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Abstract  

Anthropogenic activities have caused environmental damage for thousands of years, which has been 

exacerbated since the industrial revolution. Mining is one such activity that has caused damage to 

the environment, primarily through the creation of acid-mine drainage (AMD) waters. These are 

created when pyrite in rocks is exposed to oxygen and water, through mining, causing the formation 

of sulphuric acid. As the waters become more acidic, metals disassociate from the rocks leading to 

acidic and metal polluted waters. One such AMD system is Parys Mountain, Wales, where our lab 

has isolated an acidophilic microalga, Chlamydomonas acidophila – strain PM01. It exhibits higher 

tolerance levels of copper than other strains of the same species. Whilst tolerance ranges and 

physiological responses of eukaryotic extremophiles have been well studied, many of their 

mechanisms of adaptation have yet to be elucidated. PM01 provides a fantastic model to begin to 

understand some of these tolerance mechanisms.   

  

In order to tolerate the harsh conditions of AMD it is likely that C. acidophila has evolved differential 

responses to both pH differences and metal toxicity to non-adapted organisms, such as 

Chlamydomonas reinhardtii which is mesophilic in both its pH tolerance and its ability to survive metal 

toxicity. Firstly, in this thesis the physiological and biochemical responses of PM01 compared to the 

model organism Chlamydomonas reinhardtii (strain 11/32c) as well as other strains of C. acidophila 

(strains CCAP 11/136 and CCAP 11/137) were analysed in response to copper. Here it was found 

that PM01 is capable of growing at much higher copper concentrations than the other strains tested. 

Also, PM01 shuts down photosystem II after being exposed to copper for 3 hours, without the 

photosynthetic machinery appearing stressed. Additionally, a 2-stage non-photochemical quenching 

(NPQ) process was observed, where PM01 has different types of NPQ, depending on the actinic 

light intensity. The antioxidant capability of PM01 and C. reinhardtii was also measured. PM01 

exhibited higher catalase activity, whilst the two isoforms of iron superoxide dismutase show different 

isoelectric points (pI). It was found that PM01 exhibits high levels of lipid oxidation in both short- and 

long-term copper stress, whereas C. reinhardtii only exhibited high lipid oxidation under a short-term 

copper stress. Finally, low lipid oxidation levels were shown in the other C. acidophila species, CCAP 

strains 11/136 and 11/137.   

  

Secondly, fast, high-throughput fingerprinting techniques were used to examine the metabolic and 

proteomic changes of PM01 and C. reinhardtii in response to copper stress. FT-IR spectroscopy 

revealed an increase in protein content upon copper exposure in PM01, but a decrease in lipids and 

carbohydrates. Whilst a similar response was seen in C. reinhardtii it was not to the same extent as 

PM01. MALDI-TOF mass spectroscopy provided a rapid overview of the proteome. Here protein 

peaks with a high m/z arising in the long-term copper-stress treated for both PM01 and C. reinhardtii. 

These protein peaks also suggested that a protein can “switch” between a single charge and double 

charge and could play an important role in either metal binding or reactive oxygen species quenching. 

An in-depth metabolomic analysis using LC-MS techniques reveal greater insights into PM01’s 

adaption to copper through the identification of several key metabolic changes between PM01 and 

C. reinhardtii. Thiol groups in metabolites such as cysteine and glutathione play a central role in 
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copper adaptation.  Additionally, amino acids such as proline, a known osmolyte, was found at 

elevated levels in PM01. 

  

Finally, I conducted a transcriptomic experiment was conducted to observe the global response of 

PM01 and C. reinhardtii to a long- and short-term copper stress. A whole host of transcripts were 

differentially expressed under copper stress, however, we managed to find 3 main processes that 

were altered. Transcripts related to the antioxidant response and lipid breakdown were found to be 

more highly expressed in C. reinhardtii under a copper stress. Intracellular transport systems and 

reorganisation was found to be more highly expressed in PM01 under a short- and long-term copper 

stress. Finally, transcripts related to photosynthesis were found to be reduced in PM01 under both a 

short- and long-term copper stress. I also found a series of transcripts that were much more highly 

expressed in the PM01 cells exposed to a short-term copper stress with a wide array of biological 

functions. These provide an exciting source of potential biological pathways to a copper adaptation. 

We also investigated individual transcripts of interest, with the putative copper exporter CTP3, being 

a standout candidate to copper tolerance it was constitutively expressed in PM01 at higher levels 

than all other C. reinhardtii treatments.   

  

This study provides an exciting insight into the copper tolerance mechanisms of PM01, an 

extremophile microalga that exhibits high copper tolerance levels. In this I have generated large data 

sets that provide a lot of further avenues for further investigation.  
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1 Introduction 

1.1 Life in the Extreme 

1.1.1 Adaptation of microorganisms to hostile environments 

There are many hostile environments that provide a wide array of challenges to life.  For example, 

hot springs are highly acidic environments, which can reach temperatures over 80°C. Rocks more 

than 2 km below the Earth’s surface are exposed to high pressures and no sunlight. Fuel storage 

ponds of nuclear power plants are highly alkaline and radioactive.  Despite these highly adverse 

conditions, microorganisms are still able to colonise and grow in such hostile environments 

(Hugenholtz et al., 1998; MeGraw et al., 2018; Nixon et al., 2019). In fact, there is a whole host of 

organisms that can not only tolerate but thrive in extreme environments and have been classed under 

the broad term “extremophile”. These organisms can be further classified, depending on the 

environment they prefer. These include; high temperatures (thermophiles), low temperatures 

(psychrophiles), acidic (acidophiles), alkaline (alkaliphiles), highly saline (halophiles), highly 

pressurised (barophiles), metal contaminated (metallophiles) and radioactive environments 

(radiophiles) (Raddadi et al., 2015; Stetter, 1999).  

Extremophiles are found in all 3 clades of life, with, to date, a large interest being taken in prokaryotic 

extremophiles (Barnard et al., 2010; Oren, 2010). Some extremophiles can become so highly 

specialised that they can no longer grow under ‘normal’ physiological conditions. This is true for the 

acidophile, Dunaliella acidophila with an optimal pH requirement of 1 but cannot grow above a pH of 

3. In contrast, another acidophile, a Chlamydomonas sp. is capable of growing over a broad pH 

range of 2-7, suggesting it may have a more adaptive and flexible stress response mechanism 

(Gimmler et al., 1989; Messerli et al., 2005). Whilst both are acidophiles, there is a clear contrast 

between these two organisms and their adaptive strategies are likely to be different. When we take 

into account the extreme environments of our planet and the biological diversity, there are likely to 

be many interesting adaptations can be studied for fundamental understanding and utilise for 

biotechnological exploitation.  

1.1.2 Why are we Interested in Extremophiles? 

There are numerous products that have come from extremophiles that the biotechnology industry 

have been able to exploit.  Perhaps, some of the best-known extremophiles are species from the 

phylum Tardigrada, known colloquially as water bears. There has been a lot of excitement 

surrounding them in the media, due to their ability to survive trips into space. Their ability to survive 

trips into such hostile environments could provide further insights into DNA repair, long term survival 

and even be able to colonise different planets (Weronika and Łukasz, 2017). A DNA polymerase 

from the bacterium Thermus aquaticus, isolated from hot springs, is highly stable under high 

temperatures. This made it a perfect candidate for the polymerase chain reaction (PCR) assay, which 

is now used routinely by the scientific community. This has expanded into other fields, such as 

forensics, which regularly use PCR to identify suspects based on their DNA (Gurvitz et al., 1994). 

Other thermostable enzymes from T. aquaticus have also been investigated for processes such as 

the breakdown of lipids under high temperatures (Lopez et al., 2012). On the other end of the scale 

β-galactosidase enzymes from psychrophiles have been adopted for the production of lactose-free 

milk. The enzymes function at a cooler temperature than other variants and reduce the risk of 



Page | 7  
 

contamination by pathogens (Coker et al., 2003; Coker and Brenchley, 2006). Extremophiles can 

also directly produce valuable compounds for us. Carotenoids are used widely as food and health 

supplements, in 2018 the global market for one single carotenoid, astaxanthin, was $600 million USD 

(Ahuja and Rawat, 2019).  In the halophilic microalga Dunaliella salina carotenoid content increases 

almost 10-fold under high salinity (Solovchenko et al., 2015). Another halophile, this time from the 

archaea clade, Haloferax alexandrines has also been seen to able to produce relatively large 

amounts of the pigment canthaxanthin under (Asker and Ohta, 2002). There are many other 

examples in which extremophiles have been utilised to improve processes. Isolating novel 

extremophiles can continue to revolutionise the biotechnology sector, through the identification of 

novel proteins and/or biological processes and valuable biomolecules.  

1.1.3 Oxidative Stress 

One shared cause of damage between different extreme environments is the production of reactive 

oxygen species (ROS). Understanding how these are formed and the damage they can induce to 

cells will help understand the experience cells undergo upon exposure to various stresses. ROS are 

produced in all forms of life through the metabolism of oxygen. Under normal physiological conditions 

ROS are present in the cell and tightly regulated, serving important roles as cell signalling molecules 

(Devasagayam et al., 2004). However, issues can occur when external stresses increase the amount 

of cellular ROS, beyond the cells capability to quench them. ROS include superoxide anions (O2-) 

and hydrogen peroxide (H2O2), the oxidative power of these molecules can make them toxic as they 

can inactivate various enzymes and cause lipid peroxidation (Gechev et al., 2006; Moenne et al., 

2016). However, these radicals are fairly selective in their reactions and can only interact with certain 

molecules (Halliwell, 2006). The destructive properties of hydrogen peroxide and superoxide can be 

exacerbated when they interact with ferric ions in what is known as the Haber-Weiss reaction (Kehrer, 

2000). This interaction generates a hydroxyl radical (HO-) which can cause significant damage to the 

cell as it is capable of interacting with all molecules in a cell, including DNA (Halliwell, 2006).  

To counteract these dangerous radicals, cells have developed a host of defence mechanisms. This 

includes reactive oxygen scavenging enzymes, which include, ascorbate peroxidase (APX), 

superoxide dismutase (SOD), and catalase (CAT). Low molecular weight compounds, commonly 

known as antioxidants are also used. These include tocopherols, glutathione (GSH), carotenoids, 

and ascorbate (Choo et al., 2004). The radiation tolerant bacterium Deinococcus radiodurans was 

found to have constitutively high expression levels of CAT and SOD, however, content of both of the 

enzymes increased further upon radiation stress (Basu and Apte, 2012). Furthermore, mutants 

generated for both of these enzymes in D. radiodurans were found to increase its sensitivity to 

ionising radiation (Markillie et al., 1999). The extremophile microalga Euglena gracilis also saw an 

increase in SOD expression under several metal stresses. Additionally, there was also an increase 

in expression of glutathione transferases which are involved in the detoxification of proteins/ 

substrates affected by oxidative stress (Khatiwada et al., 2020). Excessive ROS can be highly 

damaging to cells and a series of abiotic and biotic factors can lead to elevated ROS  

Many metals undergo oxidation and reduction processes, most notably copper and iron. Iron can 

occur as Fe2+, Fe3+ and in less common instances Fe4+ (Jomova et al., 2012). In warm, well 

oxygenated waters Fe2+ has a short half life and is readily oxidised into Fe3+, reducing its solubility 

and potentially bioavailability. However, under more anoxic conditions and cooler temperatures  the 
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half-life of Fe2+ is increased and  is less readily oxidised to Fe3+ (Behnke and LaRoche, 2020). 

Copper is most prevalent in the Cu2+ form in well oxygenated neutral pH freshwaters. However, 

when organic matter/ ligands are present in the waters Cu can complex with these biomolecules and 

is the most dominant form within the waterbody (Martin and Goldblatt, 2007). Copper can be highly 

damaging to cells through the generation of ROS, but also through their ability to undergo the Haber-

Weiss reaction (Angelé-Martínez et al., 2017). We will explore how metals such as copper can cause 

ROS stress later.   

1.1.4  Glutathione  

Glutathione transferases rely on the metabolite glutathione (GSH) to function. GSH has a wide 

variety of functions within cells to help deal with stress through the interaction of other co-factors and 

proteins. However, GSH can also directly quench ROS as it acts as a reductant, leaving it in its 

oxidised form (GSSG) (Mallick and Mohn, 2000). γ-glutamylcysteine (γ-EC) synthesis is the first step 

in glutathione synthesis. γ-glutamylcysteine synthetase (γ-ECS) catalyses the formation of γ-EC from 

L-Glu and L-Cys (May et al., 1998). γ-ECS activity appears to be controlled by cellular GSH 

concentrations, this has been extensively reviewed by Mendoza-Cózatl et al. (2006). When GSH is 

depleted or consumed γ-ECS activity increases, however  Mendoza-Cózatl et al. (2006) also suggest 

that GSSG is still able to prevent an increase in γ-ECS activity suggesting that cells do not detect 

GSSG as a depletion of cellular GSH. Having readily available GSH is crucial for an adaptive stress 

response. A salt-tolerant wild relative of the cultivated tomato plant, Solanum pennellii, was able 

increase glutathione synthesis and GSH/GSSG ratios within 2 weeks of salt-stress. On the other 

hand, its domesticated relative Solanum esculentum, had no such increase (Mittova et al., 2003). 

Over expression of three genes involved in glutathione metabolism GSH1, CYS3 and GLR1 in 

Saccharomyces cerevisiae lead to the formation of a more robust strain when compared to the wild 

type (Ask et al., 2013). Another way organisms can modify their glutathione metabolism to adapt to 

stress is by increasing glutathione reductase (GR) activity. A review conducted by Harshavardhan et 

al. (2017) found 16 instances of either down-regulation or over-expression of GR in multiple species 

of plants in response to stress conditions. In the case of over expression, most lines saw an increase 

in tolerance to stresses such as oxidative, heat, cold, paraquat, ozone, methyl-viologen and salt 

stress. In the cases of  GR being down-regulated, the organisms involved exhibited a higher 

sensitivity to such stress. Glutathione can also play an integral role in metal detoxification by binding 

and sequestering it within thiol groups of GSH, utilising the high metal affinity amino acid, cysteine 

(Jozefczak et al., 2012). Additionally, glutathione molecules can be synthesised into larger oligomers 

called phytochelatins, and can chelate metals using the cysteine residues (Pérez-Rama et al., 2001). 

Phytochelatins will be discussed further in section 1.2.5. 

 

Although glutathione clearly plays an important role within eukaryotes, prokaryotic organisms do not 

seem to rely on it as much. A study of multiple species of both gram-positive and gram-negative 

bacteria has shown that most species, especially of gram-positive bacteria have very low 

concentrations of GSH and GSSG with the exception of a few species such as Escherichia coli  and 

Alcaligenes faecalis (Fahey et al., 1978). This is also seen in extremophile prokaryotic organisms. 

Multiple halobacteria were studied for their glutathione content and whilst little detectable GSH 

content was found within the cells, the precursor γ-EC, was found at high concentrations (Newton 

and Javor, 1985).   
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1.1.5 Cell Membrane and Cell Wall Adaptations 

For many microorganisms the cell wall and the outer cell membrane is the first boundary to harsh 

external factors. For extremophiles cell membrane and/or cell wall adaptions prove crucial to their 

ability to tolerate such extreme conditions. Acidophiles have been found to have a positive membrane 

potential. This helps to minimise the influx of protons inside thus cell, causing further cellular acidity 

(Gimmler et al., 1989). It is also possible that these positive charges on the cell surface can help 

repel metal cations, usually prevalent in acidic waters (Gimmler et al., 1991). Two other acidic 

species of green algae, Euastrum binale and Staurastrum hirsutum, were found to change both their 

cell shape and size to reduce the surface area to volume ratio (Černá and Neustupa, 2010). 

Thermophillic bacteria contain ether lipids to aid in membrane stability under high temperatures. A 

new lipid has been found in Thermotoga maritima, 15,16-Dimethyl-30-glyceryloxytriacontanoic acid, 

which is thought to stabilise the membrane and allow the bacteria to grow in temperatures of 90 °C 

and above (De Rosa et al., 1988). Interestingly, archaea are also found to contain ether lipids in their 

membrane, regardless as to whether they are found in a high temperature environment (Koga, 2012).  

Cell walls are often composed of complex polymers and contain many different functional groups 

such as carboxy, hydroxy, sulphate and phosphate groups providing various binding sites for metal 

cations (Kaplan, 2013). Cadmium, copper, lead and zinc were found to be mainly bound externally 

of the moss Scorpiurum circinatum with the authors suggesting most likely to the binding sites in the 

cell wall, preventing the metals reaching the cytoplasm (Basile et al., 2012). A great example of cell 

walls acting as a barrier to metal toxicity is seen in the comparison of cadmium toxicity between pea 

and maize plants. Pea plants were found to be more susceptible to cadmium toxicity whilst also 

showing the highest cadmium concentrations within the cytoplasm. Conversely, maize showed much 

higher concentrations of cadmium  associated to the cell wall, thus blocking cadmium  transport into 

the cytoplasm and conferring a higher tolerance (Lozano-Rodríguez et al., 1997). Additionally, 

Chlorella sorokiniana changes it cell wall structure and releases a host of polyphosphates in mucilage 

excretions in response to copper stress (Vojvodić et al., 2020b). Interestingly, the capacity of Cu2+ 

binding capability of C. sorkiniana was found to increase after UV radiation (Vojvodić et al., 2020a). 

The authors highlighted that the cell wall is a dynamic structure capable of quickly adapting to new 

environments and stresses in an effort to increase an organism’s survivability.  

  

1.1.6 Heat Shock Proteins (HSP) 

HSPs are a family of molecular chaperone proteins typically associated with stress. These were 

initially discovered in response to heat shock, so earning their name but have been found to be 

associated with and upregulated in response to a whole host of different stresses. The major classes 

of HSPs are categorised by their molecular size, which are as follows; HSP100 (100-104 kDa), 

HSP90 (82-90 kDa), HSP70 (68-75 kDa), HSP40 (35-54 kDa) sHSP (15-30 kDa) (Park and Seo, 

2015). 3 HSPs (HSP101, HSP70 and HSP60)  were found to be more highly, constitutively expressed 

in the psychrophile Eutrema salsuginea when compared to Arabidopsis thaliana (Gamburg et al., 

2014). HSP101 is part of the HSP100 family, these are typically associated with the disaggregation 

of denatured protein clusters. These solubilised proteins can then be refolded with the HSP70 

system, which are mainly involved in protein refolding, preventing protein aggregation and protein 

import and synthesis (Wang et al., 2004). In prokaryotic organisms HSPs are also prevalent and play 

similar roles to those in eukaryotes. However, they are not typically coined HSPs in prokaryotes, for 
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example the HSP100 are normally prefaced as class I proteins (CIp) whilst the HSP70 class are 

referred to as DnaK; Henderson et al. (2006) provide an extensive review and comparison of the two 

classes. Mutants of the HtpG heatshock protein (part of the HSP90 family) in the cyanobacteria, 

Synechococcus sp. led to an increased sensitivity to heat to the extent that the organisms could no 

longer live above 42 °C (Tanaka and Nakamoto, 1999). Interestingly, ectopic expression of DnaK 

from Synechocystis spp. in A. thaliana conferred a greater salt tolerance whilst also providing a 

reduction in H2O2 (Kim et al., 2014). A previous study has found that ascorbate peroxidase and 

catalase activities both increase in transgenic rice and tobacco containing an overexpressed DnaK 

from the cyanobacteria Aphanothece halophytica (Uchida et al., 2008). It is possible that DnaK plays 

an important role in sustaining crucial antioxidative enzymes that may get damaged during their roles 

under stress conditions rather than playing a direct role in the reduction of H2O2.  

1.1.7 Protein Adaptations 

For extremophiles to survive in harsh conditions, their proteins must maintain their functionality.  

For this reason, many extremophile species show differential protein adaptations corresponding to 

their natural environment. For example, thermophiles have been shown to have increased salt 

bridges in their proteins providing higher stability at greater temperatures, while these features are 

almost absent from mesophile-derived proteins (Karshikoff and Ladenstein, 2001). Conversely 

psychrophilic proteins are much less stable to allow them more flexibility in a lower energy system. 

This can be done by increasing the number of glycine residues or having them located close to 

functional regions such as active sites or binding sites, whilst having reduced number of proline 

and arginine (capable of forming salt bridges) residues (Feller, 2010). Codon usage and amino acid 

usage has been seen to play an important role in adaptation of extremophile organisms. Eukaryotic 

acidophiles have been shown to have an enrichment of serine and cysteine residues, whilst both 

eukaryotic, prokaryotic and archaeal acidophiles have been shown to have a depletion of glutamine 

and aspartate residues (Goodarzi et al., 2008; Puente-Sánchez et al., 2018).   

1.1.8 Lipid and Pigment Accumulation 

Non-extremophile microorganisms are well known to accumulate lipids under certain stress 

conditions such as nutrient starvation and salt stress (Driver et al., 2017; Li et al., 2020), to allow the 

cells to go into a more dormant state until better conditions arise. The acidophile Coccomyxa 

onubensis  was able to accumulate around 13% of fatty acids as a percentage of the dry biomass, 

whilst the total lipid fraction accounted for about 30% of the dry biomass (Ruiz-Domínguez et al., 

2015). The authors stated this was on-par with non-extremophile organisms, however, organisms 

such as Botryococcus braunii were able to accumulate up to 75% of lipids as a percentage of dry 

biomass (Mata et al., 2010). Lipid roles are not always clear in stress responses and can vary from 

organism to organism and from treatment to treatment. The extremophile actinobacteria, 

Rodococcus, had a varied lipid accumulation profile to two contrasting oxidative stresses. Addition 

of methyl-viologen (which creates the superoxide radical) led to a reduction of triacylglycerol (TAG) 

accumulation within cells. In the same study inhibition of TAG synthesis did not alter the susceptibility 

of cells exposed to both H2O2 or methyl-viologen, although cells exposed to H2O2 did exhibit a lower 

tolerance when lipolysis was blocked under carbon starvation (Urbano et al., 2014). Other strains of 

Rhodococcus, found at high altitudes were found to accumulate TAGs under nutrient stress. 

However, when exposed to other abiotic stresses such as osmotic stress, UV, desiccation and 
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organic carbon starvation the TAG stores were depleted to aid cell survivability. When TAG 

mobilisation was inhibited cell survival was reduced with little or no cells remaining upon abiotic 

stresses (Bequer Urbano et al., 2013). Identification of lipids by Fourier Transform- infrared  (FT-IR) 

spectroscopy showed a decrease in lipid content when multiple algal species were exposed to a 

copper stress in a time-dependent manner (Dean et al., 2019). Lipid bodies were also found to 

increase in response to phosphate limitation in the acidophile Chlamydomonas acidophila 

(Spijkerman et al., 2007).  Additionally, another acidophilic Chalmydomonas sp. was found to 

accumulate lipids and have a much higher fatty acid content than its non-extremophile counterpart, 

Chlamydomonas reinhardtii (Tatsuzawa et al., 1996). It is unclear as to why an increase in lipids may 

help extremophiles survive adverse conditions, when they may be exposed to them for long periods 

of time. Lipids are known to be a target of ROS, it could be that cells accumulate them as targets for 

ROS, protecting more important cellular machinery however, this claim is currently unsupported.  

Carotenoids are an essential component of the photosynthetic machinery in photosynthetic 

organisms. They are lipid soluble and tend to be located in the chloroplast or chromoplasts (Bartley 

and Scolnik, 1995). Carotenoids provide essential protection against photooxidative damage by 

preventing chlorophylls reaching excited triplet states, quenching ROS and also enhance light 

capture in light harvesting complexes (Koyama, 1991). They are also precursors to abscisic acid 

(ABA), a stress indicator in cells (Bartley and Scolnik, 1995). Various stresses are known to increase 

carotenoid synthesis including metal exposure, various oxidative stresses and even recently UV-C 

stress have all been shown to stimulate carotenoid biosynthesis (Kobayashi et al., 1991; Shaish et 

al., 1993; Sharma et al., 2015). Carotenoids are well known for their ability to quench reactive oxygen 

and reactive nitrogen species especially singlet oxygen species (Mandelli et al., 2012). Their 

antioxidant properties are dependent upon their structure. Greater numbers of conjugated double 

bonds and specific structural end groups have been shown to increase the antioxidant properties of 

carotenoids (Albrecht et al., 2000). Aerial microalgae typically show greater stress tolerance than 

their aquatic counterparts as they are exposed to high light, drought and susceptible to large 

temperature fluctuations. The aerial microalgae Scenedesmus sp. and Coelastrella sp. were found 

to accumulate carotenoids under high light stresses  which likely leads to their increased tolerance 

under stress conditions (Aburai et al., 2013).  

From here on in I will focus on one specific extreme environment, acid mine drainage (AMD) 

contaminated environments. As the name suggests these are highly acidic environments, but also 

typically have high concentrations of metal contaminants. My thesis will focus on an alga adapted to 

an AMD environment in an abandoned copper mine, therefore, showing more elevated copper 

concentrations than other AMD environments. We will look at how organisms have adapted to 

survive such an environment, before focussing on specific more specific copper stresses and 

adaptations.  

1.2 A Blueprint to Surviving ArMageDdon, AMD (Acid Mine Drainage) 

1.2.1 Acid Mine Drainage (AMD) 

Most acidic waters arise from the oxidation of pyrite, one of the most abundant sulphide minerals in 

the Earth’s crust, leading to the release of ferric iron and sulphuric acid (Sánchez-Andrea et al., 

2011). This effect can be exacerbated by chemolithic bacteria that oxidise iron and sulphide minerals 
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as an energy source (Johnson and Hallberg, 2008). These waters can occur naturally and in many 

environments worldwide (Runnells et al., 1992). These acidic waters can be further contaminated, 

or even new ones created, by anthropogenic activities, such as mining (Nordstrom, 2000). The Rio 

Tinto is such an environment, at over 90 km long the river is an extremely acidic and metal 

contaminated environment in which iron oxidising bacteria are thought to have existed 300,000 years 

ago. However, 5000 years of mining activity will have magnified these effects (Zettler et al., 2002). 

Acidic waters increase the solubility of metal ions, allowing their release from minerals in rocks and 

causing a higher concentration of trace metals in the waters (Aguilera et al., 2006). As a result of 

these toxic conditions it is unsurprising that biodiversity is much lower than non-contaminated, more 

neutral waters. The general consensus is that bacteria and archaea are the most predominant forms 

of life in AMD systems (Méndez-García et al., 2015). Due to proteobacteria such as Acidithiobacillus 

ferrooxidans ability to utilise Fe2+ and sulphur compounds as an energy source, it is unsurprising that 

bacteria can thrive in these conditions, especially considering that chemolithic metabolism is not 

unique to this clade (Fabisch et al., 2013; Valdés et al., 2008). Similar properties are also seen in the 

predominant archaea, Ferroplasma, found in the Iron Mountain, California which constituted up to 

85% of the microbial diversity (Edwards et al., 2000). Most studies on extremophile organisms tend 

to focus on prokaryotes or archaea, as there is a general consensus that they are most prevalent in 

harsh environments. However, this is not always the case,  algae were found to account for 65% of 

the total biomass in the Rio Tinto, contributing a significant proportion to the primary production of 

the ecosystem (López-Archilla et al., 2001). Indeed, algae tend to be some of the most dominant 

form of eukaryotes present in AMD ponds and can outnumber bacteria and archaea. Dean et al. 

(2019) found a high diversity of species in acidic ponds ranging from pH 1.6 - 5.6.  Microalgae were 

found to be present in all ponds equalling species richness of fungi. AMD presents a harsh 

environment and as such organisms must adopt novel adaptations to survive, we will explore some 

of the ways in which they can do so.  

Copper commonly occurs in sulphide based minerals such as bornite (Cu5FeS4), chalcopyrite 

(CuFeS2), covellite (CuS) and chalcocite (Cu2S) (Martin and Goldblatt, 2007). Oxidation of these 

sulphide minerals can contribute to the acidity of AMD as has previously discussed, but also cause 

the immediate dissolution of copper into free copper ions (Duczmal-Czernikiewicz et al., 2021). This 

process can be exacerbated by acidophilic bacteria such as Acidithiobacillus ferrooxidans, which 

metabolises the iron in such minerals as an energy source, through a process known as bioleaching 

(Bevilaqua et al., 2010). Copper can also be present in carbonate and oxide minerals such as azurite 

(Cu3CO3)2(OH2), malachite (Cu2CO3(OH)2) and cuprite (Cu2O), which can present other sources of 

copper ions which can dissociate under acidic conditions (Duczmal-Czernikiewicz et al., 2021; Martin 

and Goldblatt, 2007).  

1.2.2 Adapting to a Low pH 

Living at a low pH imposes challenges to life and we have to consider how organisms living in AMD 

have adapted to acidic conditions. In nature, acidic conditions are used to break down and denature 

large macromolecules for example, in the stomachs of large multicellular organisms or in acidic 

lysosomes. As such they can create hostile conditions and make survival difficult. pH and total acidity 

are not synonymous. The capability of a solution of donating protons is known as the total acidity. 

This takes into account three factors: the pH, concentration of metals (can generate mineral acidity) 
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and the organic compound concentration which produces organic acidity (Olaveson and Nalewajko, 

2000). Acidity provides challenge to non-adapted organisms here we will explore how extremophiles 

have managed to overcome some of these challenges.  

Acidophiles appear to have varying adpatation mechanisms to a low pH environment. When grown 

over a range of pH’s most organisms, such as D. salina, C. acidophila and Cyanidium caldarium, 

maintain a near neutral cytosolic pH (Enami et al., 1986; Gimmler et al., 1988; Messerli et al., 2005). 

In contrast, Euglena mutabilis have been shown to have internal pH of 5 when grown within a similar 

acidity range, although there is variation and some individual replicates have a cytosolic pH near 7 

(Lane and Burris, 1981). In addition, the methods tested by Lane and Burris (1981) measured total 

cellular acidity in comparison to pH. As such acidic enzymes may make the cytosolic pH seem more 

acidic (Messerli et al., 2005). However, some prokaryotes have certainly been found to have below 

circumneutral cytosolic pH also. For example, Sarcina ventriculi was found to have a cytosolic pH of 

4.25 (Messerli et al., 2005). There are two main ways organisms can maintain a neutral cytosolic pH 

under acidic environmental conditions. Firstly, they can make their membranes more impermeable 

as seen in Acidothiobacillus ferrooxidans, which decreased membrane fluidity under acidic 

conditions preventing an influx of protons (Mykytczuk et al., 2010). Secondly, proton export using 

ATPases can efflux protons from the cell to maintain a neutral pH (Gross, 2000). However, this can 

have a large energy burden on the cell. Higher dark respiration rates were seen in both D. acidophila 

and C. acidophila grown at its their optimal pH (Gerloff-Elias et al., 2005; Gimmler, 2001). This has 

been attributed the energy costs of excreting  protons that had gathered intracellularly (Gimmler, 

2001). However, growth rates between C. acidophila and C. reinhardtii were found to be very similar 

when grown at their optimum pH’s (pH 3-5 and pH 7 respectively). This was due to an increase in 

the photosynthetic rates of C. acidophila to compensate for the higher dark respiration rates seen 

(Gerloff-Elias et al., 2005). Under neutral cytosolic pH conditions, other bioprocesses, such as 

photosynthesis, would not be affected, therefore these adaptations, although costly would have great 

benefit to organisms.  

If acidophiles do have a lower than neutral pH it could be likely that different extremophiles have 

different mechanisms to tolerate varying acidities. Organisms with a more cellular acidic pH are likely 

to have acid-tolerant enzymes, whilst extremophiles with circumneutral pHs may have more efficient 

proton efflux mechanisms. Thermophilic and acidophilic strains of fungi were found to have high 

activities of certain carboxymethyl cellulase (CMCase) activities. These were shown to have higher 

activities at pH 3 than at pH 5 or 7  (Thanh et al., 2019). This has fantastic biotechnological 

applications as we continue to search for more efficient ways of cell wall break down as a renewable 

biofuel source. Additionally, another isoform of an industrially relevant enzyme L-arabinose 

isomerase, has been found in Shewanella sp. This was found to have an optimum pH of 5.5-6.5 and 

produced more of the desired product at lower temperatures than other isoforms (Rhimi et al., 2011).  

Not only does acidity have direct negative effects but it can also cause indirect stresses to organisms. 

It has already been described how acidity can cause metals to be released into the environment 

more easily. These soluble metals have are significantly more toxic to organisms, as they can move 

through the environment more easily and be transferred into the cell. This has lead to many studies 

to research into biomolecules, such as organic acids, clay colloids and hydroxides,  that can bind 
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and insolubilise  heavy metals, thus reducing their ability to interact with cells (An et al., 2015; 

Boechat et al., 2016). In addition, acidity can also affect the inorganic carbon (IC) availability for 

aquatic organisms. CO2 diffuses easily through the air, therefore, for land plants uptake of IC is 

simple. In aquatic systems CO2 diffuses much more slowly and IC can be found in other forms such 

as Bicarbonate (HCO3
-) or Carbonate (CO3

2-). The solubility of CO2 in freshwater, at 18 °C, is 10-15 

μM.  When CO2  is depleted, such as being consumed for photosynthesis this is rapidly replenished 

from a large pool of HCO3
- in neutral or alkaline waters. However, in acidic waters (pH<4) the HCO3

- 

pool is virtually non-existent, so CO2 concentrations are rapidly depleted. This can, in part, be made 

up for the rapid dissolution of CO2 from the atmosphere in acidic waters. At pH 2 it takes 0.42s for 

CO2 to reach 99.9% equilibrium, whilst at pH 7 this takes 3.5 mins (Gross, 2000).  In some 

environments photosynthesis has been shown to be limited due to low IC levels (Stepien et al., 2016). 

In acidic mining lakes, the pH can be as low as 1 but usually varies between 2.3 - 3.3 in areas such 

as the Rio Tinto or Parys Mountain mine, and in these waters HCO3
- is virtually non-existent and the 

only form of carbon is CO2 (Dean et al., 2019; Spijkerman, 2008). This has led to suggestions that 

IC is a rate limiting factor for aquatic acidophilic organisms. It has been well documented that 

acidophilic green algae are capable of maintaining a neutral pH , such that they use the proton 

gradient between the cell and the external environment to allow diffusion of IC into the cell (Balkos 

and Colman, 2007; El-Ansari and Colman, 2015; Spijkerman, 2005; Verma et al., 2009). It has been 

found that in Chlamydomonas sp. the diffusion is sufficient due to a low Km value for CO2 of Rubisco 

(Balkos and Colman, 2007; Spijkerman, 2005).  

1.2.3 Restricting Metals from Entering the Cell 

Metal stress tolerance is a complicated process, we will focus on some of the many adaptation’s 

extremophile cells can use to provide tolerance to excess metal stress, and the responses in non-

extremophile species to help tolerate such conditions. Some metals are absolutely necessary for life, 

they play central roles in many physiological and biochemical processes, such as acting as enzyme 

co-factors. Essential metals include copper, manganese, iron, zinc, magnesium, cobalt, 

molybdenum, nickel, and chromium (Tchounwou et al., 2012). Whilst necessary for cell growth, some 

metals, such as copper, have a very limited window between concentrations where they are needed 

and concentrations that are too toxic (Mehta et al., 2006). However, some metals are not involved in 

any cellular processes, and when they enter the cell can be extremely harmful, these include but not 

limited to: cadmium, gold, silver, lithium, mercury and tin (Tchounwou et al., 2012). The first and most 

obvious step to adapting to metal stress is to restrict metal uptake. Restricting metals from entering 

the cell can be done in multiple ways, but the umbrella term for this process is primarily known as 

metal adsorption. It has already been described how functional groups on the cell surface can bind 

metals (section 1.1.5). To enhance this protection cells can secrete extracellular polymeric 

substances (EPS). EPS are composed of many substances including polysaccharides, humic acids, 

phospholipids, glycoproteins and nucleic acids, they are also the major component in biofilms 

(McSwain et al., 2005). A biofilm from a mine tailings reservoir was found to increase EPS production 

in a concentration dependent matter to both copper and zinc metal toxicity. Although individual 

contributions to biofilm production was not clarified both a green alga (Chlorococcum sp.) and a 

cyanobacteria (Phormidium sp.) were identified in the biofilm (García-Meza et al., 2005). Bacillus sp. 

S3, a soil bacterium, was found to be tolerant to heavy metals such as chromium, cadmium and 
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copper. In response to these metal stresses EPS was found to increase to sequester these metals, 

with the EPS consisting predominantly of proteins (Zeng et al., 2020). This method of immobilising 

metal ions, thus making them less bioavailable, can occur through different chemical interactions 

such as ion exchange, complexation and precipitation (De Philippis et al., 2011; Gupta and Diwan, 

2017; Wang et al., 2010). 

1.2.4 The Transport of Metals into and within the Cell 

Although a large majority of metals are adsorbed on the cell surface, it has been shown that 

organisms found in AMD environments can accumulate metals to high concentrations (Dean et al., 

2019; Martínez-Macias et al., 2019). The main route of entry into the cell will be through metal 

transporters, whether this be intentionally or not. However, once metals are inside the cells, metal 

transporters still play an important role in delivering metals to organelles where they can utilised. If 

metals are in excess, they can also be sequestered and portioned into organelles where they will not 

cause as much harm. We will look at some of these processes over the next section, however, for 

many extremophile microalgae, a lot of these processes are yet to be understood. We will focus on 

seven main metal transport families that have been identified in plants and well characterised, these 

include: 

1)  Zinc regulated transporter, iron regulated transporter-like proteins (ZIP) 

The ZIP family of proteins mediate the influx of metal cations into the cytoplasm from either the 

external environment or from subcellular compartments. They are a diverse family of proteins with 

14 genes being identified for them in C. reinhardtii, most of these have been found to be expressed 

in either the vacuolar or plasma membrane (Hanikenne et al., 2005). ZIPs have mainly been found 

to involved in the uptake of metals such as iron, manganese, zinc and copper (Grotz et al., 1998; 

Guerinot, 2000; Krämer et al., 2007). Many ZIPs have been found to be upregulated in response to 

zinc deficiency in A. thaliana. Additionally, ZIPs have been found to be constitutively expressed in 

hyper-accumulators such as Arabidopsis halleri aiding zinc import into the cell (Krämer et al., 2007). 

However, a ZIP1  protein isolated from Oryza sativa L. was found to function as an efflux protein, 

and has the potential to act as a efflux transporter for metals such as zinc copper and cadmium (Liu 

et al., 2019).  

2)  Copper transporters (COPT) 

Represent a family of copper transporters that can transport copper into the cell in only a Cu+ form. 

In A. thaliana they have been shown to be crucial for copper uptake, heterologous expression of 

COPT genes in a yeast mutant was able to restore copper uptake (Sancenón et al., 2003). COPT 

transporters can be reliant on two associated proteins expressed in copper deficiency ferric 

reductase oxidase (FRO) enables the reduction of copper from its most common form Cu2+ to Cu+ to 

overcome copper deficiency (Bernal et al., 2012). COPT are also known as copper transporters 

(CTRs). When exposed to copper deficiency C. reinhardtii CTR1, CTR2 and CTR3 showed an 

increase in expression in response to copper deficiency and are thought to be under the control of 

the copper response regulator (CRR1) (Page et al., 2009). 

3)  Cation diffusion facilitators (CDF) 
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CDFs are referred to as metal transport proteins (MTP) in plants and are thought to be ubiquitous 

across algae. A screen of 33 taxonomically diverse alga found at least one CDF gene within each 

species tested. This recent study also identified two functionally undefined groups, suggesting that 

there are still many potentially exciting metal transporters to be studied (Ibuot et al., 2020). These 

are involved in the efflux of metal cations from the cytoplasm into the extracellular space or 

intracellular compartments such as vacuoles (Paulsen and Saier Jr., 1997). They facilitate the efflux 

of metal cations, such as Zn2+, Mn2+, Cd2+, Co2+, with the counter-exchange of Na+ or H+ ions (Gupta 

et al., 2016). An Arabidopsis metal transporter, MTP3 was shown to be important in Zinc tolerance. 

Arrivault et al. (2006) found MTP3 could sequester Zinc into the vacuole whilst Jiang & Wang (2008) 

found that most of the cellular Zinc was stored in the vacuole. Complementation experiments of a 

Thlaspi goesingense metal transporter found that MTP1 was able to confer an array of metal 

resistance to a metal sensitive yeast strain (Persans et al., 2001). Overexpression of a C. reinhardtii 

MTP4, conferred a greater cadmium tolerance and accumulation. Despite this success, waste-water 

tolerant strains still outperformed this transgenic organism, suggesting metal tolerance and 

accumulation is not a simple process (Ibuot et al., 2017). 

4)  Cation exchangers (CAX) 

This family of proteins are antiporters facilitating the exchange of cations and protons. They facilitate 

the transport of cations such as Zn2+, Cd2+ and Mn2+ into vacuoles or subcellular vesicles. This has 

been shown to confer a level of metal tolerance to both plants and algae  (Pittman and Hirschi, 2016).  

Some CAX transporters have been shown to be more selective in their cation transportation showing 

a high selectivity of cations such as Cd2+  (Koren’kov et al., 2007). Further CAX have also shown to 

increase tolerance to salt stress. Higher expression of CAX genes were found in salt tolerant strains 

of O. sativa than less tolerant strains (Yamada et al., 2014).  It is not yet fully understood if CAX 

directly confer metal tolerance, as there is some evidence to suggest calcium signalling, which may 

induce other tolerance mechanisms accordingly (Pittman and Hirschi, 2016) 

5)  Heavy-metal type ATPases (HMA) 

HMAs are a subfamily of P-type ATPases involved in heavy metal transport across. They are 

ubiquitous in nature and have diverse functions and tissue localisations, however they share the 

same characteristic 6-8 transmembrane domains that flank the large ATP binding cytoplasmic loop 

(Argüello et al., 2007). This subfamily can then be further divided depending on their preferred 

substrate. Some transport monovalent cations including Cu+ and Ag+ or divalent cations including 

Zn2+, Co2+, Pb2+, and Cd2+ (Cobbett et al., 2003). The function of the HMA transporters varies from 

providing copper to proteins in the Golgi network (Cobbett et al., 2003) to Cd2+ transport in the hyper 

accumulator Arabidopsis halleri providing a higher tolerance (Bernard et al., 2004). A HMA from 

Silene vulgaris, SvHMA5II, was found to associate with the endoplasmic reticulum, however, when 

exposed to copper it relocalises to the plasma membrane where it could act as a copper efflux 

mechanism (Li et al., 2017). Copper transport proteins (CTP) are a type of HMA P-type ATPase, that 

as the name suggest, transport copper across membranes. Of special interest is CTP3 which has 

shown similarity to A. thaliana HMA3, which is involved in copper efflux out of cells (Blaby-Haas and 

Merchant, 2012; Pedersen et al., 2012). 

6)  ATP binding cassette (ABC) transporters 
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The ABC transporter family is one of the larger family of transport proteins and are involved in a 

number of physiological processes. As such they have been split into smaller sub-families of which 

only two, MRP and ATM/ HMT are thought to be involved in metal transport (Hanikenne et al., 2005). 

Both subfamilies utilise ATP as the energy source for transportation across the membrane. MRP 

proteins can bind only glutathione-S conjugates with metals. This is vital as it sequesters chelated 

metals into compartments, such as the vacuoles, where they are less likely to do damage (Rea et 

al., 1998). ATM/ HMT transporters are known as half size transporters located on the mitochondrial 

or vacuolar membranes but work in a similar manner to MRPs in that they bind glutathione or 

glutathione derived products such as phytochelatins (Hanikenne et al., 2005). 

ABC transporters can also be involved in detoxifying the cells. Two stress-detoxification ABC 

transporter transcripts were found to be upregulated in response to copper stress in the brown alga 

Ectocarpus siliculosus (Ritter et al., 2014). A proteomic analysis of copper stressed Scytosiphon 

gracilis saw three ABC transporters increase in expression (Contreras et al., 2010). An ABC 

transporter, MRP1, in C. reinhardtii has shown to be important in the cellular accumulation of 

Cadmium  through the binding of most likely glutathione although they could still be bound to 

phytochelatins (Wang and Wu, 2006). The authors identified a vacuole targeting sequence in the 

protein suggesting that CrMRP2 would be located on the vacuolar membrane. This infers that the 

Cadmium -glutathione complexes could be sequestered into the vacuole. Although this has not yet 

been fully confirmed, plants are well known to sequester heavy metals into their vacuoles. Given that 

metals transporters appear to play an important role in metal stress resistance it is odd that Olsson 

et al. (2015) did not identify any upregulated transporters in their transcriptomics study in an 

extremophile adapted to high metal stress environments. However, as they did not compare the 

extremophile to a non-adapted organism it is possible that they may have missed any constitutively 

expressed genes to confer this resistance. 

7)  Natural resistance-associated macrophage proteins (NRAMP) 

NRAMPs are involved in metal homeostasis by re-releasing metal cations from the vacuoles into the 

cytoplasm. They have been shown to mobilise metals such as iron and manganese when limited to 

prevent loss of photosynthesis or seed germination (Lanquar et al., 2010, 2005). There is also 

evidence to suggest that NRAMPS can be localised to the plasma membrane and are involved in 

metal uptake into the cell. A divalent metal transporter (DMT1) was identified in C. reinhardtii which 

shows high similarity to prokaryotic NRAMPS. Functional complementation of DMT1 in yeast with 

diminished metal transport capability revealed it could transport manganese, iron and copper into 

the cell, as well as the non-essential metal cadmium (Rosakis and Köster, 2005). Additionally, C. 

reinhardtii nramp3nramp4 mutants were found to be highly sensitive to copper deficient 

environments and growth is severely inhibited (Carrió-Seguí et al., 2019).  

1.2.5 Metal Sequestration  

Once metals are inside the cell they can be utilised for specific functions, such as key co-factors for 

enzymes, or if the metals accumulate inside the cell at elevated concentrations, they can cause 

toxicity. Sequestration can also refer to metals being compartmentalised into subcellular 

compartments, such as vacuoles, or even specific tissues in multicellular organisms, such as the pith 

cells in plants (Tian et al., 2011; Wang & Wu, 2006). Speciation of metals is an important factor when 
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considering their toxicity. The effect of metal chelation can be shown when observing the growth rate 

of Chlorella pyrenoidosa in a media spiked with copper and additional added chelators. The growth 

was inhibited in a copper spiked minimal media, but  was increased copper spiked high nutrient 

media containing metal chelators such as EDTA and silicate. The minimal media contained more 

free metal ions that are highly reactive, and therefore, more toxic (Stauber and Florence, 1989). 

Metal chelators have been well documented in higher plants, microalgae, fungi and prokaryotes and 

come in a wide array of forms depending on the species producing the chelator and the different 

metals they have an affinity for (Hastrup et al., 2014; Parker et al., 2004; Stauber and Florence, 1989; 

Yoneyama et al., 2015). 

Phytochelatins (PCs) were first described by Grill et al. (1985) in Rauvolfia serpentina and were 

found to be able to bind cadmium. They found that 90% of intracellular cadmium was bound to these 

polypeptides through their cysteine (Cys) thiol groups. At the time, Grill et al. (1985) described them 

as having a completely different structure to previously known metal-binding polypeptides, such as 

metallothioneins. However, in 1985 metallothionein classification was revised to include polypeptides 

which share several of the following properties: “low molecular mass, high metal content, high Cys 

content with the absence of aromatic amino acids and histidine. An abundance of Cys-X-Cys 

sequences where X is an amino acid other than Cys, spectroscopic features characteristic of metal 

thiolates, and metal thiolate clusters” (Rauser, 1990). As such phytochelatins were later classified as 

class III metallothioneins and are commonly referred to in the literature by either name. Class I and 

II metallothioneins function in a similar manner to class III metallothioneins in that they bind heavy 

metals. However, these are gene-encoded proteins (Perales-Vela et al., 2006). Other amino acids 

have also been shown to chelate metals. Using Fourier Transform infrared (FT-IR) spectroscopy, a 

method which utilises molecular stretching at different wavelengths under an IR light, Gerbino et al. 

(2011) found that protein could change their secondary structure to accommodate metal ions with 

most of the metal/protein interactions working through Asp and Glut residues. FT-IR spectroscopy 

has been used in  arrange of other metal binding studies, through which metals have been found to 

bind to cell surfaces and EPS (Giotta et al., 2011; Kalita and Joshi, 2017). 

Phytochelatins are formed from glutathione metabolism rather than direct protein synthesis (Rauser, 

1990), however, not all species of microalgae produce phytochelatins. They sequester metals using 

the sulphhydryl groups in their cysteine residues to chelate metals (Pérez-Rama et al., 2001). 

Phytochelatin synthesis has been shown to be induced with differing amounts by Cd2+, Ag+, Bi3+, 

Pb2+, Zn2+, Cu2+, Hg2+, As anions, Au2+ and Fe3+ through the activation of phytochelatin synthase 

(PCS), an enzyme which catalyses the production of phytochelatins (Grill et al., 1989; Rea et al., 

2004; Schmöger et al., 2000). PCS binds to glutathione molecules together to form short chain 

phytochelatin. It can then increase the chain length of phytochelatin by the addition of further 

glutathione molecules (García-García et al., 2014). One study comparing an A. thaliana PCS to a 

marine diatom Thalassiosira pseudonana PCS suggests properties of PCS may be species specific 

as the TpPCS showed a higher affinity for cadmium  whilst also being much more sensitive to 

oxidation (Gupton-Campolongo et al., 2013). As such PCS may be an adaptable protein which can 

help organisms tolerate specific environments. García-García et al. (2014) proved this in Euglena 

gracilis, a cadmium  hyperaccumulating green alga. In this study they described a novel characteristic 
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in the enzymatic core. In addition, the expression of EgPCS was found to be constitutively expressed, 

which differs with the situation in C. reinhardtii (Bräutigam et al., 2011), A. thaliana (Lee and Korban, 

2002), and Brassica juncea (Heiss et al., 2003) in which PCS activity was seen to increase in 

response to cadmium exposure. Finally, the study also showed that the heterologous expression of 

EgPCS in a Cadmium  sensitive S. cerevisiae strain was able to confer resistance to cadmium. 

Clemens et al. (1999) also highlighted the effects of PCS through heterologous expression of a 

wheat, A. thaliana and Schizosaccharomyces pombe PCS genes in S. cerevisiae. They were able 

to significantly increase transgenic S. cerevisiae growth rates in the presence of cadmium. However, 

overexpression of an A. thaliana PCS has conferred cadmium sensitivity to the transgenic plants (Li 

et al., 2004; Wojas et al., 2008). It is thought that high amounts of cadmium-PC complexes in the 

cytosol may still be toxic if the downstream processing step of these complexes are not upregulated 

to deal with these extra complexes. Interestingly, a high cadmium  accumulating strain of C. 

acidophila showed similar levels of PCS activity and PC levels as a non-accumulating strain of C. 

acidophila. Regardless, the high accumulating strain was still able to accumulate up to 170 times 

more cadmium  than the non-accumulating strain (Nishikawa et al., 2006). Even though we have 

seen the importance of PCs in metal detoxification there is mounting evidence to suggest that the 

quantity of PC may not be as important. γ-ECS is thought to be the rate limiting enzyme in glutathione 

synthesis (May et al., 1998). A transcriptomics study found an increase in γ-ECS activity in D. 

acidophila under metal stress, this was in addition to a whole array of other enzymes involved in 

glutathione synthesis. However, they also did find an increase in PCS transcripts, although, it was 

only a minor increase and there is no data on the activity or abundance of the protein in downstream 

processes (Puente-Sánchez et al., 2016). It is clear that different organisms use different strategies 

to adapt to these extreme environments. Although PCs are important in detoxifying metals, they may 

not be the most important factor in adapting to metal stress. It seems the cycling of GSH may play a 

bigger part. However, due to the diversity of extreme environments and the organisms that inhabit in 

them it seems unlikely that there will be a one glove fits all rule and PCs could still play an important 

role in other extremophiles. 

 

1.3 Effects of Copper on Green Microalgae and Their Adaptations  

1.3.1 Copper - An Essential Nutrient but Highly Damaging in Excess 

Copper is an essential metal that acts as an important co-factor in proteins and involved in several 

metabolic processes (Pätsikkä et al., 2002). For example, the ability of copper to switch between its 

oxidised state (Cu2+) to its reduced form (Cu+) by accepting or donating electrons, makes it a very 

attractive metal for electron transport processes such as photosynthesis. Plastocyanin is the most 

prevalent copper-associated protein in photosynthetic organisms and facilitates the transfer of 

electrons from cytochrome f to P700+ due to these characteristics (Printz et al., 2016). However, this 

useful characteristic in electron transport chains can also make copper highly toxic as it is a very 

redox active metal. Excess copper is a well known inhibitor of photosynthesis with photosystem II 

(PSII) having been shown to be particularly sensitive to excess copper concentrations (Caspi et al., 

1999). Copper complexes have even been created as novel herbicide - shown to induce reduced 

GSR activity, PSII carbonic anhydrase and PSII (Rodionova et al., 2017). Excess copper seems to 

have similar negative effects across microalgal species. The freshwater alga Closterium ehrenbergii 
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exhibited a decrease in pigment levels and photosynthetic efficiency whilst simultaneously increasing 

ROS generation and lipid peroxidation (Wang et al., 2018). A decrease in the maximum 

photochemical efficiency of PSII as well as pigment levels also decreased upon copper exposure in 

C. reinhardtii. The authors ascribed the decrease in photosynthetic efficiency and cell growth due to 

an increase in lipid oxidation, suggesting a breakdown in membrane lipids (Jiang et al., 2016). An 

overview of copper specific stress targets and adaptation mechanisms can be seen in Figure 1.1, 

and which will be discussed in further detail below. 
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Figure 1.1 Overview of Excess Copper on Microalgal Cells. Copper is imported into the cell through specific 
copper transporters or more broad divalent cation transporters. They are met by chaperone proteins once 
inside the cell which help deliver copper to functional protein inside other compartments of the cell. Excess 
copper can have detrimental effects which are also seen in the overview.  
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1.3.2 Copper Transport and Availability in Algal Cells  

Copper has been found to accumulate inside vacuoles of extremophile microalgae such as E. gracilis 

and Chlamydomonas sp. (Aguilera and Amils, 2005; Einicker-Lamas et al., 2002). This would 

suggest that these organisms have a sophisticated copper transport system to help them survive a 

high copper environment. As previously mentioned in sections 1.1.5 and 1.2.3 the first and foremost 

way of easing abiotic stresses such as excess metals is by preventing them from entering the cells. 

The fresh water green alga Chlorella pyrenoidosa was exposed to solid CuO nanoparticles, which 

induced a 4-fold increase in the EPS layer. There was no indication to the amount of metals adsorbed 

by this EPS however CuO nanoparticles were still taken up into the cells (Zhao et al., 2016). It has 

also been shown that the affinity of amino acid side chains for Cu+ is dependent on pH. The amino 

acids Cys and Met were shown to be preferred at more acidic pHs (~4.5) whilst Cys and His are 

preferred at a more neutral pH (7.4) in yeast (Rubino et al., 2011). There is a lot of confusion in the 

literature with regards to the naming system of copper transporters in microalgae, with many proteins 

being individually named multiple times. For simplicity I will be following the naming system used in 

the review by Blaby-Haas and Merchant (2012), but as protein function seems to be less 

controversial I will still draw from other sources.  

Copper is primarily taken up in the Cu+ form through the family of CTR copper transport proteins. 

CTR1 and CTR2 are localised to the plasma membrane and work in conjunction with a cupric 

reductase which reduces Cu2+ to Cu+ and allows for a very high affinity uptake of copper (Page et 

al., 2009). As previously mentioned copper, when unregulated, can be highly damaging to cell 

components. For this reason, upon entering the cell copper is met with metallochaperones which 

facilitate the safe transfer of copper to storage compartments or sites of cupric protein synthesis. 

