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Abstract 

Proteomic studies provide insight into the global expression patterns of proteins within 

cells. Proteomic profiling of the freshwater protist Euglena gracilis has not been previously 

investigated, although its transcriptome has recently been published. This work aimed at 

profiling and identifying proteins involved in carbon metabolism, the biosynthetic and 

degradation pathways of paramylon, and the biosynthetic pathways of α-tocopherol, ascorbate 

and the twenty protein-building amino acids under photoautotrophic (PT), mixotrophic (MT) 

and heterotrophic (HT) cultivations.  

Paramylon content was the highest under HT condition, with the streptomycin-bleached 

mutant E. gracilis ZSB synthesising the most paramylon and the wild-type E. gracilis var. 

saccharophila synthesising paramylon the fastest. However, antioxidant content was the 

highest under PT condition, with the wild-type E. gracilis Z strain accumulating the most 

antioxidants. The abundance of some free amino acids varied between the mid-exponential 

phase and the beginning of the stationary phase, and between growth conditions, but the total 

amount remained about the same with arginine as the most abundant amino acid. 

Label-free shotgun proteomics enabled identification of over 4000 translated proteins, 

about 30% of which could not be annotated by sequence similarity alone. Many enzymes 

exhibited several isoforms that were influenced by growth condition. Not all isozymes 

identified in the transcriptome were detected in the proteome, suggesting post-transcriptional 

regulation. The results indicated diversity of pathways similar to different organisms, such as 

lysine biosynthesis to fungi, and serine and proline biosyntheses to plants. Some pathways were 

unique to Euglena, such as the TCA cycle, and paramylon, ascorbate and arginine biosyntheses. 

 The proteomic studies revealed that instead of hexokinase E. gracilis uses a high-

specificity glucokinase for the EMP pathway. Two paramylon synthase candidates (EgGSL1 

and EgGSL2) were identified of which EgGSL2 was predominant and expressed under all 
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growth conditions. EgGSL1 was not expressed under HT condition, but the gene transcript was 

detected by qRT-PCR across all growth conditions indicating light induction and post-

transcriptional regulation. Some enzymes of the Calvin pathway were expressed under HT 

cultivation suggesting post-translational regulation. HT cells may also carry out CO2 fixation 

in the dark even in the presence of sufficient glucose in the medium. Two pathways for serine 

biosynthesis were identified, one of which was prevalent under PT and MT cultivation, and the 

other under HT cultivation.  

The MT cultivation of E. gracilis var. saccharophila was further chosen for evaluation 

of this strain as a potential source of food supplements in a laboratory-scale bioreactor, as this 

strain produced higher paramylon than E. gracilis Z, and under MT cultivation its antioxidant 

levels were higher than those of E. gracilis ZSB.  

This work expands on the existing knowledge of metabolic pathways in E. gracilis and 

provides insight into how these pathways are influenced by growth condition, thus providing a 

foundation for future strain engineering.
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1.1 Importance of food supplements 

 

Owing to the rapid growth in human population, which is expected to reach almost 11 

billion by the end of this century [1], higher yielding crops are grown at a faster rate to meet 

human and farm animal consumption. However, this has led to a decline in biodiversity and 

nutritional value of food because the high-yielding cultivars often spend most of their energy 

to grow grains and fruits [2]. There is a trade-off between yield and nutrient concentration, 

owing to a “genetic dilution effect” caused by selective breeding of high-yielding cultivars, 

which leads to cultivars having 80-90% carbohydrate content per dry weight, while lacking in 

vitamins, minerals and proteins [2]. Thus, a vast majority of the human population and farm 

animals are deficient in proteins and nutrients, and nutritional supplements are required to 

compensate for this lack. Consumption of food supplemented with antioxidants, vitamins, 

minerals, -glucans (fibres), omega-3 fatty acids and other metabolites is also a prophylactic 

for the prevention of several chronic diseases including cancer, cardiovascular diseases, 

diabetes and obesity [3-6]. These supplements have to be produced in an environmentally 

friendly and commercially sustainable way, which has led to the introduction of a microbial 

platform for nutraceuticals and food supplements, including microalgae like Euglena gracilis. 

 

1.2 Classification, evolution, diversity and characteristics of Euglena gracilis 

 

Euglena is a unicellular flagellate member of the Excavata supergroup of organisms 

and phylum Euglenozoa. The phylogeny of Euglena is different from other algae that have 

been described to date as its closest neighbours in the phylogenetic tree are Trypanosoma and 

Leishmania, which are both non-photosynthetic human pathogens (Figure 1.1). The 

evolutionary history of Euglena is very complex with genes acquired from several organisms 

(Figure 1.2). The common ancestor of all eukaryotes formed the mitochondrion by engulfing a



Chapter 1 

 

Page | 3  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1:  The phylogenetic tree shows the 

collocation of Euglena with respect to other 

eukaryotes. The dotted arrows indicate 

alternative collocation of some branches and 

the coloured arrows illustrate alternative roots 

of the eukaryotes.  Other photosynthesising 

organisms have been highlighted including 

plants, algae, plankton and diatoms. Euglena 

are unlike any other model algae and the 

closest neighbours of Euglena are the human 

pathogenic protozoa Trypanosoma spp. and 

Leishmania spp. Modified from Kollmar 

(2015) [7]. 
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prokaryote and developing an endosymbiotic relationship with the latter in which most of the 

genetic material was transferred to the nucleus [8]. In addition to this, the common ancestor for 

all photosynthetic eukaryotes subsequently formed a similar endosymbiotic relationship with 

a cyanobacterial cell, where most of the genetic material was transferred to the nucleus [8]. 

This resulting ancestral cell diversified to form plants and algae (green, red and golden). At 

some point in history, the non-photosynthetic ancestor of Euglenoids engulfed one of these red 

algal cells and transferred some of its genetic material to the nucleus, after which the red algal 

cell was lost [8]. This ancestral cell subsequently took up a green algal cell and formed an 

endosymbiotic relationship with it, transferring some nuclear and chloroplast genetic material 

to the Euglenoid ancestral cell [8]. The nucleus and mitochondria of this endosymbiont green 

algal cell were lost, leaving only the final chloroplast [8].  

More than 250 species of the Euglena genus have been described, although this may be 

an overestimate as the size, colour and morphology of cells from the same species vary widely 

with growth phase, nutrient availability and environmental conditions [9]. Euglena cells are 

typically characterised by their elongated cell length of 12 to over 500 µm, although the shape 

varies from spherical to rod-shaped, changing at any time by Euglenoid movement [9]. Most 

cells are green in appearance, due to the presence of chlorophylls a and b [9]. All species of 

Euglena reproduce asexually by longitudinal cell division [9].  

 Among Euglena species, E. gracilis has been studied most extensively in the laboratory 

as a model algal organism for sustainable production of biomolecules. Figure 1.3 depicts a 

typical E. gracilis cell showing its main structures and organelles. The surface of E. gracilis 

cells is usually covered with a mucilage layer and the beating action of a long flagellum allows 

for locomotion. The eyespot, which mainly comprises β-carotene (Section 1.6.2.3), is used for 

phototaxis. Other organelles present in E. gracilis are very similar to eukaryotes, although the 

chloroplast is surrounded by three membranes rather than the two membranes found around 

chloroplasts of other green algae and higher plants [9].  





Chapter 1 

 

Page | 6  

 

E. gracilis lives in fresh and brackish water, especially those rich in organic matter, 

forming algal blooms. This microalga has been found growing in the acidic and toxic 

environments of polluted water, although no marinewater strain has been discovered to date 

[9]. E. gracilis is a mixotrophic organism, which means that it is capable of interchangeably 

feeding by one of two mechanisms: photoautotrophic nutrition and heterotrophic nutrition 

(Section 1.5). Most strains of E. gracilis are able to photosynthesise due to the presence of 

chloroplasts. However, the chloroplasts are sensitive to high temperature and antibiotics, and 

the cells can easily be bleached [9], losing their chloroplasts temporarily during the abiotic 

stress exposure or permanently after prolonged exposure to the abiotic stress. The chloroplasts 

of E. gracilis contain micro-compartments called pyrenoids that are analogous in function to 

carboxysomes in cyanobacteria, which sequester the main enzyme for photosynthesis, ribulose-

1,5-bisphosphate carboxylase/oxygenase (RuBisCO) [10]. Since the diffusion of carbon 

dioxide (CO2) in water is ten thousand times slower than in air [11], pyrenoids concentrate the 

CO2 that has entered the cell to create a CO2-rich environment for RuBisCO to fix CO2 into 

glucose [12-13]. This glucose is then polymerised and stored as a complex carbohydrate called 

paramylon [14]. E. gracilis is also known to take up and metabolise a wide variety of carbon 

sources from the environment to produce paramylon, including glucose, glutamate, malate, 

pyruvate, lactate and ethanol [14]. 

 

1.3 Applications of Euglena gracilis 

 

Like other microalgae, Euglena gracilis is a high protein-containing organism that can 

be consumed as a whole cell meal. Based on the current information available, the FDA has 

deemed E. gracilis biomass containing paramylon as GRAS (GRN Number 513) [15]. E. 

gracilis produces antioxidants, vitamins and pigments, such as polyphenolics, vitamin E, 

vitamin C and carotenoids in high yields. E. gracilis also contains all of the twenty protein-
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building amino acids [14]. It produces high amounts of polyunsaturated fatty acids and its total 

nutritional value alone is adequate to support some small animal life, such as that of mice [16]. 

These high-value metabolites synthesised by E. gracilis render it a promising host for the 

production of nutraceuticals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: The structure of a Euglena gracilis cell showing its main organelles. Reproduced 

with permission from Buetow, 2011 [9]. The roles of some organelles are further discussed in 

the text. 

 

In addition to the food and health benefits, E. gracilis also provides several 

environmental benefits. Although its natural feeding environment is that of low-light 

freshwaters, this organism has been found growing in numerous stressful environmental 

conditions including wastewater streams from industrial and mining areas containing heavy 
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metals [14, 17-18] and domestic sewage wastewater containing toxic substances [19]. It 

survives these stressful conditions by accumulating the heavy metals and toxic substances 

respectively, thus cleaning up the water. E. gracilis can outcompete microorganisms that 

cannot tolerate the acidic pH or the pollutants present in such wastewater [20], and its ability 

to photosynthesise enables it to successfully contend against other microorganisms that can 

resist such a low pH. Most of the mechanisms of E. gracilis for withstanding and accumulating 

heavy metals have already been explained [21-29]. E. gracilis is also capable of tolerating 

environments with high CO2 levels and strong light [30-31]. It has a sixty-fold higher 

photosynthetic capacity than rice plants and a two-fold higher carbon dioxide to oxygen 

conversion efficiency than Chlorella [31], sequestering about 74 g of CO2 m
-3 per day [30]. 

This capacity of E. gracilis can be attributed to its ability to increase PSII reaction centers and 

decrease the antenna size of PSII as well as increase the size and number of PSI units, resulting 

in an increased chlorophyll a:b ratio during low light conditions [32]. These characteristics of 

E. gracilis render it a more efficient photosynthetic host for bioremediation of both wastewaters 

and CO2 emissions than green plants and other commercially grown algae [17, 30, 31]. 

The physiological flexibility of E. gracilis also allows it to be used for other industrial 

applications including toxicity testing, such as ecotoxicological bioassays of nickel, cadmium 

and copper to monitor water toxicity [33-34], and as a bioindicator for genotoxic potentials of 

organic pollutants [35]. Moreover, E. gracilis can be used for biofuel production and when 

grown on wastewater this organism has been reported to accumulate high amounts of palmitic, 

linolenic and linoleic acids, which increase the quality of biodiesel produced from biomass 

[19]. Anaerobic digestion of the E. gracilis biomass also shows promise in biogas production 

[36]. E. gracilis is widely used for vitamin B12 bioassays from sera [37], and photo-, gravi- and 

polaro-taxis studies [38-39]. Recently, this microalga has also been used for intracellular 

biosynthesis of functional colloids such as superparamagnetic ferrihydrite nanoparticles [40]. 

Moreover, structurally modified paramylon from E. gracilis has been demonstrated to be useful 
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for the synthesis of several compounds, such as self-assembled polysaccharide nanofiber, 

succinylated and carboxymethylated paramylon nanofibers, self-standing optical films using 

acetylparamylon, and thermoplastics by adding acyl groups to paramylon [41-45]. E. gracilis 

extract is also used in the cosmetic industry as a cell energiser for maintaining skin firmness 

and tone [46]. The industrial applications of E. gracilis are summarised in Figure 1.4. 

Despite the numerous industrial applications of E. gracilis, genetic information and 

molecular tools for genetic manipulation are limited, with genetic transformation described for 

only the chloroplasts of E. gracilis [47, 48]. A method for nuclear genome transformation has 

not been described yet and improvement of strains for industrial applications is thus largely 

dependent on adaptive evolutionary strain engineering and optimisation of cultivation 

conditions. 

 

 

Figure 1.4: Potential industrial applications of E. gracilis. Some of these applications have 

already been commercialised, such as the use of cell extracts in skin cosmetics by Sederma 

SAS, France and paramylon ARX by Naturally Plus, Japan. 

 

1.4 Euglena gracilis strains 

 

 Euglena gracilis strains can be divided into three groups depending on their ability to 

photosynthesise or grow heterotrophically [49, 50] as shown in Table 1.1. Some strains of E. 
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1.5 Modes of cultivation 

 

Euglena gracilis can grow under photoautotrophic (PT) conditions using inorganic CO2 

from the atmosphere in the presence of light, heterotrophic (HT) conditions using various 

organic carbon sources from its surroundings, and mixotrophic (MT) conditions using both 

inorganic CO2 and organic carbon sources in the presence of light. This metabolic versatility 

is owed to the complex evolutionary history of E. gracilis (Section 1.2), during which it 

acquired genes from an α-proteobacterium (mitochondrion), a red alga endosymbiont, and a 

green alga endosymbiont containing cyanobacterial cells (chloroplasts) that were retained [8]. 

Figure 1.5 shows the difference in appearance of cultures grown under the three conditions. 

The cultures appear bright green during PT cultivation as they mainly carry out carbon fixation 

via photosynthesis (Calvin cycle). During HT cultivation, the cultures appear yellowish-white 

as they mainly assimilate exogenous organic carbon in the absence of light. MT cultures, on 

the other hand, carry out photosynthesis and heterotrophic nutrient assimilation 

simultaneously, thus appearing yellowish-green. 

During PT cultivation, accumulation of biomass and paramylon is restricted by the 

slower rate of growth by photosynthesis. It is difficult to control cultivation conditions and 

maintain sterile conditions in large-scale photobioreactors that support PT growth, such as open 

cultivation ponds, artificial raceway ponds and tubular photobioreactors [57]. Even at a low pH 

(2.8), and periodic addition of 2% ethanol and the antifungal nystatin to the medium, the 

contamination by other organisms in such open systems can be as high as 10% of the total cell 

density [58]. Moreover, the light intensity from the sun can surpass 2000 µmol photons m-2 s-1 

during midday, and consequently, for a significant part of the day the cells do not grow at 

maximum efficiency, as the maximum photosynthetic efficiency of most species of microalgae 

is at a light intensity between 200 and 400 µmol photons m-2 s-1 [59]. Above this light intensity 

range, the growth rate is dramatically reduced owing to photoinhibition caused by the light 
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damage to photosystem II (PSII) [59]. One way to overcome this is by reducing the number of 

light-harvesting complexes per chloroplast to lower sunlight absorption of individual 

chloroplasts [60]. At higher light intensities this will allow more efficient light dispersion in 

high-density cultures and thus reduce photoinhibition [60]. However, this requires intensive 

photosynthesis studies of E. gracilis and significant reengineering of its chloroplast genome, 

which has not been accomplished yet. On the other hand, closed sterilisable photobioreactors 

for PT cultivation using artificial lights can have very high operating costs, and are thus limited 

to high-value products [61]. Nevertheless, many metabolites of interest in E. gracilis are 

produced in higher concentrations during light cultivation, including most of the antioxidants, 

such as ascorbate, α-tocopherol and carotenoids, and several of the important free amino acids. 

HT cultivations do not require light and thus offer the scope of acquiring very high cell 

densities by using optimum culture conditions throughout the cultivation. It is more economical 

to run bioreactors under HT conditions than photobioreactors that require artificial light and 

are limited by technical problems of development such as self-shading of light as algal density 

increases [57]. In addition, the ease of sterilisation, maintenance and control of culture 

conditions outweigh the operating costs of open pond systems. However, it has been reported 

for other microalgal systems that the efficacy of HT cultivation in producing valuable 

metabolites is limited compared to PT cultures, especially those related to photosynthesis such 

as α-tocopherol, carotenoids and other antioxidants [57]. This is largely owing to lower 

intracellular metabolite concentrations, especially those associated with the chloroplast [57]. 

Although heterotrophically grown E. gracilis can accumulate much higher biomass yields and 

synthesise higher amounts of paramylon than its PT counterpart [62], these cultures contain 

lower amounts of the other beneficial metabolites such as ascorbate, α-tocopherol, carotenoids 

and unsaturated fatty acids. However, Ogbonna et al. (1999) showed that this problem can be 

overcome by using a two-step sequential HT-PT cultivation method, where the biomass is 

allowed to increase by first growing the cells heterotrophically [63]. The cells are then exposed 
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A greater understanding of metabolic pathways is required to reengineer E. gracilis to 

optimise production of paramylon and other metabolites under either growth condition. An 

alternative is to grow E. gracilis under MT conditions, during which it can utilise organic 

carbon sources from its surroundings to grow rapidly and increase in biomass. MT cultivation 

of cells can also allow paramylon production comparable to HT cultures. Moreover, 

simultaneous exposure to light can enable cells to accumulate other metabolites that are 

predominantly accumulated under light cultivation, such as antioxidants. It is thus important to 

compare metabolite production between MT and the other two cultivation conditions. A study 

of the metabolic pathways under the different cultivation conditions will give insight into which 

pathways need to be induced or reengineered for optimum production of all desired 

metabolites. 

 

1.6 Metabolites produced by Euglena gracilis 

1.6.1 Paramylon 

 

 Paramylon is the primary carbon reserve of Euglena gracilis. It is a robust carbohydrate 

storage with linear unbranched glucose chains linked by β-1,3 glycosidic bonds, which are 

difficult for most other organisms to hydrolyse [14]. Paramylon has a fibrillar structure of triple 

helices of microfibrils measuring between 4 to 10 nm in thickness [62]. The molecular mass of 

paramylon is estimated to be higher than 500 kDa, and the degree of polymerisation is difficult 

to determine due to its high crystallinity of about 90% [62, 64]. Paramylon is a unique β-1,3-

glucan, as such glucans are not known to be deposited as granules in any other organism but 

Euglenoids [62]. Paramylon is a versatile storage molecule in that it can be dispersed 

throughout the cytoplasm, form caps that cover pyrenoids, be amassed together or be formed 

as large solitary granules at constant locations (Figure 1.6) [52]. Paramylon granules can be 

membrane-bound bodies or be located in membrane-deficient cavities [52]. Electron 
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1.6.1.1 Applications of paramylon 

 

 Several studies have shown the effectiveness of β-glucans to treat various diseases. Like 

curdlan, another linear β-glucan, paramylon has the potential to be used in medicine and 

veterinary sciences as an immune-stimulant of macrophages and as an anti-tumour drug [69]. 

