed in the furnace (900oC) under helium (BOC CP Grade). To induce 

combustion of the samples, oxygen (BOC Grade N5.0) was supplied for 5 s. 

The elemental analyser was calibrated with oatmeal and BBTOT standards (of 

known CHNS content). Quality control samples of barley flour (Elemental 

Microanalysis Ltd.) were used in duplicates to ensure the proper functioning of 

the instrument. The CHNS content is expressed separately for each element as 

%, dw. 
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3.6.4 Polyphosphate analysis 

Polyphosphate analysis protocols used in Chlamydomonas reinhardtii were 

adapted from those developed in the yeast Saccharomyces cerevisiae with the 

training, help and guidance of Professor Adolfo Saiardi (Laboratory of Molecular 

and Cell Biology, UCL). These methods were used for the extraction of polyP 

from microalgal cells, its quantification and detection. 

Throughout this project, the culture sample volume collected for polyP 

extraction corresponds to 10/OD750nm. This practice allowed for the protocol to 

be standardised in the laboratory. The collected sample was treated and stored 

as mentioned at the beginning of section 3.6. 

3.6.4.1 RNA/polyP extraction 

The phenol/chloroform method, used commonly for RNA extraction was used to 

extract polyP, due to the similarity of the polyP molecule to that of nucleic acids 

(RNA). The following reagents were prepared before the assay: 

1. LETS buffer (0.1M LiCl, 10 mM Tris-HCl pH 8.0, 10 mM EDTA, 0.5% 

SDS) 

2. Acidic phenol (pH 4.3-4.5) (Thistle Scientific Ltd) 

3. Acid-washed glass beads (425-600 µm) (Sigma) 

4. Chloroform (Sigma) 

5. Pure ethanol pre-chilled at -20oC (VWR chemicals) 

6. DEPC-water (1ml of Diethyl Pyrocarbonate in 1 L of ddH2O, 

autoclaved) 

Frozen biomass pellets were left to thaw on ice for approx. 15 min before 300 

µL of LETS buffer were added to the sample tubes. The cells were resuspended 

completely by vortexing. Then 300 µL of acidic phenol and the equivalent of 300 

µL acid-washed glass beads were added. The mixture (resuspended cells, 

acidic phenol and glass beads) was vortexed vigorously for 6 min using a 

TissueLyser LT (QIAGEN) and centrifuged at 3000g for 3 min. The supernatant 

was transferred to a new 1.5 mL microcentrifuge tube and 300 µL of chloroform 

was added. The samples were vortexed thoroughly for 15 s and centrifuged at 

3000g for 3 min. The supernatant was transferred to a new 1.5 mL 

microcentrifuge tube and 750 µL of pre-chilled pure ethanol were added and 

mixed by flipping the tubes manually. The mixture (sample in pure ethanol) was 

kept at -20oC overnight to allow precipitation of RNA/polyP. 

Precipitated samples were centrifuged at maximum speed (13000g for 10min). 

The supernatant was discarded and the tubes were left at 37oC for 10 min in a 

dry batch, to eliminate any residual ethanol. RNA/polyP was resuspended in 
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100 µL of DEPC-water, vortexed gently and left at 37oC for a further 10 min. 

The RNA concentration (µg/ µL) was then measured using an ND-1000 

Nanodrop. The extracted RNA/polyP samples were stored at -20oC. 

 

RNA content in the biomass was expressed as %RNA,dw as follows: 

Eq 8 

𝑅𝑁𝐴 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 (%𝑅𝑁𝐴, 𝑑𝑤)

=
𝑅𝑁𝐴 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑠𝑎𝑚𝑝𝑙𝑒 (

𝜇𝑔 𝑅𝑁𝐴
𝜇𝐿 ) ∗ 100𝜇𝐿 ∗ 1000−1𝑚𝑔 𝑅𝑁𝐴

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑠𝑎𝑚𝑝𝑙𝑒 (
𝑚𝑔 𝑑𝑤

𝑚𝐿 ) ∗ 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑚𝐿)
∗ 100% 

Where, 

𝜇𝑔 𝑅𝑁𝐴

𝜇𝐿
,  is RNA concentration of the sample measured 

100𝜇𝐿 ,  is the volume of DEPC water used to dilute precipitated RNA 

1000−1𝑚𝑔 𝑅𝑁𝐴 ,  changes µg to mg of RNA 

𝑚𝑔 𝑑𝑤

𝑚𝐿
 ,  is the biomass concentration of the sample 

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑚𝐿) , is the volume of sample taken, calculated as 

10/OD750nm 

3.6.4.2 Quantification 

Quantification of polyphosphate was achieved by digestion of extracted 

RNA/polyP with a recombinant exopolyphosphatase (Ppx1) kindly provided by 

Professor Adolfo Saiardi (LMCB – UCL). This enzyme, endogenous from the 

yeast Saccharomyces cerevisiae, is responsible for degrading the 

Polyphosphate into free phosphate, which can be further quantified using 

colourimetry assays.  

Digestion of RNA/polyP with Ppx1 was conducted in 1.5 mL microcentrifuge 

tubes at 37oC for 1 h, using a dry bath (Cole-Parmer BH-200). The reaction was 

prepared as follows: 

5. 2 µg RNA 

6. 2 µL Buffer 10X 

7. 1 µL Ppx1 (Concentration ~ 100 ng/ µL) 

8. Sterile ddH2O up to 20 µL 

The Buffer 10X (200 mM HEPES pH 6.8, 1 M KCl, 60 mM MgCl2 and 10 mM 

DTT) was prepared in aliquots and kept at -20oC before analysis. The 
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enzymatic reaction was terminated by placing the reaction tubes on ice and 

adding 1 µL of 0.5 M EDTA pH 8.0.  

Digested samples were assayed for their PO4 concentration, using the 

malachite green assay. The following reagents were prepared before the assay: 

- Malachite green solution 

0.127g Malachite green oxalate (Alfa Aesar) 

1.4 g polyvinyl alcohol (Alfa Aesar) 

400 mL ddH2O, stirred overnight and filtered using Whatman 1 filter 

paper 

Solution kept at room temperature 

 

- Molybdate solution 

13.84 mg Ammonium molybdate tetrahydrate (BRAND) 

44.8 mL concentrated H2SO4  

ddH2O up to 400 ml 

Solution stored in the dark at 4oC 

 

- Combined Molybdate/Malachite solution was prepared fresh before each 

assay (for 96 well, 8.6ml Molybdate solution and 6.4 mL Malachite 

solution) 

1 µL of digested sample and 1 µL of undigested RNA sample were loaded, 

separately, in triplicates on a 96-well plate. Both samples (digested and 

undigested) were diluted 100x in ddH2O. 100 µL of combined 

Molybdate/Malachite solution were loaded on each sample. The colour reaction 

takes place immediately (see Figure 3.2). Absorbance at 595nm +/-5nm was 

read using a POLARstar OPTIMA plate reader (BMG Labtech) after the plates 

were shaken for 5s to further mix the sample with the combined solution. The 

absorbance readings were compared with those obtained from a calibration 

curve tested for each plate. The calibration curve was made from a solution of 1 

M KH2PO4 in ddH2O The phosphate concentration (µM PO4-P) was calculated 

using a polynomial regression (2 degrees) after plotting the calibration curve 

against the Abs660nm. 
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Figure 3.2 Malachite green phosphate assay after Ppx1 treatment of C. 

reinhardtii 2 µg RNA. Ppx1 degrades polyphosphate into free phosphate. Malachite 
green assay in 96 well plate shows differences in colourimetry in untreated vs. Ppx1 
treated RNA, which can be quantified against a calibration curve for phosphate. 

The concentration of phosphate was expressed as ng PO4-P/ µg RNA, to allow 

the subtraction of any phosphate detected in undigested samples, from the 

digested samples, for accuracy: 

- 1 µL of undigested RNA used on 96-well plate has a specific RNA 

concentration in µg RNA/ µL 

- 1 µL of digested RNA used on a 96-well plate came from the Ppx1 

reaction where 2 µg RNA was diluted in 20 µL of reaction volume 

To compare Polyphosphate content with Total phosphate content in the 

biomass. Polyphosphate content was expressed as %PO4-P,dw: 

Eq 9 

𝑃𝑜𝑙𝑦𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒 (%𝑃𝑂4 − 𝑃, 𝑑𝑤) =
𝜇𝑔 𝑃𝑂4 − 𝑃

𝑚𝑔 𝑅𝑁𝐴
∗ 1000−1 𝑚𝑔 ∗

𝑚𝑔 𝑅𝑁𝐴

𝑚𝑔 𝑑𝑤
∗ 100% 

Where, 

𝜇𝑔 𝑃𝑂4−𝑃

𝑚𝑔 𝑅𝑁𝐴
 ,  is the polyphosphate content of the sample 

1000−1 𝑚𝑔 ,  to express polyphosphate in mg 𝑃𝑂4 − 𝑃  

𝑚𝑔 𝑅𝑁𝐴

𝑚𝑔 𝑑𝑤
 ,  is the RNA content in the biomass for this specific sample 

 

 

 

Calibration curve
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3.6.4.3 Detection (PAGE) 

Polyphosphate detection using polyacrylamide gel electrophoresis (PAGE) in C. 

reinhardtii RNA samples was conducted at the Laboratory of Molecular and Cell 

Biology at the University College of London, under the guidance of Professor 

Adolfo Saiardi, during a research visit. All the PAGE shown in the results 

section (Chapters 4 and 5) were generated by Professor Adolfo Saiardi. 

The following reagents were prepared for PAGE: 

- 40% Acrylamide/Bis-acrylamide 19:1 (Geneflow) 

- 10X TBE buffer (For 1 L: 108 g Tris, 55 g Boric acid, 40 mL 0.5M 

Na2EDTA pH 8.0. Top up to 1 Litre with ddH2O) 

- 10% Ammonium persulfate in ddH2O (w/v) 

- N, N, N-Tetramethylethlenediamine (TEMED, SIGMA) 

The recipe for PAGE depends on the gel concentration. Higher gel 

concentration means slower migration of RNA/polyP. Throughout this project, 

20% and 33.3% were used (Table). 

Table 3.4 PAGE recipe according to the gel concentration. 

Gel conc. 

(%) 

40% Acr/Bis 

19:1 (mL) 

ddH2O 

(mL) 

10XTBE 

(mL) 

10%APS 

(mL) 

TEMED 

(µL) 

20% 19.0 14.9 3.8 0.2 15 

33.3% 31.7 2.2 3.8 0.2 30 

 

The gel mixture was loaded in a 24 cm Hoefer cast, allowing the gel to 

polymerise as it is shown in Figure 3.3.  
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Figure 3.3 PAGE gel polymerisation in 24 cm Hoefer cast 

The gel cast was positioned in a Tall Standard Dual Cooled Vertical Protein 

Electrophoresis Unit (Hoefer) with 6 L of 1X TBE buffer and pre-ran for 30 min 

at 330V and 6 mA. Then the RNA samples (equivalent to 20 µg RNA) are 

loaded together with 10 µL of migration dye (10 mM Tris-HCl pH 7.0, 1 mM 

EDTA, 30% glycerol, 0.1% Orange G) on each well. PAGE were run at 500 V 

and 4 mA overnight until the Orange G dye shows the bands just below half of 

the gel. 

The gel was removed carefully from the cast and placed in a tray with a filtered 

staining solution (20% methanol, 2% glycerol, 0.05% Toluidine Blue) and 

shaken gently for 30 min. The gel was de-stained for 2h by changing the same 

solution without Toluidine Blue several times. 

For visualisation, pictures were taken of the de-stained gels after white light 

exposure using a scanner (EPSON perfection 4990 Photo). Figure 3.4 shows a 

representative picture of a Toluidine Blue stained PAGE containing C. 

reinhardtii RNA samples, showing polyphosphate migration. The blue 

background was removed from the picture, this shows that Toluidine blue O is a 

metachromatic dye that stains RNA in blue and polyP in red. The use of glass 

beads is necessary, independently of the absence or deficiency of a cell wall in 

C. reinhardtii cells. 
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Figure 3.4  C. reinhardtii polyP visualisation on PAGE stained with 
Toluidine Blue. Representative 20% PAGE stained with Toluidine Blue (blue 
background removed using the scanner software). The gel shows a polyP100 standard 
at the left, followed by 20 µg RNA of exponential growth C. reinhardtii strains (CC-1690 
and CC-5325), extracted with and without glass beads during the process of protocol 
standardisation 

3.6.5 Western Blot Analysis 

Western Blot analysis was used to detect the transgene protein expression of 

the transcription factor PSR1 in the PSR1 overexpression strains (Slocombe et 

al., 2023). The culture sample volume collected corresponded to 50 µg of 

Chlorophyll a+b (see section 3.4.3).  

3.6.5.1 Protein extraction 

The protocol for protein extraction from fresh microalgal pellets was adapted 

from Wittkopp, et al. (Wittkopp et al., 2017) 
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The following reagents were prepared before protein extraction. 

- HEPES3 6+PI  

45 mL HEPES 6 (5mM HEPES pH 7.5 with KOH, 10 mM EDTA pH 7.5 

with NaOH) + Protein Inhibitors ‘PI’4 (450 µL 100mM Benzamadine 

hydrochloride hydrate 100x, 450 µl PMSF 100X, 450 µL 6-Aminocaproic 

acid 100x) 

- HEPES 6, PI, 0.1 M dithiothreitol (DTT), 0.1M Na2CO3 (800 µL 

HEPES+PI, 100 µL 1 M DTT, 100 µL 1 M Na2CO3) 

The cells were harvested by centrifugation at 3000g for 10 min, the supernatant 

was discarded. 300 µL HEPES 6 + PI were added to resuspend the cells, 

transferred to a new 1.5 mL microcentrifuge tube and centrifuged at 5000 g for 

2 min. The supernatant was removed without disturbing the pellet. 60 µL of 

HEPES 6 +PI + 0.1 M DTT + 0.1 M Na2CO3 were added to resuspend the 

protein lysate by pipetting and vortexing. The protein samples were flash-frozen 

with liquid nitrogen and stored at -70oC. 

3.6.5.2 Protein preparation  

The protein extract was left to thaw on ice before 40 µL of 5% SDS, and 30% 

Sucrose solution was added (the final concentration of the protein sample is 

equivalent to 0.5 µg Chlorophyll a+b/ µL). The equivalent volume of 10 µg of 

Chlorophyll was transferred to a 200 µL PCR tube and mixed with 1X loading 

buffer (4x Laemmli sample buffer Bio-Rad 1610747). The samples were boiled 

for 1 min at 99oC to denature the proteins, and centrifuge at 5000g for 1 min. 

3.6.5.3 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

Proteins were resolved with SDS-PAGE electrophoresis. The following reagents 

were prepared: 

- Tris buffer 8.8 (1.5 M Tris-HCl pH 8.8) 

- Tris buffer 6.8 (0.5 M Tris-HCl pH 6.8) 

- Acrylamide (30% Acrylamide/Bis-acrylamide (w/v)) (Severn Biotech Ltd 

20-2100-05) 

- 10% (w/v) Sodium dodecyl sulfate (SDS) 

- 10% Ammonium persulfate (APS) (w/v) 

- TEMED (Sigma 101125341) 

- Running buffer 10X (For 1 L, 30g Tris, 144 g Glycine, 10 g SDS, pH 8.3) 

 

3 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 
4 Protein inhibitors (PI) were added to HEPES 6 fresh before protein extraction. 
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The SDS-PAGE consists of a separating gel (bottom) and a stacking gel (top), 

casted in a BIORAD  The concentration of the separating gel depends on the 

length of the protein of interest. In this project, 8% SDS-PAGE was used. For 

the stacking gel, 4% is commonly used. The reagents were mixed in the 

following order for the separating gel and left to polymerise. Then, the stacking 

gel was prepared and loaded on top of the separating gel. A well comb was 

inserted into the stacking gel and left to polymerise  

The well comb was removed from the polymerised gel and the gel was placed 

in a gel tank (Bio-Rad Mini Protean TGX) filled with 1X Running Buffer (Diluted 

from 10X). The boiled lysate was loaded on each well per sample. 4 µL of a 

CSL-BBL Pre-stained Protein Ladder (Cleaver Scientific, UK stored in aliquots 

at -20oC) was loaded on one side of the gel. The SDS-PAGE were left to run at 

150V for 1 h. 

3.6.5.4 Protein transfer and blocking 

SDS-PAGE was followed by the transfer of proteins to a membrane (also called 

blot). The following reagents were prepared: 

- Ponceau S Red (0.1% (w/v) in 5% acetic acid, Sigma) 

- Tris Buffered Saline with Tween (TBS-T)  

20mM Tris-HCl, 150 mM NaCl, 0.1 % (v/v) Tween 20 pH 7.6 

- Blocking solution (5% (w/v) low-fat dried milk in TBS-T) 

Resolved proteins were transferred from the SDS-PAGE to a PVDF membrane 

(preactivated with methanol for 1 min), for 2 h at 70V in 1X Transfer buffer (25 

mM Tris base, 192mM Glycine, 20 % methanol; pH 8.3) The membrane was 

briefly stained with Ponceau S Red, to confirm even loading of protein. The 

membrane was rinsed in ddH2O and de-stained with TBS-T. The blot was 

incubated at room temperature and gently shaken, in blocking solution for 1 h. 

3.6.5.5 Immunodetection 

The PSR1 transgene protein in the PSR1 overexpression strains 8-27 and 8-42, 

was detected using the C-terminus Venus Tag inserted with the construct ( see 

Figure 3.1) against the background strain UVM4 as a negative control as UVM4 

does not harbour an endogenous Venus ‘Yellow fluorescent protein’ (YFP) 

protein.  

Immunodetection was conducted using a primary anti-GFP antibody with a 

1:5000 dilution in 3% low-fat dried milk in TBS-T (Abcam ab6556). To reduce 

the blot background (other proteins apart from the transgene PSR1), the anti-

GFP antibody was preincubated at 4oC overnight, with a membrane containing 
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the protein extract from the background strain UVM4. The following day, the 

pre-incubated anti-GFP was used on the membranes containing the protein 

extracts of each PSR1 transgenic strain (8-27 and 8-42) (4oC, overnight). The 

membranes were washed 3x with TBS-T for 10 min at room temperature. 

Binding of Horseradish peroxidase (HRP)-conjugated secondary anti-Rabbit 

antibody (Jackson Immuno Research 111-035-144) with a 1:5000 dilution in 3% 

low-fat dried milk in TBS-T was conducted for 1 h at room temperature. Finally, 

the blots were washed 3x with TBS-T for 5 min, before enhanced 

chemiluminescence (ECL) detection with a SuperSignalTM West Pico 

Chemiluminescent Substrate (Thermo Scientific). Blots show exposure after 1.5 

min. 

3.7 Data analysis 

3.7.1 Growth and Nutrient uptake rates  

The growth rates and doubling times were calculated according to (Osundeko et 

al., 2013).  

The specific growth rate (µ = h-1) was calculated for the exponential growth 

phase as follows: 

Eq 10 

µ (ℎ−1) =
ln (

𝑦1
𝑦0)

𝑡1 − 𝑡0
 

Where:  

y0 and y1, are the biomass (g dw/L) or (cell concentration (106 cells/mL) if 

available) values at the beginning (t0) and at the end (t1) of the exponential, 

phase, respectively 

The doubling time (h) was calculated as: 

Eq 11 

𝐷𝑜𝑢𝑏𝑙𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 (ℎ) =
ln (2)

µ
 

Where: 

µ, is the specific growth rate (Eq 10) 

The biomass productivity (g dw L-1 h-1) was calculated during the period of 

exponential growth as follows: 
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Eq 12 

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑔 𝑑𝑤 𝐿−1 ℎ−1) =
𝐶𝑑𝑤1 − 𝐶𝑑𝑤0

𝑡1 − 𝑡0
 

Where, 

𝐶𝑑𝑤0 𝑎𝑛𝑑 𝐶𝑑𝑤1, are the biomass concentration values (g dw/L) the beginning 

(t0) and at the end (t1) of the exponential growth phase 

The nutrient uptake rates (NUR = mg nutrient g dw-1 h-1) were calculated for 

each time segment from 0-24 h after P repletion in the P overplus experiment 

(section 3.3.5) as follows: 

NUR (mg nutrient g 𝑑𝑤−1ℎ−1) =
(

𝐶𝑁𝑚𝑒𝑑𝑖𝑎𝑡𝑠1 − 𝐶𝑁𝑚𝑒𝑑𝑖𝑎𝑡𝑠0

𝐶𝑑𝑤𝑡𝑠0
)

𝑡𝑠1 − 𝑡𝑠0
 

Where, 

𝐶𝑁𝑚𝑒𝑑𝑖𝑎𝑡𝑠0 𝑎𝑛𝑑 𝐶𝑁𝑚𝑒𝑑𝑖𝑎𝑡𝑠1, are the nutrient concentration in the media (mg 

nutrient/L) at the beginning (ts0) and at the end (ts1) of the time segment 

𝐶𝑑𝑤𝑡𝑠0, is the biomass concentration (g dw/L) at the beginning (ts0) of the time 

segment 

𝑡𝑠1 − 𝑡𝑠0, is the time segment difference (h) 

3.7.2 Data visualisation and Statistical significance 

Statistical significance tests were evaluated by one-way ANOVA and by Tukey 

HSD test with a p-value of 0.05, n=3).Two-way ANOVA (two factors) was used 

to analyse the effect of both P deprivation length and P repletion type together.  

Both data visualisation and statistical analysis were produced using the 

software OriginPro (Version 2021, OriginLab Corporation, Northampton, MA, 

USA). 

3.7.3 Principal Component Analysis 

For the multivariate principal component analysis (PCA), the average of the 

nutrient uptake rates and the initial nutrient concentration in the media for the 

strains (three biological replicates per strain) used in each experiment (first P 

overplus exp. CC-1690, CC-125, CC-5325 and CC-4350 and second P 

overplus exp. CC-1690 and CC-125) were used. The data was normalised by 

calculating the z-scores by subtracting the value from its mean and dividing it by 

the standard deviation. The eigenvalues generated by the PCA report led to the 

selection of the first two principal components as long as the eigenvalue is 

higher than one. 
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Chapter 4 Phosphate deprivation and overplus: What 

parameters prime Chlamydomonas reinhardtii for enhanced 

polyphosphate accumulation? 

4.1 Introduction 

The first objective of this chapter is to demonstrate that the monitoring of 

physiological parameters over time periods, may lead to a robust understanding 

of how P-deprivation affects P overplus in C. reinhardtii. The correlation 

between P-deprivation length and polyP accumulation during P overplus is 

unclear, due to the use of time periods (hours, days, etc.) as a reference 

parameter for the resupply of P in previous studies. This is due to the lack of 

standardised protocols and specific physiological markers, which makes 

different studies hard to compare and replicate and hinders mechanistic 

understanding of the overplus phenomenon. Thus, there is a need to develop 

reproducible physiological markers adaptable to different microalgal species, 

cultivation conditions, etc. Previous studies have suggested the optimum period 

of P deprivation to be either when growth ceases or biomass reaches its lowest 

P content. I wanted to determine whether either of these physiological 

parameters has an enhanced effect on P overplus. I evaluated this hypothesis 

by 1) standardising an experimental design of P-deprivation and P overplus in 

four strains of C. reinhardtii and 2) monitoring the fate of phosphate as it is 

accumulated in the biomass.  

Also, even though P overplus is the overaccumulation of polyP, previous 

literature has failed to provide a reliable quantification of polyP that fits into the 

P mass balance of the microalgal culture. The second objective of this chapter 

is to show the application of two polyP analysis methods, commonly used in the 

yeast S. cerevisiae, to C. reinhardtii: 1) Colorimetry assay of Ppx1 treated RNA 

samples and 2) Toluidine Blue staining of polyP resolve by PAGE. The first 

method allows the quantification of polyP and is fitted in the mass balance of P. 

The second provides a tool for qualitative visualisation of polyP and detection of 

the length of the polyP chain. I used this tool to observe the dynamics of the 

accumulated polyP pool and to test the hypothesis formulated by Solovchenko 

et al., that polyP is accumulated as a long-chain polymer during microalgal P 

overplus (Solovchenko et al., 2019a, Solovchenko et al., 2019b, Lobakova et 

al., 2023). 

Lastly, one of the main gaps in the knowledge of microalgal P metabolism is 

how polyP synthesis occurs. As mentioned earlier in section 2.4.4 (Chapter 2 

Literature Review), the synthesis of polyP by C. reinhardtii occurs through the 



73 
 

VTC complex and its regulation is conjectured to be similar to that of S. 

cerevisiae (Wild et al., 2016). In budding yeast it is believed that inositol 

pyrophosphates (PP/IPs) production responding to ATP fluctuation triggers 

polyP synthesis. The binding of IPs to the SPX domain of the VTC complex 

presumably is responsible for activating polyP synthesis (Sanz-Luque et al., 

2020, Lonetti et al., 2011, Gerasimaite et al., 2017). However, C. reinhardtii, 

striking differs from yeast regarding general polyP metabolism. For instance, a 

key enzyme the exopolyphosphatase Ppx1, has no homologs in microalgae 

(Wurst et al., 1995, Plouviez et al., 2023a). Since inositol hexakisphosphate 

(IP6) can also be visualised via PAGE, and it is a precursor of the synthesis of 

PP/IPs, this chapter will evaluate the hypothesis that the IP6 detection pattern 

should match that of polyP during P overplus, reaffirming the role of IPs in polyP 

synthesis. 

4.2 Objectives 

1. To understand physiological responses to P deprivation and their 

relationship with the P overplus phenomena in C. reinhardtii. 

2. To implement reliable analytical methods to quantify and characterise in-cell 

polyphosphate in C. reinhardtii and understand its dynamics during P 

overplus. 

4.3 The study of P deprivation in C. reinhardtii  

4.3.1 C. reinhardtii can sustain the same initial growth rate under P 

deprivation compared to P-replete cells  

To determine the physiological parameter(s) of P deprivation that are correlated 

with the highest P overplus response in C. reinhardtii, I monitored different 

growth parameters in four strains, cultivated under P-deprivation conditions and 

compared these to cells cultivated under non-deprived conditions (‘control’). 

The strains CC-1690, CC-125, CC-5325 and CC-4350, obtained from the 

Chlamydomonas Resource Center were selected due to their broad use in 

Chlamydomonas sp. research. The strain CC-1690 has been used for the 

Chlamydomonas Genome Project (Craig et al., 2023). CC-125 is one of the 

oldest and most widely used wild-type strains (Pröschold et al., 2005), and is 

the background of many mutants. CC-5325 is the background of the Clip mutant 

library and was thought to be cell wall deficient (Li et al., 2016) until Zhang et al. 

concluded that it has a comparable intact cell wall to that of CC-1690 but thinner 

(Zhang et al., 2022). Lastly, the cell wall deficient strain CC-4350 is widely used 

due to its high transformation efficiency (Neupert et al., 2009).  
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Figure 4.1 C. reinhardtii biomass growth during control and P-deprivation 

experiment. For the strains CC-1690, CC-125, CC-5325 and CC-4350, growth was 
not altered when mid-exponential cells were resuspended in TA media. Mid-
exponential cells were resuspended in TAP media (Left column) or TA media (Right 
column). A-B Biomass concentration (g dw/L), C-D Cell count (106 cells/mL) and E-F 
Optical density (Absorbance 750nm). 
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In these C. reinhardtii strains, I examined biomass, cell number and optical 

density, after resuspending mid-exponential growing (OD750nm=1.0) cells in P-

free (TA) or TAP media (Figure 4.1). Pre-cultivation of C. reinhardtii until 

OD750nm=1.0 is needed to ensure that all cells are at the same growth and 

metabolic stage before control (resuspension in TAP) and treatment 

(resuspension in TA) experiments started. No differences were observed in the 

growth patterns of C. reinhardtii cells between P-deprived and non-P-deprived 

cultures. One of the objectives of this experiment was to determine the time 

when growth terminates, which occurred at the 24 h time-point. After this time, 

all the cultures reached a stationary growth phase. The different parameters of 

growth (growth rates, doubling times and biomass productivity) are summarised 

in (Table 4.1). For all four strains, growth continues at the same rate, 24 h after 

resuspension, independently of P availability in both TA and TAP (p-

value=0.66). The results allowed me to confirm that growth ended after 24 h 

under both P-deprived and control conditions and suggest that factors other 

than P are limiting growth. In terms of biomass productivity, no difference was 

observed in P deprivation compared to the control experiment (p-value=0.85). 

The four strains produced approx. 0.47 g dw/L during the first 24 h, in both 

experimental conditions. Doubling times were significantly shorter for the strain 

CC-4350 (p-value=4.76x10-4). This strain is characterized by having smaller 

cells than the other strains, which I validated by estimating the cell biovolume 

(Figure 4.2) from pictures collected at the time of cell counting (see Chapter 3 

Materials and Methods section 3.4.2), and requires a considerably higher 

number of cell division cycles to generate biomass (Chlamydomonas Resource 

Center).  

P deprivation has been shown to trigger cells C. reinhardtii cells to increase in 

size due to starch accumulation as shown in (Bajhaiya et al., 2016), or lipids for 

other microalgae (Hu et al., 2008, Liu and Benning, 2013). However, larger cells 

were only observed for the strain CC-5325 after resuspension in TA media (p-

value=8.85x10-4). Since the experiments were run under continuous 

illumination, it is not expected that cells will have a synchronised circadian 

rhythm and hence a greater variation in cell size is likely (Craigie and Cavalier-

smith, 1982, Zones et al., 2015).  
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Table 4.1 Growth parameters calculated during control and P-deprivation 
experiment. Mid-exponential cells were resuspended in TAP media (Control) or TA 

media (Treatment). Values average (n=3) ±SE, calculated during exponential growth 

(24 h) as shown in section 3.7.1 in Chapter 3 Materials and Methods 

A 

 

Strain 

Specific growth rate 

(h-1) 

Control 

(TAP) 

Treatment 

(TA) 

CC-1690 0.037 ± 0.002 0.032 ± 0.002 

CC-125 0.027 ± 0.002 0.032 ± 0.003 

CC-5325 0.051 ± 0.001 0.041 ± 0.002 

CC-4350 0.038 ± 0.003 0.044 ± 0.004 

Average 0.038 ± 0.005 0.037 ± 0.003 

B 

 

Strain 

Doubling time 

(h) 

Control 

(TAP) 

Treatment 

(TA) 

CC-1690 24.2 ± 5.0 20.1 ± 3.1 

CC-125 25.2 ± 2.8 24.1 ± 2.2 

CC-5325 20.9 ± 2.7 25.9 ± 2.2 

CC-4350 13.8 ± 1.2 11 ± 1.2 

Average 21.0 ± 2.6 20.3 ± 3.3 

C 

 

Strain 

Biomass productivity 

(g dw L-1 h-1) 

Control 

(TAP) 

Treatment 

(TA) 

CC-1690 0.021 ± 0.002 0.019 ± 0.001 

CC-125 0.018 ± 0.001 0.020 ± 0.002 

CC-5325 0.027 ± 0.001 0.020 ± 0.002 

CC-4350 0.018 ± 0.002 0.019 ± 0.002 

Average 0.021 ± 0.002 0.020 ± <0.001 
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Figure 4.2 C. reinhardtii cell volume in control and P-deprivation 
experiment. CC-4350 cells are approximately half the size of the strains CC-1690, 

CC-125 and CC-5325. Mid-exponential cells (OD750nm=1.0) were resuspended in TAP 
media (Control) or TA media (Treatment). Cell biovolume (µm3) data was collected for 
the 24 h time point after resuspension. A CC-1690, B CC-125, C CC-5325 and D CC-
4350 (n=30-50 cells). 

4.3.2 P-deprived C. reinhardtii sustains growth due to ability to 

mobilise internal inorganic P reserves  

Next, I aimed to identify the dynamics of the internal pools of P that allow P-

deprived C. reinhardtii to sustain growth at the same rate as non-P-deprived 

cells. To do so, I applied a polyP quantification method commonly used in the 

yeast Saccharomyces cerevisiae (Lonetti et al., 2011) in C. reinhardtii. In this 

method, RNA extraction is followed by recombinant Ppx1 treatment to degrade 

all polyphosphate into free phosphate, which can be quantified using malachite 

green assay (see Chapter 3 Materials and Methods section 3.6.4). I expressed 

polyP as a proportion of dry biomass (dw) (Figure 4.3A-B). Biomass 

concentration (g dw/L) was stable after growth ceased in both control and 

treatment experiments (Figure 4.1A and B). Expressing polyP in proportion to a 

stable parameter like dry biomass allows the determination of reliable patterns 

of change. When there was no P-deprivation (Figure 4.3A), I observed that the 

strain CC-5325 kept accumulating polyP throughout the control experiment. 
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This strain contrasted with the other strains, which maintained a stable polyP 

content of approx. 1.0% PO4-P,dw (0.75% PO4-P,dw for CC-4350). CC-5325 

and CC-4350 are the strains with the highest and lowest content of polyP, 

respectively. For P-deprived cultures, a rapid decrease in the polyP content was 

observed, which reached a plateau at the 24 h time point, for all the strains 

(Figure 4.3B). 