CTR1, CTR2 and COPT1 (another member of the CTR family) all show cysteine and histidine 

domains on the C terminus that are able to transfer copper ions to a chaperone (Page et al., 2009). 

Once copper is bound to the chaperones, intracellular copper concentrations are low and it is this 

concentration gradient that drives the transfer of copper into the cells. It is also possible that Cu2+ 

could enter the cell through other low affinity metal transporters. Cu2+ can enter the cell through 

FET4, a low affinity iron transporter in yeast iron deficiency (Hassett et al., 2000). Additionally, the 

broad range divalent metal transporter from the NRAMP family, DMT1, has been shown to facilitate 

the uptake of various metal ions such as manganese, copper, cadmium and iron. Interestingly, zinc 

was found to not be transported by this broad range transporter (Rosakis and Köster, 2005). 

Sánchez-Marín, Fortin and Campbell, (2014) observed that copper and lead share a common uptake 

mechanism in C. reinhardtii, although this has not been characterised to molecular detail, but it further 

proves that there are multiple common uptake mechanisms into algal cells. Different copper 

chaperones have been detected in microalgae depending on the site of delivery, in plants three 

groups of copper chaperones have been identified CCH, CCS and COX17 (Yruela, 2005). The algal 

copper chaperone ATX1, which shows high homology to CCH chaperones, is involved in delivering 

copper to ferroxidase at the plasma membrane, (La Fontaine et al., 2002). CTR3 is also thought to 

act as a copper chaperone as it is found in the soluble proteome and the CTR family show sequence 

similarity to ATX1 (Blaby-Haas and Merchant, 2012). Whilst copper chaperones COX17 and COX19 

have been identified in C. reinhardtii which are required for the delivery of Copper to cytochrome 

oxidase in the mitochondria (Merchant et al., 2006). Finally, PCC1 is thought to be a copper 
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chaperone that facilitates the transport of copper to the chloroplasts (Castruita et al., 2011). To the 

best of my knowledge there is no evidence for CCS copper chaperones in microalgae. CCS 

chaperones are involved in the transfer of copper to Cu/Zn SOD (Yruela, 2005). As green microalgae 

such as C. reinhardtii are known to not have Cu/Zn isoforms of SOD, this could explain the lack of 

evidence for CCS in microalgae (Dudley Page et al., 2012).   

Once copper is safely bound to chaperones and directed towards its intracellular targets, they need 

to be transported across membranes into their respective vacuoles, mitochondria or chloroplasts. 

This requires specific metal transporters. P1B-type ATPases are capable of transporting copper, as 

well as other heavy metals, through phosphorylation using ATP to drive the metals across 

membranes and are divided into three classes (Pedersen et al., 2012).The genome of C. reinhardtii 

encodes five P1B-type  ATPases of which four can be found in one class, P1B-1-type. The other, can 

be found in the P1B-4-type ATPase cluster, both clusters have been found to be capable of 

transporting copper (Pedersen et al., 2012).  P1B-1-type ATPases can be classed into two further 

subgroups Cu-A and Cu-B, the first include proteins such as CTP2 and CTP4 which are involved in 

the transport of copper to plastocyanin in the thylakoids. They are located in the chloroplast 

membrane and thylakoid inner membrane respectively and show homology to PAA1 and PAA2, 

which are involved delivering copper to  the chloroplast  in A. thaliana (Blaby-Haas and Merchant, 

2012; Pilon et al., 2006). PAA1 and PAA2 specifically deliver copper to plastocyanin in the thylakoids, 

located in the chloroplast envelope inner membrane and thylakoids respectively (Pilon et al., 2006). 

The second cluster, Cu-B, play more varied roles. CTP1 is a Cu-B P1B-1-type ATPase that is predicted 

to accept copper off of the chaperone ATX1 and deliver it to FOX1, a multicopper ferroxidase, in the 

Golgi apparatus where it is matured before delivery to the plasma membrane (Blaby-Haas and 

Merchant, 2012).  The other Cu-B P1B-1-type ATPase is CTP3, Blaby-Haas and Merchant, (2012) 

found CTP3 to show a similar sequence similarity to AtHMA5 and have so proposed that it is involved 

in detoxifying copper through the secretory pathway.  

1.3.3 Excess Copper Can Have Detrimental Effects on Photosynthesis  

Photosynthesis is a highly balanced and regulated process due to the high rate of electron transfer 

and free radicals created. Therefore, any perturbance to this system can apply great stress to 

photosynthetic organisms and have many negative downstream effects. Heavy metals in general 

have been shown to have deleterious effects on photosynthesis, with chlorophyll fluorescence yields 

found to decrease under metal stresses such as copper, zinc, chromium and cadmium  (Baumann 

et al., 2009). Copper plays an important metabolic role in organisms, serving as a carrier in electron 

transport chains and vital cofactor of important enzyme systems such as amine oxidase and 

cytochrome c oxidase (Suresh Kumar et al., 2014). It even works as a cofactor for the important 

antioxidant enzyme Cu/Zn SOD, although these isoforms are not present in chlorophyte microalgae 

(Dudley Page et al., 2012).  However, at elevated concentrations Copper is highly toxic to plants and 

algae, as it is a potent inhibitor of photosynthesis. When Chlorella pyrenoidosa was exposed to 

copper just 0.1 mg L-1 of Cu2+ exposure was enough to cause a decrease in photosynthesis whilst 

0.5 mg L-1 led to a complete inhibition of photosynthesis. Cu2+ had a much more profound effect than 

any of the other metals tested (chromium and nickel) in which both treatments were unable to 

completely inhibit photosynthesis (Wong and Chang, 1991). One way in which Cu2+ can inhibit 

photosynthesis is by directly displacing Mg2+ in chlorophyll.  Cu2+ can readily displace Mg2+ in 
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chlorophyll a, whilst at elevated concentrations Cu2+  can also displace Mg2+  in the more stable 

chlorophyll b molecules  (Küpper et al., 2002). The authors suggest that Cu-chlorophylls are not able 

to bind axial ligands required to assimilate and maintain chlorophyll properly within the light 

harvesting complex II (LHC II) and could lead to the breakdown if chlorophyll into phaeophytin by a 

process known as phaeophytisation. In the extremophile E. gracilis photosynthetic quantum 

efficiency was found to decrease after 48 hours of copper exposure. The main cause of this was due 

to damage of the PSII reaction centre, the damaged photosynthesis apparatus led to an enhanced 

production of ROS (Rocchetta and Küpper, 2009). Free Cu2+ ions have been shown to negatively 

affect both the acceptor and donor sides of PSII. Cu2+ ions can inhibit fast reduction of the primary 

electron donor of PSII (P680+) from a redox active tyrosine residue during the water splitting process 

(Jegerschold et al., 1995; Schroder et al., 1994). Che et al. (2018) also noted that the oxygen evolving 

complex (also known as the water splitting complex) was the most susceptible CuO nanoparticle 

(NP) stress through the dissociation of manganese by copper. As previously mentioned, copper can 

also negatively affect photosynthesis on the acceptor side, Cu2+ has also been shown to irreversibly 

decouple Fe2+ ions from QA, a quinone acceptor involved in electron transport from PSII to PSI 

(Jegerschold et al., 1995). Cu2+ can also negatively affect photosynthesis on a more structural level. 

Copper, either in its ionic form or as nanoparticles, has also been shown to disrupt the cell membrane 

of chloroplasts. This altering and disrupting of their structure is thought to be caused primarily through 

ROS generation and can further inhibit and reduce photosynthetic efficiency (Che et al., 2018; 

Einicker-Lamas et al., 2002). 

1.3.4  Copper Sequestration 

Phytochelatins are synthesised through the combination of two GSH molecules (see section 1.2.4 

and 2.2.5). Smith et al. (2014) found a similar decrease in reduced GSH with it reaching 19% of the 

total cellular GSH content a concurrent increase in phytochelatin concentration when Ceratoneis 

closterium was exposed to copper after 72 hours. This was also matched with a marked increase in 

GSSG, as such, it is likely that the reduction of reduced GSH is due to GSH quenching dangerous 

free radicals and thus indicates there is a high oxidative burden on the cells. In contrast, 

Phaeodactylum tricornutum was able to maintain its reduced GSH between 58-80% of the total 

cellular GSH content. P. tricornutum was able to maintain a much higher cellular GSH and 

phytochelatin content, this would suggest that it dealt better with the copper stress than C. closterium. 

The study by Smith et al. (2014) highlights the importance of observing the molecules of interest in 

all states when considering metal toxicity as they inevitably affect the redox state to the cells. This 

provides a much better picture of the cellular response and can help further characterise the state of 

the cells and the tolerance process. 

1.4 A Brief Introduction to Parys Mountain 

 This thesis focuses on an extremophile microalga Chlamydomonas acidophila isolated from a pond 

in Parys Mountain, Anglesey, Wales. Parys Mountain is an abandoned open cast copper mine, that 

was continuously active from the mid-18th century. Mining ceased in 1911 and since then the 

discharges from Parys Mountain are the largest contributors of copper and zinc to the Irish Sea (Dean 

et al., 2013). It is also the single largest source of iron release in the UK (Mayes et al., 2010). A full 

overview of the composition of all the ponds found in Parys Mountain can be found in Dean et al. 

(2019). But in brief pond 1, where PM01 was isolated from contains high quantities of copper and 
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zinc (Figure 1.2 (A and B)). Pond 1 is located on the spoil outcrop of the site at an elevated position 

(Dean et al., 2019).  Parys mountain is an interesting site that has been studied for alternate metal 

remediation methods, such as wetland remediation. Parys Mountain discharges come from both the 

southern Afon Goch and northern Afon Goch which drain into the Irish Sea. The southern Afon Goch 

runs through a natural wetlands system offering, a method of natural bioremediation (Dean et al., 

2019). Parys Mountain drainage enters the northern Afon Goch through an adit approximately half 

way down the river, and gives a good comparison to test the effectiveness of natural wetlands system 

in the bioremediation of AMD (Dean et al., 2019). This site has also provided an excellent system to 

monitor microbial community change in response to varying amounts of AMD (Aguinaga et al., 2019, 

2018). 
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Figure 1.2 (A) Satellite image of Parys mountain taken from Google Maps, highlighted to it’s location within 
the UK, pond 1 is highlighted and is the pond the strain of C. acidophila , PM01 was isolated from. (B) A 
snapshot of the metal composition of pond 1 
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1.5 Aims and objectives 

Our lab has previously isolated a highly copper tolerant strain of C. acidophila (PM01), that exhibits 

a much higher copper tolerance levels than other strains (Dean et al., 2019). I wanted to understand 

some of these adaptation mechanisms to 1) Gain a better understanding of copper tolerance in 

extremophile eukaryotic organisms and 2) Identify any possible bioremediation or biotechnological 

applications. I examined the cellular responses of up to four organisms, these were PM01, two less 

copper tolerant strains of C. acidophila (CCAP 11/136 and CCAP 11/137), and the model organism 

C. reinhardtii. To discriminate between any short-term adaptation and long-term adaptations, I 

exposed the samples to 3-hour copper stresses and cultures grown in the presence of copper for 

two weeks. First, Chapter 2 looks at the physiological and biochemical responses of the four species 

of microalgae. I aimed to observe the impact of copper on photosynthetic parameters as well as other 

key indicators of stress and stress responses such as lipid oxidation and the antioxidative response. 

Secondly, Chapter 3 explores the metabolic response of C. reinhardtii and PM01 to a short and long-

term copper stress, utilising techniques such as FT-IR, MALDI-TOF and LC-MS. Finally, in Chapter 

4 I aim to identify key gene expression changes PM01 has undergone to adapt to a high copper 

contaminated environment. This was be done by sequencing the transcriptome of PM01 and C. 

reinhardtii under a short-term and long-term copper stress. By comparing PM01 to a non-

extremophile I identified unique responses to PM01 that could be of interest for further 

biotechnological or bioremediation applications.  
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2 Biochemical and Physiological Responses of an Extremophile Microalga 

Chlamydomonas acidophila and the Model Organism Chlamydomonas reinhardtii in 

Response to Copper 

2.1 Abstract  

PM01 is an extremophile strain of the Chlamydomonas acidophila species that shows high tolerance 

to both acidic and metal contaminated environments. Our lab has previously isolated PM01 from 

Parys Mountain, an abandoned copper mine in Wales. Whilst the tolerance ranges of PM01 are well 

understood, the mechanisms of this adaptation are were not known. In this study I present of the 

growth characteristics of PM01 in response to both a short-term and long-term copper stress and in 

comparison to the model organism Chlamydomonas reinhardtii. Additionally, I also assessed the 

physiological and biochemical responses copper stress induces on these organisms, including lipid 

oxidation, photosynthetic parameters and attempting to quantify reactive oxygen species. I show, 

that PM01 completely reduces the efficiency of photosystem II in response to a short-term copper 

stress to negligible levels. In contrast, C. reinhardtii still exhibits photosystem II activity under a short-

term copper stress. I believe this shut down of photosystem II activity could be a crucial adaptation 

for PM01 to adapt to a high copper stress under a short-term adaptation. Additionally, high levels of 

lipid oxidation in both a short-term and long-term copper stress were found in PM01, whilst C. 

reinhardtii only exhibits high levels of lipid oxidation under a short-term copper stress. Interestingly, 

other strains of C. acidophila show no increase in lipid oxidation levels under both a short and long-

term copper stress. Finally, it was found that PM01 has higher antioxidative capacities under control 

conditions and, interestingly, this lowers under a long-term copper stress.  

 

 

 

 

 

 

 

 

 

 

 

 



Page | 42  
 

2.2 Introduction 

Acid mine drainage (AMD) systems are highly toxic to the environment and provide an extreme 

environment that only adapted organisms can populate. No AMD environment is the same and the 

properties they exhibit can depend on their source and geochemical properties (Gross, 2000), for 

example the Los Peces Creek within the Iberian Pyrite Belt was found to contain up to 736 mg L-1 of 

Zn and 291 mg L-1 of Al (Galván et al., 2021). Whilst, another river within the Iberian Pyrite Belt, the Rio 

Tinto, exhibits very high level of metals such as Fe (139 mg L-1) and Cu (20 mg L-1) whilst metals 

such as Al and Zn were comparatively lower (71 mg L-1 and 18 mg L-1 respectively). Chlamydomonas 

acidophila PM01 is a previously isolated strain of C. acidophila from an abandoned copper mine, 

Parys Mountain, in Wales. Initial experimental characterisation found that the strain has a very high 

copper tolerance alongside an ability to accumulate copper (Dean et al., 2019). C. acidophila 

CCAP11/136 (referred to as 11/136 from here on in) is a strain of C. acidophila  isolated from a peat 

marsh in the Czech Republic (Fott and Mccarthy, 1964), while C. acidophila CCAP11/137 (referred 

to as 11/137 from here on in) is another strain of C. acidophila isolated from a lignite mine in Germany 

(Gerloff-Elias et al., 2005). Both 11/136 and 11/137 were found to have a much lower copper 

tolerance to PM01, despite being the same species (Dean et al., 2019). Another strain, C. acidophila 

RT-46 isolated from Spain’s “River of Fire” the Rio Tinto, has been identified with high copper 

tolerance (Olsson et al., 2015). Despite being an interesting model to study, there has been very little 

research to understand the physiological adaptations of PM01 or RT-46 to a high copper 

environment.  

Copper has been found to be highly damaging to the photosynthetic apparatus, from the 

displacement of Mg2+ in the core of the light harvesting complexes attached to chlorophylls, rendering 

them inactive (Küpper et al., 1996), or even causing direct damage to the photosystem II (PSII) 

reaction centre itself (Küpper et al., 2002). Additionally, Sandmann & Böger, (1980) found that excess 

copper induced the formation of the superoxide radical, leading the formation of hydrogen peroxide 

(H2O2) and noted an increase in  lipid oxidation. Copper was found to stimulate photosynthetic activity 

in Chlorella vulgaris as determined by parameters such as the maximal quantum yield of PSII (Fv/Fm), 

the photochemical yield of photosystem II (ΦPSII), photochemical quenching efficiency, the non-

photochemical quenching efficiency (NPQ) and electron transport rate. However, under excessive 

copper conditions (>3 μM) all of these parameters were completely depleted. Disruption of the 

photosynthetic electron transport chain can lead to the formation of reactive oxygen species (ROS) 

such as oxygen (1O2
 *) and superoxide (O2

 •−) (Fernandes and Henriques, 1991).  Plenty of studies 

have looked at the effect of copper (ranging from 20 μM to 160 μM) on photosynthesis between 

tolerant and less tolerant species of microalgae (Bazihizina et al., 2015; Nalewajko et al., 1997; 

Nalewajko and Olaveson, 1995; Ouzounidou et al., 1994). However, none of these tolerant species 

were examined under the high copper conditions both PM01 and RT-46 have been able to grow in 

(Puente-Sánchez et al., 2016). Olsson et al. (2015) studied some minor photosynthetic parameters 

of RT-46, in which they looked at the relative maximum electron transport rate (rETR) and the 

maximum potential quantum efficiency of Photosystem II (Fv/Fm). There were minimal differences in 

Fv/Fm when RT-46 was exposed to 0.5 mM copper, and it appeared that the rETR increased under 

the copper stress. Although this provides some insight into the physiological copper response in a 

tolerant microalga and the mechanisms of copper tolerance, there are a lot more in-depth 



Page | 43  
 

photosynthetic parameters that would give us a deeper insight into how these extremophiles can 

adapt to a high copper environment.  

In addition to damaging photosynthesis, Cu2+ is well known to induce the formation of ROS. It can 

exacerbate the so-called Fenton reaction which produce extremely damaging hydroxyl radicals (OH−) 

(Mehta et al., 2006), whilst also directly inhibiting abscisic acid catabolism and catalase activity (Ye 

et al., 2014).  These radicals can then cause further damage to the cell such as inducing lipid 

oxidation and, in the case of the hydroxyl radical, even DNA damage (Halliwell, 2006). There is 

contrasting evidence to the severity of copper induction of ROS formation. Whilst Stoiber et al. (2013) 

found copper induced the most amount of ROS out of the heavy metals they tested, including Cd, 

Szivák et al. (2009) determined that Cd induced higher cellular ROS over copper. Whilst there may 

be debates to the severity of different heavy metals in regards to ROS formation, there is no doubt 

that chronic exposure to heavy metals can induce high levels of ROS, which, in some cases, can be 

too much for organisms to handle. As mentioned in chapter 1, cells can combat excessive ROS 

through the use of ROS scavenging enzymes such as catalase (CAT), superoxide dismutase (SOD), 

and ascorbate peroxidase (Choo et al., 2004). Copper has been shown to induce an antioxidative 

response in a variety of microalgae such as C. reinhardtii, Scenedesmus bijugatus and Pavlova 

viridis which seemingly increased in a dose-dependent manner (Jiang et al., 2016; Li et al., 2006; 

Sabatini et al., 2009).  

The aim of this study was to further examine the physiological and biochemical changes of the highly 

copper tolerant extremophile, PM01. This provides the opportunity to compare this strain to different 

strains of C. acidophila with varied copper tolerance, and to the related copper sensitive, model 

organism C. reinhardtii.  I hypothesised that PM01 must have adaptive mechanisms to cope with the 

various stresses excess copper can cause, such as altered photosynthetic capabilities and enhanced 

ROS production. This has the potential to uncover more robust strategies of dealing with copper 

stress as many previous eukaryotic organisms studied do not have the capability to grow in the high 

concentrations of copper (up to 2 mM Cu) as PM01. 

2.3 Materials and Methods 

2.3.1 Growth Conditions 

Chlamydomonas acidophila strains PM01 (isolated as described previously by Dean et al. (2019)), 

CCAP11/136 (11/136) and CCAP11/137 (11/137) (both obtained from the Culture Collection of Algae 

and Protozoa (CCAP) stock centre) were grown without the presence of an organic carbon source 

(photoautotrophically) in a modified acid medium (MAM) pH 3, as described by (Olaveson and 

Stokes, 1989). Whilst Chlamydomonas reinhardtii CCAP11/32C (obtained from CCAP) was grown 

photoautotrophically in a Tris-minimal phosphate (TP) medium at pH 7 as described by Harris, 

(2009), except for lacking acetate. Cultures were grown with 3 – 5 biological replicates at 24 °C and 

16 h:8 h light: dark cycle at 150μmol m−2 s−1 light intensity on an orbital shaker (120 rpm). Two sets 

of samples were grown in control conditions (with no additional copper) and one set grown in copper 

stressed conditions (2 mM CuCl2 for PM01, 300 or 350 μM CuCl2 for 11/136 and 11/137 and 75 µM 

CuCl2 for 11/32c – referred to as long-term copper exposure. After two weeks growth one of the 

control sets was spiked with 4 times the original copper stress (8 mM for PM01 and 300 µM for 

11/32C) for 3 hours – referred to as short-term copper exposure. Copper spiking experiments were 
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not performed with the 11/136 and 11/137 strains. Cells were harvested by centrifuging at 10,000 g 

for 5 mins. The supernatant was removed, then the cells were washed with 1 ml of ddH2O, then 

centrifuged again at 10,000 g for 5 min and the supernatant removed.  

2.3.2 Cell Density Measurement 

Cell cultures were grown in 50 ml tissue culture flasks containing 30 ml of respective media. Cultures 

were grown for 30 days in total and samples were measured every 3 days to monitor the growth of 

the cultures. Cell growth was measured using optical density (OD) at a wavelength of 750 nm using 

a Jenway 7315 UV-visible spectrophotometer. Cell growth was also measured by cell counting. All 

of the C. acidophila culture cell counts were measured using a haemocytometer (manufacturer 

name). Briefly, 20 μl of Lugol’s iodine was added to 1 ml of cell culture and mixed. A 20 μl aliquot 

was then added to a haemocytometer and cell counts were measured following manufacturer’s 

instructions. The C. reinhardtii cultures were measured using a cellometer (Nexcelom) according to 

manufactures instructions.  

2.3.3 Determining Cell Viability  

To assess cell viability under a copper stress in comparison to control conditions, Evans Blue staining 

was used. Cultures were normalised to an OD750nm value of 2 and pellets were collected by 

centrifuging at 14,000 g for 5 min. The supernatant was removed, and the pellets were then 

resuspended in 1 ml of 0.1% Evans Blue dye (Sigma). Cell counts were then taken using a 

haemocytometer where both the dead, blue cells and normal, viable cells were counted. Dead cells 

were calculated as a percentage, of the dead cells to total cells counted.  

2.3.4 Determining Chlorophyll Content  

Cell cultures were grown for 14 days as described in section 2.3.1. 5 ml of cell culture was aliquoted, 

and a cell pellet was obtained by centrifuging at 16000 g for 5 min. The supernatant was removed, 

and the cell pellet was resuspended in 5 ml of 96% ethanol and left at room temperature for 5 mins, 

allowing ample time for cell disruption. After 5 mins samples were centrifuged at 16000 g for 5 mins 

to remove the cell debris and 1 ml of the supernatant was transferred into a cuvette. Light absorbance 

was measured at 649 nm and 665 nm and chlorophyll content was measured using the following 

equations taken from Lichtenthaler and Wellburn, (1983). 

𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙 𝑎 (µ𝑔 𝑚𝑙−1) = (13.95 ×  𝐴665𝑛𝑚) − (6.88 × 𝐴649𝑛𝑚) 

𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙 𝑏 (µ𝑔 𝑚𝑙−1) = (24.96 ×  𝐴649𝑛𝑚) − (7.32 × 𝐴665𝑛𝑚) 

2.3.5 Photosynthetic Response to Copper 

To determine how photosynthesis is affected in response to copper, the efficiency of photosystem II 

(PS II) and levels of non-photochemical quenching (NPQ) were measured using pulse-amplitude 

modulation (PAM) fluorimetry. Cultures were grown for 2 weeks and cells were then harvested and 

normalised to an OD750nm. For measurements of the photosynthetic parameters, a 1 ml of sample of 

cell culture was pipetted into a Walz KS-101 suspension cuvette, a magnetic stirrer was used for the 

duration of the measurement to prevent cells from settling. To prevent carbon-limited photosynthesis, 

bicarbonate was added to the sample to a final concentration of 1 µM. Samples were left in the dark 

for 30 min prior to taking a measurement to allow relaxation of any photoprotective mechanisms. For 
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spiked short-term copper stress cultures, 1 ml aliquots were taken 3 h before measuring and spiked 

with their respective amounts of copper. They were left in the dark for 30 min prior to measuring. The 

strains were tested at an array of actinic lights including 90, 150, 200, 250, 350, 500, 1000 and 1500 

µmol m-2 s-1 with a LED ENGIN LZ9 warm white light. Saturating light flashes were provided every 60 

s for 0.6 s at 4200 µmol m-2 s-1.  The initial fluorescence (F0), maximal fluorescence (Fm) and variable 

fluorescence (Fv) values were measured using PAM101, Walz (Germany) and recorded using 

Laboratory written software, written using LabView (National Instruments). Non-photochemical 

quenching (NPQ) and the efficiency of photosystem II (ΦPSII) were determined after saturating light 

flashes as described by Maxwell and Johnson (2000) as seen below. Each sample ran for 15 min, 

with the average of the last 3 saturating light flashes being used for analysis.  

ΦPSII = (F′m − Ft)/F′m  

NPQ = (F
𝑜
𝑚 − F′m)/F′m  

F’m= Maximum fluorescence in the light 

Ft= Fluorescence immediately before flash 

 F
𝑜

𝑚= Maximal fluorescence level 

2.3.6 Quantifying ROS 

Cell cultures were normalised to an OD750nm value of 2 prior to measurements, cultures were then 

spiked with either 8 mM CuCl2 (PM01), 1.2 mM CuCl2 (11/136 and 11/137) or 300 μM CuCl2 (11/32c). 

A 1 ml volume of culture was aliquoted into a fresh 2 ml Eppendorf tube at 30 min, 1 h, 3 h, 8 h and 

24 h time points. The cultures in the Eppendorf tubes were centrifuged at 10,000 g for 5 min to obtain 

a cell pellet, the supernatant was removed, then flash frozen in liquid nitrogen until measurements 

could be taken. To determine the  level of ROS in algal samples the “Total reactive oxygen species 

(ROS) assay kit 520 nm” from Invitrogen was used according to manufacturer’s instructions. In brief 

the 500x ROS assay stain stock solution was diluted to 1x using the ROS assay buffer. Cell pellets 

were then resuspended in 100 μl of the 1x ROS stain solution and left to incubate at 37°C for 1 h. 

The samples were then loaded into a 96-wel Ganttt plate and read on a BMG CLARIOStar Multi-

mode microplate reader with the excitation at 490 nm and reading the emission at 520 nm. 

2.3.7 Measuring ROS Enzyme Activity and Identifying SOD Isoforms 

Biomass flash frozen in liquid nitrogen and stored at -80 °C was homogenized with the extraction 

buffer (50 mM phosphate buffer pH 7.0 containing 1 mM EDTA, 0.1% (v/v) Triton X-100, 1 mM 

dithiothreitol (DTT) and 2% (w/v) polyvinylpyrrolidone (PVP) with protease inhibitor cocktail for plant 

cell and tissue extracts (Sigma). The homogenates were stirred on ice for 1 h and centrifuged for 30 

min at 10000g and 4°C. The supernatant was used for SOD zymogram detection. To determine the 

SOD isoforms, non-equilibrated isoelectric focusing was performed horizontally in the LKB 2117 

Multiphor II system, using 0.5 mm thick polyacrylamide gels (7.5%), that contained 5% 3.5–10.0 

ampholites. Gels were run at 5°C with the constant power of 0.25 W/cm width of gel, with limiting 

voltage of 1,000 V for 2 h. SOD isoenzymes were detected on the gels by staining for 20 minutes in 

the dark in 20 ml of 100 mM sodium phosphate buffer pH 7.8 with 4 mg of nitrobluetetrazolium, 0.6 
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mg of riboflavine, 2 μl of TEMED and 40 μl of 0.25 M NaEDTA by the photochemical method of 

Beauchamp and Fridovich (1971). After that, the gels were briefly rinsed with distilled water and 

illuminated for 15 min. To separate different types of SOD – manganese, gels were preincubated 

with 5 mM KCN (inhibits CuZnSOD) or 5 mM H2O2 (inhibits FeSOD).  

2.3.8 Measuring Lipid Oxidation 

Lipid oxidation was measured indirectly by measuring the presence of malondialdehyde (MDA), a 

by-product of lipid oxidation, using thiobarbituric acid reactive substances (TBARS).  Cells were 

harvested by centrifuging 30 ml of dense cell culture at 14,000g for 5 min to collect a cell pellet and 

the supernatant removed. Cell pellets were lyophilised overnight. Lyophilised samples were weighed 

then dipped in liquid nitrogen. A 3 mm tungsten carbide bead was added to each Eppendorf tube 

and samples were ground using a Qiagen tissue lyser II. Ground samples were re-suspended in 1.1 

ml of ddH2O and 0.5 ml aliquot was added to fresh Eppendorf tubes containing 0.5 ml of either –TBA 

solution consisting of 20% trichloroacetic acid (TCA), 0.01% butylated hydroxytoluene and 0.2 M HCl 

or +TBA solution consisting of the –TBA solution with the addition of 0.65% thiobarbituric acid (TBA). 

Samples were heated at 95°C on a dry heating block for 1 h, then centrifuged at 3000g for 5 min to 

pellet cell debris. Samples were allowed to cool then 200 µl was aliquoted into a 96-well gannt plate 

and absorbance was read at 440 nm, 532 nm, and 600 nm using a BMG CLARIOStar Multi-mode 

microplate reader.   

MDA equivalents were calculated using the equations described by (Hodges et al., 1999) 

𝑒𝑞 1) (𝐴532+𝑇𝐵𝐴 − 𝐴600+𝑇𝐵𝐴) − (𝐴532−𝑇𝐵𝐴 − 𝐴600−𝑇𝐵𝐴) 

𝑒𝑞 2)(𝐴440+𝑇𝐵𝐴 − 𝐴600+𝑇𝐵𝐴) × 0.0571 

𝑒𝑞 3) MDA equivalents (nmol ml−1) =
(𝑒𝑞 1−𝑒𝑞 2)

137000
 × 106  

2.4 Results  

2.4.1 Growth Characteristics of Microalgae Strains Under Copper Stress 

To understand how the different strains of microalgae tolerate and grow in the presence of copper 

three strains of C. acidophila and one strain of C. reinhardtii were measured with their ability to grow 

in the presence of high concentrations of copper. The copper concentrations presented were chosen 

due to their ability to reduce cell growth for their respective organisms, whilst still being able to 

produce enough biomass for analysis.  Figure 2.1 (A) shows the copper tolerant strain of C. 

acidophila PM01 grown in the presence of 2 mM Cu. The cell count and OD measurements show a 

very similar trend in growth over 27 days. Copper significantly reduced the growth of PM01, cell 

counts show a 51.6% reduction in culture growth after 27 days compared to the control, whilst the 

OD750nm measurements show only a 27.5% reduction in culture growth (Table 2.1). This was also the 

case half-way through the measurement as at day 15, the cell counts showed a 62.8% reduction for 

cell counts whilst only a 29.6% reduction for OD750nm. The 75 μM copper stress seemed to  have a 

slightly lesser impact to 11/32c, than the 2 mM copper stress did to PM01. 11/32c is similar to PM01 

in which both the cell count and OD750nm show similar trend patterns (Figure 2.1 (B)). However, the 

cell counts show a 35.6% reduction in culture growth after 27 days and a 13.8% for OD750nm, 
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suggesting this copper stress had a slightly lower impact on cell growth but not by much. The other 

C. acidophila strains, 11/136 and 11/137, showed a much lower tolerance for copper than PM01. For 

the controls both OD750nm and cell counts show very similar patterns in terms of cell growth. However, 

both cultures did not grow in the presence of copper, however, 11/136 did appear to start growing 

between day 24 and day 27 (Figure 2.1 (C+D)). The correlation plots in Figure 2.3 show a high 

correlation between OD750nm and cell number. This confers with the literature which recommend using 

OD750nm as a measure of culture growth (Griffiths et al., 2011).  

To test the effects of copper cell viability, Evans blue staining was used to count the percentage of 

dead cells. The long-term copper induced an increase in cell death for PM01, whilst the short-term 

copper stress induced an increase in cell death for both PM01 and 11/32c. 11.9% of cells were dead 

in the long-term copper treatment for PM01, which is 10.2 % higher than the control, whilst the short-

term copper stress only caused 10% cell death. Both of these cell death ratios were substantially 

smaller than the 35.3% of dead cells found in the short-term copper stress for 11/32c. Interestingly, 

both copper treatments led to no significant differences in chlorophyll content in either species when 

compared to their respective controls (Figure 2.2). 
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Figure 2.3 Cell counts plotted against the optical density at 750nm of cell cultures grown under control and 
copper stressed conditions. Four strains of microalgae were tested, three C. acidophila strains (PM01, 11/136 
and 11/137) and one C. reinhardtii strain (11/32c). A simple linear regression was performed to test for 
correlation with the R2 values stated on the graph. 
 

 

 

 

 

 

 

 

0 2×106 4×106 6×106 8×106

0.0

0.5

1.0

1.5

PM01

Cell Count

O
D

7
5
0
n
m

R2=0.8712

0 2×106 4×106 6×106

0.0

0.5

1.0

1.5

11/32c

Cell Count

O
D

7
5
0
n
m

R2=0.7405

0 2×106 4×106 6×106 8×106 1×107

0.0

0.5

1.0

1.5

11/136

Cell Count

O
D

7
5
0
n
m

R2=0.9464

0 2×106 4×106 6×106

0.0

0.5

1.0

1.5

11/137

Cell Count

O
D

7
5
0
n
m

R2=0.9405



Page | 52  
 

2.4.2 The Photosynthetic Response of Chlamydomonas acidophila and Chlamydomonas 

reinhardtii to Copper  

Photosynthesis is a finely tuned metabolic process that has the potential to generate a high number 

of radicals. Under normal physiological conditions these are maintained at non-damaging levels, 

some of which have been found to be used in cell signalling (Foyer, 2018). Excess copper is known 

to damage the photosystems and induce excess ROS (Pätsikkä et al., 2002; Sharma et al., 2012). I 

hypothesised that the extremophile C. acidophila may have an altered photosynthetic machinery to 

help it adapt to a highly metallic, and specifically copper, environment. Fv/Fm is a commonly used 

parameter to assess plant stress and measures the maximum quantum efficiency of PSII (Maxwell 

and Johnson, 2000). To test this, we utilised pulse amplitude modulated (PAM) fluorometry, which 

utilises chlorophyll fluorescence to measure the photosynthetic ability of samples. Briefly, light energy 

hitting a photosynthetic organisms can be converted 3-ways. It can be used for photochemistry, 

driving energy production, dissipated as non-photochemical quenching, using a variety of different 

processes or finally, chlorophyll fluorescence. In general, a decrease in photochemistry and NPQ 

will lead to an increase in chlorophyll fluorescence and vice versa. We can utilise these small 

changes in chlorophyll fluorescence to determine photochemistry and NPQ of a sample (Maxwell 

and Johnson, 2000).Figure 2.4 shows the Fv/Fm values of both C. acidophila and C. reinhardtii under 

control, long-term and short-term copper stresses. C. reinhardtii under control conditions had the 

highest Fv/Fm value, with a mean of 0.681 (±0.024 SD). Interestingly, PM01 had a significantly lower 

maximum quantum efficiency of PSII with a mean of 0.619 (±0.028 SD) a 10% lower maximum PS 

II efficiency when compared to the C. reinhardtii control. The PM01 strain value was found to not be 

statistically different from the C. reinhardtii long-term copper stress with a mean of 0.624 (±0.278 SD) 

which is a 9.2% reduction in the maximum photosynthetic efficiency of PSII of the C. reinhardtii 

control. The PM01 long-term treatment also showed a significant decrease in PSII with a Fv/Fm value 

of 0.541 (±0.048 SD), which is a 14.5% reduction in comparison to the PM01 control. Interestingly, 

PM01 did not a show a significant decrease in maximum photosynthetic efficiency of PSII for the 

more harsh, short-term copper treatment when compared to its control. The mean value was actually 

higher than for the control 0.644 (±0.065 SD) although this was not found to be significant. This is in 

stark contrast to the C. reinhardtii short-term treatment which had the lowest Fv/Fm value of all 

treatments with a mean of 0.495 (±0.09 SD).  

The short-term treatments for both species show a lot of variability in the Fv/Fm values. To get a better 

understanding all Fv/Fm values these were plotted to the time of day they were collected (Figure 2.5). 

The Fv/Fm values for the control remained relatively stable throughout the day, whereas, both the 

short-term and long-term treatments showed a diurnal pattern (Figure 2.5 (A)). The long-term 

treatment showed the highest variability with a highest value of 0.624 at 11:00 and a low value of 

0.355 at 15:20. The short-term treatment showed a similar variation from a high of 0.723 at 11:20 to 

a low of 0.552 at 15:00. Both copper treatments for PM01 appeared to show two peaks at the morning 

and evening with a trough at midday. Interestingly, the only copper treatment for C. reinhardtii which 

elicited a similar diurnal pattern for C. reinhardtii was the short-term copper treatment (Figure 2.5 

(B)). Again, the C. reinhardtii short-term treatments showed peaks at both the morning and evening 

with a trough at midday.  
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Figure 2.4 Fv/Fm of C. reinhardtii and C. acidophila under control (n=23/ n=30), long-term (n=24/ n=29) and 
short-term (n=19/ n=17) copper conditions. The mean and standard deviation for all treatments are shown 
and each data point is plotted. A one-way ANOVA was used to test for significance (P <0.05) with a least 
significant difference post-hoc test applied.  
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Figure 2.5 Fv/Fm values plotted at the time of day they were measured to show the diurnal cycles of the Fv/Fm 
values for certain copper treatments. (A) Fv/Fm values for PM01, (B) Fv/Fm values for C. reinhardtii. Samples 
were left to acclimate to the dark for 30 min before given saturating light pulses at 4200 µmol m-2 s-1. 
Measurements were taken from 8 am through to 6 pm, The short-term treatment measurements were taken 
from 11 am as they had to be exposed to copper 3 hours prior to measurements. The photoperiod runs from 
06:00 to 22:00 
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To gain a further understanding of the photosynthetic parameters, cultures were left for 15 min after 

taking the Fv/Fm measurements under different actinic lights to create a light response curve. Figure 

2.6 (A) shows the efficiency of photosystem II (ΦPSII) of PM01 under both the long-term and short-

term copper conditions. As would be expected, ΦPSII decreased as light intensity increased. ΦPSII 

for the long-term treatment was not significantly different to the control at any of the light intensities 

whilst the short-term treatment showed significantly lower ΦPSII than both the other treatments. 

ΦPSII for the short-term treatment was near 0 for all light intensities apart from 90 μmol m-2 s-1, which 

for two replicates was near 0 and there was just one replicate with a higher ΦPSII of 0.222, leaving 

the mean as 0.094 for 90 μmol m-2 s-1. Figure 2.6(B) shows ΦPSII for C. reinhardtii under both copper 

treatments. Like PM01, the C. reinhardtii ΦPSII decreased as light intensity increases across all 

treatments. The long-term treatment had a significantly lower ΦPSII at the 150 μmol m-2 s-1 actinic 

light, while for the 90, 150 and 250 μmol m-2 s-1 actinic light intensities there appeared to be a high 

amount of variation between the replicates before the variation appeared to be reduced at higher 

actinic light levels. Similar to PM01, the short-term treatment was significantly lower than all other 

treatments at all actinic light levels apart from 90 and 1500 μmol m-2 s-1. At 90 μmol m-2 s-1 the short-

term treatment was significantly lower than the control. One of the clearest differences between 

PM01 and C. reinhardtii was that at all actinic light intensities apart from 350 μmol m-2 s-1, the short-

term copper stress was still exhibiting some degree of ΦPSII. 90 and 150 μmol m-2 s-1 had a mean 

ΦPSII of 0.309 and 0116, respectively for the short-term treatments.  
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Figure 2.6 Efficiency of photosystem II (ΦPSII) of two species of microalgae, (A) C. acidophila (PM01) and 
(B) C. reinhardtii (11/32c) under a long-term and short-term copper stress. Each data point is plotted with the 
and the line representing the mean and the bars showing the standard deviation.  A one-way ANOVA was 
run at each light intensity with least significant difference multiple comparisons made to determine significant 
differences (P < 0.05), which are represented by different lowercase letters. 
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Another photosynthetic parameter that was important to measure was the non-photochemical 

quenching (NPQ) capabilities of the two species. For both species, at lower light intensities there 

appeared to be negative NPQ values. For PM01 the control had negative NPQ values at 90 μmol m-

2 s-1 (-0.031 ±0.033SD) whilst the long-term copper stress had negative values for both 90 and 150 

μmol m-2 s-1(-0.212 ±0.016 SD, -0.156 ±0.086 SD respectively) (Figure 2.7 (A)). On the other hand 

C. reinhardtii had negative values for the control at 90 and 150 μmol m-2 s-1 (-0.349 ±0.043 SD,  -0.2 

±0.167 SD respectively) whilst the short-term copper stress had a negative value for 90 μmol m-2 s-

1(-0.147 ±0.045 SD) (Figure 2.7 (B)).  This tells us that there is some mechanism that is repressing 

maximal fluorescence in the dark, and at low actinic light intensities, there is no pressure to reverse 

this.  

The highest NPQ values seen between both species was found with the short-term copper treatment 

for PM01 at 90 μmol m-2 s-1 actinic light with a mean of 2.22 ±0.223 SD (Figure 2.7 (A)). The NPQ 

rapidly dropped to a low of 1.099 ±0.229 SD and 0.990 ±0.072 SD for the 250 and 350 μmol m-2 s-1 

actinic light intensities, respectively, a 50% decrease to the highest value. The NPQ values then 

increased and levelled off to 1.735 ±0.27 SD. The short-term copper treatment had higher NPQ 

values than all other conditions for PM01 up until the 500 μmol m-2 s-1 actinic light intensity, where 

there is not statistical difference between the short-term and long-term copper treatment for the rest 

of the actinic lights (Figure 2.7 (A)). Whilst differing in values, both the long-term and the control 

NPQs for PM01 showed a similar pattern in that NPQ increases, linearly, as the actinic light intensity 

increases. 

The long-term copper treatments showed consistently the lowest levels of NPQ for PM01, at 90 and 

150 μmol m-2 s-1 light, the long-term treatment showed the lowest levels alongside the control, whilst 

for every other actinic light value the long-term treatment had the lowest NPQ values reaching a high 

of only 0.7 ±0.179 SD. The NPQ values for C. reinhardtii all showed a positive correlation with actinic 

light intensity for all treatments (Figure 2.7 (B)). Interestingly, the long-term copper treatment for C. 

reinhardtii has large variations between the biological replicates, the largest variation is soon in the 

long-term treatment at an actinic light intensity of 1500 μmol m-2 s-1 (0.842 ±0.41 SD). Although there 

is some degree of positive correlation between NPQ and actinic light intensity for C. reinhardtii under 

the short-term stress, most of the values are on either side of 0. The lowest NPQ value for the short-

term stress was -0.147 ±0.045 SD whilst the highest value was 0.194 ±0.054 SD at 1500 μmol m-2 s-

1 actinic light. For the most part there is no significant difference between the control and long-term 

treatments for C. reinhardtii. The two treatments only differed at 90, 150 and 1000 μmol m-2 s-1, where 

the long-term treatment had the highest NPQ values for the former two, whilst the control had the 

highest NPQ value for the latter.  
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Figure 2.7 Non-photochemical quenching (NPQ) of two species of microalgae, (A) C. acidophila (PM01) and 
(B) C. reinhardtii (11/32c) under a long-term and short-term copper stress. A one-way ANOVA was run at 
each light intensity with least significant difference multiple comparisons made to determine significant 
differences (P < ?), which are represented by different lowercase letters.  
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Figure 2.4 showed that there was a clear species differentiation in photosynthetic capability. To be 

able to draw a more direct comparison between the species,  the electron transport rate (ETR) was 

caluated by multiplying the ΦPSII by the light intensity.  The  NPQ values were normalised by 

subtracted from an average of their comparative controls (Figure 2.8). Figure 2.8 (A) clearly shows 

that the short-term treatment caused the largest reduction in ETR across both species at lower actinic 

light intensities. The short-term conditions significantly reduced ETR across all actinic light intensities 

measured from their respective controls. The long-term treatment for PM01 never significantly 

differed from its control with the ETR values remaining at around a constant 50 μmol e–m–2 s–1 . The 

long-term treatment for C. reinhardtii also showed very little perturbation from the control in terms of 

ETR. However, where different to PM01, the ETR seemingly increases with increasing actinic light 

intensity rather than levelling out like PM01. 

Figure 2.8 (B) shows the relative NPQ changes compared to the control. The highest relative NPQ 

change compared to the control was for the PM01 short-term treatment at 90 μmol m-2 s-1. 

Interestingly, both the relative long-term and short-term treatments for PM01 showed a similar 

downward trend as light intensity increases. Whilst the relative short-term treatment levelled off at 

around 0, the long-term treatment started at 0 and decreased further. These are the largest negative 

changes and Figure 2.8 (B) shows, statistically, that the PM01 long-term treatment had the lowest 

NPQ values across all treatments and species. This is particularly intriguing as the corresponding 

normalised long-term treatment shows very little deviation from 0, indicating no change from the 

control and was statistically similar to the normalised short-term treatment apart from at the highest 

1500 μmol m-2 s-1 actinic light intensity.  
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Figure 2.8 Comparative analysis of the photosynthetic parameters (A) Electron Transport Rate (ETR) and (B) NPQ for 
the extremophile C. acidophila (PM01) and the model organism C. reinhardtii (11/32c) under and long-term and short-
term copper stress. ETR is calculated by multiplying ΦPSII by the light intensity. NPQ values were normalised by 
averaging the controls and subtracting them from the NPQ values from their respective copper treatments, at the 
specific light intensity. A one-way ANOVA was run at each light intensity with least significant difference multiple 
comparisons made to determine significant differences, which are represented by letters 
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Finally, when taking the short-term copper spike measurements, there were clear differences 

observed in the way the organisms fluoresce. To help picture this, Figure 2.9 and Figure 2.10 show 

the traces over the 15 min measurement period and chose a typical trace of the 3 biological replicates 

tested. What is evident is that the short-term copper stress seems to induce an increase in 

fluorescence in PM01 that is seemingly absent in C. reinhardtii. What is more interesting is that this 

increase in fluorescence seemed to occur in a time dependent manner depending on the actinic light 

intensity. At 90 μmol m-2 s-1 the increase in fluorescence was not apparent, however, it started to 

increase at around 670 s (Figure 2.9 (A)). The increase in fluorescence was more obvious for the 

150, 250, 350, 500 and 1000 μmol m-2 s-1 intensity treatments (Figure 2.9 (B), (C), (D) and Figure 

2.10 (A) and (B)), with the increase in fluorescence happening at 600, 420, 250, 410 and 580 s, 

respectively. Finally, it was examined whether this increase plateaued, therefore samples were left 

to run for 1 h to observe the behaviour of this fluorescence increase (Figure 2.10 (D)). For both the 

150 and 350 μmol m-2 s-1 actinic light intensities, the fluorescence increased until 20 min, but 

interestingly the fluorescence did not plateau but steadily decreased. This response was in stark 

contrast to C. reinhardtii which did not seem to show any difference in basal fluorescence throughout 

the time course for any of the light intensities or even during 50 min durations (Figure 2.9 and Figure 

2.10).  
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2.4.3 Quantifying ROS 

To get a better idea of the stress microalgal cells experience under copper stress, the total quantity 

of ROS was measured over time after exposure to copper using a commercial  fluorometric 

intracellular ROS stain kit from Sigma Adlrich, incubated with the cells and measured using 

fluorescence spectrometry. Figure 2.11 shows the total fluorescence emitted from algal samples 

after excitation at 490 nm and detection at 520 nm after allowing the total ROS stain to enter the 

cells. All the C. acidophila samples clearly show that under copper stress the fluorescence is 

immediately reduced (at most after 30 min) when compared to a control sample (Figure 2.11 A, C 

and D). Interestingly, the control samples also saw a decrease in fluorescence through the day, with 

a large decrease between the 1 h and 3 h time points, a response seen across all species. The 

copper treated sample for C. reinhardtii (11/32c) also followed this sharp decrease in fluorescence 

throughout the day evenly matching the control samples of all species up until the 8 h time point 

Figure 2.11 (B). However, after 24 h the fluorescence for this treatment decreased to almost zero 

along with all the other copper spiked samples. Within each plate a H2O2 standard was included to 

ensure that the fluorescence gain remained stable across multiple plate reads. Figure 2.11(E) shows 

the values of three independent replicates with H2O2 samples that were serially diluted from 1.5% to 

0.0000015% in 10% reduction increments. After 0.015% the fluorescence values did not decrease 

further and in fact remained stable at around 450 arbitrary fluorescence units. When comparing the 

maximum fluorescence between the standards and the algal samples there is a clear discrepancy. 

The highest H2O2 standard (1.5%) fluoresced at around 10000 arbitrary units, whereas the algal 

samples were fluorescing at a maximum of 22000 arbitrary units.  
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2.4.4 C. acidophila Strain PM01 Shows Differences to C. reinhardtii in ROS Scavenging Enzyme 

Activity  

To assess the responses of ROS to stress the activity of the ROS scavenging enzymes SOD and 

CAT was measured. SOD scavenges the radical superoxide and converts it into oxygen and 

hydrogen peroxide, whilst CAT scavenges hydrogen peroxide, converting it to water and oxygen. 

Figure 2.12 (A) shows the activity of CAT between C. acidophila PM01 and C. reinhardtii 11/32c. 

PM01 showed the highest level of CAT activity, compared to 11/32C. Interestingly the long-term 

copper stress for PM01 gave a lower level of CAT activity compared to the control, with a reduction 

of 37.9%. Although this was still significantly higher than the C. reinhardtii control activity (2.4-fold 

higher) (Figure 2.12 (A)). However, there was no difference in the CAT transcript abundance 

(collected from RNA-seq data; see chapter 4) between these treatments for PM01, as shown in 

Figure 2.13. CAT activity was significantly higher in the control treatment in PM01 when compared 

to both control and long-term C. reinhardtii treatments, which showed a 3.8-fold and 2.8-fold 

reduction in activity, respectively (Figure 2.12  (A)).  This was roughly in line with the transcriptomic 

data which showed a 3.1-fold and 3.6-fold reduction in transcript abundance, respectively for the 

CAT1 isoforms compared between PM01 and 11/32c (Figure 2.13). No CAT2 isoform could be found 

for PM01, however, the CAT2 transcript abundance was very low across all treatments for C. 

reinhardtii. The CAT activity for C. reinhardtii was not significantly different between the control and 

long-term copper treatment (Figure 2.12 (A)), and the RNA-seq data also showed no difference in 

transcript abundance for the CAT1 isoform between the control and long-term copper treatment 

(Figure 2.13). Finally, the short-term copper spike treatment increased CAT1 transcript abundance 

for both strains, although the relative abundance of CAT1 in this condition was significantly higher 

for PM01 than for 11/32c. 
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Figure 2.12 Activity of the ROS scavenging enzymes (A) Catalase (CAT) and (B) Superoxide dismutase 
(SOD) of C. acidophila (PM01) and C. reinhardtii (11/32c). Cells were grown with a long term copper stress 
of 2 mM (PM01) and 75 μM (11/32c) copper. ROS enzymes activity was normalised to units of activity per 
mg of protein. Five biological replicates were measured for each treatment with each data point plotted, the 
bars represent the mean and SD for each treatment. A one-way ANOVA was run to test for significance (P < 
0.05) , with a Fisher’s least significant difference post hoc test applied for comparisons between species and 
treatments.  
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Figure 2.13 Transcript abundance of ROS scavenging enzyme Catalase (CAT). The figures present transcript 
abundance of two different species of microalgae, C. acidophila (transcripts prefixed with Cac) and C. 
reinhardtii (transcripts prefixed with Cre). Data shows 3 biological replicates (all data points plotted) with the 
mean and SD represented by the bars. A one-way ANOVA was performed for statistical analysis and Fisher’s 
least significant difference was applied as a post-hoc test.  
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SOD activity shows a different picture than CAT activity, where there was no difference in activity 

between control and the long-term copper treatment for PM01 but SOD activity was significantly 

higher (by 4-fold) under copper treatment for 11/32c (Figure 2.12 (B)). However, the long-term copper 

treatment for PM01 did give a significant increase in SOD activity when compared to the C. reinhardtii 

control. However, Figure 2.14 shows that SOD gene expression is more complicated and does not 

directly correspond with this observed enzyme activity. Three isoforms of the MnSOD were identified 

in PM01 and four isoforms in 11/32c (Figure 2.14 (A)). All of the isoforms showed no difference in 

expression level between the control and long-term copper stress. One C. acidophila isoform, 

Cac.gene7511, showed significantly higher expression levels under both control and long-term 

copper conditions than most other isoforms. This expression was further increased under the short-

term copper conditions where it increases 5-fold to its already highly expressed control (Figure 2.14 

(A)). A similar pattern was also seen in the C. reinhardtii isoform Cre02.g096150.t1.2. One FeSOD 

isoform was identified in PM01 and two FeSOD isoforms in 11/32c (Figure 2.14 (B)). The 

Cre17.g703176.t1.1 isoform showed almost no expression for all treatments, so is unlikely to have 

much effect in the SOD activity. As seen for some of the MnSOD isoforms, short-term copper 

conditions increased expression for Cac.gene8132 and Cre10.g436050.t1.2 compared to the other 

treatments. Figure 2.15 shows the different isoforms that could be identified from protein extracts of 

the two strains. Two isoforms of MnSOD with a pI of 8 - 9 were identified in both species. Two FeSOD 

isoforms were found in C. reinhardtii with a pI of 6 - 7, whilst two FeSODs were found with a pI of 3 

- 4 in PM01. PM01 also had one MnSOD isoform at pI of 3 - 4 whilst 11/32c had two isoforms of 

MnSOD with a pI of 3 - 4.  
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Figure 2.14 Transcript abundance of different isoforms of Superoxide dismutase (SOD). Data shows to 
different forms of SOD with different metallic cores (A) MnSOD and (B) FeSOD. The figures present transcript 
abundance of two different species of microalgae, C. acidophila (transcripts prefixed with Cac) and C. 
reinhardtii (transcripts prefixed with Cre). Data shows 3 biological replicates (all data points plotted) with the 
mean and SD represented by the bars. A one-way ANOVA was performed for statistical analysis and Fisher’s 
least significant difference was applied as a post-hoc test.  
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Figure 2.15 Isoelectric focussing of  superoxide dismutase (SOD) to identify different isoforms. To test for 
SOD activity gels were stained with nitrobluetetrazolium in conjuncture with riboflavin. Different metal core 
SODs were identified using the inhibitors KCN (inhibiting CuZnSOD) or H2O2 (inhibits FeSOD). 
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To get a better understanding of the differences in the pI of the FeSOD between C. acidophila and 

C. reinhardtii the predicted protein sequences of the genes that were mapped from the RNA-seq 

data (chapter 4) were aligned. As C. acidophila has not been well described previously, protein 

sequence was taken from Chlamydomonas eustigma, which is closely related to C. acidophila (see 

Figure 4.1) and the C. eustigma genome was used to map C. acidophila sequence reads for the 

RNA-seq experiment. Figure 2.16 shows the aligned sequences for two FeSOD protein sequences 

for C. reinhardtii (Cre17.g703176 and Cre10.g436050) whilst only one FeSOD isoform protein 

sequence could be found for C. eustigma (CEUSTIGMA_g8133). All three genes show a high protein 

sequence similarity and show core conserved amino acid sequences such as DVWEHAYY starting 

at amino acid 275 for Cre17.g703176, amino acid 204 for CEUSTIGMA_g8133 and amino acid 203 

for Cre10.g436050. Interestingly, Cre10.g436050 shows a higher protein similarity to 

CEUSTGIMA_g8133 than it does to Cre17.g703176, showing 8 regions of 5 or more shared amino 

acid sequences that are not present in Cre17.g703176. 
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Figure 2.16 Aligned protein sequences of identified FeSOD for C. eustigma and C. reinhardtii. Protein 
sequences were obtained from Genbank (C. esutigma) and phytozome (C. reinhardtii), aligned in Clustal 
Omega and coloured using Boxshade.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cre17.g703176.t    1 MWHHTPPSPSPCAASLLLAAFLALTAAAAGSVAAAPVGAAATATGGGRRMLLQSYSNGGG 

CEUSTIGMA_g8133    1 -------------------------------------------------MAFSVASKP-- 

Cre10.g436050.t    1 -------------------------------------------------MALAMKAQA-- 

 

 

Cre17.g703176.t   61 SSGSSRSTDGEGGGGLQQQADPSSPPPPPPPAPPSAVSLPPLPYSYDALEPVISSQIMRL 

CEUSTIGMA_g8133   10 -------TACF-AAGQRRPTR-V--SRARTVSPRAALELKPLPYATDAFEPLLSKESFDF 

Cre10.g436050.t   10 --------SSL-VAGQRRAVRPA--SGRRAVITRAALELKSPPYALDALEPHMSKQTLEF 

 

 

Cre17.g703176.t  121 HHDTHEGGYAARTGDLVAQLPPDRRNVTQLLTQVGSGFLPAAQETTLRNQGGGLWNHELF 

CEUSTIGMA_g8133   59 HYGKHHRAYVDNLNKQIAGTEWETKTLEEIV----VGSWANGTPTPAFNNAAQIWNHTFF 

Cre10.g436050.t   59 HWGKHHRAYVDNMNKQVAGTPLDGKSLEEIV----LASWNNGQPTPVFNNAAQVWNHTFF 

 

 

Cre17.g703176.t  181 WKVMASPGSAPTSRANISPGLQSAIDAAFGSVDAMLARLKASADAVFGSGWAWVCVPTGG 

CEUSTIGMA_g8133  115 WEGMTPTNGGGA----PTGTLAEAITRDFGSFDNFKNEFKTAGMTQFGSGWAWLVSDST- 

Cre10.g436050.t  115 WESMKP-NGGGA----PTGALAEAITRDFGSLDKFKEEFKQAGMTQFGSGWAWLNADKT- 

 

 

Cre17.g703176.t  241 GRGGRLQLLATANQDNPLMQVVIKEPCAPILGLDVWEHAYYLQYQAKRADYTKAW-QQLI 

CEUSTIGMA_g8133  170 ---GKLSISKTPNAVLP-----VVEGKTALLTCDVWEHAYYIDYRNRRPDFIQTFLDKLV 

Cre10.g436050.t  169 ---GKLSISKSPNAVNP-----VVEGKTPILTVDVWEHAYYIDVQNRRPDYITTFMEKLI 

 

 

Cre17.g703176.t  300 NWSAVSSFYAAATTGDLSYNI* 

CEUSTIGMA_g8133  222 DWNVVASRYSAVKA-------- 

Cre10.g436050.t  221 NWDAVAQRYAAATK*------- 
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2.4.5 PM01 Shows High Lipid Oxidation Under Copper Stress 

Lipids are an easy target for oxidation by ROS, and thiobarbituric acid can bind to lipid oxidation by-

products such as malondialdehyde causing a colour change to be detected. Figure 2.17 shows the 

estimated lipid oxidation between the three strain of C. acidophila (PM01, 11/136 and 11/137) and 

C. reinhardtii (11/32c). Only three samples showed significantly elevated levels of lipid oxidation. The 

short-term copper treatment induced lipid oxidation in both 11/32c and PM01, causing an increase 

of MDA or MDA like by-products to their corresponding controls by 3.8-fold and 3.6-fold respectively. 