Koizumi et al. (1993) observed that sulphated derivatives of paramylon showed anti-HIV 

properties by inhibiting the cytopathic effect of HIV and the expression of HIV antigen [70]. 

Cytokine-related immune-potentiating activities of paramylon have also been determined [71]. 

Additionally, other studies on rats and mice have shown protective effects of paramylon 

through an antioxidative mechanism on acute liver injury caused by carbon tetrachloride [72], 

and inhibition of atopic dermatitis-like skin lesions [73]. Studies have also shown that β-

glucans in general have activity in both humans and animals as anti-tumour and anti-infection 

drugs [74]. Wang et al. (1997) suggested that β-glucans lower cholesterol levels when 

incorporated into the diet of hamsters [75], and Wood (1994) showed that they can aid in 

lowering the postprandial blood glucose levels and promote insulin response [76]. Currently, 

the sources of non-cellulosic β-glucans, including both the 1,3- and 1,6-polymer chains, are 

yeast, and other fungal and plant cell walls [14]. Among these, Saccharomyces cerevisiae 

(baker’s yeast) is industrially used to extract β-glucans [52]. However, E. gracilis can 

accumulate a much larger quantity of β-glucan, especially during HT cultivation, during which 

it is reported to contribute up to 90% of the dry mass [52]. 

 

1.6.1.2 Paramylon biosynthetic and degradation routes 

 

Paramylon is synthesised as the primary carbon storage of E. gracilis, analogous to 

starch in plants, in response to surplus carbon in the surroundings via photosynthesis as well as 

up-take of organic carbon. A route for paramylon biosynthesis has been predicted from the 
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transcriptome (Figure 1.7), and enzymes for the different steps have been predicted from the 

recently published transcriptomes of two strains of E. gracilis [77-78]. Paramylon is 

synthesised from uridine diphosphate (UDP)-glucose by paramylon synthase, which is a β-1,3-

glucan synthase. Such enzymes are classified as carbohydrate-active enzymes (CAZys) 

belonging to the glycosyl transferase family 48 (GT48) [79]. This family of enzymes usually 

consists of very large transmembranous proteins that transfer a glucose residue from UDP-

glucose to a growing β-1,3-glucan chain [79] and includes enzymes such as callose and curdlan 

synthase. Yeast and other fungal glucan synthases are reported to have UDP-glucose binding 

consensus sequences of RXTG and RVSG facing the cytoplasmic side [80-81], while bacterial 

and plant glucan synthases have the conserved D,D,D and QXXRW motifs [82]. Between two 

[77] to four [78] candidates belonging to the GT48 family have been identified from the E. 

gracilis transcriptome. Silencing of the paramylon synthase gene expression with double-

stranded RNA showed that one synthase candidate was predominant and was indispensible for 

paramylon biosynthesis [79]. The role of the other synthase identified in the same report is 

unclear until now, as silencing the gene had no effect on paramylon accumulation [79]. The 

proteomic expression levels of the GT48 family paramylon synthase candidates in the E. 

gracilis has not been studied, and the effect of growth condition on the relative abundance of 

these proteins has not been reported until now. 
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Figure 1.7: The anabolic and catabolic pathways of paramylon, showing biosynthesis from 

UDP-glucose using β-1,3-glucan synthase (paramylon synthase) enzymes, and degradation to 

glucose using endo-β-1,3-glucan hydrolases and exo-β-1,3-glucan hydrolases. Abbreviations: 

Glc – glucose; P – phosphate; UDP – uridine diphosphate; UTP – uridine triphosphate. This 

pathway has been created using information from the published transcriptome [78]. 

 

Paramylon is broken down (Figure 1.7) when cells require a high amount of energy, 

such as during carbon starvation, oxygen enrichment and other environmental stresses [79]. 

Paramylon is also converted to wax esters during anaerobic conditions by a process called wax 

ester fermentation, which enables the generation of ATP from paramylon without any energy 

loss during anaerobiosis [77]. The most rapid catabolism of paramylon occurs during organelle 

development, especially chloroplast development [83]. When dark-adapted E. gracilis cells are 

exposed to light, they rapidly break down paramylon for the development of chloroplasts from 

proplastids [83]. However, when bleached mutant E. gracilis cells that do not have mature 

chloroplasts are transferred from dark growth condition to light condition, the degradation of 

paramylon is very slow [83]. Investigation into paramylon catabolism showed that the carbon 

released was utilised mainly for chloroplast lipid synthesis, followed by chloroplast protein 
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synthesis and as the CO2 by-product of respiration [84]. Very little of the carbon from 

paramylon catabolism was redistributed to the cytosolic reactions that required carbon [84].  

The recently published transcriptomes of E. gracilis revealed the presence of several 

glucan hydrolases, including both endo- and exo-β-1,3-glucan hydrolases [77-78]. The 

transcriptome contains candidate glucan hydrolases belonging to the GH81, GH17 and GH64 

families of endo-glucan hydrolases, which cleave along the middle of the β-1,3-glucan chains 

to form shorter glucan chains [78]. Beta-glucosidases and exo-glucan hydrolases belonging to 

GH1, GH2, GH3, GH5, GH30 and GH55 families, which further hydrolyse the short-chain 

glucans to glucose were also identified in the transcriptome [78]. Several laminaribiose 

phosphorylases have also been characterised at the enzymatic level in E. gracilis [85-86]. 

However, the transcriptomic sequences of these phosphorylases are very different to their 

bacterial counterparts that belong to the GH94 family, and thus may represent a new family of 

glucan hydrolases [78]. Recently, the first functional endo-β-1,3-glucan hydrolase from E. 

gracilis has been identified [87]. However, the presence of most of the remaining glucan 

hydrolases from the transcriptome has not been reported at the proteomic level until now, and 

the effect of cultivation on their expression levels have yet to be determined. 

 

1.6.2 Antioxidants 

 

Reactive oxygen species (ROS) are highly reactive radical and non-radical oxygen-

containing chemicals including peroxides, superoxides hydroxyl radicals and singlet oxygen 

[88-89]. They are formed as a result of partial reduction of oxygen and are a natural byproduct 

of oxygen metabolism [88]. They are produced by the electron transport system in the 

mitochondria and plasma membrane [90], as well as metabolic processes localised in other 

cellular compartments, such as the cytosol, nucleus, mitochondrial matrix, endoplasmic 

reticulum, peroxisomes, Golgi apparatus, lysosomes, cell wall and apoplast [91-93]. The 
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primary photochemical reactions of photosynthesis also produce ample O2, which leads to the 

generation of a large amount of ROS [90, 92]. Although ROS play an important role in cell 

signalling during cell proliferation, survival and homeostasis, the presence of large amounts of 

ROS causes oxidative stress within cells that can damage nucleic acids, proteins and lipids [88]. 

Environmental stresses including hypoxia, drought, low temperature, salinity, radiation, high 

metal toxicity and pathogenic attacks can further elevate cellular ROS leading to oxidative 

stress [91-93]. In humans, cellular oxidative stress has been shown to have a strong correlation 

with diseases such as cardiovascular diseases [94], cancer [95] and Alzheimer’s disease [96]. 

Oxidative stress can be remediated by antioxidants, which can be enzymatic and non-

enzymatic. The enzymatic antioxidants include superoxide dismutase, catalase, glutathione 

peroxidase, guaiacol peroxidase, ascorbate peroxidase, monodehydroascorbate reductase and 

glutathione reductase [92, 95]. On the other hand, ascorbate, tocopherols and tocotrienols, 

carotenoids, glutathione, thioredoxin, lipoic acid, phenolics, flavonoids, polyphenols and 

selenium, among others, can serve as non-enzymatic antioxidants [92, 95]. E. gracilis has the 

potential to produce large amounts of both non-enzymatic and enzymatic antioxidants, as has 

been demonstrated from its transcriptome [78], and it shows great promise as a source of 

antioxidant supplement. The transcriptome suggests that E. gracilis can utilise many alternative 

pathways to produce antioxidants and this may indicate why it is an efficient producer of 

antioxidants. Ascorbate, α-tocopherol and carotenoids are among the predominant non-

enzymatic antioxidants found in E. gracilis. 

 

1.6.2.1 Ascorbate 

 

Humans cannot synthesise ascorbate naturally and are thus completely dependent upon 

food sources to meet dietary requirements [97]. Ascorbate is the most abundant water-soluble 

non-enzymatic antioxidant in plants and algae [90]. Currently, the major source of ascorbate 



Chapter 1 

 

Page | 21  

 

and other nutraceutical antioxidants as supplements is plants [89]. As a source of ascorbate, 

Euglena gracilis has been reported to produce up to 4.25 mg g-1 of dry mass [98]. This is much 

lower than the common citrus fruit juices [99-100] and spinach leaves [101], but higher than 

other algae including both green and brown edible seaweeds [102-103]. 

Ascorbate is ubiquitous to all subcellular compartments and is particularly prevalent in 

the chloroplast [89]. Ascorbate takes part in the ascorbate/glutathione cycle, where the enzyme 

ascorbate peroxidase uses it as an electron donor to reduce H2O2 [90]. There are three major 

biosynthetic pathways for ascorbate (Figure 1.8) designated as the D-glucuronate/L-gulonate 

(animal pathway) [104], the D-mannose/L-galactose pathway (plant pathway) [105], and the D-

galacturonate/L-galactonate pathway (Euglena pathway) [106]. The lack of clear evidence of 

an ascorbate biosynthetic pathway in prokaryotes suggests that the ability to produce ascorbate 

either evolved convergently in eukaryotes or through the modifications of an ancestral pathway 

[107]. All three major routes lead to the synthesis of an aldonolactone precursor (Figure 1.8), 

which is then converted to ascorbate [107]. The transcriptome of E. gracilis revealed that this 

organism contains candidates for every enzyme of all three major pathways, although some of 

the transcripts could only be weakly annotated owing to sequence similarity with other 

enzymes [78]. Nevertheless, the main pathway used by E. gracilis for ascorbate biosynthesis 

appears to be via D-galacturonate/L-galactonate [78, 106]. The enzyme ascorbate peroxidase 

has also been characterised in E. gracilis [108]. This enzyme scavenges H2O2, as well as 

superoxide radicals and alkyl hydroperoxides, preventing oxidative stress and lipid 

hydroperoxidation that can lead to membrane damage [108].  
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 Figure 1.8: The three major ascorbate biosynthetic pathways for animals (blue box), plants 

(green box) and Euglena (yellow box). The aldonolactone precursors are highlighted in red 

font, and the enzyme class numbers are in black rectangles. Abbreviations: Glc – glucose; Man 

– mannose; Gal – galactose; Gluc – glucuronate; Galac – galacturonate; Gulo – gulonate; Gala 

– galactonate; GuloL – gulono-lactone; GalaL – galactono-lactone; P – phosphate. Modified 

from Wheeler et al. (2015) [107]. 
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1.6.2.2 Alpha-tocopherol 

 

The antioxidant vitamin E is a class of fat-soluble methylated phenols that are important 

food preservatives in the food processing industry [57, 63]. Vitamin E is used to remediate 

oxidative stress and is becoming popular in recent times as a nutraceutical to help neutralise 

the effects of pollution and stress on urban residents [14]. Vitamin E exists in many isomeric 

forms including alpha, beta, gamma and delta tocopherols and tocotrienols, of which the α-

isomer of tocopherol has the highest antioxidant activity [14, 57].  

The main source of vitamin E in the human diet is vegetable oils, such as sunflower, 

soybean, olive and corn, in which α-tocopherol is accompanied by a large quantity of the other 

isomers with lower antioxidant activity [14, 63]. It is also extracted from vegetable oils for 

pharmaceutical applications that require pure α-tocopherol [63], but this is a difficult task due 

to the similarity in structure and molecular weight between the isomers [14]. A synthetic 

version of α-tocopherol also exists, but it has a much lower biopotency than its natural 

counterpart [14]. Many other microalgae, yeast, moulds and bacteria also synthesise 

tocopherols [109-110]. However, Euglena gracilis has the potential to be a better source of α-

tocopherol than vegetable oils, microorganisms and synthetic systems. E. gracilis was reported 

to have the highest cellular content of tocopherols among 56 genera of organisms tested, with 

a concentration of up to 7.35 mg g-1 cells [109, 111]. Additionally, the percentage distribution 

of tocopherols in light-adapted green cells (Figure 1.9) reveals that more than 97% of the total 

cellular tocopherols in E. gracilis is in the highly bioactive α-form [112]. Development of E. 

gracilis as an efficient host production system of α-tocopherol is therefore expected to provide 

a more stable, higher yielding and cheaper natural source of this antioxidant [57].  

There are contradictory reports in the literature regarding the distribution of tocopherols 

within cells [111], with Shigeoka et al. (1986) reporting mitochondria had the highest 

tocopherols under light cultivation [112], and Threlfall and Goodwin (1967) reporting 
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chloroplasts had the highest tocopherols under light cultivation [113]. Other conflicting reports 

include the notion of higher tocopherol amount in bleached mutants (without chloroplasts) than 

photosynthetic strains [114], no correlation between the amount of chlorophyll a and α-

tocopherol [114-115], and concurrent increase of chlorophyll and α-tocopherol [116]. 

Tocopherol content has been reported to be associated with light intensity through its effects 

on photosynthesis, with PT cultures having a much higher content than HT cultures grown in 

the dark and MT cultures grown in the light [109, 113]. However, Kusmic et al. (1999) showed 

that increasing light intensity stimulated α-tocopherol synthesis regardless of the presence of 

chloroplasts, even in bleached strains of E. gracilis that lacked chloroplasts [114]. The 

variations in these reports suggest that both mitochondria and chloroplasts may play important 

roles in α-tocopherol synthesis [111].  

 

 

 

Figure 1.9: Percentage distribution of tocopherol isomers in light-adapted green E. gracilis 

cells. Chart created from data provided in Shigeoka et al. (1986) [112]. The Greek letters 

represent the tocopherol isomers. The percentage indicates the ratio of the given isomer to the 

total tocopherols present. 
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Figure 1.10: The proposed biosynthetic pathway of α-tocopherol in E. gracilis. Abbreviations: 

phytyl PP – phytyl pyrophosphate; PPi – pyrophosphate; SAM – S-adenosyl-L-methionine; 

AdoHcy – S-adenosyl-L-homocyteine. Modified from Shigeoka et al. (1992) [117]. 

 

A hypothetical biosynthetic pathway for α-tocopherol connected to the shikimate 

pathway has been proposed in E. gracilis [117]. In this proposed pathway, the α-tocopherol is 

synthesised from 4-hydroxyphenylpyruvate and homogentisate via 2,3-dimethyl-5-

phytylbenzoquinol and γ-tocopherol intermediates, rather than via β- and δ-tocopherol 

intermediates as shown in Figure 1.10 [117]. This pathway is also connected to the 

phenylalanine and tyrosine biosynthetic pathways for which 4-hydroxyphenylpyruvate is an 

intermediate, and thus the synthesis of α-tocopherol may be influenced by the metabolism of 

these two amino acids [117]. The enzymes of the biosynthetic pathway of α-tocopherol have 

been predicted from the transcriptome [78]. However, their expression has not been confirmed 

in the proteome, and the effect of growth condition on enzyme expression has not been 
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revealed. Extensive research on metabolic engineering in plants for higher accumulation of 

tocopherols has been carried out [111]. Genetic engineering experiments have also been carried 

out on the rate-limiting reaction in the α-tocopherol biosynthesis pathway to increase 

tocopherol content by five-folds in the cyanobacterium Synechocystis sp. [118]. However, the 

actual proteomic knowledge of the biosynthetic pathways and molecular tools, as well as 

identification and characterisation of biosynthetic enzymes under different cultivation 

conditions for increasing α-tocopherol synthesis in E. gracilis remains quite poor.  

 

1.6.2.3 Beta-carotene 

 

Another source of antioxidants in Euglena gracilis is carotenoids. These fat-soluble 

antioxidants that are derivatives of tetraterpenes are found in chloroplasts and in the eyespot of 

the cell [119]. In the chloroplast, carotenoids absorb light in the wavelengths where absorption 

by chlorophyll is low, and afterward transfer this absorbed energy to chlorophyll, increasing 

the cell’s photosynthetic capacity [120]. Carotenoids also help to protect E. gracilis against 

photodynamic destruction that may be caused by chlorophyll by preventing free radical damage 

to the cell [120]. In the eyespot, the high density of carotenoids helps in phototaxis [120] 

guiding the cell towards light and orienting it in a way that allows optimum light absorption. 

Beta-carotene makes up the second highest carotenoid in E. gracilis, accounting for about 11% 

of the total carotenoids [120]. 

Beta-carotene is consumed by humans to prevent oxidative damage, thus rendering it 

important in clinical and nutritional fields. It occurs as the provitamin A, which means it is 

metabolised into retinol after absorption from the gut [121]. It plays an important role in cell 

growth and differentiation, and is also required for immunological functions and vision [121]. 

Products of carotenoid degradation are important fragrant components of perfumes [122]. 
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Carotenoid synthesis has thus far mainly been described in cyanobacteria and plants [121], and 

only a few reports on carotenoid determination exist in E. gracilis [123-124]. 

 

1.6.3 Free amino acids 

 

Euglena gracilis can synthesise all of the 20 protein-building amino acids, which are 

very important for the agriculture industry, where they are used as food additives in animal 

feeds [14]. Eight of these amino acids are also considered essential in the human diet 

(isoleucine, valine, leucine, phenylalanine, tryptophan, threonine, lysine and methionine) 

[125], and four more are considered essential in the diet of infants and growing children 

(arginine, cysteine, histidine and tyrosine) [126]. E. gracilis is especially abundant in arginine, 

which acts as a nitrogen reserve, equivalent to the paramylon carbon reserve [127]. Although 

some of the enzymes of the various biosynthetic pathways of the amino acids are known in E. 

gracilis, the majority of them have not been identified in this organism. Moreover, the 

expression levels of these enzymes and their relation to different strains and cultivation 

conditions have not been studied comprehensively. 

 

1.6.4 Other metabolites 

 

 Euglena gracilis also produces other metabolites of interest such as wax esters, lipids, 

polyunsaturated fatty acids, pigments, and other enzymatic and non-enzymatic antioxidants. 