 

Figure 4.3 Phosphate accumulation of C. reinhardtii during the control and 
P-deprivation experiment. C. reinhardtii (CC-1690, CC-125, CC-5325 and CC-

4350) mid-exponential cells were resuspended in TAP media (Control) or TA media 
(Treatment). A-B polyP content in biomass (% PO4-P,dw), C-D Total P in biomass (% 
PO4-P,dw) and E-F polyP/Total P mass ratio (% w/w).  
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As any living organism, C. reinhardtii is constituted of both inorganic (e.g. polyP, 

free phosphate) and organic (e.g. RNA/DNA, ATP, phospholipids, etc.) forms of 

phosphate. To measure the total content of phosphate in the biomass (organic 

and inorganic), I used an oxidating reagent composed of potassium persulfate 

and sulphuric acid to completely digest dry biomass samples, hence releasing 

all phosphate present in the biomass (Figure 4.3C-D). Released P was 

quantified using the ascorbic acid blue assay and further confirmed by IC-MS 

(see Chapter 3 Material and Methods section 3.5.2 and 3.5.3). In both the 

control and treatment experiments, the total P content in the biomass (%PO4-

P,dw1) follows the same pattern as that of polyP (Figure 4.3A-B). After 24 h of 

P deprivation, all strains of C. reinhardtii reach their lowest content of both 

polyP (approx. 0.1%PO4-P,dw) and total P (approx. 0.5%PO4-P,dw) in biomass. 

This corresponds to growth cessation after resuspension in TA media (see 

Figure 4.1B, D and F). The ability to specifically quantify polyP in C. reinhardtii 

for the first time demonstrates that polyP reserves are not completely degraded 

upon P deprivation. P deprivation led to a decreased polyP/total P mass ratio of 

20% (Figure 4.3F), compared to the constant ~50% observed in the control 

experiment (Figure 4.3E).  

The quantification of polyP in Figure 4.3A and B was accompanied by the 

detection of polyP by polyacrylamide gel electrophoresis (PAGE) shown in 

Figure 4.4. PAGE was used to detect the polyP chain length distribution. polyP 

is a highly polyanionic polymer and thus, migrates down the vertically placed gel 

with the current and voltage applied, according to its molecular weight (Christ et 

al., 2020b). PAGE gives a qualitative perspective of polyP upon visualisation 

with toluidine blue O stain. RNA samples for PAGE analysis were normalised by 

dry mass. The equivalent to 20 μg RNA for mid-exponential cells (before TAP or 

TA resuspension) was approx. 500 μg dw. In the control experiment, no 

changes were observed in the intensity of the polyP smear over time (Figure 

4.4A and B), except for CC-5325, for which the intensity appears to increase 

consistently with Figure 4.3A. The PAGE in Figure 4.4A and B also show that 

in the first 24 h, when growth was observed, the polyP pool is mostly composed 

of long/medium chain length polymers. As cells enter the stationary phase, 

polyP starts to be mobilised into medium and shorter-chain polyP. Figure 4.4C 

and D shows that PAGE polyP detection matched the pattern observed in 

Figure 4.3B for P-deprived cultures. 

 

1 Please note that units for polyP and total P content in biomass are the same but 
represent different quantities. polyP units represent phosphate degraded from the 
polyP chain after Ppx1 treatment. Total P accounts for all phosphate released from 
the dry biomass after acid digestion. 
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Figure 4.4 PAGE polyP visualisation with equal loading of dry biomass 

from control and P-deprivation experiment.  Equivalent loading of dry mass on 
20% PAGE provides accurate qualitative detection of polyP. C. reinhardtii CC-1690, 
CC-125, CC-5325 and CC-4350 mid-exponential cells were resuspended in TAP 
(Control) or TA media (Treatment) and monitored for 96 h. The equivalent of 500 µg dw 
was loaded on each sample well. polyP100 is a standard for medium to short-chain 
polyphosphate. PAGE was stained with toluidine blue. Each time point corresponds to 
the first biological replicate (out of three), for each experiment (TAP vs TA). 
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4.3.3 RNA, the second largest pool of P in C. reinhardtii is degraded  

upon longer P deprivation 

In photosynthetic microorganisms like microalgae, polyP and RNA are 

considered the largest pools of P (Raven, 2013, Rees and Raven, 2021). Thus, 

I also monitored the variation of the RNA content of C. reinhardtii during P-

deprivation (Figure 4.5). In both the control and the treatment, I observed that 

the content of RNA decreased as the cells of the four strains entered the 

stationary growth phase. For the P-deprivation cultures, the RNA levels did not 

fall below approx. 2% RNA,dw for all the strains even after 96 h following 

resuspension in TA media (Figure 4.5B). These results indicate that the 

inorganic reserves of P (polyP) were used in the first 24 h after resuspension in 

TA media. After this period, C. reinhardtii cells seemed to use organic forms of 

P as an alternative source, which are presumably mostly obtained from the 

degradation of ribosomal RNA which accounts for 98% of total cellular RNA 

(Raven, 2013).  

The results indicate that growth cessation and lowest inorganic (polyP) reserves 

of P concurred 24 h after P deprivation, whereas the lowest RNA content 

(organic pool of P) was reached later after 96 h of P deprivation. Therefore, it 

was decided to test the effect of reaching the lowest polyP (24 h) and lowest 

RNA (96 h) content, upon P deprivation, on the ability of the cells to exhibit P 

overplus.  

 

Figure 4.5 RNA content in the biomass variation during the P-deprivation 

experiment in C. reinhardtii. CC-1690, CC-125, CC-5325 and CC-4350 mid-
exponential cells were resuspended in TAP (Control) or TA (Treatment) media. A-B 
RNA content in biomass (%RNA,dw). The inset in diagram B shows RNA variation with 
the addition of the 144 h time point. 
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4.3.4 Ammonium and sulphate removal from the media is not 

affected by P deprivation in C. reinhardtii 

To measure the rate of P removal from the media and confirm the mass 

balance of P, I measured the phosphate concentration in the filtered 

supernatant (see Chapter 3 Material and Methods section 3.5.3), as mentioned 

above. TAP media contains Tris buffer and thus the culture pH never goes 

above the precipitation index (pH=8.5) for phosphorus as calcium phosphate. 

Therefore, it may be assumed that phosphate was present either in the media 

or in the biomass. Figure 4.6A shows the concentration of phosphate in the 

media and the biomass for the control experiment. As expected, the high 

content of phosphate in the biomass of strain CC-5325 (Figure 4.3C) was 

consistent with a higher removal of phosphate from the media (87% P 

removed), compared to the other strains. Since the values of P removed 

matched those of P accumulated in the biomass, it can be said that the mass 

balance of P for the four strains after resuspension in TAP media fits 

appropriately, which validates the techniques used for P analysis. Furthermore, 

the removal of P from the media in the control experiment evidences that under 

no P deprivation conditions, C. reinhardtii does not use its internal reserves of P 

as it occurred in P-deprived cultures (Figure 4.6B).  

Furthermore, I was also interested in determining whether P deprivation could 

affect biomass composition. Elemental analysis (CHNS) was used to obtain the 

content of carbon, nitrogen and sulphur in dry biomass samples collected for 

both control and treatment experiments (see Chapter 3 Material and Methods 

section 3.6.3). However, I did not observe any significant differences (p-

value=0.74) in the biomass composition of carbon of C. reinhardtii after 24 h of 

resuspension in either TAP or TA media (Table 4.2). The nitrogen concentration 

in the biomass for both the control and treatment obtained from CHNS analysis 

was plotted together with the media concentration of ammonium (mg NH4-N/L), 

which is the only source of nitrogen in the media  (Figure 4.6C-D). The 

ammonium and sulphate concentrations in the media were obtained from the 

IC-MS results. 
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Figure 4.6 Nutrient removal from the media during the control and P-
deprivation experiment. CC-1690, CC-125, CC-5235 and CC-4350 mid-

exponential cells were resuspended in TAP (Control) or TA (Treatment) media. Nutrient 
concentration in the media (dash-dotted line) and in the biomass (solid lines) of A-B 
Phosphate (mg PO4-P/L), C-D Ammonium (mg NH4-N/L) and E-F Sulphate (mg SO4-
S/L) 

No differences in the accumulation of nitrogen were observed according to the 

availability of P in the media. To note, biomass nitrogen concentration (mg N/L) 

accounts for all forms of nitrogen within the cell (not only ammonium), but the 

scale is the same as that for medium concentration. In the case of sulphur, 

unfortunately, biomass concentration data (mg SO4-S/L) did not close the mass 
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balance. I believe this is because of its very low content in biomass in 

comparison with carbon and nitrogen. The biomass composition of C. reinhardtii 

is approx. 50% C,dw, 8-10% N,dw, and 0.5% S,dw. Thus, the S content may be 

under the limit of detection of the elemental analyser. Overall, the data suggests 

that P deprivation did not affect the removal of ammonium and sulphate from 

the media, under the experimental conditions tested2.  

Table 4.2 Biomass carbon and nitrogen composition in control and P-
deprivation experiment. Mid-exponential cells of CC-1690, CC-125, CC-5325 and 

CC-4350 were resuspended in either TAP (Control) or TA (Treatment) media. Values 
represent the average of three biological replicates ±SE at the 24 and 96 h time point 

A  

%C,dw 

Control (TAP) Treatment (TA) 

Strain 24 h 96 h 24 h 96 h 

CC-1690 49.6±0.3 50.0±0.3 50.1±0.3 50.6±0.1 

CC-125 49.2±0.7 50.4±0.2 49.0±0.3 50.2±0.1 

CC-5325 48.7±0.2 48.0±0.1 49.3±0.2 50.0±0.1 

CC-4350 50.1±0.5 51.0±0.3 48.8±0.1 49.7±0.1 

Average 49.4±0.3    49.8±0.2 49.3±0.2 50.1±0.1 

B  

%N,dw 

Control (TAP) Treatment (TA) 

Strain 24 h 96 h 24 h 96 h 

CC-1690 10.5±0.1 9.7±0.2 10.4±0.1 9.7±0.1 

CC-125 10.5±0.1 9.6±0.1  9.9±0.1 9.3±0.1 

CC-5325 10.1±0.1 9.2±0.1 10.3±0.2 9.2±0.1 

CC-4350 10.2±0.1 9.6±0.1 10.0±0.1 9.5±0.1 

Average 10.3±0.1 9.5±0.1 10.1±0.1 9.4±0.1 

  

 

2 The IC results also provided data for the concentration of any detectable anions or 
cations in the media over 1 mg/L, like magnesium and calcium which are relevant 
in the study of polyP, but the results were not consistent with the concentration of 
these cations in TAP media and thus, were not analysed 
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4.4 The study of P overplus in C. reinhardtii  

4.4.1 P deprivation and subsequent resupply as KPO4 does not 

affect biomass growth in C. reinhardtii 

At the time following P deprivation when the lowest polyP (24 h) or RNA (96 h) 

levels were observed, the cultures of C. reinhardtii were supplied with 1 mM P 

with a KPO4 solution (see Chapter 3 Material and Methods section 3.3.5) to 

trigger a P overplus response. A concentration of 1 mM P was chosen to match 

that of TAP media. To determine whether this response affected growth, I 

monitored biomass concentration (g dw/L), cell count (106 cells/mL) and optical 

density (Absorbance 750nm) (Figure 4.7). After KPO4 repletion, I observed a 

subtle increase in growth in the 24 h P-deprived cultures of the four strains. For 

the 24 h P-deprived cultures indeed the growth rates were significantly higher 

than those of 96 h P-deprived cultures (p-value=0.001) (Table 4.3). 

Nonetheless, the growth rates (h-1) and biomass productivity (g dw L-1 h-1) were 

negligible for all the strains (values below 0.005 h-1 or g dw L-1 h-1) and no cell 

division was observed. This indicates that cells did not grow when supplied with 

KPO4 after either P-deprivation until the lowest polyP (24 h) or lowest RNA     

(96 h). 
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Figure 4.7 C. reinhardtii biomass growth during P overplus upon KPO4 

repletion. KPO4 repletion did not affect P-deprived C. reinhardtii (CC-1690, CC-125, 
CC-5325 and CC-4350) growth. Mid-exponential cells were harvested and 
resuspended in TA media for 24 h (left) or 96 h (right) and then supplied with 1 mM P 
with a KPO4 solution. A-B Biomass concentration (g dw/L), C-D Cell count (106 
cells/mL) and E-F Optical density (Absorbance 750nm). 
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Table 4.3 Growth parameters of P-deprived C. reinhardtii after KPO4  
repletion. Values were calculated after P-deprived cells of CC-1690, CC-125, 

CC5325 and CC-4350 were supplied with 1 mM P with a KPO4 solution. Values show 
the average of three biological replicates ±SE calculated during the whole monitoring 
period after P repletion 

A 
 

KPO4 repletion after               
P-deprivation  

 
     Strain 

Specific growth rate  

(h-1) 

Until min polyP  
(24 h) 

Until min RNA 
(96 h) 

CC-1690 0.003 ± 0.001 0.001 ± 0.001 

CC-125 0.004 ± 0.001 0.003 ± 0.001 

CC-5325 0.003 ± 0.001 0.002 ± 0.001 

CC-4350 0.003 ± 0.001 0.002 ± 0.001 

 B 
 
 

KPO4 repletion after               
P-deprivation 

 
     Strain 

Biomass productivity  

(g dw L-1 h-1) 

Until min polyP  
(24 h) 

Until min RNA 
(96 h) 

CC-1690 0.003 ± 0.001 0.001 ± 0.001 

CC-125 0.004 ± 0.001 0.003 ± 0.001 

CC-5325 0.002 ± 0.001 0.002 ± 0.001 

CC-4350 0.003 ± 0.001 0.002 ± 0.001 

 

4.4.2 Longer P-deprivation does not always mean bigger P overplus 

in C. reinhardtii  

As mentioned in section 4.3.3 I found three physiological parameters which 

reached a plateau upon P deprivation at different times: Growth cessation 

lowest polyP content (24 h) and lowest RNA content (96 h). I tested the effect of 

both P deprivation periods on P overplus to detect which one triggered the 

highest polyP accumulation. This is under the hypothesis that a longer P 

deprivation period should trigger the bigger P overplus as it has been commonly 

assumed in the literature. 
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Figure 4.8 Phosphate accumulation of C. reinhardtii during P overplus 

upon KPO4 repletion. Bigger P overplus observed in C. reinhardtii cells P-deprived 
until the lowest polyP was observed (24 h) and supplied of 1 mM P. Mid-exponential 
cells of strains CC-1690, CC-125, CC-5325 and CC-4350 were resuspended in TA 
media for 24 h (left) or 96 h (Jonkman et al.) and then supplied of 1 mM P with a KPO4 
solution. A-B polyP content in biomass (%PO4-P,dw), C-D Total phosphate (P) content 
in biomass (%PO4-P,dw) and E-F polyP to Total P mass ratio (%w,w) 

Contrary to this hypothesis, I found that 24 h P-deprived C. reinhardtii cells 

accumulated more polyP than 96 h P-deprived cultures upon P repletion with 

KPO4 (Figure 4.8A and B). Figure 4.8A shows that all 24 h P-deprived strains 

had a 15-fold increase in their polyP content (going from 0.09% to 1.40%PO4-

P,dw), after only 6 h following P resupply. In contrast, 96 h P-deprived cultures 
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only exhibited a 6-fold increase in polyP content after 6 h of P addition (Figure 

4.8B). Total P content in the biomass consistently followed the same pattern as 

that of polyP (Figure 4.8C and D). Interestingly, after the 6 h content peak, 

polyP or total P levels in 24 h P-deprived cultures did not decrease, but 

remained stable for the rest of the experiment, except for the strain CC-1690, 

for which polyP and total P levels decreased by approximately 30% and 40%, 

respectively. For the strain CC-4350 the polyP levels decreased 30% after the 

24 h of KPO4 repletion but not for total P. For 96 h P-deprived C. reinhardtii, 

polyP and total P accumulation increased after 6 h of P repletion and slowly 

increased further to reach its maximum value at the end of the experiment for 

strains CC-125 and CC-5325. Whereas for 96 h P-deprived CC-1690 and CC-

4350, polyP and total P content remained stable after the 6 h peak. Overall, the 

P overplus response was consistent but the slight variation in the P 

accumulation dynamics may be attributed to differences between strains. The 

polyP/total P mass ratio (Figure 4.8E and F) during P overplus for both P 

deprivation periods tested, went back up to approximately 50% (w/w). However, 

the polyP/total P ratio after P repletion was significantly higher in 24 h P-

deprived C. reinhardtii than in 96 h P-deprived cells (p-value=0.014). 

Why a longer period of P deprivation did not trigger a higher polyP accumulation 

in this experiment? The data indicate that after 96 h of P-deprivation, the 

organic pools of P (e.g. RNA) were altered, hence counteracting P overplus. 

Figure 4.9A indicates that P-deprivation until the lowest polyP was observed, 

did not alter the RNA dynamics observed under no P-deprivation conditions 

(Figure 4.5A). Whereas, a longer period of P deprivation until the lowest RNA 

content (96 h) was reached (Figure 4.9B), triggered a completely different 

pattern in RNA content. Under these conditions, C. reinhardtii cells had no 

variation in the RNA content during the experiment, and P overplus was at least 

partially inhibited (Figure 4.8B). Thus, the observation that RNA was not 

recovered after P resupply may be a consequence of 1) the state of the cells at 

the point of repletion (late stationary growth) or 2) that reduced RNA content in 

biomass upon P deprivation, may have triggered a dormant state in the cells 

(probably quiescence). 

This unique dynamic between polyP and RNA uncovered during this P overplus 

experiment in C. reinhardtii challenges the assumption that the longer the P 

deprivation, the bigger the P overplus in microalgae. Based on the previous 

studies mentioned in the introduction of this chapter (section 4.1) and my data, 

it may be said that this notion is probably valid until the lowest inorganic P levels 

(polyP) are reached within the cells. My data suggest that interfering with 

organic pools of P (i.e. RNA. ATP) upon P deprivation has a negative effect on 
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P overplus. Thus, C. reinhardtii cells, P-deprived for 96 h, possibly do not count 

with the energy (ATP) required to perform an optimum P overplus or to recover 

their RNA pool. 

 

Figure 4.9 RNA content in biomass of P-deprived and KPO4 repleted C. 
reinhardtii during P overplus. P deprivation until the lowest RNA content was 
observed (96 h), altered RNA dynamics. Mid-exponential cells of strains CC-1690, CC-
125, CC-5325 and CC-4350 were resuspended in TA media for A 24 h or B 96 h  and 
then supplied of 1 mM P with a KPO4 solution 

4.4.3 Unique polyP dynamics are shown for C. reinhardtii during 

phosphate overplus 

PAGE was used to determine the pattern in the polyP chain length in C. 

reinhardtii under P overplus after P deprivation for either 24 h or 96 h (Figure 

4.10). During P deprivation, the polyP size distribution is consistent with PAGE 

shown in Figure 4.4C for the strain CC-1690, showing decreased polyP smear 

as cells experience P deprivation. This same strain was used in Figure 4.10 as 

a representative of the four strains used in this study. When KPO4 was supplied 

to P-deprived cells (P repletion), P overplus in the form of polyP over 

accumulation generated mostly high molecular weight polyP, concentrated at 

the top of the gel in the first 6 h after repletion. After this time point, polyP is 

mobilised and degraded into medium and short chain lengths. The pattern in P 

overplus observed in these gels is consistent for the other three strains CC-125, 

CC-5325 and CC-4350 (see Figure A 3 and Figure A 4). The pattern in polyP 

accumulation was very similar for both periods of P deprivation tested. Although 

lower intensity in the polyP smear was detected in P overplus on 96 h P-

deprived CC-1690, as expected, given that this period of resuspension in TA 

media triggered less polyP accumulation after P addition (Figure 4.3B). 

Why is polyP mobilised after the 6 h peak, even if cells are in the stationary 

phase? polyP turnover allows housekeeping of the biomass, even during 
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stationary growth, where phosphate is needed for the synthesis of organic 

molecules (DNA/RNA, ATP, phospholipids, etc.). Otherwise, it could also be 

that an increase in short-chain polyP at later stages of P overplus (after 24 h of 

P addition) could also allow readily available P to be used in the scenario of 

resumed growth under low P availability in the environment. 

 

Figure 4.10 PAGE with polyP migration during P-deprivation and P 

repletion as KPO4. 33% PAGE shows polyP migration of strain CC-1690 mid-
exponential cells (-24 h and -96 h time point) resuspended in TA media (P deprivation) 
for A 24 h or B 96 h (-72 h sample is equivalent to 24 h after P deprivation) and 
supplied of 1 mM P with a KPO4 solution (P repletion). An equivalent of 500 μg dw per 
well was loaded. polyP100 was used as a standard (left side of both PAGEs). OrG 
indicates Orange G dye migration. IP6 2 nmol standard confirmed the presence of IP6. 
Gel was cut to show only the relevant samples (Uncut gel shown in Figure 4.3, in 

Chapter 4). PAGE for strains CC-125, CC-5325 and CC-4350 are shown in Figure A 
3 and Figure A 4. 

4.4.4 Phosphate overplus was accompanied by an unexpected IP6  

surplus pattern 

As mentioned in the section above, phosphate repletion led to a rapid polyP 

accumulation in high polymeric species as observed by PAGE (Figure 4.10). 

PolyP was later mobilised into medium and short chain length forms. This 

observation is interesting given that the quantification of polyP measured 

remained overall stable after the 6 h peak (Figure 4.8A and B). The use of 

different methodologies for polyP analysis gives a more complete picture of 
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polyP dynamics as a combination of both quantitative and qualitative 

approaches. 

For instance, by increasing the acrylamide concentration to 33.3% in PAGE, the 

presence of inositol hexakisphosphate (IP6), a molecule which can also be 

stained with toluidine blue dye, was detected in RNA samples extracted at 

different time points during the P overplus experiment (Figure 4.10). 

Surprisingly, IP6 exhibits a completely different overplus pattern compared to 

polyP. A faint IP6 signal could be observed 6 h after P repletion. This signal 

increased in its intensity and reached its maxima at the end of the experiment 

(96 h). The IP6 surplus pattern was observed in all four strains of C. reinhardtii 

for both P-deprivation periods (see Figure A 3 and Figure A 4). 

4.4.5 C. reinhardtii phosphate overplus did not affect the removal of 

ammonium or sulphate from the media 

As a result of the rapid polyP accumulation at the repletion stage of previously 

P-deprived C. reinhardtii, phosphate is removed from the media. Figure 4.11A 

and B, show the removal of P for both 24 h and 96 h P-deprived cultures. 

Consistently with P accumulation in the biomass (Figure 4.8C-D), cells 

deprived of P until reaching the lowest polyP levels (24 h) achieved a higher P 

removal efficiency compared to 96 h P-deprived cultures (p-value=5.74x10-5). 

Interestingly, for the cultures that were deprived of P for 96 h, I observed 

significant differences in the percentage of P removal across the strains (p-

value=3.23x10-5), with the strains CC-1690 and CC-5325 achieving the lowest 

(20%) and highest (63%) removal of phosphate by the end of the monitoring 

period (96 h), respectively. In contrast, all 24 h P-deprived strains removed 60% 

of phosphate from the media (p-value=0.25). As a comparison, Plouviez et al. 

reported the complete removal of P from the media in their experiments after 

0.33 mM P supply as KPO4, in 24 h (Plouviez et al., 2021).  Although their initial 

biomass concentration was approx. half of the one I measured in this 

experiment (Table S1 in (Plouviez et al., 2021)), they also reported a very low 

increase in biomass concentration after P supply consistently with Figure 4.7. 

Furthermore, as in section 4.3.4, I monitored the concentration of ammonium 

and sulphate in the media to assess whether P overplus responses affect the 

removal of other nutrients apart from phosphate. I also wanted to determine if 

the removal of these nutrients was different between the two P-deprivation 

periods tested. Figure 4.11C-F shows that P overplus did not affect the removal 

of these nutrients, and neither did the previous P deprivation for 24 or 96 h. For 

both ammonium and sulphate, there was a low removal rate throughout the 

experiment and a 30% removal was achieved for the four strains (Figure 4.11E-
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F). This indicates, under the cultures conditions I tested, that the P overplus 

phenomena is strictly related to P homeostasis within the cells, and the removal 

of other nutrients was not necessary to support this response. Probably, given 

that there was no biomass growth observed (Figure 4.7). Lastly, I did not 

observe any significant differences in the carbon or nitrogen content 24 h after 

P repletion in either of the P-deprived periods tested in Table 4.4 (p-

value=0.072 and p-value=0.059, respectively).  

 

Figure 4.11 Nutrient removal from the media during P overplus upon KPO4 

repletion. Consistent higher phosphate removal was achieved after 24 h P-deprived 
C. reinhardtii was supplied with 1 mM P. Mid-exponential cells of strains CC-1690, CC-
125, CC-5325 and CC-4350 were resuspended in TA media for 24 h (left) or 96 h 
(Jonkman et al.) and then supplied of 1 mM P with a KPO4 solution. A-B Phosphate 
concentration in the media (mg PO4-P/L), C-D Ammonium concentration in the media 
(mg NH4-N/L) and E-F Sulphate concentration in the media (mg SO4-S/L). 
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Table 4.4 Biomass carbon and nitrogen content during P overplus upon 
KPO4 repletion. P-deprivation and repletion did not affect major components of 

biomass. A Carbon content in biomass (%C,dw) and B Nitrogen content in biomass 
(%N, dw). Values show carbon and nitrogen contents after (24 h) of KPO4 repletion for 
C. reinhardtii cells P-deprived for 24 h and 96 h. Average of three biological replicates 
is shown ±SE for strains CC-1690, CC-125, CC-5325 and CC-4350 

A 

 

KPO4 repletion 

after P deprivation: 

 

%C,dw 

Until min 

polyP 

(24 h) 

Until min 

RNA 

(96 h) 
Strain 

CC-1690 51.3±0.2 50.3±0.4 

CC-125 50.3±0.9 49.2±0.3 

CC-5325 49.5±0.3 50.7±0.1 

CC-4350 47.9±0.7 51.3±0.4 

Average 49.8±0.7 50.4±0.4 

 

B 

 

KPO4 repletion 

after P deprivation: 

 

 

%N,dw 

Until min 

polyP 

(24 h) 

Until min 

RNA 

(96 h) Strain 

CC-1690 8.8±0.1 9.4±0.1 

CC-125 9.0±0.6 9.2±0.1 

CC-5325 9.9±0.1 9.1±0.1 

CC-4350 9.2±0.5 9.1±0.1 

Average 9.2±0.2 9.2±0.1 
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4.5 Results summary and discussion 

In this work, I demonstrate the successful application of polyP quantitative and 

qualitative analysis methods taken from S. cerevisiae, to the green microalgae 

C. reinhardtii. In the S. cerevisiae field, quantification of polyP is expressed 

relative to RNA content (Lonetti et al., 2011). However, for C. reinhardtii RNA is 

the second largest pool of phosphate and therefore is subjected to change 

during P-limiting conditions. Hence, in the appendix Figure A 1 and Figure A 2, 

I show that both in quantitative and qualitative methods for polyP analysis under 

P deprivation polyP content relative to RNA decreases in the first 24 h of 

resuspension in TA media, but increases later at the 96 h time point. This 

observation could suggest that polyP was resynthesized using the phosphate 

released from RNA degradation observed upon P-deprivation (Figure 4.5B). 

Otherwise, polyP levels (relative to RNA content) could have increased solely 

because RNA content in the biomass decreased after growth terminated. The 

latter was confirmed by normalising polyP by dry biomass. The pattern in the 

biomass concentration under P-deprivation shows little change over time after 

reaching stationary growth and was no different in the control experiment 

(Figure 4.1). Thus, an increase in polyP relative to dry biomass, at the same 

time point, would lead to arguing whether P is mobilised from RNA to polyP 

under P deprivation conditions. However, as shown in Figure 4.3B and Figure 

4.4C-D, no increase was observed in polyP content in proportion to the dry 

biomass of C. reinhardtii after 96 h. Overall, these results indicate that polyP 

quantification relative to RNA is not suitable for the study of P metabolism in C. 

reinhardtii. This is due to its RNA dynamics as a major pool of P (Raven, 2013). 

Doing so could lead to misinterpretations of the data. Therefore, I chose to 

express polyP quantification relative to the dry biomass (dw) because it is a 

more stable parameter and allows a more robust perspective of polyP dynamics 

in C. reinhardtii, using both quantitative and qualitative tools for the study of 

polyP accumulation during phosphate deprivation and overplus. 

The standardisation of these methods highlighted the importance of choosing 

the appropriate normalisation parameter for polyP analysis. The methods of 

polyP quantification via Ppx1 treatment and its visualisation through PAGE 

allowed in-depth monitoring of the physiological behaviour of polyP 

accumulation during P-deprivation and P overplus. Interestingly, I observed that 

the variation in the total pool of phosphate in the biomass of C. reinhardtii 

(%PO4-P,dw) followed the same trend as that of polyP (Figure 4.3A-D and 

Figure 4.8A-D). In this project, the development of a quantitative method for 

polyP allows its comparisons with the total pool of P within the cells. The values 

I observed for polyP, fall within the spectra reported in Rees et al. study of the 
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maximum growth hypothesis in photosynthetic organisms that accumulate 

polyP (Rees and Raven, 2021). In their study, polyP accounts for approximately 

42% (w/w) of the total pool of phosphate, which is close to the 50% observed in 

the P overplus experiment after P repletion (Figure 4.8E-F). This value (50% 

polyP/total P) was also observed in the control experiment in Figure 4.3E (no P 

deprivation), which can be seen as a response to P homeostasis within the 

cells.  

Moreover, the reliability of the polyP method led to the observation in the control 

experiment (no P-deprivation) that the strain CC-5325 has an enhanced 

capacity to accumulate polyP (Figure 4.3A) and remove phosphate from the 

media, compared to the other strains (Figure 4.6A). To the best of my 

knowledge, this phenotype is described for the first time on this strain and the 

genetic basis of it is yet to be uncovered.  

The time period of P deprivation has been highlighted in previous literature for 

its effects on P overplus, but under different experimental conditions and with 

different species/strains, the physiological status of the cells may be very 

different (Solovchenko et al., 2019b, Aitchison and Butt, 1973, Plouviez et al., 

2023b, Lavrinovičs et al., 2020, Lavrinovičs et al., 2021). The study of P 

deprivation in four independent strains of C. reinhardtii was designed to 

determine the physiological parameter of P deprivation triggering the biggest P 

overplus response. My data led to the careful observation that mid-exponential 

cultures ceased growth (Figure 4.1) simultaneously whilst reaching their lowest 

polyP content (Figure 4.3B), which under the culture conditions used, occurred 

24 h after resuspension in TA media. These results are consistent with 

Aitchison and Butt, who reported that growth cessation was not due to 

exhaustion of nutrients in the media (including phosphate) in non-P-deprived 

cells. They observed that C. vulgaris P-deprived cells continued cell division at 

about the same rate as non-P-deprived cells, and this coincided with the use of 

internal reserves of P in the absence of P from the culture media (Aitchison and 

Butt, 1973). The observation that polyP was never completely depleted, 

reinforces its other roles apart from P storage (see Chapter 2 Literature Review  

section 2.3.1). Moreover, the finding that RNA content in biomass reached its 

lowest value further after 96 h of P-deprivation (Figure 4.5D) raised the 

question of whether there was a different effect of P-deprivation until the lowest 

inorganic or lowest organic P levels were reached, on P overplus. I found that 

P-deprivation until the lowest inorganic levels of P are reached (polyP), 

triggered a higher polyP accumulation than when P was deprived until lowest 

RNA content was reached (Figure 4.8A). This result challenges the long-term 

assumption that longer P deprivation triggers a bigger P overplus. Based on my 
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findings, we propose a new model for P overplus dynamics (Figure 4.12). In 

this model, ‘optimum’ P overplus is achieved when P is supplied just after the 

lowest inorganic P level is reached. Longer P deprivation is thought to interfere 

with the organic pool of P and negatively affect the state of the cells and their 

ability to respond to P resupply. This was reflected in lower polyP accumulation 

and led to a different pattern in RNA content in biomass in this experiment 

(Figure 4.8B and Figure 4.9B, respectively). Further research is needed to 

unveil the mechanism behind these dynamics.  

 

Figure 4.12 A suggested model on the effect of the P deprivation length on 
microalgal P overplus. Upon P-deprivation (solid lines), microalgae use inorganic P 

resources first and polyP (orange) reaches its lowest level (not fully degraded). Organic 
sources of P, like RNA (blue), are consumed after. A longer P deprivation period 
improves P overplus until the lowest inorganic pool of P content is reached. If P-
deprivation conditions run for longer, a negative effect on P overplus will be prompted 
due to the mobilisation of organic pools of P. This will be reflected in a lower polyP 
accumulation (weaker P overplus). Dashed strains represent polyP accumulation after 
P. 

Intriguingly, it seems that the original publication from which the assumption that 

longer P deprivation was better for P overplus goes back to 1973. In this study, 

Aitchison and Butt showed increased P accumulation when early-stationary 

Chlorella vulgaris cells were P-deprived for at least 24 h (Aitchison and Butt, 

1973). Solovchenko et al. P deprivation period tested of three consecutive 

days after growth cessation was detected, coincides with the P deprivation 

period of 96 h I used in this experiment (Solovchenko et al., 2019b). In their 

study, they supplied 0.4 mM P to P-deprived C. vulgaris CCALA 256 cells and 

observed a polyP peak of approx. 4% (w/w) after 8 h of P repletion. However, 

the peak later decreased until reaching initial values before P addition. One 

explanation for the difference in the pattern of polyP accumulation may be the 

initial biomass concentration or growth phase at the P repletion stage. For 
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instance, Solovchenko et al. repleted P-deprived C. vulgaris cultures at an 

optical density at 680nm of absorbance of approx. 0.3 (assuming that cells were 

in the early exponential phase), and it can be observed how the polyP peak is 

quickly followed by a sudden decrease as biomass experiences exponential 

growth (Solovchenko et al., 2019b). Regardless, these last two studies 

mentioned were performed with another species and the divergent patterns of 

polyP accumulation during P overplus could be species-dependent.  