Interestingly, the PM01 long-term copper treatment also caused a significant 4-fold increase in lipid 

oxidation. There was no significant changes in the levels of lipid oxidation for the other strains of C. 

acidophila 11/136 and 11/137.  
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Figure 2.17 Estimations of lipid oxidation by measuring malondialdehyde (MDA) or MDA equivalents detected 
using the TBARS assay. Three strains of C. acidophila were tested (PM01, 11/136 and 11/137) and C. 
reinhardtii (11/32c). Five biological replicates were tested for each treatment apart from the long-term 
treatment for 11/137 which has four, with each biological replicate plotted. The mean and standard deviations 
are represented by the bars. A one-way ANOVA was performed to test for significance with a Tukeys post-
hoc test to find significant differences between treatments. 
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2.5 Discussion  

2.5.1  PM01 can Survive Much Higher Copper Concentrations than Other Microalgae  

C. acidophila  is an extremophile microalga that has been found to inhabit many acidic and metal-

rich water bodies (Dean et al., 2019; Nishikawa and Tominaga, 2001; Olsson et al., 2015; Spijkerman 

et al., 2007). Due to the diverse range of extreme environments C. acidophila has adapted to, it is 

perhaps unsurprising that the different strains have different traits. C. acidophila PM01 was isolated 

from an acid mine drainage pond within an abandoned open cast copper mine, which had a pH < 2.0 

and high concentration of dissolved trace metals including copper within the pond, typically at 60 

mg/L (~1 mM Cu) (Dean et al., 2019). Therefore, in order to grow in these conditions, the PM01 

strain must be able to tolerate extreme concentrations of copper.  However, the C. acidophila  strains 

11/136 and 11/137 were isolated from different environments that were not known to be copper-rich 

and as such may not have been exposed to the quantities of copper PM01 has adapted to tolerate 

(Bissinger et al., 2000; Fott and Mccarthy, 1964; Gerloff-Elias et al., 2005). The findings described 

here, show that PM01 has a greater copper tolerance than 11/136 and 11/137, which struggle to 

grow in 350 µM Cu and certainly cannot grow in 2 mM Cu, in agreement with my previous analysis 

(Dean et al., 2019). Another strain of C. acidophila (RT46)  has been isolated from the Rio Tinto, 

which shows high heavy metal tolerance, and has been shown to grow up to 500 µm copper. 

However, the Rio Tinto is known to reach up to 6 mM Cu in places (Olsson et al., 2015), indicating 

that RT46 may also have adapted tolerance to very high copper exposure. Additionally, 

Desmodesmus sp. AARLG074  has been shown to grow in 50 mg L-1  (the equivalent to 790 μM) 

(Buayam et al., 2019), Nannochloropsis oculata  has been grown in 250 μM Cu (Martínez-Macias et 

al., 2019) and Enteromorpha compressa was found to grow in 100 μM of copper (Correa et al., 1996). 

To the best of my knowledge PM01 shows some of the highest tolerance ranges to copper among 

the green algae, if not the highest, providing a fantastic model to glean insights into the mechanisms 

of adaptation to a high copper environment. I aimed to find a relative copper stress dose between 

organisms that was not fully lethal, but impacted cultures growth rate. For C. acidophila, a 2 mM 

copper treatment inhibited culture growth by 52% (if using cell counts) or 28% (if using OD750nm). 

This is a higher level of inhibition than seen in C. reinhardtii however, 11/32c was only exposed to 

75 μM of copper. Although a higher inhibition is seen in PM01 at 2 mM of copper the 75 μM copper 

stress for 11/32c gives a close enough relative comparison for a inhibition. A 100 μM copper stress 

was tested for 11/32c however, the cultures did not grow (data not shown). It is interesting that the 

350 μM copper dose was lethal for the other 2 C. acidophila strains, as previous experimental work 

in our lab has shown they are capable of growth (data not shown). Therefore, for the rest of the 

experiments using these two strains, and they were  exposed to only 300 μM. 

2.5.2 Shutting Down Photosynthetic Activity as a Short-Term Tolerance Mechanism to Excess 

Copper 

The PAM data has provided evidence that short term copper stresses inhibits linear electron 

transport in both species as shown by the reduction in ΦPSII. This response is much more evident 

in PM01 and occurs at lower actinic light intensities than 11/32c.  However, both species are capable 

of restoring ΦPSII over a long-term copper stress, to the point where there is no difference in ΦPSII 

between the control and long-term copper treatments. Further, there was no significant reduction in 

chlorophyll content in any of the copper treatments for both species.  
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The photosynthetic machinery has been shown to be particularly sensitivity to excess heavy metals, 

in particular, copper (Küpper et al., 2003). One of the most commonly used stress parameters of 

photosynthetic organisms is the Fv/Fm ratio. Typically, a decrease in Fv/Fm is indicative of higher 

stress levels (Maxwell and Johnson, 2000). Interestingly, the short-term copper treatment shows no 

significant decrease in the Fv/Fm for PM01, although it did show a pattern of diurnal cycling. This is 

in stark contrast to C. reinhardtii which shows the lowest of all Fv/Fm values tested whilst still showing 

a diurnal pattern. The diurnal pattern was an unexpected result was observed during the 

experimental procedure. For both species the copper spikes show a diurnal pattern whilst the long-

term copper treatment also induces this pattern in PM01. Due to the process of performing 

photosynthetic parameter measurements in a different laboratory, the cultures (including the control) 

were exposed to natural light from a window after copper spiking rather than artificial light, so it is 

possible that any changes in sunlight intensity could be altering the Fv/Fm ratio throughout the day. 

The lowest dips in Fv/Fm do seem to regularly occur just after midday, where the sunlight levels may 

be highest and providing the highest stress levels. As there is no apparent pattern seen in either 

control, it is obvious that the copper is eliciting this response. A similar diurnal pattern has been seen 

in lichens, where the Fv/Fm reaches its lowest point at 13:00, with the authors attributing it to the high 

heat and light temperatures of the midday sun (Wu et al., 2013). An opposite response is seen in 

Heterosigma akashiwo, where Fv/Fm started increasing during daylight hours. The authors 

contributed NPQ and photochemistry changes to this diurnal pattern where they also noticed a similar 

diurnal pattern of NPQ (Hennige et al., 2013).  

It is not clear whether it is changes in photochemistry or external factors that could be influencing 

these changes in Fv/Fm. It is well known that many, if not  all organisms, including microalgae, have 

some form of internal biological clock, with genes fluctuating throughout the day to help them 

anticipate for daily cycles of light and darkness (Annunziata et al., 2019; Fustin et al., 2020). It has 

even been shown that chloroplasts in C. reinhardtii show differential gene expression throughout the 

day (Idoine et al., 2014). Copper replete conditions were shown to alter an internal biological clock 

of soybeans (Jiang et al., 2006). Okamoto et al. (1999) did suggest that heavy metals affect the 

biological clock mechanisms, that controls luminescence, of the diatom Gonyaulax polyedra. 

However, they did notice that all the metals tested, including copper, did cause some offset in the 

regular luminescence of G. polyedra, It is very possible that excess copper present in the cell could 

influence this biological clock and cause changes in the Fv/Fm throughout the day. Olsson et al. 

(2015) found that the Fv/Fm of another strain of C. acidophila, RT46, was 0.57 under control 

conditions. However, under a 500 μM copper stress for 24 h, there was a minimal change in the 

maximal quantum efficiency of PSII detected (Olsson et al., 2015), suggesting that it may take longer 

than 24 hours to elicit the decrease in Fv/Fm seen with the data in this study. A reduction of Fv/Fm was 

also seen in a C. reinhardtii strain (CC-124) at 1, 3 and 5 days after a 250 μM copper stress (Jiang 

et al., 2016). CC-124 is capable at growing at much higher concentrations of copper than 11/32c. 

However, both the short and long-term copper stress reduced the Fv/Fm in this study suggesting that 

C. reinhardtii 11/32c is still much more susceptible to copper inhibition of photosynthesis in both the 

short and long-term compared to PM01. At the point of measurement the cells were dark adapted. 

As such it is unlikely that high -energy state quenching processes, such as dissipation through 

carotenoids, would be taking place (Demmig-Adams and Adams, 1990). This leaves two other 
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alternatives of either photoinhibition (damage to PS II reaction centres), or state transitions. 

Photoinhibition is a slower and progressive process (Maxwell and Johnson, 2000), so could be a 

candidate for some of the fluctuations we see in the diurnal pattern  that is seen. However, it is 

unclear if it would happen that quickly over the time course of a day and could warrant further 

investigation. The other, and most likely candidate are state transitions, in C. reinhardtii state 

transitions are common and can vary on a range of factors such as the redox state of the cell. As 

they rely on phosphorylation, this process can happen, and reverse quickly (Finazzi, 2005). 

Juneau et al. (2002) have previously shown that both C. reinhardtii and Selenastrum capricornutum 

are both highly susceptible to copper with the efficiency of PSII reducing significantly upon copper 

addition. Photo-autotrophic, and, to some extent, photo-heterotrophic organisms, depend on 

photosynthesis to produce a reliable energy source. Therefore, minimising the impact of copper on 

the photosynthetic machinery would be paramount to adapting to a high copper environment. This 

data shows that both PM01 and 11/32c can both maintain high levels Φ PSII under their respective 

long-term copper treatments (Figure 2.6 and Figure 2.8). Interestingly,  the PM01 long-term copper 

stress loses less efficiency than 11/32c at lower light levels. Kupper et al. (1996) have shown that at 

lower light intensities there is more heavy metal, particularly copper and zinc, displacement of 

magnesium in the chlorophylls of Light harvesting complex 2 (LHCII), which they coined the shade-

reaction. However, the authors did note that a dark phase period was required after this low light 

irradiation for the metal displacement to occur. In this experimental procedure cell cultures were 

spiked with copper and left on a windowsill for 2.5 hours before being dark acclimated for 30 min 

prior to measurements. It is unclear as to what further low-light irradiance does to chlorophylls that 

have undergone the shade-reaction, however, it is possible that these lower actinic lights could 

further exacerbate metal displacement over 3 hours. As PM01 has adapted to a high copper 

environment it is likely that it may have strategies to either prevent, fix or replace substituted 

chlorophylls, which could explain why we see high ΦPSII even at lower actinic light intensities. 

Additionally, this could explain some of the high variation seen between the biological replicates of 

11/32c as the metal displacement rates could be variable.  

This model could be of great interest for further study as not only could it provide insights for an 

organism’s ability to adapt to copper but also an interesting model to further study the mechanisms 

of heavy metal displacement in chlorophylls. At the highest actinic light intensities, the reduction in 

ΦPSII becomes minimal and hard to distinguish. This is likely due to the oversaturation of the electron 

transport chain and the high light intensity providing a greater stress than copper. However, both the 

short-term copper stress condition still showed significantly reduced ΦPSII, with PM01 having the 

lowest level. Even with the additional high light stress, PM01 still reduces its ΦPSII with the addition 

of copper, suggesting that shutting down PSII is an essential requirement to a short-term adaptation 

to copper. An obvious question to ask at this point is, if there was  no detected PSII activity how are 

the cells producing energy to survive? Under copper stress, barley has been shown to induce a state 

transition from state 1 to 2 shifting photosynthetic activity from PSII to PSI (Lysenko et al., 2020). 

Additionally, PSII was significantly inhibited upon copper stress to Microcystis aerugeinosa, but PSI 

activity was seen to increase concurrently (Deng et al., 2014). This study did not measure any PSI 

parameters, therefore, it is difficult to say if this is the case with microalgae and there appears to be 
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very little literature on the subject. However, it is possible that a switch to PSI could provide a less 

redox intense energy production method.  

The NPQ measurements for PM01 could hint to a shift towards PSI being utilised. High NPQ values 

have been shown throughout all the actinic light intensities but more specifically at lower and higher 

actinic lights (Figure 2.7 and Figure 2.8). Cyclic electron flow (CEF) is a method of NPQ in which 

electrons are taken from NADPH or ferrodoxin and cycled through PSI to the plastoquinone pool, 

whilst driving protons across the thylakoid membrane generating a proton gradient for ATP synthesis 

(Huang et al., 2018). An increase in PSI activity in response to copper was found to be due to an 

increase in CEF. The CEF increased in a dose dependent manner with copper (Deng et al., 2014). 

Whilst this is likely not the only contributing factors to increasing NPQ in copper stressed PM01 it is 

likely to play a role and could explain the high NPQ values seen. Additionally, CEF around PSI has 

been found to promote ATP synthesis, and has been suggested to help repair photodamaged PSII 

(Huang et al., 2018). According to Maxwell and Johnson (2000) as NPQ is calculated as a relative 

change from the dark-adapted state, if the Fv/Fm values are markedly different between treatments, 

direct comparisons to NPQ should be avoided. In this case the PM01 Fv/Fm ratios did not markedly 

change, however, there was a significant reduction between the control and short-term copper 

treatment in C. reinhardtii.  With these results where ΦPSII is close to 0, especially for PM01, the 

NPQ values show very little variation and whilst the values may not be completely true, should give 

a good estimate to the amount of NPQ happening. Whilst C. reinhardtii showed an increasing NPQ 

with the actinic light levels these did not reach the same levels as PM01, especially at the lower 

actinic lights. Interestingly, Jiang et al. (2016) have found that NPQ in C. reinhardtii decreases in the 

short-term respective to the control in a time and copper concentration dependent manner until 5 

days where the NPQ increases significantly. The results seem to somewhat contradict this as at 

lower actinic light intensities both the short-term and long-term copper treatments appear to have 

higher NPQ values than the controls. There are a few caveats to this comparison however, firstly, 

and most likely is that the time points from this study do not match, NPQ could vary greatly between 

the time points matched. Additionally, the actinic light intensity was not described, this is important 

as at higher actinic light intensities smaller NPQ values were seen in the copper treatments when 

compared to the control. Finally, it appears that the strain of C. reinhardtii used by Jiang et al. (2016) 

could grow at 250 μM copper, so is almost certainly more copper tolerant than the 11/32c strain 

tested here. It seems that one adaptive mechanism for PM01 to survive high copper conditions, at 

least in the short-term, is to shut down PSII, possibly through the increase NPQ. This appears to be 

in stark contrast to the data presented in this study for C. reinhardtii and the data shown by Jiang et 

al. (2016).  

The final bit of intrigue from these PAM results are the differences in fluorescence traces in the short-

term copper treatments (Figure 2.9 and Figure 2.10). The increase in the steady state fluorescence 

in a supposedly time-dependent manner. Typically, I waited for the fluorescence to stabilise before 

taking the ΦPSII and NPQ readings. However as can be seen in the long traces this was impossible, 

and so readings were taken when the control samples stabilised after 15 mins. A steady decrease in 

basal fluorescence was seen in algal species exposed to metolachlor over time (Juneau et al., 2001). 

The basal fluorescence of a desiccation tolerant lichen, Cladonia borealis, was much higher than a 

less desiccation tolerant species of lichen, Usnea sp, during periods of drought (Cho et al., 2020). 
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Whist it is hard to draw parallels between this study and the Cho et. al (2020) study, as C. borealis 

still showed levels of ΦPSII, as opposed to PM01 which effectively shut down PSII under copper 

stress, it provides an interesting insight into possible mechanisms of stress tolerance. An obvious 

explanation for this increase in fluorescence could be the upregulation of NPQ. However, this seems 

unlikely in this study as the increase in basal fluorescence seems to correspond to increasing light 

intensity between 150 μmol m-2 s-1 and 350 μmol m-2 s-1 which shows a negative correlation with the 

NPQ data. Additionally, the actinic light which exhibited the highest NPQ values, 90 μmol m-2 s-1 

showed no apparent increase in basal fluorescence. This is a fascinating area for further study which 

could provide greater insights into an extremophile photosynthetic response to copper.  

2.5.3 ROS Detection Kits May Not be Accurate for Photosynthetic Organisms 

Using the ROS detection kit gave us interesting results, what was most striking is that the copper 

stress seemingly caused a decrease in ROS according to the data. This would be in contrast to most, 

if not all published data, as many studies have described an increase in ROS generation when 

exposed to copper stress (Che et al., 2018; Janani et al., 2020; Sabatini et al., 2009). Arsenic, 

cadmium and silver nanoparticles have also been found to increase ROS generation in C. acidophila  

(Díaz et al., 2020; Oukarroum et al., 2014). As a result, it seems hard to justify that the ROS 

decreased in all tested strains, even C. reinhardtii. When the H2O2 standards were ran the highest 

fluorescence intensity was 10000, a much lower than many ROS measurements for the microalgal 

samples. This hints that there could be some background interference in the detectable fluorescence 

coming of the microalgae. Considering that there is a complete reduction in fluorescence, for PM01, 

with the stain after copper exposure, the most obvious candidate would be that chlorophyll could be 

being detected. However, the fluorescence detection range was 520 nm, whilst chlorophyll fluoresces 

around the 450 nm and 700 nm range (Pfündel, 2021; Ritchie and Sma-Air, 2020). It is unclear what 

we could be detecting at the 520 nm range, but there is obviously some cellular interference making 

this particular ROS stain unreliable for detecting ROS in microalgal strains. The fact that we see a 

steep drop off as with the photosynthetic parameters in PM01, leads me to believe that it could be 

something related to photosynthesis we are detecting. However, with the present data it is impossible 

to come to any conclusions. Electron Paramagnetic resonance spin trapping (EPR) spectroscopy 

has previously been used to detect ROS as well as reactive nitrogen species ,this could be a more 

accurate method of detection in the future (Villamena and Zweier, 2004). 

2.5.4 ROS Enzyme Activity Hints at PM01 Having a Greater Antioxidant Capabilities  

Catalase activity has previously been shown to increase in multiple microalgae species when 

exposed to copper (Chen et al., 2016; Sabatini et al., 2011, 2009). Whilst the copper appears to 

cause an increase in CAT activity in C. reinhardtii, although not significant, it significantly decreases 

CAT activity in PM01. The PM01 control showed the highest level of CAT activity, interestingly, CAT 

activity significant decreased in the long-term copper treatment suggesting there is less of a need for 

antioxidative capability. It could also be possible that low copper levels could be inducing stress on 

PM01 under ‘control’ conditions.  Despite there being only a minor transcript decrease in the long-

term copper treatment for PM01 compared to the control this equated to a large decrease in CAT 

activity. This could suggest that either the transcripts are not being converted to protein or that some 

post-translational modifications may prevent the PM01 CAT1 enzyme becoming fully active. Chen et 

al. (2016) did find that there is not a linear relationship between copper concentration and CAT 
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activity. Concentrations above 2 μM actually started to decrease CAT activity to the extent that 5 μM 

copper conditions actually decreased CAT activity when compared to the control. Unfortunately, due 

to time constraints I was not able to get the short-term copper stress CAT assays working as they 

showed the highest transcript abundance and it would have been interesting to see if this was 

converted into CAT activity.  A loss of CAT activity could result from damage to the enzyme in a high 

H2O2 environment.  Further studies could determine if there was a loss or degradation of protein, 

using Western Blots or mass spectrometry to look for fragments of the protein. 

SOD activity has also been shown to increase with increasing copper concentrations (Chen et al., 

2016; Piotrowska-Niczyporuk et al., 2012; Wang et al., 2018). The data appears to have shown that 

with both copper treatments seemingly increasing SOD activity, however, only the C. reinhardtii SOD 

activity was significantly increased. Comparing SOD transcript abundance to activity is more 

complicated due to the many different isoforms identified. Between the control and long-term copper 

treatments there does not appear to be much difference in the transcript abundance. Again, it is 

unfortunate the short-term treatments assays could not be performed as they may have solicited a 

stronger response based on the transcriptomic data set. The isoelectric focussing identified 

interesting differences between PM01 and 11/32c. Firstly 11/32c has an extra MnSOD isoform than 

PM01. The SOD isozymes identified in C. reinhardtii confer with most of the literature, I identified an 

additional Mn and FeSOD than Sakurai’ et al. (1993) and one additional FeSOD than Kitayama et 

al. (1999). To the best of my knowledge this is the first attempt at identifying SOD isozymes in C. 

acidophila. Interestingly, an additional isozyme was potentially found in the protein fraction than in 

the RNA-seq experiment. However, the migration of this protein could be altered due to post-

translational modifications, therefore, sequencing the protein would be needed to investigate this 

further.  

The most interesting difference between C. acidophila and C. reinhardtii is the pI differences between 

the FeSOD isozymes. When the protein sequences of the FeSOD isozymes were compared the 

sequences are not highly divergent. There actually appears to be a greater difference in the protein 

sequence between Cre17.g703176 and Cre10.g436050. The pI is mainly determined by the charged 

amino acids glutamate, aspartate, cysteine, tyrosine, histidine, lysine and arginine (Kozlowski, 2017). 

This could suggest that some form of post-translational modification could be happening to cause a 

change in pI between the two FeSODs. Alternatively the extraction process could have also 

differentially affected one species isoform of the FeSOD (Pace et al., 2009). The C. acidophila 

FeSOD isoforms are found at a pI of 1-2, indicating that they are acidic. It is important to note that 

whilst C. acidophila is found in a highly acidic environment, all acidophiles have a near neutral internal 

pH (Spijkerman, 2011). Most FeSODs are found either in the cytoplasm or within the stroma of the 

chloroplast associated to PSI (Wolfe-Simon et al., 2005). It could be possible that either one or both 

the C. acidophila FeSOD have moved to the thylakoid lumen side of the chloroplast, where the pH 

is lower, and having an acidic charge provides better function. Given that we have already seen 

PM01 and 11/32c behave very differently in the presence of copper it is well within reason that the 

FeSOD isoforms associated in the chloroplast may have evolved different properties to alter its 

function, causing the different pIs observed.  
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2.5.5 Lipid Oxidation- A By-Product or Tolerance Mechanism?  

Copper inhibits photosynthetic electron transport creating superoxide radical and catalyses the 

destruction of unsaturated membrane fatty acids (Sandmann and Böger, 1980). A by-product of lipid 

oxidation is malondialdehyde, which was detected using the TBARs assay. Interestingly, PM01 

showed the highest levels of lipid peroxidation for both copper treatments. An increase in lipid 

oxidation is seen across many species in response to copper (Chen et al., 2016; Jiang et al., 2016). 

Extremely high levels of copper have actually been found to reduce lipid oxidation, whilst 4 μM copper 

was sufficient to significantly increase MDA content in C. vulgaris, 5 μM actually significantly reduced 

MDA when compared to the control (Chen et al., 2016). To the best of my knowledge this is the first 

study to assess the MDA content in C. acidophila. It is fascinating that even in the long-term copper 

stress we still see higher levels of lipid oxidation when compared to other strains of C. acidophila and 

C. reinhardtii. This leads to two possible conclusions, either PM01 cannot control ROS generation, 

leading to the oxidation of lipids but has other methods of preventing ROS damaging core processes 

or there are some form of “sacrificial” lipids that could form the basis of the antioxidant defence in 

PM01, preventing greater damage to more central molecules.  This would require further study to 

identify the key lipids being oxidised to gain any further insight.  

2.6 Conclusion 

PM01 exhibits a much higher copper tolerance to 11/32c and PM01 differs in many ways to 11/32c 

both physiologically and biochemically. The abrupt loss of ΦPSII under a short-term copper stress in 

PM01 is stark response, and a surprising finding. As are the high lipid oxidation levels seen in PM01 

for both a short-term and long-term copper stress. Whereas 11/32c only exhibits high lipid oxidation 

levels under a short-term copper stress.  
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3 Metabolic Responses of Chlamydomonas acidophila and Chlamydomonas reinhardtii to 

Copper 

3.1 Abstract 

A whole host of metabolites have been found to play important roles in organisms in response to a 

variety of abiotic stresses. Several biochemical and physiological differences were identified between 

the extremophile microalga C. acidophila (PM01) and the model organism C. reinhardtii. To get a 

better understanding of some of these differences and to further elucidate adaptations of PM01 to 

copper we utilise broad scale metabolomic approaches to understand metabolic changes under a 

copper stress. Firstly, a high throughput FT-IR spectroscopy approach allowed us to do a rapid 

screening and assess changes in an array of biomolecules such as lipids, carbohydrates and 

proteins. FT-IR spectroscopy data identified an increase in protein and decrease in lipid and 

carbohydrate content in both organisms under a long-term copper stress. To assess this protein 

content change further MALDI-TOF spectroscopy was used as a rapid proteomic screen, with 

minimal processing required. I identified several protein peaks appearing in the long-term copper 

stress in both organisms. One peak with a high m/z also shows an equivalent peak if it were doubly 

charged suggesting it may play a role in oxidation-reduction reactions. Finally, a broad scale, 

untargeted metabolomic approach was employed to identify possible metabolites involved in PM01’s 

adaption to copper. From it was identified that glutathione plays an important role in the response to 

copper in both organisms, although PM01 appears to show more pathways involved in glutathione 

metabolism were upregulated in response to copper. The two organisms appear to differ in amino 

acid preferences, with C. reinhardtii appearing to favour amino acids such as methionine in response 

to copper whilst PM01 upregulates amino acids such as proline.  
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3.2 Introduction 

Chapter 2 focussed on some of the physiological capabilities of Chlamydomonas acidophila and 

Chlamydomonas reinhardtii under both a short-term and long-term copper stress. These gave novel 

insights into some of the biological processes that were occurring inside the cell. However, there are 

too many biological processes to measure in a reasonable time frame and a more rapid method of 

analysis is needed to identify other key processes that could be worth investigating further.  

Fourier Transform Infrared (FT-IR) spectroscopy is one such method used for the rapid detection of 

biomolecules such as lipids, carbohydrates nucleic acids and proteins. Different functional groups 

that characterise these biomolecules will stretch and vibrate at specific infrared light intensities 

(D’Souza et al., 2008), meaning that we can detect absorbance of the infrared light at specific 

wavelengths to determine the molecular make up of a particular sample. Additionally, the only sample 

processing required is to dry the biomass prior to measurement as water can interfere with vibrational 

absorbance, so needs to be completely removed from the sample. FT-IR spectroscopy has been 

used for characterisation of microalgae in many studies. Both Dean et al. (2010) and Driver et al. 

(2015) found shifts and changes in lipid peak intensities in response to nutrient stress by C. 

reinhardtii. FT-IR spectroscopy has also been used to identify different growth stages of the diatom 

Ditylum brightwellii, although the authors did note that Raman spectroscopy could confer a greater 

accuracy than FT-IR spectroscopy (Rüger et al., 2016). FT-IR spectroscopy has even been used to 

assess metal impacts such as cadmium or CuO nanoparticles on microalgae (D’Souza et al., 2008; 

Fazelian et al., 2019). This rapid characterisation of functional groups that might be important in the 

response to abiotic stresses means FT-IR spectroscopy provides an exciting tool to give insights into 

the metal adaptation of C. acidophila.  

Another fingerprinting technique that can provide rapid insights into cells is Matrix Assisted Laser 

Desorption/Ionisation- Time of Flight Mass Spectroscopy (MALDI-TOF-MS). Following mixing of a 

cell sample on an artificial, energy absorbent, organic matrix, the samples are then ionised. The 

desorption and ionisation of samples generates typically singly protonated ions from analytes which 

can then be separated by their mass to charge ration (m/z) using a mass spectrometer (Singhal et 

al., 2015). MALDI-TOF has previously been used to characterise and identify microalgae (Barbano 

et al., 2015; Emami et al., 2015) and extracellular polymeric substances (EPS) (Mishra et al., 2011). 

MALDI-TOF analysis of Escherichia coli exposed to copper found an increase in copper-binding 

proteins with a concurrent decrease in lipids (Calvano et al., 2016). In these studies, a fingerprint of 

the samples was easily obtained with little sample preparation required. However, more extensive 

sample preparation, including protein extraction and digestion, combined with MALDI-TOF 

techniques, can provide full proteomic information, including the identification of proteins.  This has 

been undertaken in many studies including ones looking into the proteomic response of an 

acidophilic Chlamydomonas sp. (Cid et al., 2010; Lee et al., 2006). Cid et al. (2010), identified a 

reduction in photosynthetic proteins, complementing the physiological data seen in chapter 2, 

alongside an increase in stress response proteins such as heat-shock proteins (HSP).  

Finally, protein-mediated processes are not the only method of detoxification occurring inside the 

cells when exposed to metals. The amino acid proline, an osmolyte has been suggested to confer 

tolerance in Vigna radiata to nickel (Yusuf et al., 2012). Copper stresses were also seen to induce 
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an increase in a host of amino acids, including cysteine, valine, lysine, isoleucine, leucine and 

methionine alongside other metabolites such as fatty acids and oxylipins in the brown alga 

Ectocarpus siliculosus (Ritter et al., 2014a). An NMR- based metabolomics experiment identified a 

rapid decrease in the GSH/ GSSG ratio in copper spiked conditions, an indication of oxidative stress, 

but also determined an absence of phytochelatins and increase in EPS, suggesting that copper is 

immobilised outside of the cell during the copper response by Chlorella sp, (Zhang et al., 2015). 

Interestingly, the metabolite responses might not always be as expected. Major lichen secondary 

metabolites atranorin and stictic acid are reported to be associated with heavy metal adsorption. 

However, the copper hyperaccumulator lichen species Stereocaulon japonicum, was found to 

decrease these metabolites under copper exposure (Nakajima et al., 2019). A study into another 

copper accumulator Celosia argentea found that elevated sugar, polyamines, and organic acid 

content could help mitigate oxidative stress, whilst organic acids and amino acids such as proline, 

aspartic acid and glutamic acid may be playing a role in chelating copper (Wang et al., 2021).  

While LC- and GC-MS approaches have been used extensively to examine metabolites in 

microalgae under various conditions, no (or few) studies have used these techniques to understand 

metal stress response processes. Mass spectrometry methods such as liquid chromatography (LC) 

-MS or gas chromatography (GC)-MS have long been used as a method of metabolite analysis 

(Fiehn, 2016). Nuclear magnetic resonance (NMR) has been used to study metabolic changes in C. 

reinhardtii exposed to copper, however, the authors stated that this methodology did not give as high 

a sensitivity as they were hoping for analysis (Jamers et al., 2013). Another NMR based metabolomic 

approach, coupled with GC-MS analysis in cucumber exposed to revealed several interesting 

metabolite changes in response to copper. In the roots a metabolites involved in alanine glutamate 

and aspartate were upregulated in response to copper, as well as ROS quenching metabolites such 

as ascorbate and phenolic compounds. Interestingly, citric acid was down-regulated to reduce 

copper mobilisation (Zhao et al., 2016). A broad scale metabolomic experiment of biofilms in AMD 

found that  taurine, ectoine, and hydroxyectoine play important roles in both acid and metal tolerance 

of the microbial community. However, many of the metabolites could not be identified and could 

represent a fantastic source of novel biomolecules with the potential for an array of applications 

(Mosier et al., 2013). Currently, there are very few untargeted metabolite studies looking into the 

effects of copper on microalgae, and to the best of my knowledge, none looking into the metabolic 

responses of extremophile microalgae to a highly acidic and copper polluted environment.  

To understand the full adaptation mechanisms of PM01 to a high copper environment, we must 

examine other pathways and processes in addition to the physiological and biochemical responses 

assessed in chapter 2. Here high throughput screening techniques FT-IR and MALDI-TOF 

spectroscopy were used to identify possible areas of change in response to copper that may help 

direct future research into the adaption of PM01 to copper. I also provide a more in-depth analysis 

of metabolites using LC-MS and use heat map analysis to find clusters of metabolites that are 

differentially expressed to help us identify key pathways of the metabolic response to copper in an 

extremophile.  
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3.3 Materials and methods 

3.3.1 Growth Conditions 

C. acidophila (PM01) and C. reinhardtii (CCAP 11/32c) (referred to subsequently as PM01 and 

11/32c) were grown in triplicate at 24 °C and 16 h:8 h light:dark cycle at 150 μmol m−2 s−1 light intensity 

on an orbital shaker (120 rpm). PM01 was grown in a modified acid medium (MAM), described by 

Olaveson & Stokes (1989) which was adjusted to pH 3. Conversely 11/32c was grown in a Tris-

minimal phosphate media (TP) described in Harris (2009), at pH7. Both strains were grown in control 

conditions or in continuous (long-term) copper stressed conditions that were appropriate for each 

strain for 2 weeks: 2 mM CuCl2 for PM01 and 75 µM CuCl2 for 11/32c. Both strains were also grown 

in control conditions for two weeks and were then spiked with 4 times the concentration of the long-

term copper stress: 8 mM for PM01 and 300 µM for 11/32c, then incubated in these conditions for 3 

h (short-term copper stress).  

3.3.2 Fourier Transform Infrared Spectroscopy (FT-IR) Analysis of Intact Algal Cell Pellets  

Cells were harvested by centrifuging 30ml of dense algal cell culture at 10,000 g for 5 min. The 

supernatant was removed, cells were washed with 1 ml of ddH2O, centrifuged again at 10,000 g for 

5 min and the supernatant removed leaving a dense cell pellet. Each replicate culture was then 

normalised to 30 mg (fresh weight) and plated onto a 96-well silicon microplate, with the first well left 

blank to take a background measurement. The cultures were left to dry in an oven set to 40°C for 30 

mins until all water had evaporated. The plate was placed into the FT-IR spectrometer (Bruker 

Equinox 55 FTIR spectrometer) equipped with a HTS-XT high-throughput microplate extension and 

a deuterated triglycerine sulfate (DTGS) detector.  Spectra were collected from wavenumbers 4000-

600 cm-1. Data was analysed using MATLAB, and the spectra were baseline corrected using 

extended multiplicative scatter correction (EMSC). Further statistical analyses such as principle 

component analysis was performed on MATLAB using the cluster v2.0 toolbox from biospec.net. 

 

3.3.3 Matrix-Assisted Laser Desorption/Ionization- Time of Flight (MALDI-TOF) Analyses of Intact 

Algal-Cell Pellets  

Cells were harvested by centrifuging 30 ml of dense algal cell culture at 10,000 g for 5 min. The 

supernatant was removed, cells were washed with 1 ml of ddH2O, centrifuged again at 10,000 g for 

5 min and the supernatant removed leaving a dense cell pellet. The fresh weight (FW) was measured 

and an aliquot containing 20 mg FW of algal biomass was taken for MALDI analysis. Algal biomass 

was resuspended in a matrix of alpha-cyano-4-hydroxy-cinnamic acid (CHCA) (10mg ml-1), 2.5% 

acetonitrile (ACN) and dried onto an aluminium plate. Measurements were taken in reflection/ linear 

mode and masses ranging from 500-25000 m/z were taken and 81 profiles were collected, for each 

sample, using a Axima Confidence MALDI-TOF-MS (Shimadzu Biotech). Samples were then 

processed in mMAss v5.5 (Niedermeyer and Strohalm, 2012) by aligning the spectra and normalising 

the spectra to relative intensity. 
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3.3.4 Metabolite Extraction  

After cell harvest cultures were snap frozen in liquid nitrogen and stored at -80°C. Cell pellets were 

ground using a 2 mm tungsten ball in a Qiagen tissue lyser II then 1 ml of a methanol: chloroform: 

water (2.5:1:1) mix was added to each sample and vortexed. Samples were shaken at room 

temperature for 15 min. Samples were centrifuged at 14,000 g for 5 min at 24 °C, then 1 ml of 

supernatant was recovered to a fresh Eppendorf tube and 500 µl of ddH20 was added to each. The 

sample was vortexed and centrifuged at 14,000 g for 10 min at 24 °C to aid phase separation. Up to 

1.2 ml of the upper, polar phase was recovered (normalised to 30 mg (FW) of biomass) for LC-MS 

analysis. 100 µl of an internal standard containing 30 mg Lysine d4 and 30 mg Succinic-d4 acid was 

added to each sample. Samples were then left to dry in a speed vacuum concentrator overnight.  

3.3.5 LC-MS Analysis of Polar Phase Metabolites 

Metabolite analysis using LC-MS techniques were run at the University of Liverpool with the help of 

personnel from the Goodacre lab group. Metabolites were reconstituted in 200 µl of LC-MS grade 

H20. 100 µl of sample was aliquoted into auto sample vials and mass spectrum data was collected 

using a ThermoFisher Scientific Vanquish UHP-LC system coupled to a ThermoFisher Scientific Q-

Exactive mass spectrometer (ThermoFisher Scientific, UK), with an untargeted LC-MS/MS data 

acquisition performed. Sample vials were stored at 4 °C, 5 µl aliquots were injected for positive 

ionisation. 

3.3.6 Data Analysis  

Raw spectra were processed in Compound Discoverer 3.1, for deconvolution, alignment and 

annotation. Annotated peak areas were exported into Morpheus to generate a heat map. Metabolites 

were sorted based on their peak area across the 6 different treatments into 8 separate clusters using 

k means analysis. Metabolite names from each cluster were then put into the MBROLE conversion 

utility, to generate IDs for the metabolites across 11 different databases. These ID’s were then used 

to get functional annotation across BioCyc, The Small Molecule Pathway database (SMPDB) 

(including the human metabolome database; HMDB, The Yeast Metabolome Database; YMDB and 

E. Coli Metabolome Database; ECMDB), UniPathway, KEGG, KEGG module and Chemical Entities 

of Biological Interest (ChEBI)  pathways, interactions and roles, using MRBOLE. Enrichment analysis 

was then performed to see if any functional annotations appeared significantly enriched against a 

randomly generated list to identify any key pathways that are involved within that cluster.  A cut of 

>0.05 for the false discovery rate (FDR) to test for significant enrichment within the cluster.  

3.4 Results 

3.4.1 FT-IR Spectroscopy Determines Quantities of Metabolites Change in Response to Copper 

FT-IR spectroscopy can determine and quantify different molecules of a biological sample using the 

vibrations of chemical bonds of certain metabolites. Principal component analysis (PCA) of the FT-

IR spectra shows a clear differentiation between the C. acidophila PM01 and C. reinhardtii 11/32c 

species across principle component (PC) 1 (Figure 3.1). PC1 accounts for 64.9% of the variation of 

the data, showing that this is the main differential factor of the data and highlights how different the 

two species are. The more extreme copper stress (short-term) C. reinhardtii samples are 

distinguished from the control samples at the more negative values of PC1. PC2 accounts for the 

next highest percentage of the variation in the data (15.8%), and whilst it slightly differentiates some 
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of the copper treatments of C. reinhardtii, it clearly differentiates the treatments of C. acidophila. The 

long-term copper stress also has a highly variable effect on the metabolites of C. reinhardtii, as two 

of the biological replicates cluster near the control samples whilst the other two replicates cluster with 

the short-term copper stress samples (Figure 2.1). The mean FT-IR spectra for each treatment 

indicates that there are only very subtle differences between the species and between treatments in 

terms of the spectra patterns (Figure 3.2(A and B)). The PC1 loading plot shows a peak at 1270 cm-

1 as a major determinant of PC1 variance, which is clearly distinguished in the C. reinhardtii spectra 

but not as large in the C. acidophila spectra. This likely corresponds to phosphoryl groups (Table 

3.1). The PC2 loading plot shows that the two amide peaks (Amide I and amide II)  at 1655 cm-1 and 

1543 cm-1 mainly explain the variance between spectra on the basis of PC2. Therefore these peaks 

are potentially associated with adaptation by PM01 to copper. The peak at 3014cm-1 appears more 

prominent in control and short- term copper stress conditions than the long-term copper stress for 

both organisms (Figure 3.2 (A and B)).   
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Figure 3.1 Principal component analysis (PCA) of FT-IR spectra of two microalgae species C. 
reinhardtii (11/32c) and C. acidophila (PM01), under both a long-term and a short-term copper 
stress. Each point represents an individual biological replicate that has been averaged over nine 
technical replicates.  
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Peaks 3014 cm-1 , 1456 cm-1  and 1740 cm-1  from the FT-IR spectra can all detect functional groups 

in lipids. The peak at 3014 cm-1 is associated with vC-H of C=CH- chains of lipids (Table 3.1). All of 

the PM01 treatments were significantly lower than their respective C. reinhardtii treatments at the 

3014 cm-1. Other than the PM01 control compared to the C. reinhardtii short-term copper treatment, 

all the PM01 peaks were significantly smaller than any of the C. reinhardtii peaks (Table 2.1).  No 

differences were seen between the long-term and the control in both organisms, whilst the short-

term copper stress was significantly lower in PM01. Lipids can also be detected at 1456 cm-1 which 

detects the vibration of δas CH3 and δas CH2 in lipids and proteins (Table 3.1). Conversely to the peak 

at 3014 cm-1, the control and short-term copper treatment in PM01 show the highest values for these 

peaks. The control and long-term copper treatments in C. reinhardtii are significantly reduced 

compared to their respective treatments in PM01, however, they are not significantly smaller than 

the long-term treatment in PM01. The last peak with functional groups associated to lipids is the one 

at 1740 cm-1, which detects the vC=O ester of lipids and fatty acids (Table 3.1). The peak at 1740 

cm-1, show the PM01 peaks are significantly higher than the corresponding C. reinhardtii treatment, 

and, with the exception of the C. acidophila long-term treatment and the C. reinhardtii control, all 

PM01 treatments are significantly higher than the C. reinhardtii treatments. For peak 1740 cm-1 there 

is a different response to copper between the two species. PM01 has a reduction in peak height with 

a positive correlation with time in copper. The PM01 control treatment has the highest peak heights, 

whilst the long-term copper treatment has the smallest peak height which is significantly reduced 

compared to the control. Like for PM01 the highest peak height in the C. reinhardtii samples is seen 

in the control. However, the two organism differ in that it is the short-term copper treatment with the 

smallest peak height which is significantly lower than the control. 

The 1740 cm-1 peak also contains functional groups that can be associated to fatty acids, whilst these 

can be a component of lipids, they can also be exist as distinct functional molecules. Other than the 

1740 cm-1 peak, there are four other peaks that can be associated to fatty acids, which are, 2957 cm-

1, 2928 cm-1, 2872 cm-1 and 2852 cm-1. These peaks are all associated to vsCH2 and vasCH2, vsCH3 

and vasCH3 of fatty acids (Table 3.1) The 2872 cm-1 peak shows no significant difference across any 

of the species and treatments. For the peak at 2852 cm-1 only the short-term copper stress for C. 

reinhardtii was significantly lower than the control and long-term copper treatments, whilst all the 

other comparisons showed no significant changes in peak height. For the 2957 cm-1 peak the short-

term copper stresses for both species were significantly lower than every other treatment except for 

the PM01 long-term copper treatment. The 2928 cm-1 peak shows the most differences of the fatty 

acid peaks between the treatments. The PM01 control has the highest peak height and is significantly 

higher than all other treatments. The long-term and short-term copper stress induce a significant 

reduction of peak height for PM01, these peak heights are also statistically similar to the control and 

long-term copper treatment in C. reinhardtii. The short-term copper stress for C. reinhardtii caused a 

significant reduction in peak height compared to all other treatments across both species.  
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Figure 3.2 FT-IR spectra of two microalgae species (A) C. reinhardtii (11/32c) and  (B) C. 
acidophila (PM01), spectra are offset from each other and are the average of either 3 or 4 
biological replicates. The principal component loading plots for both principal component 1 and 2 
are also shown to highlight the main regions of difference. Wavenumbers were collected from 
4000-600cm-1. 



Page | 97  
 

The aforementioned 1456 cm-1 peak also detects the δas CH3 and δas CH2 of proteins as well as lipids. 

There are three other peaks that can be associated to proteins. First, 1655 cm-1 can detect vC=O of 

amides associated with protein (Amide I) (Table 3.1). The long-term copper stress in PM01 resulted 

in the highest peak at 1655 cm-1, this was significantly higher than any of the other treatments for 

PM01. Both the short-term and long-term copper stress in C. reinhardtii were statistically similar to 

the long-term copper stress in PM01 although they were not quite as high. The C. reinhardtii long-

term copper stress peak heights did not significantly differ from any other treatment across both 

species. The second peak associated to proteins is 1543 cm-1 which detects δN-H of amides 

associated with protein (Amide II). Again the long-term copper stress in PM01 resulted in the highest 

peak across all species and treatments, and the short-term copper stress in C. reinhardtii was the 

only treatment that was not statistically different to the long-term copper stress in PM01. The final 

wavenumber associated to proteins is 1270 cm-1 which detects the Vas P=O of nucleic acids, 

phosphoryl groups and phosphorylated proteins. For this wavenumber the control in C. reinhardtii 

had the highest peak and was statistically higher than every other treatment.  

Finally, the carbohydrate peaks at 1153 cm-1 and 1082 cm-1 show similar patterns to each other. For 

the first peak PM01 has the highest peak height, which is significantly bigger than any other treatment 

across both species and copper treatments (Table 3.1). However, both the short-term and long-term 

copper stress were enough to induce an 11.6% and 19.1% decrease in peak height from the control, 

respectively. Conversely, there was no significant reduction in carbohydrates under either of the 

copper stresses in 11/32c, and actually the long-term copper stress significantly increases the 

carbohydrate peak height at 1153 cm-1. The same pattern is seen at the carbohydrate peak at 1082 

cm-1, except that the long-term copper stress did not induce an increase in the carbohydrate peak 

height in 11/32c (Table 3.1). 
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  C. reinhardtii C. acidophila 

Peak Functional Group Control Long-Term Short-Term Control Long-Term Short-Term 

3600-
3000 

vO-H of water, vN-H of amide, vC-O of 
carbohydrates 

n/a n/a n/a n/a n/a n/a 

3014 vC-H of C=CH- chains of lipids 0.143 ±0.003 
a 

0.143 ±0.004 
a 0.136 ±0.003 

ab 
0.129 ±0.003 

bc 
0.124 ±0.003 

cd 
0.12 ±0.003 

d 

2957 vsCH2 and vasCH2, vsCH3 and vasCH3 of 

fatty acids 
0.198 ±0.002 

a 
0.198 ±0.005 

a 0.189 ±0.003 
b 

0.198 ±0.0004 
a 

0.192 ±0.004 
ab 

0.186 ±0.004 
b 

2928 vsCH2 and vasCH2, vsCH3 and vasCH3 of 

fatty acids 0.231 ±0.003 
b 0.229 ±0.003 

b 0.215 ±0.003 
c 0.243 ±0.002 

a 0.229 ±0.004 
b 0226 ±0.006 

b 

2872 vsCH2 and vasCH2, vsCH3 and vasCH3 of 

fatty acids 0.122 ±0.002 
ns 0.121 ±0.004 

ns 0.116 ±0.003 
ns 0.123 ±0.001 

ns 
0.119 ±0.001 

ns 
0.119 ±0.002 

ns 

2852 vsCH2 and vasCH2, vsCH3 and vasCH3 of 

fatty acids 
0.119 ±0.002 

a 
0.118 ±0.003 

a 0.11 ±0.003 
b 0.118 ±0.002 

ab 
0.112 ±0.001 

ab 
0.112 ±0.006 

ab 

1740 vC=O ester functional groups from 
lipids and fatty acids 

0.062 ±0.001
 

cd 
0.053 ±0.004 

de 
0.049 ±0.006 

e 
0.085 ±0.005 

a 
0.067 ±0.004 

bc 
0.076 ±0.004 

ab 

1655 vC=O of amides associated with 
protein (Amide I) 0.558 ±0.011 

c 0.57 ±0.015 
abc 0.584 ±0.006 

ab 
0.558 ±0.003 

c 0.593 ±0.018 
a 0.561 ±0.005 

bc 
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  C. reinhardtii C. acidophila 

Peak Functional Group Control Long-Term Short-Term Control Long-Term Short-Term 

1543 δN-H of amides associated with 
protein (Amide II) 

0.309 ±0.005 
c 

0.314 ±0.011 
bc 

0.324 ±0.007 
ab 

0.313 ±0.001 
bc 

0.338 ±0.008 
a 

0.316 ±0.003 
bc 

1456 δas CH3 and δas CH2 of lipids and 

proteins 
0.127 ±0.004 

bc 0.118 ±0.005 
c 0.122 ±0.006 

bc 0.145 ±0.004 
a 

0.132 ±0.0005 
ab 0.141 ±0.008 

a 

1270 Vas P=O of nucleic acids, phosphoryl 

groups, phosphorylated proteins 0.265 ±0.004 
a 0.233 ±0.027 

b 0.219 ±0.013 
b 0.154 ±0.004 

c 0.133 ±0.010  
c 0.153 ±0.002 

c 

1153 vC-O of carbohydrates 0.117 ±0.006 
e 0.129 ±0.004 

d 0.118 ±0.003 
e 0.173 ±0.004 

a 0.14 ±0.003 
c 0.153 ±0.001 

b 

1082 vC-O of carbohydrates 0.24 ±0.005 
abc 0.249 ±0.005 

a 0.231 ±0.006 
bc 0.244 ±0.002 

ab 0.208 ±0.012 
d 0.228 ±0.001 

c 

 Table 3.1 Functional groups of peak heights identified in the FT-IR spectra of two microalgae species (A) C. reinhardtii (11/32c) and (B) C. acidophila (PM01). Peak heights were compared 
using a one- way ANOVA and Tukey’s multiple comparison test was used as a post-hoc test to test for significant differences between the treatments represented by letters in superscript.  
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Due to the broad nature of the peaks some information can be lost in the data. To get around this we 

can take the second derivative to help identify any hidden peaks. PCA of the 2nd derivative data 

shows a clear separation between species and treatments. PC 1, which accounts for 62.1% of the 

variation of the data, separates both species and copper treatments. PM01 is associated with higher 

PC 1 values, which increase for the long-term and short-term copper treatment samples, with the 

short-term copper treatment having the highest PC 1 values in both organisms. PC 2 also separates 

both organisms and treatments, with negative PC 2 values being more associated to PM01 under 

control conditions whilst higher PC 2 values are more associated to C. reinhardtii under the short-

term copper stress.  It would seem logical that areas of interest in this data would be points on the 

spectra that corresponded with higher PC 1 values and lower regions of PC 2 values are they are 

more tightly associated to PM01 under copper stress and control conditions.  

When looking at the 2nd derivative data, it is difficult to distinguish any noticeable peaks (Figure 3.4 

(A and B)). To be more easily able to distinguish interesting peaks, the PC loadings plots are 

presented (Figure 3.4 (C)). A subtraction plot of PC 1 – PC 2 was also made to help exaggerate 

further areas of interest. There are 14 possible peaks of interest which have high PC 1 and low PC 

2 plot points, as identified by the subtraction plot. High peaks are seen at 1749 cm-1, 1712 cm-1, 1698 

cm-1, 1679 cm-1, 1635 cm-1, 1664 cm-1, 1611 cm-1, 1472 cm-1, 1456 cm-1, 1259 cm-1, 1082 cm-1, 1065 

cm-1, 1032 cm-1 and 1005 cm-1. However, currently, not functional groups can be assigned to these 

peak heights.  
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Figure 3.3 Principal component analysis (PCA) of the 2nd derivative of FT-IR spectra of two microalgae 
species C. reinhardtii (11/32c) and C. acidophila (PM01), under both long-term and a short-term copper 
stress. Each point represents an individual biological replicate that has been averaged over 9 technical 
replicates.  
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Figure 3.4 2nd derivative of FT-IR spectra of two microalgae species (A) C. reinhardtii (11/32c) and (B) C. 
acidophila (PM01), spectra are offset from each other and are the average of either 3 or 4 biological 
replicates. The principal component loading plots for both principal component 1 and 2 are also shown to 
highlight the main regions of difference, with a subtraction plot of PC 2 from PC 1 to identify key zones 
associated with copper stress also plotted.  
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3.4.2 MALDI Analysis Gives a Rapid Compound Profile of Intact Organisms 

MALDI analysis can be used as a proteomics tool to quantify proteins. As the proteins were not 

extracted and digested, identification of the proteins is not possible. MALDI analysis of the intact 

algal samples has provided a rapid mode of detecting compound differences between the two 

species under copper stresses (Figure 3.5 (A and B)). Figure 3.5 (C) shows a heat map of the two 

sets of spectra based on peak intensity which provides an easy comparison between all the spectra 

and copper treatments. The first noticeable difference between the two organisms is a shift in peaks. 