Under anaerobic conditions, E. gracilis converts paramylon to wax ester by a process called 

wax ester fermentation [77]. Mahapatra et al. (2013) have reported that Euglenoids can achieve 

a lipid content of 24.6% (w/w) of the dry weight, a large portion of which comprises 

polyunsaturated fatty acids, including linolenic acid (23%) and linoleic acid (22%) [19]. About 

46% of the lipid content also consists of palmitic acids [19]. These constituents are not only 



Chapter 1 

 

Page | 28  

 

beneficial as nutraceutical and cosmetic supplements, but are also important in biofuel 

production [19]. Besides ascorbate, α-tocopherol and carotenoids, E. gracilis produces other 

non-enzymatic and enzymatic antioxidants including glutathione and glutathione reductase 

[128], glutathione peroxidase [129], ascorbate peroxidase [108], monodehydroascorbate 

reductase and dehydroascorbate reductase [130] and superoxide dismutases [131]. 

 

1.7 Proteomics as a tool for understanding gene expression 

 

 Proteomics is a large-scale study of the global proteome of an organism. The proteome 

of an organism is not constant, varying from cell to cell and changing over time, and is 

reflective of the underlying transcriptome to some degree. Proteomics can be used to 

investigate proteins involved in metabolic pathways and biological processes and the 

expression profiles of proteins varying under a given set of conditions [132]. Proteomics can 

also be used to determine the rates of synthesis, degradation and steady-state abundance of 

proteins, and post-translational modifications of proteins [132]. Localisation of proteins to 

subcellular compartments and their movements between compartments, and how proteins 

interact with one another can also be studied using proteomics data [132].  

The improvement of Euglena gracilis as a nutraceutical, synthesising a desirable ratio 

of secondary metabolites under a single optimum growth condition requires the identification 

of biosynthetic and degradation enzymes and an understanding of the metabolic pathways. 

Thus, studying gene expression at the transcript or protein level is essential to comprehend the 

molecular mechanisms involved in metabolite production. However, transcriptomic changes 

do not always correlate with proteomic changes and proteins are the final products of gene 

expression. Moreover, E. gracilis tends to extensively alter mRNA sequences prior to 

translation and sometimes regulates protein expression at the post-transcriptional level [78, 

133-141]. Thus, molecular responses in E. gracilis cannot be completely understood without 
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proteomic analysis. The genome of E. gracilis has recently been sequenced [142], but it has 

not been fully annotated or made publicly available yet. The transcriptomes of two strains of 

E. gracilis have been published recently as well, which suggest an exhaustive metabolic 

capability with over 30,000 predicted proteins [77, 78]. However, there have been only two 

proteomic studies reported in E. gracilis as described in Section 1.8 [134, 143]. 

 

1.7.1 Key challenges associated with proteomics studies of Euglena gracilis 

 

 There remain several challenges to carrying out proteomic studies in organisms with a 

high abundance of metabolites, especially in regard to sample preparation. The common 

protein extraction methods remove these compounds either before or after extraction. Unlike 

plant cells and several other microalgae, E. gracilis does not contain any cell walls [7]. The 

cells are thus easier to lyse by sonication or French press using stable buffers and protease 

inhibitors [14, 62]. The common plant protein extraction methods involve protein precipitation 

using trichloroacetic acid:acetone and phenol:ammonium acetate-methanol. A relatively faster 

method involves the use of aqueous methanol:chloroform precipitation to concentrate proteins 

at the aqueous-organic interphase in under five min. This is also useful for protein extraction 

in E. gracilis as centrifugation can then be used to sediment any remaining paramylon to the 

bottom of the tube, while the protein precipitates at the interphase.  

Another challenge in proteomic analysis is the identification of less abundant proteins, 

as their mass spectrometry (MS) signals can be masked by more abundant proteins. In E. 

gracilis, highly abundant proteins such as light-harvesting complexes [144], malate synthase-

isocitrate lyase [145], tubulin [138] and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

[146] during PT cultivation, and phosphoenolpyruvate carboxykinase [147] and elongation 

factors [148] during HT and MT cultivations can mask lesser abundant proteins. This can partly 

be overcome by using more sensitive MS analysers, such as quadrupole Orbitrap mass 
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spectrometer (QExactive), with higher field strength and robustness, and double the resolution 

[149]. Such powerful MS analysers have been reported to easily detect about 5000 proteins in 

a standard 90 min gradient of mammalian cell lysate, digested with trypsin [149]. Another 

strategy for overcoming the masking is to remove the highly abundant proteins by 

chromatography or fractionation, during sample preparation, prior to tryptic digestion. 

 

1.7.2 Common approaches used in proteomics studies 

 

 Proteomic analysis is traditionally carried out using comparative two-dimensional gel 

electrophoresis (2-DE), followed by analysis of differential protein spots using MS to identify 

up- and down-regulated proteins. This technique thus allows for a visual interpretation of 

protein profiling and has been used in numerous plant-based proteomic studies [150]. Another 

type of 2-DE is the difference gel electrophoresis (DIGE), in which samples are pre-labelled 

with fluorescent dyes prior to electrophoresis on 2-D gels [151]. The gels are then scanned at 

different wavelengths corresponding to the dye fluorescence and analysed for changes in 

volume ratios between spots [151]. This enables quantification of protein abundance through 

spot intensity determination. DIGE thus circumvents the usual 2-DE problems of variation 

between gels and difficulty of spot matching between gels [151]. A more popular approach 

involves shotgun proteomics, which has the ability to identify a larger number of proteins 

concurrently and from a complex mixture of proteins [152]. This high-throughput approach 

has been facilitated by a shift in MS instrumentation to enable analysis of more proteins 

simultaneously [152].  

Label-free shotgun proteomics is a spectral counting-based approach, in which tandem 

mass spectrometry (MS/MS) is used to identify the number of MS/MS spectra of a given 

protein in a sample, to calculate its relative abundance to other proteins in the sample. There 

are several methods for quantitative proteomic analyses using spectral counting [153]. One 
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such method involves calculating the normalised spectral abundance factor (NSAF) values for 

each protein. This data analysis method accounts for MS/MS spectra, as well as protein length 

and variability between runs to normalise the relative abundance of proteins among samples 

[154]. This overcomes the problem with most other spectral counting methods, where larger 

proteins are expected to be over-represented through the generation of more peptides [154]. 

This is achieved by dividing the number of MS/MS spectra by the protein length to obtain a 

spectral abundance factor (SAF) value [154]. The variability between runs is further overcome 

by dividing the SAF of individual proteins by the sum of SAFs for all proteins in the sample 

complex to obtain the NSAF value [154]. The NSAF values are thus standardised across each 

sample preparation, and can directly be compared with other individual runs. This approach is 

also simpler and quicker to conduct, and reproducible.  

Other quantitative shotgun proteomics approaches include stable isotope-based 

labelling, such as isotope-coded affinity tag (ICAT) reagents, isotope-differentiated binding 

energy shift tag (IDBEST), isobaric tags for absolute and relative quantification (iTRAQ), 

tandem mass tags (TMT), isobaric peptide termini labelling (IPTL) and stable isotope labelling 

by amino acids in cell culture (SILAC), and absolute quantification methods (AQUA) [155]. 

Such strategies eliminate the error arising from variations between runs using different 

samples, and allow direct assessment of peaks within the same MS/MS scan. Up to 54-plex 

multiplexing has been reported in the literature, but there appears to be a lack of 

chromatographic unity across such large-sized labelled samples, often requiring multiple 

reagent subsets with distinct isobaric masses [156]. These strategies are sometimes 

accompanied by inductively coupled plasma MS (ICP-MS), which allows absolute protein 

quantification through suitable elemental-based tags [155]. 
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1.8 Proteomic analysis in microalgae 

 

 Apart from the comprehensive proteomics publication of Euglena gracilis described in 

Chapter 3 [143], there has been only one other proteomic publication of E. gracilis, involving 

proteomics of the mitochondria under aerobic and anaerobic conditions by Hoffmeister et al. 

(2004) [134]. This latter study was, however, performed using 2-DE. No proteins specific to 

mitochondria were identified during anaerobic condition [134]. It was also suggested that under 

aerobic condition, the Euglena mitochondria are always preparing for anaerobic function [134].  

A rising number of proteomics studies has been carried out in other microalgae over 

the last decade. Proteomic response studies have been used to investigate the highly versatile 

metabolic capability of microalgae, including the effect of nitrogen starvation on central carbon 

metabolism, and lipid and starch accumulation, the effect of wastewater cultivation on nitrogen 

sensing and carbon fixation, the examination of specific biosynthetic pathways, the analysis of 

the proteome during micronutrient and phosphorus deficiency, the determination of proteomic 

changes at different time points in the circadian cycle, and the effect of salt, high light and cold 

stresses on metabolic pathways. Some of the proteomic response studies reported in other 

microalgae are discussed here, related to depletion of certain nutrients, the circadian cycle, and 

abiotic stress. 

 

1.8.1 Proteomic response to nitrogen starvation and depletion of other minerals 

 

 Nitrogen starvation is known to increase lipid accumulation and reduce carbohydrate, 

protein and chlorophyll biosynthesis in microalgae [157]. Rai et al. (2017) used DIGE- and 

iTRAQ-based proteome profiling to compare between N-sufficient and N-starvation stages in 

Chlorella sp. FC2 IITG. They found that iTRAQ provided a larger coverage of the proteome 

compared to DIGE, and identified 200 differentially expressed proteins using the former [157]. 
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Of these proteins, porphobilinogen deaminase (involved in chlorophyll biosynthesis), and 

sedoheptulose-1,7 bisphosphate and phosphoribulokinase (involved in carbon fixation) were 

down-regulated, while hydroxyacyl-ACP dehydrogenase and enoyl-ACP reductase (involved 

in lipid accumulation) were up-regulated [157]. Label-free shotgun proteomic analyses in 

Chlorella vulgaris, the genome of which was not sequenced at the time of publication, have 

also enabled identification of specific pathway components of the triacylglycerol biosynthetic 

pathway [158]. By using de novo assembled transcriptome as a database against which the 

proteomic data were searched, the up-regulated proteins from the fatty acid and triacylglycerol 

biosynthetic machinery were identified under N-starvation [158]. In another proteomic study 

of N-starvation in the cyanobacterium Arthrospira sp. PCC 8005, it was also determined that 

photosynthetic energy production and carbon fixation were down-regulated [159]. It was thus 

concluded that photosynthetic energy was redirected from protein synthesis to glycogen 

synthesis without affecting biomass productivity [159]. Comparative label-free and labelled 

shotgun proteomics has also been used to identify differentially expressed proteins related to 

light absorption, and lipid and carbohydrate assimilation in response to nitrogen source and 

availability in Chlamydomonas reinhardtii [160-163]. In another label-free shotgun proteomics 

study carried out under N-limited heterotrophic condition, the proteomic profiles of the 

microalga Neochloris oleoabundans were investigated [164]. Under preferential lipid and 

carbohydrate accumulation it was observed that the lipid biosynthetic pathway and central 

carbon metabolism were up-regulated during N-limitation [164].  

Label-free shotgun proteomics has also been used to examine the effect of copper, iron, 

zinc and manganese micronutrient deficiencies on the proteome of C. reinhardtii, using the 

transcriptome as the search database [165]. About 200 differentially expressed proteins were 

identified in the study for each metal-deficient growth condition, of which iron- and 

manganese-deficient cells showed losses in photosynthesis-related function [165]. In another 

study, the effect of phosphorus deficiency revealed 132 differentially expressed proteins in 
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Thalassiosira weissflogii, especially those involved in macromolecular biosynthetic pathways 

[166]. Phosphorus uptake has also been investigated via proteomic profiling of C. reinhardtii 

grown in artificial wastewater, in which 92 proteins were found to be differentially expressed, 

including photosynthetic antennae proteins, carbon fixation enzymes, biosynthesis of plant 

hormones and enzymes related to the biosynthesis of secondary metabolites [167]. 

 

1.8.2 Proteomic changes during the circadian cycle 

 

A study was carried out by Le Bihan et al. (2011) on the marine green alga 

Ostreococcus tauri to analyse its global proteome at different times during the circadian cycle 

[168]. This included growth under 24 h of illumination, 24 h of darkness and 12 h daylight/12 

h darkness photoperiod [168]. The proteomic analyses enabled determination of several 

proteins that were differentially expressed during normal and aberrant photoperiods, and 

pathways that were regulated by the circadian cycle [168]. Transition from daylight to dark 

conditions also led to the up-regulation of several cell cycle-related proteins such as dynamin 

and kinesin and triggering of pathways such as starch synthesis [168]. 

 

1.8.3 Proteomic response to abiotic stress 

 

 Proteomic analyses in microalgae have also been used to determine the effect of various 

abiotic stresses on metabolism. The effect of salt concentration on growth of the halotolerant 

cyanobacterium Euhalothece sp. BAA001 was examined by Pandhal et al. (2008) using 15N 

metabolic labelling [169]. The genome and transcriptome of the organism were not available 

at the time of publication, and 55 differentially expressed proteins were identified between low 

and moderate salt concentrations, 18 between moderate and high salt concentrations, and 35 

between moderate and extremely high salt concentrations, using the NCBI non-redundant 



Chapter 1 

 

Page | 35  

 

database as the search database [169]. In another study, SILAC-based proteomic analyses were 

used to verify the regulatory properties of pathways during salt stress in C. reinhardtii, as 

metabolomic analyses could only be used to describe missing reactions and stoichiometric 

metabolic networks [170].  

The effect of high light stress in the marine diatom Thalassiosira pseudonana has also 

been investigated using iTRAQ-based proteomic analyses and biochemical analyses [171]. A 

total of 143 differentially expressed proteins were identified under high light stress belonging 

to the light-harvesting complex proteins, ROS scavenging pathways, photorespiration, lipid 

metabolism and light protection mechanisms [171]. These were further verified using 

metabolite analyses of pigments, lipids and fatty acids [171]. In another high light stress study 

using 2-DE analysis, 105 differentially expressed proteins were identified between wild-type 

and very high light-resistant mutants of C. reinhardtii [172].  

Temperature stress in microalgae has also been studied using proteomic profiling. The 

cold adaptation mechanisms in regard to central carbon metabolism, including glycolysis, 

gluconeogenesis, tricarboxylic acid cycle, oxidative phosphorylation, pentose-phosphate-

pathway, and CO2 fixation, have been investigated in C. reinhardtii using label-free shotgun 

proteomics [173]. This study also detected novel cold stress proteins in C. reinhardtii using 

proteomic analyses [173].  

 Overall, the studies above suggest that proteomic profiling is a useful high-throughput 

investigative tool in determining differential protein expression between growth conditions in 

microalgae, as well as identifying missing proteins from incomplete pathways, even when the 

genomic data is not available, with shotgun proteomics approaches providing better coverage 

of the proteome than 2-DE. 
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1.9 Objectives of this research 

  

The main objective of the present study was to identify proteins expressed in Euglena 

gracilis under photoautotrophic (PT), mixotrophic (MT) and heterotrophic (HT) growth 

conditions via proteomic profiling and investigate the regulation of metabolite biosynthesis and 

central carbon metabolic pathways under those conditions. An additional aim was to analyse 

these secondary metabolites, and identify proteins belonging to their biosynthetic pathways 

that have not been reported thus far, and assign a putative functional annotation to them. 

 The more specific aims were: 

1. To analyse biomass and the metabolites paramylon, ascorbate, α-tocopherol and free 

amino acids in three strains of E. gracilis (E. gracilis var. saccharophila, E. gracilis Z 

and E. gracilis ZSB, an in-house developed streptomycin-bleached mutant strain) under 

PT, MT and HT growth conditions.  

2. To determine the preliminary metabolic pathways of ascorbate, α-tocopherol, free 

amino acids, and central carbon and paramylon in E. gracilis under PT, MT and HT 

growth conditions.  

3. To examine and compare how these pathways are differentially expressed under PT, 

MT and HT growth conditions, using label-free shotgun proteomics. 

4. To provide putative functional annotations to unidentified proteins from the above 

pathways. 

5. To investigate biomass accumulation, and the synthesis of proteins, free amino acids 

and the antioxidants ascorbate, α-tocopherol and β-carotene in a bioreactor cultivation 

of E. gracilis var. saccharophila under MT growth condition, to assess this strain as a 

potential host for supplement production. 
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 This thesis has been organised into seven chapters including this introductory chapter. 

Chapter 2 details the materials and methods used in the experiments for this study that have 

not been described in the other chapters. Chapter 3 describes the ascorbate, α-tocopherol and 

free amino acids metabolic pathways of E. gracilis var. saccharophila. Chapter 4 describes the 

central carbon metabolic pathways of E. gracilis Z, comparing some of the enzymes to the E. 

gracilis var. saccharophila strain using data from the supplementary files of Chapter 3. Chapter 

5 describes the paramylon biosynthesis and degradation pathways of E. gracilis var. 

saccharophila, E. gracilis Z and the streptomycin-bleached mutant strain E. gracilis ZSB. All 

three chapters analyse detailed proteomic profiles of the respective strains, in an effort to 

provide insight into proteomic responses of these pathways under PT, MT and HT growth 

conditions. The biochemical determination of each metabolite is also provided in the relevant 

chapter, along with the qRT-PCR analysis of paramylon synthase candidates in Chapter 5.  

Chapter 6 describes ascorbate, α-tocopherol and free amino acid analyses for E. gracilis Z and 

E. gracilis ZSB, which were not reported for these strains in Chapter 3. In addition, Chapter 6 

provides biomass and metabolite analyses of paramylon, ascorbate, α-tocopherol, β-carotene, 

proteins and free amino acids in E. gracilis var. saccharophila, grown mixotrophically in a 

laboratory-scale bioreactor. Finally, Chapter 7 provides a conclusive summary and future 

directions of this research. 
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2.1 General laboratory practices 

 

 All chemicals were purchased from Sigma-Aldrich (Australia) unless stated otherwise. 

Media, buffers and reagents were prepared using Millipore Milli-Q filtered water. All 

glassware, microcentrifuge tubes, micropipette tips and boxes, pipette tips, MilliQ water, 

solutions, reagents and buffers were autoclaved at 121C at 15 psi for 20 min. The media were 

autoclaved under the same conditions, but for 30 min. The heat-sensitive solutions, reagents or 

buffers were sterilised by membrane filtration through Minisart® filters of 0.2 µm pore size.  

 

2.2 Euglena gracilis strains 

 

 Three strains of Euglena gracilis were used for this project. E. gracilis Z was obtained 

from Southern Biological Pty Ltd, Australia and E. gracilis var. saccharophila (UTEX 752) 

was obtained from the University of Texas Culture Collection, USA. The streptomycin-

bleached mutant, E. gracilis ZSB, was developed in-house by bleaching E. gracilis Z with 

streptomycin as described in Chapter 5. E. gracilis Z and E. gracilis var. saccharophila are 

mixotrophic strains, capable of photosynthesis as well as heterotrophic nutrient assimilation. 