Even so, the observation in my experiment that polyP levels remained stable 

after the 6 h peak, contrasts with the results reported in previous P overplus 

studies where the polyP peak is followed by a decreasing pattern (Solovchenko 

et al., 2019b, Aitchison and Butt, 1973, Sforza et al., 2018). In these studies, 

other methods to estimate polyP accumulation are used (e.g. Raman 

microscopy, DAPI, Total P content in dry biomass). Since different methods 

have a set of limitations and advantages, there is the question of how 

comparable these methods may be, as highlighted in Christ et al. review of 

polyP analysis tools in life sciences (Christ et al., 2020b). Also, Plouviez et al. 

showed that increased initial biomass concentration before P supply is related 

to lower total P accumulation during overplus (Plouviez et al., 2023b). Hence, it 

is not clear whether the inconsistency in the results of the polyP accumulation 

pattern is due to the use of alternative polyP analysis techniques, microalgae 

species, or different states of cells at the time of P repletion (lag, exponential, 

stationary phase). This highlights 1) the gap in standardising methodologies for 

consistent polyP analysis and P overplus in microalgae and 2) the importance 

of appropriately reporting on the state of the biomass (growth phase) and its 

initial concentration at each stage (P deprivation or P repletion).  

In terms of polyP accumulation performance, the highest polyP (and total P) for 

both P deprivation periods at the 6 h peak are comparable with previous P 

overplus studies on C. reinhardtii (Plouviez et al., 2021). Although Plouviez et 

al. kept the culture in ‘low P’ for 5 days and considered it P depleted, it is 

uncertain whether the state of their culture at the moment of P supply is 

comparable to one of the P deprivation periods I tested (Plouviez et al., 2021). 

In a later study, Plouviez et al. tested the effect of P deprivation length on P 

overplus in C. reinhardtii and found an increased rate of P accumulation in 

biomass with longer P deprivation periods (Plouviez et al., 2023b). When cells 

were P-deprived for 24 h and supplied with 0.33 mM P (10 mg PO4-P /L), P 

accumulation after 5 h is slightly lower (2.05% PO4-P,dw) than the one I 

observed for the same P deprivation period but after 1 mM P supply (31 mg 

PO4-P/L). Conversely, when their cultures were P-deprived for 96 h, P 

accumulation after 5 h was higher (2.28% PO4-P,dw) than the one we 
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observed. The main reason for this is that only after 96 h of P deprivation, the 

biomass reached its lowest total P content (~0.5% PO4-P,dw) (Plouviez et al., 

2023b). In this study, we reached the lowest total P content at approx. 24 h 

when transferring mid-exponential cells (OD750nm=1.0) to TA media. After 24 h P 

deprivation, biomass concentration had increased by 50% (compared to pre-

deprivation values) and cells reached the early stationary phase. At 96 h of P 

deprivation, the second period tested for P overplus, cells were in a late 

stationary phase. Goodenough et al. showed in their study that C. reinhardtii 

cells in the stationary phase retain more polyP than log phase cells 

(Goodenough et al., 2019). Also, early stationary cells have been found to 

accumulate more polyP upon P re-supply (after P starvation) than exponential 

growth cells of C. vulgaris (Aitchison and Butt, 1973). It appears more effective 

to use microalgal cultures at this growth stage, to obtain higher accumulation of 

polyP.  

Furthermore, I show that C. reinhardtii P overplus response generated mostly 

long-chain polyP in the first 6 h (Figure 4.10), confirming for the first time that 

this process of accumulation occurs likewise in yeast (Gerasimaitė et al., 2014, 

Gerasimaitė and Mayer, 2016). This observation was accompanied by the fact 

that long-chain polyP was later mobilised into shorter chain lengths. Even 

though there was no biomass growth observed, which would require the use of 

internal sources of P (Figure 4.7). Solovchenko et al. hypothesized the 

biological need for microalgae to accumulate polyP in this long-chain fashion, in 

their literature review and later studies (Solovchenko et al., 2019a, Lobakova et 

al., 2023, Solovchenko et al., 2019b). Nascent short-chain polyP may be 

simultaneously translocated to the acidocalcisomes by the VTC complex and 

elongated into long-chain polyP, to avoid polyP toxicity when located in the 

cytosol (Li et al., 2018). Solovchenko et al. postulated that one of the possible 

reasons for polyP toxicity in the cytosol is related to its uncovered role as a 

stabilising scaffold for protein folding intermediates in yeast (Solovchenko et al., 

2019a, Xie and Jakob, 2019).  Xie and Jaskob et al. showed in their review that 

bacterial long-chain polyP can help to prevent protein aggregation to keep 

proteins soluble under stress conditions. Even though this role for polyP has not 

been uncovered in microalgae, the fact that the polyP length pattern matches 

that observed in yeast reinforces this hypothesis. However, further research is 

needed to confirm or validate this theory in microalgae. 

My data also revealed the divergent pattern of IP6/polyP accumulation during P 

overplus (Figure 4.10) which challenges the presumption about the role of the 

IP6/PP-IPs pathway in polyP synthesis via the SPX domain of the VTC complex. 

This opens the possibility of IP6/PP-IPs role in polyP mobilisation or turnover 
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which is yet to be assessed. (Solovchenko et al., 2019a). During P overplus, the 

observation of IP6 accumulating, even after reaching a polyP peak (6 h) was 

unexpected. C. reinhardtii and other species (Cliff et al., 2023) harbour a VTC 

complex with an SPX domain, similar to that of Saccharomyces cerevisiae, 

which is stimulated by the IP6-derived inositol pyrophosphates (PP-IPs) (Wilson 

et al., 2013, Azevedo and Saiardi, 2017). The synthesis of IP6/PP-IPs senses 

the ATP level (as a P donor for polyP synthesis) (Aksoy et al., 2014) and basic 

metabolism processes regulated by phosphate availability (Wang et al., 2021). 

Thus, it is hypothesized that the polyP synthesis mechanism in C. reinhardtii is 

also catalysed by an SPX-containing VTC complex, via the binding of inositol 

pyrophosphate 7 (IP7) to the SPX domain (Wild et al., 2016). IP6 is a precursor 

of IP7 synthesis, via the IP6 kinase KCS1 (Saiardi et al., 1999, Draškovič et al., 

2008) or VIP1 (Lee et al., 2007, Onnebo and Saiardi, 2007), the latter with a 

homolog identified in C. reinhardtii (Couso et al., 2016). Hence, the presence 

and quantity of IP6 suggests the presence of IP7 or other PP-IPs. Furthermore, 

Plouviez et al. use neomycin treatment to confirm the role of IPs in 

polyphosphate synthesis (Plouviez et al., 2021). Neomycin is an 

aminoglycoside antibiotic which binds to the precursor of IPs and thus is 

considered to inhibit IPs synthesis. In their study, they observed approximately 

80% less phosphate accumulation in cultures treated with neomycin than in the 

control, which suggests that IPs play an expected role in polyP synthesis. 

However, this study does not report the state of the biomass before and after 

the treatment, and whether the use of the antibiotic could have a toxic effect on 

C. reinhardtii, which could affect growth and hence phosphate accumulation.  

In my experiment, the fact that IP6 accumulation occurred later after polyP 

concentration reached its highest value, suggests that the IP6/PP-IPs signalling 

pathway is unlikely the one activating polyP synthesis by the VTC complex. The 

question may be whether another role of IP6 is involved in polyP mobilisation 

since the accumulation of IP6 is accompanied by the degradation of long-chain 

polyP peak into medium and short-chain polyP in C. reinhardtii P overplus. 

Further research is needed to understand the polyphosphate synthesis 

mechanism and regulation in C. reinhardtii and other microalgae.  

Lastly, higher polyP accumulation was observed together with enhanced 

phosphate removal from the media (Figure 4.11A). However, phosphate was 

not close to being completely depleted from the media. Additionally, I confirmed 

that P overplus did not enhance the removal of ammonium or sulphate (Figure 

4.11C-F) nor it changed the biomass composition of carbon or nitrogen (Table 

4.4)
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Chapter 5 The effect of nutrients other than P on 

Chlamydomonas reinhardtii phosphate overplus response 

5.1 Introduction 

The phosphate overplus response is composed of two stages: P-deprivation 

and P-repletion. In Chapter 4, I focused mainly on the effect of P-deprivation on 

P overplus. In this present chapter, I focused on the effect of P repletion on P 

overplus. In the literature, P-deprived cultures are subjected to P-repleted 

conditions with either chemical addition of phosphate (as potassium or sodium 

phosphate) or resuspension in fresh media (or wastewater) (Plouviez et al., 

2021, Solovchenko et al., 2019b, Lavrinovičs et al., 2020). The fact that the 

latter replenishes P-deprived cells with other nutrients as well as P, generated 

the question of whether the addition of other nutrients at the time of P repletion 

could affect C. reinhardtii P overplus response. Here, I assess this hypothesis 

by 1) modifying the standard experimental design of the P overplus experiment 

in Chapter 4, by supplying P as fresh TAP media containing all nutrients, and 2) 

comparing monitored parameters of biomass growth, P accumulation and 

nutrient removal from the media against those observed in KPO4 repleted 

cultures from the previous chapter.  

One question arising from the methodology used above to supply all nutrients 

(biomass harvesting and resuspension in TAP media), is how the different 

treatment of the biomass (the transfer from P-deprived to P-replete conditions) 

could affect the results. In the previous P overplus experiment, TAP repletion 

involved a centrifugation step, where the old culture media is discarded and 

microalgal cells are resuspended in fresh TAP media to trigger P overplus. In 

contrast, for P repletion, a volume of a KPO4 solution was added to the P-

deprived culture. In another experiment (referred to as the second P overplus 

experiment) I used two strains of C. reinhardtii (CC-1690 and CC-125) to test a 

different methodology. In the second section of this chapter, I avoided the factor 

of either centrifugation of biomass or discarding old media, to test whether 

these factors had an effect on P overplus, microalgal growth and nutrient 

removal from the media. The strains were P-deprived for 24 h and 96 h 

following the same protocol as in the first P overplus experiment. P-deprived 

cultures were both supplied with 1 mM P with a KPO4 solution. To test the effect 

of nutrient addition apart from P, one group of cultures was supplied with a 

5xTA (Tris-Acetate) solution (see Chapter 3 Material and Methods section 

3.3.5) (1/5 v/v) and the same volume of sterile ddH2O was added to the second 

group. To note, this experimental design, adds another factor to the analysis. 
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The group where ddH2O was added is diluting the existing nutrients in the 

media used for P-deprivation (TA), whereas the group where 5xTA was added 

confers nutrients in excess to the ones existing in the P-deprived media.  

To the best of my knowledge, the role of additional nutrients and the 

interdependence between nutrients has been poorly examined and represents 

an important research gap in the understanding of microalgal P overplus in 

more realistic scenarios where phosphate is often present with other nutrients 

(e.g. waste stabilisation ponds, wastewater treatment plants, etc). 

5.2 Objective 

To assess the role of nutrient availability, other than P, on P overplus at the P 

repletion stage using C. reinhardtii  

5.3 First P overplus experiment 

5.3.1 P repletion together with all other nutrients triggered biomass 

growth 

P-deprived C. reinhardtii cells that reached minimum polyP (24 h) or RNA (96 

h), were harvested and resuspended in fresh TAP media, to assess whether P 

repletion together with other nutrients (TAP media) affected microalgal growth 

during P overplus. Microalgal growth was monitored with the following 

parameters (Figure 5.1): biomass concentration (g dw/L), cell count (106 

cells/mL) and optical density (Absorbance 750nm).  All strains of C. reinhardtii 

exhibited biomass growth when repleted with all nutrients in contrast with KPO4 

(P) repletion1. This is unsurprising since TAP media provided both macro and 

micronutrients for P-deprived C. reinhardtii to resume growth. Figure 5.1A, C 

and E show biomass growth during the first 12 h after TAP repletion of 24 h P-

deprived cells, which led to an average biomass productivity of 0.026 g L-1 h-1 

for all the strains (Table 5.1C). Furthermore, no difference was observed (p-

value=0.42) in the specific growth rates of the four strains (24 h P-deprived 

Table 5.1A). A similar biomass productivity was observed when cells that had 

been P-deprived for 96 h  were resuspended in TAP media (0.025 g L-1 h-1). 

However, the average specific growth rate for all the strains, in this case, was 

significantly lower in 96 h P-deprived cultures repleted with TAP than in 24 h P-

deprived cultures (p-value=0.03). This was mainly due to the strain CC-125 

 

1 To facilitate the clarity of the analysis, I have added the error bars shown in Chapter 4 
corresponding to KPO4 repletion analysis parameters as shaded segments in 
Figures 5.1, 5.2, 5.4 and 5.5.  
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which exhibited a considerably lower specific growth rate when P-deprived for 

96 h and resuspended in TAP, which suggests that this strain has more 

sensitivity to P-deprivation. As reported in Chapter 4, differences in the 

doubling times of the strain CC-4350 are due to the characteristic cell size of 

this strain (Figure 4.2). The results show unsurprisingly that P supply together 

with other nutrients promoted an average 76% increase in biomass growth for 

both 24 and 96 h P-deprived cells. This is in contrast to the results in Chapter 4 

where identical cultures were resupplied with ‘KPO4’ P only (Figure 4.7) 

 

Figure 5.1 C. reinhardtii biomass growth during P overplus after 
resuspension in TAP media. Mid-exponential cells (strains CC-1690, CC-125, CC-
5325 and CC-4350) were resuspended in TA media for 24 h (left) or 96 h (right) and 
then resuspended in fresh TAP media (1 mM P). A-B Biomass concentration (g dw/L), 
C-D Cell count (106 cells/mL) and E-F Optical density (Absorbance 750nm). Shaded 
segments show the area covered by the error bars from parameters observed during 

KPO4 (P) repletion from Chapter 4 for reference (Figure 4.7). 
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Table 5.1 Growth parameters of TAP repleted C. reinhardtii during P 
overplus. P-deprived cells were resuspended in fresh TAP media. Values show the 

average (n=3)±SE calculated for the exponential growth phase after P repletion (see 
Chapter 3 Materials and Methods section 3.7.1) 

A 

TAP repletion after 

P-deprivation 

Strain 

Specific growth rate 

(h-1 ) 

until min 

polyP (24 h) 

until min 

RNA (96 h) 

CC-1690 0.034 ± 0.006 0.024 ± 0.001 

CC-125 0.050 ± 0.007 0.019 ± 0.003 

CC-5325 0.036 ± 0.006 0.038 ± 0.002 

CC-4350 0.035 ± 0.011 0.034 ± 0.006 

Average 0.039 ± 0.004 0.029 ± 0.005 

B 

TAP repletion after 

P-deprivation 

Strain 

Doubling time 

 (h) 

until min 

polyP (24 h) 

until min 

RNA (96 h) 

CC-1690 39.3 ± 4.4 33.8 ± 3.5 

CC-125 40.6 ± 12.2 34.9 ± 8.3 

CC-5325 33.1 ± 1.2 28.3 ± 5.8 

CC-4350 14.1 ± 0.9 22.5 ± 0.9 

Average 31.8 ± 6.1 29.9 ± 2.8 

C 

TAP repletion after 

P-deprivation 

Strain 

Biomass productivity 

(g dw L-1 h-1) 

until min 

polyP (24 h) 

until min 

RNA (96 h) 

CC-1690 0.024 ± 0.002 0.026 ± 0.001 

CC-125 0.039 ± 0.006 0.020 ± 0.003 

CC-5325 0.021 ± 0.004 0.030 ± 0.002 

CC-4350 0.021 ± 0.002      0.023 ± 0.003 

Average 0.026 ± 0.004      0.025 ± 0.002 
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5.3.2 PolyP accumulation during P overplus is not influenced by the 

availability of other nutrients apart from P 

To assess the effect of nutrient availability on phosphate overplus I monitored 

polyP and total P accumulation in the biomass (Figure 5.2A-D) after P-deprived 

C. reinhardtii cultures were resuspended in fresh TAP media. The comparison 

between these results with those reported in the KPO4 repletion experiment 

from Chapter 4 (from Figure 4.8) and represented by the shaded segments, 

shows that the availability of other nutrients did not affect polyP accumulation 

during P overplus (Figure 5.2A-B). This observation was independent of the P 

deprivation state (lowest polyP or RNA) (p-value=0.45 at 6 h time point). On the 

contrary, total P accumulation in biomass after 6 h of P resupply (Figure 5.2C-

D) was significantly higher (p-value=6.99x10-5) in cultures resuspended in TAP 

media compared to KPO4 repleted cultures (Figure 4.8C-D in Chapter 4). 

Probably this is due to the increase in biomass growth (Figure 5.1) which 

generates a higher demand for key organic molecules containing phosphate 

(DNA/RNA, ATP, phospholipids, etc.). Consistently, the polyP to total P mass 

ratio is no different according to repletion as KPO4 or TAP (Figure 5.2E-F). 

Interestingly, after 96 h of P-deprivation and P repletion with all nutrients, one of 

the strains (CC-5325) exhibited a clear increase in both polyP and total P 

accumulation compared to the other strains. However only total P content was 

significantly higher (p-value=0.0047 at 24 h time point) compared to the other 

strains (CC-1690, CC-125 and CC-4350). This observed phenotype adds to the 

one observed in Figure 4.3A-C from Chapter 4, where without P deprivation, 

the strain CC-5325 accumulated a higher polyP and total P content compared 

to the other strains. 

Furthermore, the observation that polyP accumulation is independent of the 

availability of other nutrients (Figure 5.2), led to question whether biomass 

growth demand for phosphate, observed under TAP repletion, could affect 

polyP chain length dynamics observed in Chapter 4. PAGE was used to 

visualise polyP accumulation for both periods of P deprivation and P repletion 

types. Figure 5.3 shows PAGE with polyP migration during its accumulation in 

the phosphate overplus experiment. No differences in the pattern of polyP chain 

length were observed after P or TAP repletion. PolyP was accumulated in the 

first hours as long chains and later mobilised into medium and shorter chain 

lengths. Consistently, more polyP was accumulated in 24 h P-deprived cultures 

than in the 96 h P-deprived group, as discussed in section 4.4.2 of Chapter 4. 

This finding further rejects the hypothesis that nutrient availability during P 

overplus affects biomass phosphate (especially polyP) accumulation. In this 
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same trend, the IP6 surplus pattern observed remained unaltered according to 

the P repletion type and still diverted from that of polyP accumulation. 

 

Figure 5.2 Phosphate accumulation of C. reinhardtii during P overplus 

upon TAP repletion. Repletion with all nutrients does not affect P overplus. Mid-
exponential cells (strains CC-1690, CC-125, CC-5325 and CC-4350) were 
resuspended in TA media for 24 h (left) or 96 h (right) and then resuspended in fresh 
TAP media (1 mM P). A-B polyP content in biomass (% PO4-P,dw), C-D Total P 
content in biomass (% PO4-P,dw) and E-F polyP to total P mass ratio (% w/w). Shaded 
segments show the area covered by the error bars from the same parameters 

observed during KPO4 repletion from Chapter 4 for reference (Figure 4.8) 
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Figure 5.3 PAGE with polyP migration during P deprivation and P 
repletion as KPO4 or TAP media. P repletion as TAP does not affect polyP or IP6 

dynamics of P overplus. 33% PAGE shows polyP migration of strain CC-1690 mid-
exponential cells (-24 h and -96 h time point) resuspended in TA media (P deprivation) 
for A 24 h or B 96 h (-72 h sample is equivalent to 24 h after P deprivation) and 
supplied of 1 mM P with either a KPO4 solution (P repletion) or resuspended in fresh 
TAP media (TAP repletion) and monitored for 96 h. An equivalent of 500 μg dw per well 
was loaded. polyP100 was used as a standard (left side of both PAGEs). OrG indicates 
Orange G dye migration. IP6 2 nmol standard confirmed the presence of IP6. PAGE 

images for the strains CC-125, CC-5325 and CC-4350 are shown in Figure A 3 and 

Figure A 4. 

5.3.3 RNA recovery occurs only upon P repletion together with all 

nutrients in 96 h P-deprived cultures 

As mentioned in section 4.4.2 of Chapter 4, a period of 96 h of P deprivation 

resulted in reduced P overplus. Under this condition, a strong reduction of RNA 

content was observed compared to the control (no P deprivation) and 24 h P-

deprived cultures. Since RNA is an organic molecule containing carbon, 

nitrogen and phosphorus (Geider and Roche, 2002), the hypothesis is that P 

repletion with all nutrients, after 96 h of P-deprivation, could trigger an RNA 

recovery response, in contrast with KPO4 repleted cultures (Figure 4.9A). 

Figure 5.4 shows RNA content in the biomass for both P deprivation periods 

and repletion types (the P-only data from the Figure 4.9 in Chapter 4 is shown 

by shading for comparison). P repletion type after a P deprivation until minimum 

polyP content (24 h) was reached, did not affect RNA content (Figure 5.4A). On 

the contrary, for 96 h P-deprived cells, the P repletion type (KPO4/TAP) affected 
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RNA content. Reduced RNA content in biomass upon 96 h P-deprivation 

(Figure 4.5B in Chapter 4), seemed to induce a quiescent state in the cells. 

After 96 h of P deprivation, at the P repletion stage, RNA recovery was 

observed if P was supplied together with all other nutrients in TAP media 

(Figure 5.4B). This observation together with lower polyP accumulation 

indicates a switch in the metabolism towards RNA recovery rather than polyP 

accumulation.  

 

Figure 5.4 RNA content in biomass of 24 h and 96 h P-deprived C. 

reinhardtii during P overplus. RNA is recovered in 96 h P-deprived cells only if P 
is repleted with all other nutrients (TAP media). Mid-exponential cells (strains CC-1690, 
CC-125, CC-5325 and CC-4350) were resuspended in TA media for A 24 h or B 96 h 
and then resuspended in fresh TAP media (1 mM P). Shaded segments show the area 
covered by the error bars from parameters observed during KPO4 repletion from 

Chapter 4 for reference (Figure 4.9). 

5.3.4 Biomass growth upon TAP repletion resulted in enhanced 

nutrient removal 

While nutrient availability did not affect P overplus, I observed that P supply 

together with other nutrients enhanced P removal by promoting biomass 

growth. Table 5.2 shows the P removal performance of the four strains after 

both P-deprivation periods tested and repletion as ‘P’ only (KPO4) or all 

nutrients (TAP). A period of 24 h of P deprivation followed by a supply of all 

nutrients (Figure 5.5A) led to the complete removal of P from the media in only 

12 h, in contrast with the average 60% of P removal obtained in KPO4 repleted 

cultures (see Figure 4.11A Chapter 4). C. reinhardtii cells P-deprived until the 

lowest RNA content was observed (96 h), removed P more slowly and less 

extensively than cells that had been P-deprived until the lowest polyP was 

detected. Nonetheless, the difference between P only and complete nutrient 

repletion was retained for all strains (Figure 5.5B). 

0 24 48 72 96

0.0%

1.0%

2.0%

3.0%

4.0%

5.0%

R
N

A
 c

o
n

te
n

t 
in

 t
h

e
 b

io
m

a
s
s

%
R

N
A

,d
w

Time (h)

A

Repletion after P deprivation 

Until lowest polyP (24 h) Until lowest RNA (96 h)

            CC-1690  CC-125  CC-5325  CC-4350

TAP                               

P                                   

0 24 48 72 96

0.0%

1.0%

2.0%

3.0%

4.0%

5.0%

R
N

A
 c

o
n

te
n

t 
in

 t
h

e
 b

io
m

a
s
s

%
R

N
A

,d
w

Time (h)

B



109 
 

Of note is the behaviour of strain CC-5325. This line removed 65% and 63% of 

P by the end of the experiment after both 24 h and 96 h P deprivation periods 

and repletion with KPO4, at the end of the experiment (see Figure 4.11A and B 

Chapter 4). Meanwhile in the cultures repleted with TAP, the strain CC-5325 

(24 and 96 h P deprived) was the only one to remove all P from the media. 

Otherwise, a period of 96 h of P deprivation followed by TAP repletion, let the 

other strains remove P from the media up to a minimum value ranging between 

7-10 mg PO4-P/L. Overall, enhanced P removal occurred upon P repletion as 

resuspension in fresh TAP media, coinciding with biomass growth (Figure 5.1). 

Table 5.2 Phosphate removal performance according during the P 
overplus experiment according to P-deprivation and P repletion type. 
Values represent the average (n=3) ±SE. The percentage value was calculated with 
the initial and last concentration of phosphate in the media according to each P-
deprivation period and P-repletion type. 

 

Repletion after  

P-deprivation 

% P removal from the media 

until min polyP (24 h) until min RNA (96 h) 

Strain KPO4 TAP KPO4  TAP 

CC-1690 52% ± 2 100%  19% ± 3 71% ± 5 

CC-125 66% ± 3 100%  53% ± 4 64% ± 10 

CC-5325 65% ± 10 100%  63% ± 3 100%  

CC-4350 58% ± 1 100%  33% ± 3 82% ± 4 

Average 60% ± 4 100% 42% ± 3 79% ± 5 

 

Furthermore, phosphate was not the only nutrient with an improved removal 

rate and efficiency. Figure 5.5C-F show the media concentration of ammonium 

and sulphate at the P repletion stage. In comparison with KPO4 repleted 

cultures (shaded segments), TAP repletion improved the removal of these 

nutrients. It is important to remember that during the P-deprivation experiment 

from the previous chapter, mid-exponential cultures kept growing at the same 

rate as the control experiment (Figure 4.1 in Chapter 4). This caused further 

depletion of other nutrients needed for biomass generation, like ammonium and 

sulphate (Figure 4.6D and F, respectively in Chapter 4). Therefore, the 

concentration of these nutrients in KPO4  repleted cultures did not change over 

time, because there was no growth. Repletion with all nutrients increased the 

ammonium and sulphate concentration to the levels expected in TAP media 

(~110 mg NH4-N/L and ~13 mg SO4-S/L, respectively). Provision of these 
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nutrients, assisted microalgal cells to resume growth, which was reflected in the 

removal of these nutrients from the media, alongside phosphate. 

 

Figure 5.5 Phosphate, ammonium and sulphate concentration in the 

media during P overplus of 24 h and 96 h P-deprived cultures. Provision of 
all nutrients apart from P after P deprivation, enhanced nutrient removal. Mid-
exponential cells of strains CC-1690, CC-125, CC-5325 and CC-4350 were 
resuspended in TA media for 24 h (left) or 96 h (right) and then resuspended in fresh 
TAP media. A-B Phosphate concentration in the media (mg PO4-P/L), C-D Ammonium 
concentration in the media (mg NH4-N/L) and E-F Sulphate concentration in the media 
(mg SO4-S/L). Shaded segments show the area covered by the error bars from 

parameters observed during KPO4 repletion from Chapter 4 for reference (Figure 
4.11). 
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All the strains followed a very similar trend in the removal of both nutrients 

during the period of growth and reached a plateau at the level of approximately 

40 mg NH4-N/L and 8 mg SO4-S/L, approximately. At the end of the growth 

period (between 12 h-24 h), the cultures might have become stationary due to 

light limitation (as the biomass concentration was high and self-shading could 

occur due to culture density), or due to nutrient availability at the balance 

required by Chlamydomonas. The strain CC-5325 depleted ammonium from the 

media at a faster rate, although not significantly (Figure 5.5D). Interestingly, this 

observation appears to coincide with the enhanced phosphate removal 

observed in 96 h P-deprived cells of CC-5325, repleted with TAP (Figure 5.5B). 

Moreover, I calculated the phosphate (PO4-P), ammonium (NH4-N) and 

sulphate (SO4-S) uptake rates (Table 5.3) during the first 24 h after P repletion 

(P-only and TAP) for the average values of four strains of C. reinhardtii (see 

Chapter 3 Materials and Methods section 3.7.1). The values were calculated in 

the segments of 0-6 h, 6-12 h and 12-24 h when the most rapid changes were 

observed during the experiment. Except for ammonium in the group of 96 h P-

deprived cells repleted with TAP, the highest nutrient uptake rates were 

observed during the first 6 h, which coincides with the polyP accumulation peak 

observed in Figure C-D. In the first 6 h segment, the highest nutrient uptake 

rates were obtained in the cultures deprived of P until the lowest polyP (24 h) 

and repleted with TAP media (highlighted in bold in Table 5.3). In contrast, the 

lowest nutrient uptake rates were observed for 96 h P-deprived cultures, 

repleted with KPO4. Since the analysis of the nutrient uptake rates over time 

and according to the P-deprivation state and P repletion type can be complex 

due to the number of variables, I decided to use principal component analysis 

(PCA) (see Chapter 3 Materials and Methods section 3.7.3). This tool provides 

a multivariable evaluation of these factors to enable a compiled perspective of 

how nutrients affect P overplus in C. reinhardtii under my experimental 

conditions (Figure 5.6).  
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Table 5.3 Nutrient uptake rates of C. reinhardtii cells during P overplus 
according to P-deprivation state and P repletion type. Average values (n=3) 

for the four strains were used ±SE. nn corresponds to values below 0.1 mg g dw-1 h-1 

A 

 

P deprivation 

 

Repletion 

type 

 

Phosphate uptake rate 

(mg PO4-P g dw-1 h-1) 

P/TAP 0-6 h 6-12 h 12-24 h 

Until min  

polyP (24 h) 
 

P 3.31 ± 0.24 0.72 ± 0.13 nn 

TAP 5.94 ± 0.28 0.57 ± 0.11 nn 

Until min  

RNA (96 h) 
 

P 1.03 ± 0.07 0.23 ± 0.05 0.27 ± 0.04 

TAP 2.25 ± 0.33 1.31 ± 0.08 0.38 ± 0.03 

B 

 

P deprivation 

 

Repletion 

 type 

 

Ammonium uptake rate 

(mg NH4-N g dw-1 h-1) 

P/TAP 0-6 h 6-12 h 12-24 h 

Until min  

polyP (24 h) 

P 1.64 ± 0.39 1.94 ± 0.26 nn 

TAP 7.41 ± 0.57 2.50 ± 0.42 0.60 ± 0.18 

Until min  

RNA (96 h) 

P 0.40 ± 0.21 0.53 ± 0.14 0.44 ± 0.06 

TAP 2.81 ± 0.33 3.38 ± 0.40 1.42 ± 0.13 

C 

 

P deprivation 

 

Repletion  

type 

 

Sulphate uptake rate 

(mg SO4-S  g dw-1 h-1) 

P/TAP 0-6 h 6-12 h 12-24 h 

Until min  

polyP (24 h) 
 

P 0.22 ± 0.05 0.15 ± 0.04 nn 

TAP 0.59 ± 0.05 0.26 ± 0.06 nn 

Until min  

RNA (96 h) 

P nn nn nn 

TAP 0.33 ± 0.07 0.28 ± 0.03 nn 
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PCA reduces the dimensionality of all the variables under different treatments 

and allows the integration of all the factors into principal components that 

explain the variance across treatments. In this case, the first two principal 

components (PC1 and PC2) in Figure 5.6 accounted for 91.9% of the variance 

across the data. PC1 (representing 71.48% of the correlation), explains the 

effect of the addition of nutrients apart from P on the nutrient uptake rates. PC2 

(representing 18.41% of the correlation) accounts for the effect of P addition 

only. The loading vectors (blue lines) show that the initial concentration of 

ammonium and sulphate in the media are positively correlated with PC1 and 

with all three nutrient uptake rates, whereas only initial P concentration in the 

media and P uptake rate had a positive correlation with PC2. The principal 

component scores (dots) represent the P repletion time segments (0-6 h, 6-12 h 

and 12-24 h) for 24 and 96 h P-deprived Chlamydomonas, repleted with P only 

or complete nutrients (TAP). The score's position according to the direction of a 

particular loading vector indicates the strength of the correlation towards a 

specific variable. For instance, we can say that in the first 6 h of P supply, the 

phosphate uptake rates of KPO4 repleted cultures are strictly correlated with P 

addition only. On the other side, all three nutrient uptake rates in TAP-repleted 

cultures are strongly correlated with nutrient availability in the media. As time 

passed (6-12 h and 12-24 h), the strength of correlation to each component 

weakens. It is interesting, given that for both periods of P deprivation, polyP 

accumulation was no different if P was supplied together with all other nutrients 

(Figure 5.2). P uptake rate is positively correlated with both PC1 and PC2. 

However, when P-deprived cells were supplied with all nutrients in TAP, more P 

was taken up together with other nutrients supplied, to sustain biomass growth 

(Figure 5.1). The dynamic observed in the PCA analysis (Figure 5.6) together 

with the biomass concentration data (Figure 5.1) shows that nutrient uptake 

drives biomass growth and vice versa.  
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Figure 5.6 PCA analysis of the effect of P-deprivation and nutrient 
availability on P overplus in C. reinhardtii.  For the average of four strains (CC-
1690, CC-125, CC-5325 and CC-4350) the biplot shows the principal component 1 (x-
axis) explaining 73.48% and principal component 2 (y-axis) explaining 18.41% of the 
correlation of the nutrient uptake rates with the initial nutrient concentration in the 
media (PO4-P, NH4-N, SO4-S in mg/L). The loading vectors close together indicate the 
parameters with more similar variance. The dots show the values calculated for each of 
the six parameters (loading vectors), 6, 12 and 24 h after repletion of 1 mM P with 
either P (KPO4 solution) or resuspended in fresh TAP media, of 24 or 96 h P-deprived 
cells. Ellipses group the dots and loading vectors according to P repletion type. 