The highest peaks for both organisms are seen at 8269 m/z for C. reinhardtii and 8513 m/z for PM01, 

and likely represent equivalent proteins between the two organisms despite PM01 showing a shift to 

a higher m/z. However, another set of likely equivalent proteins, show a peak at 17806 m/z in C. 

reinhardtii, whilst in PM01, the protein appears to have a lower m/z at 17590 m/z in the acidophile. 

One of the first noticeable effects of a long-term copper treatment is the presence of a peak at 17590 

m/z and 17806 m/z for PM01 and C. reinhardtii respectively which is not seemingly present in the 

other copper treatments for both organisms. In addition to this major peak, other peaks appear in the 

long-term copper treatment that are not seemingly present in the other treatments for both 

organisms. Peaks are present at 8903 m/z, 9178 m/z, 11039 m/z, 11587 m/z and 13462 m/z in the 

C. reinhardtii long-term copper treatment (Figure 3.5 (A)). Fewer peaks are seen in the PM01 long-

term copper treatment with unique peaks appearing at 8796 m/z and 11047 m/z (Figure 3.5 (B)). 

Another region of interest is at 4864 m/z where there is a greater peak intensity for all of the PM01 

treatments, in comparison to their relative treatment in C. reinhardtii, but is most prevalent under the 

long-term copper treatment. The highest peak intensity is reduced under a long-term copper stress 

in PM01 however, copper stresses in C. reinhardtii do not seemingly change the peak intensity. The 

peak at 10318 m/z shows a high peak intensity for a certain compound in C. reinhardtii, which is 

much reduced in PM01 with a likely equivalent peak at 10217 m/z.  

PCA shows that the long-term treatments for both species are very similar, with very little variation 

across PC 1 and PC 2 between most of the long-term data sets, which accounts for 86.6% of the 

variation within the data Figure 3.6 (A). The two species are then separated across PC 1 with higher 

values being associated with C. reinhardtii and lower values being more associated with PM01. PC 

2 separates the copper treatments, with all of the short-term copper treatments in C. reinhardtii show 

positive values across PC 2. Conversely most of the short-term copper treatments in PM01 show 

positive PC 2 values, but not all. Additionally, these are interspersed between two control replicates 

of PM01, which has both low PC 1 and high PC 2 values (Figure 3.6 (A)). The PC loading plots were 

plotted against the reference m/z to see key areas of differences in the data set Figure 3.6 (B). Based 

on this, there could be further interesting peaks, in relation to PM01 adaptation to copper, at 4819 

m/z which shows high PC 2 and low PC 1 values. 
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Figure 3.5 MALDI spectra of two species of microalgae (A) C. reinhardtii (11/32c) and (B) C. acidophila 
(PM01). A heat map of peak heights is also presented (C) to observe differences more easily between the 
two sets of spectra. Data was normalised to relative intensity and normalised in mMass v5.5 

 



Page | 105  
 

 

Figure 3.6 Principal component analysis of MALDI spectra of two intact microalgal species PM01 (C. 
acidophila) and 11/32c (C. reinhardtii) under long-term and short-term copper conditions. (A) Principal 
component plots, plotting PC 1 vs PC 2. (B) PC 1 and 2 loading plots across the m/z.  
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3.4.3 Broad-Scale, Untargeted Metabolomic Analyses 

Polar fraction metabolites were extracted using a methanol/chloroform extraction process and 

analysed using LC-MS. PCA shows the best separation and clustering of data points when 

comparing PC 1 and PC 3 which account for 20.8% and 9.9 % of the variation in the data set, 

respectively (Figure 3.7). Clear separation of the two species is seen across PC 1, although one 

replicate of both the PM01 short-term and control appear to cluster more towards the C. reinhardtii 

replicates (Figure 3.7). There is a high amount of variation within the PM01 short-term treatments, 

whilst most data sets appear within negative PC 3 values. Most of the long-term copper treatments 

and controls for PM01 appear to cluster closely together, however, one replicate for both the control 

and long-term copper treatment show very high PC 3 values and separate further from the main 

cluster containing their other respective data points. Whilst the C. reinhardtii treatments appear to 

cluster together there is very little separation between the copper treatments. PC 1 vs PC2 can still 

discriminate against species (mainly across PC 1). However, it is less able to discriminate between 

treatments across either PC1 or PC 2 and many of the treatment points within the species are 

intertwined (Figure 3.7 (C)).  
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Figure 3.7 Principal component analysis of polar metabolites using LC-MS of 2 microalgal species 11/32c 
(C. reinhardtii) and PM01 (C. acidophila) under a short-term and long-term copper stress. Data also shows 
a pooled sample containing aliquots of all replicates. (A) Principle component 1 (20.8%) vs principle 
component 2 (15.2 %). (B) Principle component 1 (20.8%) vs principle component 3 (9.9%) 

 



Page | 108  
 

A total of 3010 putative metabolites were identified from the positive ion LC-MS dataset. To get a 

greater understanding of the biological processes that may be happening, the metabolites were 

sorted on a heat map, based on the peak area of the metabolites, and sorted using k-means 

clustering using the online Morpheus software tool. The heatmap separates into 8 clusters, 

separating metabolites based on their expression profiles (Figure 3.8). These clusters were then 

utilised to test for any enrichment of metabolites assigned to a variety of biological processes. The 

first cluster contains 655 metabolites, and of those metabolites 141 had at least one form of ID 

number from the various databases tested, giving rise to a total of 502 metabolite IDs for that cluster. 

Of those 502 ID’s 127 had some form of annotation of biological function associated to it, leading to 

a 19.4% hit rate from the total metabolites of the cluster (Table 3.2). Cluster 1 shows the highest 

relative abundance of the metabolites in the 11/32c control, the long-term treatment for 11/32c also 

shows some relatively high quantities, whilst the rest of the treatments show the lowest metabolite 

quantities. The PM01 control and the 11/32c short-term copper treatment showed the lowest 

quantities of the metabolites found in Cluster 1. Cluster 7 had the highest hit rate of annotated ID’s 

to total metabolites with 43.7% containing ID’s with a form of annotation. Within Cluster 7 the PM01 

control shows the highest quantities of metabolites, with metabolites in the PM01 long-term treatment 

also showing higher quantities of metabolites. The most annotated clusters thereafter are as follows; 

Cluster 8 (31.1%), Cluster 6 (24.9%), Cluster 4 (19.9%), Cluster 3 (17.3%), Cluster 5 (17.2%) and 

Cluster 2 (14.5%) (Table 3.2). Cluster 8 shows the highest relative quantities within the 11/32c long-

term treatment, whilst the short-term treatment shows the lowest quantities of the metabolites. The 

long-term copper treatment for C. reinhardtii also has the highest quantities of metabolites within 

Cluster 2 with relatively low quantities of the metabolites for all other treatments (Figure 3.8). The 

short-term copper treatment on 11/32c yielded the highest quantities of metabolites in Cluster 3, with 

the rest of the treatments of 11/32c also showing relatively high quantities of the metabolites (Figure 

3.8). The short-term copper treatment in PM01 yielded the highest quantities of metabolites in both 

Cluster 4 and 5. The main difference between the two clusters being that the long-term copper 

treatment also shows high quantities of the metabolites in Cluster 4 (Figure 3.8). The final cluster, 

Cluster 6, has the highest quantities of metabolites in the PM01 long-term copper treatment.  
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Figure 3.8 Heatmap of metabolites extracted from two microalgae species 11/32c (C. reinhardtii) and PM01 
(C. acidophila) under a short-term and long-term copper stress. Metabolites were sorted using k-means 
clustering to organise into 8 different expression profiles using the Morpheus online heatmap tool.  
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Total Metabolites Metabolites ID’d 
Total ID’s Identified from Metabolite 
ID 

Annotated ID’s 

Cluster 1 655 141 502 127 

Cluster 2 429 79 234 62 

Cluster 3 277 59 174 48 

Cluster 4 201 54 168 40 

Cluster 5 530 119 371 91 

Cluster 6 449 110 381 112 

Cluster 7 231 80 311 101 

Cluster 8 238 76 284 74 

 

Table 3.2 Overview of the annotations of metabolites from the clustered heatmap. Metabolite ID’s across 11 databases were obtained from metabolites names for each individual cluster 
using the automatic ID conversion from MBROLE 2.0.  The ID’s were then analysed for any annotations of biological function and enriched using MBROLE 2.0.  
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The annotations of the metabolites yielded a large number of annotations across a variety of 

databases for every cluster. A total of 2105, 2024, 1974, 936, 2830, 2354, 3327 and 2913 annotations 

were found for Clusters 1 – 8, respectively (Figure 3.9). Metabolites related to protein interactions 

dominate the number of annotations, containing well over half the annotations for each cluster. The 

classification of enzyme interactions is very prevalent within Cluster 1, 5, 6 and 8 across all species, 

and specifically in C. reinhardtii (Figure 3.9).  Both the SMPDB and C. reinhardtii pathways were 

prevalent in Cluster 6. Biofunctions and Chebi roles also make up a relatively large fraction of the 

annotations in Cluster 1, 4, 5, 6 and 8. Whilst not many metabolites were annotated with the KEGG 

modules, other interactions and UniPathway Pathways  databases (Figure 3.9). As protein 

interactions consisted of the bulk of the annotations, they were removed for the metabolite 

enrichment analysis. This is, in part due to the nature of the data, and with just protein names 

assigned we could not easily identify processes the metabolites would be involved in. Also due to 

the sheer bulk of the data, it warrants further investigation and analysis of the proteins involved. 

Metabolite enrichment classifies metabolites to certain pathways or interactions and calculates 

whether the number of metabolites found within these pathways are found in higher quantities than 

would be expected if you were to generate a list of the pathways at random. This gives an excellent 

overview and insight into the metabolite changes within the algae. 

Supplementary  Table 3.1 shows significantly enriched metabolite annotations within Cluster 1.  63 

of the 89 significantly enriched annotations are associated to biofunctions.  Of specific interest within 

this biofunction category 2, metabolite ID’s related to free radical scavenging were identified and four 

metabolites involved in purine metabolism. In addition to purine metabolism, two metabolites were 

also identified as purines within the KEGG compounds with biological roles database. Tryptophan 

metabolism was also found to be enriched within this cluster, being independently found enriched in 

both SMPDB pathway and the KEGG modules database. One metabolite involved in glutathione 

metabolism was also found in this cluster.   

Supplementary Table 3.2 shows significantly enriched metabolites annotations within Cluster 2. A 

total of 88 annotation terms were found to be enriched within this cluster.  Enzyme interactions 

consist of the highest amount of metabolite assignations found within this cluster, with 12 enzyme 

interactions being involved in C. reinhardtii databases and a further 27 enzyme interactions being 

found within other species.  25 metabolites have also been found in the biofunctions database.  Three 

metabolites involved in protein and amino acid synthesis were found in the biofunctions pathway. 

Lipid synthesis also appears to play an important role within this cluster, with metabolites involved in 

glycerol-3-phoosphate dehydrogenase being found to play an important role and enriched 

independently in  the enzyme interactions classification of the KEGG database, ECMDB and the 

Biocyc database.  Glycerolipid metabolism was also found to be enriched within the SMPDB 

pathway.  
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Figure 3.9 Annotations of metabolites for each cluster identified over several data bases. Total number of annotations are 
presented under each cluster and the colours represent relative quantities within each cluster.  
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Supplementary Table 3.3 shows significantly enriched metabolite annotations within Cluster 3.  A 

total of 85 metabolite annotations were found to be enriched within the cluster. 35 of the annotations 

came from the biofunctions classification in the HMDB. Amino acid biosynthesis plays a large role 

within this cluster with glycine serine, threonine and tyrosine metabolism all being significantly 

enriched pathways within the cluster as identified from the HMDB. Methionine metabolism may also 

be important within this cluster as it was found to be significantly enriched within the HMDB of 

biofunctions and methionine synthase, methionine adenosyltransferase and methionine. tRNA ligase 

was also found to be enriched within the KEGG enzyme interactions pathway.  

Supplementary Table 3.4 shows significantly enriched metabolites annotations within Cluster 4.  A 

total of 77 pathways and interactions were found to be significantly enriched within this cluster. Again, 

biofunction and enzyme interaction were the most abundant terms containing 22 and 26 terms, 

respectively. Thiamine biosynthesis pathways are significantly enriched within this cluster. Two 

metabolites are predicted to be involved in thiamine metabolism in the C. reinhardtii pathways from 

the KEGG database. Thiamin salvage II, thiamine diphosphate biosynthesis II and the superpathway 

of thiamin diphosphate biosynthesis III (eukaryotes) were also found enriched within the C. reinhardtii 

pathways from the BioCyc database. Biotin metabolism is also enriched within the cluster, with 

metabolites being found enriched within the SMPDB pathway. Additionally, metabolites involved in 

the biotin---[propionyl-CoA-carboxylase (ATP-hydrolysing)] ligase and biotin---[methylmalonyl-CoA-

carboxytransferase] ligase enzyme interactions were found within the YMDB. Metabolites involved 

in the Biotin--[acetyl-CoA-carboxylase] ligase enzyme interactions were found within the ECMDB. 

Metal chelators and radical scavengers are also found in the biofunctions of the HMDB containing 1 

and 2 metabolites respectively.  

Supplementary Table 3.5 shows significantly enriched metabolites annotations within Cluster 5. 

Biofunctions consist of the large majority of metabolite pathways and functions enriched within this 

cluster, containing 50 out of 57 categories. Metabolites involved in radical scavenging were found to 

be enriched within the cluster containing two metabolites. A metabolite involved in metal chelation 

was also found to be significantly enriched. Two metabolites involved in the oxidoreductant, 3-

phenylpropanoate dioxygenase, were also found to be enriched within Cluster 5. Finally, 59 

metabolites involved in Cytochrome P450 substrates as part of the CYP1 family. Metabolites involved 

in cysteine, glutamine, glutamate, lysine, phenylalanine, tyrosine, tryptophan, valine, leucine and 

isoleucine biosynthesis were also found within Cluster 5. A metabolite involved in glutathione 

metabolism was also found within this cluster.  

Supplementary Table 3.6 shows significantly enriched metabolites annotations within Cluster 6.  Like 

Cluster 5, the biofunction category consists of the most enriched pathways within this cluster, 

containing 73 out of 88 terms. Five metabolites involved in protein synthesis and amino acid 

biosynthesis were enriched within this cluster. Alongside, metabolites involved in glycine, serine, 

threonine, glutamate, purine, alanine, aspartate, phenylalanine, taurine, tyrosine, tryptophan and 

cysteine metabolism, which were also found to be enriched within this cluster. In addition to that, 

broader terms involved in amino acid biosynthesis have been found enriched within this cluster 

including essential amino acid and seleno amino acid metabolism terms. Lipid catabolism, fatty acid 

transport and energy production terms were found within this cluster, as well as components of 
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glycerophospholipid metabolism. Three metabolites involved in glutathione metabolism were also 

found enriched within the cluster and two metabolites involved in glutathione biosynthesis were 

identified from the KEGG module. Finally, 41 metabolites involved in ABC transporters were also 

found to be enriched within this cluster. 

Supplementary Table 3.7 shows significantly enriched metabolites annotations within Cluster 7.  As 

with the previous two clusters the biofunction category consists of the most enriched pathways within 

this cluster, containing 50 out of 72 terms. As with the last cluster, there appears to be a large quantity 

of metabolites involved in protein synthesis. These include Biofunctions involved in histidine, 

phenylalanine, tyrosine, tryptophan, histidine, arginine, proline, valine, leucine, isoleucine, cysteine, 

alanine and aspartate biosynthesis. Five metabolites are involved in transcription and translation as 

identified in the SMPDB pathway. Five are metabolites involved in the panthothenate and CoA 

biosynthesis. In addition, metal chelators and free radical scavengers were found enriched within 

Cluster 7, with three metabolites being assigned to those biofunctions. A metabolite categorised as 

an electron donor has also been found enriched within Cluster 7. Again CYP1, part of the cytochrome 

p450 family was found enriched within this cluster as 48 metabolites involved in this process were 

found enriched within Cluster 7. We also see a high number of metabolites (45) associated with the 

cyc-loop superfamily of the ion channel ligands enriched within Cluster 7. A metabolite involved in 

glutathione metabolism was also found within this cluster. 

Supplementary Table 3.8 shows significantly enriched metabolites annotations within Cluster 8.  Like 

previous clusters, biofunctions dominate the categories enriched within the cluster, consisting of 70 

out of a total of 80 functional annotations. Amino acid metabolism plays a large role within the  cluster, 

with metabolites involved in alanine, aspartate, arginine, proline, glutamate, glycine,  serine, 

threonine, histidine, phenylalanine, tyrosine, tryptophan, valine, methionine, leucine and isoleucine 

metabolism all found enriched within the cluster. In addition, two metabolites were found enriched 

within the essential amino acids and protein, synthesis and amino acid biosynthesis biofunction 

annotation within the HMDB. Four metabolites involved in transcription and translation, were also 

found enriched within the cluster. Energy metabolism also plays a role within this cluster, with 

metabolites involved in fatty acid and pyruvate metabolism also being found enriched within the 

cluster. Finally, more metabolites involved in the CYP1 family within the cytochrome p450 

superfamily. A metabolite involved in glutathione metabolism was also found within this cluster. 

3.5 Discussion 

3.5.1 MALDI-TOF as a Better Finger-Printing Tool, but Currently Less Informative 

The FT-IR spectra of both the PM01 and 11/32c controls were surprisingly similar. This is even more 

so when the samples have been exposed to copper. FT-IR spectra have been shown to distinguish 

both species and state of microalgae can differ in both peaks and peaks size when exposed to 

nutrient stress (Driver et al., 2015), nutrient stress and species dependent (Domenighini and 

Giordano, 2009) and plastic pollutants (Déniel et al., 2020). However, this study did not observe this, 

with the only major difference between the two species, and copper treatments being seen in a few 

peak heights. The peak at vas P=O of nucleic acids, phosphoryl groups and phosphorylated proteins 

does appear to slightly distinguish the species, with it being much more prevalent in the 11/32c 

samples as all treatments were significantly higher than any of the PM01 treatments. In comparison, 
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MALDI-TOF provided a much more distinct molecular fingerprint of intact algal samples. MALDI-TOF 

has been used on intact algal cells to provide an overview of the proteome (Emami et al., 2015), and 

on protein extracted samples (Barbano et al., 2015), to successfully distinguish microalgae down to 

the species level. However, without some form of protein digestion, any more in-depth information, 

such as protein composition, is unable to be collected. The MALDI-TOF spectra were much more 

distinguishable between the species, especially so under a long-term copper stress. Interestingly, 

the PCA of the FT-IR spectra gave better separation than that of the MALD-TOF.  

Despite a lesser ability to easily distinguish organisms and treatments, the FT-IR spectra do 

undoubtedly give greater insights into the cellular conditions than MALDI-TOF. The data indicated 

that PM01 may accumulate greater content of lipids and fatty acids, than 11/32c. This is significantly 

decreased upon a long-term copper stress, whilst a decrease was also seen in the short-term copper 

stress, but was not significant. My results seem to contradict that of  Yang et al. (2015) who showed 

that copper stress can significantly induce lipid accumulation in Chlorella minutissima alongside other 

metals. However, there are two main differences between these two experiments, firstly, C. 

minutissima was grown in an artificial wastewater, containing very high concentrations of nitrogen 

and phosphates. Secondly, cultures were stressed with only up to 1 mM Cu for 7 days, which was 

less than the exposure conditions of PM01. Although FT-IR spectra can give hints of the metabolic 

composition and changes of the cell, the results presented here would need to be confirmed by 

further molecular characterisation methods for a lipid decrease, such as use of the neutral lipid dye 

Nile Red or by mass spectrometry analysis. Lipid mobilisation was found to be crucial to the survival 

of extremophile species of the Rhodococcus genus, such that upon inhibition of triacylglycerol (TAG) 

degradation, cultures were unable to survive osmotic stress, UV irradiation and perhaps 

unsurprisingly, carbon starvation (Urbano et al., 2013; Urbano et al., 2014). A reduction in 

carbohydrate content in the PM01 strain as indicated by both the 1153 cm-1 and 1082 cm-1 peaks 

under both a short-term and long-term copper stress when compared to the control, also indicates 

some sort of energy demand to dealing with the copper stress. 

The second derivative spectra have the potential to give further insights, due to the broad nature of 

peaks from the FT-IR spectra, spectral information can be lost. By taking the 2nd derivative we are 

able to identify many hidden peaks (Gough et al., 2010). Although I was not able to assign any 

functional annotation to them, most of the hidden peaks were found between 1749 cm-1 and 1005 

cm-1. Due to the noise of the data, a likely artefact of taking the 2nd derivative, a method of focussing 

the data was needed to identify peaks that are having the greatest impact on the variation in my data. 

Further investigation into the functional annotation of these peaks will provide a greater insight into 

the copper adaptation of PM01 and provide more detailed information in the rapid metabolic 

characterisation of microalgae.  

Although no specific proteins were identified within the MALDI-TOF data, we can certainly gain 

insights. The appearance to new peaks under the long-term copper stress for both species are very 

interesting and likely explain why to long-term treatments for both species cluster together in the PCA 

analysis. What is more interesting is that most of these new peaks have high a high m/z value 

suggesting that very large proteins could be involved in the long-term copper adaptation of 

microalgae to copper. It is possible that the large protein peaks observed could just be due to 
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changes in the charge of the protein. Both the 17806 and 17590 m/z peaks for 11/32c and PM01, 

respectively have peaks at the 2-charge mass of 8903 and 8796 m/z. However, once again these 

peaks are only predominant in the long-term copper stress. These peaks are likely to be the same 

proteins seen at 7806 and 17590 m/z but in a 2+ charge state as opposed a single 1+ charge. This 

change in charge could be through either damage or quenching of ROS, or through the direct 

reduction of Cu2+ to Cu+. Copper is renowned for its ability to accept and donate electrons, one of 

the reasons it can be so damaging to cells in excess quantities (Printz et al., 2016).  Therefore, it is 

entirely feasible that we could see proteins donating electrons and increasing their charge state 

under copper stressed conditions. Whatever the mechanisms, this could be an interesting protein to 

either assess the damaging impact of copper, or alternatively, one of the adaptive mechanisms of 

microalgae to copper.  

3.5.2 Protein Synthesis Increases in Response to Copper 

FT-IR spectra data shown in Figure 3.2 and Table 3.1 clearly shows an increase in peaks associated 

to proteins in both C. acidophila and C. reinhardtii. The long-term copper stress elicited the strongest 

increase in protein peak height in  C. acidophila, whilst the short-term copper stress elicited the 

strongest increase in C. reinhardtii. The metabolomic data analyses further elucidate to an increase 

in protein content in the long-term copper stress for PM01, as Cluster 6 contains metabolites elevated 

at high quantities in the long-term copper stress of PM01 involved in amino acid metabolism and 

protein synthesis. Clusters 2, 3, 5 and 8 all also show metabolites involved in amino acid and protein 

biosynthesis, with the clusters showing elevated metabolites in copper stressed conditions for both 

species of microalgae. This is slightly confounded as the FT-IR spectra data shows that only protein 

peaks in the short-term copper stress for 11/32c and the long-term copper stress for PM01 were 

significantly increased in response to copper (Table 3.1). The matter is further complicated as an 

abundance of metabolites involved in amino acid and protein synthesis were also found in cluster 7, 

in which, the control for PM01 had the highest quantity of metabolites. A species of marine alga that 

dominates copper polluted waters in Chile, Ulva compressa, was found to increase expression of 

proteins involved in a variety of processes including carbon, nitrogen and sulphur assimilation,  

suggesting a need for increased protein synthesis (Laporte et al., 2020). Conversely, copper was 

found to negatively affect soluble protein content in the lichen Trebxia erici  and the microalga 

Scenedesmus quadricauda (Piovár et al., 2011). Copper has also been shown to dramatically alter 

nitrogen metabolism leading to a reduction in amino acid and protein content within plants (Llorens 

et al., 2000). It is evident there is no clear universal strategy to whether an increase in protein content 

is beneficial to copper adaptation. It is likely that specific protective proteins will confer the most 

resilience to copper, rather than just sheer quantity of total protein. The increase in protein peak size 

seen in the long-term copper adaptation of PM01 could be due to an accumulation of proteins helping 

to keep an optimum copper homeostasis. Although the short-term copper stress does show an 

increase in protein peaks, 3 hours is likely not enough time for the full protective measures to take 

place.  

However, there is another potential explanation for the increase in protein peak height seen. Excess 

copper has been shown to induce proteins involved in the ubiquitin pathway. This pathway is involved 

in the break down and removal of damaged and/ or misfolded proteins in response to abiotic stresses 

(Contreras-Porcia et al., 2011; Wang et al., 2017). It is possible that the increase in protein content 
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seen in the short-term copper stress of 11/32c is due to an increase in misfolded proteins, that have 

not yet been degraded. The ubiquitin-proteosome protein degradation pathway is capable of the 

breakdown of proteins from a couple of minutes up to days (Glickman and Ciechanover, 2002). 

Further, the ubiquitin proteasome pathway in C. reinhardtii can be hindered as excessive reactive 

oxygen species (ROS) accumulate (Vallentine et al., 2014). Therefore, damaged and unfunctional 

proteins could accumulate inside the cell of 11/32c, whilst the cell is producing more proteins to make 

up for the loss of function, leading to the increase in peak heights, functionally associated to proteins 

seen in the FT-IR data.  

3.5.3 Thiols Playing an Important Role in Copper Detoxification 

An abundance of metabolites either containing or directly involved with proteins containing thiols 

were indicated from the LC-MS dataset. Thiol groups play a key role in plant abiotic stress, they are 

integral to cysteine and methionine amino acids which can undergo ROS mediated transformation 

and as such are important amino acids in stress response proteins (Zagorchev et al., 2013). 

Additionally, thiols also play an important role in glutathione, a metabolite than can not only detoxify 

metals and ROS itself, but are also precursors to larger biomolecules such as phytochelatins and 

enzyme cofactors in ROS quenching enzymes such as glutathione peroxidase and ascorbate 

peroxidase (Mallick and Mohn, 2000; Zagorchev et al., 2013).  

The PM01 long-term copper treatment had the highest-level metabolites compared to the other 

treatments in Cluster 6. Within this cluster, three metabolites were identified to be involved in 

glutathione metabolism. This cluster had the most biological functions associated to glutathione, with 

Clusters 1, 5, 7 and 8 also having metabolites involved in glutathione metabolism significantly 

enriched within their cluster. Scenedesmus bijugatus cells exposed to copper for 3 days increased 

their total cellular thiol content. However, cellular glutathione was found to decrease in a copper 

concentration dependent manner (Nagalakshmi and Prasad, 2001). The authors stated that 

glutathione is being depleted rapidly, through various mechanisms of metal toxicity. At lower copper 

levels a copper sensitive strain of Silene cucubalus was found to contain higher quantities of reduced 

and oxidised glutathione than a copper tolerant strain of the same species. However, at higher 

concentrations of copper (>100 μM), the total glutathione concentrations and total phytochelatin 

content was much higher in the tolerant species than in the sensitive species (Ric De Vos et al., 

1992). This can help explain why we may see the highest concentration of metabolites involved in 

glutathione metabolism within the long-term copper treatment for PM01. Under a short-term copper 

stress, these metabolites are likely being used and depleted rapidly either through interactions 

directly with copper, as co-factors for enzymes, or synthesis into phytochelatins. However, over a 

long period of stress it is easy to see why the copper tolerant extremophile may want to accumulate 

these important biomolecules to deal with a lower, more persistent copper stress.  

As mentioned in Section 3.5.2, amino acid biosynthesis has been found enriched within many of the 

clusters, including for cysteine. Cysteine is an important amino acid, crucial for glutathione synthesis 

(the main limiting substrate for glutathione synthesis (Torricelli et al., 2004)), in addition it is the only 

sulphur containing amino acid which is part of a thiol group, which have been shown to have metal 

chelating and radical scavenging capabilities (Deneke, 2001). Among all the clusters containing 

amino acid enrichment, Clusters 5, 6 and 7 all contain elements of cysteine metabolism enriched 
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within them. A different PM01 treatment represents the highest quantities of metabolites within each 

cluster, suggesting that cysteine metabolism is an important process in PM01, even in non- copper 

stressed cells. This could potentially help explain how the PM01 long-term treatment shows a higher 

quantity of metabolites related to glutathione metabolism in Cluster 6.  My findings are consistent 

with those of Ritter et al. (2014b), who, alongside a whole host of other amino acids saw a significant 

increase in cysteine residues under a copper stress in the brown alga E. siliculosus.  

Other amino acids that contain sulphur groups are methionine and taurine. Methionine rich clusters 

have been identified in the N-terminal motif of the high affinity copper transport proteins (CTR) and 

suggested to play a role in copper binding (Puig and Thiele, 2002). Cluster 3, which shows the 

highest quantity of metabolites in the 11/32c short-term treatment, but also higher quantities in the 

long-term and control of 11/32c, shows a significant amount of metabolites annotated to roles 

involved in methionine biosynthesis or biological processes involving methionine. Metabolites 

involved in methionine synthesis and its incorporation into proteins, including methionine synthase 

and methionine tRNA ligase were found to be enriched within this cluster. In addition, methionine 

adenosyl transferase catalyses the synthesis of S-adenosylmethionine (Kotb and Geller, 1993). S-

adenosylmethionine has been shown to be upregulated in response to heavy metal  stress across a 

variety of organisms (Lee et al., 2006; Requejo and Tena, 2005), including copper stress in  

Ectocarpus siliculosus (Ritter et al., 2010). This could be a distinguishing factor between the two 

species of Chlamydomonas, as it suggests that PM01 may have an amino acid preference for 

cysteine biosynthesis which contain important metal binding and redox active thiol groups, whereas 

1132c may have a preference for methionine based detoxification methods and proteins.  

We have previously discussed how one of the main causes of damage to cells under copper stress 

is by disturbing the balance of ROS (Knauert and Knauer, 2008). Therefore, it was no surprise that 

metabolites involved in radical scavenging have been found in some of the clusters showing 

metabolite enrichment under a copper stress. These include Clusters 3, 4 and 5. Clusters 4 and 5 

show metabolites enriched within the PM01 in the long-term and short-term copper stress treatments. 

The ROS scavenging enzyme data from Chapter 2 shows that PM01 may have a higher antioxidant 

capability than 11/32c. Other studies have also shown that ROS scavenging enzyme activity 

increases in response to copper (Laporte et al., 2016; Li et al., 2006; Sabatini et al., 2009; Wang et 

al., 2018). Interestingly, both Clusters 1 and 7, which had the highest metabolite expression in the 

11/32c and PM01 controls, respectively, also showed enrichment of metabolites involved in radical 

scavenging. ROS are ever present in algal cells and are known to be useful at low concentrations 

for processes such as cell signalling (Devasagayam et al., 2004). It could be that the metabolites 

enriched in the control samples that are involved in radical scavenging, could be more focussed 

around ROS homeostasis in non-stressed states and a host of other metabolites are used for radical 

scavenging under copper stressed states. This would require further investigation into the specific 

metabolites involved in both the control and copper stressed states in regards to ROS homeostasis.  

3.5.4 Amino Acids Playing a direct Role in Copper Chelation 

Section 3.5.3 focussed on one important amino acid, cysteine in the role of copper detoxification. 

However, other amino acids such as proline have long been known to chelate copper (Farago and 

Mullen, 1979). Copper has been shown to induce proline synthesis in C. reinhardtii (Zhang et al., 
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2008), whilst proline content was also seen to increase when the copper tolerant C. argentea was 

exposed to copper (Wang et al., 2021). Three metabolites assigned as a component of arginine and 

proline metabolism were found in Cluster 7 and one metabolite enriched in Cluster 8. Cluster 7 has 

the highest number of metabolites in the PM01 control but also relatively high quantities in the long-

term treatment of PM01, whilst these metabolites were much reduced in the short-term copper 

treatment. This could suggest that high quantities of proline are present under non-stressed 

conditions in preparation for an unexpected stress (such as the short-term copper stress), where 

they can chelate metals such as copper. Once the proline is depleted under a short-term copper 

stress the cell can then build back up the cellular proline over time, once the copper has been 

sequestered. Two metabolites involved in alanine and aspartate metabolism were found in both 

Clusters 6 and 7, whilst one was found in both Cluster 1 and 8. Buayam et al. (2019), found that 

alanine and aspartate metabolism were more sensitive to pH change than copper whilst proline was 

more sensitive to copper changes. However, Wang et al. (2021) also found alanine and aspartate 

pathways upregulated in response to copper in C. argentea. It seems that amino acids could play an 

important role in either both or one adapting to copper and pH stress.  

3.5.5 Cytochrome P450 Metabolites are Abundant Across Both Species and Most Treatments 

Metabolites identified as substrates for the cytochrome P450 (CYTP450) monooxygenase system 

were found enriched within 6 out of 8 of the clusters. Not only that, but they also were present in very 

high numbers.  CYTP450 is a thiol-based protein and as such copper has been found to bind and 

inhibit activity of this monooxygenase (Letelier et al., 2009). The CYTP450 is involved in metabolising 

xenobiotics in the microsome and has been found in a variety of marine microalgae phyla and shown 

to metabolise various marine pollutants (Pflugmacher and Sandermann, 1998). My dataset shows 

no clear pattern of CYTP450 metabolites by either copper treatment or species. It is possible that 

copper is inhibiting the enzymatic reactions, causing a build up of metabolites that are being detected 

in the copper treated samples. Cu2+ ions have previously been found to inhibit cytochrome P450 

reactions in rat liver microsomes, where other metal ions such as Mg2+, Mn2+ and Zn2+ did not (Kim 

et al., 2002). However, this does not explain the enrichment within the control samples. Another 

cause could be different biomolecules are being broken down processes that are occurring between 

the treatments, requiring a host of different enzymes and metabolites depending on the substrates 

that are being degraded. It would also be worth examining whether there are any differences between 

the copper treatments, or if the CYTP450 complex remains highly active regardless of copper 

treatment.  

3.6 Conclusion 

It appears that there is a high energy burden upon PM01 in adapting to a copper stress as shown by 

the reduction in both lipid and carbohydrates as seen in the FT-IR spectra. Concurrent increases in 

protein suggest that this utilisation of carbohydrates and lipids could be to provide energy for protein 

synthesis and to meet the energy demands of said proteins for them to function. In chapter 3 we saw 

how copper stress completely inhibited photosynthesis in the short-term copper stress in PM01 

whilst, significantly but not completely inhibited photosynthesis in 11/32c. This could, in part explain 

some of the reduction in lipids and carbohydrate. However, under the long-term copper stress 

photosynthetic efficiency of PS II was completely restored compared to the control.  MALDI-TOF 
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data provided an insight into some of the proteomic changes of the cells, where, in both species, 

various protein peaks appeared in the long-term copper stress for both species.  A large protein with 

a high m/z charge was found which also showed peaks where would expect to see it should it be 

doubly charged. This could indicate it may play a role in either redox, or metal binding activities. This 

clarifies my FT-IR spectra data suggesting that proteins could play an important role in copper 

adaptation, especially in PM01. Metabolomic data analyses by LC-MS further support the idea of 

proteins playing an important role in copper detoxification, with many metabolite functional 

annotations being linked to protein interactions.  On top of this a possible distinguishing feature 

between PM01 and 11/32c is with regard to amino acid preference. 11/32c samples show enrichment 

a lot of metabolites involved in methionine-based processes, whilst PM01 saw a lot of processes 

involved cysteine amino acid metabolism. Cysteines contain thiol groups, a functional group that is 

known to have potent ROS and metal detoxification properties, therefore their abundant presence in 

PM01 is not too surprising. This could be one of the methods in which PM01 can confer greater 

tolerance to copper. However, as this study undertook an untargeted metabolomic approach, no 

substantiated claims can be made. Further investigations would have to look at specific metabolites 

of interest with the appropriate standards run. Finally, in this analysis a large chunk of metabolite 

annotations were discounted, those associated to protein interactions. This could be a great source 

of information in PM01s adaptation to copper and could compliment the data in the following chapter. 

Further work will look into combining these two data sets. There are also samples ready for both GC-

MS for the polar fraction, and LC-MS samples for non-polar metabolites to be analysed.  Once able 

these will be run and may give further insights into some of these adaptation mechanisms.  
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3.8 Supplementary Tables 

Supplementary Table 3.1- Functional Annotations and Enrichment of Metabolites From Cluster 1 

ID Annotation Annotation Category Database 
In 

Set 
FDR correction 

PWY-6605 adenine and adenosine salvage II 
Pathways 

(Chlamydomonas 
reinhardtii) 

BioCyc 2 0.033413 

2.4.2.7 
Adenine 
phosphoribosyltransferase 

Enzyme 
interactions 

ECMDB 2 0.039139 

SALVADEHYPOX
-PWY 

adenosine nucleotides degradation 
Pathways 

(Chlamydomonas 
reinhardtii) 

BioCyc 2 0.033413 

N/A Adjuvants Biofunctions HMDB 1 0.02391 

N/A Adrenergic Agents Biofunctions HMDB 1 0.038302 

N/A Analgesics, Opioid Biofunctions HMDB 1 0.041945 

N/A Anorexigenic Agents Biofunctions HMDB 1 0.021885 

N/A Anti-anxiety Agents Biofunctions HMDB 2 0.006397 

N/A anti-arthritic Biofunctions HMDB 1 0.017928 

N/A anti-cancer Biofunctions HMDB 1 0.038302 

N/A Anticonvulsants Biofunctions HMDB 4 2.29E-05 

N/A Antiepileptic Agents Biofunctions HMDB 1 0.015579 

N/A anti-fungal Biofunctions HMDB 1 0.043865 

N/A anti-inflammatory Biofunctions HMDB 2 0.012341 

N/A anti-mutagen Biofunctions HMDB 1 0.008233 

N/A anti-mycotic Biofunctions HMDB 1 0.017928 

N/A anti-nociceptive Biofunctions HMDB 1 0.029188 

N/A anti-tumor Biofunctions HMDB 2 0.004749 

N/A Antitussive Agents Biofunctions HMDB 1 0.02391 

N/A Antitussives Biofunctions HMDB 1 0.022224 

N/A Antiviral Agents Biofunctions HMDB 1 0.043865 

N/A apoptotic Biofunctions HMDB 1 0.042857 

N/A Appetite Depressants Biofunctions HMDB 1 0.021885 

N/A Barbiturates Biofunctions HMDB 1 0.02391 

N/A Bases 
Compounds with 
biological roles 

KEGG 3 0.005695 

N/A catabolic Biofunctions HMDB 1 0.022224 

N/A Central Nervous System Agents Biofunctions HMDB 1 0.029188 

N/A 
Central Nervous System 
Stimulants 

Biofunctions HMDB 1 0.029188 

SMP00405 Codeine Pathway SMPDB Pathway HMDB 1 0.034649 

N/A 
Component of Alanine and 
aspartate metabolism 

Biofunctions HMDB 1 0.036837 

N/A 
Component of beta-Alanine 
metabolism 

Biofunctions HMDB 1 0.036837 

N/A Component of Biotin metabolism Biofunctions HMDB 1 0.017928 

N/A 
Component of Butanoate 
metabolism 

Biofunctions HMDB 1 0.035187 

N/A 
Component of Glutamate 
metabolism 

Biofunctions HMDB 1 0.049213 

N/A 
Component of Glutathione 
metabolism 

Biofunctions HMDB 1 0.029188 

N/A 
Component of Methionine 
metabolism 

Biofunctions HMDB 1 0.031956 

N/A Component of Purine metabolism Biofunctions HMDB 3 0.000635 

N/A 
Component of Riboflavin 
metabolism 

Biofunctions HMDB 1 0.02391 
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N/A 
Component of Selenoamino acid 
metabolism 

Biofunctions HMDB 1 0.029188 

N/A 
Component of Taurine and 
hypotaurine metabolism 

Biofunctions HMDB 1 0.021885 

N/A Cross-Linking Reagents Biofunctions HMDB 1 0.021422 

Cytochrome 
P450 substrates 

CYP1 family Other interactions KEGG 40 8.91E-07 

Ion channel 
ligands 

Cys-loop superfamily Other interactions KEGG 50 0.004402 

N/A Dermatologicals Biofunctions HMDB 1 0.015579 

N/A DNA component Biofunctions HMDB 1 0.036837 

3.2.2.7 EC number 

Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

BioCyc 2 0.007364 

3.2.2.1 EC number 

Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

BioCyc 2 0.022485 

N/A Essential amino acid Biofunctions HMDB 1 0.029188 

N/A Essential amino acids Biofunctions HMDB 1 0.02391 

N/A Essential vitamins Biofunctions HMDB 1 0.029188 

N/A GABA Modulators Biofunctions HMDB 2 0.004749 

3.5.4.3 Guanine deaminase 
Enzyme 

interactions 
BioCyc 2 0.007364 

3.5.4.3 Guanine deaminase 
Enzyme 

interactions 
ECMDB 2 0.013049 

PWY-6606 
guanosine nucleotides degradation 
II 

Pathways 
(Chlamydomonas 

reinhardtii) 
BioCyc 2 0.033413 

N/A hepatoprotective Biofunctions HMDB 2 0.001131 

N/A Hypnotics and Sedatives Biofunctions HMDB 2 0.008233 

N/A Hypoglycemic Agents Biofunctions HMDB 1 0.038302 

2.4.2.8 
Hypoxanthine 
phosphoribosyltransferase 

Enzyme 
interactions 

ECMDB 3 0.006152 

N/A metal chelator Biofunctions HMDB 1 0.015579 

N/A Muscle Relaxants, Central Biofunctions HMDB 1 0.029188 

N/A Narcotics Biofunctions HMDB 1 0.039316 

N/A neuroprotectant Biofunctions HMDB 2 0.001373 

N/A neuroprotective Biofunctions HMDB 2 0.001112 

N/A Neuroprotective Agents Biofunctions HMDB 1 0.029188 

N/A Nootropic Agents Biofunctions HMDB 1 0.022224 

N/A Opiate Agonists Biofunctions HMDB 1 0.025851 

PWY4LZ-81 Organic Nitrogen Assimilation 
Pathways 

(Chlamydomonas 
reinhardtii) 

BioCyc 3 0.033413 

N/A 
Osmolyte, enzyme cofactor, 
signalling 

Biofunctions HMDB 2 0.010816 

N/A Photosensitizing Agents Biofunctions HMDB 1 0.021885 

N/A Pigmenting Agents Biofunctions HMDB 1 0.012341 

N/A Prodrugs Biofunctions HMDB 1 0.02391 

N/A Protein component Biofunctions HMDB 2 0.001112 

SMP00050 Purine Metabolism SMPDB Pathway HMDB 4 0.007059 

2.4.2.1 Purine-nucleoside phosphorylase 
Enzyme 

interactions 
ECMDB 4 0.004078 

N/A Purines 
Compounds with 
biological roles 

KEGG 2 0.010798 

N/A radical scavenger Biofunctions HMDB 2 0.001112 

N/A Ribonucleosides 
Compounds with 
biological roles 

KEGG 2 0.041627 
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3.2.2.8 Ribosylpyrimidine nucleosidase 
Enzyme 

interactions 
ECMDB 5 9.35E-06 

N/A Stimulants Biofunctions HMDB 1 0.022224 

ULS00086 sulfite from sulfate 
UniPathway 
Pathways 

ChEBI 2 0.038699 

N/A Sympathomimetics Biofunctions HMDB 1 0.043865 

N/A Thazolidinediones Biofunctions HMDB 1 0.012341 

SMP00063 Tryptophan Metabolism SMPDB Pathway HMDB 3 0.01926 

SMP00063 Tryptophan Metabolism SMPDB Pathway ECMDB 5 0.035311 

M00066 
Tryptophan metabolism, 
tryptophan => serotonin => 

KEGG modules KEGG 2 0.035028 

3.2.2.3 uridine nucleosidase 
Enzyme 

interactions 
YMDB 3 0.017728 

N/A Waste products Biofunctions HMDB 5 0.029604 

ULS00321 xanthine from guanine 
UniPathway 
Pathways 

ChEBI 2 0.014541 

2.4.2.22 
Xanthine 
phosphoribosyltransferase 

Enzyme 
interactions 

ECMDB 2 0.035548 

 

Supplementary Table 3.2- Functional Annotations and Enrichment of Metabolites From Cluster 2 

ID Annotation Annotation Category Database In 
Set 

FDR 
correction 

3.5.4.2 Adenine deaminase Enzyme 
interactions 

BioCyc 1 0.026281 

3.5.4.2 Adenine deaminase Enzyme 
interactions 

ECMDB 1 0.039989 

2.4.2.7 Adenine 
phosphoribosyltransferase 

Enzyme 
interactions 

BioCyc 1 0.026281 

2.4.2.7 Adenine 
phosphoribosyltransferase 

Enzyme 
interactions 

ECMDB 1 0.039989 

2.4.2.7 Adenine 
phosphoribosyltransferase 

Enzyme 
interactions 

KEGG 1 0.047909 

3.2.2.9 Adenosylhomocysteine 
nucleosidase 

Enzyme 
interactions 

BioCyc 1 0.026281 

3.2.2.9 Adenosylhomocysteine 
nucleosidase 

Enzyme 
interactions 

ECMDB 1 0.039989 

N/A adenylate cyclase agonist Chebi role ChEBI 1 0.037629 

N/A Adrenergic Agents Biofunctions HMDB 1 0.02555 

N/A Adrenergic beta-Antagonists Biofunctions HMDB 2 0.001853 

ULS00309 AMP from adenine UniPathway 
Pathways 

ChEBI 1 0.006443 

3.2.2.4 AMP nucleosidase Enzyme 
interactions 

ECMDB 1 0.039989 

N/A Anti-anxiety Agents Biofunctions HMDB 1 0.030231 

N/A anticonvulsant Chebi role ChEBI 3 0.037629 

N/A Anticonvulsants Biofunctions HMDB 2 0.002623 

N/A Antidotes Biofunctions HMDB 1 0.014247 

N/A Antihypertensive Agents Biofunctions HMDB 2 0.007487 

N/A Antiviral Agents Biofunctions HMDB 1 0.028028 

3.6.3.16 arsenite-transporting ATPase Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

BioCyc 1 0.027781 

3.6.3.16 arsenite-transporting ATPase Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

KEGG 1 0.047909 

N/A Barbiturates Biofunctions HMDB 1 0.014247 

N/A Bases Compounds with 
biological roles 

KEGG 2 0.004094 
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M00084 beta-Alanine biosynthesis, cytosine 
/ uracil => beta-alanine 

KEGG modules KEGG 1 0.033606 

M00173 beta-Oxidation, acyl-CoA synthesis KEGG modules KEGG 1 0.033606 

SMP00299 Betaxolol Pathway SMPDB Pathway HMDB 1 0.020382 

SMP00300 Bisoprolol Pathway SMPDB Pathway YMDB 3 0.001651 

SMP00300 Bisoprolol Pathway SMPDB Pathway HMDB 1 0.020382 

SMP00300 Bisoprolol Pathway SMPDB Pathway YMDB 2 0.033445 

N/A catabolic Biofunctions HMDB 1 0.014112 

2.7.8.5 CDP-diacylglycerol--glycerol-3-
phosphate 3-
phosphatidyltransferase 

Enzyme 
interactions 

BioCyc 1 0.026281 

2.7.8.5 CDP-diacylglycerol--glycerol-3-
phosphate 3-
phosphatidyltransferase 

Enzyme 
interactions 

KEGG 1 0.047909 

N/A Component of Glycerolipid 
metabolism 

Biofunctions HMDB 1 0.026462 

N/A Component of Glycerophospholipid 
metabolism 

Biofunctions HMDB 1 0.030231 

N/A Component of Purine metabolism Biofunctions HMDB 1 0.033363 

N/A curing agent Chebi role ChEBI 1 0.037629 

3.5.4.1 Cytosine deaminase Enzyme 
interactions 

BioCyc 1 0.026281 

3.5.4.1 Cytosine deaminase Enzyme 
interactions 

ECMDB 1 0.039989 

N/A DNA component Biofunctions HMDB 1 0.024534 

N/A EC 1.1.1.189 (prostaglandin-E2 9-
reductase) inhibitor 

Chebi role ChEBI 1 0.037629 

N/A EC 2.6.1.19 (4-aminobutyrate--2-
oxoglutarate transaminase) 
inhibitor 

Chebi role ChEBI 1 0.037629 

2.1.1.137 EC number Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

BioCyc 2 0.005455 

4.1.1.48 EC number Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

BioCyc 1 0.026281 

1.20.4.1 EC number Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

BioCyc 1 0.026281 

5.3.1.24 EC number Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

BioCyc 1 0.026281 

3.2.2.7 EC number Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

BioCyc 1 0.026281 

N/A EENT Drugs Biofunctions HMDB 1 0.011096 

N/A Enzyme Inhibitors Biofunctions HMDB 2 0.004252 

N/A GABA Agents Biofunctions HMDB 1 0.006347 

2.7.1.30 Glycerol kinase Enzyme 
interactions 

BioCyc 1 0.026281 

2.7.1.30 Glycerol kinase Enzyme 
interactions 

ECMDB 1 0.039989 

2.7.1.30 Glycerol kinase Enzyme 
interactions 

KEGG 1 0.047909 

2.3.1.15 Glycerol-3-phosphate 1-O-
acyltransferase 

Enzyme 
interactions 

BioCyc 1 0.027781 

2.3.1.15 Glycerol-3-phosphate 1-O-
acyltransferase 

Enzyme 
interactions 

KEGG 1 0.047909 

1.1.5.3 Glycerol-3-phosphate 
dehydrogenase 

Enzyme 
interactions 

BioCyc 1 0.034869 
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1.1.5.3 Glycerol-3-phosphate 
dehydrogenase 

Enzyme 
interactions 

ECMDB 1 0.039989 

1.1.5.3 Glycerol-3-phosphate 
dehydrogenase 

Enzyme 
interactions 

KEGG 1 0.047909 

1.1.1.94 Glycerol-3-phosphate 
dehydrogenase (NAD(P)(+)) 

Enzyme 
interactions 

BioCyc 1 0.026281 

1.1.1.94 Glycerol-3-phosphate 
dehydrogenase (NAD(P)(+)) 

Enzyme 
interactions 

ECMDB 1 0.039989 

1.1.1.8 glycerol-3-phosphate 
dehydrogenase (NAD+) 

Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

BioCyc 1 0.026281 

1.1.1.8 glycerol-3-phosphate 
dehydrogenase (NAD+) 

Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

KEGG 1 0.047909 

SMP00039 Glycerolipid Metabolism SMPDB Pathway HMDB 2 0.020382 

3.1.4.46 Glycerophosphodiester 
phosphodiesterase 

Enzyme 
interactions 

BioCyc 1 0.026281 

3.1.4.46 Glycerophosphodiester 
phosphodiesterase 

Enzyme 
interactions 

ECMDB 1 0.039989 

3.1.4.46 Glycerophosphodiester 
phosphodiesterase 

Enzyme 
interactions 

KEGG 1 0.047909 

N/A hepatitis C protease inhibitor Chebi role ChEBI 2 0.015256 

N/A Hypnotics and Sedatives Biofunctions HMDB 2 0.002623 

6.2.1.3 Long-chain-fatty-acid--CoA ligase Enzyme 
interactions 

ECMDB 1 0.039989 

3.2.2.16 methylthioadenosine nucleosidase Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

KEGG 1 0.047909 

N/A neuroprotectant Biofunctions HMDB 1 0.017982 

N/A neuroprotective Biofunctions HMDB 1 0.01477 

3.1.2.22 palmitoyl[protein] hydrolase Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

BioCyc 1 0.026281 

3.1.2.22 palmitoyl[protein] hydrolase Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

KEGG 1 0.047909 

M00182 Phosphatidic acid (PA) 
biosynthesis 

KEGG modules KEGG 1 0.033606 

M00184 Phosphatidylcholine (PC) 
biosynthesis, PE => PC 

KEGG modules KEGG 1 0.033606 

N/A Prodrugs Biofunctions HMDB 1 0.014247 

N/A protein kinase A agonist Chebi role ChEBI 1 0.037629 

N/A Protein synthesis, amino acid 
biosynthesis 

Biofunctions HMDB 3 0.002124 

N/A Purines Compounds with 
biological roles 

KEGG 1 0.044655 

3.2.2.8 Ribosylpyrimidine nucleosidase Enzyme 
interactions 

ECMDB 2 0.010446 

N/A Signaling Biofunctions HMDB 1 0.027284 

N/A signalling Biofunctions HMDB 1 0.018221 

ULS00433 S-methyl-5-thio-alpha-D-ribose 1-
phosphate from S-methyl-5'-
thioadenosine (phosphorylase 
route) 

UniPathway 
Pathways 

ChEBI 1 0.006443 

N/A Styrenes Compounds with 
biological roles 

KEGG 1 0.033595 

N/A Succinimides Biofunctions HMDB 1 0.007487 

N/A sympatholytic agent Chebi role ChEBI 2 0.037629 

N/A Sympatholytics Biofunctions HMDB 2 0.001853 
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M00181 Triacylglycerol biosynthesis KEGG modules KEGG 1 0.033606 

ULS00346 uracil from cytosine UniPathway 
Pathways 

ChEBI 1 0.006443 

 

Supplementary Table 3.3- Functional Annotations and Enrichment of Metabolites From Cluster 3 

ID Annotation Annotation Category Database 
In 

Set 
FDR 

correction 

1.97.1.4 
[Formate-C-acetyltransferase]-
activating enzyme 

Enzyme 
interactions 

BioCyc 1 0.049235 

2.1.1.14 
5-methyltetrahydropteroyl 
triglutamate--homocysteine S-
methyltransferase 