However, the strains differ in their degree of preference for organic carbon sources, with E. 

gracilis var. saccharophila preferring heterotrophic nutrition more. On the other hand, the 

bleached mutant E. gracilis ZSB lacks mature chloroplasts and cannot perform photosynthesis. 

 

2.3 Media and culture conditions 

2.3.1 Growth and maintenance media 

 

 All Euglena gracilis stocks were maintained on solid Euglena maintenance (EM) 

medium. The medium was modified from the University of Texas Culture Collection of Algae 
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website (https://utex.org/products/euglena-medium). The composition of the modified EM 

medium is indicated in Chapter 5. The EM medium was only used for long-term maintenance 

of axenic stock cultures of the strains, and during development of the streptomycin-bleached 

mutant, E. gracilis ZSB, as described in Chapter 5. 

The basal growth medium (NY medium, containing ammonium chloride and yeast 

extract) was prepared as previously described [1], with some modifications. The composition 

of the NY medium is shown in Table 2.1, and the components of the trace mineral stock 

solutions A and B are shown in Table 2.2. The pH of the medium was adjusted to 3.5 with 

concentrated HCl, prior to autoclaving and cooling the medium to room temperature (RT), and 

adding vitamin supplements (Table 2.3). Where mentioned, the NY medium was supplemented 

with glucose to form GNY (containing glucose, ammonium chloride and yeast extract) medium 

(Table 2.1). The same amounts of the NY medium components were used to prepare 925 ml of 

medium, which was topped up with 75 ml of 20% (w/v) glucose stock solution. Glucose stock 

solution (20% w/v) was prepared by dissolving 20 g of glucose in 100 ml of MilliQ water and 

autoclaved separately from the NY medium. 

 

2.3.2 Culture conditions 

 

Cultivation was carried out under three different growth conditions: photoautotrophic 

(PT), mixotrophic (MT) and heterotrophic (HT), and is described in detail in Chapter 3. For 

the cultures grown in the laboratory-scale bioreactor (Chapter 6), the same medium 

formulations and growth conditions were used.  
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Table 2.1: Composition of growth media (NY and GNY). 

Components Amount (per litre) 

NY medium: 

CaCO3 

MgSO4 

(NH4)2HPO4 

KH2PO4 

NH4Cl 

yeast extract  

trace mineral stock solution A 

trace mineral stock solution B 

After autoclaving and cooling: 

filter-sterilised vitamin B1 

filter-sterilised vitamin B12 

 

0.2 g 

0.5 g 

0.4 g 

0.2 g 

1.81 g 

10 g 

2 ml 

1 ml 

 

2 ml 

50 μl 

GNY medium: 

autoclaved NY medium* 

20% (v/v) glucose autoclaved separately 

 

925 ml 

75 ml 

*components of the NY medium were dissolved in 925 ml of MilliQ water 

 

 

Table 2.2: Components of the trace mineral stock solutions A and B required for the 

preparation of the NY medium. 

Components Amount (per 100 ml) 

Trace mineral stock solution A*: 

ZnSO47H2O 

MnSO4H2O 

Na2MoO42H2O 

CoCl26H2O 

 

4.4 g 

3.04 g 

1 g 

0.08 g 

Trace mineral stock solution B: 

CuSO45H2O 

H3BO3 

 

0.078 g 

0.057 g 

*components were dissolved in several drops of HCl, prior to making up the volume with MilliQ water; both trace 

mineral stock solutions were stored at RT in the dark 
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Table 2.3: Vitamin B1 and B12 stock solutions required for the NY and GNY media. 

Components Amount (per 10 ml) 

Vitamin B1*: 

thiamine hydrochloride 

 

50 mg 

Vitamin B12*: 

cyanocobalamin 

 

10 mg 

*components were dissolved in MilliQ water and filter-sterilised, prior to adding to the autoclaved and cooled 

NY medium; both vitamin stock solutions were stored at -20°C for up to 6 months 

 

2.4 Determination of dry mass and metabolites 

 

 The primary and secondary metabolites measured in this study included paramylon, 

ascorbate, α-tocopherol, β-carotene, proteins and free amino acids. The methods for 

determination of these metabolites along with the dry mass and unused glucose in the medium 

are described within the chapters as mentioned in Table 2.4 (Section 2.6). 

 

2.4.1 Extraction of α-tocopherol and -carotene 

 

 Alpha tocopherol and -carotene extraction was carried out in a single extraction of 

lipid-soluble vitamins using an α-tocopherol extraction procedure described previously [1]. An 

aliquot of five ml of cells was harvested at 5000 g for five min at RT, and the pellet was 

resuspended in 500 μl of N2-saturated MilliQ water. Fifty μl of 0.1 mg ml-1 butylated 

hydroxytoluene (BHT) in N2-saturated methanol was added to the suspension, which was then 

mixed thoroughly to prevent oxidation of α-tocopherol. Four ml of ice-cold N2-saturated 

methanol stored at -20°C was added to the suspension, followed by vortexing for one min. 

Three ml of ice-cold petroleum ether (PET) stored at -20°C was then added to the mixture, 

followed by vortexing for one min. The mixture was centrifuged at 500 g for five min, followed 

by the transfer of the upper phase to a fresh tube. A further two ml of PET was added to the 
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lower phase remaining in the old tube, followed by vortexing for one min. The mixture was 

again centrifuged at 500 g for five min and the upper phase pooled together with that from the 

first extraction. The pooled upper phases were mixed with two ml of 95% (v/v) N2-saturated 

methanol by gentle vortexing for 30 sec. This mixture was again centrifuged at 500 g for five 

min. The upper phase was transferred to a fresh tube and dried down under a stream of N2 gas. 

The resulting lipid residue was resuspended in one ml of 1:1 (v/v) mixture of methanol:ethanol 

and filtered through a 0.45 μm pore-diameter filter (Merck Millipore, Australia). Alpha 

tocopherol was then measured using a reverse phase high-performance liquid chromatography 

(RP-HPLC) as described in Chapter 3. The -carotene (Chapter 6) was measured 

simultaneously on the RP-HPLC instrument by reading the UV absorbance at 455 nm. 

The identity of peaks was confirmed by two separate methods: spiking the sample with 

respective standards to identify the peak, and collecting the peak fractions and running them 

through tandem mass spectrometry (MS/MS). 

 

2.5 Proteomic analysis (label-free shotgun proteomics) 

 

 A schematic diagram of the label-free shotgun proteomics workflow is provided in 

Figure 2.1, which included the cultivation of samples, extraction, fractionation and in-gel 

digestion of proteins, analysis of peptides by nanoflow liquid chromatography-tandem mass 

spectrometry (nanoLC-MS/MS), peptide identification, and functional annotation. 
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2.5.1 Protein extraction and precipitation 

 

 Proteins were extracted together with ascorbate and free amino acids as described in 

Chapter 3. The lysed cells were centrifuged (Chapter 3) and the proteins in the supernatant 

were precipitated by aqueous methanol/chloroform precipitation method. Cold water, methanol 

and chloroform were added to the supernatant in the ratio of 3:4:1 (volume ratio). The mixture 

was vortexed vigorously for 10 sec until the solution was uniformly cloudy. The solution was 

centrifuged at 8,000 g for two min at 4C. The proteins precipitated at the interface between 

the aqueous upper phase and the organic lower phase. The aqueous phase was discarded 

without disturbing the protein pellet at the interface and four volumes of methanol were added. 

The mixture was vortexed vigorously for 10 sec to wash the pellet, and then centrifuged at 

8,000 g for two min. The white protein pellet was precipitated at the bottom of the tube. The 

methanol:chloroform solution was carefully removed and discarded. The protein pellet was air-

dried for 5 to 10 min in a fume hood until the remaining methanol:chloroform evaporated, 

without over-drying the pellet. The dried pellet was stored at -20C until required. 

 

2.5.2 Protein quantification by bicinchoninic acid (BCA) assay 

 

 The air-dried pellet (Section 2.5.1) was re-dissolved in up to 500 μl of 5% (w/v) SDS 

by shaking for an hour at RT and the protein concentration was measured by using the BCA 

assay kit as per the manufacturer’s protocol (Thermo Scientific PierceTM, Australia). Briefly, 

bovine serum albumin (BSA) standards were prepared in 5% (v/v) SDS in the range of 0 to 2 

mg ml-1. Three technical replicates of 25 µl each were pipetted into wells of a Greiner 

CELLSTAR® 96-well flat-bottomed polystyrene plate for the BSA standards and the unknown 

protein samples. To each well, 200 µl of the BCA working reagent was added and the plate 

was covered and shaken on a micro-plate shaker for 30 sec. The plate was incubated at 37C 
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for 30 min to allow the colour to develop. The plate was cooled to RT and the absorbance was 

measured at 562 nm in a BMG FLUOstar Galaxy multi-functional plate reader. The BSA 

standards were used to plot a standard curve against which the protein concentrations of the 

unknown samples were determined, and the average of the technical replicates of each 

biological replicate was calculated. 

 

2.5.3 Protein fractionation by SDS-PAGE and gel staining 

 

 For label-free shotgun proteomics analysis, 100 µg of proteins were fractionated per 

sample in the reduced state by SDS-PAGE. The volume of protein mixture in 5% (v/v) SDS 

(Section 2.5.2) containing 100 μg protein, was mixed with 7.5 µl of NuPAGE® 4x LDS Sample 

Buffer (Invitrogen) and three µl of NuPAGE® 10x Sample Reducing Agent (Invitrogen) and 

topped up to 30 µl with MilliQ water. The samples were heated at 70°C for 10 min and cooled 

to RT before fractionating in precast 4-12% gradient NuPAGE® Bis-Tris Mini Gels at 200 V 

for about 50 min in 1x 3-N-morpholinopropansulphonic acid (MOPS) running buffer. Each 

biological replicate was loaded onto a different lane and a lane of Novex® Sharp Pre-stained 

Protein Standard was run parallel to the samples. 

 The gels were stained with Coomassie Brilliant Blue for visualisation. They were first 

immersed in fixing solution containing 7% (v/v) acetic acid and 10% (v/v) methanol and 

incubated at RT with gentle shaking for 30 min. The fixing solution was then discarded and 

replaced with Coomassie staining solution containing 0.14% (w/v) of Coomassie Brilliant Blue 

G-250, 19.85% (v/v) methanol, 1.98% (v/v) phosphoric acid and 10% (w/v) ammonium 

sulphate. The gels were incubated for two hours at RT with gentle shaking. The Coomassie 

staining solution was then discarded and the gels were destained with 1% (v/v) acetic acid for 

24 h at RT with gentle shaking. Kimwipes (Kimtech® Science, Australia) were immersed in 

the destaining solution to absorb the excess stain. 
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2.5.4 In-gel tryptic digestion 

 

 In-gel tryptic digestion was carried out as previously described [2] with slight 

modifications in incubation times. The gels containing stained protein bands were washed 

twice with MilliQ water, with 10 min incubation for each wash. Each lane, except the protein 

ladder, was excised from the gel with a scalpel and cut into 16 equally sized pieces. Each of 

these pieces was further chopped finely and placed in a well of a Greiner CELLSTAR® 96-

well flat-bottomed polystyrene plate. The gel pieces were covered at all times except when 

required in order to minimise contamination from external proteins such as keratin.  

To equilibrate the pH of the gel pieces, 200 µl of 100 mM NH4HCO3 was added to each 

well, and the gel pieces were incubated for 10 min at RT. The NH4HCO3 was discarded and 

the gel pieces were destained with 200 µl of wash buffer containing 50 mM NH4HCO3 and 

50% (v/v) acetonitrile (ACN) for 20 min at RT on a shaker. This destaining step was repeated 

twice, followed by dehydration of the gel pieces with 200 µl of 100% (v/v) ACN for 10 min at 

RT on a shaker. The ACN was discarded and the gel pieces were air-dried in a fume hood for 

about 15 min, so that they were white and shrunken.  

The cystine disulphide bonds of proteins in the dehydrated gel pieces were reduced with 

50 µl (per well) of 10 mM dithiothreitol (DTT) in 50 mM NH4HCO3 solution by shaking briefly 

and then incubating at 37C for 60 min. Any residual DTT was discarded and the gel pieces 

were cooled to RT. The reduced proteins were further alkylated with 50 µl (per well) of 55 mM 

iodoacetamide (IAA) in 50 mM NH4HCO3 solution by shaking briefly and then incubating at 

RT for 45 min in the dark. The residual IAA was discarded and the pH of the gel pieces was 

equilibrated as before, followed by destaining, dehydrating and air-drying.  

The gel pieces were then incubated at 4C for 15 min to equilibrate the temperature, 

before adding trypsin. Trypsin solution was prepared by adding 20 µl of 50 mM acetic acid per 

20 µg of Sequencing Grade Modified Trypsin (Promega, Australia) to bring the trypsin into 
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solution. A 12.5 ng μl-1 trypsin working solution was then prepared by adding 1580 μl of 50 

mM NH4HCO3.  Twenty μl of the trypsin working solution was added per well of the cooled 

gel pieces, which were then incubated at 4°C for 20 min. Digestion was then carried out at 

37°C overnight. 

 

2.5.5 Peptide extraction and purification 

 

 Peptide extraction from the gel pieces was carried out as described before [2] with slight 

modifications in working volumes and incubation times. Fifty μl of a solution of 50% (v/v) 

ACN and 2% (v/v) formic acid (FA) was added to each well containing the digested peptides. 

The gel pieces were incubated in the ACN/FA solution at RT for 30 min with gentle shaking. 

The solution per well was transferred to a fresh 0.65 ml tube. The extraction was carried out 

once more, pooling the solution per well with the solution from the first ACN/FA extraction. 

The combined extracted peptide solution was just below 100 μl from each well. The extracted 

peptide solution was centrifuged at 2000 g for one min before drying the peptide extracts in a 

vacuum centrifuge. The dried peptide extracts were reconstituted in 20 μl of 2% (v/v) FA and 

purified using ZipTip® Pipette Tips with C18 resin (Merck Millipore, US).  

The ZipTips were activated by passing 20 μl of a solution of 90% (v/v) ACN and 0.1% 

(v/v) FA through the tips three times with short spinning. Twenty μl of 0.1% (v/v) FA was then 

passed through the tips three times with short spinning. The peptide extract was passed through 

the tip, with short spinning. The trapped peptides on the activated filter were washed by passing 

20 μl of 0.1% (v/v) FA through the tip with short spinning. The peptide flow-through and the 

wash-step flow through were collected, combined and again passed through the tip with short 

spinning. The peptides were then eluted into a fresh collection tube with 20 μl of a solution of 

90% (v/v) ACN and 0.1% (v/v) FA with short spinning. The elution was repeated twice, so that 

the final volume of the eluate was about 40 μl. The purified peptide extracts were then dried 
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using a vacuum centrifuge and reconstituted again in 20 μl of 2% (v/v) FA. The reconstituted 

peptides were centrifuged at 18,000 g for 15 min. The top 10 μl of the reconstituted peptides 

were used for nanoflow liquid chromatography-MS/MS (nanoLC-MS/MS). 

 

2.5.6 NanoLC-MS/MS 

 

Each peptide extract was analysed by reversed-phase nanoLC-MS/MS using a 

QExactive mass spectrometer (Thermo scientific, CA, USA), as described previously [3]. 

Samples from each fraction were separated over a 60 min gradient using an Easy Nano LC 

1000 (Thermo scientific, CA, USA). Briefly, 10 μl of sample was injected onto a peptide trap 

column (3.5 cm x 100 μm) packed in-house with Halo C18 silica (Advanced Materials Tech) 

of particle size 2.7 μm. The peptide samples in the column were desalted with 20 μl of Buffer 

A comprising 0.1% (v/v) FA. The peptide trap was then switched on line with an in-house 

packed reversed-phase column (10 cm x 75 μm) with Halo C18 silica (Advanced Materials 

Tech) of particle size 2.7 μm. Peptides were eluted from the column using a linear solvent 

gradient with steps from 1 to 50% of Buffer B for 50 min, 50 to 85% of Buffer B for two min, 

and then holding at 85% for eight min with a flow rate of 300 nl min-1 across the gradient. 

Buffer B consisted of 99.9% (v/v) ACN, 0.1% (v/v) FA. A nanospray ionisation source was 

used to direct the column eluate into the mass spectrometer. A 2.0 kV electrospray voltage was 

applied via a liquid junction upstream of the C18 column. The spectra were scanned over the 

range 350 to 2000 amu, and automated peak recognition, dynamic exclusion and MS/MS of 

the top ten most intense precursor ions at 30% normalisation collision energy were performed 

using the Xcalibur software (version 2.06) (Thermo scientific, USA). 
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2.5.7 Protein/peptide identification (global proteome machine parameters) 

 

Protein and peptide identification was carried out using the global proteome machine 

(GPM) and is detailed in Chapter 3. The GPM search parameters were set as previously 

described [2], and included a fragment mass error of 0.1 Da, a tolerance of up to three missed 

tryptic cleavages and K/R-P cleavages, complete modification as carbamidomethylation of 

cysteine, and potential modifications as oxidation of methionine and tryptophan. The 16 

fractions of each biological replicate were processed consecutively on the GPM with output 

files for each fraction, as well as a simple merged non-redundant output file for peptide and 

protein identifications with log(e) values less than -1. 

 

2.5.8 Data processing and quality control 

 

Data processing and quality control is described in Chapter 3. Peptide and protein false 

discovery rates (FDRs) were calculated as follows: peptide FDR was 2 x (reversed peptide 

identifications)/(total peptide identifications) x 100; protein FDR was (reversed protein 

identifications/total protein identifications) x 100.  

A spectral fraction of 0.5 was added to all spectral counts to compensate for null values 

and enable log transformation for the statistical analysis. The normalised spectral abundance 

factor (NSAF) value was calculated for each protein as follows [4]: 

(𝑁𝑆𝐴𝐹)𝑘 =
(𝑆𝑝𝐶/𝐿)𝑘

∑ (𝑆𝑝𝐶/𝐿)𝑘
𝑁
𝑖=1

 

where SpC is the total number of MS/MS spectra matching peptides from protein k, L is the 

length of protein k, and N indicates all the proteins present in the experiment. Quantitative 

proteomic analysis and statistical analysis were carried out using summed NSAF values as a 

measure of relative protein abundance [5]. 
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2.6 Other materials and methods used in this project 

 

The general methods used for the work described here are shown in Table 2.4. Detailed 

description has been outlined in the corresponding chapters. 

 

Table 2.4: List of methods as described in the respective chapters of this thesis. 