Lastly, since the uptake of nutrients in Table 5.3 varied according to P-

deprivation state and P repletion type, I wanted to evaluate whether the 

biomass composition would change depending on nutrient availability. To do so, 

I used the data from the biomass composition of KPO4 repleted cultures from 

the previous chapter (Table 4.4) and the carbon and nitrogen biomass content 

of cultures resuspended in TAP media, shown in Table 5.4. Statistical analysis 

showed that neither the P-deprivation state nor the P repletion type affected 

carbon content in biomass (p-value=0.18). Otherwise, nitrogen content in the 

biomass was affected by the P-deprivation period (p-value=1.12x10-6), but not 

by nutrient availability at the repletion stage (p-value=0.41). Higher N content in 

the biomass was observed in cultures P-deprived until the lowest RNA was 

observed (96 h) and repleted with TAP than in 24 h P-deprived cultures repleted 

with TAP. This observation indicates that a higher demand for nitrogen was 

required to recover the RNA pool.  
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Table 5.4 Biomass composition of C. reinhardtii 24 h after resuspension in 
TAP media during P overplus. A Carbon content in biomass (%C,dw) and B 

Nitrogen content in biomass (%N, dw). Values show carbon and nitrogen contents 24 h 
after resuspension in TAP for C. reinhardtii cells P-deprived for 24 h and 96 h. Average 
of three biological replicates is shown ±SE for strains CC-1690, CC-125, CC-5325 and 
CC-4350 

A 

TAP repletion after P 

deprivation: 

%C,dw 

until min 

polyP (24 h) 

until min 

RNA (96 h) Strain 

CC-1690 51.4±0.2 48.4±0.5 

CC-125 51.6±0.1 48.3±0.2 

CC-5325 47.3±0.2 49.3±0.1 

CC-4350 46.9±0.3 49.5±0.2 

Total average 49.3±1.3 48.9±0.3 

B 

TAP repletion after P 

deprivation: 

%N,dw 
 

until min 

polyP (24 h) 

until min 

RNA (96 h) 
Strain 

CC-1690 7.1±0.1 9.8±0.1 

CC-125 7.7±0.3 9.6±0.1 

CC-5325 8.4±0.2 9.9±0.1 

CC-4350 9.0±0.1 9.5±0.1 

Total average 8.1±0.4 9.7±0.1 
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5.4 Second P overplus experiment 

5.4.1 Reduced biomass growth observed in P-deprived cultures 

supplied of P with excess nutrients  

 In this section, I wanted to evaluate the effect of nutrient availability on P 

overplus using a methodology that avoids centrifugation and discarding of old 

media (second P overplus experiment). In the first P overplus experiment 

(section above), I compared the two most common methodologies to test P 

overplus, which is by adding a volume of a KPO4 solution to the P-deprived 

cultures versus harvesting of P-deprived biomass by centrifugation and 

resuspension in fresh media. Since the treatment of the P-deprived biomass 

before P repletion was not exactly the same, I wanted to assess if the 

centrifugation step could have affected negatively the P overplus performance 

or the growth of C. reinhardtii. One group of P-deprived cultures were supplied 

with nutrients other than P with a 5xTA solution (1/5 v/v), whereas for the 

second group, an equal volume of ddH2O was added (Excess vs. Diluted 

nutrients compared to TAP media). For both groups, 1mM P was supplied with 

a KPO4 solution. Biomass concentration (g dw/L) was monitored from the 

beginning of phosphate repletion. The variation of biomass growth was 

compared to the results obtained in the previous P overplus experiment, 

reflected by the shaded segments2, for the strains CC-1690 and CC-125 

(Figure 5.7). To note, the initial biomass concentration after P repletion in the 

second P overplus experiment is lower than that of the first experiment, due to 

the volume addition of either 5xTA or ddH2O.  

Interestingly, the biomass concentration pattern in the second P overplus 

experiment (Figure 5.7) was similar to that of the first P overplus experiment 

(Figure 5.1), for both experiments for both repletion types (P/TAP, 

ddH2O+P/5xTA+P) and P-deprivation periods (24 h and 96 h). Phosphate 

repletion together with all nutrients stimulated biomass growth in contrast with 

KPO4 (P) repleted cultures.  

 

2 To facilitate the clarity of the analysis, I have added the error bars calculated for the 
monitor parameters during the P overplus experiment A (strains CC-1690 and CC-

125) as shaded segments from Figure 5.7-Figure 5.10 
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Figure 5.7 C. reinhardtii biomass growth after P supply in the second P 

overplus experiment. Mid-exponential cells (strains CC-1690 and CC-125) were 
resuspended in TA media for A 24 h or B 96 h and then supplied with 1 mM P with a 
KPO4 solution. Nutrients were supplied to one group of cultures, with a 5xTA solution 
(1/5 v/v) and the same volume of sterile ddH2O was added to the other group. Graphs 
show biomass concentration (g dw/L). Shaded segments show the area covered by the 
error bars from parameters observed in the P overplus experiment, where P was 

supplied as either KPO4 (P) or TAP (Figure 5.1A and B). 

For the 24 h P-deprived cultures, no significant differences were observed in the 

specific growth rates (p-value=0.96), and biomass productivity (p-value=0.38) 

between the first (Table 5.1) and second (Table 5.5) P overplus experiments 

(TAP vs. 5xTA+P). Interestingly, for the 24 h P-deprived cultures, I observed an 

opposite pattern in the specific growth rates of the strain CC-1690 and CC-125. 

The strain CC-1690 exhibited a higher specific growth rate in the first P overplus 

experiment (TAP) than in the second (5xTA+P), whereas CC-125 had a lower 

specific growth rate in the second P overplus experiment (5xTA+P) than in the 

first (TAP). This observation suggests that there are differences in the response 

to different nutrient levels that may be strain-dependent. Otherwise, in the 96 h 

P-deprived cultures, I observed lower specific growth rates and biomass 

productivity when P repletion was done with excess nutrients (5xTA+P) than by 

resuspension in fresh TAP media (p-value=0.01). No differences were observed 

in the growth parameters of diluted P-repleted and P-repleted cultures that were 

P-deprived for 96 h (p-value=0.93), as these were negligible (barely detected or 

undetected) in both groups. The strain CC-125 appeared to be more sensitive 

to the 5xTA+P repletion after a 96 h period of P-deprivation than the strain CC-

1690, as it exhibited half the specific growth rate and biomass productivity than 

CC-1690.  
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Table 5.5 Growth parameters during C. reinhardtii P overplus after P 
supply in the second P overplus experiment. P-deprived cells of CC-1690 and 

CC-125 were supplied 1 mM P with a KPO4 solution. Excess nutrients were supplied 
with a 5xTA solution (1/5 v/v) and the same volume was added in sterile ddH2O to 
dilute existing nutrients in the other group. Values show the average of three biological 
replicates ±SE calculated for each strain during the period that fitted an exponential 

growth model after P repletion (see Chapter 3 Materials and methods 3.7.1). ud 
accounts for ‘undetected’ 

A 

 

Repletion 

after P 

deprivation 

Specific growth rate 

 (h-1) 
 

until min 

polyP (24 h) 

until min 

RNA (96 h) 

Strain ddH2O+P 5xTA+P ddH2O+P 5xTA+P 

CC1690 0.003 ± 0.001 0.048 ± 0.003 0.001 ± 0.001 0.021 ± 0.002 

CC125 0.003 ± 0.001 0.037 ± 0.005 ud 0.010 ± 0.001 

B 

 

Repletion 

after  P 

deprivation 

Biomass productivity 

 (g dw L-1 h-1) 
 

until min 

polyP (24 h) 

until min 

RNA (96 h) 

Strain ddH2O+P 5xTA+P ddH2O+P 5xTA+P 

CC1690 0.002 ± 0.001 0.041 ± 0.007 0.001 ± 0.001 0.022 ± 0.002 

CC125 0.002 ± 0.001 0.032 ± 0.004 ud 0.009 ± 0.001 

 

5.4.2 PolyP accumulation pattern altered in P-deprived cells 

supplied with P with both excess and diluted nutrients 

The finding in section 5.3.2 that P overplus was not affected by nutrient 

availability was determined by supplying P to P-deprived cells with either KPO4 

or as a resuspension in TAP media in the first P overplus experiment (Figure 

5.2). Since the treatment of the P-deprived cells at the moment of P repletion 

was not the same, I wanted to determine whether the effect of centrifugation, 

used to replace P-deprivation media with fresh TAP media could have 

influenced the results observed in Figure 5.2. To do so, I monitored polyP and 

total P content in the biomass after P-deprived cells of C. reinhardtii were 

supplied with 1 mM P with either KPO4 (P)+ddH2O or 5xTA+P (Figure 5.8).  
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The effect of P repletion type on P overplus was noticeable during the second 

experiment in 24 h P-deprived cultures (Figure 5.8A). After the first 6 h of P 

repletion, a higher polyP accumulation was observed in cultures repleted of P 

with diluted nutrients (ddH2O+P) than with excess nutrients (5xTA+P) until the 

end of the monitoring period. This observation was also consistent with the 

pattern of total P accumulation for the same P-deprivation period (Figure 5.8C). 

The biomass P accumulation observed in the second P overplus experiment for 

the 24 h P-deprived cultures, diverts from the first P overplus experiment where 

no differences were observed between KPO4 repletion or resuspension in 

resuspension in TAP media (shaded segments). Overall, the effect of 5xTA+P 

repletion against resuspension in TAP media was greater than that of ddH2O+P 

and P repletion, in terms of polyP accumulation: After 24 h of P-deprivation, 

polyP accumulation after ‘P’ only repletion, was only statistically different at the 

24 h timepoint (p-value=0.003 P vs. ddH2O+P). Whereas for cultures repleted 

with all nutrients polyP accumulation was lower in cultures supplied with 

5xTA+P at all time points except for the first 6 h of repletion (p-value at 6, 24 

and 96 h time points: 0.21, 0.03 and 0.04 in Figure 5.8A.  

For the cultures that had been deprived of P for 96 h, ddH2O+P repleted 

cultures appear to have an overall higher polyP accumulation than that of 

5xTA+P repleted cultures, which was significant at the 6 h and 96 h timepoint 

(p-value=0.027 and 0.003, respectively). The polyP content of the cultures was 

not significantly different between TAP and 5xTA+P repleted cultures at the 24 

h timepoint (p-value=0.12). However, cultures resuspended in TAP media 

exhibited a steady increase in polyP accumulation in contrast with 5xTA+P 

repleted cultures where a 24 h peak was followed by a steady decrease (Figure 

5.8B). This difference is more evident for total P accumulation (Figure 5.8D). 

Thus, in comparison with the first P overplus experiment, the polyP 

accumulation pattern may differ especially when changing the method of 

nutrient supply, or due to the nutrient balance (resuspension in TAP media vs. 

5xTA+P addition). 

 As in the first P overplus experiment (Figure 5.2) and the data reported in 

Chapter 4 (Figure 4.8), a bigger P overplus was observed after P-deprivation 

had just reached the lowest polyP content, compared to a longer period of P-

deprivation which disturbs the organic pools of P. Finally, I did not observe a 

different polyP to total P mass ratio for both periods of P-deprivation between 

the first and second P overplus experiments (Figure 5.8E-F).  
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Figure 5.8 C. reinhardtii  P overplus response after P supply in the second 
P overplus experiment. Mid-exponential cells (strains CC-1690 and CC-125) were 

resuspended in TA media for 24 h (left) or 96 h (right) and then supplied with 1 mM P 
with a KPO4 solution. Excess nutrients were supplied with a 5xTA solution (1/5 v/v) and 
the same volume was added in sterile ddH2O to dilute existing nutrients in the other 
group. A-B, PolyP content in biomass (% PO4-P,dw), C-D Total phosphate in the 
biomass (% PO4-P,dw) and E-F PolyP to total P mass ratio (% mg/mg). Shaded 
segments show the area covered by the error bars from parameters observed in the P 

overplus experiment, where P was supplied as either KPO4 (P) or TAP (Figure 5.2). 
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5.4.3 RNA recovery was still dependent on nutrient availability in the 

second P overplus experiment  

From Figure 4.5B in Chapter 4, I observed that 96 h P-deprived cultures had 

reached their lowest RNA content in the P-deprivation experiment. Then in the 

first P overplus experiment, 96 h P-deprived cells exhibited RNA recovery only 

upon P repletion together with all nutrients (Figure 5.4B). It became interesting 

to assess how RNA recovery could be affected by the effect of adding extra 

nutrients with the 5xTA solution. Figure 5.9 shows the RNA content (%RNA,dw) 

of the strains CC-1690 and CC-125 after both periods of P-deprivation and 

supply of ddH2O+P or 5xTA+P. For cultures deprived until the lowest polyP was 

observed, the RNA content in the biomass exhibited no differences throughout 

the whole monitoring period across strains (CC-1690 vs. CC-125), nutrient 

availability (P vs. TAP) and experiment (first vs. second) (Figure 5.9A). RNA 

content consistently decreases as biomass enters the stationary growth phase 

(Figure 5.7A). On the other side, when cells were P-deprived until the lowest 

RNA content was reached (96 h), then supplied with P with all nutrients using a 

5xTA solution, a lower RNA recovery was observed, in comparison with cultures 

resuspended in TAP media (Figure 5.9B).  

 

Figure 5.9 RNA content in C. reinhardtii biomass during P overplus after P 

supply in the second P overplus experiment. Mid-exponential cells (strains CC-
1690 and CC-125) were resuspended in TA media for A 24 h or B 96 h and then 
supplied with 1 mM P with a KPO4 solution. Excess nutrients were supplied with a 
5xTA solution (1/5 v/v) and the same volume was added in sterile ddH2O to dilute 
existing nutrients in the other group. Graphs show RNA content in the biomass (% 
RNA,dw). Shaded segments show the area covered by the error bars from parameters 
observed in the P overplus experiment, where P was supplied as either KPO4 (P) or 

TAP (Figure 5.4). 
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5.4.4 Reduced phosphate removal observed in the second P 

overplus experiment  

To assess the effect of nutrient supply with 5xTA+P in contrast with 

resuspension in TAP media on nutrient removal, I monitored phosphate, 

ammonium and sulphate concentration in the media throughout the second 

experiment (Figure 5.10). Figure 5.10A shows no differences in phosphate 

removal when 24 h P-deprived cultures were supplied of P as KPO4 on its own 

or with added water (ddH2O+P). However, when nutrients were supplied with a 

5xTA solution, only 55% of phosphate was removed in contrast with cultures 

resuspended in TAP media (first P overplus experiment), where I observed a 

100% phosphate removal. In the cultures that were P-deprived for 96 h (Figure 

5.10B), the decrease in the percentage of P removal was also observed when 

changing the method to supply all nutrients (39% for 5xTA+P vs. 68% for 

resuspension in TAP media). Overall this observation matches the mass 

balance of phosphate during the second experiment since a lower polyP and 

total P accumulation was observed in 5xTA+P repleted cultures compared to 

cultures resuspended in TAP media (Figure 5.8). 

In the case of ammonium and sulphate removal, I observed a higher initial 

concentration of these nutrients in the cultures that were supplied of P with the 

5xTA solution, in comparison with cultures resuspended in TAP media from the 

first P overplus experiment (shaded segments in Figure 5.10C-F). This 

observation evidences that 5xTA added nutrients in excess to the ones in the 

media used for P-deprivation. To determine if there were any differences in 

ammonium or sulphate removal according to the nutrient addition method, I 

calculated the nutrient uptake rates of phosphate, ammonium and sulphate 

(Table 5.6). The phosphate uptake rate was more rapid during the first 6 h after 

P repletion. Within the first 6 h, the highest P uptake rate was detected on 24 h 

P-deprived cultures repleted with 5xTA+P (Table 5.6A). These results are 

consistent with the first P overplus experiment (Table 5.3A). However, for both 

ammonium and sulphate, I observed that the highest uptake rate was observed 

in the 6 h period for 96 h P-deprived cultures supplied with 5xTA+P (highlighted 

in bold in Table 5.6B-C). Conversely, in the first P overplus experiment, all three 

nutrients had their highest uptake rates after 24 h of P deprivation and 

resuspension in TAP media (Table 5.3B-C).  

Once again, I used PCA analysis to reduce the multidimensionality across the 

P-deprivation treatments and nutrient availability in the second P-overplus 

experiment. Figure 5.11 shows the PCA biplot for the second P overplus 

experiment. With a more integrated perspective of how these factors are 
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correlated together, I observed that similarly to Figure 5.6, PC1 represented the 

effect of P addition only, whereas PC2 represented the effect of the addition of 

other nutrients (represented here by ammonium and sulphate). 

 

Figure 5.10 Phosphate, ammonium and sulphate removal from the media 

by C. reinhardtii after P supply in the second P overplus experiment. Mid-
exponential cells (strains CC-1690 and CC-125) were resuspended in TA media for 24 
h (left) or 96 h (right) and then supplied with 1 mM P with a KPO4 solution. Excess 
nutrients were supplied with a 5xTA solution (1/5 v/v) and the same volume was added 
in sterile ddH2O to dilute existing nutrients in the other group. Graphs show media 
concentration of A-B Phosphate (mg PO4-P/L), C-D Ammonium (mg NH4-N/L) and E-F 
(mg SO4-S/L). Shaded segments show the area covered by the error bars from 
parameters observed in the P overplus experiment, where P was supplied as either 

KPO4 (P) or TAP (Figure 5.5). 
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Table 5.6 Nutrient uptake rates of C. reinhardtii cells observed in the 
second P overplus experiment. Average values, according to P-deprivation state 

and P repletion type, for the four strains were used ±SE. nn corresponds to values 
below 0.1 mg g dw-1 h-1.  

A 

 

P-deprivation 

 

Repletion 

type 

 

Phosphate uptake rate 

(mg PO4-P g dw h) 

P/TAP 0-6 h 6-12 h 12-24 h 

Until min 

polyP (24 h) 

ddH2O+P 2.23 ± 0.36 0.5 ± 0.14 0.54 ± 0.19 

5xTA+P 2.98 ± 0.55 1.05 ± 0.20 0.14  ±0.02 

Until min RNA    

(96 h) 

ddH2O+P 0.66 ± 0.19 0.31 ± 0.20 nn 

5xTA+P 0.95 ± 0.42 0.64 ± 0.23 0.39 ± 0.14 

B 

 

P-deprivation 

 

Repletion 

 type 

 

Ammonium uptake rate 

(mg NH4-N g dw h) 

P/TAP 0-6 h 6-12 h 12-24 h 

Until min 

polyP (24 h) 

ddH2O+P 0.97±0.16 0.26±0.08 0.19±0.06 

5xTA+P 2.16±0.46 6.76±0.51 1.09±0.08 

Until min RNA    

(96 h) 

ddH2O+P 0.98±0.32 0.44±0.28 nn 

5xTA+P 4.67±1.23 3.3±1.35 2.04±0.68 

C 

 

P-deprivation 

 

Repletion 

type 

 

Sulphate uptake rate 

(mg SO4-S g dw h) 

P/TAP 0-6 h 6-12 h 12-24 h 

Until min 

polyP (24 h) 

ddH2O+P nn 0.11±0.04 nn 

5xTA+P 0.39±0.04 0.37±0.03 0.13±0.02 

Until min RNA    

(96 h) 

ddH2O+P nn 0.20±0.07 nn 

5xTA+P 0.57±0.24 1.00±0.30 nn 
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PC1 in the second P overplus experiment accounted for 57.07% of the overall 

correlation. In the second experiment, the effect of nutrient supply was lower 

than that observed in the first experiment, which accounted for 73.48% of the 

overall correlation. PC2 accounted for 19.67% of the correlation trend, which is 

nearly the same as in PC2 from Figure 5.6 (18.41%). This is unsurprising since 

the P addition itself was not the second factor between both experiments. In 

total, PC1 and PC2 in Figure 5.11 can explain 76.59% of the variance observed 

in the nutrient uptake rates according to different P-deprivation periods and 

nutrient availability. In contrast PC1 and PC2 in Figure 5.6 account for 91.89% 

of the variance according to the different treatments. This raises the question 

about what factor(s) the 15.30% left (91.89%-76.59%=15.30%) represent. That 

15.30% left would explain the differences observed so far in terms of biomass 

growth, polyP accumulation and nutrient removal between the two experiments.  

 

Figure 5.11 PCA analysis of the effect of P-deprivation and nutrient 
availability during the second P overplus experiment in C. reinhardtii.  For 

the average of two strains (CC-1690 and CC-125), the biplot shows the principal 
component 1 (x-axis) explaining 57.82% and principal component 2 (y-axis) explaining 
19.25% of the correlation of the nutrient uptake rates with the initial nutrient 
concentration in the media (PO4-P, NH4-N, SO4-S in mg/L). The loading vectors close 
together indicate the parameters with more similar variance. The dots show the values 
calculated for each of the six parameters (loading vectors), 6, 12 and 24 h after 
repletion of 1 mM P with either ddH2O+P or 5xTA+P, of 24 or 96 h P-deprived cells. 
Ellipses group the dots and loading vectors according to P repletion type. 
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Furthermore, the location of the score in the biplot, which represents both P-

deprivation periods and P repletion types matches the pattern observed in the 

first P overplus experiment (Figure 5.6). The strongest positive correlation 

towards PC1 or PC2 was detected in the first 6 h of P repletion. As time passed 

the correlation weakens, and in some cases is inverted towards PC1 or PC2, 

depending on the treatment. This observation means that changing the method 

of nutrient supply in the second experiment did not change the fact that 1) P-

deprivation until minimum polyP was reached, was better for P overplus, and 2) 

P repletion together with all nutrients is better for biomass growth, which 

promotes nutrient removal. Moreover, I could observe that some loading vectors 

in the PCA biplot from Figure 5.11 seemed shorter, compared to Figure 5.6. 

However, after calculating the length of the vector according to the coordinates 

of PC1 and PC2, I found that only two variables exhibited a weaker correlation 

with PC1 and PC2: 1) Initial phosphate concentration (mg P/L) and 2) P uptake 

rate. This indicates that the strength of the correlation between initial phosphate 

concentration and phosphate uptake rate in Figure 5.11 was weaker than that 

observed in Figure 5.6 according to the principal components that explain most 

of the variance. Hence, this confirms that the P overplus response in the second 

experiment was weaker, as we can observe in Figure 5.10A-B. 

5.4.5 Negative effect on P overplus observed in second P overplus 

experiment with excess nutrient supply 

In the second P overplus experiment, the addition of 5xTA+P supplied extra 

nutrients to the ones still available after each P-deprivation period tested (24 h 

or 96 h), whereas the addition of P+ddH2O, diluted these nutrients one in five to 

match the volume of 5xTA added, as mentioned above. Thus, in the second 

experiment, there is a wider range of nutrient concentrations other than P than 

in the first experiment. To further examine the effect of this wider range of 

nutrient concentrations on C. reinhardtii P overplus I plotted the average polyP 

fold increase (FI) at the 6 h timepoint in both P overplus experiments (Figure 

5.2A-B, Figure 5.8A-B), together with the percentage of P removal from the 

media by the end of both experiments (Figure 5.5A-B and Figure 5.10A-B). 

Both the polyP FI and %P removal were plotted as a function of the nitrogen to 

phosphorus (N:P) and sulphur to phosphorus (S:P) molar ratios (Figure 5.12). 

In this figure, I observed that the polyP FI was only affected significantly when 

96 h P-deprived cultures in the second P overplus experiment, where nutrients 

were diluted (ddH2O+P), in comparison to the first experiment (P only ‘KPO4’ 

repletion) (p-value= 0.24 24 h P-deprived, p-value= 0.007 96 h P-deprived). The 

:P and S:P ratios were lower in ddH2O+P repleted cultures than in the ‘P’ only 
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repleted cultures but this was only significant for the S:P ratio (p-value=0.61, 

N:P and p-value=8.3x10-4, S:P). Moreover, I observed that 5xTA+P repletion 

negatively affected the polyP FI during P overplus of C. reinhardtii in both P-

deprivation periods but was only significant for 96 h P-deprived cultures (p-

value=0.062 24 h P-deprived, p-value= 0.016 96 h P-deprived), compared to 

resuspension in TAP media in the first experiment. Higher N:P and S:P ratios 

were observed in the 5xTA+P repleted cultures than in TAP repletion (p-value= 

3.2x10-4, N:P and p-value < 1x10-4, S:P). Therefore, it is possible that C. 

reinhardtii P overplus may be affected by divergent nutrient/P ratios (P is kept 

constant at 1 mM), to those of the widely used TAP media, which was designed 

to provide an adequate nutrient balance for the study of C. reinhardtii (Kropat et 

al., 2011). However, 5xTA+P supply affected 96 h P-deprived cultures the most 

(compared to TAP repletion). It means that other factor(s) could also explain 

such differences, which is also reinforced by the bars corresponding to P 

removal from the media. The fact that the polyP FI bar height compared to that 

of the %P removal from the media inversed in the 96 h P deprived cultures 

indicates that a higher proportion of the P that was removed went to the 

recovery of organic P compounds that were lost during 96 h of P-deprivation.  

 

Figure 5.12 Effect of N:P and S:P ratio on polyP fold increase in P 
overplus experiments. Mid-exponential cells (strains CC-1690 and CC-125) were 
resuspended in TA media for 24 h (left) or 96 h (right) and in the first P overplus 
experiment were supplied with 1 mM P with a KPO4 solution or all nutrients by 
harvesting and resuspension in TAP media. In the second P overplus experiment, P-
deprived cultures were both supplied with 1 mM P with a KPO4 solution  Excess 
nutrients were supplied with a 5xTA solution (1/5 v/v) and the same volume was added 
in sterile ddH2O to dilute existing nutrients in the other group. Bars show polyP fold 
increase after 6 h of P repletion (purple), and %P removal from the media at the end of 
the experiment (orange). The N:P molar ratio and S:P molar ratio for different repletion 
types (P, ddH2O+P, TAP, 5xTA+P) are shown at the bottom. Data of polyP FI and %P 
removal from the media from ‘P’ only (KPO4) repletion after 24 h or 96 h P-deprivation 

belongs to the Chapter 4 of this thesis (Figure 4.8A-B, and Figure 4.11A-B). 
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5.5 Results summary and discussion 

In this chapter, the objective was to evaluate how other nutrients apart from P 

influence C. reinhardtii P overplus response. To do so, I resupplied P-deprived 

Chlamydomonas with KPO4 or by harvesting and resuspending biomass in 

fresh TAP media, following the experimental methodologies of previous studies 

(Plouviez et al., 2021, Solovchenko et al., 2019b). My findings show that 

nutrient availability did not influence polyP accumulation (Figure 5.2) or chain 

length pattern (Figure 5.3), but did promote biomass growth (Figure 5.1) which 

resulted in enhanced nutrient removal from the media (Figure 5.5 and Figure 

5.6). These results imply that the P overplus response of C. reinhardtii is not 

dependent on biomass growth or affected by the lack of it. Microalgal growth 

was resumed due to nutrient resupply which increased the uptake of phosphate 

from the media with a high demand for phosphate-containing organic molecules 

(DNA/RNA, ATP, etc.) to sustain cell division. This explains why the polyP chain 

length pattern remained unchanged when repletion occurred with all nutrients, 

compared to KPO4 repletion (Figure 5.3). This suggests that any additional 

phosphate that was removed by supplying all nutrients went directly to the 

synthesis or organic P compounds.  

The best results (in terms of biomass growth, P removal and polyP 

accumulation) were observed for P-deprived cells that had just reached 

minimum polyP levels and were harvested and resuspended in fresh TAP 

media: under these conditions, I observed a 15-fold increase in polyP content, a 

6-fold increase in total P content, and a 76% increase in biomass concentration 

which in 12 h removed all phosphate from the media. Furthermore, I found that 

nutrient availability after P repletion was key for RNA recovery in the cultures 

that were P-deprived until reaching their minimum RNA content (Figure 5.4). 

This result is consistent with Plouviez et al. proteome data of P overplus in C. 

reinhardtii, where they found an increase in proteins related to RNA 

biosynthesis, although phosphate was supplied as KPO4 in their experiment 

(Plouviez et al., 2023a). Probably other factors like nitrogen availability in the 

media at the moment of P repletion could play a role in the ability of C. 

reinhardtii to restore its RNA pool. However, physiological parameters of RNA 

content, or nutrient removal from the media were not reported in that study.  

Also, the observation that RNA was recovered upon repletion with all nutrients 

led to examine whether the maximum growth hypothesis (see Chapter 2 

Literature Review section 2.3.1) was valid for the period of biomass growth 

observed upon TAP repletion (12 – 24 h). However, the RNA contribution to 

total P in this present P overplus experiment did not amount to the 25% range 
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indicated by Rees and Raven for eukaryotic photosynthetic organisms, as it did 

in the control experiment (Figure 4.5A in Chapter 4) (Rees and Raven, 2021). 

To elaborate, if RNA contains an average of 9.1% P as suggested in previous 

literature (Geider and Roche, 2002, Raven, 2013), then RNA contributed to 

12.5% of total P in biomass, in P overplus after P was supplied as resuspension 

in TAP media. Meaning that the biomass growth observed in Figure 5.1 did not 

match the maximum growth rates expected under exponential growth. Possibly, 

the rest of the P accumulated goes into ATP which is the P-donor for polyP, or 

phospholipids (Sanz-Luque et al., 2020). ATP together with other P-esters and 

phospholipids usually account for around 10% and 14% of total P, respectively 

(Rees and Raven, 2021). 

The strain CC-5325 accumulated more polyP and total P than the other strains 

when P-deprived for 96 h and resuspended in TAP media (Figure 5.2B and D). 

By the end of the monitoring period, this strain had accumulated the same 

amount of polyP and total P when it was P-deprived for 24 h and supplied of P 

(P or TAP) (Figure 5.2A and C). This behaviour allowed this strain to remove all 

phosphate from the media in contrast with the other strains (Figure 5.5B). This 

phenotype adds to the one described in section 4.5 in Chapter 4. This new 

phenotype is surprising given that CC-5325 (also known as CC-4533) is the 

background of the CliP mutant library and is derived from commonly used 

laboratory strains. Li et al. found three variations in its genome, with the 

potential to disrupt gene function (Li et al., 2016). From these variations, one 

could potentially be behind the observed phenotype in phosphate accumulation. 

A single nucleotide polymorphism potentially interferes with a gene encoding a 

Histone deacetylase (HDAC). HDACs help to restore compact chromatin 

structure, restricting access to RNA polymerase which negatively regulates 

gene expression, and may prevent transcription factors from accessing 

promoters (Park and Kim, 2020, Neupert et al., 2020). Phosphate metabolism is 

regulated by the PSR1 transcription factor in C. reinhardtii (Shimogawara et al., 

1999). PSR1 is upregulated under low or no P conditions and downregulated 

under P-replete conditions (Moseley et al., 2006, Plouviez et al., 2021). Many 

genes and pathways are transcriptionally regulated by PSR1 (see Chapter 2 

Literature Review section 2.4.1), including phosphate transport. Thus, CC-5325 

could hypothetically have an abnormal regulation of PSR1 leading to the 

phenotypes observed during this study: 1) Higher polyP and total P 

accumulation under no P-deprivation conditions and 2) what seems to be a 

higher resistance or abnormal response to P-deprivation, giving that it 

accumulates almost the same amount of phosphate in both P deprivations 

periods tested (24 and 96 h). Since this strain is the background of the Clip 
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mutant library, there is relevance in uncovering the genotype behind the 

observed behaviour, which to the best of my knowledge has not yet been 

described. 

To benchmark the performance of C. reinhardtii under the P overplus 

experimental conditions tested, it is necessary to compare these results 

(complete removal of 1 mM P in 12 h) with previous reports. Plouviez et al. 

reported complete removal of P from the media after 5 d P depleted C. 

reinhardtii was supplied with 0.33 mM P with KPO4, in 24 h (Plouviez et al., 

2021). Although their initial biomass concentration was approximately half of the 

one observed in this present experiment (Table S1 in Plouviez et al.), they also 

reported a very low increase in biomass concentration after P supply, 

consistently with the biomass concentration pattern observed in KPO4 repleted 

cultures (Figure 4.1). In a later report, Plouviez et al. showed that increasing 

the P dose and initial biomass concentration at the P repletion stage had a 

positive effect on P removal from the media (Plouviez et al., 2023b). In this 

chapter, I observed that the high performance in P removal of 24 h P-deprived 

cells repleted with TAP, may be attributed not only to the high initial P and 

biomass concentration but also to the supply of all nutrients in TAP media. 

Solovchenko et al. obtained a complete removal of P from the media in 40 h 

when resuspending 0.4 g dw/L of Chlorella vulgaris in fresh BG-11 medium (0.4 

mM P), after approximately 3-5 d of P deprivation (Solovchenko et al., 2019b). 

The slower removal of P, in this case, could be due to the longer period of P-

deprivation, lower dose of P and lower initial biomass concentration. The 

comparison of my results with other studies begins to undam the interplay of 

different factors in microalgal P overplus, like initial phosphate and biomass 

concentration, the limits of P deprivation and nutrient availability. 