Enzyme 
interactions 

BioCyc 1 0.049235 

N/A Adjuvants, Anesthesia Biofunctions HMDB 1 0.016317 

N/A Adrenergic alpha-Agonists Biofunctions HMDB 1 0.016317 

N/A Adrenergic beta-Agonists Biofunctions HMDB 1 0.016067 

N/A Anesthetics, Intravenous Biofunctions HMDB 1 0.015332 

N/A Anti-anxiety Agents Biofunctions HMDB 1 0.020712 

N/A Anticonvulsants Biofunctions HMDB 1 0.025384 

N/A Antiemetics Biofunctions HMDB 1 0.020712 

N/A Antifibrinolytic Agents Biofunctions HMDB 1 0.006955 

N/A Antimetabolites Biofunctions HMDB 1 0.018601 

4.1.1.28 
aromatic-L-amino-acid 
decarboxylase 

Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

KEGG 1 0.032763 

ULS00183 betaine from betaine aldehyde 
UniPathway 
Pathways 

ChEBI 2 0.003988 

SMP00123 Betaine Metabolism SMPDB Pathway HMDB 3 0.000889 

1.2.1.8 Betaine-aldehyde dehydrogenase 
Enzyme 

interactions 
KEGG 2 0.003035 

1.2.1.8 Betaine-aldehyde dehydrogenase 
Enzyme 

interactions 
BioCyc 2 0.010999 

1.2.1.8 Betaine-aldehyde dehydrogenase 
Enzyme 

interactions 
ECMDB 2 0.01598 

2.8.1.6 Biotin synthase 
Enzyme 

interactions 
KEGG 1 0.032763 

2.8.1.6 Biotin synthase 
Enzyme 

interactions 
BioCyc 1 0.049235 

N/A Bronchodilator Agents Biofunctions HMDB 1 0.019394 

N/A Cardiotonic Agents Biofunctions HMDB 1 0.016067 

N/A 
Component of Aminoacyl-tRNA 
biosynthesis 

Biofunctions HMDB 1 0.016067 

N/A 
Component of Glycine, serine and 
threonine metabolism 

Biofunctions HMDB 3 3.43E-05 

N/A 
Component of Histidine 
metabolism 

Biofunctions HMDB 1 0.016269 

N/A 
Component of Methionine 
metabolism 

Biofunctions HMDB 2 0.000305 

N/A 
Component of Riboflavin 
metabolism 

Biofunctions HMDB 1 0.0125 

N/A 
Component of Selenoamino acid 
metabolism 

Biofunctions HMDB 1 0.015332 

N/A 
Component of Stilbene, coumarine 
and lignin biosynthesis 

Biofunctions HMDB 1 0.009479 

N/A 
Component of Tyrosine 
metabolism 

Biofunctions HMDB 3 3.43E-05 

1.3.99.22 
Coproporphyrinogen 
dehydrogenase 

Enzyme 
interactions 

KEGG 1 0.032763 

1.3.99.22 
Coproporphyrinogen 
dehydrogenase 

Enzyme 
interactions 

BioCyc 1 0.049235 

Cytochrome 
P450 substrates 

CYP1 family Other interactions KEGG 16 1.25E-05 
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2.5.1.47 cysteine synthase 
Enzyme 

interactions 
YMDB 1 0.030358 

N/A Dermatologicals Biofunctions HMDB 1 0.006955 

1.1.1.303 
Diacetyl reductase ((R)-acetoin 
forming) 

Enzyme 
interactions 

YMDB 1 0.018363 

M00076 
Dopamine / noradrenaline / 
adrenaline metabolism 

KEGG modules KEGG 2 0.04417 

4.4.1.11 EC number 

Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

BioCyc 1 0.049235 

1.8.4.14 EC number 

Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

BioCyc 1 0.049235 

3.2.2.1 EC number 

Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

BioCyc 1 0.049235 

3.4.13.18 EC number 

Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

BioCyc 2 0.049235 

2.6.1.88 EC number 

Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

BioCyc 1 0.049235 

2.7.1.1 EC number 

Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

BioCyc 1 0.049235 

2.4.1.141 EC number 

Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

BioCyc 1 0.049235 

3.4.11.18 EC number 

Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

BioCyc 1 0.049235 

1.2.1.28 EC number 

Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

BioCyc 1 0.049235 

2.1.1.192 EC number 

Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

BioCyc 1 0.049235 

2.4.1.142 EC number 

Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

BioCyc 1 0.049235 

4.1.99.17 EC number 

Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

BioCyc 1 0.049235 

N/A Enzyme cofactor Biofunctions HMDB 1 0.015332 

N/A Enzyme Inhibitors Biofunctions HMDB 2 0.002956 

N/A Enzyme Inhibitors Antimetabolites Biofunctions HMDB 1 0.005963 

N/A Essential amino acids Biofunctions HMDB 1 0.0125 

N/A Essential minerals Biofunctions HMDB 1 0.016317 

N/A Free Radical Scavengers Biofunctions HMDB 1 0.010424 

N/A GABA Modulators Biofunctions HMDB 1 0.018668 

PWY1F-353 
glycine betaine biosynthesis III 
(plants) 

Pathways 
(Chlamydomonas 

reinhardtii) 
BioCyc 2 0.021823 

N/A Good's buffer substance Chebi role ChEBI 2 0.010946 
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N/A Gout Suppressants Biofunctions HMDB 1 0.008344 

3.5.4.3 Guanine deaminase 
Enzyme 

interactions 
BioCyc 1 0.049235 

2.1.1.10 Homocysteine S-methyltransferase 
Enzyme 

interactions 
BioCyc 1 0.049235 

N/A Hypnotics and Sedatives Biofunctions HMDB 1 0.024325 

N/A Hypoglycemic Agents Biofunctions HMDB 1 0.016317 

2.4.2.8 
Hypoxanthine 
phosphoribosyltransferase 

Enzyme 
interactions 

BioCyc 1 0.049235 

2.8.1.8 Lipoyl synthase 
Enzyme 

interactions 
KEGG 1 0.032763 

2.8.1.8 Lipoyl synthase 
Enzyme 

interactions 
BioCyc 1 0.049235 

2.5.1.6 Methionine adenosyltransferase 
Enzyme 

interactions 
YMDB 1 0.01227 

2.5.1.6 Methionine adenosyltransferase 
Enzyme 

interactions 
KEGG 1 0.032763 

2.5.1.6 Methionine adenosyltransferase 
Enzyme 

interactions 
BioCyc 1 0.049235 

2.1.1.13 Methionine synthase 
Enzyme 

interactions 
KEGG 1 0.032763 

2.1.1.13 Methionine synthase 
Enzyme 

interactions 
BioCyc 1 0.049235 

6.1.1.10 Methionine--tRNA ligase 
Enzyme 

interactions 
KEGG 1 0.032763 

6.1.1.10 Methionine--tRNA ligase 
Enzyme 

interactions 
BioCyc 1 0.049235 

N/A Muscle Relaxants, Central Biofunctions HMDB 1 0.015332 

N/A Osmolyte Biofunctions HMDB 2 7.13E-05 

1.8.4.11 
Peptide-methionine (S)-S-oxide 
reductase 

Enzyme 
interactions 

KEGG 1 0.032763 

N/A plant growth retardant Chebi role ChEBI 2 0.010946 

N/A Sympathomimetic Biofunctions HMDB 1 0.0125 

N/A Sympathomimetics Biofunctions HMDB 2 0.000765 

SMP00287 Tranexamic Acid Pathway SMPDB Pathway HMDB 1 0.034649 

2.4.2.29 
tRNA-guanine(34) 
transglycosylase 

Enzyme 
interactions 

KEGG 1 0.032763 

2.4.2.29 
tRNA-guanine(34) 
transglycosylase 

Enzyme 
interactions 

BioCyc 1 0.049235 

SMP00006 Tyrosine Metabolism SMPDB Pathway HMDB 3 0.026522 

3.2.2.3 uridine nucleosidase 
Enzyme 

interactions 
YMDB 1 0.030358 

N/A Vasoconstrictor Agents Biofunctions HMDB 1 0.016317 

N/A xenobiotic metabolite Chebi role ChEBI 2 0.027168 

 

Supplementary Table 3.4- Functional Annotations and Enrichment of Metabolites From Cluster 4 

ID Annotation Annotation Category Database 
In 

Set 
FDR 

correction 

PWY-6890 
4-amino-2-methyl-5-
diphosphomethylpyrimidine 
biosynthesis 

Pathways 
(Chlamydomonas 

reinhardtii) 
BioCyc 1 0.039181 

ULS00057 

4-amino-2-methyl-5-
diphosphomethylpyrimidine from 5-
amino-1-(5-phospho-D-
ribosyl)imidazole 

UniPathway 
Pathways 

ChEBI 1 0.007729 

ULS00058 
4-methyl-5-(2-phosphoethyl)-
thiazole from 5-(2-hydroxyethyl)-4-
methylthiazole 

UniPathway 
Pathways 

ChEBI 1 0.007729 

6.3.4.- 
5-(carboxyamino)imidazole 
ribonucleotide synthase 

Enzyme 
interactions 

YMDB 1 0.039694 

3.2.1.86 6-phospho-beta-glucosidase 
Enzyme 

interactions 
ECMDB 1 0.037886 
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2.4.2.7 
Adenine 
phosphoribosyltransferase 

Enzyme 
interactions 

ECMDB 1 0.037886 

3.1.3.73 
Adenosylcobalamin/alpha-ribazole 
phosphatase 

Enzyme 
interactions 

ECMDB 1 0.032272 

N/A Adjuvants, Anesthesia Biofunctions HMDB 1 0.019742 

N/A Analgesics Biofunctions HMDB 1 0.026786 

N/A Anesthetics, Intravenous Biofunctions HMDB 1 0.014829 

N/A Anti-anxiety Agents Biofunctions HMDB 1 0.025633 

N/A anti-arthritic Biofunctions HMDB 1 0.005947 

N/A Anticonvulsants Biofunctions HMDB 2 0.001673 

N/A Antiemetics Biofunctions HMDB 1 0.025633 

N/A anti-fungal Biofunctions HMDB 1 0.024339 

N/A anti-inflammatory Biofunctions HMDB 2 0.002273 

N/A anti-mutagen Biofunctions HMDB 1 0.00248 

N/A anti-mycotic Biofunctions HMDB 1 0.005947 

N/A anti-nociceptive Biofunctions HMDB 1 0.014829 

N/A Anti-oxidant Biofunctions HMDB 1 0.012148 

N/A anti-spectic Biofunctions HMDB 1 0.005576 

N/A anti-tumor Biofunctions HMDB 2 0.000872 

SMP00066 Biotin Metabolism SMPDB Pathway YMDB 2 0.00281 

SMP00066 Biotin Metabolism SMPDB Pathway YMDB 1 0.03387 

SMP00066 Biotin Metabolism SMPDB Pathway HMDB 1 0.035486 

SMP00066 Biotin Metabolism SMPDB Pathway ECMDB 2 0.044936 

6.3.4.15 
Biotin--[acetyl-CoA-carboxylase] 
ligase 

Enzyme 
interactions 

ECMDB 1 0.032272 

6.3.4.9 
biotin---[methylmalonyl-CoA-
carboxytransferase] ligase 

Enzyme 
interactions 

YMDB 1 0.039694 

6.3.4.10 
biotin---[propionyl-CoA-
carboxylase (ATP-hydrolysing)] 
ligase 

Enzyme 
interactions 

YMDB 1 0.039694 

N/A 
Component of Tyrosine 
metabolism 

Biofunctions HMDB 1 0.026786 

M00229 
Conjugated bile acid biosynthesis, 
choloyl-CoA => 

KEGG modules KEGG 1 0.022925 

Cytochrome 
P450 substrates 

CYP1 family Other interactions KEGG 19 0.000181 

1.3.5.2 dihydroorotate dehydrogenase 

Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

KEGG 1 0.005166 

3.2.2.1 EC number 

Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

BioCyc 1 0.020558 

6.3.4.3 EC number 

Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

BioCyc 1 0.020558 

2.3.2.2 EC number 

Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

BioCyc 1 0.020558 

6.3.2.17 EC number 

Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

BioCyc 1 0.020558 

2.3.1.84 EC number 

Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

BioCyc 1 0.033428 
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PWY-2161 folate polyglutamylation 
Pathways 

(Chlamydomonas 
reinhardtii) 

BioCyc 1 0.039905 

N/A GABA Modulators Biofunctions HMDB 1 0.024339 

1.1.5.3 
glycerol-3-phosphate 
dehydrogenase 

Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

KEGG 1 0.005166 

PWY-6599 guanine and guanosine salvage II 
Pathways 

(Chlamydomonas 
reinhardtii) 

BioCyc 1 0.039181 

3.5.4.3 Guanine deaminase 
Enzyme 

interactions 
BioCyc 1 0.020558 

3.5.4.3 Guanine deaminase 
Enzyme 

interactions 
ECMDB 1 0.032272 

PWY-6606 
guanosine nucleotides degradation 
II 

Pathways 
(Chlamydomonas 

reinhardtii) 
BioCyc 1 0.039181 

N/A hepatoprotective Biofunctions HMDB 2 0.000206 

N/A human xenobiotic metabolite Chebi role ChEBI 3 0.03871 

2.7.1.50 Hydroxyethylthiazole kinase 
Enzyme 

interactions 
BioCyc 1 0.020558 

2.7.1.50 Hydroxyethylthiazole kinase 
Enzyme 

interactions 
ECMDB 1 0.032272 

2.7.1.49 Hydroxymethylpyrimidine kinase 
Enzyme 

interactions 
ECMDB 1 0.032272 

2.7.1.49 Hydroxymethylpyrimidine kinase 
Enzyme 

interactions 
YMDB 1 0.039694 

PWY-6910 hydroxymethylpyrimidine salvage 
Pathways 

(Chlamydomonas 
reinhardtii) 

BioCyc 1 0.039181 

N/A Hypnotics and Sedatives Biofunctions HMDB 1 0.026786 

2.4.2.8 
Hypoxanthine 
phosphoribosyltransferase 

Enzyme 
interactions 

BioCyc 1 0.020558 

2.4.2.8 
Hypoxanthine 
phosphoribosyltransferase 

Enzyme 
interactions 

ECMDB 1 0.037886 

M00070 
Lignin biosynthesis, coniferyl 
alcohol => lignin 

KEGG modules KEGG 1 0.022925 

N/A metal chelator Biofunctions HMDB 1 0.005576 

N/A Muscle Relaxants, Central Biofunctions HMDB 1 0.014829 

2.7.4.7 Phosphomethylpyrimidine kinase 
Enzyme 

interactions 
BioCyc 1 0.020558 

2.7.4.7 Phosphomethylpyrimidine kinase 
Enzyme 

interactions 
ECMDB 1 0.032272 

2.7.4.7 Phosphomethylpyrimidine kinase 
Enzyme 

interactions 
YMDB 1 0.039694 

M00096 
Purine alkaloid biosynthesis, 
xanthosine => theobromine, 
caffeine, 

KEGG modules KEGG 1 0.030777 

N/A Purines 
Compounds with 
biological roles 

KEGG 1 0.040257 

N/A radical scavenger Biofunctions HMDB 2 0.000206 

3.2.2.8 Ribosylpyrimidine nucleosidase 
Enzyme 

interactions 
ECMDB 1 0.037886 

THISYNARA-
PWY 

superpathway of thiamin 
diphosphate biosynthesis III 
(eukaryotes) 

Pathways 
(Chlamydomonas 

reinhardtii) 
BioCyc 1 0.039181 

PWY-6908 
thiamin diphosphate biosynthesis 
IV (eukaryotes) 

Pathways 
(Chlamydomonas 

reinhardtii) 
BioCyc 1 0.039181 

PWY-6897 thiamin salvage II 
Pathways 

(Chlamydomonas 
reinhardtii) 

BioCyc 2 0.002386 

3.5.99.2 thiaminase 
Enzyme 

interactions 
YMDB 2 0.010832 

M00252 
Thiamine biosynthesis, AIR => 
thiamine-P/thiamine-2P 

KEGG modules KEGG 2 0.001063 
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cre00730 Thiamine metabolism 
Pathways 

(Chlamydomonas 
reinhardtii) 

KEGG 2 0.048368 

2.5.1.3 
thiamine-phosphate 
diphosphorylase 

Enzyme 
interactions 

BioCyc 1 0.020558 

2.4.2.4 Thymidine phosphorylase 
Enzyme 

interactions 
ECMDB 1 0.037886 

2.4.2.29 
tRNA-guanine(34) 
transglycosylase 

Enzyme 
interactions 

KEGG 1 0.005166 

2.4.2.29 
tRNA-guanine(34) 
transglycosylase 

Enzyme 
interactions 

BioCyc 1 0.020558 

2.4.2.29 
tRNA-guanine(34) 
transglycosylase 

Enzyme 
interactions 

ECMDB 1 0.032272 

ULS00321 xanthine from guanine 
UniPathway 
Pathways 

ChEBI 1 0.007729 

2.4.2.22 
Xanthine 
phosphoribosyltransferase 

Enzyme 
interactions 

ECMDB 1 0.037886 

 

Supplementary Table 3.5- Functional Annotations and Enrichment of Metabolites From Cluster 5 

ID Annotation Annotation Category Database 
In 

Set 
FDR 

correction 

2.5.1.10 
(2E,6E)-farnesyl diphosphate 
synthase 

Enzyme 
interactions 

YMDB 2 0.029038 

1.14.12.19 
3-phenylpropanoate 
dioxygenase 

Enzyme 
interactions 

ECMDB 2 0.025153 

N/A Abortifacient Agents Biofunctions HMDB 1 0.026798 

N/A 
Abortifacient Agents, 
Nonsteroidal 

Biofunctions HMDB 1 0.035666 

N/A Amphetamines Biofunctions HMDB 1 0.022008 

N/A Anesthetics, Intravenous Biofunctions HMDB 1 0.042148 

N/A Anticholesteremic Agents Biofunctions HMDB 1 0.041768 

N/A Antidyskinetics Biofunctions HMDB 2 0.006713 

N/A anti-hypertensive Biofunctions HMDB 1 0.031732 

N/A anti-inflammatory Biofunctions HMDB 2 0.026798 

N/A Antilipemic Agents Biofunctions HMDB 2 0.001092 

N/A anti-mutagen Biofunctions HMDB 1 0.014318 

N/A Antiparkinson Agents Biofunctions HMDB 2 0.007814 

N/A anti-tumor Biofunctions HMDB 4 1.46E-05 

N/A Anti-Ulcer Agents Biofunctions HMDB 1 0.042148 

2.6.1.42 
branched-chain-amino-acid 
transaminase 

Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

KEGG 2 0.045772 

M00232 
C21-Steroid hormone 
biosynthesis, progesterone => 
cortisol/cortisone 

KEGG modules KEGG 2 0.045159 

N/A catabolic Biofunctions HMDB 2 0.001092 

N/A Cell signalling Biofunctions HMDB 1 0.039978 

N/A 
Central Nervous System 
Stimulants 

Biofunctions HMDB 1 0.042148 

N/A Component of Biotin metabolism Biofunctions HMDB 1 0.031732 

N/A 
Component of Cysteine 
metabolism 

Biofunctions HMDB 1 0.043276 

N/A 
Component of D-Glutamine and 
D-glutamate metabolism 

Biofunctions HMDB 1 0.035666 

N/A 
Component of Glutathione 
metabolism 

Biofunctions HMDB 1 0.042148 

N/A 
Component of Lysine 
biosynthesis 

Biofunctions HMDB 1 0.037182 

N/A 
Component of Nitrogen 
metabolism 

Biofunctions HMDB 1 0.047977 
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N/A 
Component of Novobiocin 
biosynthesis 

Biofunctions HMDB 1 0.039873 

N/A 
Component of Pantothenate and 
CoA biosynthesis 

Biofunctions HMDB 1 0.042148 

N/A 
Component of Phenylalanine 
metabolism 

Biofunctions HMDB 1 0.042148 

N/A 
Component of Phenylalanine, 
tyrosine and tryptophan 
biosynthesis 

Biofunctions HMDB 1 0.043276 

N/A 
Component of Terpenoid 
biosynthesis 

Biofunctions HMDB 1 0.039978 

N/A 
Component of Tyrosine 
metabolism 

Biofunctions HMDB 3 0.001092 

N/A 
Component of Valine, leucine 
and isoleucine biosynthesis 

Biofunctions HMDB 1 0.039978 

N/A 
Component of Vitamin B6 
metabolism 

Biofunctions HMDB 1 0.042148 

Cytochrome 
P450 

substrates 
CYP1 family Other interactions KEGG 59 9.4E-23 

2.5.1.1 dimethylallyltranstransferase 
Enzyme 

interactions 
YMDB 2 0.002882 

N/A Dopamine Agents Biofunctions HMDB 1 0.039978 

N/A Dopamine Agonists Biofunctions HMDB 1 0.042148 

N/A Dopamine Uptake Inhibitors Biofunctions HMDB 1 0.039978 

N/A Enzyme cofactor Biofunctions HMDB 1 0.042148 

N/A Essential amino acids Biofunctions HMDB 1 0.039978 

N/A Essential vitamins Biofunctions HMDB 1 0.042148 

N/A Fribic Acid Derivatives Biofunctions HMDB 1 0.022008 

N/A hepatoprotective Biofunctions HMDB 1 0.042148 

N/A 
Hormones, Membrane 
component 

Biofunctions HMDB 7 1.49E-05 

N/A 
Hydroxymethylglutaryl-CoA 
Reductase Inhibitors 

Biofunctions HMDB 1 0.037182 

N/A metal chelator Biofunctions HMDB 1 0.026798 

N/A Muscle Relaxants, Central Biofunctions HMDB 2 0.003353 

N/A 
Nucleoside and Nucleotide 
Reverse Transcriptase Inhibitors 

Biofunctions HMDB 1 0.039873 

N/A Oxytocics Biofunctions HMDB 1 0.037182 

SMP00463 
Phosphatidylinositol Phosphate 
Metabolism 

SMPDB Pathway ECMDB 3 0.038083 

N/A Progestagens 
Compounds with 
biological roles 

KEGG 2 0.016835 

N/A Prostaglandins Biofunctions HMDB 1 0.022008 

N/A Protein component Biofunctions HMDB 1 0.039978 

N/A radical scavenger Biofunctions HMDB 2 0.001212 

N/A Reverse Transcriptase Inhibitors Biofunctions HMDB 1 0.042148 

N/A signalling Biofunctions HMDB 1 0.042148 

N/A Skeletal Muscle Relaxants Biofunctions HMDB 1 0.041768 

N/A Steroid hormones 
Compounds with 
biological roles 

KEGG 4 0.016835 

 

Supplementary Table 3.6- Functional Annotations and Enrichment of Metabolites From Cluster 6 

ID Annotation Annotation Category Database 
In 

Set 
FDR 

correction 

3.5.4.2 Adenine deaminase 
Enzyme 

interactions 
ECMDB 2 0.032978 

3.5.4.2 Adenine deaminase 
Enzyme 

interactions 
BioCyc 2 0.039548 

N/A adenosine receptor antagonist Chebi role ChEBI 2 0.002722 
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N/A Adjuvants, Anesthesia Biofunctions HMDB 1 0.024592 

N/A Amino acids 
Compounds with 
biological roles 

KEGG 6 0.001068 

N/A Anesthetics, Intravenous Biofunctions HMDB 2 0.000266 

N/A Anti-anxiety Agents Biofunctions HMDB 1 0.035297 

N/A Anticonvulsants Biofunctions HMDB 2 0.00189 

N/A Antiemetics Biofunctions HMDB 2 0.001223 

N/A anti-fungal Biofunctions HMDB 1 0.032018 

N/A anti-microbial Biofunctions HMDB 1 0.034971 

N/A anti-tumor Biofunctions HMDB 1 0.03159 

6.3.4.5 Argininosuccinate synthase 
Enzyme 

interactions 
ECMDB 2 0.032978 

6.3.4.5 Argininosuccinate synthase 
Enzyme 

interactions 
BioCyc 2 0.045913 

N/A Aromatase Inhibitors Biofunctions HMDB 1 0.009629 

N/A B vitamin Chebi role ChEBI 2 0.015971 

N/A Common amino acids 
Compounds with 
biological roles 

KEGG 5 0.000124 

N/A 
Component of Alanine and 
aspartate metabolism 

Biofunctions HMDB 2 0.000493 

N/A 
Component of Aminoacyl-tRNA 
biosynthesis 

Biofunctions HMDB 3 4.08E-06 

N/A 
Component of Arginine and proline 
metabolism 

Biofunctions HMDB 3 3.49E-05 

N/A Component of Biotin metabolism Biofunctions HMDB 1 0.008003 

N/A 
Component of Cysteine 
metabolism 

Biofunctions HMDB 2 0.000289 

N/A Component of Folate biosynthesis Biofunctions HMDB 1 0.020695 

N/A 
Component of Glutamate 
metabolism 

Biofunctions HMDB 1 0.034971 

N/A 
Component of Glutathione 
metabolism 

Biofunctions HMDB 1 0.020138 

N/A 
Component of Glycine, serine and 
threonine metabolism 

Biofunctions HMDB 1 0.046896 

N/A 
Component of Histidine 
metabolism 

Biofunctions HMDB 3 4.28E-06 

N/A 
Component of Indole and ipecac 
alkaloid biosynthesis 

Biofunctions HMDB 1 0.004527 

N/A 
Component of Methionine 
metabolism 

Biofunctions HMDB 1 0.020695 

N/A 
Component of Nicotinate and 
nicotinamide metabolism 

Biofunctions HMDB 1 0.020695 

N/A 
Component of Nitrogen 
metabolism 

Biofunctions HMDB 3 4.08E-06 

N/A 
Component of Novobiocin 
biosynthesis 

Biofunctions HMDB 1 0.012121 

N/A 
Component of Pantothenate and 
CoA biosynthesis 

Biofunctions HMDB 1 0.020138 

N/A 
Component of Phenylalanine 
metabolism 

Biofunctions HMDB 2 0.000266 

N/A 
Component of Phenylalanine, 
tyrosine and tryptophan 
biosynthesis 

Biofunctions HMDB 3 4.08E-06 

N/A Component of Purine metabolism Biofunctions HMDB 4 1.68E-06 

N/A 
Component of Pyrimidine 
metabolism 

Biofunctions HMDB 1 0.046958 

N/A 
Component of Selenoamino acid 
metabolism 

Biofunctions HMDB 1 0.020138 

N/A 
Component of Tryptophan 
metabolism 

Biofunctions HMDB 2 0.000924 

N/A 
Component of Tyrosine 
metabolism 

Biofunctions HMDB 4 1.68E-06 

N/A 
Component of Valine, leucine and 
isoleucine biosynthesis 

Biofunctions HMDB 2 0.00012 
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N/A cyclooxygenase 3 inhibitor Chebi role ChEBI 2 0.006003 

Cytochrome 
P450 

substrates 
CYP1 family Other interactions KEGG 48 9.2E-12 

Ion channel 
ligands 

Cys-loop superfamily Other interactions KEGG 45 0.026458 

N/A DNA component Biofunctions HMDB 1 0.024592 

N/A 
EC 3.1.4.* (phosphoric diester 
hydrolase) inhibitor 

Chebi role ChEBI 2 0.030375 

2.6.1.42 EC number 

Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

BioCyc 2 0.045913 

3.4.13.18 EC number 

Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

BioCyc 3 0.045913 

N/A Electron donor Biofunctions HMDB 1 0.010753 

N/A Enzyme cofactor Biofunctions HMDB 2 0.000266 

N/A Enzyme co-factor Biofunctions HMDB 1 0.020695 

N/A Essential amino acid Biofunctions HMDB 3 4.08E-06 

N/A Essential amino acids Biofunctions HMDB 2 0.000141 

N/A Essential vitamins Biofunctions HMDB 2 0.000266 

N/A Free Radical Scavengers Biofunctions HMDB 1 0.010753 

N/A GABA Modulators Biofunctions HMDB 1 0.03159 

N/A hepatoprotective Biofunctions HMDB 1 0.017825 

N/A Hypnotics and Sedatives Biofunctions HMDB 2 0.001713 

N/A metabolite Chebi role ChEBI 12 0.030375 

N/A metal chelator Biofunctions HMDB 1 0.006245 

N/A Muscle Relaxants, Central Biofunctions HMDB 1 0.020138 

N/A Non-essential amino acid Biofunctions HMDB 1 0.006245 

N/A nutraceutical Chebi role ChEBI 6 9.48E-06 

cre00770 
Pantothenate and CoA 
biosynthesis 

Pathways 
(Chlamydomonas 

reinhardtii) 
KEGG 4 0.01435 

SMP00027 
Pantothenate and CoA 
Biosynthesis 

SMPDB Pathway ECMDB 5 0.001387 

M00244 
Pantothenate biosynthesis,  
valine/L-aspartate=> pantothenate 

KEGG modules KEGG 3 0.01746 

N/A Peptides 
Compounds with 
biological roles 

KEGG 6 0.001663 

N/A 
Protein synthesis, amino acid 
biosynthesis 

Biofunctions HMDB 5 4.08E-06 

2.4.2.1 Purine-nucleoside phosphorylase 
Enzyme 

interactions 
ECMDB 3 0.032978 

N/A radical scavenger Biofunctions HMDB 1 0.0134 

SMP00019 Transcription/Translation SMPDB Pathway HMDB 5 0.003569 

ULS00322 urate from hypoxanthine 
UniPathway 
Pathways 

ChEBI 2 0.036669 

N/A Waste products Biofunctions HMDB 9 1.06E-05 

N/A Water-soluble vitamins 
Compounds with 
biological roles 

KEGG 2 0.045586 

1.17.1.4 Xanthine dehydrogenase 
Enzyme 

interactions 
ECMDB 2 0.032978 

1.17.1.4 Xanthine dehydrogenase 
Enzyme 

interactions 
BioCyc 2 0.045913 
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Supplementary Table 3.7- Functional Annotations and Enrichment of Metabolites From Cluster 7 

ID Annotation Annotation Category Database 
In 

Set 
FDR 

correction 

3.5.4.2 Adenine deaminase 
Enzyme 

interactions 
ECMDB 2 0.032978 

3.5.4.2 Adenine deaminase 
Enzyme 

interactions 
BioCyc 2 0.039548 

N/A adenosine receptor antagonist Chebi role ChEBI 2 0.002722 

N/A Adjuvants, Anesthesia Biofunctions HMDB 1 0.024592 

N/A Amino acids 
Compounds with 
biological roles 

KEGG 6 0.001068 

N/A Anesthetics, Intravenous Biofunctions HMDB 2 0.000266 

N/A Anti-anxiety Agents Biofunctions HMDB 1 0.035297 

N/A Anticonvulsants Biofunctions HMDB 2 0.00189 

N/A Antiemetics Biofunctions HMDB 2 0.001223 

N/A anti-fungal Biofunctions HMDB 1 0.032018 

N/A anti-microbial Biofunctions HMDB 1 0.034971 

N/A anti-tumor Biofunctions HMDB 1 0.03159 

6.3.4.5 Argininosuccinate synthase 
Enzyme 

interactions 
ECMDB 2 0.032978 

6.3.4.5 Argininosuccinate synthase 
Enzyme 

interactions 
BioCyc 2 0.045913 

N/A Aromatase Inhibitors Biofunctions HMDB 1 0.009629 

N/A B vitamin Chebi role ChEBI 2 0.015971 

N/A Common amino acids 
Compounds with 
biological roles 

KEGG 5 0.000124 

N/A 
Component of Alanine and 
aspartate metabolism 

Biofunctions HMDB 2 0.000493 

N/A 
Component of Aminoacyl-tRNA 
biosynthesis 

Biofunctions HMDB 3 4.08E-06 

N/A 
Component of Arginine and proline 
metabolism 

Biofunctions HMDB 3 3.49E-05 

N/A Component of Biotin metabolism Biofunctions HMDB 1 0.008003 

N/A 
Component of Cysteine 
metabolism 

Biofunctions HMDB 2 0.000289 

N/A Component of Folate biosynthesis Biofunctions HMDB 1 0.020695 

N/A 
Component of Glutamate 
metabolism 

Biofunctions HMDB 1 0.034971 

N/A 
Component of Glutathione 
metabolism 

Biofunctions HMDB 1 0.020138 

N/A 
Component of Glycine, serine and 
threonine metabolism 

Biofunctions HMDB 1 0.046896 

N/A 
Component of Histidine 
metabolism 

Biofunctions HMDB 3 4.28E-06 

N/A 
Component of Indole and ipecac 
alkaloid biosynthesis 

Biofunctions HMDB 1 0.004527 

N/A 
Component of Methionine 
metabolism 

Biofunctions HMDB 1 0.020695 

N/A 
Component of Nicotinate and 
nicotinamide metabolism 

Biofunctions HMDB 1 0.020695 

N/A 
Component of Nitrogen 
metabolism 

Biofunctions HMDB 3 4.08E-06 

N/A 
Component of Novobiocin 
biosynthesis 

Biofunctions HMDB 1 0.012121 

N/A 
Component of Pantothenate and 
CoA biosynthesis 

Biofunctions HMDB 1 0.020138 

N/A 
Component of Phenylalanine 
metabolism 

Biofunctions HMDB 2 0.000266 

N/A 
Component of Phenylalanine, 
tyrosine and tryptophan 
biosynthesis 

Biofunctions HMDB 3 4.08E-06 

N/A Component of Purine metabolism Biofunctions HMDB 4 1.68E-06 
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N/A 
Component of Pyrimidine 
metabolism 

Biofunctions HMDB 1 0.046958 

N/A 
Component of Selenoamino acid 
metabolism 

Biofunctions HMDB 1 0.020138 

N/A 
Component of Tryptophan 
metabolism 

Biofunctions HMDB 2 0.000924 

N/A 
Component of Tyrosine 
metabolism 

Biofunctions HMDB 4 1.68E-06 

N/A 
Component of Valine, leucine and 
isoleucine biosynthesis 

Biofunctions HMDB 2 0.00012 

N/A cyclooxygenase 3 inhibitor Chebi role ChEBI 2 0.006003 

Cytochrome 
P450 

substrates 
CYP1 family Other interactions KEGG 48 9.2E-12 

Ion channel 
ligands 

Cys-loop superfamily Other interactions KEGG 45 0.026458 

N/A DNA component Biofunctions HMDB 1 0.024592 

N/A 
EC 3.1.4.* (phosphoric diester 
hydrolase) inhibitor 

Chebi role ChEBI 2 0.030375 

2.6.1.42 EC number 

Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

BioCyc 2 0.045913 

3.4.13.18 EC number 

Enzyme 
interactions 

(Chlamydomonas 
reinhardtii) 

BioCyc 3 0.045913 

N/A Electron donor Biofunctions HMDB 1 0.010753 

N/A Enzyme cofactor Biofunctions HMDB 2 0.000266 

N/A Enzyme co-factor Biofunctions HMDB 1 0.020695 

N/A Essential amino acid Biofunctions HMDB 3 4.08E-06 

N/A Essential amino acids Biofunctions HMDB 2 0.000141 

N/A Essential vitamins Biofunctions HMDB 2 0.000266 

N/A Free Radical Scavengers Biofunctions HMDB 1 0.010753 

N/A GABA Modulators Biofunctions HMDB 1 0.03159 

N/A hepatoprotective Biofunctions HMDB 1 0.017825 

N/A Hypnotics and Sedatives Biofunctions HMDB 2 0.001713 

N/A metabolite Chebi role ChEBI 12 0.030375 

N/A metal chelator Biofunctions HMDB 1 0.006245 

N/A Muscle Relaxants, Central Biofunctions HMDB 1 0.020138 

N/A Non-essential amino acid Biofunctions HMDB 1 0.006245 

N/A nutraceutical Chebi role ChEBI 6 9.48E-06 

cre00770 
Pantothenate and CoA 
biosynthesis 

Pathways 
(Chlamydomonas 

reinhardtii) 
KEGG 4 0.01435 

SMP00027 
Pantothenate and CoA 
Biosynthesis 

SMPDB Pathway ECMDB 5 0.001387 

M00244 
Pantothenate biosynthesis, 
valine/L-aspartate=> pantothenate 

KEGG modules KEGG 3 0.01746 

N/A Peptides 
Compounds with 
biological roles 

KEGG 6 0.001663 

N/A 
Protein synthesis, amino acid 
biosynthesis 

Biofunctions HMDB 5 4.08E-06 

2.4.2.1 Purine-nucleoside phosphorylase 
Enzyme 

interactions 
ECMDB 3 0.032978 

N/A radical scavenger Biofunctions HMDB 1 0.0134 

SMP00019 Transcription/Translation SMPDB Pathway HMDB 5 0.003569 

ULS00322 urate from hypoxanthine 
UniPathway 
Pathways 

ChEBI 2 0.036669 

N/A Waste products Biofunctions HMDB 9 1.06E-05 
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N/A Water-soluble vitamins 
Compounds with 
biological roles 

KEGG 2 0.045586 

1.17.1.4 Xanthine dehydrogenase 
Enzyme 

interactions 
ECMDB 2 0.032978 

1.17.1.4 Xanthine dehydrogenase 
Enzyme 

interactions 
BioCyc 2 0.045913 

 

Supplementary Table 3.8 -Functional Annotations and Enrichment of Metabolites From Cluster 8 

ID Annotation Annotation Category Database 
In 

Set 
FDR 

correction 

N/A Adjuvants, Anesthesia Biofunctions HMDB 1 0.032124 

N/A Adrenergic Agents Biofunctions HMDB 1 0.032944 

N/A Adrenergic beta-Antagonists Biofunctions HMDB 2 0.001682 

N/A Alkylating Agents Biofunctions HMDB 1 0.01813 

N/A anesthetic Biofunctions HMDB 1 0.024796 

N/A Anesthetics, Intravenous Biofunctions HMDB 1 0.026882 

N/A Anti-anxiety Agents Biofunctions HMDB 2 0.002904 

N/A Anti-Arrhythmia Agents Biofunctions HMDB 3 0.000215 

N/A Antiarrhythmic Agents Biofunctions HMDB 1 0.035859 

N/A anti-cancer Biofunctions HMDB 1 0.032944 

N/A Antidyskinetics Biofunctions HMDB 1 0.032944 

N/A Antiemetics Biofunctions HMDB 2 0.002904 

N/A Antifibrinolytic Agents Biofunctions HMDB 1 0.012382 

N/A anti-fungal Biofunctions HMDB 1 0.036873 

N/A Antihypertensive Agents Biofunctions HMDB 2 0.016796 

N/A anti-microbial Biofunctions HMDB 1 0.041438 

N/A Antineoplastic Agents, Alkylating Biofunctions HMDB 1 0.029455 

N/A Antiparkinson Agents Biofunctions HMDB 1 0.034741 

N/A apoptotic Biofunctions HMDB 1 0.035859 

N/A beta-oxidant Biofunctions HMDB 1 0.01813 

N/A Cardiotonic Agents Biofunctions HMDB 1 0.029436 

N/A catabolic Biofunctions HMDB 2 0.000303 

N/A Central Nervous System Agents Biofunctions HMDB 1 0.026882 

N/A 
Component of Alanine and 
aspartate metabolism 

Biofunctions HMDB 1 0.032124 

N/A 
Component of Aminoacyl-tRNA 
biosynthesis 

Biofunctions HMDB 4 2.9E-07 

N/A 
Component of Arginine and proline 
metabolism 

Biofunctions HMDB 1 0.048344 

N/A Component of Biotin metabolism Biofunctions HMDB 1 0.015125 

N/A 
Component of Fatty acid 
metabolism 

Biofunctions HMDB 1 0.029455 

N/A 
Component of Glutamate 
metabolism 

Biofunctions HMDB 2 0.002904 

N/A 
Component of Glutathione 
metabolism 

Biofunctions HMDB 1 0.026882 

N/A 
Component of Glycine, serine and 
threonine metabolism 

Biofunctions HMDB 2 0.005113 

N/A 
Component of Histidine 
metabolism 

Biofunctions HMDB 2 0.001178 

N/A Component of Lysine biosynthesis Biofunctions HMDB 1 0.01813 

N/A 
Component of Methionine 
metabolism 

Biofunctions HMDB 2 0.001002 

N/A 
Component of Nitrogen 
metabolism 

Biofunctions HMDB 1 0.029455 

N/A 
Component of Novobiocin 
biosynthesis 

Biofunctions HMDB 2 0.000303 
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N/A 
Component of Phenylalanine 
metabolism 

Biofunctions HMDB 2 0.000831 

N/A 
Component of Phenylalanine, 
tyrosine and tryptophan 
biosynthesis 

Biofunctions HMDB 3 2.52E-05 

N/A 
Component of Porphyrin and 
chlorophyll metabolism 

Biofunctions HMDB 1 0.035859 

N/A 
Component of Propanoate 
metabolism 

Biofunctions HMDB 1 0.030582 

N/A Component of Purine metabolism Biofunctions HMDB 3 0.000215 

N/A 
Component of Pyruvate 
metabolism 

Biofunctions HMDB 1 0.033858 

N/A 
Component of Riboflavin 
metabolism 

Biofunctions HMDB 1 0.023956 

N/A 
Component of Selenoamino acid 
metabolism 

Biofunctions HMDB 2 0.000831 

N/A 
Component of Stilbene, coumarine 
and lignin biosynthesis 

Biofunctions HMDB 1 0.016796 

N/A Component of Sulfur metabolism Biofunctions HMDB 1 0.026882 

N/A 
Component of Thiamine 
metabolism 

Biofunctions HMDB 1 0.016796 

N/A 
Component of Tryptophan 
metabolism 

Biofunctions HMDB 1 0.036873 

N/A 
Component of Tyrosine 
metabolism 

Biofunctions HMDB 3 0.000215 

N/A 
Component of Valine, leucine and 
isoleucine biosynthesis 

Biofunctions HMDB 1 0.021951 

Cytochrome 
P450 

substrates 
CYP1 family Other interactions KEGG 29 3.15E-07 

N/A depressant Biofunctions HMDB 1 0.015125 

N/A DNA component Biofunctions HMDB 1 0.032124 

N/A Dopamine Agents Biofunctions HMDB 1 0.021951 

N/A 
EC 3.1.1.3 (triacylglycerol lipase) 
inhibitor 

Chebi role ChEBI 2 0.028682 

N/A Essential amino acids Biofunctions HMDB 2 0.000403 

N/A Essential vitamins Biofunctions HMDB 1 0.026882 

N/A Excitatory Amino Acid Antagonists Biofunctions HMDB 1 0.020458 

N/A flavouring agent Chebi role ChEBI 3 0.028682 

N/A GABA Modulators Biofunctions HMDB 1 0.036654 

N/A Glucocorticoids Biofunctions HMDB 1 0.032944 

N/A hepatoprotective Biofunctions HMDB 1 0.026168 

N/A Muscle Relaxants, Central Biofunctions HMDB 1 0.026882 

N/A neuroprotectant Biofunctions HMDB 1 0.026882 

N/A neuroprotective Biofunctions HMDB 1 0.024796 

N/A Neuroprotective Agents Biofunctions HMDB 1 0.026882 

N/A neurotransmitter Biofunctions HMDB 1 0.012382 

N/A nutraceutical Chebi role ChEBI 4 0.009977 

SMP00304 Oxprenolol Pathway SMPDB Pathway YMDB 3 0.030779 

SMP00304 Oxprenolol Pathway SMPDB Pathway ECMDB 3 0.039805 

cre00360 Phenylalanine metabolism 
Pathways 

(Chlamydomonas 
reinhardtii) 

KEGG 5 0.000636 

N/A phosphoantigen Chebi role ChEBI 2 0.045864 

N/A Phosphodiesterase Inhibitors Biofunctions HMDB 1 0.028187 

N/A 
Protein synthesis, amino acid 
biosynthesis 

Biofunctions HMDB 4 0.00038 

N/A signalling Biofunctions HMDB 1 0.026882 

N/A Sympatholytics Biofunctions HMDB 2 0.001498 
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SMP00019 Transcription/Translation SMPDB Pathway HMDB 4 0.031315 

M00072 
Tyrosine biosynthesis, 
phenylalanine => tyrosine 

KEGG modules KEGG 2 0.00249 

N/A Vasodilator Agents Biofunctions HMDB 2 0.005296 

N/A Waste products Biofunctions HMDB 5 0.024796 
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4 Transcriptomic Changes of Chlamydomonas acidophila and Chlamydomonas reinhardtii 

to a Short-and Long-Term Copper Stress 

4.1 Abstract 

Genetic adaptation likely underpins a high percentage of the adaptation mechanisms of extremophile 

organisms to their harsh environments. Using a highly copper tolerant strain of the extremophile 

microalga C. acidophila (PM01), this study aimed to understand the genes important to surviving a 

copper contaminated environment. Using Illumina HiSeq RNA analysis changes in the transcriptome 

in response to a short-term and long-term copper stress between the extremophile C. acidophila and 

a close relative C. reinhardtii were identified and quantified. Through heatmap generation and Gene 

Ontology (GO) term analysis 3 main processes were found to be important, an increase in 

intracellular transport and decrease in photosynthesis were found to be important in PM01 adaptation 

to copper. An increase in the oxidative response was seen in C. reinhardtii. Individual genes of 

interest were also identified and analysed with the metal transporters CTP3 and HMA1 seemingly 

playing an important role in the copper adaptation of PM01 alongside other genes involved in 

glutathione biosynthesis and metabolism. One cluster in the heatmap which shows an array of genes 

upregulated in the short-term response to copper in PM01 was of particular interest, however, these 

represent a wide array of cellular processes. This study presents exciting insights for mechanisms 

of copper adaptation and suggests some genes that could play a crucial role.  
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4.2 Introduction 

There are many different environments across the planet that species may colonise and form 

ecological niches. These environments can be variable, providing new challenges for organisms to 

adapt to. In the introduction (chapter 1) we have seen how some of the more extreme environments 

produce harsh conditions that many organisms cannot survive, but for those organisms that can 

tolerate a particular stress, understanding the mechanisms of tolerance and adaptation may provide 

greater insight into the impact and the way the organisms have on their environmental and be a 

potential source for novel biotechnological applications. 

There are three main strategies by which an organism can adapt to a new environment. The first is 

a behavioural change in which an organism can alter their strategy, one of the most obvious in green 

algae is negative phototaxis, in which cells swim in the opposite direction of a light source under high 

light intensities (Erickson et al., 2015). Another behavioural change is forming symbioses, in which 

two organisms form an association to help them overcome stresses that may have killed them 

individually. One such example are lichens in which an algal primary producer can partner with a 

fungal consumer. Through this partnership lichens are able to survive extreme desiccation and have 

been found colonising the polar regions and deserts (Kranner et al., 2008). The second strategy is 

through physiological metabolic changes, allowing metabolic pathways in the cells to respond to 

stresses through various different methods. One of the more well-known microalgal responses is the 

accumulation of storage lipids under nutrient stress (Driver et al., 2017; Tan et al., 2016), which has 

been a popular area of study recently due to their potential as a renewable biofuel source. It is 

important to note that these processes may also be underpinned by tranascriptional changes, 

although this is not exclusive to it. The final strategy, that likely underpins both the previous 

strategies, is genetic adaptation. Genes form the template of all organisms, encoding for proteins 

which drive cellular functions and synthesis of other key molecules. Genetic adaptations could arise 

from either novel genes providing new functions or an increase in expression level, leading to an 

increase in protein quantity in the cell.  Understanding the genetic basis of an extremophile 

microorganisms by identifying genes which are increased in response to a stress or are novel in 

extremophile organisms, can help identify key pathways in stress tolerance.  

Several studies have looked at the transcriptomic response of algae to copper. The marine 

macroalga Ulva compressa was studied for transcriptional changes to 50 μM copper over 5 days 

(Laporte et al., 2016). The authors identified that copper induced increased expression of 

photosynthesis, photosynthetic repair mechanisms and respiration. An increase in transcripts related 

to photosynthesis was also seen in a strain of the extremophile microalga C. acidophila  isolated 

from the Rio Tinto (Olsson et al., 2015). A transcriptomic analysis on the marine alga Chromera velia 

exposed to Hg found that a whole host of oxidative response genes were involved in the response 

to Hg stress. These included genes encoding ROS scavenging enzymes such as peroxidase and 

pathways involving glutathionylation (Sharaf et al., 2019). In contrast to the other two previous papers 

this study did not identify any transcripts related to photosynthesis.  

Olsson et al. (2015) have previously looked at the transcriptional response of C. acidophila to a low 

concentration of copper. However, this was only a short-term response and did not compare to a 

non-extremophile organism. Among the differentially expressed genes Olsson et al. (2015) saw 
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transcripts involved in processes such as photosynthesis, carbohydrate metabolism and general 

stress response increased in expression. Among the down regulated transcripts, processes such as 

signallying and gene transcription regulation, growth and mobility and transporters were found. 

Within the stress response genes they particularly focussed on heat-shock proteins. As such there 

is a chance that any constitutively expressed genes and conserved responses that are not unique to 

C. acidophila involved in this stress response may have been overlooked. In this study I compared 

the transcriptomic response of C. acidophila to C. reinhardtii under both short- and long-term copper 

responses in order to elucidate many more genetic mechanisms involved in the response of C. 

acidophila. 

4.3 Materials and Methods 

4.3.1 Growth Conditions 

Chlamydomonas acidophila (PM01) and Chlamydomonas reinhardtii (CCAP 11/32c) (referred to 

subsequently as PM01 and 11/32c, respectively) were grown in triplicate at 24 °C and 16 h:8 h 

light:dark cycle at 150 μmol m−2 s−1 light intensity on an orbital shaker (120 rpm). PM01 was grown 

in a modified acid media (MAM), described by Olaveson & Stokes, (1989) which was adjusted to  pH 

3. Conversely 11/32c was grown in a Tris-minimal phosphate media (TP) described in Harris (2009), 

at pH 7. Both strains were grown in control conditions or in continuous (long-term) copper stressed 

conditions that were appropriate for each strain for 2 weeks: 2 mM CuCl2 for PM01 and 75 µM CuCl2 

for 11/32c. Both strains were also grown in control conditions for two weeks and were then spiked 

with four times the concentration of the long-term copper stress: 8 mM for PM01 and 300 µM for 

11/32c, then incubated in these conditions for 3 h (short-term copper stress). Cells were harvested 

by centrifuging 30 ml of dense algal cell culture at 10,000 g for 5 min. The supernatant was removed, 

cells were washed with 1 ml of ddH2O, centrifuged again at 10,000 g for 5 min and the supernatant 

removed leaving a dense cell pellet for RNA extraction.  

4.3.2 Phylogenetic Tree Generation  

To compare the evolutionary relatedness of PM01 to C. reinhardtii a phylogenetic tree was 

generated. 18S rRNA gene sequences were obtained from GenBank, NCBI 

(https://www.ncbi.nlm.nih.gov/genbank/) from an array of species from the Chlorophyta. Additional 

18S sequences of PM01 and other strains of C. acidophila (11/136 and 11/137) were obtained from 

Dean et al. (2019). phylogenetic tree was generated using the maximum likelihood method using 

RAxMLGUI and the GTR-GAMMA model (Stamatakis, 2006).  

4.3.3 RNA Extraction 

RNA extraction was performed by the addition of 1 ml TRIzol Reagent (Sigma), which was added to 

each cell pellet and left to incubate at room temperature for 5 min then 200 µl of chloroform was 

added to each sample for further extraction. Samples were briefly vortexed until they were completely 

mixed and left to stand for a further 5 min. To isolate the RNA from DNA, proteins and other cell 

debris the samples were centrifuged for 15 min at 12,000 g and 4 °C, the upper layer was then 

aliquoted into a new Eppendorf tube taking care not to disturb the lower layers. To precipitate the 

RNA, 500 µl of isopropanol was added to each sample and left for 15 min at room temperature. To 

collect the precipitated RNA, samples were centrifuged for 10 min at 12,000 g and 4°C and the 

supernatant was removed. The RNA pellet was washed with 1 ml of 75% (v/v) ethanol, centrifuged 

https://www.ncbi.nlm.nih.gov/genbank/
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at 12,000 g for 5 min at 4 °C, and the wash step was repeated once more. Samples were left on ice 

for 30 min to allow any remnant ethanol to evaporate. The RNA pellet was then resuspended in 50 

µl ddH2O. 

4.3.4 Library Preparation and Sequencing 

Total RNA was submitted to the University of Manchester Faculty of Biology, Medicine and Health 

Genomic Technologies Core Facility. Quality and integrity of the RNA samples were assessed using 

a 2200 TapeStation (Agilent Technologies) and then libraries were generated using the TruSeq® 

Stranded mRNA assay (Illumina, Inc.) according to the manufacturer’s protocol. Briefly, total RNA 

(0.1 – 4 µg) was used as input material from which polyadenylated mRNA was purified using poly-T, 

oligo-attached, magnetic beads. The mRNA was then fragmented using divalent cations under 

elevated temperature and then reverse transcribed into first strand cDNA using random primers. 

Second strand cDNA was then synthesised using DNA Polymerase I and RNase H. Following a 

single 'A' base addition, adapters were ligated to the cDNA fragments, and the products then purified 

and enriched by PCR to create the final cDNA library. Adapter indices (IDT for Illumina TruSeq UD 

Indexes (Illumina, cat# 20022371)) were used to multiplex libraries, which were pooled prior to cluster 

generation using a cBot instrument. The loaded flow-cell was then paired-end sequenced (76 + 76 

cycles, plus indices) on an Illumina HiSeq4000 instrument. Finally, the output data was demultiplexed 

(allowing one mismatch) and BCL-to-Fastq conversion performed using Illumina’s bcl2fastq 

software, version 2.20.0.422. 

4.3.5 Data Analysis 

A total of 322,702,415 and 339,124,886 uniquely mapped reads across all treatments for PM01 and 

11/32c, respectively were obtained. This data needed to be pre-processed, mapped and normalised 

before any further analysis could take place. Firstly, all reads were pre-processed using the 

Trimmomatic filter to remove adapters and contaminants from the data. After the data was cleaned 

C. reinhardtii  reads were mapped and counted to C. reinhardtii CC-503 genome assembly version 

5.0 (https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Creinhardtii). Initially C. 

acidophila reads were attempted to be mapped to the C. reinhardtii genome for ease of comparison. 

However, this resulted in poor mapping (<1%). As a result C. acidophila reads were mapped and 

counted to the more closely related Chlamydomonas eustigma genome (Figure 4.1) assembly 

version 1.0 (https://www.ncbi.nlm.nih.gov/genome/57939) generated by Hirooka et al., (2017). 

Mapping was performed using STAR mapping software whilst the counting was performed using 

htseq- count software. Finally, principal component analysis (PCA), normalisation and differential 

expression calculations were performed using DEseq2. Where mentioned in the thesis, transcript 

abundance is shown as normalised counts (NC) obtained from the DEseq2 software.  

4.3.6 Heatmap Generation 

In order to compare both C. acidophila and C. reinhardtii to each other, all sequences were ran 

through Inparanoid software to identify potential orthologues between the two species. Out of the 

identified orthologues, other likely paralogues for the genes were identified for both species. The 

likely orthologues identified for  

https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Creinhardtii
https://www.ncbi.nlm.nih.gov/genome/57939
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PM01 were kept in the heatmap but 11/32c likely paralogues were removed for simplicity.  From this 

a total of 7740 transcripts were identified out of the 14,232 and 19,256 total transcripts identified for 

PM01 and 11/32c, respectively. These were then filtered to pass two tests. The first, if the log2 fold 

change was >±1 and, secondly, if this change was significant (p value <0.05). Four data points were 

plotted for each gene, these were the log fold changes between long term stress and control, and 

the short-term stress and control for both species, described subsequently as relative transcription. 

The data was then z-transformed to allow for direct comparison between the species. Eight clusters 

were then generated using k-means clustering using maxdView software. 

4.3.7 Gene Ontology (GO) Enrichment  

Once the clusters were generated, the gene list for each cluster was run through the agriGO v.20 

software for gene ontology enrichment (Tian et al., 2017).  Genes were enriched using the Singular 

Enrichment Analysis (SEA) against transcript ID v5.5 (Phytozome v11.0) for C. reinhardtii. To identify 

significantly enriched Gene Ontology (GO) terms the fisher statistical test was applied and then 

further tested using the Yekutieli (false discovery rate under dependency test). Any terms that were 

under a significance level of 0.05 were removed.  

4.4 Results and Discussion 

4.4.1 PM01 Exhibits a Stronger More Directional Transcriptomic Response to Copper  

The aim of this study was to identify potential classes of genes which may explain how C. acidophila 

strain PM01 can tolerate a much higher copper stress than the closely related non-extremophile C. 

reinhardtii (strain 11/32c). A C. acidophila genome was unavailable therefore PM01 transcript 

sequence reads had to be either assembled de novo or mapped to a related reference genome. 

There was difficulty mapping PM01 sequence reads to the C. reinhardtii genome. This is evidenced 

in Table 4.1 where we can see a much lower mapping rate with 0% of the reads being uniquely 

mapped and at most 2% of the reads being mapped to multiple loci. Conversely when PM01 reads 

were mapped to the C. eustigma genome where18% of reads were uniquely mapped and up to 57% 

of reads mapped to multiple loci. While strains of C. acidophila (including PM01, as well as CCAP 

11/136 and CCAP11/137) are closely related to C. reinhardtii, there is still enough evolutionary 

distance to explain why there was difficulty mapping PM01 to the C. reinhardtii genome (Figure 4.1). 

In contrast, the acidophile C. eustigma is much more closely related to C. acidophila and justifies the 

approach in mapping PM01 to the C. eustigma genome.   