Method Chapter 

Culture conditions of E. gracilis strains 3 and 4 

Development of the streptomycin-bleached mutant strain, E. gracilis ZSB 5 

Determination of dry mass 3 and 4 

Determination of ascorbate by colorimetric assay 3 

Determination of α-tocopherol by reverse phase high-performance liquid 

chromatography (RP-HPLC) 

3 

Determination of free amino acids by reverse phase ultra-performance 

liquid chromatography (RP-UPLC) 

3 

Label-free shotgun proteomics: protein/peptide identification, statistical 

analysis, functional annotation 

3 and 4 

Determination of paramylon by phenol-sulphuric acid assay 5 

Determination of unused glucose in the medium by phenol-sulphuric acid 

assay 

5 

Real-time quantitative reverse transcription polymerase chain reaction 

(qRT-PCR) 

5 

Cultivation in a laboratory-scale bioreactor 6 

Light microscopy 6 
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ascorbate, α-tocopherol and free amino acids in Euglena gracilis 
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3.1 Introduction 

 

Euglena gracilis var. saccharophila is a sugar-loving variant that grows well in the 

presence of glucose. While much has been reported about metabolites produced in the model 

strain E. gracilis Z, the ability of the E. gracilis var. saccharophila strain to produce 

metabolites has not been investigated. In this chapter, proteomic profiling of E. gracilis var. 

saccharophila is described along with the identification of enzymes involved in the 

biosynthesis of the metabolites ascorbate, α-tocopherol and free amino acids. A comparison 

among the proteomic expression profiles during photoautotrophic (PT), mixotrophic (MT) and 

heterotrophic (HT) cultivations is also reported. Differential expression of isozymes of several 

enzyme classes was observed among the cultivation conditions, including those involved in the 

biosynthesis of aromatic amino acids, serine and cysteine among others. Putative functional 

annotations for many of the unidentified proteins have also been provided. 

 The results of this research were reported in a peer-reviewed paper that was published 

in Algal Research in 2017.  
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CHAPTER 4 

Comparative proteomics investigation of central carbon 

metabolism in Euglena gracilis grown under photoautotrophic, 

mixotrophic and heterotrophic cultivations   
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4.1 Introduction 

 

 Euglena gracilis has the capacity to use numerous carbon sources owing to its 

metabolic versatility. Central carbon metabolism is defined as those enzymatic pathways that 

are used to convert organic and inorganic carbon sources into precursors of other metabolic 

pathways. Although several enzymes involved in the central carbon metabolic pathways have 

been individually identified in E. gracilis, the overall relative abundance of these enzymes 

under different growth conditions has not been described. Moreover, enzymes from many of 

the reactions in the central carbon metabolic pathways have not been identified. In Chapter 4, 

label-free shotgun proteomics is used to investigate the effect of photoautotrophic (PT), 

mixotrophic (MT) and heterotrophic (HT) cultivations on central carbon metabolism of E. 

gracilis Z. Some key findings include the lack of hexokinase for the first step of glycolysis, the 

presence of a glucokinase, the dominance of the oxidative pentose phosphate pathway in 

glucose metabolism during MT and HT cultivations and heterotrophic CO2 fixation in the dark 

even when surplus glucose is present in the medium. 

 The results from the work are reported in the form of a manuscript that has been 

prepared for submission. 
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Abstract 

 

 Euglena gracilis can use a wide range of organic carbon sources, as well as CO2 from 

the atmosphere. This metabolic versatility is owed to the genome of E. gracilis that can encode 

a wide range of enzymes. Many of these enzymes are regulated post-transcriptionally, allowing 

the cells to adapt even more quickly to changes in their surroundings. Here we investigated the 

effect of photoautotrophic (PT), mixotrophic (MT) and heterotrophic (HT) cultivation on 

central carbon metabolism in E. gracilis Z using label-free shotgun proteomics. Differential 

expression between isozymes was observed for several enzymes based on the cultivation 

condition. A hexokinase enzyme identified in the published transcriptome was not expressed 

in the proteome. Instead, a high-specificity glucokinase appeared to conduct the first step of 

glycolysis. Proteomic analysis also revealed that the oxidative pentose phosphate pathway 

plays a key role in glucose metabolism under MT and HT cultivation, while glycolysis was 

predominant under PT cultivation. Some enzymes of the Calvin pathway were expressed under 

HT cultivation indicating regulation at the post-translational level. Even in the presence of 

sufficient glucose in the medium, HT cells may be carrying out CO2 fixation using a different 

route in lieu of the Calvin pathway. The carbon metabolic pathways investigated here in terms 

of proteomic changes provide new information, as well as validate data presented elsewhere, 

adding to the existing knowledge of metabolism in E. gracilis. Putative functional annotations 

of several proteins that were previously unidentified are also provided. 

 

1 Introduction 

 

 The freshwater microalga Euglena gracilis is a metabolically versatile organism 

capable of photosynthesising, as well as using organic carbon sources from its surroundings. 

During both these modes of nutrient assimilation, carbon is transformed into reserve molecules 
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that can be broken down to provide ATP for growth and cell maintenance, and carbon skeletons 

for other essential molecules.  

 Central carbon metabolism refers to a series of complex enzymatic reactions to convert 

sugars into precursors of other metabolic reactions [1]. These precursors and their 

consequential reactions are then used to synthesise the entire cellular biomass [1]. Although 

enzymes from a few carbon metabolic pathways in E. gracilis have been identified, a large 

portion of them remain unidentified. E. gracilis has been reported to utilise the Embden-

Meyerhof-Parnas (EMP) pathway (glycolysis) for glucose catabolism [2]. Most of the enzymes 

for this pathway have been reported, including hexokinase (HK) [3], fructose-bisphosphate 

aldolase (ALDO) [4], triosephosphate isomerase (TPI) [5], glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) [6], chloroplastic phosphoglycerate kinase (PGK) [7] and enolase 

(ENO) [8]. The oxidative decarboxylation of pyruvate to acetyl-CoA has also been described 

in E. gracilis [9-10], along with some enzymes for gluconeogenesis [11-13], an alternate 

tricarboxylic acid (TCA) cycle [14-15], the glyoxylate cycle [16] and the oxidative pentose 

phosphate (oxPP) pathway [2].  

However, the transcriptome has revealed that some of the enzymes have several 

isoforms and it is unclear if their expression in the proteome is affected by the mode of nutrient 

assimilation. Since several studies have identified that E. gracilis does not always regulate 

protein expression at the transcriptional level [17-24], proteomic changes of these enzymes can 

give a better idea of the effect of mode of nutrient assimilation on carbon metabolism. A high-

throughput proteomic study can reveal the expression levels of all these enzymes at once, and 

comparative proteomics can then allow evaluation of differential expression among the modes 

of nutrition. Given the complexity of carbon metabolism in microalgae, a comprehensive 

description of the interactions between pathways and the fate of all the carbon molecules is not 

always clear. Nevertheless, the central carbon metabolic pathways of E. gracilis have been 

described here using a similar high-throughput label-free shotgun proteomics approach as in 
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our recent publication [25]. The aim of this study was thus to acquire insight into the global 

regulation of carbon metabolism in response to mode of nutrition acquisition in E. gracilis. 

 

2 Materials and Methods 

 

2.1 Growth medium, cultivation conditions and dry mass determination 

 

Euglena gracilis Z strain was obtained from Southern Biological Pty Ltd, Australia. 

The strain was maintained as a pure axenic culture using autoclaved modified Hutner medium 

as the basal medium (pH 3.5), supplemented with vitamins B1 and B12, 10 g l-1 of yeast extract, 

and 1.5% (v/v) D-(+)-glucose. Cultivation was carried out in biological triplicates under three 

growth conditions: photoautotrophic (PT), mixotrophic (MT) and heterotrophic (HT). The 

cultivation conditions have been defined before [25]. Briefly, PT and MT cultures were 

exposed to white light illumination (2000 lx) for a photoperiod of 14 h light/10 h darkness, 

while HT cultures were kept in the dark. Prior to inoculation, the MT and HT cultures were 

supplemented with D-(+)-glucose to a final concentration of 1.5% (w/v), while PT cultivations 

received no glucose supplementation. Thus, the PT cultures utilised mainly atmospheric CO2 

via photosynthesis, with some carbon from the amino acids present in YE. The MT cultures 

utilised CO2 from the atmosphere as well as glucose and YE from the medium, while the HT 

cultures utilised only the organic carbon sources of glucose and YE from the medium. The 

volumes of cultures were adjusted accordingly to ensure the concentration of all other nutrients 

and inoculum were about the same for all cultures. An initial concentration of 1.5 x 108
 cells 

of light-adapted and dark-adapted axenic stock cultures, maintained under the conditions 

described above for over two years, were used to inoculate the PT and MT cultures, and HT 

cultures respectively. The stock cultures were starved by not replenishing basal medium for 
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three days and glucose for 10 days prior to inoculation. One hundred and fifty ml of cultures 

were grown in 250 ml Erlenmeyer flasks at 23°C with orbital shaking at 150 rpm.  

Dry mass was measured every 24 h using pre-weighed aluminium evaporating dishes. 

Harvested cells were dried in these dishes at 70°C for 48 h, and cooled to room temperature in 

a desiccator for 10 min before weighing. All chemicals and reagents were purchased from 

Sigma Aldrich, Australia unless stated otherwise. 

 

2.2 Label-free shotgun proteomics 

 

Proteomic analysis was carried out at mid-log phase (24 h for MT and HT cultures and 

48 h for PT cultures) using the label-free shotgun proteomics approach described previously 

[25]. Briefly, the harvested cells were washed twice with MilliQ water and resuspended in three 

ml of cold PBS buffer supplemented with 0.04% (v/v) β-mercaptoethanol and protease 

inhibitor (cOmplete™ Protease Inhibitor Cocktail, Roche; two tablets per 100 ml buffer). The 

cell suspension was lysed using French press (Thermo Spectronic French Pressure Cell Press, 

MA, USA) at 15,000 psi and then centrifuged at 2000 g for five min. Proteins from 800 μl of 

the supernatant were precipitated by methanol:chloroform precipitation by adding 4:3:2 (v/v) 

methanol:MilliQ water:chloroform, vortexing briefly and centrifuging at 8000 g for two min. 

The protein precipitate formed at the interphase was washed once with four volumes of 

methanol, air-dried and resolubilised in 5% (v/v) SDS. Protein concentration was measured by 

BCA assay (Thermo Scientific Pierce, Australia).   

One hundred μg of proteins per replicate were fractionated in the reduced state by SDS-

PAGE in precast 4-12% gradient NuPAGE® Bis-Tris Mini Gels at 200 V for 50 min in MOPS 

buffer. The gel was Coomassie-stained for visualisation [26] and each lane containing a 

replicate was cut into 16 portions of about the same size. Each portion was further sliced into 

smaller pieces and placed into a well of a 96-well plate before in-gel digestion. The gel pieces 
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were reduced with 10 mM DTT, alkylated with 55 mM iodoacetamide (IAA) and digested with 

12.5 ng ml-1 trypsin overnight as described previously [26]. DTT, IAA and trypsin were 

prepared in 50 mM NH4HCO3 solutions [26]. Peptide extraction was carried out twice with 

50%:2% (v/v) acetonitrile:formic acid (FA, Merck, Australia), dried in a vacuum centrifuge 

and reconstituted in 20 μl of 2% (v/v) FA [25]. The peptide extracts were purified using 

ZipTip® Pipette Tips with C18 resin (Merck Millipore, US), dried in a vacuum centrifuge, 

reconstituted in 20 μl of 2% (v/v) FA and centrifuged at 18,000 g for 15 min. The top 10 μl of 

the centrifuged peptides were then used for nanflow liquid chromatography tandem mass 

spectrometry (nanoLC-MS/MS). 

NanoLC-MS/MS was carried out using a QExactive mass spectrometer (Thermo 

Scientific, CA, USA) and the spectra were analysed using the global proteome machine (GPM) 

software version 2.2.1 with the X!Tandem algorithm (http://www.thegpm.org) [27]. The 

Euglena non-redundant protein database [28] and the NCBI Euglena database were stitched 

together and used as the search database, along with common human and trypsin peptide 

contaminants. The Euglena non-redundant protein database from the John Innes Centre website 

(http://jicbio.nbi.ac.uk/euglena/) and the Euglena protein database from NCBI 

(http://www.ncbi.nlm.nih.gov/) were acquired in September 2016. Reverse database searching 

was also used for estimating false discovery rates (FDRs). The GPM search parameters were 

set as previously described [26]. The 16 fractions of each replicate were processed 

consecutively on the GPM with output files for each fraction, as well as a simple merged non-

redundant output file for peptide and protein identifications with log(e) values less than -1.  

 

2.3 Data processing, quality control, quantitative and statistical analyses 

 

The low-quality hits from the GPM were filtered out to produce a high stringency 

dataset of reproducibly identified proteins present in each cultivation using the same criteria as 



Chapter 4 

 

Page | 96  

 

before [25]. Peptide and protein FDRs were calculated (FDR threshold was set to lower than 

1%), followed by the removal of the reversed database hits and calculation of the Normalised 

Spectral Abundance Factor (NSAF) values [29]. Quantitative proteomic analysis and statistical 

analysis were carried out using the summed NSAF values as a measure of relative protein 

abundance [29]. A spectral fraction of 0.5 was added to all spectral counts to compensate for 

null values and enable log transformation for the statistical analysis. Two-sample unpaired t-

tests and an analysis of variance (ANOVA) were performed on the log-transformed NSAF 

dataset, and proteins with a p-value less than 0.05 were considered to have a significant change 

in relative abundance among cultivations [25]. For the two-sample unpaired t-tests, proteins 

detected under the PT growth condition were used as the control against which proteins 

detected under the MT and HT growth conditions were compared. 

 

2.4 Functional annotation 

 

The resulting set of differentially expressed and unchanged proteins were functionally 

annotated using BLASTP. The corresponding sequences from the Euglena non-redundant 

peptide database were compared to the UniProtKB/Swiss-Prot database using BLASTP with 

an E-value cut-off of 1e-10. This similarity analysis showed that of the expressed proteins 

identified from the Euglena non-redundant protein database via nanoLC-MS/MS, about 30% 

had unknown function. The gene ontology (GO) information of the proteins that could be 

functionally annotated was retrieved from the UniProt database. This information was then 

summarised into 30 GO categories of interest for the up-regulated, down-regulated and 

unchanged proteins of E. gracilis Z, using proteins from the PT condition as the control. 
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3 Results and discussion 

 

3.1 Growth pattern of E. gracilis Z  

 

Glucose was used as the main organic carbon source for ease of growth and pathway 

analysis. The exponential growth phase of the MT culture of E. gracilis Z occurred between 0 

and 48 h, while the exponential growth phase of the PT and HT cultures occurred between 0 

and 72 h (Figure 1). Compared to the growth curve for E. gracilis var. saccharophila reported 

in our previous study [25], the PT cultures of E. gracilis Z had a higher accumulation of 

biomass, and unlike the E. gracilis var. saccharophila strain, E. gracilis Z maintained the 

stationary phase during PT cultivation even at 144 h. On the other hand, the MT cultures had 

an incomprehensible stationary phase with the growth declining beyond 48 h. Based on the 

growth patterns of the E. gracilis Z cultures, the mid-log phase was deduced to be around 24 h 

for MT and HT cultures, and around 48 h for PT cultures. The mid-log phase was selected for 

label-free shotgun proteomics analysis to detect changes in the core carbon metabolic pathways 

during carbon assimilation. 
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3.3 Differentially expressed proteins among the three types of cultures and pairwise 

comparison (two-sample unpaired t-test) 

 

Of the 1564 proteins found to be reproducible under all three growth conditions, 827 

showed significant differential expression at the 0.05 confidence level from ANOVA 

(Supplementary Table S2). This meant that about 22.5% of the 3673 proteins detected in the 

mid-log phase proteomic profile of E. gracilis Z were differentially expressed among the 

growth conditions, and suggests that the proteome of Euglena gracilis Z is significantly 

influenced by the mode of nutrient assimilation. This was comparable to the E. gracilis var. 

saccharophila strain from our previous study, in which about 21.5% of the 3843 proteins 

detected at the mid-log phase were differentially expressed [25]. 

The comparison between PT and the other cultures (MT and HT) of E. gracilis Z 

showed down-regulation of 316 and 369 proteins in the MT and HT cultures respectively, and 

up-regulation of 795 and 833 proteins in MT and HT cultures respectively. Using a confidence 

level of 0.05, 1771 proteins were unchanged between PT and MT cultures, and 1513 proteins 

were unchanged between PT and HT cultures (Supplementary Table S2).  

About 30% of the proteins of E. gracilis Z could not be annotated with confidence, 

having a BLASTP E-value of greater than 1e-10. Protein classification of the remaining proteins 

using GO information for the up- and down-regulated proteins in 30 GO categories of interest 

are shown in Figure 3. The E-value from BLASTP results, along with the EC numbers of the 

candidate proteins and fold changes with respect to PT cultures of E. gracilis Z, are provided 

in Supplementary Table S3. The Supplementary Table S3 also contains the fold-changes of the 

candidate proteins from the proteome of E. gracilis var. saccharophila, compiled from the data 

provided in the Supplementary Table S2 of Hasan et al. (2017) [25]. The proteome of E. 

gracilis Z is significantly altered when grown under different nutritional treatments and 

lighting conditions. By analysing proteins from PT, MT and HT cultures, a more 
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comprehensive proteome for this model strain was established, and a wide range of proteins 

that were translated from the E. gracilis transcriptome was identified. Several proteins from 

carbon metabolism were differentially expressed, as discussed in the following sections. 
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3.4 Embden-Meyerhof-Parnas (EMP) pathway  

 

Several isozymes were observed at the transcriptomic level for nine out of the ten core 

metabolic enzymes involved in the EMP pathway [28], and most of these isozymes were also 

found in the proteome (Figure 4). Some isozymes were differentially expressed among the 

growth conditions, while others were unique to either PT cultures (probably plastidic isoform) 

or to MT and HT cultures. For example, the second isozyme of pyruvate kinase (EC 2.7.1.40) 

was expressed only under PT condition, while the fifth isozyme of TPI (EC 5.3.1.1) was 

expressed only under MT and HT conditions. When compared to the E. gracilis var. 

saccharophila proteome from our previous study [25], a few isozymes also appeared to be 

strain-dependent and were significantly expressed in only one of these strains (Supplementary 

Table S3). For instance, a third isozyme of pyruvate kinase and a fourth isozyme of 

phosphoglycerate kinase (EC 2.7.2.3) were absent in E. gracilis Z, while the fifth isozyme of 

TPI and the third isozyme of ENO (EC 4.2.1.11) were absent in E. gracilis var. saccharophila. 

Acetate flagellates such as E. gracilis have been previously reported to lack HK activity 

except under non-photosynthetic and acidic conditions, where they were required to utilise 

exogenous glucose [30]. A HK that acts on glucose, fructose and mannose substrates has been 

reported in E. gracilis [3], and a HK also exists in the transcriptomes of E. gracilis var. 

saccharophila and E. gracilis Z [28, 31]. However, in the current proteomic study of E. gracilis 

Z, the HK enzyme from the transcriptome could not be detected in the proteome. Moreover, 

HK could also not be detected from the proteome of E. gracilis var. saccharophila [25]. 