To the best of my knowledge, the effect of other nutrients apart from P on 

biomass growth during phosphate overplus has not been specifically explored 

before. Indirectly, Lavrinovičs et al. tested the effect of other nutrients at the P 

repletion stage when resuspending 7 and 14 days P-deprived cells from 

Desmodesmus communis, Tetradesmus obliquus and Chlorella protothecoides, 

in primary or secondary effluent from a municipal wastewater treatment facility 

(Lavrinovičs et al., 2020). Primary wastewater treatment effluents are richer in 

nutrients than secondary effluents (Cabanelas et al., 2013). In Lavrinovičs et al 

study, higher biomass concentration was observed when resuspending biomass 

in primary effluent in non-P-deprived and 14 days P-deprived Chlorella 

protothecoides, but not for the other species. The differences in the 

experimental setup and design do not allow a direct comparison of their results 

with the ones observed in Figure 5.1 in this present study. Firstly, the initial 
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biomass concentration at the repletion stage is lower in their case (0.05 g dw/L) 

than the 0.6-0.9 g dw/L used here. Secondly, the pH in their experiment was not 

controlled or buffered and reached alkaline levels (pH > 9.0) which may also 

affect microalgal growth in a species-dependent manner (Hansen, 2002, Berge 

et al., 2012). Growth inhibition under high pH could be partly due to the 

deprotonation of ammonium (NH4) to ammonia (NH3) (Bowmer and Muirhead, 

1987, Källqvist and Svenson, 2003). In this experiment, C. reinhardtii is grown 

in TAP or TA media, which is buffered with Tris pH 8.5 (see Chapter 3 

Materials and Methods 3.2). Thirdly, the characterisation of primary and 

secondary effluent does not report the presence and concentrations of other 

macronutrients apart from nitrogen and micronutrients (e.g. magnesium, 

calcium, zinc, etc.) which also play a role in biomass growth. However, it would 

be interesting to assess in the future whether the observation of enhanced 

biomass growth during phosphate overplus showed in this experiment for C. 

reinhardtii, would be significantly different when using more realistic (less 

controlled) conditions (e.g. wastewater treatment effluent). 

By comparing the results of this P overplus experiment to previous reports 

(Lavrinovičs et al., 2022, Plouviez et al., 2021, Plouviez et al., 2023b, 

Solovchenko et al., 2019b, Aitchison and Butt, 1973), I found that the results are 

variable in terms of phosphate removal performance, biomass growth and polyP 

or total P accumulation. However, these differences highlight the importance of 

the following parameters: 1) initial biomass concentration, 2) initial P 

concentration, 3) P deprivation indicators and 4) nutrient availability. The last 

two, are the centre of my research in these last two chapters. Standardising the 

interplay of these four parameters will help to deliver a more robust model of the 

phosphate overplus response in microalgae. 

 A second P overplus experiment was designed to avoid the centrifugation of 

biomass before resuspension in TAP media, by adding a 5xTA+P solution to P-

deprived cultures. I found that biomass growth was still promoted by supplying 

nutrients in this way (Figure 5.7). Although, significantly lower biomass 

productivity was observed only for 96 h P-deprived cultures (see Table 5.1C 

and Table 5.5B, CC-1690 and CC-125)). Furthermore, I observed that the 

dynamic of P overplus in 5xTA+P repleted cultures was different (Figure 5.8). 

24 h P-deprived cultures exhibited the same peak of polyP after 6 h of 5xTA+P 

repletion, although this was followed by a steady decreased content. This 

pattern contrasted with TAP repleted cultures from the first experiment, where 

the peak remained more or less stable throughout the monitoring period.  
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Table 5.7 Differences between P overplus response in first and second 
experiments. Values represent the average of the strains CC-1690 and CC-125 

(n=3). Phosphate, ammonium and sulphate removal (%) was calculated with the initial 
and final value of the media concentration (mg/L). Asterisks represent the parameter 
with significant differences (*, **, *** for p-value≤0.05, 0.01 and 0.001, respectively), 
which are shaded in red. uc accounts for ‘unchanged’. 

Experiment First Second First Second 

P deprivation Until minimum  

polyP (24 h) 

Until minimum  

RNA (96 h) 

P repletion type TAP 5xTA+P TAP 5xTA+P 

Biomass 

Centrifugation 

Yes No Yes No 

New/Old media New Old New Old 

Nutrients Unaltered Excess Unaltered Excess 

Biomass productivity 

(g L-1 h-1) 

0.041 0.034 0.023 0.015* 

PolyP fold increase 

(%PO4-P,dw) (6 h) 

14.5  10.4  4.8  2.5*  

Total P fold increase 

(%PO4-P,dw) (6 h) 

5.1  4.2* 2.4  1.4*  

RNA fold increase 

(%RNA,dw) (24 h) 

uc uc 1.6 1.2* 

Media P removal at 

the end of the 

experiment (%) 

100% 55%*** 68% 39%*** 

Media N removal at 

the end of the 

experiment (%) 

59% 44%* 55% 44%* 

Media S removal at 

the end of the 

experiment (%) 

42% 30%* 48% 30%* 
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A longer period of P-deprivation (96 h) caused  C. reinhardtii to accumulate less 

polyP, even at the 6 h time point, if the strains were repleted with 5xTA+P, 

instead of resuspended in TAP media. No differences were detected in polyP 

accumulation of ddH2O+P repleted cultures compared to P repleted cultures 

(Figure 5.8A-B). Hence, for the cultures deprived of P until reaching the lowest 

polyP content (24 h), ddH2O+P cultures exhibited a significantly bigger P 

overplus than 5xTA+P repleted cultures. Otherwise, the effect of P deprivation 

until reaching the lowest polyP or lowest RNA content on P overplus remained 

similar between the two experiments, hence more polyP was accumulated for 

the 24 h P-deprived cultures. Moreover, for the cultures deprived of P until the 

lowest RNA content was reached, the effect of nutrients on RNA recovery was 

significantly lower in the second experiment than in the first experiment (Figure 

5.9B). 

Furthermore, the lower total P accumulation observed in cultures that were 

repleted with 5xTA+P  was reflected in a lower phosphate removal from the 

media than that observed for cultures resuspended in TAP media in the first 

experiment (Figure 5.10A-B). Other than phosphate, I observed that 

ammonium and sulphate removal was less efficient in 5xTA+P repleted cultures 

than in resuspension in TAP media, independently of the P-deprivation period 

(Figure 5.10C-F). This is consistent with the observation of lower biomass 

productivity which translated into a lesser need for nutrients from the 

environment, due to possible factors partially inhibiting growth 

Up to this point, we observed the differences in the effect of supplying nutrients 

as resuspension in TAP media or 5xTA+P addition on P overplus, which are 

summarised in Table 5.7. The scope of the second experiment was to test the 

hypothesis that the step of centrifugation before resuspension in TAP media 

could affect negatively C. reinhardtii biomass and hence its P overplus 

response. Yet, the results showed that in the second experiment, the P overplus 

response did not improve, nor did the nutrient availability affect biomass growth 

and nutrient removal, which were observed in the first experiment. On the 

contrary, I observed that repletion as 5xTA+P addition affected negatively some 

of the monitored parameters in comparison with resuspension in TAP media, 

especially for 96 h P-deprived cultures as shown red shaded in Table 5.7. This 

is supported by Figure 5.12 which shows that different nutrient to phosphorus 

molar ratios to those in TAP media, could affect the polyP FI upon repletion, but 

those effects were more adverse in the longer P-deprived cultures. These 

results raise further questions which require further research and will be 

discussed in the general discussion chapter of this thesis. 
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Chapter 6 PSR1 is a key component of polyphosphate 

synthesis during the phosphate overplus response in 

Chlamydomonas reinhardtii  

6.1 Introduction 

This chapter aims to explore the role of PSR1 in the phosphate overplus 

response of C. reinhardtii. The PSR1 transcription factor has been widely 

described in the last two decades for its role in the response to P deprivation 

(Shimogawara et al., 1999, Wykoff et al., 1999).  This response includes the 

upregulation of high-affinity low-rate phosphate transporters and alkaline 

phosphatases, which assist in the scavenging of P (Moseley et al., 2006). PSR1 

also acts as a regulator of in-cell P recycling via the downregulation of the 

Chloroplast ribonuclease polynucleotide phosphorylase (PNPase) and 

increasing polyphosphate synthesis through the upregulation of components of 

the VTC complex (Yehudai-Resheff et al., 2007, Moseley et al., 2006, Cliff et 

al., 2023). These mechanisms were uncovered by studying the abnormal 

behaviour of the psr1-1 mutant under ‘low P’ levels, compared to its background 

strain, CC-125 (see Chapter 2 Literature review)  (Shimogawara et al., 1999, 

Wykoff et al., 1999, Moseley et al., 2006). As PSR1 expression is triggered by 

low P, separating PSR1-specific responses from other responses to P 

deprivation is complicated. To gain insight into this, PSR1 was over-expressed 

in C. reinhardtii under the control of a light-regulated promoter, which regulation 

should be independent of the level of external P. These strains were produced 

by Dr. Lili Chu and are described in our recent publication (Slocombe et al., 

2023). Three independent transgenic strains were grown on TAP media and 

samples were collected for physiological, and confocal analysis, transgene 

protein expression (analysed by me) and RNA sequencing (analysed by Dr. 

Slocombe), as the strains gradually depleted P and other nutrients from the 

media. This led to the conclusion that overexpression of PSR1 was sufficient to 

induce a luxury P uptake/P overplus response (Slocombe et al. and below). 

I then addressed the question of whether PSR1 overexpression was additive 

with P deprivation in inducing phosphate overplus of C. reinhardtii and how this 

compared with the non-transgenic strains used in Chapters 4 and 5 of this 

thesis (CC-1690, CC-125, CC-5325 and CC-4350). With these strains, I 

observed that the best phosphate overplus response was obtained after P-

deprivation until the lowest polyP level was observed and biomass was 

harvested and resuspended in fresh TAP media. Thus, I wanted to test, under 

the same conditions, the phosphate overplus performance of our strongest 
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PSR1 overexpression strain (8-27) in contrast with its background UVM4. The 

background of UVM4 is the strain CC-4350, which was used in Chapters 4 and 

5 of this thesis (Neupert et al., 2009). Furthermore, the fact that PSR1 

overexpression enhanced phosphate accumulation in the biomass of C. 

reinhardtii without P-deprivation  (Slocombe et al., 2023, Bajhaiya et al., 2016, 

Wang et al., 2023),  may suggest that PSR1 not only controls the response to 

P-deprivation but also potentially intervenes at the repletion stage during P 

overplus. Thus, I decided to add the psr1-1 mutant strain to the P overplus 

experiment with the stronger PSR1 overexpression strain from our paper and its 

background, UVM4. The hypothesis is that an abnormal response to P 

depletion and repletion will be observed due to the loss of function or 

overexpression of PSR1 in the psr1-1 and the 8-27 strains, respectively. The 

psr1-1 mutant background is the strain CC-125. This strain was used in the P 

overplus experiment in section 5.3 of Chapter 5 of this thesis1.  

6.2 Objective 

To evaluate the role of the PSR1 transcription factor on the phosphate overplus 

response of C. reinhardtii. 

6.3 Overexpression of PSR1 induces luxury phosphate uptake 

in C. reinhardtii  

6.3.1 Non-native PSR1 was successfully detected in transgenic 

strains  

The design of the PSR1 overexpression construct includes 1) a light-sensitive 

promoter of the ferredoxin-binding protein of the photosystem I (PSAD) gene, 2) 

an RBCS2 intron, 3) the PSR1 gene with an inserted 3xHA-tag, 4) the Venus 

YFP and 5) the terminator of the gene PSAD (Slocombe et al., 2023). The 

construct was inserted in the genome of the background strain UVM4. The 

Venus tag included in the construct allows for the detection of the transgene 

PSR1 via western blotting, which was completed after the strains 8-27, 8-42 

and 8-2 were generated.  I confirmed the presence of the transgene PSR1 for 

the strains 8-27 and 8-42 as shown in Figure 6.1. In this figure, the band 

corresponding to the PSR1-YFP protein is located at an approximate molecular 

weight of 140 kDa, whereas no band is observed in the background strain 

 

1 To facilitate the comparison with psr1-1 in section 6.4, I show the behaviour of the 
strain CC-125 shown as a shaded segment of the error bars from that experiment 

(section 5.3 of Chapter 5). 
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UVM4.  Although, the predicted size of the construct is 109.4 kDa, the protein 

characteristics might be affecting its migration through the SDS-PAGE gel. 

 

Figure 6.1 Transgene PSR1 was still detected in PSR1 overexpression 

strains 8-27 and 8-42. Precultures were inoculated in TAP media and protein 
samples were collected after 72 h for PSR1-Venus protein detection via Western 
Blotting for PSR1 overexpression strains A 8-27 and B 8-42. The non-transformed 
control (UVM4) shown in both A and B shows no detection. The bars on the left 
indicate the molecular weight of each band of the marker (kDa). 10µg of chlorophyll 
loaded per lane. 1 min exposure time was used for both blots. 

6.3.2 Overexpression of the PSR1 transcription factor does not alter 

the growth and viability of C. reinhardtii 

Since PSR1 has been reported to be involved in many different processes in 

the cell, growth must be a key parameter to be monitored as it provides 

evidence of the viability of the C. reinhardtii cells overexpressing PSR1. pH is 

another critical parameter to be monitored as phosphate precipitates strongly as 

calcium phosphate at pH above 8.5, making it non-bioavailable to microalgae 

(Crimp, 2015). Therefore, after monitoring growth during 168 h of cultivation, it 

was observed that all the strains exhibited a classic sigmoidal growth model, 

starting with a lag phase of 24 h, followed by an exponential phase from 24 h - 

96 h and finally reaching a stationary phase until the end of the monitoring 

period (168 h). Among the three growth parameters measured (Figure 6.2A 

Optical density, B Biomass concentration and C Chlorophyll a+b concentration), 

together with the pH in the media (Figure 6.2D), no differences were observed 

between the transgenic strains and the non-transformed control, UVM4.  

A linear regression allowed the determination of the exponential growth phase 

between 24 h - 96 h, for which growth rates were calculated (Table 6.1). These 

rates were consistent with Figure 6.1 and showed no differences in the rate of 

growth and the doubling time. During the log phase, the cells divided 

approximately every 12 h, and throughout the exponential growth phase (24 h – 

96 h) produced between 0.7-0.8 grams of dry biomass per litre of culture. 

Overall, these results indicate that the manipulation of the transgenic strains to 

overexpress the transcription factor PSR1 did not alter the growth and the pH in 

the media.  

 

Marker Marker

Transgene 

PSR1

A B

Transgene 

PSR1
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Figure 6.2 C. reinhardtii growth not affected by PSR1 overexpression. 
Precultures of the non-transformant control UVM4 and the three PSR1 overexpression 
strains 8-27, 8-42 and 8-2 were inoculated in TAP media to an initial OD750nm 0.005 
and monitored during 168 h. A. Optical Density (Absorbance 750nm), B. Biomass 
concentration (g dw/L), C. Chlorophyll concentration (µg/mL) and D. pH in the media. 
Each data point represents the mean (n=3) and error bars show the standard error of 
the mean value. 

Table 6.1 Growth rates estimated for the PSR1 overexpression strains and 
the non-transformant control. The values were calculated for the exponential 
phase (24 h – 96 h) as per linear regression showed for the specific growth rate, 
doubling time and biomass productivity. Each value represents the mean (n=3) and 
error bars show the standard error of the mean value.  

 
 
  
Strain  

Specific 
growth rate 

 
(h-1)  

Doubling  
time 

 
(h)  

Biomass 
productivity 

 
(g dw L-1 h-1)  

UVM4 0.060 ± 0.003 11.5 ± 0.6 0.010 ± 0.001 

8-27 0.055 ± 0.002 12.5 ± 0.4 0.011 ± <0.001 

8-42 0.059 ± <0.001 11.7 ± 0.1 0.010 ±  <0.001 

8-2 0.059 ± 0.002 11.7 ± 0.3 0.010 ±  <0.001 

Average 0.058 ± 0.001 11.8 ± 0.2 0.010 ± <0.001 
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6.3.3 Levels of biomass phosphate follow transgene PSR1 protein 

expression pattern, leading to enhanced P accumulation 

To determine the effect of PSR1 overexpression on C. reinhardtii  P uptake I 

monitored phosphate accumulation relative to the dry biomass (Figure 6.3A). 

The pattern over the time course shows great differences between the three 

transgenic strains. The strain 8-27, displayed a peak of phosphate content in its 

biomass between 24 h and 96 h, reaching a maximum after 48 h with 7.5% 

PO4-P,dw. After day 3, though, there is a strong decrease in the phosphate 

content, which stabilises to approximately 3.0% PO4-P,dw. For the other 

transgenic strains, 8-42 and 8-2, the content of phosphate in the biomass 

increased gradually day by day and reached its highest value (8-42= 3.1% PO4-

P,dw and 8-2= 4.1% PO4-P,dw) after 168 h and 120 h, respectively. The non-

transformed control UVM4, on the other hand, had an average content of 

phosphate of 2.0% PO4-P,dw throughout the 168 h of cultivation. Nonetheless, 

it is important to note that the initial content of phosphate in the biomass of 

strain 8-27, was approximately twice as much as that of the other strains, 

UVM4, 8-42 and 8-2, which once more reveals interesting differences between 

the control and the PSR1 overexpression strains but also between  the 

transgenic strains 

Consequently, to link the differences in the biomass phosphate content as one 

of the effects of overexpressing the transcription factor PSR1, I also monitored 

the PSR1-YFP fusion protein expressed from the transgene using antibodies 

against GFP which cross-react with YFP (Figure 6.3B). The blot revealed a 

protein expression pattern that fits nicely with that of the biomass phosphate 

concentration and leads to the observation that the phosphate content in the 

biomass follows the pattern of expression of the  PSR1-YFP in the transgenic 

strains. The strain 8-27, consistently, exhibited the most intense protein bands, 

whereas the strain 8-42 showed a much weaker abundance of the protein 

(although still present), which serves as a possible explanation for the 

differences in the phosphate accumulation patterns between these two strains. 

The blot on the bottom shows the immunoblot corresponding to the non-

transformed control UVM4, showing the non-specific antibody background. The 

pattern of expression of the PSR1-YFP protein exhibited an upregulation 

between 24 h - 96 h in all strains, followed unexpectedly by a downregulation 

after 120 h and 144 h of cultivation, despite cultivation under continuous light. 

This observation is interesting given that the PSR1 overexpression construct 

harbours the constitutive promoter of the ferredoxin-binding protein of the 

photosystem I (PSAD) gene, and thus, it is considered a light-regulated 

promoter (Crozet et al., 2018). 
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Figure 6.3 PSR1 
overexpression enhanced 
total phosphate 
accumulation in C. 
reinhardtii. Precultures of the 
non-transformant control 
UVM4 and the PSR1 
overexpression strains 8-27, 8-
42 and 8-2 were inoculated in 
TAP media and monitored for 
168 h. A Total phosphate 
content in the biomass (%PO4-
P/dw) B Transgene PSR1 
protein detection via Western 
Blotting with anti-GFP antibody 
for PSR1-YFP in strains (8-27 
and 8-42). No detection was 
observed in the non-
transformed control (UVM4). 
The bars on the left indicate 
the molecular weight of each 
band of the marker (kDa). 
10µg of chlorophyll loaded per 
lane. 1.5 min exposure time 
was used for all blots. 

 

 

 

 

6.3.4 Enhanced phosphate removal is achieved under nitrogen-

replete conditions via PSR1 overexpression 

TAP media contains all nutrient requirements for optimal growth of C. 

reinhardtii, therefore this media is ideal for testing the effect of PSR1 

overexpression on nutrient removal under ‘optimal’ conditions. Figure 6.4 

shows the variation in the concentration of six of the nutrients contained in TAP 

media during 168 h of cultivation. The removal of these nutrients, except for 

potassium, seemed to follow the sigmoidal growth observed in Figure 6.2A-C. 

Media phosphate concentration (Figure 6.4A) varied significantly between the 

transgenic strains and the control when the exponential growth phase started. 

The control, UVM4, displayed a high uptake rate of phosphate during the 

exponential phase, and then it reached a plateau during the stationary phase. 

This strain ultimately removed approximately 70% of all phosphate from the 

media by the end of the monitoring period. Conversely, all the PSR1 
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overexpression strains (8-27, 8-42 and 8-2) depleted all phosphate from the 

media (under the limit of detection for blue molybdate method ~0.04 mg PO4-

P/L), but at different rates. The transgenic strain 8-27 exhibited the highest 

removal rate (P depleted after 84 h), followed by 8-2 (108 h) and 8-42 (between 

120 h - 144 h). Interestingly, the highest and lowest phosphate removal rates 

observed for strains 8-27 and 8-42 respectively also coincide with a higher and 

lower level of the transgene PSR1 detected in Figure 6.3B.  

Moreover, I observed that the removal of magnesium was different between the 

transgenic strains and the control (Figure 6.4C). Whilst a complete depletion of 

this nutrient was not achieved as with phosphate, the transgenic strains 

removed two times more magnesium than the control. The removal pattern 

during the exponential phase seemed to follow that of phosphate. The strain 8-

27 started to remove magnesium sooner than the control after 48 h and 

reached the plateau at the 84 h time point. This pattern was also observed for 

the other transgenic strains 8-2 (start – 72 h,  plateau – 120 h) and 8-42 (start – 

84 h, plateau – 120 h). 

Otherwise, in the case of sulphate, ammonium, calcium and potassium 

concentration in the media (Figure 6.4B, D, E, F), no differences in the pattern 

of removal were observed. All the strains removed about 50%, 70%, 5% and 

0%, respectively, of these nutrients from the media by the end of the 

experiment.  I calculated the maximum uptake rate for the nutrients shown in 

Figure 6.4. The maximum uptake rates for phosphate, magnesium, ammonium 

and sulphate occur simultaneously between 48 h – 72 h of cultivation for all the 

strains, including the control (Table 6.2). However, statistical differences 

between the strains were only observed for phosphate and magnesium. This 

observation suggests that there is a potential link between phosphate and 

magnesium, which was visible due to the overexpression of PSR1 in the 

transgenic strains 8-27, 8-42 and 8-2. Calcium and potassium uptake rates 

were negligible and thus, are not shown.  
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Figure 6.4 Nutrient removal from the media of PSR1 overexpression 
strains (8-27, 8-42 and 8-2) and the non-transformed control (UVM4). A 

Phosphate (mg PO4
 -P/L), B Ammonium (mg NH4

 -N/L), C Magnesium (mg Mg2+/L), D 
Sulphate (mg SO4-S/L ), E Calcium (mg Ca2+/L), and F Potassium (mg K+/L). Each data 
point represents the mean (n=3) and error bars show the standard error of the mean 
value. 
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Table 6.2 Maximum nutrient uptakes observed in the non-transformant 
control and the PSR1 overexpression strains. Precultures of the strains UVM4, 

8-27, 8-42 and 8-2 were inoculated in TAP media and monitored over 168 h. The 
maximum nutrient uptake rates of phosphate (mg PO4-P g dw-1 h-1), magnesium (mg 
Mg2+ g dw-1 h-1), ammonium (mg NH4-N g dw-1 h-1), and sulphate (mg SO4-S g dw-1 h-1) 
were observed between 48 h – 72 h for all strains. Values represent the average of 
three biological replicates ±SE (ns, *, ** and *** represent OneWay ANOVA p-values= 
> 0.05, ≤ 0.05, ≤0.01 and ≤ 0.001). Letters a and b correspond to statistical differences 
across strains via Tukey HSD. 

(48 - 72 h) 
 
Strain 

Maximum nutrient uptake rate (mg g dw-1 h-1) 

Phosphate 
PO4-P 

Magnesium 
Mg2+ 

Ammonium 
NH4-N 

Sulphate 
SO4-S 

UVM4 5.01 ± 0.46 
(b) 

0.26 ± 0.08 
(b) 

13.49 ± 3.09 1.31 ± 0.14 

8-27 15.5 ± 0.37 
(a) 

4.84 ± 0.66 
(a) 

21.64 ± 3.04 1.19 ± 0.01 

8-42 6.07 ± 0.32 
(b) 

1.12 ± 0.65 
(b) 

20.66 ± 3.13 1.01 ± 0.01 

8-2 5.03 ± 1.11 
(b) 

1.06 ± 0.23 
(b) 

14.89 ± 5.53 1.08 ± 0.40 

Statistical 
significance 

*** ** ns ns 

6.3.5 Polyphosphate dynamics under PSR1 overexpression reveal 

insights into P-recycling processes within the cells 

Figure 6.3A showed a peak of total phosphate concentration in the biomass, 

which can be assumed to be due to accumulation (as polyP), rather than 

growth, as there were no differences in biomass observed in Figure 6.2B.  This 

result led to conjecture about the formation of polyP granules, its variation over 

time and the difference between strains, as an effect of the PSR1 

overexpression. Thus, 4′,6-diamidino-2-phenylindole (DAPI) staining, which is 

commonly used for the staining of DNA but also polyP, was used to image 

polyP granules within the microalgal cells (see section 2.3.3 in Chapter 2 

Literature Review). DNA has an emission maxima at 461 nm and 

polyphosphate at 525 nm when using DAPI (Aschar-Sobbi et al., 2008a). Thus, 

DNA signal (stained in blue) can be differed from polyP signal (stained in 

yellow), with the appropriate confocal microscopy setting, as we showed in our 

research paper (Figure 1 in Slocombe et al., 2023). 

 Samples were stained with DAPI and preserved for confocal imaging, for one 

replicate of the non-transformed strain UVM4 and the transgenic strain 8-27, 

respectively. The images were processed as a projection of six to twelve z-

stacks, to ensure that the full z-axis of the cell was covered. Ten representative 

images (from 30-50 pictures taken) from each line and each day, are shown in 
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the appendix Figures A5-7. Images of polyP granules (yellow channel, bottom 

row) are shown together with the brightfield channel (grey, top row), for the     

48 h, 72 h and 144 h time points, which are relevant in terms of growth, and 

phosphate accumulation in biomass. A summary composite figure of the DAPI-

stained cells is shown in Figure 6.5.  

 

Figure 6.5 DAPI-polyP timeline of PSR1-OE and its background UVM4. 24 

h, 72 h and 144 h time points of  confocal images of DAPI stained cells (one 

representative image from the appendix Figures A5-7) 

The images of the non-transformed control UVM4, showed a formation of 

round-shaped polyP granules at the 48 h time point (early exponential growth 

phase) followed by what appears to be a great condensation of the granules 

and an increase in their number within each cell, after 72 h. Finally, as the 

levels of media phosphate decreased and cells reached the stationary phase, 

the images showed ‘diffuse’ granules, which might be due to the degradation of 

polyP for further use of these phosphate reserves. For the transgenic strain 8-

27, the timeline seemed accelerated and divergent in the sense that 48 h polyP 

granules looked substantially bigger than those of the control, for what appears 

to be an expedited formation and condensation of the granules. After 72 h, 

when the cells are dividing at the fastest rate and the phosphate in the media is 

almost depleted, the granules look less intense and ‘diffuse’ within the cells. 

Finally, after 144 h, with no phosphate availability in the media, the granules in 

the transgenic strain 8-27 looked more ‘diffuse’ compared to the 72 h time point. 

This suggests that polyP was mobilised to sustain the demand for organic 

molecules containing P (e.g. DNA/RNA, ATP, etc.). 

 

 

 

 

 



144 
 

Table 6.3 Summary of observations of polyP dynamics from composite 
Figure 6.5. DAPI-polyP is linked to the time of cultivation, growth phase, media 

phosphate concentration and characteristics of the polyP granules as per the confocal 
analysis of DAPI stained cells, for the non-transformed control UVM4 and the PSR1 
overexpression line 8-27. 

 

Time 

(h) 

 

Growth 

phase 

UVM4 8-27 

Media 

Phosphate  

polyP          

state 

Media 

Phosphate  

polyP               

state 

48  
Early 

exponential 

High  

~30 mg 

PO4-P/L 

Formation of 

small granules 

High 

~24 mg  

PO4-P /L 

Formation of 

larger condensed 

granules 

72  
Mid 

exponential 

High 

~23 mg 

PO4-P /L 

Condensation 

Low 

~2 mg    

PO4-P /L 

Mobilisation 

144  Stationary 

Low 

~9 mg  

PO4-P /L 

Mobilisation 

Depleted 

Undetected 

Mobilisation 

 

A description of the main observations is displayed in Table 6.3 for better 

illustration. After 48 h, both strains are entering the early exponential phase, 

and the phosphate concentration in the media is still high (>25 mg PO4-P/L). 

The formation of polyP granules expected during non-limiting P conditions 

occurs in both strains, although for 8-27, the granules appear to cover a 

significantly higher proportion of the cell. At the 72 h time point corresponding to 

the mid-exponential growth phase, the strain UVM4 seemed to go through a 

process of condensation of the granules and an increase in their number, and 

the concentration of phosphate in the media still high (>20 mg PO4-P/L). On the 

contrary, strain 8-27, with a low media phosphate concentration (<2 mg PO4-

P/L), showed a marked transient peak which is likely due to degradation of the 

polyP polymer. After 144 h, mid-stationary phase, UVM4 cultures had an 

average phosphate concentration in the media of 10 mg PO4-P/L and seemed 

to start degrading the polyP at this point. In contrast, the transgenic strain 8-27, 

with no detectable phosphate in the media, has presumably utilised all the P 

arising from poly P granule degradation, thus, explaining the disappearance of 

the polyP granules (Figure 6.5). 
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6.3.6 Assessing the potential effect of PSR1 overexpression on cell 

volume under phosphate non-limiting conditions 

Since PSR1 is a transcription factor upregulated by phosphate limitation, the 

overexpression of PSR1 could hypothetically mimic a phosphate stress 

response, even when there is no P deprivation. One of these responses is the 

increase in cell size as an effect of lipid or starch accumulation. Therefore, cell 

volumes were calculated from the confocal images (Figure 6.6). At the early 

stages of growth and under continuous light cultivation, it is expected to observe 

unsynchronised cell cycles leading to greater variations in the cell volumes. This 

means that the cell cycles are not as synchronised as they can be when 

photoperiods of 16 h:8 h or 12 h:12 h (light: dark) are used (Zones et al., 2015).  

 

Figure 6.6 Distribution of cell volumes of the non-transformant control 
UVM4 and the PSR1 overexpression strain 8-27 over time. Cell volumes 

(µm3) were estimated from confocal images after 48 h, 72 h and 144 h of cultivation. 
Asterisks represent the statistical significance of the results compared to the control (ns 
- not significant, * - p-value<0.05, ** - p-value<0.01). Data is representative of one of 
the triplicates of the non-transformed control UVM4 and the PSR1 overexpression 8-
27. 

Nevertheless, at the 48 h time point, the cells of the transgenic strain 8-27 were 

significantly smaller than those from the control. Interestingly, the 8-27 cultures 

at this time point had smaller cells (average 307 µm3) with a total phosphate 

content of 7.5% PO4-P,dw. In contrast, UVM4 cultures had larger cells (average 

571 µm3) but exhibited a four times lower total phosphate content of 2.0% PO4-

P,dw (Figure 6.3A). After 72 h, there were no differences in the cell sizes, 

although at this time point, the cells were overall smaller than at the 48 h time 

point. After 144 h, there was an increase in the average cell size for both 

strains, but 8-27 cells were significantly bigger.  
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6.3.7 Magnesium, rather than calcium, is the potential counterion, 

assisting PSR1 overexpression strains with increased uptake 

of phosphate 

Polyphosphate is a chain of more than three phosphate ions joined by 

phosphoanhydride bonds and hence, is a highly anionic biopolymer (Albi and 

Serrano, 2016). Therefore, when polyP is accumulated within the cells, a 

counterion is required to balance the charge of the molecule. In the case of C. 

reinhardtii, calcium (Ca2+) has been mentioned as the most common counterion 

for polyphosphate (Siderius et al., 1996). Thus, considering the substantial 

increase in the P accumulation in the biomass (Figure 6.3A) and characteristic 

polyP accumulation (Figure 6.5) of the PSR1 overexpression strains, a 

hypothesis was formulated about the potential responses assisting the cells to 

cope with the increased P uptake rates. Ergo, the presumption was that a 

higher uptake of calcium as a response to the increase of polyP accumulation, 

was a possible coping mechanism. Nonetheless, Figure 6.4E showed that 

there were no differences in the removal pattern of calcium from the media. 

Instead, the PSR1 overexpression strains seemed to have preferred 

magnesium as a possible counterion (Figure 6.4C). This observation is 

confirmed by the higher uptake rates of magnesium observed in the PSR1-OE 

strains, given that their pattern of removal followed that of phosphate (Table 

6.2).   

6.4 Assessing the effect of PSR1 on C. reinhardtii P overplus 

6.4.1 C. reinhardtii growth abnormal in psr1-1 mutant but not 

affected by PSR1 overexpression during P overplus 

To determine the effect of PSR1 knockout or overexpression on C. reinhardtii 

growth during phosphate overplus, I harvested and washed mid-exponential 

cultures of the strains UVM4, 8-27 and psr1-1 and resuspended them in 

phosphate-free media (TA) for 24 h. This was followed by harvesting the P-

deprived biomass and resuspension in fresh TAP media to trigger a phosphate 

overplus response. A sample was collected before (-24 h), after P-deprivation (0 

h) and then for 96 h after TAP repletion, to monitor biomass concentration, cell 

counts and optical density (Figure 6.7).  

During P-deprivation (grey box in Figure 6.7), I observed no differences in the 

growth pattern of the strains UVM4 and 8-27, compared to CC-125 (shaded 

segment representing data from Figure 5.1A in Chapter 5). This suggests that 

mid-exponential cells of these strains were able to mobilise internal reserves of 
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P to sustain growth when P was not available in the media. In contrast, the 

psr1-1 mutant exhibited a significantly lower increase in biomass concentration 

after 24 h of resuspension in TA media (Table 6.4). This was expected due to 

the PSR1 gene knockout of this mutant, which is precisely involved in the 

response to phosphate stress. However, this observation may also suggest that 

PSR1 is potentially involved in assisting or regulating P mobilisation.  