It is likely that there are novel genes that have allowed PM01 to adapt to such a hostile environment 

and identifying these genes could help us understand metal homeostasis in extremophile organisms 

in much greater detail. Unfortunately, the PM01 read mapping rates are still not optimum in contrast 

to the mapping of 11/32c reads to the C. reinhardtii genome, which elicited 95% uniquely mapped 

reads. This could suggest that there is still room for improvement of the mapping for PM01 and some 

genes could have been missed in this analysis. That being said 75% of reads were mapped which 

was able to provide enough coverage for analysis. Table 4.1 also shows that PM01 had more unique 

orthologous genes identified when compared to 11/32c. There was also a higher number of 

orthologous genes expressed over 0.15 log2-fold in PM01 compared to the corresponding treatments 

in 11/32c. 
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Figure 4.1 Phylogenetic tree of 18s sequences of the Chlorophyta microalgae indicating 
relatedness of PM01 to other extremophiles and a clear evolutionary divergence from non-
extremophile organisms such as C. reinhardtii. bootstrap percentage values are indicated at the 
tree nodes of branches for 1000 replications and indicate confidence in tree node positions. The 
branch length scale bar indicates evolutionary distance. 
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Table 4.1 Mapping statistics of an RNA sequencing experiment performed on C. acidophila PM01 and C. reinhardtii 11/32c under a long and short-term copper stress conditions. 
PM01 reads were mapped to the C. eustigma and C. reinhardtii genomes and 11/32c reads were mapped to only the C. reinhardtii genome. 
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Once the data was mapped, patterns within the expression data were able to be investigated. PCA 

provides useful summary data to differentiate samples. Unfortunately, as C. acidophila and C. 

reinhardtii reads were not be mapped to the same genome, PCA could only be run within the species. 

PCA of the RNA-seq data shows a similar pattern between C. reinhardtii and C. acidophila (Figure 

4.2(A and C)). Short term copper stress accounts for the most variation in the data as seen by 

Principal Component (PC) 1 (98% and 92% of the variance for PM01 and 11/32c, respectively) and 

separates the control and long-term copper stress from the short-term copper stress in both 

organisms. Long term copper stress is then distanced from both the control and short-term copper 

stress across PC2 in both organisms (7% and 1% of the variance for 11/32c and PM01, respectively). 

The short-term copper stress elicited a much stronger genetic response as shown in Figure 4.2(E), 

where more genes were differentially expressed in the short-term treatment vs control as opposed 

to the long-term treatment vs control.  

Copper stress also seems to elicit a larger transcriptional response in C. reinhardtii when compared 

to PM01, and this is most evident when looking at increased and decreased gene sets in the long-

term treatment vs control, where C. reinhardtii shows much higher Log2 fold change values (Figure 

4.2(E)). The short-term treatment elicits the largest transcriptional response in both organisms, when 

compared with the control and with the long-term treatment, with every comparison apart from one 

having over 5000 transcripts significantly changing (Figure 4.2(E)). Increased expression and 

decreased expression are equally distributed for both number of transcripts and size of response for 

C. reinhardtii (Figure 4.2(B and E)). The highest number of differential gene expression were seen 

in C. reinhardtii across all treatments (Figure 4.2(E)). In a previous study the highest change in gene 

expression was 3 hours after copper stress in C. acidophila (Puente-Sánchez et al., 2018), so the 

fact that we see a higher expression is perhaps unsurprising. C. acidophila appears to have a more 

skewed response to copper. The control and short-term copper treatment cause more genes to 

increase in expression, whilst the long-term copper treatment causes more genes decrease in 

expression. C. reinhardtii on the other hand, shows a much more balanced levels of increased and 

decreased expression in terms of numbers and size (Figure 4.2 (B, D and E)). This is most evident 

for the C. acidophila long-term copper stress vs control where there were more genes (153) up 

regulated than down regulated. In contrast for the same treatment in C. reinhardtii there was a 

difference of less than 40 genes between the up and down regulated sets whilst the increased genes 

were only 1.4 log2 fold times higher on average. This could suggest that C. acidophila has a much 

more directed and concise response to copper.    
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Figure 4.2 An overview of the transcriptomic data sets collected for PM01 (C. acidophila) and 
11/32c (C. reinhardtii) exposed to short term copper stress and a long term copper stress. A and 
C show PCA of the data for each species, each point represents a biological replicate for each 
treatment. B and D show the average Log2 fold change, across 3 biological replicates, for each 
gene transcript detected in all three treatments. (E)Table showing a more detailed overview of the 
differential gene expression changes between both species and under the three treatments. 
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4.4.2 Gene Clustering and Enrichment of the Transcriptome Indicates Cell Transport, 

Photosynthetic and Oxido-Reductase Genes May Play an Important Role in Copper 

Adaptation 

I wanted a better understanding of some of the mechanisms in which the green microalgae C. 

acidophila and C. reinhardtii respond to copper. In order to do so the transcriptomic data sets were 

clustered based on expression data, these clusters were then further enriched to GO terms to identify 

which cellular processes dominated each cluster. To do that probable orthologues between C. 

reinhardtii and C. acidophila were identified. Orthologues were identified using the Inparanoid 

software, short- and long-term treatments were normalised to their respective controls, leaving 4 total 

data sets of the short and long-term copper stresses for both organisms.  The datasets were then z- 

transformed so the means across the four datasets were set to 0, and ± 1 represents 1 standard 

deviation. The heatmap was separated by k-means clustering into 8 distinct clusters containing 5029 

genes in total, in which at least one of the four data sets passed the test of having a Log2 fold change 

value of >±1 whilst also showing a significant change (p value <0.05). The most likely paralogues for 

C. reinhardtii were removed during the analysis for simplicity. However, all paralogues identified in 

C. acidophila were retained in the data sets as these could be a potential source of adaptation due 

to gene duplication and functional changes. A total of 265 C. acidophila paralogues were identified 

across five clusters, however, of these clusters, Cluster 2 and 6 contained the most paralogues, with 

153 and 101, respectively. GO enrichment was performed for each cluster to predict what cellular 

processes were being affected by copper treatment. Generally, the clusters showed very little 

overlap, with most having predominantly unique GO terms. Not only that, but for many clusters GO 

terms were specific to certain cellular functions, showing a clear difference in cellular response 

between the treatments.  

To get an idea of the relationship of the transcriptomics response between the two species, the mean 

number of copies for each transcript across all the treatments were plotted for all identified 

orthologues (Figure 4.3). The first thing that is obvious when looking at the plots is that there is no 

significant correlation between the two species with R2 values of 0.4992, 0.5235 and 0.4686 for the 

control, long stress and short stress, respectively when a linear regression was performed on the 

data sets. It is also evident looking across all the plots that C. reinhardtii shows the highest levels of 

expression across all treatments including the control. It also highlights, as has been previously 

described, that the short-term treatment elicits the highest transcriptomic response. The most 

abundant transcript had 958,206 copies and 381,199 copies for C. reinhardtii and PM01 respectively 

in the short-term treatment (Figure 4.3C). 

Clusters 1,5,6 and 8 all contain genes related to either energy or protein metabolism these account 

for 2342 of the total orthologues identified. Another study has found that a 55 μM copper stress was 

enough to significantly reduce growth rates of C. reinhardtii and that energy metabolism and protein 

metabolism accounted for 49% of all the differentially expressed genes for all of their copper 

treatments (Jamers et al., 2013). Although slightly lower than the numbers seen in Jamers et al. 

(2006), the data shows numbers similar, considering we could only look at a much smaller sample 

set. Taking into account the inhibition of culture growth and high cell death seen in the long-term  
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Figure 4.3 Orthologues identified between C. acidophila (PM01) and C. reinhardtii (11/32c) with the mean 
values of normalised expression of three replicates for each treatment plotted as a dot using linear regression 
(A) control conditions, (B) long-term copper stress and (C) short-term copper stress. The R2 values indicate 
the correlation between the two species expression values. 
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and short-term copper stresses for both species, it is likely that at least a portion of the differentially 

expressed genes seen here are due to a reduction in cell growth.   

Cluster 1 is the only cluster in which the gene sets respond to the different copper stress treatments 

in a similar manner between C. acidophila and C. reinhardtii. Both species showed a higher 

expression of genes under short-term copper stress whilst the expression was lower under long term 

copper stress (Figure 4.4). C. acidophila showed a slightly higher increase in expression of 0.968 

standard deviations whilst C. reinhardtii increased by 0.621 standard deviations. Cluster 1 also had 

the most diverse GO enriched terms consisting of 61 terms, of which 54 terms were unique to this 

cluster (Table 4.2). Also located in this cluster were three C. acidophila genes identified as likely 

paralogues to C. reinhardtii genes.   

There is a wide array of functions associated to these terms, mostly associated with primary 

metabolic processes, protein turnover including prot ubiquitination, degradation and synthesis. 

Excess cellular copper is well known to induce oxidative stress in a variety of organisms. This can 

cause the oxidation of proteins, leading to protein carbonylation and/ or ubiquitination in a variety of 

organisms such as S. cerevisiae, Zea mays and C. reinhardtii  (McConnell et al., 2018; Pena et al., 

2007; Shanmuganathan et al., 2004). Pena et al. (2007) also found an accumulation of oxidised and 

ubiquitinated proteins in the leaves of maize under a moderate cadmium stress. The ubiquitin-

proteasome pathway (UPP) identifies ubiquitinated proteins and targets them for degradation. This 

is a crucial process in protein cycling and can increase survivability of organisms under stressed 

conditions. However, a study has found that the UPP process can be severely impaired under 

excessive ROS conditions in C. reinhardtii in a time dependent manner (Vallentine et al., 2014). An 

increase is seen in transcription for such proteins for both species in Cluster 1 under the short-term 

stress when compared to the control, whilst in contrast a decrease under the long-term copper stress. 

This suggests that immediately after a copper stress, proteins may become dysfunctional and need 

recycling. However, Vallentine et al. (2014) noted a decrease in proteasome activity after 3 hours, 

the same amount of time as the short-term copper stress, so this response could be short-lived. 

There is very little to differentiate the species under this cluster. However, it is likely that both species 

will be experiencing different cellular conditions for example PM01 was grown in a much more acidic 

environment. From chapter 2 we have seen how PM01 has the potential to  deal with ROS stress 

more efficiently through processes such as ROS quenching enzymes,  as well as an increase in 

transcripts in the oxidative stress response as we will see in section 4.4.3. it is also possible that the 

UPP complex could be adapted to work under more oxidising conditions. Extremophilic proteases 

are well classified and their properties have made them popular for use within industry (Białkowska 

et al., 2016).There is very little literature that suggests the UPP has been modified in extremophiles, 

in fact a study has suggested that this UPP complex plays a more conserved role under stress 

(Maniatsi et al., 2015). However, many transcripts related to ubiquitin processes were observed 

within this  transcriptomic data set (data not shown), so this could warrant further investigation within 

PM01. 
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Figure 4.4 Heatmap representation of RNA-seq expression data from C. reinhardtii and C. acidophila under 
short and long term copper stress. Red represents more highly expressed genes, black is neutral and blue 
represents more lower expression. Orthologues between species were identified, using the Inparanoid 
software, so that expression profiles between the species could be matched. Most likely paralogues were 
identified but for simplicity only the most likely paralogues for C. acidophila were kept and these can be 
identified in the heatmap where there is no corresponding C. reinhardtii data. Short and long term treatments 
were normalised to their corresponding controls then the four data sets were z transformed, the mean across 
the data sets was defined as 0 and ±1 represents a standard deviation. 
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Table 4.2. GO terms identified in Cluster 1. Some of these GO terms were also present within Cluster 7 and 

8. The probability of being statistically overrepresented is shown for each GO term. Numbers in parentheses 

indicate the numbers of genes represented by each GO term. 
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Cluster 4 and 5 (Figure 4.4D and E) are interesting as they both show how C. reinhardtii under a 

short-term copper stress has a much higher expression change (over 1.3 standard deviations) for a 

subset of genes when compared to the long-term treatment and both C. acidophila treatments, all of 

which have lower levels of expression for this cluster. Significantly enriched GO terms found in 

Cluster 4 consisted of mainly metal ion binding and antioxidative properties (Table 4.4). A large 

proportion of this cluster presented genes with oxidoreductase activity (n=44). A significant 

proportion of these genes also included iron-sulphur cluster binding domains and metal binding 

domains indicating they have some role in metal binding.  In C. acidophila there was very little change 

in the short-term copper stress as the relative expression value was close to the mean across the 

four data sets, whilst for long term copper exposure conditions across both species, the genes 

showed a lower expression in comparison to the mean for Cluster 4. This could suggest that they 

play a less important role in the copper adaptation over a long period of time. Cluster 5 on the other 

hand consists of photosynthesis and chloroplast structure genes (Table 4.5). These genes are 

expressed at a reduced relative expression in both C. acidophila copper treatments, however, much 

more so under the short-term copper stress. The cluster remains relatively unchanged under long 

term copper stress for C. reinhardtii. In contrast to these two clusters, Cluster 8 shows higher 

expression for C. reinhardtii under long term copper stress conditions whilst all other treatments 

stayed similar or were expressed at reduced expression. There were many GO terms associated to 

Cluster 8 (31) that are mostly focussed around gene expression and RNA processing (Table 2.7).  
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Table 4.3 GO terms identified in Cluster 3. Many of these GO terms were also present within Cluster 
7. The probability of being statistically overrepresented is shown for each GO term. Numbers in 
parentheses indicate the numbers of genes represented by each GO term. 

 

 

Table 4.4 GO terms identified in Cluster 4. The probability of being statistically overrepresented is 
shown for each GO term. Numbers in parentheses indicate the numbers of genes represented by 
each GO term. 

 
Table 4.5 GO terms identified in Cluster 5 or 6. The probability of being statistically overrepresented 
is shown for each GO term. Numbers in parentheses indicate the numbers of genes represented by 
each GO term. 

 

Table 4.6 GO terms identified in Cluster 7. The probability of being statistically overrepresented is 
shown for each GO term. Numbers in parentheses indicate the numbers of genes represented by 
each GO term. 
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Table 4.7 GO terms identified in Cluster 8. The probability of being statistically overrepresented is 
shown for each GO term. Numbers in parentheses indicate the numbers of genes represented by 
each GO term.  
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Clusters 2, 3, 6 and 7 (Figure 4.4 B, C, F and G) may be the most informative regarding copper 

adaptation as these clusters show significant changes in C. acidophila under different copper stress 

conditions in comparison to C. reinhardtii. In Cluster 2 there is a huge increase in gene expression 

for the C. acidophila short term stress conditions whilst all other conditions show lower relative 

expression levels. This is also the second largest cluster identified (n=736), which includes 153 

potential paralogues. What is perhaps even more intriguing is that none of the genes showed a 

significant enrichment of particular GO terms within this cluster, suggesting there is a wide array of 

genes with many different functions involved in the immediate response to copper. A full list of these 

genes can be found in supplementary table 4.1. In contrast Cluster 6 shows almost the opposite 

effect. Under short term copper stress C. acidophila showed much lower expression of this set of 

genes in comparison to all other treatments. All these GO terms were associated with photosynthetic 

processes and the energy generation system of a cell. Cluster 3 appears to be an interesting group. 

This set of genes showed higher expression in both short- and long-term copper stress for C. 

acidophila. Interestingly, whilst there seems to be little change in relative expression for the C. 

reinhardtii long term stress, a huge decrease in expression for the short-term stress is seen for this 

cluster. The GO terms associated with this cluster hint that a lot of these genes are involved with the 

intracellular transport systems and cytoskeleton reorganisation. Finally, Cluster 7 appears to contain 

important genes for long term copper stress. Both C. acidophila and C. reinhardtii show a higher 

expression in response to long term copper stress. Interestingly, short-term copper stress for C. 

reinhardtii shows a lower relative expression level, whilst the short-term copper stress for C. 

acidophila remains relatively unchanged. This cluster seems to have a wide variety of genes and 

spans many different clusters regarding GO terms. It shares many of the same GO terms as Clusters 

1 and 3 whilst also having many unique GO terms, predominantly associated with organelles (Table 

2.2, 2.3 and 2.6).  

4.4.3 Oxidative Stress Response  

To get a more detailed understanding of what pathways were being altered in response to copper 

exposure, genes identified from the GO enrichment of the clusters were taken and mapped out into 

pathways with known functions in oxidative stress response. I also looked at certain genes known to 

be involved within the oxidative stress response that were not enriched within the cluster. In doing 

so several key processes were identified and helped widen our understanding of how green 

microalgae can acclimatise to a high copper environment.  Due to the diverse nature of the GO terms 

in Clusters 1 and 7 it was not possible to summarise the genes from these clusters in a single pathway 

or functional group, while Cluster 2, as previously mentioned, showed no significant enrichment for 

a specific set of genes.  

Figure 4.5 shows genes involved in the ROS stress response mapped from Cluster 4. The genes are 

identified by the C. reinhardtii transcript information with expression data shown in Table 4.8. 

Interestingly the highest expression for treatments in Cluster 4, was the short-term copper stress for 

C. reinhardtii whilst the same treatment for C. acidophila showed unchanged relative expression. 

Both long term treatments show the lowest expression levels of all four data sets, whilst the short-

term copper stress showed baseline expression that was equivalent with the overall mean 

expression.  
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Cysteine is a vital amino acid that is central to the oxidative stress response, particularly as it is 

important for Fe-S cluster proteins.  Perhaps most importantly, it is a key amino acid for the synthesis 

of glutathione (GSH), which plays an important role in governing the ROS stress response. Figure 

4.5 shows several genes involve in GSH metabolism including GSR1 and BBB1. BBB1 is a 

glutathione-s-transferase kappa (Table 4.8), whilst GSR1 reduces oxidised, dimerised glutathione 

(GSSG) back to GSH, both of which will be discussed later. There is contrasting evidence for the 

importance of the glutathione response to cells under metal stress. Sabatini et al. (2009) and Li et 

al. (2006)  both reported an increase in GSH levels after 7 and 13-15 days respectively of copper 

and zinc stress in Scenedesmus vacuolatus and Pavlova viridis. However, Jamers et al. (2013) 

reported a decrease in GSH levels after 72 hours of copper exposure. As GSH is a central molecule 

that can be a precursor to many other antioxidative responses as well as its direct role, it is perhaps 

unsurprising that there is contrasting evidence in the way different organisms utilise GSH. Due to the 

vast diversity in nature it is likely different species may adopt different strategies to deal with ROS.  
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Figure 4.5 (A) Genes involved in the ROS stress response in C. reinhardtii and C. acidophila under 
copper stress taken from significantly enriched GO terms from Cluster 4 (expression pattern seen in 
B) of the heatmap data. Only genes with clear annotation were mapped, some putative genes/ genes 
with a broad range description are indicated with an asterisk. Gene names starting with BBB had to 
be ascribed a gene name, specific gene info can be found in Table 4.8. DHA: dehydroascorbate; 
GSH: Glutathione 
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To get a better idea of the role of GSH in the stress response, genes which involve the antioxidant 

molecule GSH, were manually pulled out of the RNA-seq data for a more in-depth analysis. These 

include three sets of genes, GSH-s-transferases (GST), glutathione synthetase and GSH reductase 

(GSR). Five GST isoforms were identified from C. acidophila and four isoforms from C. reinhardtii. 

From Figure 4.6 it is apparent that GST1 and GST2 show a similar pattern in both species. The short-

term treatments presented significantly higher expression than the control and long term treatments. 

For both isoforms the C. reinhardtii short term expression values were higher than for the C. 

acidophila transcripts. CrGST1 is most likely a beta class of GST whilst CrGST2 appears to be 

closely related to the Pi class of GSTs, although neither of these classes are thought to be found in 

higher plants (Chatzikonstantinou et al., 2017; Lallement et al., 2014). GST3 and GST4 could present 

interesting candidates for copper adaptation. For both genes the short-term copper stress expression 

in C. acidophila was significantly higher than for all other treatments. This was more pronounced for 

GST4 in which all the other treatments were not significantly different from each other, however, the 

short-term treatment for CaGST3 (mean expression = 40770.5 NC ±6616) was almost 6 times higher 

than CaGST4 (mean expression = 6913 NC ±1159.3). CrGST3 is thought to be closely related to the 

sigma class of GST enzymes found in both vertebrates and invertebrates, whilst CrGST4 is thought 

to be closely related to the theta class of GSTs (Chatzikonstantinou et al., 2017). Theta GSTs have 

been found to have high glutathione peroxidase activity, reducing the amount of oxidised lipids in 

Arabidopsis (Dixon et al., 2000). Additionally, a tobacco plant overexpressing a theta class GST, 

showed enhanced tolerance to abiotic stresses such as herbicides, mannitol and salt stress, as well 

as an enhanced oxidative stress response (Stavridou et al., 2019). Sigma class GSTs are thought to 

have emerged before the split of eukaryotes, meaning functions have had a lot of time to diversify in 

specific organisms (Hervé et al., 2008). An analysis of two other sigma class GSTs in C. reinhardtii, 

GST7 and GST10 were thought to target isothiocyanates, a cellular antioxidant (Chatzikonstantinou 

et al., 2017). However, there is no evidence to suggest that CrGST3 will have a similar function, more 

so for C. acidophila, which may have an alternative activity.  

GSTx is a C. acidophila isoform where a C. reinhardtii orthologue could not be found to be expressed 

in this dataset. Like most of the other CaGSTs, under the short-term treatment the transcript is 

significantly increased when compared to both other treatments. CaGSTx could be a product of gene 

duplication, providing a new function which could confer an enhanced copper tolerance. Another 

putative GST was also found to be enriched in Cluster4 and is identified as a Glutathione-S-

Transferase Kappa, which has been labelled as BBB1 (Figure 4.5). The kappa class of GSTs are 

classified as mitochondrial GSTs (Kumar and Trivedi, 2018). GSTs as a class have a wide variety of 

functions under metal stress, some have been found to bind metals to phytochelatins so that they 

can be stored in an inert state in the vacuole (Kumar and Trivedi, 2018). Others have been shown to 

play a vital role in the oxido-reductant cycling of cells (Le Martret et al., 2011). While some have even 

been shown to have peroxidase activity (Franco et al., 2008). When an endophytic fungus, Exophiala 

pisciphila, was exposed to metal stress, 24 GSTs were found to be increased in expression. The 

highest GST to be increased was a mitochondrial GST epmetaxin11 (Shen et al., 2015). The kappa 



Page | 167  
 

class GSTs seem to be poorly described in the literature for microalgae and even higher plants. One 

group has  

 

 

 

 
Figure 4.6 transcript abundance  shown as normalised counts, calculated using DEseq2, of glutathione- s -
transferases for both C. acidophila and C. reinhardtii under a short and long term copper stress. All genes 
were present in both species apart from GSTx. Treatments were tested for significance across both species 
and all treatments using a one way ANOVA, Tukey’s post-hoc test were used for pairwise comparisons to 
test for significant differences between treatments. Letters represent different groups of significance.  
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described a single mitochondrial GST from the brown alga Ectocarpus siliculosus, but its function is 

unknown (Franco et al., 2008). However, due to their location in the mitochondria, a highly oxidised 

environment, which can be exacerbated under metal stresses, it is likely that they will have an 

antioxidative role. This would be in agreement with Allocati et al. (2009) who suggested that two 

mitochondrial GSTs have domains involved in redox catalysis. 

The second gene class is GSH, which could also provide interesting insights into the copper 

adaptation of PM01. For GSH1 all the control and long-term stress conditions for both species do 

not significantly differ in transcript level. In contrast, both GSH1 isoforms were expressed at a 

significantly higher level in the short term treatments, and the C. acidophila transcript (54388.5 NC 

±6185.6) was nearly 2.5 times higher than the C. reinhardtii transcript (22223.2 NC ±1084.5). GSH2 

is perhaps more intriguing, as there is no significant change for any of the treatments in C. reinhardtii, 

and all three treatments are significantly lower than any of the C. acidophila treatments. Additionally, 

the short-term copper stress for C. acidophila gave significantly higher GSH2 abundance than all 

other treatments. It is important to note that the transcript abundance of GSH2 was, overall, much 

lower than the GSH1 transcripts. The GSH genes encode for a glutathione synthetase involved in 

the biosynthesis of glutathione. Glutathione synthetase has been found to be increased in expression 

in response to both zinc and cadmium in the marine alga Dunaliella tertiolecta (Tsuji et al., 2003). 

Additionally, it has also been shown to play a role in arsenic tolerance of the extremophile C. 

eustigma (Hirooka et al., 2017). It is unsurprising that both isoforms involved in glutathione synthesis 

are increased in expression in the short-term for the extremophile PM01. Glutathione plays such a 

prevalent role in the ROS detoxification system, as well as being an important precursor to other 

metal binding proteins such as phytochelatins. What is interesting is that none of the long-term 

treatments gave significantly higher GST or GSH expression than the controls for PM01. 

Unfortunately, due to the negative results in attempting to quantify ROS in section 3 it is unclear 

whether the short-term and long-term copper stress induce a similar quantity of ROS in the cells. 

Additionally, we also do not know the time point at which transcript levels may decrease after a 

copper. From this data we could  suggest that while in the short-term copper treatment cells 

experience high ROS requiring inducement of glutathione metabolism, during long term copper 

exposure cells quench these ROS by unknown mechanisms to prevent any further damage in the 

cell, and so do not need to maintain high expression of GST and GSH genes. However, further 

experiments would need to be conducted to clarify this.  
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Figure 4.7 Transcript abundance shown as normalised counts, calculated using DEseq2, of genes 
related to glutathione synthesis and oxidation state for both C. acidophila and C. reinhardtii under a 
short and long term copper stress. Treatments were tested for significance across both species and 
all treatments using a one way ANOVA, Tukey’s post-hoc test were used for pairwise comparisons 
to test for significant differences between treatments. Letters represent different groups of 
significance.  
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The final set of genes related to glutathione of interest is the GSR genes and there are two isoforms 

identified in the transcriptomes of both species, which respond to a copper treatments very 

differently. The GSR1 isoform was enriched in Cluster 4 (Figure 4.5). GSR1 converts the oxidised 

GSSG into two molecules of GSH. Study of gsr-1 knockdown mutants in Caenorhabditis elegans has 

shown that this enzyme is extremely important for nematode survival when exposed to oxidative 

stress (Lüersen et al., 2013). Likewise Ma et al. (2020), found that GSR1 is increased in a glutathione 

peroxidase mutant of C. reinhardtii  under oxidative stress. Whilst it was observed that GSR1 

increased in expression in response to a copper treatment in C. reinhardtii, CaGSR1 has higher 

relative expression. The CaGSR1 transcript (27388.8 NC ±2650.8) was expressed significantly 

higher than the C. reinhardtii transcript (14827.6 NC ±2202.6). Interestingly, the long-term treatment 

for PM01 gave GSR1 expression that was also significantly higher than both the control and long-

term treatment for C. reinhardtii. On the other hand, GSR2 gave a very different gene expression 

profile. C. acidophila and C. reinhardtii have an inverse response to copper stress in relation to GSR2 

transcript abundance. Under short term copper stress (1809.9 NC ±70.8). CrGSR2 abundance was 

almost 2-fold higher when compared to the control (930.6 NC ±26.6). Conversely, the PM01 control 

treatment gives a high abundance (1890.8 NC ±87) of GSR2, but under short term copper treatment, 

the transcript is significantly reduced (935.4 NC ±71.8) (Figure 4.7). The PM01 long-term copper 

treated GSR2 transcript was slightly more abundant than its C. reinhardtii counterpart, and for both 

species, GSR2 expression values under long term conditions were in between the short-term and 

control values.  

Having a reduced glutathione pool clearly has many potential benefits, so it is unsurprising that 

isoforms of the GSR gene are more highly expressed under copper conditions. These results also 

agreed with Laporte et al. (2016) who showed that a glutathione reductase was increased in 

expression in Ulva compressa under a copper stress. Interestingly, they showed that the expression 

of glutathione reductase varied greatly over time, such that the expression started to increase on day 

3 and reached maximal expression by day 9, then very rapidly declined back to the basal levels by 

day 12. This is important to note as we are only looking at two brief snapshots for both the algae 

strains. Following a similar pattern to some of the other genes described here, GSR1 shows a much 

higher expression in both short term treatments. Like the other genes noted so far, metal stresses 

such as Cu and Zn were capable of inducing GSR in Chlorella sorokiniana and Scenedesmus 

acuminatus (Hamed et al., 2017). GSR has also been implicated in the arsenic detoxification of the 

extremophile C. eustigma (Hirooka et al., 2017). Other abiotic stresses such as salt, high temperature 

and nitrogen starvation,  also induce an increase is GSR activity (Fan et al., 2018; Gigova and 

Ivanova, 2015; Singh et al., 2018). This suggests that the broad range glutathione detoxification 

mechanism is highly useful to oxidative stress-inducing conditions in general. My data also suggests 

that different glutathione metabolism isoforms could play an important role in more specific 

applications. CaGSH2 increased in expression in response to a short-term copper treatment, whilst 

the CrGSH2 is not, so this could be one of the potential components to allow C. acidophila to be 

more capable at short-term adaptation to copper. Conversely, whilst both the GSR isoforms for C. 

reinhardtii were increased under the short-term copper treatment, for PM01 GSR2 was decreased in 

comparison to both the copper treatments when compared to the control. Interestingly, CaGSR2 is 

highly expressed, to similar levels under the short-term copper treatment compared to the C. 
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reinhardtii isoform in control conditions. Lin et al. (2018) have shown that both GSR isoforms play an 

important role in C. reinhardtii dealing with high light stress. In 181 Section 4.4.5 we will see how 

PM01 reduces its photosynthetic capabilities under the short-term copper stress. This could explain 

why the GSR2 isoform reduces its expression, in line with a reduced photosynthetic capability. GSR1 

on the other hand may either play other roles within the cell or has adapted a special function within 

PM01 that is still important in copper stress.  

CDO1 expression is differentially affected by the copper treatments and is involved in the transfer of 

cysteine to cysteine sulphunic acid (Figure 4.5), which can then be incorporated into multiple 

pathways. These pathways lead to the formation of 3-sulfino-L-alanine (cysteine sulphunic acid), and 

in turn, the formation of taurine and/or pyruvate and sulphate. Taurine can play multiple roles within 

stress tolerance.  It is a good osmoregulator and has antioxidative properties, and has been 

suggested to be an important metabolite in microorganisms adapted to an acidic and metal rich 

environment (Mosier et al., 2013). However, Kim et al. (2020) have found that taurine does not have 

as strong anti-oxidative powers compared to other sulfur containing amino acids such as cysteine. 

CDO1 belongs to Cluster 4, out of all the 4 data sets showed the largest increase in expression in 

the short term copper treatment for C. reinhardtii. It is possible that taurine may play a role under a 

short-term copper stress in C. reinhardtii that has yet to be elucidated. Genes CIAPIN1 and BBB7, 

encodes for proteins involved in the incorporation of cysteine in Fe-S clusters were also affected by 

different copper stresses across the organisms. Fe-S clusters play a wide range of roles in the cell. 

They are perhaps most well known for their role in electron transfer, but can also bind and activate 

substrates, regulate gene expression and have enzymatic activities (Johnson et al., 2005).  Copper 

is a highly reactive metal and can easily displace other metals in core compounds, inactivating the 

function of the protein (Magdaleno et al., 1997; Nieboer and Richardson, 1980). As such it is likely 

that these Fe-S clusters could be a prime target for metal displacement by copper and as such their 

expression may levels may change. Frey et al. (2016) have suggested that CIAPIN1 can act with 

glutaredoxins to provide a framework for incorporating 2Fe-2S clusters into proteins in human cells. 

The last set of genes present in this cluster involved in glutathione cycling is BBB6, BBB8 and BBB10. 

BBB6 encodes for D-arabinono-1,4-lactone oxidase/L-galactono-1,4-lactone dehydrogenase which 

is involved the synthesis of ascorbate from L-galactono-1,4- lactone. Ascorbate can then be oxidised 

into dehydroascorbic acid (DHA) by the proteins encoded by BBB8 and BBB10. DHA is then reduced 

back into ascorbate through the oxidation of GSH. Ascorbate is a well-known antioxidative molecule, 

many studies have found that ascorbate is accumulated across multiple algal species under a variety 

of metal stresses such as zinc, copper, lead, mercury and cadmium  (Hamed et al., 2017; Kováčik 

et al., 2017; Moenne et al., 2016; Piotrowska-Niczyporuk et al., 2012, 2015).  

Figure 4.5 also shows that antioxidative enzymes are significantly enriched in Cluster 4. An iron 

superoxide dismutase (FSD1), which converts the superoxide radical (O2
-) into hydrogen peroxide 

(H2O2), also shows differential expression in Cluster 4. We have also seen from chapter 3 that the 

FeSODs, showed the largest increase in expression under the short-term copper stress  (Figure 

2.14). FeSODs are typically located in the chloroplast and are thought to be associated with PSI, 

where they are able to protect the photosynthetic apparatus from any increases in radicals (Wolfe-

Simon et al., 2005). Copper stress has been seen to induce SOD activity 30% in the alga Gonyaulax 

polyedra. Transcript levels were also seen to increase ~3 times under copper stress in G. polyedra 



Page | 172  
 

(Okamoto et al., 2001a, 2001b). This FeSOD may play a role in mitigating radicals produced by 

copper. The generated H2O2 can have signalling function, however, at high elevated concentrations 

it can cause damage to the cells (Mittler, 2017). H2O2 can be detoxified into water through two classes 

of antioxidative enzymes. The first, are the catalases, and here we see that only CAT1 is differentially 

expressed also confirmed in Figure 2.13. A study of Enterobacter cloacae found that the only protein 

consistently increased in all three studied strains when exposed to cadmium was a catalase 

(Chuanboon et al., 2019). Many studies have found that catalase transcript levels and/or activity are 

increased in multiple algal species and under various metal stresses (Fazelian et al., 2019; Kováčik 

et al., 2017; Piotrowska-Niczyporuk et al., 2018; Wang et al., 2020). Both CAT1 transcripts show a 

slight decrease in expression in the long-term treatments when compared to the control. Although it 

is not significant, we see a few patterns across the data relating to antioxidative genes that are highly 

increased under the short-term copper treatment but seem less important in the long-term treatment. 

To the best of my knowledge there is only one study that has found a decrease in catalase activity 

under metal stress. At lower copper concentrations Chen et al. (2016), found that catalase activities 

did increase, however, when reaching much more toxic concentrations catalase activity decreased, 

coupled with huge reduction in the efficiency of PSII. Additionally, Esperanza et al. (2017) found that 

catalase transcript levels did decrease when exposed to the herbicide atrazine, which induces 

oxidative stress through the breakdown of the electron transport chain in PSII. It is not clear as to 

whether this decrease in transcript level also leads to a decrease in catalase activity. There appears 

to be a tight link between catalase activity and efficiency of photosynthesis within the cells (Brisson 

et al., 1998; Zelitch, 1990). It is possible that there is an increase in catalase activity to mitigate any 

damage before the photosynthetic apparatus can be damaged. We have already seen in Figure 2.6 

and Figure 2.13, that this could be the case as PM01 appears to rapidly shut down photosynthesis 

and increase CAT1 transcripts in response to the short term copper stress.  

The second class of enzymes capable of detoxifying H2O2 is the peroxidases. In Cluster 4 two types 

of peroxidases were identified. Transcripts for glutathione peroxidase (GPX5), which catalyses the 

detoxification of H2O2 using glutathione as a cofactor, converting it to its oxidised form, GSSG. 

Peroxidase, PRX6 can also catalyse this reaction by oxidising itself, PRX6 can then be reduced 

again by NTR3 and NTR4 using thioredoxin, the transcripts for these proteins are also significantly 

enriched in Cluster 4. Jiang et al. (2016) found that both glutathione peroxidase and peroxidase both 

increased in a concentration dependent manner with copper stress in C. reinhardtii. Specifically, 

GPX5, is located within the cytoplasm and has been found to be increase in expression by various 

stresses. Interestingly, it has been found to be increased in expression in response to singlet oxygen, 

but also cold and high light (Brzezowski et al., 2012; Roach et al., 2017; Zalutskaya et al., 2019). It 

is likely that this upregulation is largely controlled by abundance of  singlet oxygen, in preparation for 

an increase in H2O2 production, which will be produced by various stresses, providing an adaptive 

mechanism to a wide array of stresses.  

During oxidative stress to the cells, proteins and metabolites are inevitably damaged through 

oxidation. These damaged molecules can be repaired through a variety of proteins, of which a wide 

array of genes encoding these proteins are present within Cluster 4 (Figure 4.5). The first class are 

the oxido-reductases. These have a wide array of functions and are represented by many genes in 

Figure 4.5, but in general, they catalyse the transfer of electrons from a reductant to an oxidant. 
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These are particularly relevant within photosynthesis and respiration, in which electrons are 

transported to create energy gradients, creating a highly oxidising environment (Lodeyro et al., 2012). 

However, they can play other roles, GRX4 has been found to be involved in iron deficiency sensing 

in multiple organisms (Horianopoulos & Kronstad, 2019; Li & Outten, 2019). It is unknown whether 

the C. reinhardtii GRX4 plays a similar role in iron homeostasis although, it has been seen to be 

increased under other stresses such as H2O2 (Blaby et al., 2015). Copper can compete with lead for 

a common transporter binding, and it is feasible that copper could also compete with iron for iron 

transporters which could lead to an iron deficiency (Sánchez-Marín et al., 2014). HEM1, another 

transcript encoding for an oxidoreductase identified in Cluster 4, has been shown to be a crucial 

protein involved in tetrapyrrole biosynthesis (Agrawal et al., 2020). Finally, oxidoreductases have 

also been shown to reduce damaged oxidised proteins  and metabolites, detoxifying them and 

preventing further damage within the cell (Mahajan et al., 2014). Several other proteins that have an 

oxidoreductase capacity were identified. However, as they have a broad range of functions, their role 

in copper tolerance is difficult to assign. The second class enriched in Cluster 4 have a more specific 

function. These are the peptide methionine sulfoxide reductases, these have multiple functions that 

include cell signalling, direct quenching of ROS and the reversal of substrates damaged by oxidation 

(Tarrago et al., 2009). They have also been shown to help protect the function of Fe-S clusters under 

aerobic conditions in S. cerevisiae (Sideri et al., 2009). Of the two MSRAs identified in this cluster, 

MSRA3 and MSRA5, have been predicted that the proteins they encode are localised to the 

mitochondria and plastids respectively (Tarrago et al., 2009). 

The final set of genes are potentially linked to oxidative stress as they are involved in lipid synthesis 

and breakdown. BBB5 is a glycerol-3-phosphate dehydrogenase, which converts glycerol-3-

phosphate (GPD), an output from the Krebs cycle, into the fatty acid synthesis pathway. Lipid 

oxidation is a common effect of elevated ROS within cells (Gechev et al., 2006). It is possible that 

GPD is increased under copper stress to mitigate lipid loss due to oxidative stress. These lipids are 

then broken down into by-products of acetyl CoAs and eventually ethanol by BBB4 and BBB12 

respectively. Interestingly, Hirooka et al. (2017) identified that C. eustigma, a closely related 

extremophile alga to C. acidophila lacks enzymes involve in the organic acid fermentation pathways 

and as such is unable to produce metabolites such as lactate. They also found that the C. eustigma 

cellular ethanol levels were higher, possibly due to less fermentation pathways available. 

4.4.4 Cell Movement and Intracellular Transport  

Figure 4.8 summarises three different clusters, all of which focus around intracellular transport and 

cell movement. All gene descriptions and expression data can be found in Table 4.9. Clusters 3 and 

7 are dominated by intracellular transport and cellular movement gene functions, whilst Cluster 5 is 

represented by only one transcript, which is involved in endoplasmic reticulum (ER) to Golgi 

transport. Microtubules are critical structural molecules for defining cell shape whilst also providing 

routes for internal transport of organelles, proteins and other important metabolites (Geitmann and 

Nebenfãhr, 2015). Microtubule polymerisation is the first step for these structures to be put in place. 

As the unassembled microtubule components are unstable, accessory proteins are needed for 

microtubule polymerisation to occur. Genes encoding for proteins involved in microtubule 

polymerisation (GCP2, GCP4, AAA9 and ARPC4) are found to be enriched in Cluster 7 (Figure 4.8). 

Once started, polymerisation can occur rapidly, however, this needs to be controlled and stabilised 
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by other proteins. echinoderm microtubule-associated protein-like 6 (EML6), elongator complex 

protein 2 (ELP2) and targeting protein for Xklp2 (TPX2) are likely candidates in this process and 

were found to be enriched within Cluster 3 (Table 4.9). Once microtubules are formed, they are 

polarised having a plus end and a minus end. Cargo can be transported towards either end using 

transport proteins called dyneins or kinesin. Dyneins transport cargo towards the minus end, and 

genes encoding for dyneins were significantly enriched in Cluster 3 (Figure 4.8). Kinesins transport 

cargo in the opposite direction towards the plus end. Genes encoding kinesins were significantly 

enriched in both Cluster 3 and 7. A proteomic study of an acidic extremophile Chlamydomonas sp. 

also identified an increase in dyneins and kinesins when the strain was grown in a natural metal rich 

water (Cid et al., 2010). This species was isolated from the Rio Tinto, which is a highly acidic and 

metal polluted environment, similar to parts of Parys Mountain, so may share similar mechanisms to 

C. acidophila (Cid et al., 2010). When the same species was exposed to cadmium, scanning electron 

microscopy showed increasing quantities of vacuoles accumulating within the cytoplasm, with many 

vacuoles locating towards the periphery (Aguilera and Amils, 2005).  The cytoskeleton and increase 

in dyneins and kinesins could indicate an increase in intracellular organelle trafficking. C. acidophila 

has been shown to accumulate lipid bodies towards the cell periphery in response to metal stresses 

previously (Spijkerman et al., 2007) as well as an increase in vacuolisation (Díaz et al., 2020). Lipid 

accumulation is a well-known stress response (Driver et al., 2017), one which we do not appear to 

see in PM01 chapter 4. However, it is well known that vacuoles can act as metal stores in hyper 

accumulators (Tian et al., 2011). As such an increase in cellular transport mechanisms could be due 

to a need for cellular reorganisation in response to increased vacuoles.   

Finally, proteins can be post-translationally modified to contain localisation signals, determining 

where they should be trafficked to within the cell. Cluster 7 contains genes, encoding proteins which 

can apply such post translational modifications (including FNTB, GIT2, PIGW and PIGS (Figure 4.8)), 

which can be involved in the targeting and incorporation into the plasma membrane (Chiyonobu et 

al., 2014; Lee et al., 2002; Liu et al., 2010; Premont et al., 2000). If copper elicits a similar response 

it is likely that the increased expression of these genes in C. acidophila may be involved in the 

structural reorganisation of the cell, including an increase in vacuoles. Díaz et al. (2020) observed 

vacuolisation in a strain of C. acidophila from the Rio Tinto upon exposure to arsenite (As(V)), 

cadmium and arsenate (As(III)).  In fact, this appears to be a common response that has been found 

in other strains of C. acidophila and C. reinhardtii upon metal exposure (Nishikawa et al., 2003; 

Samadani and Dewez, 2018). It is already known that PM01 accumulates and internalises copper 

from the environment (Dean et al., 2019). It could be that some of this copper is stabilised and stored 

in storage vacuoles within the cell.  
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Figure 4.8 (A)Genes involved in the cell movement and intracellular transport of C. reinhardtii and C. 
acidophila under copper stress taken from significantly enriched GO terms from Cluster 3, 5, and 7 
of the heatmap data. Only genes with clear annotation were mapped, some putative genes/ genes 
with a broad range description are indicated with an asterisk. Gene names starting with AAA had to 
be ascribed a gene name, specific gene info can be found in supplementary Table 4.9. (B) Average 
expression plots for each cluster after z-transformation, 0 represents the mean of the 4 treatments 
and ±1 represents a standard deviation. 
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Both C. acidophila and C. reinhardtii have a pair of flagellar used as the main mode of movement. 

Flagellar are complicated structures (Figure 4.8) and are made up of microtubules spanning the rim 

of the flagellar, connected by dyneins that allow the microtubules to move over each other, generating 

movement (Myster et al., 1999). Genes encoding the regulation of both the inner and outer dynein 

arms connecting the outer microtubules are present in both Cluster 3 and 7. Tether/ tether head 

complexes allow the attachment of the inner and outer dynein arms to adjacent microtubules 

(Urbanska et al., 2018). FAP43 and FAP44 are both associated with these tether complexes and are 

enriched in Cluster 3. The radial spokes which extend from the outer microtubules towards the central 

microtubule pair may also change in response to copper stress as genes involved in their synthesis 

and regulation appear in Cluster 3. Finally, KLP1, also found enriched in Cluster 3, which is localised 

at the central singlet microtubule is also differed in expression under the copper treatments.  

Beauvais-Flück et al. (2019) also found a small number of motility genes that were differentially 

expressed under a copper stress in C. reinhardtii that, perhaps unsurprisingly, were absent in the 

macrophyte Elodea nuttallii.  Toxic metal concentrations have been shown to inhibit motility in many 

species of diatoms, green algae and bacteria (Gupta and Agrawal, 2007; Ivošević DeNardis et al., 

2019; Khare et al., 2020; Pandey and Bergey, 2016). Interestingly, various metal stresses were not 

found to reduce motility in the extremophile Euglena gracilis (Danilov and Ekelund, 2001). It is worth 

noting that the copper stress used in this study was 65 times weaker than the concentration of copper 

exposed to PM01. It is possible that at higher concentrations used here we would see a decrease in 

motility. Mutants in genes involved in flagellar structure such as ODA2, DHC1, KLP1, FAP43 and 

FAP44, all present in the data set, caused reduction in motility or complete motility loss in C. 

reinhardtii  (Liu et al., 2008; Myster et al., 1999; Urbanska et al., 2018; Yokoyama et al., 2004). It is 

possible that copper could denature proteins such as DHC1, reducing function and inhibiting motility. 

This could explain why, under copper conditions, these genes are more highly expressed. As PM01 

was found in a highly stressful environment, it would be disadvantageous for it to lose all motility 

under such conditions. Therefore, it may have adapted different mechanisms to maintain flagellar 

function, without causing any further harm to the cell.  Finally, flagellar excision can occur for many 

reasons, one of them being environmental stresses (Quarmby, 2004). Two genes involved in this 

process, IP56K and AAA3 were found to be present in Cluster 3. Various stresses, including excess 

metal are known to induce deflagellation (the excision of the flagellar), which would have a profound 

effect on motility (Quarmby, 2004). Copper has also been shown to mediate flagellar excision up to 

64 μg/L, although no higher treatments were tested, this is 76 times less than the copper treatment 

that was applied for C. reinhardtii (4.87mg/L) (Garvey et al., 1991).  

ROS and copper stresses have been seen to induce deflagellation in C. reinhardtii (Garvey et al., 

1991; Ma et al., 2020), therefore it is not a stretch to imagine PM01 may also be prone to 

deflagellation upon an immediate copper stress. Any genes involved in flagellar maintenance or 

regrowth therefore, could increase an organisms fitness under copper stress. Intraflagellar transport 

complexes move up and down the flagellar transporting cargo for energy, maintenance, and flagellar 

growth. IFT-A and dynein complexes are linked with retrograde transport whilst IFT-B and kinesin 
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are linked with anterograde transport (Huet et al., 2014). Five intraflagellar transport complex genes 

were found to be enriched in Cluster 3: IFT27, IFT80, FAP32, PIK3R4 and AAA5. While the exact 

role of IFT27  is unclear, one study has suggested that it is crucial for flagellar maintenance and cell 

cycle control such that knockdown lines can lead to flagellar excision (Qin et al., 2007). A more recent 

study showed more robust evidence that IFT27 could play a role in exporting the BBsome, an 

octameric protein crucial for homeostasis  out of the cilia and knockdown mutants gave rise to an 

increase in signalling molecules accumulating within the flagella (Dong et al., 2017).  In contrast, it 

appears that IFT80 is required for ciliogenesis (Taschner et al., 2018). This could highlight a key 

adaptation between PM01 and C. reinhardtii, as under short term copper stress conditions these 

genes are more lowly expressed in C. reinhardtii, while in PM01 these genes are more highly 

expressed. This could suggest that although the copper shock may cause PM01 to deflagellate, the 

cells allow motility to return quickly.  

4.4.5  Photosynthetic Response to Copper 

Three clusters were found to have significantly enriched genes corresponding to photosynthetic 

processes that differed in expression under different copper treatments between the two species. 

Both Clusters 4 and 5 show that relative gene expression is much higher in the short-term copper 

stress for C. reinhardtii, whilst the long-term treatment and both treatments for C. acidophila were at 

the average baseline or under expressed. Cluster 6 shows that all treatments had high relative 

expression apart from the short-term copper stress for C. acidophila which showed very little 

expression when compared to the other treatments.  

When light hits the light harvesting complex (LHC) for PSII the energy capture process begins. Figure 

4.9 shows two genes related to the LHC were found in the transcriptomic data set. LHCB7 and 

LHCB4 were both found in Clusters 5 and 6, respectively. The energy is then transferred from the 

LHC to the PSII reaction centre where water is split, generating hydrogen and passing an electron 

onto plastoquinone. The electrons are then passed from plastoquinone to cytochrome b6f complex 

(cyt b6f), facilitating two more hydrogen ions to be transferred into the thylakoid. This is the last set 

of hydrogens to be transferred to the thylakoid in the electron transport chain. ATP synthase can 

then use this high concentration of hydrogen ions in the thylakoid to drive ATP synthesis by allowing 

hydrogen ions into the stroma. Cluster 5 contains 3 genes associated with ATP synthase. Copper 

was found to inhibit activity at the oxidising side of PSII, as seen by a decrease in chlorophyll a 

fluorescence in the diatom Phaeodactylum tricornutum. The authors suggested that this could be 

due to an inhibition of PSII reaction centres (Cid et al., 1995). Interestingly, Laporte et al. (2020) 

found that a microalga that grows in copper polluted waters off northern Chile, Ulva compressa, 

increased expression of many genes involved in photosynthesis in response to copper including 

genes involved in PSII, LHCII and cyt b6f.  In my data, these genes seem to be more highly 

expressed, in respect to their controls, in the C. reinhardtii data set. Although Laporte et al. (2020) 

say that this alga is highly copper tolerant, they suggest that it is only capable of growing up to 50 

μM, and for the experiment it was stressed with only 10 μM, a much lower concentration used for 

even the long-term copper stress used for the C. reinhardtii  strain in this study. Considering that the 

short term PM01 treatment had the lowest relative  
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c

 

Figure 4.9 Genes involved in photosynthesis of C. reinhardtii and C. acidophila under copper stress 
taken from significantly enriched GO terms from Cluster 4, 5 and 6 of the heatmap data. Only genes 
with clear annotation were mapped, some putative genes/ genes with a broad range description are 
indicated with an asterisk. Gene names starting with DDD had to be ascribed a gene name, specific 
gene info can be found. ABA: abscisic acid, OAA: oxaloacetate (B) Average expression plots for 
each cluster after z-transformation, 0 represents the mean of the 4 treatments and ±1 represents a 
standard deviation. 
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expression, it is likely that copper exerts an excess strain on the cells which could be exacerbated 

by photosynthesis. The oxidative stress caused by copper could be further impacted if the 

photosynthetic apparatus is inhibited and/or malfunctioning. Copper has been shown to displace Fe2+ 

from the primary quinone acceptor in PSII, leading to the formation of radicals (Jegerschold et al., 

1995). A short-term copper adaptation of PM01 could be to temporarily reduce its photosynthetic 

capabilities, allowing ample time for the cell to neutralise any excess ROS and free ionic copper 

causing damage to the cell before it can resume to a more normal growth condition.  

However, this is not all the energy that chloroplasts are able to extract from photosynthesis. PETC 

is a gene associated to the cyt b6f complex and was found in Cluster 4.  The electron is then passed 

onto plastocyanin (PC) which transfers the electron to the PSI reaction centre. This can then utilise 

energy captured from the LHCs for PSI to transfer the electron the ferredoxin. In my data set Cluster 

5 was significantly enriched with six genes associated with the PSI reaction centre, whilst Cluster 6 

was significantly enriched with eight genes associated to the LHC of PSI. Cluster 5 also contained 

the gene LHCSR1 which is able to directly transfer excess energy from LHC PSII to the PSI reaction 

centre. Cabrita et al. (2018) found evidence to suggest that P. tricornutum also shifted preference 

from PSII to PSI under copper stress. Copper has been found to increase the amount of light needed 

to stimulate PSI (Lysenko et al., 2020). PSI appears to be a more robust system, Prasad & Zeeshan 

(2005) also found that both UV-B and cadmium treatments had a strong inhibitory effect on PSII 

whilst PSI was least affected. A switch to PSI could be beneficial in this circumstance as less energy 

may need to be dissipated, reducing the ROS stress on cells. Additionally, Cluster 4 also contains 

FDX4 which encodes ferredoxin. FDX4 has been suggested to play multiple roles within the cell, 

playing a part in glycolysis, but also may help protect the cell from ROS (Peden et al., 2013). 

Ferredoxin can reduce NADP+ into NADPH, which can then be used as an energy store. Cluster 4 

also contains the transcript MDH5, MDH5 converts oxaloacetate into malate by oxidising NADPH. 

Massoud et al. (2019) found an increase in the activities of similar NADP reducers, such as MDH, in 

pea shoots exposed to copper. They proposed that the reduced NADPH could be used for other 

redox reactive enzymes such as glutathione and thioredoxin-reductases to quench other ROS 

present in cells. In the model proposed here it would seem that under a long-term copper stress, 

transcripts for these genes are less abundant than the short-term copper stresses. If indeed, MDH 

is used to create a pool of reduced NADPH for redox reactive enzymes, this would fit in with the 

earlier data that also showed a reduction in the ROS stress response under a long term copper stress 

(Figure 4.5).  Malate can then be exported out of the chloroplast by LCI20, which was also enriched 

within Cluster 5. Ferredoxin can also be used to reduce hydrogen sulphide into sulphite utilising the 

electron transport system (Schmidt and Trebst, 1969). A gene coined BBB16 encodes a ferrodoxin 

sulphite reductase which can catalyse such a reaction and was enriched within Cluster 4.  

Chlorophyll are the green pigments which absorb the light in the light harvesting complexes for 

photosynthesis to occur. In Cluster 6 the gene CHLD was found enriched in the data set which is 

involved in chlorophyll biosynthesis. CHLD is one of only a few transcripts involved in chlorophyll 

biosynthesis, others include CHLG, CHLM and CAO. Several studies have found that chlorophyll 

biosynthesis genes were found to decrease in comparison to the control under various stresses such 

as ketoprofen and ZnO nanoparticles (Wang et al., 2020; Wang et al., 2016). When we look at these 

genes in isolation (Figure 4.10), all genes except CHLM were significantly reduced in the short-term 
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copper treatment when compared to the control for PM01.  In stark contrast, all genes, except for 

CHLG, were increased under the short-term copper treatment compared to the control for C. 

reinhardtii. Opposingly, in Cluster 4 we saw the gene pheophorbide a oxygenase, which was 

assigned the ID BBB15, is involved in the breakdown of chlorophyll. In the same theme of pigments, 

we also see lycopene beta cyclase enriched within Cluster 4. Lycopene beta cyclase is involved in 

the carotenoid biosynthesis pathway converting phytoene into β-carotene. Cluster 4 also contains 

two other genes which are located in the chloroplast. HDH1 which converts histidinol into L-histidine 

and THIC, which is involved in the thiamine biosynthesis pathway. The ability to inhibit 

photosynthesis in the early stages of a harsh copper stress is an adaptive trait that has allowed PM01 

to adapt to elevated copper levels. Genes involved with the light harvesting complexes, reaction 

centres and chlorophyll synthesis are down regulated under a short-term copper stress in PM01. For 

C. reinhardtii, these gene transcripts remain at a relatively high abundance and are even elevated in 

some circumstances. It is likely that PM01 is able to reduce its photosynthetic capabilities until it is 

able to quench the excess free copper and ROS, preventing further damage by impaired 

photosystems, providing the cell a better capability to deal with the stress. As well as the LCI20 

transporter mentioned earlier, Cluster 5 also contains other transporters on the chloroplast 

membrane. An ADP/ATP translocase, assigned AAA1, facilitates the antiport of ADP and ATP in and 

out of the chloroplast. We also see an iron transporter FPN1 which transports Fe2+ in and out of the 

chloroplast.  
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Figure 4.10 transcript abundance shown as normalised counts, calculated using DEseq2,  of genes 
related to chlorophyll synthesis for both C. acidophila and C. reinhardtii under a short and long term 
copper stress. Treatments were tested for significance across both species and all treatments using 
a one-way ANOVA, Tukey’s post-hoc test were used for pairwise comparisons to test for significant 
differences between treatments. Letters represent different groups of significance.  
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4.4.6 Metal Homeostasis and Transport Genes   

In addition to examining genes by cluster analysis, well-known genes involved in metal transport and 

copper homeostasis were also examined individually, with the assumption that they may also play 

an important role in the copper response. The first set of transporters investigated were the copper 

transport proteins (CTP), part of the HMA-like (P-type ATPase) class transporters. These are a very 

interesting set of candidate genes that may explain some of the copper adaptation of PM01. CTP3 

standouts out the most of the two transporters identified (Figure 4.11). The lowest CTP3 transcript 

abundance of all the PM01 treatments, interestingly the long-term stress (5757.8 NC ±329.1), was 

still significantly higher than the control (245 NC ±20) long-term (393.9 NC ±16.8) and short-term 

(2485.5 NC ±845) copper stresses in C. reinhardtii. The transcript abundance of CTP3 for the control 

in PM01 (7009.8 NC ±286.4) is expressed 28.7 times higher than the control in C. reinhardtii. It was 

even expressed almost 3 times higher than the short-term copper stress in C. reinhardtii, which had 

the highest abundance of the transcript for all its treatments. The potential importance of this gene 

is even more evident when you look at the short-term copper stress for PM01 where the CTP 

transcript increased to 14160.5 ±349, 2 times higher than its control and nearly 58 times higher than 

the C. reinhardtii control. The other isoform, CTP1 does not seem to be as important for copper 

adaptation. The level of transcript abundance for the control treatments for both species and the 

long-term copper treatment for PM01 did not significantly differ from each other. Moreover, 

expression levels for both short term copper treatments were significantly higher than their controls 

(PM01- 2.6 times, C. reinhardtii- 3.3 times). The CrCTP3 expression under short term copper stress 

was only 1.19 times higher than CaCTP1 under the same condition.   