Instead, it appears that these strains utilise glucokinase (GK, EC 2.7.1.2) for the first step of 

the EMP pathway. This finding agrees with only one past study suggesting that instead of using 

a low-specificity HK like higher eukaryotes, E. gracilis exploits a range of high-specificity 

kinases to phosphorylate different sugars with two distinct kinases for glucose and fructose 

phosphorylation [32].  
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Figure 4:  The Embden-Meyerhof-Parnas (EMP) and 

oxidative pentose phosphate (oxPP) pathways of E. 

gracilis. The heatmaps indicate enzyme expression 

levels of E. gracilis Z under photoautotrophic (PT), 

mixotrophic (MT) and heterotrophic (HT) cultivations, 

using PT cultivation as the control. Each row indicates 

a different isozyme for the respective enzyme class and 

the colour shows the relative abundance of the isozyme 

across all conditions. Overall, enzymes such as GAPDH 

(EC 1.2.1.12) showed a very high relative abundance 

across all conditions. Details of the expression patterns 

are described in Section 3.4 and Section 3.6. 

Footnote: Isozymes that could not be identified from the transcriptome by 

amino acid sequence alone, or that were not detected at the proteome level 

have not been shown here.  F1,6BP: β-D-Fructose-1,6-bisphosphate; 

DHAP: Dihydroxyacetone phosphate; 1,3BPG: 1,3-bisphosphoglycerate; 

3PG: 3-phosphoglycerate; 2PG: 2-phosphoglycerate; PEP: 

phosphoenolpyruvate; 2HETPP: 2-Hydroxy-ethyl-TPP; ADLE: S-Acetyl 

DLE; CoA: Coenzyme A; X5P: D-Xylulose-5-phosphate; E4P: Erythrose-

4-phosphate; SH7P: Sedoheptulose 7-phosphate; TCA: tricarboxylic acid. 
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3.5 Tricarboxylic acid (TCA) cycle 

 

An overall up-regulation of the TCA cycle enzymes was observed in MT and HT 

cultures, especially in the latter. This could be owing to a lower rate of synthesis of these 

proteins and protein catabolism during growth under PT conditions. Protein catabolism is 

thought to provide amino acids for the synthesis of specific proteins under PT growth 

conditions [33]. The regulation of the TCA cycle enzymes is complex as the substrates are 

required for many other reactions within the cell, and the synthesis of a particular substrate can 

be increased or decreased based on how quickly it is removed from the cycle.  

E. gracilis has been reported to use a modified TCA cycle (Figure 5), where 2-

oxoglutarate is converted first to succinate-semialdehyde and then to succinate, as it lacks the 

eukaryotic 2-oxoglutarate dehydrogenase enzyme complex that converts 2-oxoglutarate to 

succinyl-CoA [34]. This modified cycle requires a 2-oxoglutarate decarboxylase enzyme (EC 

4.1.1.-), which has a much lower affinity for its substrate than other TCA cycle enzymes and 

carries out an irreversible reaction, thus playing a critical role in the regulation of the TCA 

cycle [35]. The decarboxylase enzyme is suggested to be distinct from any other previously 

reported 2-oxoglutarate decarboxylase enzymes [35]. In the current proteomic study of E. 

gracilis Z, the candidate 2-oxoglutarate decarboxylase enzyme was up-regulated in HT 

cultures, but not in MT cultures (Figure 5). This was also true for the E. gracilis var. 

saccharophila proteome from our previous study (Supplementary Table S3). The expression 

of succinate-semialdehyde dehydrogenase isomers (SSDH, EC 1.2.1.16), which work in 

conjunction with the decarboxylase to convert succinate-semialdehyde to succinate, was also 

up-regulated under HT condition. This modified TCA cycle has also been reported in 

bacteroids and cyanobacteria that lack the 2-oxoglutarate dehydrogenase enzyme, and does not 

affect their ability to carry out cellular respiration [36-37].  
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An alternative route to bypass the 2-oxoglutarate dehydrogenase enzyme involves the 

use of a 4-aminobutyrate (GABA) shunt, and its existence has been confirmed in bacteroids 

and the mitochondrial matrix of E. gracilis Z [36, 38]. This route involves the conversion of 2-

oxoglutarate to GABA via glutamate, which in turn is converted to succinate-semialdehyde 

(Figure 5). Candidates for the conversion of glutamate to GABA (glutamate decarboxylase, 

EC 4.1.1.15), and GABA to succinate-semialdehyde (4-aminobutyrate aminotransferase, EC 

2.6.1.19) were identified in both the proteome of E. gracilis Z studied here, and the proteome 

published for E. gracilis var. saccharophila under the same growth conditions [25]. However, 

the relative abundance of enzymes from the route that uses 2-oxoglutarate decarboxylase, was 

significantly higher than the relative abundance of enzymes from the GABA shunt route 

(Figure 5). This indicates that while the 2-oxoglutarate decarboxylase route may have been 

able to compensate for the lack of a 2-oxoglutarate dehydrogenase complex, the GABA shunt 

route might not be sufficient, as the relative abundance of glutamate decarboxylase was too 

low. This can further be confirmed by reports of the activity of the SSDH isozymes that was 

too high to be coupled with the low activity of the GABA shunt, but could easily be coupled 

with the higher activity of 2-oxoglutarate decarboxylase [39]. 

Along with 2-oxoglutarate decarboxylase, most isozymes for aconitate hydratase (EC 

4.2.1.3) and succinate dehydrogenase (EC 1.3.5.1) were also up-regulated under MT and HT 

cultivations compared to PT cultivation, while fumarate hydratase (EC 4.2.1.2) and malate 

dehydrogenase (EC 1.1.1.37) were up-regulated under HT cultivations only. These results 

match well with the growth pattern (Figure 1) as an increase in activity of the TCA cycle 

indicates higher metabolism rate, higher intermediate synthesis rate (required for various other 

biosynthetic pathways), increased flux throughout the pathway, and more energy production 

and cell growth, which were observed in the MT and HT cultures at mid-log growth phase. The 

lower mitochondrial activity under PT cultivation has also been previously reported in E. 

gracilis as a measure of succinate dehydrogenase activity [40]. 
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Footnote: Isozymes that could not be identified from the transcriptome by amino acid sequence alone, or that were not detected at the 

proteome level have not been shown here. CoA: Coenzyme A. 

Figure 5:  The alternate tricarboxylic acid 

(TCA) cycle of E. gracilis, with heatmaps 

indicating comparative protein expression in E. 

gracilis Z under photoautotrophic (PT), 

mixotrophic (MT) and heterotrophic (HT) 

cultivations, using PT as the control. Each row 

indicates a different isozyme for the respective 

enzyme class and the colour shows the relative 

abundance of the isozyme. The red dotted lines 

represent two alternate routes via the GABA 

shunt and 2-oxoglutarate decarboxylase (EC 

4.1.1-), with the latter as the predominant route 

(Section 3.5). The TCA cycle provides 

intermediates for several pathways, some of 

which are shown in the black rounded boxes.
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3.6 Oxidative pentose phosphate (oxPP) pathway 

 

The oxPP pathway is an important source of metabolic intermediates for biosynthetic 

processes. The first three steps of the conventional pathway that involve conversion of glucose-

6-phosphate (G6P) to ribulose-5-phosphate represent the irreversible oxidative phase of the 

oxPP pathway (Figure 4). Overall, there is an increase in the activity of the irreversible phase 

of the oxPP pathway during HT and MT cultivations, with some isozymes up-regulated under 

HT and MT cultivations and some unchanged. The G6P dehydrogenase enzyme (EC 1.1.1.49) 

in the first step of the oxPP pathway is the rate-limiting enzyme that determines the flux of the 

oxPP pathway, and the flux division between the oxPP and EMP pathways [41]. Three 

isozymes were detected for this enzyme, of which the first isozyme (Figure 4) was 

predominant, and was up-regulated under both HT and MT conditions. The overall up-

regulation of this enzyme under HT and MT cultivations of E. gracilis Z may indicate that 

more G6P was dedicated to the oxPP pathway than to the EMP pathway under these growth 

conditions. The predominant G6P dehydrogenase isozyme was also up-regulated under HT 

cultivations of E. gracilis var. saccharophila [25]. The preference of the oxPP pathway over 

the EMP pathway in glucose metabolism during HT cultivation has been reported in other 

microalgae, such as Chlorella sorokiniana and cyanobacteria, although the EMP pathway was 

also functioning in these organisms [42]. On the other hand, under MT cultivation, these 

microalgae preferred the EMP pathway, similar to PT cultivation [42]. However, unlike them, 

MT cultivated cells of E. gracilis seemed to behave more like the HT cultivated cells preferring 

the oxPP pathway over the EMP pathway, as observed from the up-regulation of the 

irreversible reactions in MT cultures. 

The increase in the irreversible reactions of the oxPP pathway during HT and MT 

cultivation leads to an increased generation of ribose-5-phosphate and erythrose-4-phosphate 

intermediates required for the biosynthesis of nucleotides, fatty acids and chorismate (precursor 
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to aromatic compounds) [41]. This is important for rapidly proliferating cells that tend to 

withdraw these intermediates from the oxPP pathway to meet the biological demands for DNA, 

lipid and protein syntheses. Candidates for ribose-phosphate pyrophosphokinase (EC 2.7.6.1) 

and glutamine phosphoribosyl amidotransferase (EC 2.4.2.14), which are involved in 

nucleotide synthesis, were also expressed in the E. gracilis Z proteome, as well as the E. 

gracilis var. saccharophila proteome from our previous work [25].  

 

3.7 Carbon fixation 

 

 Both chemotrophic and photoautotrophic organisms are known to fix CO2 from the 

atmosphere. There are six natural mechanisms of CO2 fixation known [43-44]. The enzymes 

for the reductive acetyl-CoA pathway (Wood-Ljungdahl pathway) [44-46] were found to be 

absent in E. gracilis Z, similar to other eukaryotes and aerobic organisms. These enzymes were 

also absent from the E. gracilis var. saccharophila proteome studied previously [25]. Other 

CO2 fixation pathways include the reductive tricarboxylic acid cycle (rTCA or Arnon-

Buchanan cycle) [47] used by anaerobic bacteria/archaea or bacteria growing at very low 

oxygen concentrations, the 3-hydroxypropionate bicycle (3-hydroxypropionate/malyl-CoA 

cycle) found in green non-sulphur bacteria [48-49], and the 3-hydroxypropionate/4-

hydroxybutyrate cycle and the dicarboxylate/4-hydroxybutyrate cycle used by archaea [50-51]. 

Since most of the enzymes from the rTCA cycle are common to the general TCA cycle, it is 

difficult to distinguish the involvement of these enzymes in the rTCA cycle in the current study. 

However, E. gracilis is capable of growing under low oxygen and anaerobic conditions [31] 

and recently, the rTCA cycle has been reported to occur in E. gracilis under dark, anaerobic 

conditions [52]. This suggests that in the current study carried out under aerobic conditions, 

the enzymes are probably reflective of the TCA cycle rather than the rTCA cycle. There is no 

evidence of CO2 fixation via any of the other cycles mentioned above in E. gracilis, except for 
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a few enzymes detected in the E. gracilis Z proteome that also take part in fatty acid 

metabolism. However, the vast majority of E. gracilis proteins have yet to be investigated, and 

some may only be expressed under other growth conditions or in other strains not studied here. 

Since E. gracilis can adapt to both oxygenic photosynthesis and anaerobiosis, it may possess 

alternate mechanisms for CO2 fixation under anaerobic condition.   

The sixth mechanism of CO2 fixation is the most prevalent pathway for organisms that 

perform oxygenic photosynthesis, such as plants, algae and cyanobacteria, as well as 

autotrophic proteobacteria, which can be anaerobic [44]. This reductive pentose phosphate 

pathway, or the Calvin cycle (Figure 6), is already known to exist in E. gracilis. Interestingly, 

the proteomic data here suggests that at least some isozymes of all the enzymes of the Calvin 

cycle are present under HT cultivation of E. gracilis Z, except phosphoribulokinase (EC 

2.7.1.19) and sedoheptulose-bisphosphatase (EC 3.1.3.37), although most were lower in 

abundance than PT and MT cultures. Some of the other photosynthesis-related proteins 

encoded by the chloroplast genome were also present in HT cultures, such as PSII CP43 

chlorophyll apoprotein, PSII cytochrome b559 subunit α, cytochrome b6, chloroplast ATPase 

subunits, and chloroplast ribosomal proteins. This could be because some of the isozymes play 

roles in other pathways active in the dark, but may also indicate that several of the 

photosynthesis-related proteins are regulated post-translationally. In the current study, the first 

isozyme of the RuBisCO large subunit (EC 4.1.1.39) shown in Figure 6 was the predominant 

one with a very high spectral count even in HT cultures, although the relative abundance of 

this isozyme was higher in PT and MT cultures than in HT cultures. This is similar to a recent 

report that also revealed that the expression of RuBisCO in E. gracilis is regulated post-

translationally, at the level of enzyme complex formation, as the blocking of translation had no 

effect on the stability of the small subunit of RuBisCO [53].  
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Figure 6:  CO2 fixation pathways in E. gracilis, using the Calvin cycle and heterotrophic CO2 

fixation. The heatmaps show enzyme expression levels of E. gracilis Z under photoautotrophic 

(PT), mixotrophic (MT) and heterotrophic (HT) cultivation, using PT cultivation as the control. 

Each row shows the expression of a different isozyme for the respective enzyme class, and the 

colour shows the relative abundance of the isozyme. Photosynthesis related-enzymes such as 

RuBisCO (EC 4.1.1.39) were also expressed under HT condition. The first seven rows of the 

heatmap for RuBisCO indicate the large subunit and the last row indicates the small subunit. 

HT CO2 fixation enzymes such as PEPC (EC 4.1.1.31) and PEPCK (EC 4.1.1.32) were up-

regulated during MT and HT cultivations, compared to PT cultivation. 

Footnote: Isozymes that could not be identified from the transcriptome by amino acid sequence alone, or that were not detected 

at the proteome level have not been shown here. R5P: Ribose-5-phosphate; 3PG: 3-phosphoglycerate; 1,3BPG: 1,3-

bisphosphoglycerate; GADP: Glyceraldehyde 3-phosphate; F1,6BP: β-D-Fructose-1,6-bisphosphate; F6P: β-D-Fructose-6-

phosphate; E4P: Erythrose-4-phosphate; SH1,7P: Sedoheptulose-1,7-bisphosphate; SH7P: Sedoheptulose 7-phosphate; X5P: 

D-Xylulose-5-phosphate; DHAP: Dihydroxyacetone phosphate; PEP: Phosphoenolpyruvate. 
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E. gracilis has also been reported to carry out CO2 fixation under HT condition in the 

dark, although the mechanism behind this fixation is unclear [54-57]. This study shows that 

although it is unlikely to be via one of the pathways mentioned above, all the enzymes used for 

Crassulacean acid metabolism (CAM) photosynthesis as well as the enzymes for C4 carbon 

fixation are expressed in the proteome of E. gracilis Z (Supplementary Table S3). Under HT 

condition, E. gracilis appears to be using the same mechanism as these systems to assimilate 

CO2 into C4 dicarboxylic acids. The main candidate for this CO2 fixation is 

phosphoenolpyruvate carboxylase (PEPC, EC 4.1.1.31) [58]. E. gracilis has been reported to 

produce PEPC, although it was previously suggested to be absent under PT condition and 

therefore concluded not to play an important role in CO2 fixation [59]. The proteomic analysis 

of E. gracilis Z here, however, showed that this enzyme was present under all growth 

conditions, but was highly up-regulated under HT and MT conditions, and thus may contribute 

towards CO2 fixation. A similar expression pattern was also observed from the proteome of the 

E. gracilis var. saccharophila strain (Supplementary Table S3). On the other hand, PEPC also 

takes part in the TCA cycle biosynthesis flux and its up-regulation under HT and MT conditions 

may also indicate the channelling of substrates into the TCA cycle. 

A schematic pathway has been proposed previously for heterotrophic CO2 fixation, 

which showed similarity to the initial steps of C4 metabolism with the eventual synthesis of 

paramylon in a separate vesicle, provided lactate was present in the medium [60, 61]. In the 

current study with glucose in the medium, there is indication that a similar scheme was used 

for CO2 fixation under HT cultivation (Figure 6). This evidence can be gathered from the 

increase of gluconeogenesis during HT cultivation (Figure 6) with the up-regulation of the 

regulatory PEP carboxykinase (PEPCK, EC 4.1.1.32) enzyme. There are also contradictory 

reports in the literature on PEPCK with reports of its presence and absence under PT 

cultivation, its presence under HT cultivation only when acetate or lactate is present in the 

medium, its presence in the cytosol only, its presence in the mitochondrial matrix, its 
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involvement in gluconeogenesis only, and its involvement in anaerobic CO2 fixation [12-13, 

59-61]. In the current proteomic study, at least nine PEPCK isozymes were detected, most of 

which were up-regulated under HT and MT cultivations, while some were unique to dark 

cultivation (HT cultivation only) and light cultivation (both PT and MT cultivations) 

respectively. This could mean that different isozymes were reported before in the contradictory 

studies. Overall, this could suggest that along with glucose uptake and conversion to 

paramylon, CO2 fixation by PEPC and increase of gluconeogenesis may also contribute 

significantly towards paramylon synthesis under HT and MT cultivations during the mid-log 

phase.  

  

3.8 Other carbon metabolism 

 

 The proteome of E. gracilis Z presented here, and the proteome of E. gracilis var. 

saccharophila from our previous work [25] show lack of evidence for the existence of methane 

metabolism, as well as the prokaryotic and archaeal Entner-Doudoroff pathways. Although the 

glyoxylate cycle is present in E. gracilis, a specific expression pattern could not be determined 

from the current study to distinguish between the different cultivation types in E. gracilis Z 

(Supplementary Table S3). Also, from the proteomic data, the enzymes of photorespiration 

were mostly up-regulated under PT cultivation compared to HT and MT cultivations 

(Supplementary Table S3). Photorespiration leads to the production of glycolate, which is 

converted to glyoxylate [62]. There are three fates of this glyoxylate, two of which involve the 

subsequent synthesis of serine via glycine and formate respectively [63]. The serine is 

eventually used for carbohydrate synthesis [62], and may be one of the major routes of 

carbohydrate biosynthesis during PT cultivation. The third fate of this glyoxylate is to regulate 

the TCA cycle, on which it has an inhibitory effect [64]. To ensure that inhibition is decreased, 

the glyoxylate is again reduced back to glycolate in the mitochondria by NADPH:glyoxylate 
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reductase (EC 1.1.1.79) [64]. Compared to PT condition, this enzyme was up-regulated under 

HT condition, but not MT condition, which may further explain why the TCA cycle was so 

highly up-regulated under HT cultivation (Section 3.5).  