As expected, I observed that resuspension in TAP media of P-deprived cells 

promoted biomass growth for all the strains. However, the psr1-1 mutant lagged 

in terms of growth rate, doubling time and biomass productivity as shown in 

Table 6.5. This observation could suggest that 1) PSR1 possible role in the 

response to the resupply of phosphate with other nutrients to P-deprived cells 

was affected by the knockout in this mutant or more likely that 2) the abnormal 

response to P-deprivation caused a lag in the growth response after upon TAP 

supply. Although, compared to its background (CC-125), psr1-1 divided 

significantly faster after resuspension in TAP media (see Table 5.1B in Chapter 

5, p-value=0.037). This could be due to the cw15 background of the original 

psr1-1 mutant, which was later backcrossed with CC-125 (at least four times) 

(Shimogawara et al., 1999).  
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Figure 6.7 Effect of PSR1 
knockout or 
overexpression on C. 
reinhardtii growth during P-
deprivation and repletion. 
Mid-exponential cells of the 
strains UVM4, PSR1 
overexpression 8-27 and psr1-1 
mutant were resuspended in TA 
media for 24 h (grey box) and 
then resuspended in fresh TAP 
media. A Biomass concentration 
(g dw/L), B Cell count (106 
cells/mL) and C Optical density 
(Absorbance 750nm). Shaded 
segments show the area 
covered by the error bars from 
parameters observed for the 

strain CC-125 from Chapter 5 

for reference (Figure 5.1B, D, 

and F). 
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Table 6.4 Increase of biomass concentration after P-deprivation of PSR1 
overexpression and psr1-1 mutant. Values correspond to the average difference 

between biomass concentrations of mid-exponential cultures before and after 24 h of 
resuspension in TA media ±SE (Statistical significance of *** corresponds to p-value 
≤0.001). 

Increase in biomass concentration (g dw/L)   

after 24 h of P deprivation 

Strain %  ±SE 

UVM4 67 ± 1 

8--27 70 ± 1 

CC125 66 ± 2 

psr1-1 43 ± 4 

Statistical significance *** 

Unsurprisingly, the PSR1 overexpression strain 8-27 had similar biomass 

productivity after resuspension in TAP media to its background (UVM4). 

Nonetheless, the transgenic strain 8-27 exhibited a higher specific growth rate 

(p-value = 0.023) and divided faster (although not significantly, p-value = 0.051) 

than the non-transformant control UVM4 (Table 6.5). In comparison with the 

experiment in section 6.3, UVM4 exhibited a lower specific growth rate and 

higher doubling time during P overplus, but with a higher biomass productivity. 

8-27, exhibited a very similar specific growth rate and doubling time to that of 

the previous experiment, and a higher biomass productivity. A higher increase 

in biomass concentration occurred due to a higher initial biomass concentration 

before resuspension in TAP media (average of UVM4 and 8-27 = 0.715 g dw/L) 

compared to the previous experiment in section 6.3 (0.013 g dw/L).  

Table 6.5 Growth parameters of PSR1 overexpression strain and psr1-1 
mutant after P repletion. Values represent the average (n=3)±SE after 
resuspension in TAP media of 24 h P-deprived cells of UVM4, 8-27 and psr1-1 (ns, *, 
** and *** represent OneWay ANOVA p-values > 0.05, ≤ 0.05, ≤0.01 and ≤ 0.001) 

 

 

Strain 

Specific 

growth rate 

(h-1) 

Doubling 

time 

(h) 

Biomass 

productivity 

(g dw L-1 h-1) 

UVM4 0.044 ± 0.004 16.1 ± 1.5 0.026 ± 0.004 

8-27 0.061 ± 0.007 11.4 ± 2.3 0.026 ± 0.001 

psr1-1 0.023 ± 0.001 30.3 ± 1.0 0.012 ± 0.001 

Statistical significance ** *** ** 
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6.4.2 P overplus response was also observed when PSR1 is 

overexpressed in C. reinhardtii  

To assess the effect of PSR1 overexpression or knockout on phosphate 

overplus, I monitored polyP accumulation and total phosphate content in the 

biomass throughout both stages of P overplus (P-deprivation and repletion). 

Figure 6.8A shows that before P-deprivation, mid-exponential cultures of the 

PSR1 overexpression strain 8-27 had four times more polyP than its 

background, UVM4, and the wild-type CC-125. Then, during P deprivation the 

strain 8-27 exhibited a lower biomass P depletion rate compared to its 

background and the wild-type CC-125 (Table 6.6), and reached an average 

polyP content of 1.5% PO4-P,dw (from a starting polyP content of 4.5% PO4-

P,dw) in contrast with the 0.1% PO4-P,dw observed in UVM4 and CC-125 (from 

a starting polyP content of 0.5% PO4-P,dw). After resuspension in TAP media, 

8-27 still exhibited a P overplus response in a 6 h period and reached a polyP 

content of 2.4% PO4-P,dw, which is not near the level observed before P-

deprivation. After this period, the polyP content of this strain decreased and 

remained stable at the level reached after P-deprivation (1.5% PO4-P,dw). The 

strain UVM4, had a very similar pattern in the polyP content at all stages (mid-

exponential, P-deprivation and resuspension in TAP media), to that observed 

for the wild-type strain CC-125 (Figure 5.2A in Chapter 5). Surprisingly, I could 

not detect polyphosphate in the psr1-1 mutant at any stage of the experiment. 

This phenotype to the best of my knowledge has not been described before for 

this mutant. 

Table 6.6 Fold change of polyP content after P-deprivation affected in 

PSR1-OE strain. Values correspond to the average (n=3) difference in the polyP 
content of mid-exponential cultures before and after 24 h of resuspension in TA media 
±SE (Statistical significance of * corresponds to p-value ≤0.05). nd = not detected 

PolyP fold decrease after  

24 h of P-deprivation (% PO4-P,dw) 

Strain FC±SE 

UVM4 6.7 ±0.2 

8--27 2.7 ±0.1 

CC-125 5.1 ±0.6 

psr1-1 nd 

Statistical significance * 
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Figure 6.8 Phosphate 
accumulation of PSR1 
overexpression strain and 
psr1-1 mutant during P-
deprivation and repletion. 
Mid-exponential cells of the 
strains UVM4, PSR1 
overexpression 8-27 and psr1-1 
mutant were resuspended in TA 
media for 24 h (grey box) and 
then resuspended in fresh TAP 
media. A polyP content in 
biomass (% PO4-P,dw), B Total 
P content in biomass (% PO4-
P,dw) and C polyP to total P 
mass ratio (% w/w). Shaded 
segments show the area 
covered by the error bars from 
parameters observed for the 

strain CC-125 from Chapter 5 

for reference (Figure 5.2). 
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Consistent with the P overplus experiment in section 5.3 in Chapter 5 (Figure 

5.2C), the pattern of the total P content in the biomass followed that of polyP for 

all strains, except for the psr1-1 mutant Figure 6.8B. This strain has a lower 

total P content than its background, CC-125, at all stages of the experiment. 

Mid-exponential cultures of psr1-1 had a total P content of 0.78%PO4-P,dw and 

reached 0.24%PO4-P,dw after 24 h of P-deprivation. After 96 h of resuspension 

in TAP media, psr1-1 recovered most of its initial level before P-deprivation (see 

inset diagram in Figure 6.8B). Finally, Figure 6.8C shows the polyP to total P 

mass ratio at each stage of the experiment. UVM4, as expected followed a 

similar trend compared to that described for CC-125 in Figure 5.2E in Chapter 

5. Interestingly, I could observe that the PSR1 overexpression strain 8-27 

maintained its polyP to total P mass ratio, unlike its background UVM4 and the 

wild type CC-125. 8-27 kept a constant ratio of approximately 60% (w,w) after 

24 h P-deprivation. After resuspension in TAP media, 8-27 exhibited a slight 

decrease in the polyP to total P mass ratio and matched that of UVM4 until the 

end of the experiment. 

6.4.3 RNA content pattern not affected by PSR1 overexpression 

during P overplus 

The observation that the psr1-1 mutant did not contain polyP at any point of the 

experiment (Figure 6.8A) but was still able to increase its biomass 

concentration after P-deprivation (Table 6.4), raised the question about the 

alternative phosphate source this mutant used to sustain growth. Figure 6.9 

shows the RNA content in the biomass before and after 24 h of P-deprivation 

and after resuspension in TAP media. I observed that before P-deprivation, the 

mid-exponential cultures of the psr1-1 mutant and the PSR1 overexpression 

strain 8-27 had the highest and lowest RNA content compared to the 

background strains CC-125 and UVM4, respectively. After 24 h of P-

deprivation, the psr1-1 mutant exhibited a considerable decrease in its RNA 

content, in contrast to the other strains (Table 6.7). This observation suggests 

that RNA may be the alternative source of P that the psr1-1 uses to sustain 

growth under P deprivation. 

 

 

 



153 
 

Table 6.7 Difference in RNA content of PSR1 overexpression and psr1-1 
mutant during P-deprivation. Values correspond to the average (n=3) percentage 

difference between the RNA content of mid-exponential cultures before and after 24 h 
of resuspension in TA media ±SE (Statistical significance of ** corresponds to p-value 
≤0.01). Positive and negative values represent an increase or decrease, respectively. 

 

Change in RNA content in biomass 

(%RNA,dw) after 24 h of P deprivation  

Strain %  ±SE  

UVM4 - 17 ± 1 

 

8--27 + 10 ± 2 

 

CC125 - 13 ± 5 

 

psr1-1 - 66 ± 13 

 

Statistical significance **  

 

 After resuspension in TAP media, I observed no changes in the RNA content 

pattern between the PSR1 overexpression strain 8-27 and its background 

UVM4. For the psr1-1 mutant, RNA recovery was observed in the first 24 h after 

resuspension TAP but did not reach its initial level of RNA before P-deprivation. 

The RNA pattern after resuspension in TAP media in the psr1-1 mutant was 

similar to its background CC-125. Although, the RNA content decreased after 

the recovery peak (24 h), in contrast with CC-125. 
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Figure 6.9 RNA variation in biomass of PSR1 overexpression strain and 
psr1-1 mutant during P-deprivation and repletion. Mid-exponential cells of the 
strains UVM4, PSR1 overexpression 8-27 and psr1-1 mutant were resuspended in TA 
media for 24 h (grey box) and then were resuspended in fresh TAP media. Shaded 
segments show the area covered by the error bars from parameters observed for the 

strain CC-125 from Chapter 5 for reference (Figure 5.4). 

6.4.4 PSR1 overexpression enhanced phosphate removal efficiency 

during P overplus 

To evaluate the effect of PSR1 knockout or overexpression on nutrient removal 

during P overplus, I monitored the concentration of phosphate, ammonium and 

sulphate during the experiment (Figure 6.10). Consistently with the phosphate 

accumulation in the biomass (Figure 6.8B), I observed that the psr1-1 mutant 

was the only one that did not remove all phosphate from the media after 

resuspension in TAP media ( Figure 6.10A). This strain only removed 40% of 

phosphate from the media by the end of the monitoring period. The other strains 

(UVM4 and 8-27) removed all phosphate from the media in 12 h, which is 

consistent with the previous P overplus experiment discussed in Chapter 5 

(Figure 5.5).  
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Figure 6.10 Nutrient 
removal from the media 
by the PSR1 
overexpression strain 
and psr1-1 mutant, during 
P-deprivation and 
repletion. Mid-exponential 
cells of the strains UVM4, 
PSR1 overexpression 8-27 
and psr1-1 mutant were 
resuspended in TA media for 
24 h (grey box) and then 
resuspended in fresh TAP 
media. A-B Phosphate 
concentration in the media 
(mg PO4-P/L), C-D 
Ammonium concentration in 
the media (mg NH4-N/L) and 
E-F Sulphate concentration in 
the media (mg SO4-S/L). 
Shaded segments show the 
area covered by the error bars 
from parameters observed for 
the strain CC-125 from 

Chapter 5 for reference 

(Figure 5.5). 
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In the case of ammonium, I observed that psr1-1 exhibited a higher removal 

efficiency compared to UVM4 and 8-27, but no different to that of its 

background, CC-125 (Figure 6.10B). Finally, no differences were observed in 

the removal of sulphate for the strains UVM4, 8-27 and psr1-1 (Figure 6.10C). 

The shaded segment corresponding to CC-125 shows a higher concentration of 

sulphate in the media (Figure 5.5E in Chapter 5). However, the initial 

concentration of sulphate of CC-125 after resuspension in TAP media was 

higher than for the other strains (UVM4, 8-27 and psr1-1), which could be due 

to TAP media preparation for each experiment. To eliminate any differences in 

TAP media preparation, I calculated the nutrient uptake rates for phosphate, 

ammonium and sulphate for the first 24 h after resuspension in TAP media. The 

nutrient uptake rates were calculated for each sampling time point (0-1, 1-6 h, 

6-12 h, 12-24 h) for the strains UVM4, 8-27 and psr1-1 and are shown in the 

appendix Table A 1. This table shows that the PSR1-OE strain 8-27 exhibited a 

more immediate response to nutrient resupply than its background UVM4, 

where higher nutrient uptake rates were observed in the first hour after nutrient 

supply. However, to compare with the ‘wild type’ strain CC-125 calculated the 

nutrient uptake rates for the time segments where data was available for (0-6 h, 

6-12 h, 12-24 h) (Table 6.8).  Comparisons were made between 8-27 and psr1-

1 with their corresponding backgrounds UVM4 and CC-125, respectively. The 

nutrient uptake rates of strain CC-125 correspond to the experiment shown in 

section 5.3 of Chapter 5, calculated from Figure 5.5.  

 I observed that PSR1 overexpression caused a more rapid uptake of 

phosphate in the first 6 h and then in the 6 -12 h period, compared to UVM4. 

Thus, 8-27 may have depleted all phosphate from the media sooner than UVM4 

before the 12 h time point (Table 6.8A). In contrast, no differences were 

observed in the uptake rate of ammonium between UVM4 and 8-27, except for 

the 12-24 h segment (Table 6.8B). Finally, the effect of PSR1 overexpression 

on the sulphate uptake rate was only significant in the 6-12 h period (Table 

6.8C). 

The psr1-1 mutant exhibited and considerably lower uptake rate of phosphate at 

all time points compared to its background, CC-125 (Table 6.8A). Interestingly, 

in the case of both ammonium and sulphate, I observed that psr1-1 exhibited a 

significantly lower nutrient uptake rate in the first 6 h which was followed by a 

significantly higher nutrient uptake rate during the 6-12 h period, compared to 

CC-125 (Table 6.8B-C). The delay in the uptake of these nutrients was 

reflected in the slower growth rate of this mutant upon resuspension in TAP 

(Table 6.5). 
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Table 6.8 Changes in nutrient uptake rates by PSR1 overexpression strain 
and psr1-1 mutant, compared to the control. Average values (n=3) for the four 

strains were used ±SE. nn corresponds to values below 0.1 mg g dw-1 h-1. Statistical 
significance was tested for 8-27 and psr1-1 compared exclusively to their background 
strains, UVM4 and CC-125 (*, **, *** for p-value≤0.05, 0.01 and 0.001, respectively). 

 

A 

 

Strain 

Phosphate uptake rate 

mg PO4-P g dw-1 h-1 

0-6 6-12 12-24 

UVM4 6.02 ± 0.15 0.31 ± 0.11 nn               

8-27 6.76 ± 0.19 * nn               * nn               

CC-125 6.04 ± 0.50 0.15 ± 0.04 nn 

psr1-1 0.63 ± 0.33 *** 0.61 ± 0.08 ** 0.22 ± 0.04 ** 

B 

 

Strain 

Ammonium uptake rate 

mg NH4-N g dw-1 h-1 

0-6 6-12 12-24 

UVM4 7.47 ± 1.27 2.67 ± 0.95 0.55 ± 0.05 

8-27 5.87 ± 0.51 ns 3.35 ± 0.31 ns 0.13 ± 0.06 * 

CC-125 10.31 ± 0.32  1.74 ± 0.57  0.19 ± 0.02  

psr1-1 6.38 ± 0.78 ** 6.70 ± 0.29 ** 1.35 ± 0.26 ** 

C 

 

Strain 

Sulphate uptake rate 

mg SO4-S g dw-1 h-1 

0-6 6-12 12-24 

UVM4 0.50 ± 0.10  0.20 ± 0.10  nn 

8-27 0.48 ± 0.03 ns 0.28 ± 0.02 ** nn 

CC-125 0.77 ± 0.04 0.13 ± 0.04 nn 

psr1-1 0.45 ± 0.03 ** 0.49 ± 0.01 *** nn 
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6.5 Results summary and discussion 

1. PSR1-YFP construct is expressed in the transgenic strains 

In the first section of this chapter, I showed my contribution to the paper 

“Overexpression of PSR1 in Chlamydomonas reinhardtii induces luxury 

phosphate uptake” (Slocombe et al., 2023).  The hypothesis that we formulated 

was that PSR1 overexpression would trigger a luxury phosphate uptake 

response, without previous P-deprivation conditions. P-deprivation (or 

deprivation of other nutrients) is typically needed to activate this phenomenon in 

microalgae (Aksoy et al., 2014, Chu et al., 2020a, Solovchenko et al., 2019b). 

While PSR1 overexpression was used in previous studies, their focus was to 

unveil the role of this transcription factor on lipid and starch accumulation and 

its connection to nutrient stress (Ngan et al., 2015, Bajhaiya et al., 2016).  

By western blotting, I confirmed that the PSR1-OE construct was still present in 

strains 8-27 and 8-42 (Figure 6.1). C. reinhardtii harbours a transcriptional gene 

silencing pathway that affects foreign DNA integration into the genome (Neupert 

et al., 2020). Although the background strain UVM4 was modified to provide 

long-term stability and high transgene expression, it still expresses the gene 

silencing pathway, and thus, could potentially affect the expression of the PSR1 

overexpression construct over time (Neupert et al., 2009). The PSR1 transgenic 

strains are maintained in TAP agar supplied with paromomycin but in liquid 

cultures, only TAP media is used to avoid any effect of the antibiotic on 

transgenic C. reinhardtii growth.  

2. Growth not affected by PSR1-OE, consistent with previous PSR1-

OE studies 

To test the hypothesis that PSR1-OE induces luxury P uptake without previous 

P-deprivation, I tested the performance of three PSR1 overexpression strains of 

C. reinhardtii (8-27, 8-42 and 8-2) with differing levels of expression of PSR1 

and a non-transformed background (UVM4), in terms of growth, phosphate 

accumulation in the biomass and nutrient removal from the media. All the 

strains showed similar changes over time in the biomass and chlorophyll a+b 

concentration, and optical density, which was consistent with no statistical 

differences in the specific growth rates and doubling times (Figure 6.2 and 

Table 6.1). The strains divided approximately every 12 h during the exponential 

growth phase, which is within the range expected for C. reinhardtii, under 

similar culture conditions (Boyle and Morgan, 2009, Ramos-Martinez et al., 

2017, Barolo et al., 2022). This demonstrates that PSR1 transgenic strains 

show no growth penalty compared to the non-transformed control under the 

tested conditions. This outcome was not necessarily expected since PSR1 is a 
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transcription factor involved in many processes other than phosphate 

metabolism (Ngan et al., 2015), and hence its overexpression could have 

affected the growth of these strains. My results were consistent with Bajhaiya et 

al., who also found no differences in the growth rates of PSR1 overexpression 

strains and their background strain CC-4351 (Bajhaiya et al., 2016). The 

chlorophyll content, on the other hand, was significantly higher on their PSR1 

overexpression strains under ‘high P’ conditions (Bajhaiya et al., 2016), which is 

contrary to our results (Figure 6.2C). These differences could be due to the 

distinctive design of both constructs. The PSR1 overexpression strains in the 

Bajhaiya et al. study were generated from the auxotrophic strain CC-4351, and 

PSR1 is under the control of the promoter of the heat shock protein HSP70A 

(Bajhaiya et al., 2016). In our study, the PSR1 overexpression strains come 

from a high transgene expression background (UVM4) and the PSR1 transgene 

is under the control of the light-regulated promoter of a ferredoxin-binding 

protein of photosystem I, PSAD (Fischer and Rochaix, 2001). Moreover, in 

Bajhaiya et al., a photoperiod of 16:8 h light: dark was used while in our 

experiment we cultivated all strains under continuous illumination. All of the 

factors mentioned above could affect in a different way parameters like the 

chlorophyll concentration in the cells.  

Moreover, in our experiment, I observed that the biomass concentration for all 

the strains reached a maximum of approximately one gram of dry biomass per 

litre between the 120-144 h time point (Figure 6.2B), which corresponds with 

optimal growth and high biomass productivity for C. reinhardtii cultivation 

standards (Anam et al., 2021, Moon et al., 2013). The cessation of growth 

occurred simultaneously with a plateau in the pH of the media at a value of 

approximately 8.5, which was expected since TAP media is buffered with Tris 

(Figure 6.2D). This also prevented the precipitation of phosphorus as calcium 

phosphate and was useful to track phosphate removal as biomass uptake only.  

3. PSR1-OE triggered luxury P uptake and led to the highest P content 

reported in the literature 

I monitored the accumulation of total P in the biomass and found that one of the 

PSR1-OE, 8-27, exhibited a massive peak of approximately 7.5% PO4-P,dw 

after 48 h of cultivation. This was almost four times higher than that observed in 

the non-transformant control, UVM4 (Figure 6.3A). The other PSR1-OE strains 

8-42 and 8-2, exhibited a lower performance in biomass total P accumulation 

than 8-27, although still higher than the control, UVM4. Such a high total P 

content in the biomass (~7% PO4-P,dw) was also achieved by Wang et al., 

using PSR1 overexpression strains of C. reinhardtii and by increasing the initial 

phosphate concentration to three times that of TAP media (30.97 mg PO4-P/L), 
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to reach this high total P content (Wang et al., 2023). Although in their study 

they implemented PSR1 overexpression in a ptc1 mutant background (Wang et 

al., 2023). In a previous study, Wang et al. showed that PTC1 has a role in P 

recycling as it catalyses phosphate transport outside of acidocalcisomes, which 

suggests that PTC1 is involves in polyP metabolism and P starvation-

dependent signalling (Wang et al., 2021). Once more, any differences between 

different PSR1-OE strains may be attributed to the design of the constructs, the 

background strains used and cultivation conditions. In their study, Wang et al. 

also used the HSP70A promoter and cultivated the strains under continuous 

illumination in TAP media.  

Therefore, to the best of my knowledge, a total P content in the biomass of this 

magnitude (~7.0% PO4-P,dw), reported in this thesis is among the highest ever 

reported for microalgae (Powell et al., 2008, Powell et al., 2009, Solovchenko et 

al., 2019b, Plouviez et al., 2021, Slocombe et al., 2023, Wang et al., 2023). The 

PSR1 overexpression strains are programmed to express PSR1 as if they were 

experiencing P limitation in the media. However, these strains were inoculated 

in P-replete media and thus, P was rapidly taken up and stored in the form of 

polyP, a response that is typical when luxury P uptake or P overplus take place 

(Aitchison and Butt, 1973). Consistently with the increase in biomass P 

accumulation, I observed that PSR1-OE enhanced P removal from the media 

under nutrient-replete conditions. In fact, a 100% phosphate removal efficiency 

was achieved, in a time lapsus of 84-144 h (under the limit of detection of the 

ascorbic acid method (<0.01 mg P/L) - EPA Method 365.3), in contrast with the 

non-transformant control (Figure 6.4A). Ammonium, which is the source of 

nitrogen in TAP media was not removed from the media differently by the 

PSR1-OE strains, compared to UVM4. This macronutrient has been found to 

influence phosphate removal which depends on the nitrogen to phosphorus 

ratio (N:P), although the ‘optimum’ range is wide (7-42 N:P molar ratio) 

(Beuckels et al., 2015). TAP media provides a molar N:P ratio of approximately 

7:1, which leads to the observation that PSR1 overexpression strains P removal 

efficiency occurred under nitrogen-replete conditions (Figure 6.4B). 

4. PSR1-OE accelerates the formation, condensation and mobilisation 

of polyP  

From another perspective, the DAPI-stained cells imaged by confocal 

microscopy revealed a polyP recycling response (Figure 6.5). I observed that 

both the control and the transgenic lines exhibited three polyphosphate states: 

1. Formation, 2. Condensation and 3. Mobilisation (Table 6.3). The first occurs 

when microalgae sense high P levels in the environment. The second is a result 

of luxury P uptake, resulting in the accumulation of dense polyP granules. The 
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third shows the degradation of polyP as a response to the depleted P or 

reduced concentration of P in the media. The transgenic strains, differ only by 

accelerating these polyP states, leading to the conjugation of formation and 

condensation of the larger granules (after 48 h), which was followed by the 

degradation and mobilisation of P reserves (after 72 h). This acceleration, in my 

view, assisted the transgenic strains in achieving the same biomass productivity 

as the control. The PSR1-OE strain 8-27 had almost depleted all P from the 

media after 72 h (Figure 6.4A) when the cultures were still in the middle of the 

exponential phase (Figure 6.2). This strain was able to rapidly mobilise its P 

reserves to sustain growth at the same rate as the control UVM4, which was 

reflected in a rapid decline in the total P content after day 3 in Figure 6.3A, until 

matching UVM4 levels. From the DAPI images, I could also observe that PSR1 

overexpression generated bigger cell volumes after 144 h of cultivation, 

compared to the control (Figure 6.6). At this point, the strain 8-27 had 

experienced P-deprivation for almost 72 h. Bajhaiya et al. also observed larger 

cell volumes when cultivating their PSR1-OE strains for 7 days in ‘low P’ 

(Bajhaiya et al., 2016).  

5. Magnesium is likely the preferred counterion in PSR1-OE strains 

Finally, an interesting observation linked to the divergent polyphosphate 

accumulation pattern, between the PSR1-OE strains and the control, was the 

enhanced removal of magnesium from the media (Figure 6.4C). Magnesium is 

likely acting as the preferred counterion, instead of calcium, assisting in the 

stabilisation of the additional load of phosphate taken up by the cells at such 

rates (Table 6.2). From a biological perspective, it makes more sense to switch 

to a cation other than calcium, which would not interfere with the sensitive 

signalling pathways where calcium is involved (Pivato and Ballottari, 2021). At 

the cellular level, calcium needs to be maintained at a very low concentration 

and its level is tightly regulated as it is an important second messenger in many 

signalling pathways (e.g. abiotic stress) (Dodd et al., 2010). Moseley et al. 

found that PSR1 regulates the putative H+/Ca2+ antiporter, a protein that may 

regulate intracellular calcium levels and its distribution after release from 

polyphosphate during P deprivation. Although, it has been suggested that 

released Ca2+, provides the internal signal of P-deprivation that ends up 

activating PSR1 itself (Moseley and Grossman, 2009). Magnesium, on the 

contrary, is located in the cytosol as a core component of the chloroplast and 

participates in various enzymatic processes (Sarma et al., 2014).  
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6. Transcriptional and post-transcriptional responses observed in 

PSR1-OE strains  

After inoculation of the PSR1 overexpression strains 8-27, 8-42 and 8-2 and the 

background, UVM4 in TAP media, samples were collected for RNA sequencing 

after 48 h, 72 h and 144 h. RNA was prepared for sequencing and raw data was 

analysed and processed by Dr. Slocombe (Slocombe et al., 2023). From his 

analysis, a list of phosphate metabolism genes were identified and classified 

according to their role in P transport, salvage/sparing, homeostasis, polyP 

synthesis and cation transport, which pattern of expression was different for the 

PSR1-OE strains compared to the background (Table 2 in Slocombe et al., 

2023). I used this list to calculate the z-scores of the RPKM (reads per kilobase 

per million) for each gene at the 48 h, 72 h and 144 h time points in the PSR1 

overexpression strains 8-27 and 8-42 and their background UVM4, and 

generated a heatmap of gene expression (Figure 6.11). The figure shows how 

the strain 8-27 upregulated the expression of these genes considerably 

compared to the background but also to the other PSR1 overexpression strains 

8-42. This may explain, at the transcriptional level, some of the differences 

observed between both PSR1-OE strains in terms of phosphate accumulation in 

the biomass and removal from the media (Figure 6.3A and Figure 6.4A).  

During the experiment, it can be observed how the strain 8-27 exhibited an 

upregulation of genes involved in the transport of phosphate either early after 

48 h of cultivation, from the 72 h timepoint onwards or at the end of the 

experiment (144 h). This followed the model that Dr. Slocombe proposed of a 

feedforward response due to 1) the high levels of P in the media at the 

beginning of the experiment and the overexpression of PSR1 induced luxury 

uptake of phosphate and high polyP accumulation, 2) the fast removal of 

phosphate from the media after 72 h of cultivation, triggered the upregulation of 

genes involved in the response ‘low P’ and P salvage, sparing mechanisms.  

In this sense, after 48 h of cultivation of the strain 8-27, we observed a strong 

upregulation of 1) the PTA1, PTA3 and PTA4 genes, which are likely involved in 

low-affinity transport of phosphate under P-replete conditions (Moseley et al., 

2006), 2) PTB6, a high-affinity P transporter presumably operating at ‘low P’ 

conditions (Wang et al., 2020). Other transporters were upregulated on the 

three time points (48 h, 72 h and 144 h), and peaked either at 72 h (a putative 

phosphate binding component of ABC transporter - PSTS,  and high-affinity 

uptake system under ‘low P’ - PTB12, PTB4 and PTB2) or after 144 h (high-

affinity uptake system under ‘low P’ - PTB5, PTB3) when the levels of P in the 

media were almost or completely exhausted. 
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Figure 6.11 Heatmap of key genes involved in P metabolism differentially 

expressed in PSR1-OE strains. Precultures of the PSR1-OE strains and the non-
transformant control UVM4 were inoculated in fresh TAP media and samples were 
collected after 48 h, 72 h and 144 h of cultivation for RNA sequencing. RPKM values 
from the RNAseq dataset were transformed into Z-scores. For UVM4, only endogenous 
levels of PSR1 are present, whereas, for 8-27 and 8-42, both endogenous and 
transgene levels are shown. Genes in bold exhibited a positive Pearson’s correlation 
index with PSR1 as shown in Table 2 of (Slocombe et al., 2023) 

The genes involved in P salvage or sparing by degrading organic molecules 

that contain P (The exophosphatases PHO1 and PHO5, phosphodiesterase 

GDP2, the metallo phosphatase MPA2, the phytase PHT1, and the nuclease 

phosphatase EEP2), were mostly upregulated in the strain 8-27 at the 72 h time 

point, whereas the phosphodiesterase SPD2, the nuclease PWR12 and 

phospholipid phosphatase Phospho1 were upregulated at both the 72 h and 

144 h time points. In the meantime, PSR1 was upregulated in both PSR1-OE 

strains with the difference that for 8-27, it exhibited an 11-fold increase after 48 

h and 72 h of cultivation in contrast with a 3-fold increase of the strain 8-42, 

compared to UVM4 (Table 2 in Slocombe et al. 2023). This is the reason why, 

in the heatmap, 8-42 appears as if the upregulation of PSR1 occurs only after 

144 h. To note, RNA sequencing analysis can only provide information about 

the variation in the transcript abundance across the samples and time points. 

Transcript abundance data provides valuable information about the gene 

expression patterns, but it does not always relate to protein abundance, due to 
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post-transcriptional regulation mechanisms. Also, in the case of PSR1, the 

transcript abundance observed across the PSR1-OE strains and the control 

UVM4 at each time point corresponds to both the endogenous and transgene 

PSR1. On the other hand,  western blotting provides information on the protein 

abundance patterns and allows to distinguish between the transgene and 

endogenous PSR1, as only the transgene PSR1 has the YFP tag (see Figure 

3.1, Chapter 3 Materials and Methods). 

To link the increase in biomass P accumulation with the overexpression of 

PSR1, I used western blotting to detect the transgene PSR1 protein and 

observed a similar expression pattern for both transgenic strains, although 

considerably stronger in the strain 8-27, compared to 8-42 (Figure 6.3B). These 

differences could be due to the random positioning of the PSR1 overexpression 

construct within the genome of each strain, as well as, a different (unknown) 

number of extra copies of the transgene PSR1 in the genome of these strains, 

which is yet to be determined. Over the monitoring period, the pattern of 

biomass total P content (Figure 6.3A) seemed to follow the transgene PSR1 

protein expression, which was upregulated between the 24 and 96 h time points 

and was followed by a downregulation after 120 h of cultivation, coinciding with 

a lower total content of P. A lower transgene PSR1 protein expression (PSR1-

YFP), despite being controlled by the light-driven PSAD promoter indicates 

possible post-transcriptional or post-translational regulation of PSR1, triggered 

by the signal of phosphate depletion from the media. This conjecture is 

consistent with the observation of Dr. Slocombe that the PSAD transcript levels 

were reduced a 40% by the end of the experiment. 

The gene SPX1, involved in P signalling and response to P availability via the 

SPX-IP pathway in yeast and high plants (Jia et al., 2023, Secco et al., 2012, 

Yao et al., 2014, Wang et al., 2021),  was upregulated in 8-27 after 72 h. At this 

time point, P was almost completely depleted from the media by 8-27 (Figure 

6.4A). The binding of inositol pyrophosphate to SPX, assist in the repression of 

the AtPHR1 (the transcription factor involved in P deprivation response of A. 

thaliana) under P sufficient conditions (Dong et al., 2019, Puga et al., 2014). 