CTP3 is predicted to be involved in the efflux pathway to facilitate the removal of Cu1+ from the cell 

(Blaby-Haas and Merchant, 2012). This could explain why we see such high constitutive levels of 

expression, even in the control, rising significantly under a short-term copper stress for PM01. 

Although it has been shown previously that copper can accumulate within PM01 (Dean et al., 2019), 

excreting excess cellular copper will nonetheless be beneficial to the cells. CTP3 therefore, may be 

an interesting target for future knockout lines, which could improve the copper sequestration and 

bioremediation potential of PM01, should the cell be able to survive an increase in cellular copper 

content. CTP1 on the other hand, is thought to be located in the Golgi network, possibly providing 

copper to FOX1 an iron transporter, but may also be involved in copper secretion (Blaby-Haas and 

Merchant, 2012). However, if this is the case, my data seems to suggest that this plays a much lesser 

role in copper homeostasis of the cell.  HMA1 presents an interesting comparison between the two 

species. Neither of the two species show a difference in expression between the control and long-

term copper stresses. However, both the control and long-term stress HMA1 abundance were 

significantly higher in PM01 than the C. reinhardtii treatments. Where the species mainly differ is in 

the short-term treatments. C. reinhardtii sees an over 2-fold increase in expression when compared 

to the control (959.1 NC ±60.9 to 2405.8 NC ±157.9). In contrast, the HMA1 expression levels in the 

short term copper stress in C. reinhardtii actually decrease almost 1.8-fold (1586.7 NC ±80.8 to 890.9 

NC ±57.8) from the control.  There has been no study of the C. reinhardtii HMA1, however, an 

Arabidopsis HMA1 was found on the chloroplast envelope and thought to facilitate the transport of 

copper into the chloroplast  (Seigneurin-Berny et al., 2006). If the C. reinhardtii and PM01 HMA1 

isoforms have a similar function to their Arabidopsis orthologue, it could explain why a down 
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regulation in the short-term copper stress  is seen for PM01 as the cell may want to protect the 

photosynthetic apparatus from excess copper causing further ROS damage.  

Another class of copper transporter that was examined were from the CTR family.  CTRs are high 

affinity copper transporters that take up copper into the cell in the Cu1+ form. The copper can then 

be sequestered by other proteins and molecules within the cytoplasm (Blaby-Haas and Merchant, 

2012). For the PM01 genes it was unclear which CTR genes were orthologous to the C. reinhardtii 

genes. As such all the CTR genes were grouped together and analysed within the species. C. 

reinhardtii CTR1 and CTR2 (Cre13.g570600.t1.2 and Cre10.g434350.t1.1 respectively) are known 

to be located at the plasma membrane and involved in copper uptake in response to copper 

deficiency (Page et al., 2009), however, none of these transcript levels change in response to excess 

copper, suggesting similar levels of copper uptake may be taking place.  Conversely, PM01 sees 

two CTRs expressed at relatively high levels (Cac.gene5456 and Cac.gene5454). Under both copper 

stresses these transcript levels drop to a near the baseline level (Cac.gene5456) or roughly a third 

of the control (Cac.gene5454) (Figure 4.12). That could suggest that these are located at the plasma 

membrane and are also involved in copper uptake. What is interesting is that although the PM01 

transcripts are decreased in expression, they are still equivalent or higher than the C. reinhardtii 

transcripts. This could mean that similar or higher levels of copper are being taken up into the cell, 

suggesting that similar, or higher levels of copper may be taken up in PM01 compared to C. 

reinhardtii and the cells also have a better capability of dealing with the stress. It is important to note 

that this is speculative as transcript abundance may not necessarily equate to an increase in protein 

and especially does not relate to protein activity. Another reason for the PM01 controls being so 

highly expressed could be that the cell has adapted to high cellular copper levels and that it may be 

experiencing some form of copper deficiency with no added copper. The remaining CTRs for both 

species are both relatively lowly expressed and appear relatively unchanged by the copper 

treatments.
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Figure 4.11 transcript abundance shown as normalised counts, calculated using DEseq2,  of genes related 
to metal transporters for both C. acidophila and C. reinhardtii under a short and long term copper stress. 
Treatments were tested for significance across both species and all treatments using a one way ANOVA, 
Tukey’s post-hoc test were used for pairwise comparisons to test for significant differences between 
treatments. Letters represent different groups of significance. 
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Figure 4.12 transcript abundance shown as normalised counts, calculated using DEseq2,  of 
genes related to CTR genes for both C. acidophila (A) and C. reinhardtii (B) under a short and 
long term copper stress. Treatments were tested for significance all CTR genes and all treatments 
using a one way ANOVA, Tukey’s post-hoc test were used for pairwise comparisons to test for 
significant differences between treatments. Letters represent different groups of significance. 
CTRs had to be compared within species as genes appear to diverged to identify any paralogues 
across the species. 



Page | 192  
 

Excess copper has been shown to cause iron deprivation, possibly through competition of metal 

transporters (Pätsikkä et al., 2002). For this reason, I decided to look at known iron transporters to 

see if there were any effects of copper on the expression of iron transporters. The first gene, FTR1 

is localised to the plasma membrane and form a complex with FOX1 (also listed) and convert Fe2+  

to Fe3+ for uptake (Blaby-Haas and Merchant, 2012). Both species show a similar expression pattern 

for both FTR1 and FOX1. PM01 shows the highest expression under a short-term copper stress for 

both genes, whilst the long-term treatment is slightly C. reinhardtii shows the highest expression level 

under the long-term copper stress for both genes with expression increasing over 5-fold and 12-fold 

for FTR1 and FOX1 respectively. It would appear that whilst C. acidophila may experience a short-

term iron deficiency under copper stress, C. reinhardtii experiences a much harsher iron deficiency 

over the long-term when exposed to copper. Terzulli & Kosman (2010) have shown that copper 

deficiency has also led to iron deficiency in C. reinhardtii. To my knowledge there are few studies 

that have looked at the effects of excess copper on iron deficiency, the only notable exception is a 

study in which the addition of iron was enough to alleviate phenotypic observations of copper stress 

(Pätsikkä et al., 2002). Another study has also found that lead and copper both share a common 

uptake transporter in C. reinhardtii suggesting that competition for space in metal transporters and 

non-specific uptake can occur (Sánchez-Marín et al., 2014). These results would seem to suggest 

that C. reinhardtii experiences some form of iron deficiency under a long-term copper stress. This is 

further backed up when we look at the iron specific transporters FEA1 and FEA2 (Figure 4.13). Again, 

we see a similar pattern in that the highest level of expression was seen in the long-term copper 

stress. FEA1 transcription levels increased from 0.898 ±.915 for the control up to 965.3 ±299.5 for 

the control and 16.3 ±4.6 for the control to 1737.2 ±407.4 for the long-term stress for FEA2. 

Unfortunately, no FEA transcripts could be identified for PM01 for comparison. FEA1 and FEA2 are 

shown to have a high affinity uptake for iron. Additionally, they are not transcriptionally regulated by 

other metals such as zinc and manganese, and with importance to this study, copper (Allen et al., 

2007). This suggests that the difference in regulation we are seeing in the data presented, is not 

perhaps directly regulated by the copper stress, but perhaps an additional iron deficiency stressed 

imposed upon the cells. Although trace metals can be toxic at elevated levels, some heavy metals 

are still more toxic than others. E. gracilis has been shown to increase its survivability against 

cadmium by accumulating zinc (Sánchez-Thomas et al., 2016). As iron is less redox active than 

copper, accumulating iron could prove a better strategy of surviving copper toxicity, than allowing 

higher levels of copper into the cell. It is very interesting that PM01 only upregulates genes related 

to iron deficiency in the short-term and not to a high extent as seen in C. reinhardtii. This could 

suggest that it has either an alternative iron uptake mechanism, due to occurring in naturally high 

copper concentrations, or alternate mechanisms to deal with iron deficiency. Whatever, the strategy, 

it could prove an interesting target for further study into alleviating iron deficiency in organisms.  
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Figure 4.13 transcript abundance shown as normalised counts, calculated using DEseq2,  of 
genes related to metal transporters for both C. acidophila and C. reinhardtii under a short and long 
term copper stress. Treatments were tested for significance across both species and all treatments 
using a one-way ANOVA, Tukey’s post-hoc test were used for pairwise comparisons to test for 
significant differences between treatments. Letters represent different groups of significance.  
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4.5 Conclusion 

We have seen how there is no one or two simplistic mechanisms that allow C. acidophila to adapt to 

a high copper environment. From both the PAM (Chapter 2) and RNA-seq data it seems that shutting 

down photosynthesis is beneficial and likely allows PM01 to neutralise the copper before it can cause 

excessive damage to the photosystems. Additionally, intracellular transport mechanisms also appear 

to play large role in the adaptation of PM01, and through the work of other research it is reasonable 

to deduce that they could be transporting vesicles storing copper to the cell periphery. Finally, if one 

gene had to be chosen as a candidate to infer a higher copper resistance, CTP3 shows promise. 

The fact that the basal expression in PM01 is already much higher than any transcript level C. 

reinhardtii showed, plus its likely mechanism of action of exporting copper from the cells, makes it a 

promising choice for alleviating copper stress in cells. Whilst important processes and genes have 

almost certainly identified, we can only see a much-reduced sample set. There is a chance that other 

more important genes could have been lost in this filtering process. Another factor we have not 

explored in this data, is the pH difference of the media the two strains were cultured in. The organisms 

were grown in their optimised medias to prevent any unnecessary stress; however, this came at a 

trade-off between not being able to distinguish genes related in adaption to more acidic conditions 

for PM01. It could be that some of these differentially expressed genes, especially when comparing 

the control treatment samples could involve genes related to pH adaption. Finally, the mapping rates 

for C. acidophila suggested that we could still be missing a lot of transcripts from the data set 

collected in this study. Sequencing the PM01 genome could be of great benefit in the future as it 

would allow us to map the transcriptome more accurately and could identify further processes that 

may have been hidden in this study, 
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4.7 Supplementary Tables 

Supplementary Table 4.1- Genes Identified in Cluster 2 and Their Likely Function 

C. reinhardtii Identifier C. eustigma Identifier Gene Info 

Cre01.g026100.t1.2 CEUSTIGMA_g13206.t1 NA 

Cre07.g355250.t1.2 CEUSTIGMA_g931.t1 CDK inhibitory kinase 

Cre06.g281050.t1.2 CEUSTIGMA_g9385.t1 Subunit of Retromer complex 

Cre01.g029650.t1.1 CEUSTIGMA_g11449.t1 Subunit of Retromer complex 

Cre06.g257550.t1.2 CEUSTIGMA_g13844.t1 Uncoupling protein 

Cre12.g549550.t1.2 CEUSTIGMA_g9886.t1 Beta tubulin 2 

Cre09.g394850.t1.2 CEUSTIGMA_g1602.t1 LrgB-like protein 

Cre02.g118250.t1.1 CEUSTIGMA_g8000.t1 SWIB domain-containing protein 

Cre06.g297750.t1.2 CEUSTIGMA_g1111.t1 SF3A3 splicing factor 3a, subunit 3 

Cre06.g299700.t1.2 CEUSTIGMA_g10224.t1 SOUL heme-binding protein 

Cre12.g525050.t1.1 CEUSTIGMA_g11438.t1 Structural Maintenance of Chromosomes protein 

Cre17.g726750.t1.2 CEUSTIGMA_g11025.t1 3-deoxy-D-arabino-heptulosonate 7-phosphate synthetase 

Cre01.g035850.t1.2 CEUSTIGMA_g11876.t1 COP-II coat subunit 

Cre12.g518000.t2.1 CEUSTIGMA_g9022.t1 Chloroplast-associated SecA protein 

Cre03.g166050.t1.2 CEUSTIGMA_g7631.t1 Selenium binding protein 

Cre12.g496450.t1.2 CEUSTIGMA_g5280.t1 RNA binding component of exosome complex 

Cre10.g439150.t1.2 CEUSTIGMA_g4876.t1 26S proteasome regulatory subunit 

Cre07.g329700.t1.2 CEUSTIGMA_g6068.t1 26S proteasome regulatory subunit 

Cre01.g039250.t2.1 CEUSTIGMA_g9333.t1 NA 

Cre09.g411100.t2.1 CEUSTIGMA_g6496.t1 NA 

Cre03.g194950.t1.1 CEUSTIGMA_g2915.t1 Chloroplast RNA polymerase sigma factor, c 

Cre13.g581450.t1.2 CEUSTIGMA_g3795.t1 NA 

Cre06.g275650.t1.2 CEUSTIGMA_g3616.t1 26S proteasome regulatory subunit 

Cre17.g727950.t1.1 CEUSTIGMA_g4337.t1 26S proteasome regulatory subunit 

Cre09.g397697.t1.1 CEUSTIGMA_g7696.t1 Ribosomal protein L4, component of cytosolic 80S ribosome and 60S 

large subunit 

Cre09.g391097.t1.1 CEUSTIGMA_g2196.t1 NA 

Cre12.g491050.t1.2 CEUSTIGMA_g4452.t1 Ribonucleoside-diphosphate reductase R2 subunit 

Cre01.g025250.t1.1 CEUSTIGMA_g1264.t1 Riboflavin kinase 

Cre03.g145527.t1.1 CEUSTIGMA_g6060.t1 Rhomboid-like protein 

Cre06.g278097.t1.1 CEUSTIGMA_g474.t1 mRNA export protein 

Cre03.g172500.t1.1 CEUSTIGMA_g5798.t1 Plastid terminal oxidase 

Cre02.g078858.t1.1 CEUSTIGMA_g10315.t1 Presenilin protease 

Cre07.g332550.t1.2 CEUSTIGMA_g5014.t1 Signal peptide peptidase, eukaryotic-type 

Cre02.g114600.t1.2 CEUSTIGMA_g568.t1 2-cys peroxiredoxin 

Cre10.g429150.t1.2 CEUSTIGMA_g4436.t1 Anthranilate phosphoribosyltransferase 

Cre09.g394750.t1.2 CEUSTIGMA_g8254.t1 Plastid ribosomal protein S1, polyribonucleotide 

nucleotidyltransferase 

Cre16.g673617.t1.1 CEUSTIGMA_g4998.t1 Peptide chain release factor 

Cre01.g050500.t1.1 CEUSTIGMA_g11183.t1 Pentatrichopeptide repeat protein 

Cre14.g619550.t1.2 CEUSTIGMA_g972.t1 NA 

Cre05.g232550.t1.2 CEUSTIGMA_g5917.t1 Phosphoglycerate mutase 

Cre06.g272050.t1.2 CEUSTIGMA_g8628.t1 Phosphoglycerate mutase, 2,3-bisphosphoglycerate-independent 

Cre12.g523150.t1.2 CEUSTIGMA_g8017.t1 Prefoldin molecular chaperone, subunit 5 

Cre07.g328150.t2.1 CEUSTIGMA_g513.t1 NA 

Cre03.g204689.t1.1 CEUSTIGMA_g10438.t1 3',5'-cyclic-nucleotide phosphodiesterase 
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Cre07.g342350.t1.2 CEUSTIGMA_g2690.t1 3',5'-cyclic-nucleotide phosphodiesterase 

Cre02.g141400.t1.2 CEUSTIGMA_g7360.t1 Phosphoenolpyruvate carboxykinase 

Cre16.g668900.t1.1 CEUSTIGMA_g1395.t1 Hypothetical protein 

Cre05.g235750.t1.2 CEUSTIGMA_g3355.t1 DNA mismatch repair protein, MutS homolog 

Cre17.g722800.t1.2 CEUSTIGMA_g4651.t1 Mitochondrial processing peptidase alpha subunit 

Cre17.g739850.t1.2 CEUSTIGMA_g5974.t1 Predicted protein 

Cre17.g722400.t1.2 CEUSTIGMA_g5893.t1 Predicted protein 

Cre14.g629700.t1.1 CEUSTIGMA_g2528.t1 NADP malic enzyme 

Cre01.g036050.t1.1 CEUSTIGMA_g1297.t1 DNA mismatch repair protein 

Cre17.g720350.t1.1 CEUSTIGMA_g7291.t1 Chloroplast division site-determinant MinE 

Cre09.g415750.t1.2 CEUSTIGMA_g1558.t1 General substrate transporter, major facilitator superfamily 

Cre10.g455850.t1.2 CEUSTIGMA_g10025.t1 Minichromosome maintenance protein 

Cre06.g295700.t1.1 CEUSTIGMA_g2771.t1 Minichromosome maintenance protein 

Cre07.g325400.t1.2 CEUSTIGMA_g3067.t1 3-Isopropylmalate dehydrogenase, splicing variant a; 3-

Isopropylmalate dehydrogenase, splicing variant b 

Cre12.g530550.t1.1 CEUSTIGMA_g10433.t1 Diacylglycerol kinase 

Cre06.g311650.t1.1 CEUSTIGMA_g476.t1 Inwardly-rectifying potassium channel 

Cre01.g027950.t1.2 CEUSTIGMA_g9851.t1 Intraflagellar transport protein 74/72 

Cre04.g219250.t1.2 CEUSTIGMA_g8894.t1 Intraflagellar transport protein 52 

Cre12.g514850.t1.2 CEUSTIGMA_g2100.t1 Heat shock protein 90C 

Cre12.g535700.t1.1 CEUSTIGMA_g11011.t1 Heat shock protein 70D 

Cre07.g354500.t1.1 CEUSTIGMA_g12411.t1 Heat shock transcription factor 

Cre12.g507559.t1.1 CEUSTIGMA_g3372.t1 NA 

Cre17.g708800.t1.1 CEUSTIGMA_g1014.t1 Glutathione synthetase 

Cre02.g142186.t1.1 CEUSTIGMA_g11709.t1 Plastid division protein FtsZ2 

Cre17.g730950.t1.2 CEUSTIGMA_g5164.t1 Kinesin motor protein, kinesin-2 (KRP85/95) family 

Cre12.g543350.t2.1 CEUSTIGMA_g6583.t1 NA 

Cre09.g403293.t1.1 CEUSTIGMA_g3818.t1 5-Formyltetrahydrofolate cycloligase 

Cre16.g652150.t1.2 CEUSTIGMA_g4467.t1 Fructose-2,6-bisphosphate 2-phosphatase/6-phosphofructo-2-

kinase 

Cre16.g688450.t1.2 CEUSTIGMA_g7758.t1 Flagellar Basal Body protein 

Cre16.g679445.t1.1 CEUSTIGMA_g3362.t1 Fasciclin-like protein 

Cre16.g654150.t1.1 CEUSTIGMA_g3982.t1 Flagellar Associated Protein 

Cre09.g395250.t1.1 CEUSTIGMA_g13440.t1 Flagellar Associated Protein 

Cre01.g025350.t1.2 CEUSTIGMA_g7896.t1 Flagellar Associated Protein 

Cre02.g095072.t1.1 CEUSTIGMA_g13863.t1 Flagellar Associated Protein 

Cre16.g650550.t1.2 CEUSTIGMA_g4490.t1 NA 

Cre10.g435350.t2.1 CEUSTIGMA_g9047.t1 NA 

Cre08.g360400.t1.1 CEUSTIGMA_g440.t1 ERD4-related membrane protein 

Cre12.g515650.t1.2 CEUSTIGMA_g7114.t1 Eukaryotic translation initiation factor 3, subunit K 

Cre03.g159650.t1.2 CEUSTIGMA_g3163.t1 GTP binding protein 

Cre06.g279100.t1.2 CEUSTIGMA_g10201.t1 Subunit of chromatin modifying protein 

Cre01.g032500.t1.2 CEUSTIGMA_g9772.t1 DnaJ-like protein 

Cre09.g416100.t1.2 CEUSTIGMA_g12450.t1 DnaJ-like protein 

Cre03.g180650.t1.1 CEUSTIGMA_g4948.t1 DegP-type protease 

Cre02.g088400.t2.1 CEUSTIGMA_g605.t1 NA 

Cre05.g237400.t1.2 CEUSTIGMA_g10236.t1 Diaminopimelate epimerase 

Cre02.g114700.t1.2 CEUSTIGMA_g7997.t1 Peptidyl-prolyl cis-trans isomerase, cyclophilin-type, Radial spoke 

protein 12 

Cre02.g093550.t1.1 CEUSTIGMA_g2634.t1 Adenylate/guanylate cyclase 
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Cre07.g322000.t1.2 CEUSTIGMA_g2796.t1 Cysteine desulfurase 

Cre07.g339150.t1.1 CEUSTIGMA_g6383.t1 Chaperonin 60B2 

Cre12.g505850.t1.2 CEUSTIGMA_g4399.t1 Chaperonin 23 

Cre08.g358562.t1.1 CEUSTIGMA_g1816.t1 Chaperonin 20 

Cre10.g429800.t1.2 CEUSTIGMA_g4477.t1 Ubiquinone biosynthesis protein 

Cre02.g112850.t1.1 CEUSTIGMA_g5503.t1 Flavin-dependent monoxygenase 

Cre12.g560350.t2.1 CEUSTIGMA_g7854.t1 NA 

Cre12.g514750.t1.2 CEUSTIGMA_g3497.t1 Citrate synthase 

Cre16.g674890.t2.1 CEUSTIGMA_g1705.t1 NA 

Cre03.g151200.t1.2 CEUSTIGMA_g13053.t1 Predicted protein 

Cre12.g554103.t1.1 CEUSTIGMA_g1752.t1 Predicted protein 

Cre03.g148250.t1.1 CEUSTIGMA_g6054.t1 Conserved expressed zinc-finger protein 

Cre16.g692650.t1.2 CEUSTIGMA_g6287.t1 Predicted protein 

Cre12.g536500.t1.2 CEUSTIGMA_g111.t1 Conserved Sel1 repeat protein 

Cre14.g632000.t1.1 CEUSTIGMA_g3868.t1 GrpE nucleotide release factor 

Cre07.g341600.t1.2 CEUSTIGMA_g8495.t1 NA 

Cre02.g119900.t1.2 CEUSTIGMA_g8038.t1 Cysteine endopeptidase 

Cre17.g705350.t1.1 CEUSTIGMA_g5125.t1 Calcium-dependent protein kinase kinase 

Cre12.g507650.t2.1 CEUSTIGMA_g12234.t1 NA 

Cre10.g443250.t1.2 CEUSTIGMA_g11507.t1 T-complex protein 1, gamma subunit 

Cre04.g227350.t1.1 CEUSTIGMA_g11704.t1 NOT-complex component 

Cre02.g096300.t1.1 CEUSTIGMA_g5295.t1 NA 

Cre10.g444850.t1.1 CEUSTIGMA_g5831.t1 Voltage-gated Ca2+ channel, alpha subunit 

Cre06.g261150.t1.2 CEUSTIGMA_g3599.t1 Biotin synthase 

Cre05.g234661.t1.1 CEUSTIGMA_g3819.t1 Ubiquinol:cytochrome c oxidoreductase biogenesis factor 

Cre06.g267550.t1.2 CEUSTIGMA_g11480.t1 Bardet-Biedl syndrome-5 associated protein 

Cre02.g107450.t1.2 CEUSTIGMA_g997.t1 ATP-sulfurylase 

Cre16.g664250.t1.2 CEUSTIGMA_g5117.t1 O-acetylserine (Thiol)-lyase/cysteine synthase 

Cre17.g708250.t1.2 CEUSTIGMA_g6254.t1 NA 

Cre06.g301050.t1.2 CEUSTIGMA_g1106.t1 ARF-like GTPase 

Cre05.g234665.t1.1 CEUSTIGMA_g11611.t1 Beta4-Adaptin 

Cre03.g168550.t1.1 CEUSTIGMA_g9654.t1 Amino acid transporter 

Cre06.g292350.t1.2 CEUSTIGMA_g8905.t1 Amino acid carrier 

Cre01.g000650.t1.1 CEUSTIGMA_g2561.t1 Copper amine oxidase 

Cre06.g307150.t1.1 CEUSTIGMA_g7965.t1 Beta-amylase 

Cre13.g570350.t1.1 CEUSTIGMA_g12976.t1 NA 

Cre06.g307100.t1.1 CEUSTIGMA_g4429.t1 ABC1/COQ8 Ser/Thr kinase 

Cre03.g182800.t1.1 CEUSTIGMA_g7154.t1 Alanine-glyoxylate transaminase 

Cre10.g435300.t2.1 CEUSTIGMA_g11613.t1 NA 

Cre01.g001800.t1.1 CEUSTIGMA_g8618.t1 (1 of 4) PTHR24361//PTHR24361:SF411 - MITOGEN-ACTIVATED 

KINASE KINASE KINASE // SUBFAMILY NOT NAMED 

Cre01.g005813.t1.2 CEUSTIGMA_g8903.t1 NA 

Cre01.g006766.t1.1 CEUSTIGMA_g3856.t1 NA 

Cre01.g007901.t1.1 CEUSTIGMA_g11265.t1 NA 

Cre01.g011100.t2.1 CEUSTIGMA_g2587.t1 NA 

Cre01.g012400.t1.2 CEUSTIGMA_g2562.t1 (1 of 2) KOG4510 - Permease of the drug/metabolite transporter 

(DMT) superfamily 

Cre01.g013550.t1.1 CEUSTIGMA_g2086.t1 NA 

Cre01.g014100.t1.2 CEUSTIGMA_g6525.t1 (1 of 1) PTHR14614:SF29 - PROTEIN FAM86A 
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Cre01.g016528.t1.1 CEUSTIGMA_g1740.t1 (1 of 1) 4.2.1.109 - Methylthioribulose 1-phosphate dehydratase / 1-

PMT-ribulose dehydratase 

Cre01.g017200.t1.2 CEUSTIGMA_g1737.t1 Peptidyl-prolyl cis-trans isomerase, FKBP-type 

Cre01.g017400.t2.1 CEUSTIGMA_g1736.t1 NA 

Cre01.g019250.t1.2 CEUSTIGMA_g1406.t1 Putative dTDP-glucose 4-6-dehydratase 

Cre01.g021600.t1.2 CEUSTIGMA_g2141.t1 (1 of 1) PTHR24031//PTHR24031:SF274 - RNA HELICASE // 

SUBFAMILY NOT NAMED 

Cre01.g021750.t1.2 CEUSTIGMA_g10094.t1 (1 of 1) PTHR13464 - TRANSCRIPTIONAL REGULATOR PROTEIN 

HCNGP 

Cre01.g022550.t1.1 CEUSTIGMA_g2099.t1 (1 of 16) 3.6.5.5 - Dynamin GTPase 

Cre01.g023350.t1.1 CEUSTIGMA_g1357.t1 Oligoendopeptidase 

Cre01.g025100.t1.1 CEUSTIGMA_g9570.t1 (1 of 1) PTHR18901//PTHR18901:SF22 - 2-DEOXYGLUCOSE-6-

PHOSPHATE PHOSPHATASE 2 // SUBFAMILY NOT NAMED 

Cre01.g028101.t1.1 CEUSTIGMA_g9848.t1 NA 

Cre01.g030250.t1.2 CEUSTIGMA_g11648.t1 (1 of 1) 3.1.3.57 - Inositol-1,4-bisphosphate 1-phosphatase / Inositol 

polyphosphate 1-phosphatase 

Cre01.g030300.t2.1 CEUSTIGMA_g7904.t1 NA 

Cre01.g032400.t1.2 CEUSTIGMA_g9621.t1 (1 of 1) PF05118 - Aspartyl/Asparaginyl beta-hydroxylase 

(Asp_Arg_Hydrox) 

Cre01.g033091.t1.1 CEUSTIGMA_g12475.t1 (1 of 1) 6.3.1.14 - Diphthine--ammonia ligase / Diphthamide 

synthetase 

Cre01.g034100.t2.1 CEUSTIGMA_g9363.t1 NA 

Cre01.g034400.t1.1 CEUSTIGMA_g13151.t1 (1 of 2) 3.1.1.31 - 6-phosphogluconolactonase 

Cre01.g035500.t1.2 CEUSTIGMA_g4789.t1 Phosphatidylinositol-3-kinase, probably vacuolar 

Cre01.g037400.t1.1 CEUSTIGMA_g9572.t1 Peptidyl-prolyl cis-trans isomerase, cyclophilin-type, possible splicing 

factor 

Cre01.g038850.t1.1 CEUSTIGMA_g11861.t1 (1 of 1) PTHR24012:SF308 - PROTEIN Y55F3AM.3, ISOFORM A 

Cre01.g046237.t1.1 CEUSTIGMA_g11156.t1 NA 

Cre01.g047350.t1.1 CEUSTIGMA_g5480.t1 NA 

Cre01.g047850.t1.2 CEUSTIGMA_g4515.t1 (1 of 1) 4.2.1.145 - Capreomycidine synthase 

Cre01.g048050.t1.2 CEUSTIGMA_g3758.t1 (1 of 1) 6.3.2.5 - Phosphopantothenate--cysteine ligase / 

Phosphopantothenoylcysteine synthetase 

Cre01.g050608.t1.1 CEUSTIGMA_g7697.t1 NA 

Cre01.g052000.t1.2 CEUSTIGMA_g3771.t1 (1 of 1) PTHR13748:SF31 - COBW DOMAIN-CONTAINING 

PROTEIN 1 

Cre01.g054650.t1.1 CEUSTIGMA_g9151.t1 NA 

Cre01.g054850.t1.2 CEUSTIGMA_g9199.t1 NA 

Cre01.g055432.t1.1 CEUSTIGMA_g9745.t1 Protein with mechanosensitive ion channel domain 

Cre02.g073250.t1.1 CEUSTIGMA_g6660.t1 (1 of 1) PTHR11477:SF17 - PROTEIN PARTNER OF SNF 

Cre02.g074758.t2.1 CEUSTIGMA_g3239.t1 (1 of 72) 4.6.1.2 - Guanylate cyclase / Guanylyl cyclase 

Cre02.g074900.t1.1 CEUSTIGMA_g5843.t1 (1 of 1) PTHR10774//PTHR10774:SF82 - EXTENDED 

SYNAPTOTAGMIN-RELATED // SUBFAMILY NOT NAMED 

Cre02.g077401.t1.1 CEUSTIGMA_g6987.t1 NA 

Cre02.g077700.t1.1 CEUSTIGMA_g4338.t1 (1 of 2) PTHR22957:SF148 - RE26521P 

Cre02.g077951.t1.1 CEUSTIGMA_g4343.t1 (1 of 13) 3.6.3.25 - Sulfate-transporting ATPase 

Cre02.g079250.t1.1 CEUSTIGMA_g629.t1 (1 of 1) PTHR16684 - CENTROMERE PROTEIN C 

Cre02.g080350.t1.1 CEUSTIGMA_g10029.t1 (1 of 1) K11836 - ubiquitin carboxyl-terminal hydrolase 5/13 

[EC:3.4.19.12] (USP5_13, UBP14) 

Cre02.g081176.t2.1 CEUSTIGMA_g11501.t1 NA 

Cre02.g084650.t1.2 CEUSTIGMA_g10035.t1 (1 of 2) PTHR10997:SF7 - IMPORTIN-11 

Cre02.g090600.t1.2 CEUSTIGMA_g9200.t1 (1 of 1) PTHR22652 - NUCLEOPORIN NUP43 
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Cre02.g090650.t1.1 CEUSTIGMA_g2072.t1 Endoplasmic reticulum Qb-SNARE protein, Sec20-family (Qb.I) 

Cre02.g092400.t1.1 CEUSTIGMA_g4786.t1 (1 of 1) PTHR10693 - RAS GTPASE-ACTIVATING PROTEIN-

BINDING PROTEIN 

Cre02.g092950.t1.2 CEUSTIGMA_g1645.t1 NA 

Cre02.g093950.t1.2 CEUSTIGMA_g7481.t1 (1 of 1) 2.7.4.22 - UMP kinase / Uridylate kinase 

Cre02.g095082.t1.1 CEUSTIGMA_g11302.t1 (1 of 4) PTHR11875 - TESTIS-SPECIFIC Y-ENCODED PROTEIN 

Cre02.g095106.t1.1 CEUSTIGMA_g11283.t1 (1 of 2) 2.7.8.5 - CDP-diacylglycerol--glycerol-3-phosphate 3-

phosphatidyltransferase / Phosphatidylglycerophosphate synthase 

Cre02.g095150.t1.2 CEUSTIGMA_g9223.t1 (1 of 543) 2.7.11.1 - Non-specific serine/threonine protein kinase / 

Threonine-specific protein kinase 

Cre02.g097550.t1.2 CEUSTIGMA_g5304.t1 (1 of 1) PTHR12532:SF0 - TRANSCRIPTIONAL REGULATORY 

PROTEIN HAH1-RELATED 

Cre02.g098200.t1.1 CEUSTIGMA_g12066.t1 (1 of 1) PTHR15898:SF1 - GLUCOSE-INDUCED DEGRADATION 

PROTEIN 4 HOMOLOG 

Cre02.g098250.t1.2 CEUSTIGMA_g12067.t1 (1 of 1) PTHR13343//PTHR13343:SF4 - CREG1 PROTEIN // 

SUBFAMILY NOT NAMED 

Cre02.g099650.t1.2 CEUSTIGMA_g5299.t1 (1 of 1) PF03661 - Uncharacterised protein family (UPF0121) 

(UPF0121) 

Cre02.g103350.t1.1 CEUSTIGMA_g11707.t1 (1 of 1) 3.5.1.99 - Fatty acid amide hydrolase / Oleamide hydrolase 

Cre02.g104600.t1.2 CEUSTIGMA_g11442.t1 (1 of 1) PTHR24148:SF18 - ANKYRIN REPEAT DOMAIN-

CONTAINING PROTEIN 39 

Cre02.g107700.t1.1 CEUSTIGMA_g4580.t1 (1 of 12) PF00646 - F-box domain (F-box) 

Cre02.g108900.t1.2 CEUSTIGMA_g8488.t1 NA 

Cre02.g109050.t1.2 CEUSTIGMA_g6378.t1 (1 of 85) PTHR21228 - FAST LEU-RICH DOMAIN-CONTAINING 

Cre02.g112200.t1.2 CEUSTIGMA_g2473.t1 (1 of 1) KOG0265//KOG0279//KOG0319 - U5 snRNP-specific 

protein-like factor and related proteins // G protein beta subunit-like 

protein // WD40-repeat-containing subunit of the 18S rRNA 

processing complex 

Cre02.g115150.t1.1 CEUSTIGMA_g3348.t1 NA 

Cre02.g115850.t1.2 CEUSTIGMA_g1918.t1 (1 of 3) PF01987 - Mitochondrial biogenesis AIM24 (AIM24) 

Cre02.g116300.t1.2 CEUSTIGMA_g11963.t1 (1 of 1) K15171 - transcription elongation factor SPT4 (SUPT4H1, 

SPT4) 

Cre02.g117850.t1.2 CEUSTIGMA_g7637.t1 (1 of 1) K11835 - ubiquitin carboxyl-terminal hydrolase 4/11/15 

[EC:3.4.19.12] (USP4_11_15, UBP12) 

Cre02.g119150.t1.2 CEUSTIGMA_g11299.t1 (1 of 7) PF00169 - PH domain (PH) 

Cre02.g120050.t1.2 CEUSTIGMA_g9482.t1 NA 

Cre02.g120250.t2.1 CEUSTIGMA_g7636.t1 NA 

Cre02.g141406.t1.1 CEUSTIGMA_g5532.t1 (1 of 3) PF05970//PF14214 - PIF1-like helicase (PIF1) // Helitron 

helicase-like domain at N-terminus (Helitron_like_N) 

Cre02.g141500.t1.2 CEUSTIGMA_g13074.t1 NA 

Cre02.g142352.t1.1 CEUSTIGMA_g13081.t1 (1 of 1) 6.1.1.21 - Histidine--tRNA ligase / Histidyl-tRNA synthetase 

Cre02.g145950.t1.2 CEUSTIGMA_g657.t1 NA 

Cre02.g146650.t1.1 CEUSTIGMA_g5732.t1 Tubulin tyrosine ligase 

Cre03.g144647.t1.1 CEUSTIGMA_g12674.t1 NA 

Cre03.g145107.t1.1 CEUSTIGMA_g8125.t1 (1 of 3) K10406 - kinesin family member C2/C3 (KIFC2_3) 

Cre03.g145407.t1.1 CEUSTIGMA_g8083.t1 (1 of 18) PF00642 - Zinc finger C-x8-C-x5-C-x3-H type (and similar) 

(zf-CCCH) 

Cre03.g145507.t1.1 CEUSTIGMA_g8102.t1 NA 

Cre03.g146227.t1.1 CEUSTIGMA_g8100.t1 NA 

Cre03.g146267.t1.1 CEUSTIGMA_g28.t1 NA 
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Cre03.g149300.t1.1 CEUSTIGMA_g5341.t1 (1 of 1) 2.8.4.5 - tRNA (N(6)-L-threonylcarbamoyladenosine(37)-

C(2))-methylthiotransferase / Methylthio-threonylcarbamoyl-

adenosine transferase B 

Cre03.g153900.t1.2 CEUSTIGMA_g11562.t1 (1 of 5) 1.14.13.9 - Kynurenine 3-monooxygenase / Kynurenine 3-

hydroxylase 

Cre03.g155450.t1.1 CEUSTIGMA_g8391.t1 (1 of 4) PTHR16517 - TUBBY-RELATED 

Cre03.g157050.t1.1 CEUSTIGMA_g2658.t1 (1 of 4) PF13515 - Fusaric acid resistance protein-like (FUSC_2) 

Cre03.g157800.t1.1 CEUSTIGMA_g3184.t1 Thioredoxin-like protein 

Cre03.g161050.t1.2 CEUSTIGMA_g2946.t1 (1 of 1) K10732 - GINS complex subunit 1 (GINS1, PSF1) 

Cre03.g163300.t1.2 CEUSTIGMA_g3072.t1 DNA replication initiation factor, CDT1-like 

Cre03.g164900.t2.1 CEUSTIGMA_g9643.t1 NA 

Cre03.g165000.t1.2 CEUSTIGMA_g9641.t1 Translation elongation factor EFG/EF2, LepA-related 

Cre03.g165215.t1.1 CEUSTIGMA_g12376.t1 (1 of 1) K08337 - ubiquitin-like modifier-activating enzyme ATG7 

(ATG7) 

Cre03.g169200.t1.2 CEUSTIGMA_g1575.t1 (1 of 1) 2.7.7.5 - Sulfate adenylyltransferase (ADP) / ADP-sulfurylase 

Cre03.g169450.t1.1 CEUSTIGMA_g12171.t1 NA 

Cre03.g169650.t1.1 CEUSTIGMA_g4961.t1 NA 

Cre03.g171100.t1.1 CEUSTIGMA_g13727.t1 NA 

Cre03.g171461.t1.1 CEUSTIGMA_g2870.t1 (1 of 1) 1.3.99.22 - Coproporphyrinogen dehydrogenase / Oxygen-

independent coproporphyrinogen-III oxidase 

Cre03.g173600.t1.2 CEUSTIGMA_g4943.t1 (1 of 2) KOG0001//KOG0005 - Ubiquitin and ubiquitin-like proteins // 

Ubiquitin-like protein 

Cre03.g174950.t1.1 CEUSTIGMA_g10508.t1 (1 of 3) PTHR21493:SF87 - SN1-SPECIFIC DIACYLGLYCEROL 

LIPASE BETA 

Cre03.g176200.t1.2 CEUSTIGMA_g5777.t1 (1 of 1) PTHR22904//PTHR22904:SF364 - TPR REPEAT 

CONTAINING PROTEIN // SUBFAMILY NOT NAMED 

Cre03.g177053.t1.1 CEUSTIGMA_g5786.t1 (1 of 1) PTHR12696 - TIP120 

Cre03.g182750.t1.2 CEUSTIGMA_g2013.t1 (1 of 2) KOG3774 - Uncharacterized conserved protein Lama 

Cre03.g185200.t1.2 CEUSTIGMA_g7170.t1 Metallophosphoesterase/metallo-dependent phosphatase 

Cre03.g185350.t1.1 CEUSTIGMA_g7146.t1 1,3-beta-D-glucan synthase 

Cre03.g187050.t1.2 CEUSTIGMA_g10386.t1 (1 of 1) K12303 - MFS transporter, ACS family, solute carrier family 

17 (sodium-dependent inorganic phosphate cotransporter), member 

9 (SLC17A9) 

Cre03.g188450.t1.2 CEUSTIGMA_g10419.t1 NA 

Cre03.g189700.t1.2 CEUSTIGMA_g7185.t1 (1 of 2) K07735 - putative transcriptional regulator (algH) 

Cre03.g190900.t1.1 CEUSTIGMA_g236.t1 (1 of 5) PTHR10351:SF42 - LD40663P 

Cre03.g195500.t2.1 CEUSTIGMA_g145.t1 NA 

Cre03.g196500.t1.1 CEUSTIGMA_g8007.t1 (1 of 1) PTHR12035 - SIALIC ACID BINDING IMMUNOGLOBULIN-

LIKE LECTIN 

Cre03.g197250.t1.1 CEUSTIGMA_g7905.t1 (1 of 1) PTHR13948//PTHR13948:SF25 - RNA-BINDING PROTEIN 

// SUBFAMILY NOT NAMED 

Cre03.g200095.t1.1 CEUSTIGMA_g185.t1 (1 of 2) K11594 - ATP-dependent RNA helicase DDX3X (DDX3X, 

bel) 

Cre03.g200600.t2.1 CEUSTIGMA_g11866.t1 NA 

Cre03.g201750.t1.2 CEUSTIGMA_g13170.t1 NA 

Cre03.g202113.t1.1 CEUSTIGMA_g12361.t1 (1 of 1) 6.3.2.6 - Phosphoribosylaminoimidazolesuccinocarboxamide 

synthase / SAICARs 

Cre03.g205697.t1.1 CEUSTIGMA_g3425.t1 (1 of 2) PTHR23155:SF401 - LEUCINE-RICH REPEAT-

CONTAINING PROTEIN 

Cre03.g205950.t1.1 CEUSTIGMA_g8944.t1 (1 of 6) KOG0198//KOG0583 - MEKK and related serine/threonine 

protein kinases // Serine/threonine protein kinase 
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Cre03.g206257.t1.1 CEUSTIGMA_g4320.t1 (1 of 8) KOG0192//KOG1187 - Tyrosine kinase specific for activated 

(GTP-bound) p21cdc42Hs // Serine/threonine protein kinase 

Cre03.g209393.t1.1 CEUSTIGMA_g3.t1 (1 of 2) K05894 - 12-oxophytodienoic acid reductase (OPR) 

Cre03.g211745.t1.1 CEUSTIGMA_g9588.t1 (1 of 1) K00666 - fatty-acyl-CoA synthase [EC:6.2.1.-] (K00666) 

Cre04.g211600.t1.1 CEUSTIGMA_g10824.t1 (1 of 1) PTHR24343//PTHR24343:SF183 - SERINE/THREONINE 

KINASE // SUBFAMILY NOT NAMED 

Cre04.g214097.t1.1 CEUSTIGMA_g723.t1 (1 of 1) PTHR21419:SF23 - DEFECTIVE IN EXINE FORMATION 

PROTEIN DEX1 

Cre04.g214503.t2.1 CEUSTIGMA_g8209.t1 NA 

Cre04.g214900.t1.1 CEUSTIGMA_g4975.t1 NA 

Cre04.g215600.t2.1 CEUSTIGMA_g7150.t1 NA 

Cre04.g217934.t1.1 CEUSTIGMA_g9362.t1 (1 of 1) K07101 - uncharacterized protein (K07101) 

Cre04.g217935.t1.1 CEUSTIGMA_g7007.t1 (1 of 1) K11886 - proteasome component ECM29 (ECM29) 

Cre04.g221250.t1.2 CEUSTIGMA_g3416.t1 (1 of 1) PF11378 - Protein of unknown function (DUF3181) 

(DUF3181) 

Cre04.g222500.t1.1 CEUSTIGMA_g520.t1 NA 

Cre04.g222700.t1.2 CEUSTIGMA_g10533.t1 (1 of 2) K03235 - elongation factor 3 (EF3, TEF3) 

Cre04.g223900.t1.1 CEUSTIGMA_g2721.t1 (1 of 2) K09313 - homeobox protein cut-like (CUTL) 

Cre04.g224150.t1.2 CEUSTIGMA_g521.t1 (1 of 1) 2.7.1.30 - Glycerol kinase / Glycerokinase 

Cre04.g226500.t1.1 CEUSTIGMA_g512.t1 NA 

Cre05.g234500.t1.1 CEUSTIGMA_g9545.t1 (1 of 1) K11801 - WD repeat-containing protein 23 (WDR23) 

Cre05.g235102.t1.1 CEUSTIGMA_g7691.t1 NA 

Cre05.g235400.t1.2 CEUSTIGMA_g12909.t1 (1 of 2) PTHR24559:SF208 - KRAB-A DOMAIN-CONTAINING 

PROTEIN 2 

Cre05.g239100.t1.1 CEUSTIGMA_g3652.t1 (1 of 1) K01930 - folylpolyglutamate synthase (FPGS) 

Cre05.g240150.t1.2 CEUSTIGMA_g12776.t1 (1 of 1) K10689 - peroxin-4 [EC:6.3.2.19] (PEX4) 

Cre05.g242650.t1.1 CEUSTIGMA_g6338.t1 NA 

Cre05.g243801.t3.1 CEUSTIGMA_g9481.t1 NA 

Cre05.g244800.t1.2 CEUSTIGMA_g9885.t1 (1 of 1) PTHR13194:SF19 - NAD(P)-BINDING ROSSMANN-FOLD 

SUPERFAMILY PROTEIN 

Cre05.g246050.t2.1 CEUSTIGMA_g10648.t1 NA 

Cre05.g246377.t1.1 CEUSTIGMA_g8106.t1 (1 of 1) 3.5.4.2 - Adenine deaminase / Adenine aminase 

Cre05.g246950.t1.1 CEUSTIGMA_g9463.t1 NA 

Cre05.g247850.t1.1 CEUSTIGMA_g6485.t1 (1 of 3) 3.6.1.22//3.6.1.55 - NAD(+) diphosphatase / NADP 

pyrophosphatase // 8-oxo-dGTP diphosphatase / 8-oxo-dGTPase 

Cre06.g248750.t1.1 CEUSTIGMA_g200.t1 NA 

Cre06.g251250.t1.1 CEUSTIGMA_g1015.t1 (1 of 1) PF00072//PF00512//PF02518 - Response regulator receiver 

domain (Response_reg) // His Kinase A (phospho-acceptor) domain 

(HisKA)  // Histidine kinase-, DNA gyrase B-, and HSP90-like ATPase 

(HATPase_c) 

Cre06.g255050.t2.1 CEUSTIGMA_g6240.t1 NA 

Cre06.g258100.t1.1 CEUSTIGMA_g6461.t1 (1 of 1) PTHR12436:SF4 - LEUKOCYTE RECEPTOR CLUSTER 

MEMBER 8 

Cre06.g258733.t1.1 CEUSTIGMA_g5249.t1 NA 

Cre06.g258800.t1.1 CEUSTIGMA_g3356.t1 Hydroxyproline-rich glycoprotein component of the outer cell wall 

Cre06.g263289.t1.2 CEUSTIGMA_g3456.t1 (1 of 1) 2.5.1.87 - Ditrans,polycis-polyprenyl diphosphate synthase 

((2E,6E)-farnesyl diphosphate specific) / Rer2p Z-prenyltransferase 

Cre06.g264250.t1.1 CEUSTIGMA_g1022.t1 (1 of 3) 5.5.1.19 - Lycopene beta-cyclase 

Cre06.g265150.t1.1 CEUSTIGMA_g1923.t1 (1 of 1) K11833 - ubiquitin carboxyl-terminal hydrolase 2/21 

[EC:3.4.19.12] (USP2_21) 

Cre06.g267800.t2.1 CEUSTIGMA_g3460.t1 NA 
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Cre06.g268550.t2.1 CEUSTIGMA_g2745.t1 NA 

Cre06.g269200.t3.1 CEUSTIGMA_g3287.t1 (1 of 2) 2.7.11.1//4.6.1.1 - Non-specific serine/threonine protein 

kinase / Threonine-specific protein kinase // Adenylate cyclase / ATP 

pyrophosphate-lyase 

Cre06.g269752.t1.2 CEUSTIGMA_g11481.t1 (1 of 2) PTHR10438:SF255 - THIOREDOXIN M4, 

CHLOROPLASTIC 

Cre06.g269865.t2.1 CEUSTIGMA_g8984.t1 NA 

Cre06.g270800.t1.2 CEUSTIGMA_g12246.t1 NA 

Cre06.g271450.t1.1 CEUSTIGMA_g11469.t1 NA 

Cre06.g272000.t1.1 CEUSTIGMA_g8614.t1 (1 of 1) PTHR10281:SF1 - VACUOLE MEMBRANE PROTEIN 1 

Cre06.g272350.t1.2 CEUSTIGMA_g8613.t1 NA 

Cre06.g272900.t1.2 CEUSTIGMA_g7812.t1 (1 of 2) 5.4.99.9 - UDP-galactopyranose mutase 

Cre06.g273300.t1.2 CEUSTIGMA_g12258.t1 (1 of 2) 6.1.1.3 - Threonine--tRNA ligase / Threonyl-tRNA synthetase 

Cre06.g275150.t1.2 CEUSTIGMA_g2399.t1 Triacylglycerol lipase 

Cre06.g277100.t1.2 CEUSTIGMA_g2407.t1 (1 of 1) KOG2733 - Uncharacterized membrane protein 

Cre06.g278126.t1.1 CEUSTIGMA_g6162.t1 NA 

Cre06.g278142.t1.1 CEUSTIGMA_g5063.t1 (1 of 1) K14441 - ribosomal protein S12 methylthiotransferase 

[EC:2.8.4.4] (rimO) 

Cre06.g278950.t1.1 CEUSTIGMA_g10198.t1 NA 

Cre06.g279000.t1.2 CEUSTIGMA_g10199.t1 20S proteasome beta subunit A1 

Cre06.g279400.t1.2 CEUSTIGMA_g10077.t1 (1 of 3) K09645 - vitellogenic carboxypeptidase-like protein 

[EC:3.4.16.-] (CPVL) 

Cre06.g280200.t1.1 CEUSTIGMA_g5699.t1 (1 of 1) PTHR15141 - TRANSCRIPTION ELONGATION FACTOR B 

POLYPEPTIDE 3 

Cre06.g280700.t1.2 CEUSTIGMA_g9384.t1 (1 of 2) PF10197 - N-terminal domain of CBF1 interacting co-

repressor CIR (Cir_N) 

Cre06.g280900.t2.1 CEUSTIGMA_g9821.t1 NA 

Cre06.g282950.t1.2 CEUSTIGMA_g1296.t1 (1 of 1) PTHR12875:SF0 - GOLGI TO ER TRAFFIC PROTEIN 4 

HOMOLOG 

Cre06.g283634.t2.1 CEUSTIGMA_g12694.t1 (1 of 1) PTHR14304 - P30 DBC PROTEIN 

Cre06.g284650.t1.2 CEUSTIGMA_g2677.t1 Dual-specificity protein phosphatase 

Cre06.g285200.t1.1 CEUSTIGMA_g912.t1 (1 of 1) 3.6.1.18 - FAD diphosphatase / FAD pyrophosphatase 

Cre06.g289500.t1.2 CEUSTIGMA_g135.t1 NA 

Cre06.g292650.t1.1 CEUSTIGMA_g10839.t1 (1 of 3) K06236 - collagen, type I/II/III/V/XI/XXIV/XXVII, alpha 

(COL1AS) 

Cre06.g294700.t1.1 CEUSTIGMA_g1116.t1 (1 of 1) KOG1003//KOG2685 - Actin filament-coating protein 

tropomyosin // Cystoskeletal protein Tektin 

Cre06.g295550.t1.2 CEUSTIGMA_g3801.t1 (1 of 7) PF07883 - Cupin domain (Cupin_2) 

Cre06.g297650.t2.1 CEUSTIGMA_g1577.t1 NA 

Cre06.g299050.t1.2 CEUSTIGMA_g10214.t1 (1 of 4) K14457 - 2-acylglycerol O-acyltransferase 2 (MOGAT2, 

MGAT2) 

Cre06.g301100.t1.1 CEUSTIGMA_g1112.t1 (1 of 4) PF04232 - Stage V sporulation protein S (SpoVS) (SpoVS) 

Cre06.g304100.t1.2 CEUSTIGMA_g2489.t1 (1 of 1) K17261 - adenylyl cyclase-associated protein (CAP1_2, 

SRV2) 

Cre06.g307551.t1.1 CEUSTIGMA_g4345.t1 NA 

Cre06.g308450.t1.2 CEUSTIGMA_g4356.t1 (1 of 1) PTHR35299:SF2 - RUBISCO ACCUMULATION FACTOR 1, 

CHLOROPLASTIC-RELATED 

Cre07.g320150.t1.2 CEUSTIGMA_g2958.t1 DnaJ-like protein, ER-targeted 

Cre07.g320550.t1.2 CEUSTIGMA_g11267.t1 (1 of 3) K15397 - 3-ketoacyl-CoA synthase (KCS) 

Cre07.g321100.t1.2 CEUSTIGMA_g2543.t1 (1 of 1) PTHR10196:SF67 - SEDOHEPTULOKINASE 

Cre07.g321550.t1.2 CEUSTIGMA_g7985.t1 (1 of 9) PF00170 - bZIP transcription factor (bZIP_1) 
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Cre07.g321850.t1.2 CEUSTIGMA_g10469.t1 (1 of 1) PTHR13009//PTHR13009:SF5 - HEAT SHOCK PROTEIN 90 

HSP90  CO-CHAPERONE AHA-1 // SUBFAMILY NOT NAMED 

Cre07.g323100.t1.1 CEUSTIGMA_g10465.t1 Serine/threonine protein kinase 

Cre07.g323950.t1.2 CEUSTIGMA_g5656.t1 (1 of 1) PTHR10869//PTHR10869:SF50 - PROLYL 4-