 

4 Conclusion 

 

 The total number of proteins detected for E. gracilis Z (3673 proteins) was comparable 

to the number of proteins detected for E. gracilis var. saccharophila (3843 proteins) [25], with 

about 30% proteins that could not be annotated. The proteomic analysis presented in this study 

helped to establish and validate some of the core carbon metabolism mechanisms in E. gracilis. 

For example, the HK sequence identified from the transcriptome was not expressed at the 

proteomic level, and it appears that instead E. gracilis uses a high-specificity GK for the first 

step of the EMP pathway. The relative abundance of the 2-oxoglutarate decarboxylase enzyme 

indicates a preference for the alternate TCA cycle route over the GABA shunt route. As in 

other microalgae, E. gracilis also showed some evidence of preference for the oxPP pathway 

over the EMP pathway for glucose metabolism under HT cultivation, but unlike other 

microalgae, oxPP pathway was also prevalent under MT cultivation. Expression of certain 

chloroplast-encoded proteins, such as RuBisCO under HT cultivation indicated post-

translational control at the level of enzyme complex formation. Heterotrophic CO2 fixation 

probably occurs mainly via PEPC, and may involve different pathways to produce C4 and C2 

intermediates. Higher photorespiration under PT cultivation may further explain the up-

regulation of the TCA cycle under HT cultivation. Several putative functional annotations have 

been provided in this study for proteins that have not been identified in E. gracilis before. The 

regulatory analyses presented here provide information about central carbon metabolism in E. 

gracilis that can be exploited to further improve E. gracilis strains for metabolite production. 
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5.1 Introduction 

 

The uniflagellate microalga Euglena gracilis synthesises a large β-1,3-glucan called 

paramylon as its primary carbohydrate storage. Paramylon is an unbranched polymer, unique 

to Euglenoids, that has immune stimulatory [1], anti-tumour [2] and anti-HIV [3] properties 

when used directly as a nutraceutical or as a modified compound. The cellular paramylon 

content has been reported to be as high as 90% of the dry mass under heterotrophic conditions 

in a bleached mutant of E. gracilis [4]. Recently, the pathways for paramylon biosynthesis and 

degradation have been described using transcriptomic data [5-6]. The transcriptome of the E. 

gracilis Z strain revealed two candidates for the paramylon synthase enzyme [5], while that of 

E. gracilis var. saccharophila revealed four candidates [6]. Another recent study has shed 

further light into the biosynthesis of paramylon, confirming the existence of the two paramylon 

synthase candidates EgGSL1 and EgGSL2 in E. gracilis Z by gene knockdown studies [7]. 

Paramylon can be catabolised to meet the energy requirements of cells under low 

environmental carbon conditions. Under anaerobic conditions, E. gracilis uses paramylon as 

the starting material for wax ester synthesis [5]. It is also catabolised in response to ammonium 

ions and high atmospheric oxygen concentrations [8-9]. Several candidates for β-glucosidases 

were also identified in the transcriptome of both these strains [5-6]. However, the expressions 

of most of the paramylon synthesis and degradation pathway enzymes have not been confirmed 

at the proteomic level and their relative abundance has not been reported. Since E. gracilis 

controls the expression of a large number of its proteins at the post-transcriptional level, a 

proteomic study can provide better insight into the actual proteins expressed from the 

candidates predicted in the transcriptomes. The aims of this chapter were thus to determine the 

enzymes of the paramylon biosynthesis and degradation pathways using label-free shotgun 

proteomics, to provide functional annotations to the enzymes and to investigate the differential 

expression of these enzymes under PT, MT and HT growth conditions. 
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In summary, the preparation of a streptomycin-bleached strain E. gracilis ZSB and its 

proteomic profile are described in this chapter, with focus on the paramylon biosynthetic and 

degradation pathways. Additionally, the label-free shotgun proteomics data of E. gracilis var. 

saccharophila from Chapter 3 and that of E. gracilis Z from Chapter 4 are further analysed to 

investigate differentially expressed proteins from the paramylon metabolic pathways, in 

response to photoautotrophic (PT), mixotrophic (MT) and heterotrophic (HT) growth 

conditions. The paramylon content of all three strains is also reported, along with qRT-PCR 

analysis of the EgGSL1 and EgGSL2 transcripts to verify the proteomics results. Finally, the 

proteomic profile of an additional three replicates of each of E. gracilis var. saccharophila and 

E. gracilis Z grown under HT cultivation are used to validate the results obtained from the HT 

cultures of E. gracilis var. saccharophila and E. gracilis Z from Chapters 3 and 4 respectively.  

The results for this research are reported as a thesis chapter and will be prepared for 

publication in the future when additional validation studies have been performed for all the 

enzymes of the paramylon synthesis and degradation pathways.   

 

5.2 Materials and Methods 

5.2.1 Preparation of the streptomycin-bleached mutant Euglena gracilis ZSB 

 

The streptomycin-bleached mutant, E. gracilis ZSB was bleached and grown in our lab 

for over two years before these experiments were carried out. Briefly, E. gracilis Z was grown 

in modified Hutner medium (pH 3.5) [10], supplemented with vitamins B1 and B12, 10 g l-1 

yeast extract and 1.5% (v/v) D-(+)-glucose. The cells were subjected to permanent bleaching 

by the addition of 0.5 mg l-1 streptomycin to the culture and exposing it to white light 

illumination (2000 lx). The culture was grown for approximately 10 generations and then 

streaked onto Euglena maintenance (EM) medium plates. The EM medium consisted of (per 

litre): anhydrous sodium acetate (1 g), peptone (1 g), tryptone (2 g), yeast extract (2 g), 
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CaCl2.2H2O (0.01 g) and Noble agar (15 g). Isolated white colonies were further streaked onto 

EM medium plates in ten successive cultures. One isolated colony from the 10th plate was then 

grown in the modified Hutner medium mentioned above. This stock culture was grown 

continuously for one year with occasional medium replenishment. After one year, the streak 

plating technique of the stock culture was repeated on 10 successive EM medium plates and a 

single colony from the 10th plate was isolated. The isolated colony was further grown in the 

modified Hutner medium for one year (stock culture) to confirm permanent bleaching and 

maintain the cell line. The stock culture was then inoculated into fresh modified Hutner 

medium in two flasks, one of which was exposed to light and the other was kept in complete 

darkness. The shake-flask cultures were grown for about three months and served as the stock 

cultures for the experiments that followed.  

 

5.2.2 Cultivation of the Euglena gracilis ZSB strain 

 

The E. gracilis ZSB strain was maintained as pure axenic stock cultures using the 

modified Hutner medium as mentioned above. E. gracilis ZSB was grown under mixotrophic 

(MT) and heterotrophic (HT) growth conditions only. Photoautotrophic (PT) cultivation could 

not be carried out as E. gracilis ZSB is an obligate heterotroph having no mature chloroplasts. 

Cultivation under MT and HT growth conditions has already been described in Chapter 3 

(Section 2.2) and the same method was applied to the E. gracilis ZSB cultures. The light-

adapted stock culture described above was used to inoculate the MT cultures of E. gracilis 

ZSB, while the dark-adapted stock cultures were used to inoculate the HT cultures. 
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5.2.3 Confirmation of paramylon synthase expression using additional HT cultures 

 

Three additional replicates of E. gracilis var. saccharophila and E. gracilis Z were 

grown under HT condition. The replicates were grown using the same cultivation parameters 

of the HT cultures described in Chapters 3 (Section 2.2). The proteomic profiles from these 

extra replicates were used to confirm the label-free shotgun proteomics data of the paramylon 

synthase candidates (EgGSL1 and EgGSL2) from the HT cultures of E. gracilis var. 

saccharophila (Chapter 3) and E. gracilis Z (Chapter 4). 

 

5.2.4 Determination of dry mass, paramylon and unused glucose in the medium 

 

Dry mass of E. gracilis ZSB was measured every 24 h using pre-weighed aluminium 

evaporating dishes as described in Chapters 3 and 4.  

Paramylon assay was also carried out every 24 h for the E. gracilis ZSB strain described 

in this chapter, as well as the E. gracilis var. saccharophila and E. gracilis Z strains described 

in Chapters 3 and 4 respectively using aliquots from the respective cultures. The paramylon 

assay method described previously using the phenol-sulphuric acid method was employed [10] 

with slight modifications. Briefly, one ml of harvested cells was washed once with MilliQ 

water and one ml of 9:1 (v/v) water:30% perchloric acid was added to the pellet. The cells were 

sonicated at 4°C for one cycle of 10 sec at 30% of the maximum amplitude of a Branson Digital 

Sonifier® 450 with a probe of tip diameter three mm, and centrifuged at 1100 g for two min. 

The supernatant was discarded and the pellet was resuspended in one ml of 1% (w/v) SDS by 

vortexing vigorously for one min. The suspension was heated in a boiling water bath for 15 

min and then centrifuged at 1100 g for 15 min. The supernatant was discarded and the pellet 

was resuspended in one ml of 1 N NaOH solution. A 50 μl aliquot of this was transferred to a 

fresh tube and 600 μl of 5% (w/v) phenol was added to it, followed by 1250 μl of concentrated 
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(95-98% v/v) sulphuric acid. The resulting yellow-orange colour was allowed to develop for 

20 min at 70°C. The absorbance was measured at 480 nm using a microplate reader (BMG 

FLUOstar Galaxy, Germany) and converted to glucose equivalents using a glucose standard 

calibration curve. Unused glucose left in the medium was measured in the same way as 

paramylon, using supernatant from the initial harvest of cells. 

 

5.2.5 Label-free shotgun proteomics 

 

Proteomic analysis was carried out during the mid-log phase at 36 h for MT and HT 

cultures of E. gracilis ZSB, and at 24 h for the additional HT cultures of E. gracilis var. 

saccharophila and E. gracilis Z. Protein extraction, precipitation by methanol:chloroform, 

quantification by BCA assay, fractionation by SDS-PAGE and in-gel tryptic digestion were 

carried out as described in Chapter 2 (Section 2.5.1-2.5.4). Peptide extraction and purification 

and nanoLC-MS/MS were carried out as described in Chapter 2 (Section 2.5.5-2.5.6), while 

the protein/peptide identification from the MS/MS spectra has been described in Chapter 3 

(Section 2.9). The global proteome machine (GPM) was used for protein/peptide identification 

and the parameters used for this software have been defined in Chapter 2 (Section 2.5.7). 

Finally, data processing and quality control, and statistical analysis and functional annotations 

using BLASTP have been described in Chapters 2 (Section 2.5.8) and 3 (Sections 2.10 and 

2.11) respectively. 

For the two-sample unpaired t-test comparison the proteomic profiles of the MT and 

HT cultures of E. gracilis ZSB described in this chapter were compared to the proteomic 

profiles of the MT and HT cultures respectively of E. gracilis Z (Chapter 4). The three 

additional HT cultures of E. gracilis var. saccharophila and E. gracilis Z were only used for 

validation purposes to confirm the expression of the EgGSL1 and EgGSL2 proteins under HT 

cultivation; two-sample unpaired t-test comparison were not carried out for these additional 
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replicates. Furthermore, the proteomic profiles of E. gracilis var. saccharophila and E. gracilis 

Z (Chapters 3 and 4 respectively) were analysed to compare differential expression of proteins 

from the paramylon biosynthetic and degradation pathways in MT and HT cultures, compared 

to PT cultures. 

 

5.2.6 Real-time quantitative reverse transcription polymerase chain reaction (qRT-

PCR) 

 

The proteomic results for the paramylon synthase candidates (EgGSL1 and EgGSL2) 

were further validated using qRT-PCR. The qRT-PCR reactions were carried out for all 

cultures of the E. gracilis ZSB strain described in this chapter. Sample aliquots were also 

collected from all the cultures of the E. gracilis var. saccharophila strain and the E. gracilis Z 

strain described in Chapters 3 and 4 respectively for qRT-PCR. One ml of sample was collected 

for qRT-PCR at each of the following time points: 24, 48, 72 and 96 h for PT cultures of E. 

gracilis var. saccharophila and E. gracilis Z; 12, 24, 48, 72 and 96 h for MT and HT cultures 

of all strains.  

 

5.2.6.1 RNA extraction 

 

RNA was extracted from the samples with TRIzol™ reagent (Thermofisher Scientific, 

USA), as per the manufacturer’s protocol for cells grown in suspension. All steps were carried 

out at 4°C. Harvested cells were homogenised in 1 ml TRIzolTM reagent, 0.2 ml chloroform 

was added, and the mixture was shaken vigorously by hand for 10 sec, allowed to stand for 2-

3 min and centrifuged at 12,000 g for 15 min. The aqueous upper phase was transferred to a 

fresh tube, 0.5 ml isopropanol was added, the mixture was allowed to stand for 10 min and 

centrifuged at 12,000 g for 10 min. The supernatant was discarded and the RNA precipitate 
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was washed with 1 ml of 75% (v/v) ethanol and centrifuged at 7500 g for 5 min. The 

supernatant was discarded, the RNA pellet air dried for 5 min and resuspended in 20 μl of 

RNase-free water.  

 

5.2.6.2 RNA quantification by Qubit® RNA BR assay  

 

RNA quantification was carried out using the Qubit™ RNA BR Assay Kit 

(Thermofisher Scientific, USA) as per the manufacturer’s protocol. The Qubit® working 

solution was prepared by diluting the Qubit® RNA BR Reagent 1:200 (v/v) in Qubit® RNA BR 

Buffer. Ten μl of each Qubit® standard was mixed with 190 μl of the Qubit® working solution 

by vortexing for 2-3 sec. Similarly, the RNA samples were mixed with the Qubit® working 

solution to a final volume of 200 μl and vortexed for 2-3 sec. The RNA sample was then 

quantified using the RNA Broad Range assay type on the Qubit® 3.0 Fluorometer 

(Thermofisher Scientific, USA), by reading the Qubit® standard solutions first, followed by the 

RNA sample. 

 

5.2.6.3 cDNA synthesis 

 

Any contaminating genomic DNA in the RNA sample was digested using five units of 

DNase I (NEB, UK) per 25 μg RNA in a reaction volume made up to 60 μl with 1x DNase 

Reaction Buffer (NEB, UK). This was mixed thoroughly and incubated at 37°C for 10 min. 

The reaction was stopped with 1 μl of 0.5 M EDTA (NEB, UK), followed by heat inactivation 

of the enzymes at 75°C for 10 min.  

The AffinityScript QPCR cDNA Synthesis Kit (Agilent Technologies, UK/Ireland) was 

then used for cDNA synthesis starting with 2 μg of the RNA sample. RNase-free water to a 

final volume of 20 μl, 10 μl of the first strand master mix (2x), 3 μl of random primers (0.1 μg 
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μl-1), 1 μl of the AffinityScript RT/RNase Block enzyme mixture and the RNA sample were 

added in that order to a microcentrifuge tube. The mixture was incubated at 25°C for 5 min 

(primer annealing), 42°C for 15 min (cDNA synthesis) and 95°C for 5 min (terminating cDNA 

synthesis). Negative controls were prepared using the same cDNA synthesis method, but 

adding RNase-free water instead of the AffinityScript RT/RNase Block enzyme mixture. This 

enabled detection of any amplification resulting from contaminating genomic DNA as these 

samples did not have any synthesised cDNA to amplify. 

 

5.2.6.4 Primers and parameters for quantitative PCR (qPCR) 

 

Three sets of primers were designed and used for the reactions, two for the paramylon 

synthase transcripts (EgGSL1 and EgGSL2) and one for 18S rRNA as the house-keeping gene. 

The forward and reverse primers for EgGSL1 were 5’-AGCGCATCCCGGTCACAATG-3’ 

and 5’-TTGTCCCACGTGTACGCCAC-3’ respectively; for EgGSL2 they were 5’-

ATGCAGTACGTGGTCTCCGTGC-3’ and 5’-AGGAACCCCAATTGCCCCAACC-3’ 

respectively; and for the 18S rRNA they were 5’-CTTAGATCGCTGCCAGATCC-3’ and 5’-

GGCTGTGGATTTCTCGTTGT-3’ respectively.  

The Brilliant II SYBR® Green QPCR Master Mix (Agilent Technologies, UK/Ireland) 

was used for qRT-PCR as per the manufacturer’s protocol. Five μl of nuclease-free PCR-grade 

water, 10 μl of the 2x Brilliant II SYBR® Green QPCR master mix, 2 μl of 200 nM forward 

primer, 2 μl of 200 nM reverse primer and 1 μl (100 ng) of cDNA were added in that order to 

a well of a 384-well plate (LightCycler® 480 Multiwell Plate 384, Roche, Australia) using the 

Echo® 550 Liquid Handler (Labcyte, CA, USA). Three technical replicate reactions were 

carried out for each biological replicate from each time point. The LightCycler® 480 Instrument 

II (Roche, Australia) was then used to carry out the qPCR reactions. The initial denaturation 
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was carried out at 95°C for 10 min, followed by 40 cycles of 95°C for 30 sec (denaturation) 

and 60°C for 1 min for (annealing/extension). 

 

5.2.6.5 Data analysis by the 2
-∆∆CT method  

 

Data were analysed using the 2
-∆∆CT  method [11]. Briefly, the 18S rRNA housekeeping 

gene was used to normalise systematic sample to sample variation. The threshold cycle (CT) 

for each reaction was retrieved from the LightCycler® 480 Software. The average CT for 

replicates was calculated and the average CT for the 18S rRNA housekeeping gene was then 

subtracted from the average CT of the target cDNA (EgGSL1 and EgGSL2) at each time point 

to obtain ΔCT. The PT sample collected at 24 h, and the MT and HT samples collected at 12 h 

were used as the controls against which the transcript fold-change was calculated for all other 

time points. The ΔCT value of the control was subtracted from the ΔCT value of each sample 

time point (Section 5.2.6) to obtain the ΔΔCT value. The transcript fold-change was then 

calculated by using the formula  2
-∆∆CT . 

 

5.3 Results and discussion 

5.3.1 Dry mass of the streptomycin-bleached Euglena gracilis ZSB strain 

 

The exponential growth phase of the bleached mutant E. gracilis ZSB occurred between 

0 and 72 h under both MT and HT conditions (Figure 5.1) and was similar to the exponential 

growth phase of E. gracilis Z HT cultures. MT and HT cultures of the mutant strain yielded a 

higher dry mass than E. gracilis var. saccharophila and E. gracilis Z and the mid-log phase 

was about 36 h for both MT and HT cultures.
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5.3.2 Paramylon accumulation 

 

The paramylon content of the three strains under all cultivation conditions is shown in 

Figure 5.2, along with the percentage of paramylon per dry mass during exponential growth. 