Therefore, an upregulation of SPX1 observed in our PSR1-OE strains could be 

due to the intracellular signal of inositol pyrophosphate, as a response to high P 

accumulation. This observation coincides with Yao et al. who observed 

upredulation of SPX1 by overexpressing PHR1 in the bean plant Phaseolus 

vulgaris L. (Yao et al., 2014). Interestingly, in this present study, the 

upregulation of SPX1 coincides with the downregulation of the transgene PSR1 

protein after 72 h of cultivation, observed by western blotting (Figure 6.3). 

Although, there is no direct evidence that this mechanism works in the same 
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way in C. reinhardtii as it does in A. thaliana or P. vulgaris, there is a clear 

pattern suggesting that it could be at least similar.   

Finally, upregulation of polyP metabolism genes was also observed in the strain 

8-27 compared to the background UVM4: members of the VTC complex 

VTC1like and VTC4, the calcium antiporter CAX1 and a putative triphosphate 

hydrolase, PLH1, which also clustered with these group of genes. These genes 

may have promoted the high polyP accumulation observed for this strain at the 

48 h and 72 h time points (Figure 6.3A). Also, the upregulation of genes with a 

cation transport function was detected in 8-27 in contrast with UVM4. We 

believed that these genes assisted the increase in magnesium transport 

observed in the PSR1-OE strains (Figure 6.4C). 

 

 

Given the extraordinary results of our PSR1-OE strains demonstrating their 

capacity for luxury P uptake, I wanted to test their phosphate overplus 

performance. To do so, 24 hours of P-deprivation was used, followed by 

biomass harvesting and resuspension in TAP media. These conditions proved 

to be the most efficient in Chapter 5, for non-transgenic strains of C. reinhardtii, 

in terms of biomass productivity, P overplus and nutrient removal from the 

media. I added the psr1-1 mutant (CC-4267), to determine the effect of PSR1 

knockout vs. PSR1 overexpression, compared to their corresponding 

background strains.  

I observed that the psr1-1 mutant exhibited reduced biomass productivity and 

growth rates compared to its background, CC-125, and the other strains, UVM4 

and 8-27 (Table 6.5). These results are consistent with those of previous 

studies and represent one of the manifestations of the abnormal response to P-

deprivation in this mutant (Wykoff et al., 1999, Bajhaiya et al., 2016, Ngan et al., 

2015, Shimogawara et al., 1999). Then after resuspension in TAP media, the 

growth of psr1-1 was first characterised by a lag phase followed by sustained 

growth, which contrasted the immediate rapid growth observed in its 

background CC-125 (Figure 6.7B). The differences in growth between psr1-1 

and CC-125 after nutrient repletion were also reflected in the ammonium and 

sulphate uptake rates which were higher for psr1-1 after the first 6 h, than for 

CC-125 which had an immediate response to nutrient resupply (Table 6.8B-C). 

Ngan et al. reported no differences in growth between psr1-1 and CC-125 when 

cultivated under P-replete conditions (Ngan et al., 2015). Therefore, the lag 

phase observed in psr1-1 cultures could be interpreted as an effect of the 

previous 24 h period of P-deprivation.   
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A surprising result was the inability to detect polyphosphate at any stage of the 

experiment in the psr1-1 mutant (Figure 6.8A). To the best of my knowledge, 

this phenotype is described for the first time in this mutant.  In C. reinhardtii, 

polyP synthesis is assumed to be similar to S. cerevisiae. In S. cerevisiae, 

polyP synthesis is mediated by the binding of inositol pyrophosphates (IP7/IP8) 

to the SPX domain of the VTC complex, with ATP as the P-donor (Gerasimaite 

et al., 2017). Homologs of the VTC complex have been found in the C. 

reinhardtii genome (Aksoy et al., 2014, Cliff et al., 2023). The generation of a 

vtc1-1 and vtc4-1 mutant in C. reinhardtii that were unable to produce polyP, 

suggested that the VTC complex of C. reinhardtii has a similar role in polyP 

synthesis to that in yeast (Aksoy et al., 2014, Sanz-Luque et al., 2020). The 

transcription and translation of the components of the VTC complex, VTC4, and 

VTC1, were found to increase upon P-deprivation (Plouviez et al., 2021, 

Plouviez et al., 2023a, Bajhaiya et al., 2016). It is believed that the availability of 

these proteins upon transfer to P-replete conditions assists in the rapid 

synthesis of polyP during the P overplus response (Plouviez et al., 2023a). 

Moseley et al. showed that VTC1 was not upregulated in the psr1-1 mutant 

upon P-deprivation (Moseley et al., 2006). This was confirmed by Bajhaiya et 

al., who also observed the aberrant response of the psr1-1 mutant to P-

deprivation leading to the inability to upregulate both VTC1 and VTC4, 

compared to its background CC-125 (Bajhaiya et al., 2016). Therefore, the lack 

of polyphosphate observed in the psr1-1 mutant in my experiment could be 

related, at least partially, to the link between PSR1 and the regulation of the 

VTC complex during P-deprivation. However, no polyP was detected before P 

deprivation or after P repletion, either. This suggests that another factor (e.g. a 

polyphosphate kinase) potentially controlled or regulated by PSR1, could 

explain the role of this transcription factor in polyP synthesis, which is yet to be 

uncovered. Since polyP was not present in the psr1-1 mutant, the total P 

content observed was considerably lower at all stages of the experiment 

compared to the background CC-125 (Figure 6.8B). This was reflected in a 

much lower efficiency of phosphate removal from the media (Figure 6.10A and 

Table 6.8A). The inability of the psr1-1 mutant to accumulate or synthesise 

polyP, suggests that almost all P contained in the psr1-1 mutant biomass 

corresponds to organic forms of phosphate. 

The psr1-1 mutant had twice the content of RNA of its background before P-

deprivation and before resuspension in TAP media, the RNA content was 

reduced to approximately 33% of the initial value (Table 6.7). As mentioned 

psr1-1 mutant was still able to grow under P-deprivation, although at a 

significantly slower rate (Table 6.5). This suggests that, in the absence of 
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polyP, psr1-1 uses RNA as an alternative source of P under P deprivation. A 

response that has been also described in previous studies for ‘wild type’ strains 

for longer periods of P-deprivation (Plouviez et al., 2023a, Couso et al., 2017), 

and is also consistent with my findings in Chapter 4, where a 96 h P-deprivation 

period triggered RNA degradation (Figure 4.5C in Chapter 4). In their 

proteomic study, Plouviez et al. observed an increase in the structural 

constituents of the ribosome, proteins involved in ribosome synthesis and 

translation after P was resupplied to P-depleted wild-type C. reinhardtii 

(Plouviez et al., 2023a). After resuspension in TAP media, I observed that the 

psr1-1 mutant, exhibited a 24 h period of RNA recovery, followed by a decrease 

as the cultures reached the stationary phase, which was similar to its 

background CC-125 (Figure 6.9). This suggests that the processes behind 

RNA-P mobilisation may not be regulated by PSR1. Although, there seems to 

be a link with chloroplast DNA degradation. Yehuda et al. observed increase 

levels of chloroplast RNA and decreased levels of chloroplast DNA under P 

limitation of C. reinhardtii cells (Yehudai-Resheff et al., 2007). This response 

appeared to be mediated by PSR1, to control P recycling mechanisms, and its 

key for C. reinhardtii survival to P-deprivation. 

In contrast with the psr1-1 mutant, the PSR1-OE strain 8-27 did not have a 

different growth pattern under either P-deprivation or resuspension in TAP 

media compared to its background, UVM4 (Figure 6.7). Previous studies 

consistently observed no differences in growth between their PSR1-OE strains 

and their background or wild-type strains, under ‘low P’ or ‘high P’ conditions, 

including our recent paper (Bajhaiya et al., 2016, Ngan et al., 2015, Slocombe 

et al., 2023).  

An interesting finding was that 8-27, with an initial total P content of 

approximately 7.0% PO4-P,dw, before P deprivation, rapidly mobilised its P 

reserves after 24 h of resuspension in TA media. This observation is consistent 

with our previous experiment in Figure 6.3, where I detected a transient level of 

total P in the biomass of 8-27 after P was almost completely depleted from the 

media after 72 h (Figure 6.4A). However, after 24 h of P deprivation, this strain 

only reached its lowest at a value of 2.4% PO4-P,dw, before P resupply as TAP 

(Figure 6.8B). The background UVM4 reached its lowest value of 0.5% PO4-

P,dw, which is consistent with my previous P-deprivation experiment with non-

transgenic strains of C. reinhardtii (Figure 4.3D in Chapter 4), and with 

Bajhaiya et al., who observed higher P content in their PSR1-OE strains under 

‘low P’, compared to the control (Bajhaiya et al., 2016). The polyphosphate 

content followed the pattern of total P content in the biomass, which led to the 

observation that the polyP to total P mass ratio did not vary after P-deprivation 
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and kept a constant value of 60% (w,w). In contrast, its background (UVM4) 

consistently lowered its polyP to total P mass ratio to approximately 20%, as 

observed in my P-deprivation experiment (Figure 4.3F in Chapter 4). 

Interestingly, Wang et al. PSR1-OE strains exhibited a clear polyP decline (4.6-

fols decrease after 24 h of P deprivation), whereas I observed a 2.6 fold-

decrease in the polyP content of the strain 8-27 in this study (after 24 h of P 

deprivation) (Wang et al., 2023). Once again, this can be attributed to the 

construct design, background strain chosen, etc.  

After resuspension in TAP media, I observed that both polyP and total P content 

of 8-27 peaked after 6 h but did not get close to the pre-deprivation levels 

(Figure 6.8A-B). Probably this observation could be explained by two different 

reasons. 1) In my previous P overplus experiment shown in Chapter 4, I 

showed that P-deprivation until reaching the lowest polyP content was optimum 

for P overplus, which in the case of this experiment occurred after 24 h of 

resuspension in TA media (Figure 4.8A in Chapter 4). The model proposed 

suggests that the assumption that a longer period of P-deprivation correlates 

with a bigger P overplus may be true until the lowest polyP content is reached 

(Figure 4.11 in Chapter 4). In this experiment, the PSR1-OE strain 8-27 had a 

17-fold higher polyP content than its background before resuspension in TAP 

media. Thus, it is possible that a high internal P signal counteracted the P 

overplus response of this strain. As reported in our recent study, the transcript 

of polyP synthesis genes correlated with internal phosphate levels (Slocombe et 

al., 2023). 2) PSR1 transcripts are upregulated during P-deprivation and 

downregulated during ‘High P’ conditions (Moseley et al., 2006, Bajhaiya et al., 

2016). Plouviez et al. found that PSR1 transcript levels are also downregulated 

during P overplus at the repletion stage (Plouviez et al., 2021). Therefore, we 

cannot rule out a possible post-transcriptional or post-translational regulation of 

the transgene PSR1 during my experiment after resuspension in TAP media, 

which could reduce the biomass accumulation of phosphate by 8-27. As shown 

in Figure 6.3B, from the previous experiment, the transgene PSR1 levels 

decreased even under the control of the PSAD promoter under continuous light, 

which means that other factors can indeed influence PSR1 transgene 

expression. Nevertheless, both polyP and total P content of the strain 8-27 were 

at all times higher than those of the background strains, which is expected in 

PSR1-OE strains of C. reinhardtii (Slocombe et al., 2023, Wang et al., 2023, 

Bajhaiya et al., 2016).  

Such high initial reserves of polyP in the 8-27 strain, were consistent with the 

observation of no alteration of RNA reserves during P-deprivation, consistent 

with the background strains Figure 6.9. After resuspension in TAP media, no 
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differences were observed in the content of RNA of this strain and the 

background UVM4. An observation that further reinforces the hypothesis that 

PSR1 does not regulate the mobilisation of P reserves coming from RNA.  

Finally, the observation that 8-27 did not reach its initial phosphate content (pre-

deprivation) after resuspension in TAP media, was not reflected in a lower 

removal of phosphate from the media. This strain removed all phosphate from 

the media likewise its background, UVM4 and the wild type CC-125, in the first 

12 h after resuspension in TAP media (Figure 6.10). However, 8-27 exhibited a 

significantly higher P uptake rate than its background, UVM4 in the first 6 h after 

P repletion and had an almost negligible uptake rate in the 6-12 h segment, 

which indicates that a 100% removal of phosphate may have been achieved 

soon after the 6 h period, earlier than for UVM4 (Table 6.8A). A 100% removal 

of phosphate by the strain 8-27 in the time interval of 6-12 h improves 

considerably the result obtained in the previous experiment. For instance, in the 

experiment from section 6.3 in this chapter, 8-27 was inoculated in TAP media 

without previous P-deprivation and removed all phosphate from the media in 84 

h (Figure 6.4A). However, the initial biomass concentration in the previous 

experiment was 210-fold lower (0.001 g dw/L, Figure 6.2B) than in this last 

experiment (0.21 g dw/L, Figure 6.7A). The initial biomass concentration is a 

factor that strongly influences phosphate removal (Plouviez et al., 2023b). 

Nonetheless, the P removal efficiency of 8-27 during P overplus only reduced 

the time of complete P removal by a few hours (< 6 h), compared to the non-

transgenic strains under the same conditions, for which 100% P removal was 

obtained in 12 h after resuspension in TAP media (Figure 4.5A in Chapter 5). A 

higher initial biomass concentration, is equal to having more transport proteins 

a, which increases the capacity for P uptake. If PSR1 overexpression is added 

to the equation, we have upregulation of both high and low affinity phosphate 

transporters, as seen in Figure 6.11. This means that phosphate can be more 

rapidly removed to very low levels by PSR1-OE strains. Lastly, PSR1 

overexpression did not affect the removal of ammonium or sulphate from the 

media (Figure 6.10C-D). 

The interesting dichotomy of the PSR1-OE strain and the psr1-1 mutant 

highlights the role of PSR1 not only as a transcription factor that activates 

responses to P deprivation but also as a crucial constituent of P storage in the 

form of polyphosphate. Therefore, without PSR1, no P overplus responses can 

be activated in the green microalgae C. reinhardtii. 
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Chapter 7 General Discussion and Conclusions 

Phosphate overplus response and luxury P uptake phenomena in microalgae 

have generally been described as a period of high accumulation of 

phosphate in the form of polyphosphate granules, following a period of 

nutrient stress or deprivation (i.e., deprived access to P, N, S, etc.) (Chu et 

al., 2020a, Aksoy et al., 2014, Aitchison and Butt, 1973). Whether microalgae 

P overplus and luxury P uptake phenomena are the same remains unknown. 

Therefore, this research project was conducted to contribute uncovering the 

particularities or similarities in the biology of P overplus and luxury P uptake 

in microalgae. So far it appears that P overplus is exclusively related to the 

polyP accumulation response to P-deprived cells exposed to P-replete 

conditions. One of the main gaps is the fact that polyP analysis tools in 

microalgae are not as well established as in yeast (Christ and Blank, 2018, 

Christ et al., 2020b). This is a major obstacle to enabling a better 

understanding of P overplus in microalgae. Unfortunately, current evidence of 

microalgae polyP accumulation, biomass growth and nutrient removal, is far 

from being able to show the real potential of P overplus for P recovery. This 

chapter summarises new evidence found as part of the research work 

undertaken in this thesis, which will contribute to improving our 

understanding of how P deprivation, nutrient availability and the role of the 

transcription factor PSR1, affect the phosphate overplus response of C. 

reinhardtii.  

7.1 The use of reliable qualitative and quantitative polyP 

analysis tools in microalgae 

Polyphosphate is the main form of cellular phosphate storage during the P 

overplus response in microalgae and other microorganisms. This polymer 

allows microalgae, yeast and bacteria to store more phosphate than is 

needed to sustain cell division and chain lengths of linear polyP can extend 

between two and a thousand phosphate units (Harold, 1966). In microalgae, 

the P overplus response has been studied for approximately six decades and 

yet, accurate polyP quantitative tools have only recently become available 

and have not been adapted for use in all microorganisms of interest. This has 

also led to a lack of standarised methods for polyP analysis that give the 

most robust results in microalgae. This represents a major gap in the 

progress towards uncovering microalgae P metabolism processes and 

potential future use in real-life applications.  
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The quantification of polyphosphate in the study of P overplus is key to 

increasing our understanding of this phenomenon in microalgae. Aitchison 

and Butt used trichloroacetic acid and KOH to extract soluble and insoluble 

polyphosphate from Chlorella vulgaris, respectively. Samples were treated 

with concentrated sulphuric acid and 60% perchloric acid for the release of 

orthophosphate which can be determined by using spectrophotometric 

methods (aka, colourimetry) (Aitchison and Butt, 1973). Moudříková et al. 

standardised a method to quantify polyphosphate from Chlorella vulgaris 

using 2D Raman microscopy, a method which does not require a previous 

extraction step and describes the interaction between light a matter, and 

polyP of any chain length may be detected from a range of peaks and 

observed at specific wavelengths (Christ et al., 2020b, Moudříková et al., 

2017). In the Moudříková et al. study, the results of the 2D Raman 

microscopy method were highly correlated to those obtained using the 

phenol/chloroform extraction of polyP, followed by enzymatic digestion of 

polyP with the recombinant S. cerevisiae exopolyphosphatase Ppx1, which 

releases orthophosphate that can be further quantified colourimetrically 

(Werner et al., 2005, Moudříková et al., 2017). Also, in their study, 

phenol/chloroform extraction of polyP was highlighted as the method with the 

highest extraction efficiency compared to other tested methods. However, 

polyP analysis by Raman microscopy requires expensive specialist 

equipment, and appropriate training which prevents a wide application of this 

method in different research contexts (e.g. research groups with fewer 

resources in developing countries). Solovchenko et al. also used the 2D 

Raman microscopy method developed by Moudříková et al., to quantify 

polyP in Chlorella vulgaris performing P overplus (Solovchenko et al., 

2019b). 

Other methods used to quantify polyP include, as Sforza et al. showed, the 

staining of fresh cell samples of Nannochloropsis salina with a solution 

containing Tris-HCl pH 7.0 and DAPI. They measured its fluorescence to 

report polyP quantification relative to DAPI fluorescence, against the 

autofluorescence of algal cells  (Sforza et al., 2018). Moreover, Lavrinovičs et 

al. extracted polyP from Desdomesmus communis, Tetradesmus obliquus, 

Chlorella photothecoides, Tetradesmus obliquus, Botrycoccus braunii, 

Chlorella vulgaris, and Ankistrodesmus falcatus with sonication, followed by a 

two-hour water bath, mixture with a chloroform /isoamyl alcohol solution and 

finally staining of the remaining supernatant with toluidine blue in acetic acid 

for colourimetry assay against a commercial standard of sodium phosphate 

glass Type-45 (Lavrinovičs et al., 2020, Lavrinovičs et al., 2021, Lavrinovičs 
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et al., 2022). Sanz-Luque et al. extracted polyphosphate from 

Chlamydomonas reinhardtii, using the phenol/chloroform protocol and used a 

commercial MicroMolar Polyphosphate Assay Kit (ProFoldin, PPD1000), 

which can estimate polyphosphate relative to the fluorescence of a 

polyphosphate dye that binds to polyP and is calibrated with an of sodium 

phosphate glass Type-45 standard (Sanz-Luque et al., 2020).  

From these methodologies used in microalgae, it appears that 2D Raman 

microscopy and biochemical assay (Phenol/chloroform, Ppx1 treatment and 

colourimetry) are the most robust so far for the quantification of 

polyphosphate. Both methodologies have been compared previously by 

Moudříková et al., with similar results. However, they highlighted the possible 

drawbacks of either method: For 2D Raman microscopy an average of 50 

cell images can be taken in 3 h. In this method, it is necessary to set 

assumptions regarding the shape of the cells, the distribution and shape of 

cellular compartments and the heterogeneity of the cultures, among others. 

The assumption of homogeneity of the microalgal culture is problematic for 

the research of nutrient deprivation responses in microalgae, which cause 

several effects on the cells, including at the physiological transcriptional and 

post-transcriptional levels as much as the morphological and structural level. 

3D Raman microscopy is recommended for improved quality but is 

considered ‘extremely time-consuming’ (Moudříková et al., 2017). On the 

other hand, the biochemical assay has the issue of involving the manipulation 

of such a toxic compound as phenol, which requires appropriate health and 

safety training and the use of the necessary personal protection elements 

(PPE). Also, this assay includes multiple steps which are sensitive to human 

errors. For one to approximately twenty 96-well plates would take 

approximately 1.5 days to process, which means that real-time analysis is not 

possible during time-course experiments.   

The qualitative analysis of polyP provides a complementary set of information 

that the quantitative analysis tools cannot deliver. Qualitative analysis of 

polyP is often accompanied by a visual perspective of polyphosphate 

granules or a distribution of polyP chain length and involves the use of 

metachromatic dyes. In microalgae and cyanobacteria, the most widely used 

polyphosphate dye is DAPI (4′,6-diamidino-2-phenylindole). DAPI was first 

developed for the staining of DNA but was later highlighted for its ability to 

stain polyphosphate as well, by changing the emission maxima from 461 nm 

to 525 nm, respectively (Christ et al., 2020b). The use of DAPI to visualise 

polyP using confocal microscopy can be used to produce interesting insights 

into polyP accumulation patterns in microalgae. For instance, the work 
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presented in this thesis, included a time-line of polyP accumulation of a 

PSR1 overexpression strain of C. reinhardtii, compared to its non-

transformed background (Slocombe et al., 2023). In this work, the observed 

DAPI-stained polyphosphate granules revealed the ability of PSR1 

overexpression C. reinhardtii to form larger polyP granules. It appeared that 

C. reinhardtii generated large polyP granules to accommodate the high 

amount of P removed from the media at considerably high rates. This 

observation, which was in contrast with the control, allowed us to link the 

PSR1 transcription factor to polyP dynamics in an unprecedented way.  

A major drawback of DAPI is that nucleic acids like RNA and P-rich 

molecules like inositol polyphosphates may interfere with the signal of DAPI-

polyP due to their similar highly anionic characteristic, which can be 

especially challenging when polyP concentrations are low within the cells 

(Martin and Mooy, 2013, Kolozsvari et al., 2014). Moreover, as a light-

sensitive dye, confocal images of DAPI-stained samples require a standard 

procedure that accounts for the effect of photo-sensitivity on the fluorescence 

intensity (Sanz-Luque et al., 2020). Thus, DAPI may not be the most reliable 

method if used as a quantitative assay of microalgal polyP, as the signal can 

fade in minutes. In this work, I observed that for the same cell, two confocal 

microscope images taken within a time range of ten minutes would look 

considerably different in terms of the DAPI-polyP fluorescence intensity 

(unpublished work). Hence, a standard methodology for the collection of 

confocal images was key and required the pictures for each cell to be 

collected as soon as the focus of the lens had the desired level of resolution.  

DAPI and Toluidine blue, a far more traditional metachromatic dye, have 

been widely used in yeast research, to visualise polyphosphate in 

polyacrylamide gels (PAGE) (Smith and Morrissey, 2007, Losito et al., 2009). 

This technique allows for qualitative detection of the distribution of 

polyphosphate chain lengths and the presence of inositol polyphosphates in 

a sample. In microalgae, this technique has been used on a few occasions 

(Sanz-Luque et al., 2020, Yi-Hsuan et al., 2023). Sanz-Luque et al. used 

DAPI stained PAGE to visualise the absence of polyP in the vtc4-1 mutants 

of C. reinhardtii (gene with polyphosphate kinase activity), in contrast with the 

WT and the VTC4 complemented strains generated in this study (Sanz-

Luque et al., 2020). Yi-Hsuan et al. recently used Toluidine Blue stained 

PAGE to visualise the wide distribution of polyphosphate chain length in the 

green microalgae Chlorella vulgaris (Yi-Hsuan et al., 2023). 

In my thesis, I used the biochemical assay to quantify polyP in 

Chlamydomonas reinhardtii (see Chapter 3 Materials and Methods section 
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3.6.4). This method allows to monitor the polyP dynamics of this microalgae 

during P-deprivation conditions (and control non-P-deprivation conditions), as 

well as during P overplus. To the best of my knowledge, it is the very first 

time that a biochemical assay like this has been used in C. reinhardtii (or 

indeed in any other alga species) to monitor a time-course experiment at 

such a level of detail. The results obtained followed the same pattern as that 

of the biomass total phosphate content (see Chapter 3 Materials and 

Methods section 3.6.2), which allows to confirm that the quality of the polyP 

data was in agreement with previous studies of P overplus in C. reinhardtii 

(Plouviez et al., 2023b). However, it is important to note that this result might 

be specific for C. reinhardtii and thus, total P content in biomass should not 

be used as a surrogate for polyP quantification. PolyP analysis and 

quantification is the unequivocal evidence to directly assess P overplus. It is 

worth mentioning that although  total P content in biomass samples helped to 

detect P accumulation patterns in C. reinhardtii during P overplus, this 

pattern can change for other species. The quality of the polyP data obtained 

in this thesis, was consistent with the estimated polyP content of 

photosynthetic eukaryotic microorganisms that accumulate polyP, when 

growing at their maximum rate (Rees and Raven, 2021).  

The quantification of polyP in my project was accompanied by its qualitative 

detection via PAGE. The high-quality imaging of toluidine blue O staining of 

PAGE allowed the visualisation of the polyphosphate chain pattern of C. 

reinhardtii during its response to P-deprivation and P repletion. Uncovering 

this dynamic in microalgae is unprecedented and provides valuable new 

evidence on P overplus response in C. reinhardtii. For instance, 

polyphosphate is a molecule with high relevance in medical and agricultural 

fields (Kulakovskaya et al., 2012). Recent studies have dedicated efforts to 

purifying polyP of different chain lengths from microalgae (Yi-Hsuan et al., 

2023). The findings in this work show that longer chains of polyP are 

available at the earliest stage of P overplus whereas a more heterogenous 

mixture is obtained after the highest peak of polyP is observed. These results 

provide information that could be used to determine the time of extraction of 

polyP, according to the desired chain length. Furthermore, the striking 

observation made of PAGE detection of IP6 pattern during C. reinhardtii P 

overplus challenges the assumed mechanism of polyP synthesis, believed to 

follow that of the yeast model S. cerevisiae via the binding of inositol 

pyrophosphates (IP7/IP8) to the SPX domain of the VTC complex, which 

activates polyP synthesis (Gerasimaite et al., 2017, Wild et al., 2016). This 

finding will not only lead to encourage the application of well-established 
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polyP analysis tools from yeast and bacteria to microalgae but also to the 

future design of new experimental strategies to answer unknown 

polyphosphate synthesis and mobilisation processes in C. reinhardtii and 

other microalgae.  

7.2 What physiological parameter of P deprivation is better 

for studying P overplus? 

Before this study, it was asserted that a longer time period of P deprivation 

was correlated with an improved P overplus response. This assumption 

appears to have arisen from Aitchison and Butt's report (Aitchison and Butt, 

1973). They tested the polyphosphate accumulation of Chlorella vulgaris that 

had been P-depleted for  0, 4, 8, 12, 24 and 36 h, after resuspension in fresh 

media. A higher polyP accumulation was observed in the longest periods of P 

deprivation (24 h and 36 h). After this study, Lavrinovičs et al. studies tested 

the difference in the effect of 7 and 14 days of P-deprivation on polyP 

accumulation of three different species (Desdomesmus communis, 

Tetradesmus obliquus and Chlorella photothecoides) (Lavrinovičs et al., 

2020). They observed very high variability in the polyP accumulation pattern 

according to the tested P-deprivation periods and species, which further 

highlights the gap mentioned above in terms of the applicability of P overplus 

in real-life processes for P recovery. Time is not a reliable parameter of P 

deprivation because the underlying physiological responses may not take 

place at the same rate or may have different sensitivity to, for example, 

external P levels. Subsequently, Lavrinovičs reported different responses to 3 

and 5 days of P-deprivation followed by resuspension in municipal 

wastewater, by Chlorella vulgaris, Botrycoccus braunii, Tetradesmus 

obliquus and Ankistrodesmus falcatus. C. vulgaris showed the best 

performance after 3 days of P-deprivation (Lavrinovičs et al., 2021). In a later 

study, Lavrinovičs chose C. vulgaris to further optimise the conditions leading 

this species to accumulate more polyP and tried different periods of P 

deprivation (0 - 10 days) before P repletion. They reported that a period of 10 

days of P-deprivation, exhibited a higher polyP production rate, however, in 

their supplementary data, there is no clear trend suggesting that a longer 

period of P-deprivation led to a higher polyP accumulation (Lavrinovičs et al., 

2022). Finally, Plouviez et al. tested a set of periods of P-deprivation (1 hour, 

1, 2 and 4 days), and observed a higher accumulation of total phosphate 

content in the biomass of C. reinhardtii after 4 days of P-deprivation (Plouviez 

et al., 2023b). All the results from the studies mentioned above appear to 

agree to some degree, with the affirmation that the longest period of P 



176 
 

deprivation tested by them, resulted in a bigger P overplus response in 

microalgae. However, from these reports, it is unclear why the P deprivation 

periods tested were chosen to test microalgae P overplus performance. Time 

is a parameter that does not offer information about the biological state of the 

microalgal biomass due to the effect of a P deprivation treatment. Therefore, 

a fixed period of P deprivation cannot be used as a guideline for different 

experimental scenarios, let alone, should it be used as a design parameter in 

a real-life application of microalgal P overplus. Also, the time period that was 

effective for one particular experiment or case scenario can vary depending 

on the type of microalgal species, the environmental and cultivation 

conditions, etc. 

Additionally, the difference between the concepts of phosphate deprivation, 

depletion, stress and starvation, which in the context of P overplus are often 

mixed, has led to misinterpretations of the effect of P-deprivation on P 

overplus: (1) Phosphate deprivation is the action of removing phosphate from 

the media as a treatment, (2) Phosphate depletion is the action of complete 

phosphate removal by microalgae from the media/environment, and (3) 

Phosphate stress and/or starvation occur after a signal of ‘low’ or no 

phosphate activates a response within the microalgal cells. 

For instance, Solovchenko et al. tested the performance of C. vulgaris P 

overplus response and defined the period of ‘P deprivation’ as 3 consecutive 

days after microalgal growth ceased after resuspension in P-free media 

(Solovchenko et al., 2019b). Moreover, in Plouviez et al. work on C. 

reinhardtii P overplus, cultures were cultivated in ‘low P’ media (1 mg PO4-

P/L) for 5 days. These cultures were considered ‘P-depleted’ as all 

phosphate had been removed from the media after this period (Plouviez et 

al., 2021).  Even though these two previous studies intended to relate the 

period of P deprivation to another parameter (Growth cessation or phosphate 

removal from the media), they still used time (days) as a reference. Also, the 

mix of the concepts of deprivation, stress, depletion and deprivation of 

phosphate in the field, affects the reproducibility of the results reported 

previously. From the experimental perspective, P deprivation is the only 

action that we can control, whereas P stress, P depletion and P starvation, 

will depend on the microalgal species, the cultivation conditions, etc. 

In this project (Chapter 4), I tackled the issues above by: 

1. Designing a P deprivation experiment to understand how this treatment 

affected the physiological state of the C. reinhardtii cells. First, I used four 

independent strains of C. reinhardtii at the same growth phase (mid-
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exponential). Second, I provided information about the state of the 

biomass and the cultivation media, before the resuspension in P-free 

media with the following parameters: biomass concentration; in-cell total 

P, polyP and  RNA content; and nutrient removal from the media. Third, I 

used those parameters as the point of comparison with those monitored 

during P deprivation. From this experimental approach, I found that mid-

exponential cultures took 24 h to reach the lowest content of in-cell polyP 

and total P content, which also coincided with growth cessation. Hence, 

growth cessation depended on the availability of P reserves. RNA 

reached its lowest level after 96 h and thus, I tested whether either the 

lowest polyP or RNA (inorganic P pool vs. organic P pool) would trigger 

the bigger P overplus.  

2. Subsequently, I used these two parameters of P deprivation, in a P 

overplus experiment where P-deprived C. reinhardtii was supplemented 

with a KPO4 solution up to 1 mM P. After P repletion, I monitored the 

same parameters as in the preculture and P deprivation stages to enable 

the determination of the P deprivation parameter that would trigger the 

best performance.  

My experiments provide unequivocal evidence that the lowest in-cell polyP 

content is the parameter to monitor before resupplying P to P-deprived 

microalgae, to obtain a higher P overplus response. A parameter that can be 

reproduced in other cultivation scenarios. The extent of this period will 

depend on the algae species, the initial biomass concentration before P 

deprivation and the initial polyP content in the biomass. To conclude, my data 

shows that a longer period of P deprivation triggers a bigger P overplus only 

until the lowest polyP content is reached. From this point onwards, depriving 

P for a longer time counteracts P overplus as it disturbs the organic P 

reserves in the cells.  

7.3 What is the importance of nutrients other than P in the P 

overplus response? 

In the literature on microalgal P overplus, I found that P repletion was done 

as either KPO4 supplementation (Plouviez et al., 2021) to P-deprived cultures 

or biomass harvesting and resuspension in fresh culture media (Solovchenko 

et al., 2019b). Within those reports, the results of polyP or total P 

accumulation and P removal from the media were compared with previous 

studies. Such comparisons did not take into account the method of P 

repletion in their discussion. In my view, this overgeneralises the P overplus 

response as if the presence of nutrients other than P was irrelevant. Thus, I 
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tested in the same experiment, the difference between P repletion as KPO4 

addition or resuspension in fresh media (Chapter 5). My findings show that 

nutrient availability did not affect P overplus, as I did not observe different 

trends for either the lowest polyP or lowest RNA levels in P-deprived cultures 

upon resuspension in fresh TAP media, under the conditions tested. 

However, the repletion of phosphate together with other nutrients in TAP 

media promoted biomass growth which consequently, enhanced nutrient 

removal from the media. Moreover, if P-deprived cultures had interfered with 

their RNA reserves, P repletion with all nutrients in TAP would promote the 

recovery of RNA content to match the demand of this nucleic acid to resume 

biomass growth.  