HYDROXYLASE ALPHA SUBUNIT // SUBFAMILY NOT NAMED 

Cre07.g326600.t1.2 CEUSTIGMA_g4990.t1 (1 of 4) K09584 - protein disulfide-isomerase A6 (PDIA6, TXNDC7) 

Cre07.g329250.t1.1 CEUSTIGMA_g12097.t1 (1 of 1) PF02492//PF07683//PF13414 - CobW/HypB/UreG, 

nucleotide-binding domain (cobW) // Cobalamin synthesis protein 

cobW C-terminal domain (CobW_C)  // TPR repeat (TPR_11) 

Cre07.g329350.t1.2 CEUSTIGMA_g8895.t1 (1 of 83) PTHR12203 - KDEL LYS-ASP-GLU-LEU  CONTAINING - 

RELATED 

Cre07.g329600.t2.1 CEUSTIGMA_g8148.t1 NA 

Cre07.g330500.t1.2 CEUSTIGMA_g11609.t1 (1 of 4) PF04232 - Stage V sporulation protein S (SpoVS) (SpoVS) 

Cre07.g334200.t1.2 CEUSTIGMA_g1202.t1 (1 of 1) K13116 - ATP-dependent RNA helicase DDX41 [EC:3.6.4.13] 

(DDX41, ABS) 

Cre07.g336200.t1.1 CEUSTIGMA_g9347.t1 (1 of 1) K11838 - ubiquitin carboxyl-terminal hydrolase 7 (USP7, 

UBP15) 

Cre07.g336350.t1.1 CEUSTIGMA_g8425.t1 (1 of 1) PTHR24012:SF432 - HEPHAESTUS 

Cre07.g341300.t1.2 CEUSTIGMA_g8492.t1 (1 of 1) K13119 - protein FAM50 (FAM50, XAP5) 

Cre07.g342000.t1.1 CEUSTIGMA_g8494.t1 (1 of 4) 2.1.1.77 - Protein-L-isoaspartate(D-aspartate) O-

methyltransferase / Protein L-isoaspartyl methyltransferase 

Cre07.g342920.t1.2 CEUSTIGMA_g13495.t1 (1 of 2) 3.4.13.9 - Xaa-Pro dipeptidase / X-Pro dipeptidase 

Cre07.g344300.t1.2 CEUSTIGMA_g8648.t1 NA 

Cre07.g344400.t1.2 CEUSTIGMA_g8661.t1 (1 of 3) 1.1.1.95 - Phosphoglycerate dehydrogenase / 

Phosphoglyceric acid dehydrogenase 

Cre07.g347100.t1.2 CEUSTIGMA_g10630.t1 (1 of 2) 5.1.3.15 - Glucose-6-phosphate 1-epimerase 

Cre07.g348350.t1.2 CEUSTIGMA_g12118.t1 (1 of 15) PF04720 - PDDEXK-like family of unknown function 

(PDDEXK_6) 

Cre07.g350926.t1.1 CEUSTIGMA_g547.t1 NA 

Cre07.g351550.t1.1 CEUSTIGMA_g12862.t1 (1 of 1) PTHR31319:SF1 - CCT MOTIF FAMILY PROTEIN 

Cre07.g352500.t1.1 CEUSTIGMA_g12407.t1 NA 

Cre07.g357157.t1.2 CEUSTIGMA_g12414.t1 (1 of 1) 1.14.13.99 - 24-hydroxycholesterol 7-alpha-hydroxylase / 24-

hydroxycholesterol 7-alpha-monooxygenase 

Cre07.g357900.t1.2 CEUSTIGMA_g12405.t1 (1 of 1) K08054 - calnexin (CANX) 

Cre08.g358525.t1.1 CEUSTIGMA_g10589.t1 (1 of 4) 1.11.1.9 - Glutathione peroxidase 

Cre08.g358534.t1.1 CEUSTIGMA_g10620.t1 (1 of 8) PTHR10071 - TRANSCRIPTION FACTOR GATA GATA 

BINDING FACTOR 

Cre08.g361500.t1.2 CEUSTIGMA_g10220.t1 (1 of 1) PF14943 - Mitochondrial ribosome subunit S26 (MRP-S26) 

Cre08.g362750.t1.2 CEUSTIGMA_g13656.t1 (1 of 1) K01173 - endonuclease G, mitochondrial (ENDOG) 

Cre08.g363874.t2.1 CEUSTIGMA_g2945.t1 NA 

Cre08.g366400.t1.2 CEUSTIGMA_g7417.t1 (1 of 1) K10839 - UV excision repair protein RAD23 (RAD23, HR23) 

Cre08.g367150.t2.1 CEUSTIGMA_g3484.t1 NA 

Cre08.g367750.t1.1 CEUSTIGMA_g5205.t1 (1 of 83) PTHR12203 - KDEL LYS-ASP-GLU-LEU  CONTAINING - 

RELATED 

Cre08.g368700.t1.1 CEUSTIGMA_g11069.t1 (1 of 1) PTHR13271//PTHR13271:SF40 - UNCHARACTERIZED 

PUTATIVE METHYLTRANSFERASE // SUBFAMILY NOT NAMED 

Cre08.g370850.t1.1 CEUSTIGMA_g12098.t1 (1 of 1) K10579 - ubiquitin-conjugating enzyme E2 M (UBE2M, 

UBC12) 

Cre08.g371052.t1.1 CEUSTIGMA_g2161.t1 NA 

Cre08.g371400.t1.1 CEUSTIGMA_g11764.t1 (1 of 1) PTHR22763//PTHR22763:SF34 - RING ZINC FINGER 

PROTEIN // SUBFAMILY NOT NAMED 
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Cre08.g372850.t1.2 CEUSTIGMA_g3883.t1 (1 of 1) PTHR10876 - ZINC FINGER PROTEIN ZPR1 

Cre08.g374100.t1.1 CEUSTIGMA_g1848.t1 NA 

Cre08.g378100.t1.1 CEUSTIGMA_g1937.t1 (1 of 1) K10745 - ribonuclease H2 subunit C (RNASEH2C) 

Cre08.g378200.t1.2 CEUSTIGMA_g12018.t1 (1 of 1) 5.1.99.6 - NAD(P)H-hydrate epimerase / NAD(P)HX 

epimerase 

Cre08.g378800.t1.2 CEUSTIGMA_g1924.t1 (1 of 1) PTHR10071:SF159 - GATA TRANSCRIPTION FACTOR 26-

RELATED 

Cre08.g379500.t1.1 CEUSTIGMA_g462.t1 (1 of 56) 2.7.12.1 - Dual-specificity kinase 

Cre08.g380000.t1.2 CEUSTIGMA_g7390.t1 (1 of 1) PTHR23150 - SULFATASE MODIFYING FACTOR 1, 2 

Cre08.g381900.t1.2 CEUSTIGMA_g1796.t1 (1 of 2) PTHR22763:SF71 - PROTEIN Y105C5B.11, ISOFORM B 

Cre08.g381950.t1.2 CEUSTIGMA_g1795.t1 (1 of 1) K18670 - dual specificity protein kinase YAK1 [EC:2.7.12.1] 

(YAK1) 

Cre08.g383450.t1.1 CEUSTIGMA_g6509.t1 (1 of 3) PF08495 - FIST N domain (FIST) 

Cre08.g384600.t1.2 CEUSTIGMA_g13746.t1 (1 of 2) 3.1.1.81 - Quorum-quenching N-acyl-homoserine lactonase / 

Quorum-quenching N-acyl homoserine lactone hydrolase 

Cre08.g386050.t1.2 CEUSTIGMA_g13121.t1 (1 of 1) PTHR12917:SF11 - RHOMBOID DOMAIN-CONTAINING 

PROTEIN 2 

Cre09.g386350.t1.1 CEUSTIGMA_g13638.t1 (1 of 2) K03145 - transcription elongation factor S-II (TFIIS) 

Cre09.g386912.t1.1 CEUSTIGMA_g1974.t1 (1 of 4) K14457 - 2-acylglycerol O-acyltransferase 2 (MOGAT2, 

MGAT2) 

Cre09.g387134.t1.1 CEUSTIGMA_g4211.t1 (1 of 4) PTHR14289 - F-BOX ONLY PROTEIN 3 

Cre09.g388615.t1.1 CEUSTIGMA_g8775.t1 (1 of 1) K06965 - protein pelota (PELO, DOM34, pelA) 

Cre09.g389430.t1.1 CEUSTIGMA_g8776.t1 (1 of 1) PTHR11538:SF40 - PHENYLALANINE--TRNA LIGASE 

ALPHA SUBUNIT 

Cre09.g389450.t1.2 CEUSTIGMA_g4154.t1 (1 of 2) PF00076//PF04564 - RNA recognition motif. (a.k.a. RRM, 

RBD, or RNP domain) (RRM_1) // U-box domain (U-box) 

Cre09.g389467.t1.1 CEUSTIGMA_g8052.t1 NA 

Cre09.g389726.t1.1 CEUSTIGMA_g8051.t1 NA 

Cre09.g389912.t1.1 CEUSTIGMA_g9313.t1 (1 of 1) K14018 - phospholipase A-2-activating protein (PLAA, DOA1, 

UFD3) 

Cre09.g390282.t1.1 CEUSTIGMA_g6012.t1 (1 of 1) PTHR21433 - TRANSMEMBRANE PROTEIN INDUCED BY 

TUMOR NECROSIS FACTOR ALPHA 

Cre09.g390319.t1.1 CEUSTIGMA_g8046.t1 (1 of 1) PTHR10663:SF186 - PROTEIN M02B7.5, ISOFORM A 

Cre09.g390430.t1.1 CEUSTIGMA_g4116.t1 (1 of 1) K13108 - smad nuclear-interacting protein 1 (SNIP1) 

Cre09.g392208.t1.1 CEUSTIGMA_g8022.t1 NA 

Cre09.g393550.t1.1 CEUSTIGMA_g8877.t1 (1 of 1) 2.7.11.25//2.7.12.2 - Mitogen-activated protein kinase kinase 

kinase / MLTK // Mitogen-activated protein kinase kinase / MKK 

Cre09.g393913.t1.1 CEUSTIGMA_g5513.t1 (1 of 1) 3.5.4.16 - GTP cyclohydrolase I 

Cre09.g394917.t1.1 CEUSTIGMA_g8563.t1 (1 of 4) PTHR16255:SF4 - SPORULATION PROTEIN RMD8 

Cre09.g395028.t1.1 CEUSTIGMA_g12033.t1 (1 of 2) PF02470 - MlaD protein (MlaD) 

Cre09.g395300.t1.2 CEUSTIGMA_g1214.t1 (1 of 1) PTHR11736 - MELANOMA-ASSOCIATED ANTIGEN MAGE 

ANTIGEN 

Cre09.g396139.t1.1 CEUSTIGMA_g935.t1 (1 of 4) K14326 - regulator of nonsense transcripts 1 (UPF1, RENT1) 

Cre09.g398350.t1.2 CEUSTIGMA_g1601.t1 (1 of 1) K10597 - ubiquitin conjugation factor E4 B (UBE4B, UFD2) 

Cre09.g398750.t1.2 CEUSTIGMA_g1373.t1 (1 of 26) KOG1187 - Serine/threonine protein kinase 

Cre09.g401330.t1.1 CEUSTIGMA_g6437.t1 Phosphoglycolate phosphatase 

Cre09.g403034.t1.1 CEUSTIGMA_g3169.t1 (1 of 1) PTHR14119 - HYDROLASE 

Cre09.g404650.t1.2 CEUSTIGMA_g5279.t1 (1 of 1) PTHR15954:SF4 - VACUOLAR PROTEIN SORTING-

ASSOCIATED PROTEIN 51 HOMOLOG 

Cre09.g405350.t1.2 CEUSTIGMA_g2782.t1 NA 

Cre09.g407150.t1.1 CEUSTIGMA_g10014.t1 NA 
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Cre09.g410050.t1.2 CEUSTIGMA_g4516.t1 (1 of 12) 3.6.3.8 - Calcium-transporting ATPase / Calcium-

translocating P-type ATPase 

Cre09.g413100.t1.1 CEUSTIGMA_g10702.t1 (1 of 30) PF03407 - Nucleotide-diphospho-sugar transferase 

(Nucleotid_trans) 

Cre09.g414800.t2.1 CEUSTIGMA_g7074.t1 NA 

Cre09.g415200.t1.1 CEUSTIGMA_g5340.t1 (1 of 1) K17583 - nucleolar MIF4G domain-containing protein 1 

(NOM1) 

Cre09.g415800.t1.2 CEUSTIGMA_g7055.t1 (1 of 1) K16865 - programmed cell death protein 4 (PDCD4) 

Cre10.g417500.t1.2 CEUSTIGMA_g9603.t1 Peptidyl-prolyl cis-trans isomerase, cyclophilin-type 

Cre10.g419550.t1.2 CEUSTIGMA_g671.t1 (1 of 2) PTHR28141:SF1 - 2',3'-CYCLIC-NUCLEOTIDE 3'-

PHOSPHODIESTERASE 

Cre10.g420200.t2.1 CEUSTIGMA_g11378.t1 NA 

Cre10.g422150.t1.1 CEUSTIGMA_g10601.t1 (1 of 1) 3.4.16.2 - Lysosomal Pro-Xaa carboxypeptidase / Prolyl 

carboxypeptidase 

Cre10.g429000.t1.1 CEUSTIGMA_g360.t1 NA 

Cre10.g429100.t1.2 CEUSTIGMA_g4437.t1 (1 of 1) PTHR11451:SF21 - BIFUNCTIONAL 

GLUTAMATE/PROLINE--TRNA LIGASE 

Cre10.g430750.t1.1 CEUSTIGMA_g4265.t1 (1 of 1) PTHR24078:SF261 - DNAJ (HSP40) HOMOLOG, 

SUBFAMILY A, MEMBER 3A 

Cre10.g430900.t1.1 CEUSTIGMA_g1231.t1 (1 of 5) PTHR19302 - GAMMA TUBULIN COMPLEX PROTEIN 

Cre10.g431500.t1.1 CEUSTIGMA_g13123.t1 NA 

Cre10.g432100.t1.2 CEUSTIGMA_g8090.t1 (1 of 1) PTHR34687:SF1 - CHAPERONE PROTEIN DNAJ-LIKE 

PROTEIN 

Cre10.g434500.t1.1 CEUSTIGMA_g11589.t1 (1 of 29) PTHR24349:SF79 - NITROGEN NETWORK KINASE 1 

Cre10.g439050.t1.2 CEUSTIGMA_g4880.t1 Mitochondrial substrate carrier protein 

Cre10.g439550.t2.1 CEUSTIGMA_g387.t1 NA 

Cre10.g441000.t1.2 CEUSTIGMA_g12801.t1 (1 of 1) K17498 - transcription factor SPN1 (SPN1, IWS1) 

Cre10.g441350.t2.1 CEUSTIGMA_g5700.t1 NA 

Cre10.g442450.t1.2 CEUSTIGMA_g11123.t1 (1 of 34) PF13639 - Ring finger domain (zf-RING_2) 

Cre10.g443850.t1.1 CEUSTIGMA_g11499.t1 (1 of 1) PTHR11851:SF136 - PROTEIN YHJJ 

Cre10.g444950.t1.2 CEUSTIGMA_g10030.t1 NA 

Cre10.g446000.t1.1 CEUSTIGMA_g7296.t1 (1 of 3) PF10358 - N-terminal C2 in EEIG1 and EHBP1 proteins (NT-

C2) 

Cre10.g446400.t1.1 CEUSTIGMA_g4027.t1 Katanin p60 catalytic subunit 

Cre10.g446450.t1.2 CEUSTIGMA_g8352.t1 (1 of 1) PTHR26402:SF316 - TRANSCRIPTIONAL REGULATORY 

PROTEIN CUSR 

Cre10.g453807.t2.1 CEUSTIGMA_g4353.t1 NA 

Cre10.g454025.t1.1 CEUSTIGMA_g1217.t1 NA 

Cre10.g454400.t1.1 CEUSTIGMA_g8267.t1 (1 of 1) K10632 - BRCA1-associated protein (BRAP) 

Cre10.g454734.t2.1 CEUSTIGMA_g4246.t1 NA 

Cre10.g455650.t1.2 CEUSTIGMA_g7260.t1 (1 of 1) 2.1.1.10 - Homocysteine S-methyltransferase 

Cre10.g456800.t1.1 CEUSTIGMA_g12292.t1 (1 of 2) PF09733 - VEFS-Box of polycomb protein (VEFS-Box) 

Cre10.g461851.t3.1 CEUSTIGMA_g3683.t1 NA 

Cre10.g461950.t1.2 CEUSTIGMA_g2316.t1 20S proteasome beta subunit E, type beta 5 

Cre10.g462700.t1.1 CEUSTIGMA_g2387.t1 (1 of 1) K14397 - cleavage and polyadenylation specificity factor 

subunit 5 (NUDT21, CPSF5, CFIM25) 

Cre10.g466000.t1.2 CEUSTIGMA_g2508.t1 (1 of 1) K18179 - cytochrome c oxidase assembly factor 6 (COA6) 

Cre10.g466100.t1.2 CEUSTIGMA_g12300.t1 NA 

Cre11.g467350.t1.2 CEUSTIGMA_g10309.t1 (1 of 2) PTHR10909:SF317 - ACYL-COENZYME A OXIDASE 2, 

PEROXISOMAL 
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Cre11.g467563.t1.1 CEUSTIGMA_g10304.t1 (1 of 10) PTHR10174 - RETINALDEHYDE BINDING PROTEIN-

RELATED 

Cre11.g467637.t1.1 CEUSTIGMA_g9676.t1 (1 of 11) PF00627 - UBA/TS-N domain (UBA) 

Cre11.g467702.t1.1 CEUSTIGMA_g11666.t1 (1 of 2) PF00189 - Ribosomal protein S3, C-terminal domain 

(Ribosomal_S3_C) 

Cre11.g467711.t2.1 CEUSTIGMA_g9021.t1 NA 

Cre11.g468900.t1.2 CEUSTIGMA_g10266.t1 NA 

Cre11.g469224.t1.1 CEUSTIGMA_g8140.t1 NA 

Cre11.g477500.t1.2 CEUSTIGMA_g13195.t1 (1 of 1) KOG2886 - Uncharacterized conserved protein 

Cre11.g479250.t1.2 CEUSTIGMA_g8297.t1 (1 of 1) K14319 - Ran GTPase-activating protein 1 (RANGAP1) 

Cre11.g480650.t1.2 CEUSTIGMA_g11298.t1 (1 of 11) 1.1.1.300 - NADP-retinol dehydrogenase / Retinol 

dehydrogenase (NADP(+)) 

Cre12.g492450.t1.2 CEUSTIGMA_g1510.t1 (1 of 3) PTHR18934:SF145 - ATP-DEPENDENT RNA HELICASE 

DHX57-RELATED 

Cre12.g492850.t1.1 CEUSTIGMA_g473.t1 (1 of 1) PF10595 - Uncharacterised protein family UPF0564 

(UPF0564) 

Cre12.g493000.t1.2 CEUSTIGMA_g11423.t1 (1 of 3) PTHR16254 - POTASSIUM/PROTON ANTIPORTER-

RELATED 

Cre12.g493300.t1.2 CEUSTIGMA_g694.t1 (1 of 5) PTHR10582 - TRANSIENT RECEPTOR POTENTIAL ION 

CHANNEL PROTEIN 

Cre12.g497350.t1.1 CEUSTIGMA_g2101.t1 NA 

Cre12.g498450.t1.2 CEUSTIGMA_g11671.t1 (1 of 1) K11493 - regulator of chromosome condensation (RCC1) 

Cre12.g499750.t1.1 CEUSTIGMA_g5597.t1 (1 of 90) PF00076 - RNA recognition motif. (a.k.a. RRM, RBD, or 

RNP domain) (RRM_1) 

Cre12.g500100.t1.2 CEUSTIGMA_g5661.t1 NA 

Cre12.g503250.t1.2 CEUSTIGMA_g10553.t1 NA 

Cre12.g503350.t1.2 CEUSTIGMA_g5584.t1 NA 

Cre12.g507050.t1.2 CEUSTIGMA_g7558.t1 (1 of 543) 2.7.11.1 - Non-specific serine/threonine protein kinase / 

Threonine-specific protein kinase 

Cre12.g508450.t1.1 CEUSTIGMA_g1833.t1 (1 of 39) PTHR12298 - PCDC2 PROGRAMMED CELL DEATH 

PROTEIN 2 -RELATED 

Cre12.g508850.t1.1 CEUSTIGMA_g4567.t1 (1 of 1) PTHR11260//PTHR11260:SF225 - GLUTATHIONE S-

TRANSFERASE, GST, SUPERFAMILY, GST DOMAIN 

CONTAINING // SUBFAMILY NOT NAMED 

Cre12.g513600.t1.2 CEUSTIGMA_g5614.t1 (1 of 1) K12795 - suppressor of G2 allele of SKP1 (SUGT1, SGT1) 

Cre12.g516750.t2.1 CEUSTIGMA_g1864.t1 NA 

Cre12.g522300.t1.1 CEUSTIGMA_g11435.t1 (1 of 1) KOG1909//KOG4308 - Ran GTPase-activating protein // 

LRR-containing protein 

Cre12.g522650.t1.1 CEUSTIGMA_g13747.t1 (1 of 2) 2.4.1.232 - Initiation-specific alpha-1,6-mannosyltransferase 

/ Glycolipid 6-alpha-mannosyltransferase 

Cre12.g524650.t2.1 CEUSTIGMA_g7.t1 NA 

Cre12.g527600.t1.1 CEUSTIGMA_g2226.t1 (1 of 1) K12865 - polyglutamine-binding protein 1 (PQBP1, NPW38) 

Cre12.g529450.t2.1 CEUSTIGMA_g1464.t1 NA 

Cre12.g531100.t2.1 CEUSTIGMA_g96.t1 NA 

Cre12.g537100.t1.2 CEUSTIGMA_g1336.t1 (1 of 2) 6.1.1.9 - Valine--tRNA ligase / Valyl-tRNA synthetase 

Cre12.g537671.t1.1 CEUSTIGMA_g1325.t1 (1 of 1) PTHR10799//PTHR10799:SF677 - SWI/SNF-RELATED 

MATRIX-ASSOCIATED ACTIN-DEPENDENT REGULATOR OF 

CHROMATIN SUBFAMILY-RELATED // SUBFAMILY NOT NAMED 

Cre12.g538100.t1.2 CEUSTIGMA_g9211.t1 (1 of 3) K07393 - putative glutathione S-transferase (ECM4) 

Cre12.g538150.t1.2 CEUSTIGMA_g12615.t1 (1 of 1) K05019 - chloride channel, nucleotide-sensitive, 1A 

(CLNS1A) 
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Cre12.g538200.t1.2 CEUSTIGMA_g12616.t1 (1 of 1) PTHR23305//PTHR23305:SF1 - GTP-BINDING PROTEIN-

RELATED // SUBFAMILY NOT NAMED 

Cre12.g538700.t1.2 CEUSTIGMA_g1340.t1 (1 of 2) PTHR14009 - LEUCINE ZIPPER-EF-HAND CONTAINING 

TRANSMEMBRANE PROTEIN 

Cre12.g539050.t1.1 CEUSTIGMA_g4140.t1 (1 of 3) PF08700 - Vps51/Vps67 (Vps51) 

Cre12.g539150.t1.2 CEUSTIGMA_g11273.t1 NA 

Cre12.g542750.t1.1 CEUSTIGMA_g1368.t1 NA 

Cre12.g543303.t1.1 CEUSTIGMA_g6734.t1 NA 

Cre12.g543902.t1.1 CEUSTIGMA_g2085.t1 (1 of 1) 2.7.1.16 - Ribulokinase / L-ribulokinase 

Cre12.g546900.t2.1 CEUSTIGMA_g2279.t1 NA 

Cre12.g547400.t1.1 CEUSTIGMA_g6520.t1 (1 of 4) KOG2944 - Glyoxalase 

Cre12.g548200.t1.1 CEUSTIGMA_g6648.t1 (1 of 1) PTHR21004 - SERINE PROTEASE-RELATED 

Cre12.g557250.t2.1 CEUSTIGMA_g9837.t1 NA 

Cre12.g557700.t1.2 CEUSTIGMA_g4859.t1 (1 of 1) K01069 - hydroxyacylglutathione hydrolase (E3.1.2.6, gloB) 

Cre12.g558850.t1.2 CEUSTIGMA_g9608.t1 NA 

Cre12.g559050.t1.2 CEUSTIGMA_g5476.t1 (1 of 1) PTHR24006:SF22 - BCDNA.LD22910 

Cre12.g559200.t1.1 CEUSTIGMA_g5467.t1 NA 

Cre13.g561800.t1.1 CEUSTIGMA_g119.t1 (1 of 32) PF00168 - C2 domain (C2) 

Cre13.g562750.t1.2 CEUSTIGMA_g5665.t1 (1 of 1) PF14234 - Domain of unknown function (DUF4336) 

(DUF4336) 

Cre13.g566650.t2.1 CEUSTIGMA_g2572.t1 NA 

Cre13.g569500.t2.1 CEUSTIGMA_g3056.t1 NA 

Cre13.g573150.t1.1 CEUSTIGMA_g3796.t1 (1 of 1) PTHR12103:SF15 - PROTEIN Y71H10B.1, ISOFORM C 

Cre13.g574041.t1.1 CEUSTIGMA_g1169.t1 (1 of 6) PTHR10994//PTHR10994:SF72 - RETICULON // 

SUBFAMILY NOT NAMED 

Cre13.g575650.t1.1 CEUSTIGMA_g8382.t1 (1 of 3) KOG0663 - Protein kinase PITSLRE and related kinases 

Cre13.g576400.t1.2 CEUSTIGMA_g2467.t1 Branched-chain amino-acid transaminase 

Cre13.g579800.t1.2 CEUSTIGMA_g10091.t1 (1 of 1) 2.7.4.26 - Isopentenyl phosphate kinase 

Cre13.g580250.t2.1 CEUSTIGMA_g7026.t1 NA 

Cre13.g582800.t1.2 CEUSTIGMA_g5408.t1 (1 of 1) 6.3.2.11 - Carnosine synthase / Carnosine synthetase 

Cre13.g583100.t1.1 CEUSTIGMA_g1079.t1 (1 of 1) 2.4.99.12 - Lipid IV(A) 3-deoxy-D-manno-octulosonic acid 

transferase / Lipid IV(A) KDO transferase 

Cre13.g583250.t1.1 CEUSTIGMA_g2715.t1 (1 of 1) K15361 - WD repeat-containing protein 48 (WDR48, UAF1) 

Cre13.g584750.t1.1 CEUSTIGMA_g2522.t1 (1 of 1) K18162 - NADH dehydrogenase [ubiquinone] 1 alpha 

subcomplex assembly factor 5 [EC:2.1.1.-] (NDUFAF5) 

Cre13.g587150.t1.1 CEUSTIGMA_g1164.t1 (1 of 2) K11308 - histone acetyltransferase MYST1 [EC:2.3.1.48] 

(MYST1, MOF, KAT8) 

Cre13.g591450.t1.2 CEUSTIGMA_g740.t1 (1 of 2) PTHR11767//PTHR11767:SF47 - INWARD RECTIFIER 

POTASSIUM CHANNEL // SUBFAMILY NOT NAMED 

Cre13.g603900.t1.2 CEUSTIGMA_g2128.t1 (1 of 1) K01890 - phenylalanyl-tRNA synthetase beta chain (FARSB, 

pheT) 

Cre13.g605000.t1.1 CEUSTIGMA_g9087.t1 (1 of 1) KOG0580//KOG0610//KOG0658 - Serine/threonine protein 

kinase // Putative serine/threonine protein kinase // Glycogen 

synthase kinase-3 

Cre14.g608850.t1.2 CEUSTIGMA_g1302.t1 (1 of 3) PF10075 - CSN8/PSMD8/EIF3K family 

(CSN8_PSD8_EIF3K) 

Cre14.g610050.t1.2 CEUSTIGMA_g311.t1 (1 of 1) K15180 - negative elongation factor B (COBRA1, NELFB) 

Cre14.g611484.t1.1 CEUSTIGMA_g9977.t1 NA 

Cre14.g611650.t1.1 CEUSTIGMA_g6035.t1 (1 of 2) 1.1.3.37 - D-arabinono-1,4-lactone oxidase / D-arabinono-

gamma-lactone oxidase 

Cre14.g613950.t2.1 CEUSTIGMA_g249.t1 NA 
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Cre14.g614550.t1.1 CEUSTIGMA_g1500.t1 (1 of 10) PTHR21228//PTHR21228:SF20 - FAST LEU-RICH 

DOMAIN-CONTAINING // SUBFAMILY NOT NAMED 

Cre14.g618250.t1.1 CEUSTIGMA_g13031.t1 NA 

Cre14.g621300.t2.1 CEUSTIGMA_g977.t1 NA 

Cre14.g622901.t1.1 CEUSTIGMA_g2613.t1 (1 of 9) KOG0617 - Ras suppressor protein (contains leucine-rich 

repeats) 

Cre14.g623650.t1.2 CEUSTIGMA_g54.t1 (1 of 3) 1.1.1.2 - Alcohol dehydrogenase (NADP(+)) / Aldehyde 

reductase (NADPH) 

Cre14.g625200.t2.1 CEUSTIGMA_g5081.t1 NA 

Cre14.g626350.t1.2 CEUSTIGMA_g5087.t1 (1 of 1) PF04751 - Protein of unknown function (DUF615) (DUF615) 

Cre14.g632050.t1.2 CEUSTIGMA_g9331.t1 (1 of 1) PTHR14240 - RPGR-INTERACTING PROTEIN 1 RELATED 

Cre14.g632775.t1.1 CEUSTIGMA_g1235.t1 (1 of 1) K03035 - 26S proteasome regulatory subunit N5 (PSMD12, 

RPN5) 

Cre15.g635067.t1.1 CEUSTIGMA_g10034.t1 (1 of 3) PTHR30570 - PERIPLASMIC PHOSPHATE BINDING 

COMPONENT OF PHOSPHATE ABC TRANSPORTER 

Cre15.g636400.t2.1 CEUSTIGMA_g10892.t1 NA 

Cre15.g636500.t1.2 CEUSTIGMA_g11209.t1 NA 

Cre15.g637100.t1.2 CEUSTIGMA_g12064.t1 (1 of 1) K04523 - ubiquilin (UBQLN, DSK2) 

Cre15.g639150.t2.1 CEUSTIGMA_g9427.t1 NA 

Cre15.g639308.t1.2 CEUSTIGMA_g9325.t1 (1 of 30) PF08373 - RAP domain (RAP) 

Cre15.g639400.t2.1 CEUSTIGMA_g5941.t1 NA 

Cre15.g640250.t2.1 CEUSTIGMA_g10886.t1 NA 

Cre15.g641250.t1.2 CEUSTIGMA_g13030.t1 (1 of 1) PTHR23056//PTHR23056:SF48 - CALCINEURIN B // 

SUBFAMILY NOT NAMED 

Cre16.g648050.t1.2 CEUSTIGMA_g8519.t1 NA 

Cre16.g649400.t1.2 CEUSTIGMA_g6993.t1 Putative rRNA (guanine-N2-)-methyltransferase 

Cre16.g649800.t1.1 CEUSTIGMA_g9032.t1 Cyclin-related pentatrichopeptide repeat protein 

Cre16.g649833.t1.1 CEUSTIGMA_g12349.t1 NA 

Cre16.g652900.t1.1 CEUSTIGMA_g8840.t1 (1 of 16) KOG0131 - Splicing factor 3b, subunit 4 

Cre16.g653150.t1.2 CEUSTIGMA_g11344.t1 NA 

Cre16.g655400.t1.1 CEUSTIGMA_g1614.t1 (1 of 1) K17985 - activating molecule in BECN1-regulated autophagy 

protein 1 (AMBRA1) 

Cre16.g655800.t1.1 CEUSTIGMA_g9853.t1 NA 

Cre16.g656250.t1.1 CEUSTIGMA_g6895.t1 U1 small nuclear ribonucleoprotein 

Cre16.g658000.t1.1 CEUSTIGMA_g4043.t1 (1 of 16) PTHR13748 - COBW-RELATED 

Cre16.g659400.t2.1 CEUSTIGMA_g3950.t1 NA 

Cre16.g663400.t1.2 CEUSTIGMA_g10610.t1 NA 

Cre16.g664050.t1.2 CEUSTIGMA_g6894.t1 NA 

Cre16.g664301.t1.1 CEUSTIGMA_g12991.t1 (1 of 2) K02349 - DNA polymerase theta [EC:2.7.7.7] (POLQ) 

Cre16.g665550.t2.1 CEUSTIGMA_g4057.t1 NA 

Cre16.g666300.t1.1 CEUSTIGMA_g2400.t1 (1 of 105) 2.7.11.25 - Mitogen-activated protein kinase kinase kinase 

/ MLTK 

Cre16.g668400.t1.2 CEUSTIGMA_g3528.t1 (1 of 1) PTHR23354:SF72 - PROTEIN LMD-3, ISOFORM A 

Cre16.g670500.t1.1 CEUSTIGMA_g12121.t1 (1 of 7) PF02190 - ATP-dependent protease La (LON) substrate-

binding domain (LON_substr_bdg) 

Cre16.g670900.t1.1 CEUSTIGMA_g10591.t1 (1 of 15) PTHR14614 - HEPATOCELLULAR CARCINOMA-

ASSOCIATED ANTIGEN 

Cre16.g672850.t1.1 CEUSTIGMA_g7368.t1 NA 

Cre16.g673841.t1.1 CEUSTIGMA_g5005.t1 (1 of 1) PF10218 - Uncharacterized conserved protein (DUF2054) 

(DUF2054) 
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Cre16.g674964.t1.1 CEUSTIGMA_g10154.t1 (1 of 1) K06911 - uncharacterized protein (K06911) 

Cre16.g677050.t1.1 CEUSTIGMA_g203.t1 (1 of 6) PF00211//PF13416 - Adenylate and Guanylate cyclase 

catalytic domain (Guanylate_cyc) // Bacterial extracellular solute-

binding protein (SBP_bac_8) 

Cre16.g685200.t1.1 CEUSTIGMA_g6479.t1 (1 of 1) K14787 - multiple RNA-binding domain-containing protein 1 

(MRD1, RBM19) 

Cre16.g685217.t1.1 CEUSTIGMA_g1419.t1 (1 of 1) K14307 - nucleoporin p58/p45 (NUPL1, NUP49) 

Cre16.g686400.t1.2 CEUSTIGMA_g10177.t1 (1 of 1) PTHR10742//PTHR10742:SF307 - AMINE OXIDASE // 

SUBFAMILY NOT NAMED 

Cre16.g687294.t1.1 CEUSTIGMA_g7435.t1 NA 

Cre16.g688050.t1.1 CEUSTIGMA_g1648.t1 (1 of 1) PTHR32091:SF0 - EUKARYOTIC INITIATION FACTOR 4B-

RELATED 

Cre16.g688800.t1.2 CEUSTIGMA_g6233.t1 NA 

Cre16.g689647.t1.1 CEUSTIGMA_g3038.t1 Argonaute-like protein 

Cre16.g690000.t1.2 CEUSTIGMA_g6311.t1 NA 

Cre16.g690431.t2.1 CEUSTIGMA_g10184.t1 (1 of 1) 1.3.99.34 - Transferred entry: 1.3.7.11 

Cre16.g691215.t2.1 CEUSTIGMA_g4812.t1 NA 

Cre17.g696250.t1.1 CEUSTIGMA_g6836.t1 NA 

Cre17.g699100.t1.1 CEUSTIGMA_g5481.t1 (1 of 1) K14674 - TAG lipase / steryl ester hydrolase / phospholipase 

A2 / LPA acyltransferase (TGL4) 

Cre17.g699900.t1.2 CEUSTIGMA_g993.t1 (1 of 2) PTHR11732:SF255 - ARYL-ALCOHOL DEHYDROGENASE 

YPL088W-RELATED 

Cre17.g702700.t1.1 CEUSTIGMA_g6853.t1 (1 of 6) PTHR11132//PTHR11132:SF101 - SOLUTE CARRIER 

FAMILY 35 // SUBFAMILY NOT NAMED 

Cre17.g703550.t1.2 CEUSTIGMA_g6837.t1 NA 

Cre17.g706850.t1.1 CEUSTIGMA_g3580.t1 (1 of 1) PTHR13377 - PLACENTAL PROTEIN 6 

Cre17.g711050.t1.1 CEUSTIGMA_g2350.t1 (1 of 1) K15456 - protein KTI12 (KTI12) 

Cre17.g712400.t1.2 CEUSTIGMA_g2331.t1 (1 of 1) PTHR30238 - MEMBRANE BOUND PREDICTED REDOX 

MODULATOR 

Cre17.g715150.t1.2 CEUSTIGMA_g5129.t1 NA 

Cre17.g717350.t1.2 CEUSTIGMA_g2640.t1 (1 of 1) 2.5.1.75 - tRNA dimethylallyltransferase / tRNA 

prenyltransferase 

Cre17.g721950.t1.2 CEUSTIGMA_g7893.t1 (1 of 1) PTHR11685:SF119 - E3 UBIQUITIN-PROTEIN LIGASE 

ARI2-RELATED 

Cre17.g722000.t1.1 CEUSTIGMA_g11614.t1 Major facilitator superfamily transporter 

Cre17.g722350.t1.2 CEUSTIGMA_g5894.t1 Small Rab-related GTPase 

Cre17.g725050.t2.1 CEUSTIGMA_g51.t1 NA 

Cre17.g725650.t1.1 CEUSTIGMA_g682.t1 (1 of 2) K03453 - bile acid:Na+ symporter, BASS family (TC.BASS) 

Cre17.g726050.t1.2 CEUSTIGMA_g11008.t1 (1 of 1) K11843 - ubiquitin carboxyl-terminal hydrolase 14 

[EC:3.4.19.12] (USP14, UBP6) 

Cre17.g727400.t1.1 CEUSTIGMA_g12147.t1 NA 

Cre17.g729700.t1.2 CEUSTIGMA_g4370.t1 (1 of 1) PTHR14374 - FOIE GRAS 

Cre17.g729750.t1.2 CEUSTIGMA_g7916.t1 (1 of 1) 2.3.1.87 - Aralkylamine N-acetyltransferase / Serotonin N-

acetyltransferase 

Cre17.g736650.t1.2 CEUSTIGMA_g9004.t1 (1 of 1) K01256 - aminopeptidase N (pepN) 

Cre17.g744797.t1.1 CEUSTIGMA_g3977.t1 (1 of 1) PF05623 - Protein of unknown function (DUF789) (DUF789) 

Cre17.g746597.t2.1 CEUSTIGMA_g4015.t1 NA 

Cre17.g747897.t1.1 CEUSTIGMA_g3973.t1 NA 

Cre18.g748847.t1.1 CEUSTIGMA_g3799.t1 NA 

Cre24.g755497.t1.1 CEUSTIGMA_g27.t1 (1 of 2) K05770 - benzodiazapine receptor (BZRP) 

Cre32.g758597.t1.1 CEUSTIGMA_g13674.t1 NA 
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5 General Discussion 

Acid mine drainage systems present a highly toxic environment that is incredibly damaging to 

biodiversity (Brake & Hasiotis, 2010; Dean et al., 2019; Zettler et al., 2002). PM01 has managed to 

colonise such an environment and through its adaptation, generated mechanisms to confer it a much 

greater copper tolerance to other strains of Chlamydomonas acidophila and the model organism 

Chlamydomonas reinhardtii as seen in section 3.4.1. Whilst tolerance ranges of eukaryotic 

extremophile microalgae have been well understood and studied (Aguilera & Amils, 2005; Amaral-

Zettler, 2012; Cantrell & Duval-Perez, 2012; Dean et al., 2019), the mechanisms of these tolerances 

are only just beginning to be understood ((Khatiwada et al., 2020; Olsson et al., 2015; Puente-

Sánchez et al., 2018)). C. acidophila offers a fantastic model as a eukaryotic extremophile, due to its 

relatively close lineage to the model organism C. reinhardtii. Additionally, due to the diverse nature 

of AMD environments, there is likely a lot of diversity in tolerance mechanisms within the species as 

seen by PM01’s high tolerance to copper compared to CCAP 11/136 and CCAP 11/137.  

One of the key, and most surprising findings, was the ability of PM01 to completely shut down 

photosystem II under a short-term copper tress, as shown by both the PAM and transcriptomics 

experiment (chapter 2  and chapter 4 respectively). What is most interesting is that the Fv/Fm values 

of dark adapted PM01 cells under a short-term copper stress did not significantly alter from their 

control. Despite this, upon exposure to an actinic light, the efficiency of photosystem II completely 

reduced. This suggests that although PM01 has no reduced capacity for photosynthesis, a feedback 

mechanism is preventing PS II activity to occur, and could and could indicate as switch to cyclic 

electron flow using PS I. This suggests an interesting copper adaptation mechanism, that has been 

eluded to in plants and cyanobacteria (Deng et al., 2014; Lysenko et al., 2020), but does not appear 

to have been shown previously in microalgae, and certainly not in C. acidophila. In fact, the opposite 

was seen in another transcriptomics experiment in a different strain of C. acidophila (RT-46), which 

when exposed to 500 μM copper for 10 days, saw an increase in transcripts related to 

photosynthesis.  

The diversity seen in different C. acidophila strains is quite striking, for example, PM01 and RT-46 

exhibit a much higher copper tolerance than 11/136 and 11/137 (Dean et al., 2019; Puente-Sánchez 

et al., 2018). PM01 was isolated from an abandoned copper mine in Wales, whilst RT-46 was isolated 

from the Rio Tinto, an acidic river which gets its properties from both the local geochemistry and 

mining activities. Additionally, the environments both strains are found in vary in geochemistry such 

as metal content (Dean et al., 2019; López-Archilla et al., 2001), other abiotic factors such as 

temperature and biotic factors such as the local biodiversity. Therefore, seeing different adaptation 

mechanisms is entirely possible, however, do similar selection pressures force adaptations in similar 

biological processes? The photosynthetic process produces a large amount of radicals, which can 

be exacerbated when it is damaged by copper (Jegerschold et al., 1995). Therefore, shutting down 

photosynthesis in the short-term could minimise any excessive stress to PM01, until the cells can 

neutralise the copper, buying the cells crucial time.  Under the long-term copper stresses minimal 

differences were seen between the stress and the control for both species in terms of the 
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photosynthetic efficiency of PS II. This is surprising due to the significant decrease in culture growth 

shown in section 2.4.1 and that copper arrests cell growth via other methods, such as an increased 

energy demand of copping copper inert. What is interesting is that the RT-46 strain of C. acidophila 

saw an increase in relative electron transport rate after 24 hours of copper exposure. This study and 

the RT-46 study were not like for like as a stronger copper stress over a shorter period was applied, 

but preliminary comparisons could suggest that differential adaption mechanisms could vary in 

biological processes. However, the prospect of differential adaption mechanisms, even between 

strains of the same species, gives an exciting insight into the diversity of eukaryotic extremophiles.  

There is the potential for a wide array of biotechnological applications that could be derived from this 

diversity. Additionally, this diversity could also be a great source for bioremediation of contaminated 

lands. This diversity suggests there could be a vast potential for ecological restoration as well as 

many biotechnological applications to be found within the eukaryotic extremophiles.  

Our data looking into the photosynthetic parameters between the two species also yielded other 

interesting results. Firstly, PM01 exhibits a 2-stage NPQ process depending on the actinic light 

intensity under a short-term copper stress. At lower actinic light levels very high NPQ was seen, 

interestingly, this reduced as the actinic light intensity increased to 350 μM before rising again. 

Furthermore, when compared to 11/32c, all the PMO1 NPQ values were much higher across all 

actinic light intensities and this is likely the candidate for the complete shutdown of ΦPS II seen.  A 

likely candidate for this high NPQ at lower actinic light intensities is state transitions. State transitions 

cause the light harvesting complex to dissociate from PS II to PS I and vice versa (Finazzi, 2005). 

PSI has been shown to drive ATP synthesis and helped to repair photodamage to PSII (Huang et 

al., 2018). This makes it a very good candidate for the NPQ seen in PM01. Why this NPQ process 

dips at the intermediate actinic light intensities remains unknown and warrants further investigation 

into a novel photosynthetic response in C. acidophila. The other interesting photosynthetic response 

found is the apparent diurnal fluctuations of Fv/Fm under the short-term copper stress (PM01 and 

11/32c) and long-term copper stress (PM01) section 3.4.2. I stipulate that this could be due to the 

experimental conditions in which the samples were left exposed to natural light throughout the day 

of measurements and as such were exposed to the fluctuations of sunlight throughout the day. 

However, no changes were seen in the control samples throughout the day, so regardless, copper 

is still having some additional consequence on the Fv/Fm values. However, it is possible that other 

intrinsic conditions could alter this Fv/Fm such as proteins involved in the biological clock (Yamada 

& Prosser, 2020). Again, this is another example of the complicated photosynthetic control 

mechanisms PM01 exhibits, but is also seen in C. reinhardtii. It is also interesting that we see this 

response in both copper stresses for PM01 but only the short-term copper stress in 11/32c. Further 

investigations into the actual mechanism of this control, whether it be part of the biological clock or 

external factors such as the light intensity, would give us a greater understanding of photosynthetic 

control mechanisms and also the copper adaptation of PM01.  

PM01 appears to minimise the copper impact through a series of responses identified through both 

the transcriptomic and metabolomic experiments. In this study, CTP3 has been identified as a key 

protein in copper detoxification. As a putative copper exporter, it is easy to see how it can play a role 

in either exporting copper out of the cell or into a storage vacuole (Blaby-Haas & Merchant, 2012). 

Previous studies performed by our lab have identified that PM01 can accumulate copper inside the 
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cell (Dean et al., 2019). Whilst other studies have shown that C. acidophila accumulates lipid bodies  

and vacuoles at the cell periphery in response to metal stress (Nishikawa et al., 2003). It is possible 

that CTP3 could be exporting copper into one of these vacuoles as a form of storage.  Whether the 

accumulation of metals inside C. acidophila cells that have been observed recently, is due to the 

actions of CTP3 or despite of it is currently unknown. Initially I aimed to clone the gene into an 

overexpression plasmid with a GFP tag into C. reinhardtii, unfortunately, due to time restrictions I 

was unable to do this. It would also have been interesting to transform this into C. acidophila, 

however, to date there is no literature on C. acidophila being genetically modified, so we cannot be 

certain how effective this would be. This could help elucidate both the localisation and the role of 

copper homeostasis CTP3 plays within the cell.  CTP3 is a large protein and thought to export copper 

in the Cu+ form. As this protein showed peaks where would expect to see it should it be doubly 

charged means it could be donating electrons to Cu2+ to facilitate copper export. However, the 

transcript abundance in PM01 was constitutively much higher than any of the treatments in 11/32c, 

which is not reflected in the MALDI analysis.  

Additionally, a host of metal chelators, radical scavengers and cysteine type residues were found to 

be increased under a short-term copper stress in PM01 within the metabolomic data set.  To 

compliment this the transcriptomic data set (Chapter 4) showed that both GSH1 (PM01 and 11/32c) 

and GSH2 (PM01) were increased in the short-term copper stress, with PM01 showing the highest 

levels of the transcripts. In addition to GSH a host of other enzymes related to glutathione metabolism 

were increased in response to copper. GSTs are also more highly expressed in the short-term copper 

treatment with PM01 exhibiting the highest levels of transcripts. GSR1 transcripts were also highly 

increased in response to copper in the short-term copper treatments, again with PM01 exhibiting the 

highest level of transcripts. The other isoform of GSR, GSR2 provided interesting differential 

expression between PM01 and 11/32c where PM01 decreases transcript levels of GSR2 in response 

to copper and 11/32c increases transcript levels under copper stress. The reasons for this are 

unknown and provides an interesting avenue for further investigation. Overall, whilst GSH transcripts 

are increased in both species, a whole host of genes that encode proteins involved in glutathione 

metabolism are also elevated. This highlights how important glutathione is in the copper response, 

especially in a short-term copper response. A host of antioxidative enzymes were tested, to observe 

the antioxidant capabilities between the two organisms (section 3.4.3). The data did not provide quite 

a clear difference as you would expect between the extremophile and non-extremophile species as 

one may expect the extremophile species to have a high antioxidant capability under a long- term 

copper stress.  However, it was only possible to test the long-term copper stress conditions and it is 

possible we may see the largest differences under a short-term copper stress where the oxidative 

stress is likely to be highest before any excess copper can be quenched and made inert. Based on 

the prevalence and importance of glutathione and the role it plays in copper detoxification, especially 

in PM01, other ROS quenching enzymes could be worth investigating also. Another interesting 

observation seen in both species, is that the long-term copper stressed cells appear to not be under 

a high oxidative stress. ROS quenching enzyme expression is not increased in the long-term copper 

stress. Moreover, ROS enzyme activity in the long-term copper stress conditions is not significantly 

increased in PM01, and CAT activity is significantly reduced. Additionally, Cluster 4 from the 

transcriptomic data set, which was enriched with enzymes involved in the antioxidant response, 
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shows that the long-term copper stress has the smallest relative transcript expression in both species 

chapter 5. This suggests that the cells may quench ROS generation early and that under a long-term 

copper stress, oxidative stress is not a damaging factor. This is important as it suggests that either 

another protective mechanism is in place that we have not been able to identify in preventing ROS 

generation, or that the cells have managed to make the copper inert.  

Other than cysteine, other amino acids can differentiate the two species under copper stress. 

Metabolites involved in the pathways of the amino acid proline synthesis, was found in high 

concentrations in the control and long-term copper conditions of PM01, but concentrations were 

vastly reduced under the short-term copper conditions. This could suggest that the proline is being 

utilised and involved in the detoxification of copper and could be a distinguishing factor between 

PM01 and 11/32c where these processes are seen.  Transgenic C. reinhardtii  that accumulated 

higher proline content in the cells were shown to grow more rapidly, and bind more cadmium than 

wild-type cells under cadmium stressed conditions (Siripornadulsil et al., 2002)  In a study of copper 

stress effects on amino acid accumulation in Brassica carinata, proline and histidine were determined 

to be the most important amino acids in response to copper (Irtelli et al., 2008). Pathways involved 

in the methionine based amino acid synthesis appeared to be more upregulated in the 11/32c 

treatment, this could confer that there is a sulphur based amino acid preference between the two 

species, with PM01 having more of a preference for cysteine and 11/32c showing a higher preference 

for methionine.  

There was a surprising amount of similarities between PM01 and 11/32c when exposed to copper 

considering their vast differences in tolerance ranges. It was very hard to distinguish their fingerprints 

based on the FT-IR spectra alone, although PCA analysis did separate both the species and copper 

treatments. Similarly, the MALDI-TOF spectra showed very similar peaks patterns, however, the 

peaks did show varying m/z ratios. The data presented here shows that MALDI-TOF may be a better 

method for fingerprinting species. However, there are caveats to this, as MALDI-TOF methodologies 

require slightly more sample preparation and take longer to run with more man hours. Additionally, 

without any protein extraction and digestion pre-processing, the information we can gleam from 

MALDI-TOF is much lower. Conversely, FT-IR spectroscopy requires very little pre-processing and 

a high rate of sampling than MALDI-TOF. Additionally, we can gleam broad information from the 

spectra such as functional groups. The FT-IR spectra show an increase in protein content under 

copper stress for both organisms (although we see a higher increase in PM01), whilst a reduction in 

lipids and carbohydrates (section 3.4.1). This suggests that there is an energy burden on the cells 

under a copper stress, possibly required for the synthesis and activity of the new proteins. 

Additionally, the reduction in ΦPSII seen in the PAM data set (section 2.4.2), suggests that less 

energy is being generated in the cell so they must start utilising any lipid and carbohydrate stores to 

make up for the energy demand. To assess what is happening with the lipids a colorimetric TBARS 

assay was used to detect levels of lipid oxidation, which yielded surprising results. PM01 showed 

high lipid oxidation levels under both the copper stresses, whilst 11/32c showed high lipid oxidation 

under just the short erm copper stress (section 2.5.5). What’s more interesting is that none of the 

other C. acidophila species (11/136 and 11/137) show any increased lipid oxidation under copper 

stress. Whilst lipids are being oxidised in PM01, this does not fully account for the reduction in lipids 

seen in the FT-IR spectra, as the by product, MDA, also contains the functional groups that vibrate 



Page | 223  
 

at the lipid peak wave numbers.  In the future it would be of interest to assess the lipid profile in more 

detail, through LC-MS analysis of the non-polar fraction from the metabolite extraction.  

This study presents a unique overview of the physiological, biochemical transcriptomic and 

metabolomic changes of a eukaryotic extremophile under both a short-term and long-term copper 

stress. To identify key areas in which PM01 may differ and identify any constitutively high processes 

that are occurring, PM01 was compared to a non-copper tolerant organism, C. reinhardtii.  Previous 

studies have typically only assessed one time point, while ours allows us to identify significant 

metabolic shifts between a short-term and long-term copper stress. A lot of data was generated from 

this study, and there is still a lot to be learnt from these data sets. Currently, the C. acidophila 

transcriptome is very poorly annotated, advances in this area would allow us to identify more 

processes crucial to the copper adaptation of C. acidophila as well as any potential novel genes that 

may have arisen. Finally, the large number of annotations from the metabolomic data set are ones 

associated to protein interactions. Due to time constraints it was not possible to match this with the 

RNA-seq data set collected which could give a comprehensive overview of processes occurring. 

Overall, a lot of potential copper adaptation mechanisms of PM01 have been identified. Firstly, its 

ability to shut down PSII, possibly through state transitions can prevent photodamage and the 

production of excess ROS in the cell. Secondly an upregulation of copper transporters, mainly CTP3 

can relocate copper ions to where they can be less harmful (either exporting out of the cell or, 

potentially, into lipid bodies or storage vacuoles). The oxidative stress response appears to be crucial 

under a short-term copper stress but less important over the long-term. Several oxidative stress 

responses were identified in this study; through amino acids such as cysteine (PM01) and methionine 

(11/32c), metabolites such as glutathione and their related processes and ROS quenching enzymes 

such as CAT and SOD. This study has started to unravel how eukaryotic extremophiles can adapt 

to high copper environments, and with further study into some of these mechanisms, we could 

confirm candidate genes, and processes that have great bioremediation and/ or biotechnological 

applications. Enhancing expression of key genes identified in this study such as CTP3 or GSH could 

confer a higher copper tolerance to organisms of biotechnological interest. This could provide the 

added benefit of being able to grow algae for biofuels or as a food source in open ponds containing 

elevated copper concentrations whilst minimising the risk of contamination and reduced yields. 

Understanding the apparent switch from PSII to PS I under copper stress could also confer a higher 

tolerance, and, as long as it does not affect growth rate too severely, could be a further way to 

minimise contamination of open growth ponds. PM01 has been previously seen to accumulate 

copper to high concentrations within the cell, it is possible that CTP3 could be a candidate for this 

accumulation and could be a great candidate for biomining, whilst the increase in proline synthesis 

pathways likely also plays a large role. Further characterisation would be needed but if true, this 

could provide a very interesting candidate for crop improvement as we aim to reduce stress in poor 

quality soils, lacking trace metals such as copper by loading soils with C. acidophila grown in the 

presence of copper. Perhaps most importantly, it could allow us to enhance the bioremediation power 

of organisms growing in metal contaminated environments and reducing the impact of anthropogenic 

activities. If we can enhance this bioremediation properties enough, industries such as mining would 

also be encouraged to contribute to the remediation process as it could increase their yields through 
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the harvesting of organisms in contaminated environments and confer an almost passive source of 

metals.  
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