These results are relevant to the context of the potential application of 

microalgal P overplus for P control and recovery at  WWTWs, where the 

objective is to cost-effectively meet the strict P discharge limits whilst 

producing P-rich biomass that enables the return of phosphate to land. In 

WWTWs that use microalgae, one possible challenge is the trade-off of polyP 

versus biomass growth versus phosphate removal. Aitchison and Butt, 

observed a big drop in the polyP levels of Chlorella vulgaris, during the 

exponential growth phase (Aitchison and Butt, 1973). Solovchenko et al. also 

observed a high peak in polyP accumulation, followed by a sharp decrease 

during the exponential growth of C. vulgaris during P overplus, when P was 

almost completely depleted from the media (Solovchenko et al., 2019b). In 

this present work (see Chapter 6), our PSR1-OE strain 8-27 also exhibited a 

very similar pattern of polyP accumulation, biomass growth and P removal 

from the media, as mentioned above (Slocombe et al., 2023). Hence, the 

interplay between these three parameters needs to be taken into account for 

the use of microalgae in WWTWs for P control and recovery. The results in 

the reports mentioned suggest that the window for biomass harvesting (at the 

highest in-cell P content) would be very narrow, which operationally speaking 

may be challenging.  

In this thesis, this trade-off was overcome by tuning these three parameters 

at the ‘right’ level in my P overplus experiments. First, the use of mid-

exponential precultures for the P-deprivation, allowed me to shorten the time 

at which polyP (or total P) levels would reach their lowest value to 24 hours 

only, in contrast with other studies (Plouviez et al., 2023b). The precultures, 

which reached the stationary phase after P-deprivation, rapidly accumulated 

polyP, within six hours after KPO4 addition or resuspension in TAP media. 

The level of polyP remained stable until the end of the monitoring period (96 

h). This confirms that biomass that is in the stationary growth phase can 
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indeed maintain excess polyP accumulated during P overplus for at least four 

days.  Second, nutrient provision with phosphate allowed biomass growth 

without altering polyP levels as has been observed in previous studies 

(Aitchison and Butt, 1973, Lavrinovičs et al., 2020, Solovchenko et al., 

2019b). Since all P was removed from the media, this suggests that 

microalgal P metabolism was diverted from using accumulated polyP to 

remove more P from the media to produce more biomass. This observation 

highlights the importance of nutrient availability to achieve simultaneous 

biomass growth, polyphosphate accumulation and enhanced nutrient 

removal, under tested conditions.  

Furthermore, nutrient availability has been shown to affect nutrient uptake by 

microalgae, especially in the case of nitrogen and phosphorus (Beuckels et 

al., 2015). Nitrogen and phosphorus are two of the three main components of 

microalgal biomass, apart from carbon. The proportion of nutrient 

composition in microalgae was defined by the known Redfield ratio 

‘C106H181N16P’ (Redfield, 1960). From that study, the nitrogen to phosphorus 

molar ratio in algal biomass of 16:1 (7:1, N:P mass ratio) has been assumed 

to provide optimal conditions to sustain microalgal growth and consequently 

nutrient uptake. However, a later review of studies in phytoplankton under 

nutrient-replete conditions established a revisited range of molar N:P ratios 

between 5-19, that increased up to 34 if nutrient limiting conditions were 

added to the analysis (Redfield ratio) (Geider and Roche, 2002). Such 

variation may be due to the species (microalgae/cyanobacteria) and different 

environmental conditions affecting nutrient uptake ratios. Therefore, optimum 

N:P ratios should be determined according to the specific questions to be 

answered under relevant experimental scenarios. In fact, common 

commercial nutrient solutions for microalgal cultivation, fall below the 

Redfield ratio. One example is TAP media, which I have used throughout my 

experimental work (including some variations). TAP media has a molar N:P 

ratio of 7:1 and has been designed to provide suitable conditions for C. 

reinhardtii cultivation (Gorman and Levine, 1965, Kropat et al., 2011). 

Beuckels et al. reported that phosphate removal, more than nitrogen 

removal, is sensitive to the N:P ratio, with optimal values found in the range 

of 7 to 42 N:P; during their experiment, Chlorella vulgaris and Scenedesmus 

obliquus were cultivated in a WC medium with varying N:P ratios (Beuckels 

et al., 2015). In this present work, the N:P ratio increased to approximately 

9:1 when P was supplied as 5xTA+P in the second P overplus experiment. 

While it is possible that the change in the nutrient composition of the repletion 

media in the second P overplus experiment, affected P removal from the 
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media, the literature suggests that a 9:1 N:P ratio is far from the critical point 

where N:P may affect P removal.  

In the first P overplus experiment, the treatment of the microalgal biomass 

before P repletion was different because the aim was to test the common 

ways that P is added to trigger P overplus in the literature. I wanted to 

determine whether the centrifugation and resuspension of biomass in fresh 

media would affect P overplus, in contrast with the KPO4 addition to the 

culture. Centrifugation of liquid cultures can trigger mechanical stress, and it 

is unclear how this could influence C. reinhardtii P overplus response 

(Scarsella et al., 2012). Another P overplus experiment was designed to take 

the factor of centrifugation out, by adding a solution containing all nutrients 

except for phosphate (5xTA) plus the KPO4 solution. The objective was to 

treat both P repletion types in the same way. However, this added an 

excess/diluted nutrient factor to take into account. The results showed that in 

the second experiment, the P overplus response did not improve, nor did the 

effect of nutrient availability on biomass growth and nutrient removal, as 

observed in the first P overplus experiment. On the contrary, I observed that 

repletion as 5xTA+P addition negatively affected some of the monitored 

parameters in comparison with TAP resuspension. One possibility could be 

the added excess of nutrients compared to the nutrient-balanced TAP media 

(Kropat et al., 2011). However, as mentioned above, the N:P ratio of 5xTA+P 

repleted cultures does not exceed the considerably wide range of N:P ratio 

suitable for biomass growth and nutrient uptake (Geider and Roche, 2002). 

Another thought is that the adverse effects on P overplus and nutrient 

removal from the media were more noticeable if the cultures were P-deprived 

for a longer period (lowest RNA level observed). Microalgae can release 

extracellular polymeric substances (EPS) for different reasons which include 

the onset of nutrient stress (Garza-Rodríguez et al., 2022, Reignier et al., 

2023). This possibility could be behind the differences observed between 

both experiments. In the first P overplus experiment, the old media was 

discarded and biomass was resuspended in fresh TAP media, eliminating 

any substances produced by the cells. On the contrary, in the second P 

overplus experiment, the P deprivation media was kept and nutrients were 

added. Assuming that a longer period of P deprivation triggers a further 

release of exopolymeric substances (EPS), would explain the bigger adverse 

effect of EPS observed in 96 h P-deprived cultures. In cyanobacteria and 

microalgae, EPS are released under nutrient deprivation or salinity stress 

conditions (Reignier et al., 2023). For both, EPS are mainly composed of 

proteins and polysaccharides. The presence of polysaccharides released by 
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microalgae has been linked to enhanced auto-flocculation processes in the 

presence of phosphate and calcium (Rashid et al., 2019, Tang et al., 2021). 

A possibility is that during P-deprivation, polyP rapid degradation assisted the 

generation of polysaccharide-rich EPS, which were released by C. reinhardtii. 

Assuming that the longer P-deprivation of 96 h (until the lowest RNA was 

observed) was correlated with a higher production of EPS where more P 

could have been provided by the degradation of in-cell organic P compounds.  

At the moment of repletion as 5xTA+P, since the putative EPS-rich media 

was not discarded, the response might have been to encourage the mass 

transfer of EPS-bound phosphate first and then remove the supplied 

phosphate in the 5xTA+P solution. Mass transfer of phosphate contained in 

microalgal-released EPS has been highlighted before as another biologically 

driven process of microalgal removal of phosphate via surface adsorption 

(Wu et al., 2021, Xu et al., 2020, Yao et al., 2011). This could explain the 

reduced phosphate removal observed in 5xTA+P repleted cultures observed 

in Chapter 5 (see  Figure 5.10A-B). 

Further research is needed to bring some clarity about the possible effect of 

any extracellular substances that C. reinhardtii may release to the media 

whilst undergoing P-deprivation and how these substances could affect P 

overplus, algal growth and nutrient removal performance. From the 

engineering application perspective, unveiling the effect of EPS on P 

overplus and nutrient removal in WWTWs using microalgae is necessary. In 

a real-life process of P recovery using microalgal P overplus, the presence of 

EPS triggered by either nutrient stress or the presence of other components 

in wastewater is very likely. To the best of my knowledge, the influence of 

EPS on P overplus and P removal from media has not been explored yet. 

Therefore, exploring how these substances may affect the performance of a 

system using microalgal P overplus response would bring the application of 

this process one step closer to reality. 

Finally, other than nitrogen and phosphorus, this present work highlights the 

role of magnesium as a preferred counterion assisting in the enhanced 

polyphosphate accumulation observed in the PSR1 overexpression strains of 

C. reinhardtii developed by our research group (Slocombe et al., 2023). This 

result was surprising as calcium has been widely mentioned as the potential 

preferred counterion for polyphosphate. As mentioned in the results summary 

and discussion section of Chapter 6, the selection of magnesium over 

calcium makes sense from the biological point of view that calcium levels 

require far stricter regulation due to its role as a signalling molecule. For 

instance, calcium released to the cytosol from polyP mobilisation under P-
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deprivation could act as a signal to activate the phosphate starvation 

response (PSR1) (Moseley and Grossman, 2009).  

Magnesium association with polyP is not uncommon (Komine et al., 2000, 

Ruiz et al., 2001). Within the context of WWTWs, this result highlights, once 

more, the importance of counter ions in biological phosphorus removal 

systems. For instance, Schönborn et al. achieved enhanced biological 

phosphorus removal when increasing the concentration of magnesium in 

wastewater, by polyphosphate accumulating organisms (PAOs) (Schönborn 

et al., 2001). Therefore, it is possible that a similar effect could be observed 

in a wastewater treatment process using microalgal P overplus to recover P. 

This, also requires further research.  

7.4 PSR1 and P overplus in C. reinhardtii  

To bring microalgal P overplus closer to a level of application in P recovery 

systems at WWTWs, we need to examine the physiological changes of 

microalgae according to the P deprivation and P repletion conditions. 

However, the physiological changes that we observe in microalgae are 

controlled by the expression and regulation of phosphate metabolism and 

regulatory genes which coordinate the changes observed in terms of 

polyphosphate accumulation and biomass growth. Hence, there is relevance 

in understanding the transcriptional and post-transcriptional processes 

behind the physiological parameters. In the case of Chlamydomonas 

reinhardtii the transcription factor PSR1 has a key role in the regulation of 

phosphate metabolism. PSR1 has been mostly highlighted for its function in 

activating the response to P deprivation/stress (Wykoff et al., 1999, 

Shimogawara et al., 1999, Moseley et al., 2006), and its manipulation 

(overexpression) has been linked to the metabolism of lipids and starch, as a 

means to increase the potential for biofuel production (Bajhaiya et al., 2016, 

Ngan et al., 2015). The work of Bajhaiya et al. on PSR1 overexpression 

strains of C. reinhardtii unveiled the potential of this genetic manipulation to 

procure an outstanding accumulation of phosphate (Bajhaiya et al., 2016). In 

our recent work, we found that PSR1 overexpression enhanced P 

accumulation and hence P removal, by promoting a feedforward response in 

P metabolism. Genes that were first upregulated by PSR1 overexpression 

under P-repleted conditions led to a reduction of external P concentration. A 

second set of genes was activated in response to the low-to-depleted P 

levels in the media and the increase in in-cell P accumulation. As internal P 

increased downregulation of the transgene PSR1 protein levels occurred 

(Slocombe et al., 2023). These results highlight PSR1 in its role in both 
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luxury P uptake and P overplus responses. Nonetheless, from our results, it 

cannot be assumed that the overexpression of PSR1 activated one process 

or the other. In our published review, the difference between these two 

phenomena was explained as either the enhanced polyP accumulation 

triggered by P stress (P overplus response) or other nutrient stress (luxury P 

uptake) (Slocombe et al., 2020). It is still unclear whether the response of 

polyP accumulation in both processes is activated by the same set of 

transcriptional responses. Plouviez et al. RNA sequencing analysis of C. 

reinhardtii during P overplus revealed that PSR1 transcriptional levels were 

downregulated upon P repletion (Plouviez et al., 2021). Whereas in the RNA 

sequencing analysis of PSR1 overexpression strains from our study, 

endogenous and transgenic PSR1 levels were upregulated after 48 h of 

inoculation in P-replete media, when phosphate concentration in the media 

was still high, and no other nutrient was depleted (Slocombe et al., 2023). 

This suggests that the transgene PSR1 switches on the expression of the 

endogenous PSR1, which led to conclude that PSR1 autoregulates itself (see 

Figure 2G-H in Slocombe et al., 2023). To note, the endogenous PSR1 in C. 

reinhardtii is under the control of its own promoter but the transgene PSR1 

(from our study) is under the control of the light-regulated promoter PSAD. 

Therefore, it is possible that PSR1 overexpression triggered a luxury P 

uptake response rather than a P overplus response. Moreover, the 

accumulation of P (approximately 8%, dry biomass weight - dw), by the 

PSR1 overexpression strain 8-27 is impressive given the average 1-2%P dw, 

that is expected in microalgal biomass. The observation that the peak of P 

accumulation was transient after P was depleted from the media, raises the 

question about the maximum capacity of P accumulation that this strain may 

have. Would this strain accumulate more than 8%P dw, if cultivated under a 

continuous flow system, that maintains phosphate concentration in the media 

at a specific level? 

Nonetheless, the results presented in this research work show undoubtedly, 

that PSR1 is a key component of the P overplus response of C. reinhardtii. 

My data shows PSR1 overexpression induces P overplus or luxury P uptake 

without previous nutrient deprivation, whereas the inactivation of PSR1 

(knockout) inhibits completely the P overplus response due to the inability to 

synthesize or accumulate polyphosphate (see Chapter 6).  

Many other microalgal species harbour a homolog of the transcription factor 

PSR1 (Kumar Sharma et al., 2020). Thus, there is relevance in 

understanding how the manipulation of PSR1 not only improves biomass 

phosphate accumulation but is vital to trigger a P overplus response in 
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microalgae, due to its newly uncovered role in polyP synthesis. However, 

other relevant species in MBWT research like C. vulgaris and S. obliquus, do 

not harbour a homolog of PSR1, thus it is also important to understand how 

these species regulate their responses to P deprivation and subsequent 

resupply, at the transcriptional and translational level. 

While the application of transgenic organisms in real-life applications is 

limited due to the regulation of the use of genetically modified organisms in 

some areas, like agriculture or wastewater treatment, there is value in using 

this methodology for the study of P metabolism in microalgae. One example 

of this is the finding of new phenotypes in the strain CC-5325 of C. reinhardtii 

which appears to coincide (at least partly) with the behaviour observed in our 

best PSR1 overexpression strain 8-27. CC-5325 exhibited more resistance to 

longer P-deprivation, high accumulation of polyphosphate and consequently, 

high phosphate removal efficiency, compared to other strains tested in this 

present study (see Chapter 4 and Chapter 5). In fact, the knowledge 

obtained from RNA sequencing analysis from our previously published work, 

provides relevant information about the possible genetic processes behind 

this background, as discussed in Chapter 4 (Slocombe et al., 2023). 

Therefore, the genetic manipulation of the components of P metabolism in a 

model like C. reinhardtii can help to deliver guidance for the selection of 

phosphate hyperaccumulating strains, even with other microalgal species, to 

be used in MBWT systems for P recovery.  

7.5 Conclusions and Recommendations 

The research work undertaken in this project has achieved the aim and 

objectives presented in Chapter 1 Introduction (section 1.4). This section 

underlines the main conclusions from this project in line with the initially 

proposed research objectives, and reports recommendations for further 

research. 

7.5.1 Conclusions 

Polyphosphate is the direct measurement of the phosphate overplus 

response in microalgae. So far, the methodologies to analyse polyphosphate 

accumulation in microalgae provided inconsistent results that do not allow a 

comparison of polyP accumulation patterns between species or different 

cultivation conditions. Also, the specificity of commonly used techniques like 

DAPI staining has been questioned due to the shared biophysical properties 

of polyP with other molecules like RNA and inositol polyphosphates. The 

biochemical assay for polyP quantification and the qualitative detection of 
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polyP via toluidine blue-stained PAGE allow a reproducible and specific 

analysis of polyphosphate dynamics in C. reinhardtii and potentially other 

microalgae. 

Minimum polyphosphate content of mid-exponential cultures (as it is not 

completely depleted), undergoing P-deprivation is the physiological 

parameter to monitor before P re-supply, to trigger maximum polyP 

accumulation in C. reinhardtii. To enhance phosphate removal, P repletion 

with all nutrients is required as a means to promote biomass growth and 

hence an increased demand for organic P compounds as well as inorganic 

polyP accumulation. Further P-deprivation will promote the use of organic P 

reserves principally (RNA and presumably also phospholipids although these 

were not measured), which will switch microalgal metabolism to prioritise the 

re-synthesis of these organic P compounds over polyP accumulation after P 

resupply. Since phospholipids are mobilised and replaced by sulpholipids 

during P-deprivation, it would have been interesting to monitor the 

phospholipid content of C. reinhardtii during my experiments (Moseley et al., 

2009a, Sanz-Luque and Grossman, 2023). This would have allowed me to 

determine whether phospholipid intracellular consumption matches that of 

RNA, during P deprivation. Further research is needed to confirm this, 

although the conclusion remains that inorganic reserves of P are consumed 

before organic P reserves during P-deprivation. In this study, I focused on the 

two largest pools of P in microalgae: polyP and RNA. 

The biomass growth phase plays an important role in the storage of 

polyphosphate in microalgae. The fact that P-deprivation of mid-exponential 

cultures did not impede biomass growth, meant that P overplus took place at 

a point when the biomass was in the early stationary phase. Accumulation of 

polyP was not immediately used to sustain biomass growth as it occurred in 

other studies with exponential growth cultures. Instead, polyP content was 

maintained for at least four days, which is practical from the application 

perspective. The window to harvest polyP-rich biomass for valorisation would 

be wider, hence reducing the operation complexity of the P recovery system.  

Nonetheless, polyphosphate accumulation during P overplus occurs as a 

long-chain polymer that is mobilised into medium and short-chain polyP to 

support microalgal activity. From the industrial or agricultural application 

context, long and medium-chain polyP is used for different commercial 

processes. Therefore, biomass harvesting can be optimised to reach a higher 

content of long polyP at the early stage of P overplus if desired. Otherwise, a 

heterogeneous mixture of long, medium and short-chain polyP will be 

obtained at the latter stage of P overplus. Furthermore, the finding that IP6 
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does not follow the pattern of polyP accumulation during P overplus, should 

encourage a rethink of the regulation of polyphosphate synthesis and 

degradation in microalgae rather than the assumption that it is the same as in 

S. cerevisiae. 

That PSR1 overexpression enhanced the accumulation of phosphate and its 

removal from the media, without a previous step of preparation of the 

biomass (e.g. with nutrient deprivation), is an outstanding finding in the field. 

SPX1 upregulation by PSR1 overexpression suggests that the suppression 

mechanism of PSR1 under intracellular P sufficient levels may be similar to 

that of A. thaliana. Further research is required to test this hypothesis. 

Nevertheless, the even more unprecedented observation is the fact that the 

absence of PSR1 expression inhibits P overplus due to its essential role in 

polyphosphate synthesis or accumulation. This finding will drive the 

development of new research strategies to unveil the regulation of 

polyphosphate synthesis and degradation in C. reinhardtii and other 

microalgae. Probably the focus should not only take into account the 

similarities of microalgae with yeast and land plants P metabolism but also 

consider the possible ‘unique’ characteristics of P metabolism machinery in 

microalgae.   

Overall, this study has developed a reliable experimental protocol for 

studying the P overplus response in C. reinhardtii with potential application to 

other algal species. This methodology provides a focus on the direct 

measurement of P overplus, polyphosphate. The results obtained from this 

work represent a major contribution to our understanding of this phenomenon 

and its implications for maximum polyP accumulation, biomass production 

and enhanced nutrient removal. The manipulation of the physiological 

parameters of P deprivation and nutrient availability at the repletion stage 

provides new design criteria with potential application in WWTWs using 

microalgae P overplus to recover P in bioavailable ways and help to close the 

broken phosphorus cycle.   

7.5.2 Recommendations and further research 

The advantage of P overplus over luxury P uptake is that microalgae can still 

grow during P-deprivation, in contrast with N deprivation, which has been 

shown to inhibit microalgal growth in previous studies (Msanne et al., 2012, 

Chu et al., 2020a). Since biomass growth was the factor which enhanced P 

removal from the media in my P overplus experiment, upon resuspension in 

fresh media with all nutrients, we may think that is more convenient to make 

use of P overplus for nutrient control in wastewater. In WWTWs, the P 
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overplus response of microalgae could be adapted since both ‘low P’ and 

‘high P’ conditions can be found at different stages of the treatment process 

(e.g. tertiary effluent – low P, digestate effluent – high P as shown in Figure 

2.3 in Chapter 2 Literature Review) (Figure 7.1). Although, further research 

is needed to provide the optimal design parameters for this process to work.  

 

Figure 7.1 A vision of P-deprivation and P repletion steps in P recovery 
from wastewater using microalgae P overplus response. 

In the last P overplus experiment shown in this thesis (section 6.4 in Chapter 

6), the PSR1-OE strain 8-27 was P-deprived until it exhibited its lowest polyP 

content and then resuspended in fresh TAP media. The resulting media from 

this experiment would meet P discharge limits in the UK (<0.1 mg P/L), set 

by the Water Framework Directive after only 6 h-12 h (Pratt et al., 2012, Leaf, 

2018). The total nitrogen discharge limits in the UK (<10 mg N/L for a 

population >100.000)  mean that due to the minimum average limit, WWTWs 

need to procure to comply with a much lower discharge concentration 

(approximately 3 mg NH4-N/L). Therefore, for nitrogen, the resulting media 

from this last experiment (and all of the experiments in this thesis) would not 

meet the N discharge limit (UK-Environment-Agency, 2019, Marsden et al., 

2012). However, within a WWTW context, nitrogen removal has the 

advantage of including a gaseous phase of nitrogen, unlike phosphorus, thus 

allowing its removal via nitrification/denitrification mechanisms in bacteria, 

among other processes (Von Sperling, 2007, Camargo Valero et al., 2010).  

Therefore, it is important to assess the P overplus performance of microalgae 

under more realistic conditions closer to the wastewater treatment context. 

First, this could be evaluated using synthetic or real wastewater instead of 

artificial culture media (e.g. TAP). The availability and concentration of 

nutrients (especially micronutrients) in wastewater, may be different to the 

‘optimal’ conditions provided by artificial TAP media. This may affect the 

efficiency of biomass growth and thus, P removal during P overplus. Second, 

by studying the influence of the naturally occurring symbiotic relationship 
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between bacteria and microalgae in both cost-effective (WSPs) and 

sophisticated wastewater treatment systems, on the response to P-

deprivation and P overplus performance. Third, the fact that phosphate 

removal efficiency during P overplus decreased possibly due to the presence 

of the P-deprivation media, suggests that EPS would play a definitive role in 

the robustness of P recovery processes using microalgae P overplus 

phenomenon. Integrating tools for the analysis of P removal by microalgae, 

either by intracellular P uptake or adsorption in EPS, under P-deprived and 

P-replete conditions is necessary. Lastly, my experiments were conducted 

under continuous illumination, and 25oC of temperature. More realistic 

conditions would involve the use of light/dark regimes and wider ranges of 

temperature. However, the phosphate metabolism of microalgae in the dark 

has been a rather unexplored field. Even though, it has been shown that 

microalgae like C. reinhardtii can produce polyP during P overplus under 

dark conditions (Plouviez et al., 2022). Further research is required to 

determine whether polyphosphate metabolism is linked to the cell cycle of 

microalgae. This would require the use of synchronised cultures growing 

under light/dark regimes (e.g. 12 h/ 12 h). A detailed characterisation of 

polyP dynamics during each phase of the cell cycle, under these conditions, 

would help to uncover a potential role of darkness versus light on microalgal 

P metabolism.
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MARTÍNEZ, M. E., SÁNCHEZ, S., JIMÉNEZ, J. M., EL YOUSFI, F. & MUÑOZ, 
L. 2000. Nitrogen and phosphorus removal from urban wastewater by the 



204 
 

microalga Scenedesmus obliquus. Bioresource Technology, 73, 263-
272. 

MBWELE, L. A. 2006. Microbial Phosphorus Removal in Waste Stabilisation 
Pond Wastewater Treatment Systems. Licentiate thesis, comprehensive 
summary, KTH. 

MEJBEL, H. S., IRWIN, C. L., DODSWORTH, W., HIGGINS, S. N., 
PATERSON, M. J. & PICK, F. R. 2023. Long-term cyanobacterial 
dynamics from lake sediment DNA in relation to experimental 
eutrophication, acidification and climate change. Freshwater Biology, n/a. 

MEKONNEN, M. M. & HOEKSTRA, A. Y. 2016. Four billion people facing 
severe water scarcity. Science Advances, 2, e1500323. 

MELIA, P. M., CUNDY, A. B., SOHI, S. P., HOODA, P. S. & BUSQUETS, R. 
2017. Trends in the recovery of phosphorus in bioavailable forms from 
wastewater. Chemosphere, 186, 381-395. 

MIYACHI, S. & TAMIYA, H. 1961. DISTRIBUTION AND TURNOVER OF 
PHOSPHATE COMPOUNDS IN GROWING CHLORELLA CELLS. Plant 
and cell physiology, 2, 405-414. 

MOLINA GRIMA, E., BELARBI, E. H., ACIÉN FERNÁNDEZ, F. G., ROBLES 
MEDINA, A. & CHISTI, Y. 2003. Recovery of microalgal biomass and 
metabolites: process options and economics. Biotechnology Advances, 
20, 491-515. 

MONFET, E., AUBRY, G. & RAMIREZ, A. A. 2018. Nutrient removal and 
recovery from digestate: a review of the technology. Biofuels: Biorefinery 
for fuels and platform chemicals, 9, 247-262. 

MOON, M., KIM, C. W., PARK, W.-K., YOO, G., CHOI, Y.-E. & YANG, J.-W. 
2013. Mixotrophic growth with acetate or volatile fatty acids maximizes 
growth and lipid production in Chlamydomonas reinhardtii. Algal 
Research, 2, 352-357. 

MORALES-PINEDA, M., GARCÍA-GÓMEZ, M. E., BEDERA-GARCÍA, R., 
GARCÍA-GONZÁLEZ, M. & COUSO, I. 2023. CO2 Levels Modulate 
Carbon Utilization, Energy Levels and Inositol Polyphosphate Profile in 
Chlorella. Plants, 12, 129. 

MOSELEY, J., GONZALEZ-BALLESTER, D., POOTAKHAM, W., BAILEY, S. & 
GROSSMAN, A. 2009a. Genetic Interactions Between Regulators of 
Chlamydomonas Phosphorus and Sulfur Deprivation Responses. 
Genetics, 181, 889-905. 

MOSELEY, J. & GROSSMAN, A. R. 2009. Chapter 6 - Phosphate Metabolism 
and Responses to Phosphorus Deficiency. In: HARRIS, E. H., STERN, 
D. B. & WITMAN, G. B. (eds.) The Chlamydomonas Sourcebook 
(Second Edition). London: Academic Press. 



205 
 

MOSELEY, J. L., CHANG, C.-W. & GROSSMAN, A. R. 2006. Genome-Based 
Approaches to Understanding Phosphorus Deprivation Responses and 
PSR1 Control in Chlamydomonas reinhardtii. Eukaryotic Cell, 5, 26. 

MOSELEY, J. L., GONZALEZ-BALLESTER, D., POOTAKHAM, W., BAILEY, S. 
& GROSSMAN, A. R. 2009b. Genetic interactions between regulators of 
Chlamydomonas phosphorus and sulfur deprivation responses. 
Genetics, 181, 889-905. 
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Appendix 

 

Figure A 1 Polyphosphate quantification of C. reinhardtii in proportion to 
RNA. PolyP quantification may be misinterpreted if expressed as a proportion to RNA 

content, due to decreased RNA content in biomass over time. and A-B polyP content 
relative to RNA (ng PO4-P/µg RNA).  
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Figure A 2 PAGE polyP visualisation with equal loading of RNA from P-
deprivation experiment. Equal loading of RNA on PAGE shows an ‘increase’ in 
polyP content after 96 h of P deprivation, leading to result misinterpretations. 
Visualisation of polyP migration on 20% PAGE shows normalisation of polyP by 
loading 20 µg RNA on each well. C. reinhardtii CC-1690, CC-125, CC-5325 and CC-
4350 mid-exponential cells were resuspended in TA media (Treatment) and samples 
were collected after 6, 24 and 96 h. Orange dye (OrG) on the right indicates migration. 
polyP100 standard for medium and short-chain polyphosphate. PAGE was stained with 
Toluidine blue. 
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Figure A 3 PAGE with polyP migration during 24 h P deprivation and P 

repletion as KPO4 or TAP media. 33% PAGE shows polyP migration of strains A 
CC-125, B CC-5325 and C CC-4350 mid-exponential cells (-24 h time point) 
resuspended in TA media (P deprivation) for 24 h and supplied of 1 mM P with either a 
KPO4 solution (P repletion) or resuspended in fresh TAP media (TAP repletion) and 
monitored for 96 h. An equivalent of 500 μg dw per well was loaded. polyP100 was 
used as a standard (left side of PAGEs). OrG indicates Orange G dye migration. IP6 2 
nmol standard confirmed the presence of IP6.  
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Figure A 4 PAGE with polyP migration during 96 h P deprivation and P 

repletion as KPO4 or TAP media. 33% PAGE shows polyP migration of strains A 
CC-125, B CC-5325 and C CC-4350 mid-exponential cells (-96 h time point) 
resuspended in TA media (P deprivation) for 96 h (-72 h sample is equivalent to 24 h 
after P deprivation) and supplied of 1 mM P with either a KPO4 solution (P repletion) or 
resuspended in fresh TAP media (TAP repletion) and monitored for 96 h. An equivalent 
of 500 μg dw per well was loaded. polyP100 was used as a standard (left side of 
PAGEs). OrG indicates Orange G dye migration. IP6 2 nmol standard confirmed the 
presence of IP6.  
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Figure A 5 Confocal images of DAPI stained cells taken after 48 h of 

cultivation. The images show the non-transformed control, UVM4 and the PSR1 
overexpression strain 8-27. For one of the triplicates, 10 cells from each sample were 
randomly chosen out of 30-50 pictures. Brightfield (top/grey) and DAPI-Poly-P 
(bottom/yellow) represent the same cell. DAPI-polyP pictures are a projection of 6-12 z-
stacks taken with the microscope software. 
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Figure A 6 Confocal images of DAPI stained cells taken after 72 h of 
cultivation. The images show the non-transformed control, UVM4 and the PSR1 

overexpression strain 8-27. For one of the triplicates, 10 cells from each sample were 
randomly chosen out of 30-50 pictures. Brightfield (top/grey) and DAPI-Poly-P 
(bottom/yellow) represent the same cell. DAPI-polyP pictures are a projection of 6-12 z-
stacks taken with the microscope software. 
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Figure A 7 Confocal images of DAPI stained cells taken after 144 h of 
cultivation. The images show the non-transformed control, UVM4 and the PSR1 
overexpression strain 8-27. For one of the triplicates, 10 cells from each sample were 
randomly chosen out of 30-50 pictures. Brightfield (top/grey) and DAPI-Poly-P 
(bottom/yellow) represent the same cell. DAPI-polyP pictures are a projection of 6-12 z-
stacks taken with the microscope software. 
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Table A 1 Changes in nutrient uptake rates by PSR1 overexpression strain 
and psr1-1 mutant, compared to the control. Average values (n=3) for the 

strains UVM4, 8-27 and psr1-1 were used ±SE. nn corresponds to values below 0.1 mg 
g dw-1 h-1.  

A 

 

Strain 

Phosphate uptake rate 

mg PO4-P g dw-1 h-1 

0-1 h 1-6 h 6-12 h 12-24 h 

UVM4 3.40 ± 0.27 6.25 ± 0.16 0.31 ± 0.11 nn 

8-27 9.12 ± 1.59 5.81 ± 0.81 nn nn 

psr1-1 1.80 ± 0.48 0.38 ± 0.06 0.61 ± 0.08 0.22 ± 0.04 

B Ammonium uptake rate 

mg NH4-N g dw-1 h-1 
 

0-1 1-6 6-12 12-24 

UVM4 2.1 ± 0.85 8.38 ± 1.39 2.67 ± 0.95 0.55 ± 0.05 

8-27 4.34 ± 2.34 6.28 ± 0.12 3.35 ± 0.31 0.13 ± 0.06 

psr1-1 2.15 ± 1.58 6.13 ± 0.78 6.7 ± 0.29 1.35 ± 0.26 

C Sulphate uptake rate 

mg SO4-S g dw-1 h-1 
 

0-1 1-6 6-12 12-24 

UVM4 0.11 ± 0.08 0.59 ± 0.01 0.20 ± 0.01 nn 

8-27 0.40 ± 0.27 0.47 ± 0.02 0.28 ± 0.02 nn 

psr1-1 0.22 ± 0.07 0.49 ± 0.06 0.49 ± 0.01 nn 

 

 

 