The paramylon contents of the PT cultures of E. gracilis var. saccharophila and E. gracilis Z 

were negligible, while the highest paramylon content was accumulated by the HT cultures of 

all strains. The bleached mutant strain accumulated significantly higher paramylon per volume 

of culture (over 6 g l-1 and 10 g l-1 for MT and HT cultivations respectively). Paramylon was 

rapidly broken down in both E. gracilis var. saccharophila and E. gracilis Z by late exponential 

growth phase under MT and HT cultivations. During MT cultivations, the paramylon content 

eventually returned to about the same initial baseline level of the respective inocula. However, 

during the HT cultivations, after an initial rapid catabolism, the paramylon content did not 

decrease further, remaining significantly higher than the initial baseline level of the respective 

inocula. In the mutant strain, paramylon was broken down very slowly under both MT and HT 

cultivations, remaining much higher than the initial baseline level of the respective inocula 

throughout the cultivation period. Paramylon is reported to be rapidly broken down in presence 

of light to provide energy required for chloroplast development [12]. This may explain why 

paramylon breaks down rapidly in E. gracilis var. saccharophila and E. gracilis Z under MT 

cultivation, but not in the bleached mutant, which does not produce chloroplasts.  

The maximum percentage of paramylon per dry mass was the highest for E. gracilis 

ZSB (87.5% and 67.0% in HT and MT cultivations respectively), followed by E. gracilis var. 

saccharophila (83.1% and 77.6% for HT and MT cultivations respectively) and E. gracilis Z 

(63.9% and 51.8% for HT and MT cultivations respectively). The peak paramylon content per 

l of culture occurred at about 48 h for MT and HT cultures of E. gracilis Z, and at 48 h for MT 

cultures and 72 h for HT cultures of E. gracilis ZSB (Figure 5.2 b and c). However, paramylon 

accumulation was more rapid in E. gracilis var. saccharophila, reaching a peak within about 
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24 to 30 h (Figure 5.2 a). This could partly have been influenced by the rapid conversion of 

tryptophan to indoleacetate (IA) observed in E. gracilis var. sacchrophila (Chapter 3, Section 

3.6.1), which in turn encourages faster growth and stimulates paramylon accumulation, 

especially during MT and HT cultivations [13]. E. gracilis var. saccharophila also took up 

glucose from the medium much faster than E. gracilis Z and ZSB, during both the HT and MT 

cultivation conditions (Supplementary Figure S5.1). The paramylon synthesis and breakdown 

patterns under MT cultivation of E. gracilis var. saccharophila and E. gracilis Z indicate that 

the culture initially behaves like a HT culture when glucose is present in the medium, 

accumulating large amounts of paramylon. As the glucose is depleted the cells synthesise 

chlorophyll, behaving more like a PT culture. This leads to the rapid breakdown of paramylon 

to provide energy for chloroplast development [12]. Since a large portion of the biomass 

comprises of paramylon, this may also explain the sudden decline in biomass of cells under 

MT cultivation as they lose their paramylon and shrink in size. 
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5.3.3 Analysis of label-free shotgun proteomics data 

 

The raw data from the GPM analysis of E. gracilis ZSB proteins are provided in 

Supplementary Table S5.1. The low-quality hits from the GPM were filtered out to produce a 

high stringency dataset of reproducibly identified proteins present in each cultivation using the 

same criteria as mentioned in Chapter 3 (Section 2.10). The false discovery rates for the high-

stringent datasets were lower than 1% for proteins and lower than 0.2% for peptides, and the 

data was not filtered further (Table 5.1). As for the other strains, about 30% of the proteins 

could not be annotated using a BLASTP E-value cut-off of 1e-10. Putative functional 

annotations were assigned to the proteins that could be identified by BLASTP. Only the 

proteins involved in paramylon metabolism are discussed below. The expression levels of the 

proteins for all three strains are shown by heatmaps in the metabolic pathway in Figure 5.3. 

The heatmaps were generated using proteins from PT cultivation as the control for proteins 

expressed during MT and HT cultivations of E. gracilis var. saccharophila and E. gracilis Z 

(Chapter 3 and 4 respectively), and using MT and HT cultivations of E. gracilis Z as the 

controls for the respective E. gracilis ZSB cultures (Section 5.2.5), to find out the comparative 

expression levels of paramylon metabolism-related proteins. The results from the two-sample 

t-test comparisons between the MT and HT cultures of E. gracilis ZSB and E. gracilis Z are 

provided in Supplementary Table S5.2. 
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The amount of transcript for EgGSL2 on the other hand doubled under HT cultivation 

within the first 24 h for E. gracilis var. saccharophila and E. gracilis Z, and within the first 48 

h for E. gracilis ZSB. However, with the exception of the MT cultivation of E. gracilis Z at 24 

h and E. gracilis ZSB at 48 h, none of the other light-exposed (PT and MT) cultures could 

double the amount of EgGSL2 transcript within the 96 h of cultivation. Also, there was a 

gradual decline in the EgGSL2 transcript level under the MT and HT cultivations of E. gracilis 

var. saccharophila and E. gracilis Z beyond 24 h, and of E. gracilis ZSB beyond 48 h. 

However, E. gracilis Z continued to accumulate more paramylon beyond 24 h (Figure 5.2 b) 

under MT and HT cultivations as mentioned in Section 5.3.2. 
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5.3.5 Differential expression of paramylon biosynthetic and degradation enzymes 

 

The hypothetical pathway for paramylon biosynthesis and degradation has been 

generated using the transcriptomic data [5, 6] as well as the proteomic data obtained in this 

study. An isozyme of phosphoglucomutase (EC 5.4.2.2), which converts glucose-6-phosphate 

(G6P) from the Embden-Meyerhof-Parnas (EMP) and oxidative pentose phosphate (oxPP) 

pathways to glucose-1-phosphate (G1P) prior to paramylon synthesis was up-regulated under 

HT condition (Figure 5.3). Isoforms of UDP-glucose pyrophosphorylase (EC 2.7.7.9) that 

convert G1P to UDP-glucose, were found under all conditions, but were not significantly 

differentially expressed under the conditions studied. Paramylon synthesis is initiated with the 

glycosyl transfer of this UDP-glucose onto a membrane protein primer, carried out by a 

membrane bound enzyme complex (β-1,3-glucan synthase complex) [14]. The synthase then 

carries out polymerisation to form a linear β-1,3-glucan chain that produces the complex 

fibrillar structure of paramylon [14].  

 

5.3.5.1 Candidate enzymes for paramylon biosynthesis 

 

None of the sixteen glycosyltransferase (GT) family 2 candidate β-1,3-glucan synthases 

found in the transcriptome [6] were detected at the proteomic level under any of the conditions 

studied here. However, of the four sequences identified as candidate GT48 family β-1,3-glucan 

synthases (EC 2.4.1.34) in the transcriptome of E. gracilis var. saccharophila [6], two were 

detected in the proteome of all strains studied here. This has also been confirmed recently by 

Tanaka et al. (2017), who documented the existence of two glucan synthase-like proteins, 

EgGSL1 and EgGSL2 in E. gracilis Z by gene knockdown studies [7]. Compared to PT 

condition, both EgGSL1 and EgGSL2 were up-regulated under MT condition in E. gracilis Z, 

whereas only EgGSL2 was up-regulated under MT condition in E. gracilis var. saccharophila. 
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In the bleached mutant, E. gracilis ZSB, the MT condition supported even higher expression 

of EgGSL1 than the MT condition of the wild-type E. gracilis Z, with a fold-change of about 

three times, while the expression of EgGSL2 was about the same in both strains. The proteomic 

data show that this GT48 family isoform, EgGSL2, is the predominant isoform with higher 

relative abundance, which has been reported to be indispensable for paramylon synthesis in E. 

gracilis [7]. Interestingly, only EgGSL2 could be detected in the proteome of HT cultures of 

all strains, and this candidate enzyme was up-regulated in HT cultures compared to PT cultures 

of E. gracilis var. saccharophila and E. gracilis Z. In order to confirm the absence of EgGSL1 

from the HT cultures, all the peptides identified for EgGSL1 in PT and MT cultures were 

searched in the raw MS/MS spectra of peptides from the HT cultures. None of these peptides 

could be detected in any of the HT cultures of E. gracilis var. saccharophila (Chapter 3), E. 

gracilis Z (Chapter 4) or E. gracilis ZSB (this chapter). The nanoLC-MS/MS was further 

repeated with three more biological replicates of E. gracilis var. saccharophila and E. gracilis 

Z grown under HT condition (Section 5.2.3), and EgGSL1 could still not be detected in this 

new set of HT replicates of either strain (Supplementary Table S5.3). These evidences 

confirmed that EgGSL1 was not expressed at the proteomic level under dark cultivation. 

Moreover, the presence of an organic carbon source (glucose) in the medium had no effect on 

EgGSL1 expression, as it was detected under MT cultivation but not HT cultivation, during 

both of which cells were exposed to glucose.  

The qRT-PCR data of all strains, on the other hand, showed the presence of the EgGSL1 

transcript under HT growth condition (Table 5.2), although the expression level of the 

transcript did not change significantly over the period of cultivation. The presence of the 

transcript and absence of a translated protein probably indicates that E. gracilis does not 

regulate this protein at the transcriptional level. This has been reported for numerous other 

proteins in this organism, where protein expression was observed to be controlled post-

transcriptionally [15-22]. An explanation for this may be that the translation of EgGSL1 
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transcript is light-induced, similar to a few other proteins transcribed from the nuclear genome 

of E. gracilis [23]. EgGSL1, therefore, must have a role in cell cultures grown under light 

conditions only.  It is unclear what this role might be, although it may be related to negative 

regulation of growth [7]. Tanaka et al. (2017) also speculated that EgGSL1 may play a role in 

negative regulation of chlorophyll accumulation as knockdowns of EgGSL1 accumulated 

chlorophyll at a faster rate [7]. From our proteomic analysis, however, EgGSL1 was absent in 

the dark when the cells lacked chlorophyll, although this does not rule out a possible role in 

chlorophyll accumulation. Marechal and Goldemberg (1964) reported that an inhibitor exists 

for paramylon synthase, especially in green cells [24]. EgGSL1 may play a role in this 

inhibitory regulation of EgGSL2, and this could be a possible reason why HT cells lacking 

EgGSL1 are able to accumulate more paramylon. The exact role of EgGSL1 for now remains 

unknown. 

The overall increased expression of the predominant β-1,3-glucan synthase, EgGSL2, 

in HT cultures concurs with previous studies that showed higher specific activity of the 

synthase enzyme in dark condition compared to constant illumination and diurnal conditions 

[24]. This can also be deduced from the paramylon content in Figure 5.2, where HT cultures 

accumulated more paramylon than MT and PT cultures. The paramylon synthase complex 

consists of at least seven subunits with a total molecular mass of 670 kDa [25], and the GT48 

family proteins EgGSL1 and EgGSL2 identified in this study (approximately 300 kDa each) 

may be part of this complex. Both EgGSL1 and EgGSL2 are much larger than any of the 

subunits reported [25], however, and may be proteolytically processed into the correct sized 

mature subunits that have been identified. 



Chapter 5 

 

Page | 144  

 

 

 

 

 

 

 

 

Figure 5.3:  Paramylon metabolic pathway of E. gracilis. The heatmap shows enzyme expression under photoautotrophic (PT), mixotrophic (MT) and 

heterotrophic (HT) cultivations. Each row represents an isozyme for the respective enzyme class shown in brackets and the colour indicates the relative 

abundance of the isozyme. PT cultures were used as the control for MT and HT cultures of E. gracilis var. saccharophila (sac.) and E. gracilis Z (Z) from 

Chapters 3 and 4 respectively, while MT and HT cultures of E. gracilis Z (Chapter 4) were used as controls for the respective E. gracilis ZSB (ZSB) 

cultures. EgGSL1 could not be detected under HT cultivation of any of the strains. EgGSL2 on the other hand, showed high relative abundance, especially 

under HT cultivation. The relative abundance of EgGSL2 in E. gracilis ZSB was even higher than that of E gracilis Z under both MT and HT conditions. 

During mid-log phase, although several β-glucosidases (EC 3.2.1.58/39 and EC 3.2.1.31) were expressed, their overall abundance was quite low.
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5.3.5.2 Candidate enzymes for paramylon degradation 

 

Paramylon degradation in E. gracilis is mainly orchestrated by two groups of enzymes: 

glucan 1,3-β-glucosidases and glucan endo-1,3-β-D-glucosidases (EC 3.2.1.58 and EC 

3.2.1.39), which cleave it into shorter β-1,3-glucan chains, and exo-β-glucosidases (EC 

3.2.1.21), which further break down the chains into glucose [6]. Although a large number of 

both endo-1,3-β-D-glucosidases and exo-β-glucosidase candidates were also identified in the 

transcriptome [6], only seven of the former and four of the latter could be detected in the 

proteome during the mid-log phase (Figure 5.3). From the glycoside hydrolase (GH) family 

enzymes reported in the transcriptome, none of the GH17 family endo-β-glucosidases were 

detected in the proteome, while one member of the GH64 family and six members of the GH81 

family could be detected. Only two of the seven endo-β-glucosidases had a higher relative 

abundance in E. gracilis ZSB, compared to E. gracilis Z under MT cultivation. Compared to 

the PT cultures, all of the endo-β-glucosidases were either unchanged or down-regulated in the 

HT cultures of E. gracilis Z and all but one were unchanged or down-regulated in the HT 

cultures of E. gracilis var. saccharophila. These results indicated that light exposure during 

log phase of growth increases paramylon conversion to short β-1,3-glucan chains only 

marginally. Several families of exo-β-glucosidase candidates were also predicted from the 

transcriptome [6], but only two proteins belonging to the GH2 family and one belonging to 

GH5 family could be detected in the proteome and these were either down-regulated or 

unchanged in presence of glucose in the medium (HT and MT conditions). The exo-β-

glucosidase member of the GH55 family from the transcriptome could only be detected under 

the HT condition of the E. gracilis Z strain and MT condition of the E. gracilis ZSB strain. 

Similar expression patterns were seen for the exo-β-glucosidases as the endo-β-glucosidases, 

with most of them remaining unchanged across the growth conditions.  
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No phosphorylase activity has been reported in E. gracilis to convert paramylon directly 

to G1P [26]. However, paramylon can first be broken down to short chains by the endo-1,3-β-

D-glucosidases, and the short chains can then be directly phosphorylated by laminaribiose 

phosphorylase (EC 2.4.1.30) to G1P. This enzyme has been purified and characterised from E. 

gracilis [27, 28], but lack of sequence similarity to laminaribiose phosphorylases from other 

organisms in existing databases may suggest that this enzyme belongs to a new family of 

laminaribiose phosphorylases [6]. The candidates for this enzyme had an overall high relative 

abundance across all cultures during mid-log phase, probably indicating that short glucan 

chains in E. gracilis are quickly phosphorylated to G1P, which serves as a precursor to 

numerous other pathways. A specific expression pattern could not be determined for the 

candidate laminaribiose phosphorylases from the current study, with most candidates up-

regulated only in the E. gracilis Z strain under MT cultivation, while none of the candidates 

were differentially expressed in E. gracilis var. saccharophila. 

The results from this study suggest that during paramylon synthesis (mid-log growth 

phase), some glucosidases were still expressed in the cells, but they did not affect the activity 

of the synthase enzymes. Marechal and Goldemberg (1964) demonstrated a similar effect by 

mixing snail gut juice containing β-1,3-glucanases with an extracted fraction of paramylon 

synthase, with no change in the synthase enzyme activity [24]. This could be owing to the 

inability of the glucosidases to thwart the initial binding of UDP-glucose to the membrane 

protein primer in the first step of paramylon synthesis, or the inability to interact with the 

membrane protein primer at all.  

 

5.4 Concluding remarks 

 

 The proteomic data from this study with E. gracilis ZSB, as well as the previous two 

studies of E. gracilis var. saccharophila and E. gracilis Z helped to provide putative functional 
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annotations for enzymes involved in the paramylon biosynthetic and degradation pathways. A 

large pool of proteins has been identified from the transcriptome for these pathways, but this 

study helped to establish those that were translated at the proteomic level. E. gracilis ZSB 

produced the highest amount of paramylon per biomass under both HT (up to 87.5%) and MT 

(67.0%) cultivations, followed by E. gracilis var. saccharophila (up to 83.1% and 77.6% 

respectively), and E. gracilis Z (up to 63.9% and 51.8% respectively). The highest paramylon 

content per l was reached sooner by E. gracilis var. saccharophila (24-30 h) than the other two 

strains (46-54 h). The EgGSL2 enzyme, which was shown to be indispensable for paramylon 

synthesis in earlier gene knockdown studies of E. gracilis Z, was also predominant in the 

proteome of all strains studied here. The EgGSL1 enzyme, on the other hand, was lower in 

abundance in PT and MT cultures, and was not detected at all in HT cultures of any of the 

strains. However, qRT-PCR revealed that transcripts for both EgGSL1 and EgGSL2 were 

present under all cultivation conditions, indicating that the expression of EgGSL1 was 

regulated post-transcriptionally. Moreover, expression of EgGSL1 was not affected by the 

presence of glucose in the medium (MT cultivation) as long as light was present. This indicated 

that EgGSL1 expression may be induced by light, and the protein probably plays a key role in 

cells grown under light cultivation. The expression of some β-glucosidases during mid-log 

phase of growth indicated that the activity of the paramylon synthesis enzymes was not affected 

by β-glucosidases.  
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Investigation of Euglena gracilis var. saccharophila as a producer 

of valuable metabolites during mixotrophic cultivation in a 

laboratory-scale bioreactor   



Chapter 6 

 

Page | 152  

 

6.1 Introduction 

 

 The freshwater microalga Euglena gracilis synthesises several metabolites of interest 

including paramylon, the vitamin antioxidants ascorbate, α-tocopherol and β-carotene and all 

20 of the protein-building amino acids. The β-1,3-glucan paramylon is the primary storage 

carbohydrate of E. gracilis and has several health-enhancing properties [1-8]. The current 

sources of β-1,3-glucan include yeast, cell walls of fungi and plants, and algal supplements [9-

11]. However, under optimal growth conditions paramylon is reported to contribute up to 90% 

of the biomass of E. gracilis [12]. This microalga can also synthesise all of the essential 

vitamins required by the human diet except vitamins B1 and B12 [13]. Among these, ascorbate, 

α-tocopherol and β-carotene are the most promising for industrial production of antioxidants 

in E. gracilis to relieve oxidative stress responsible for several human diseases [14]. Only a 

few other organisms are known to produce such a wide range of water- and fat-soluble vitamins 

concurrently [15]. Additionally, this microalga synthesises all 20 of the protein-building amino 

acids, including eight amino acids that are essential to the human diet [16], and four amino 

acids that are essential for infants and growing children [17]. Free amino acids are very valuable 

as additives in animal feed [1]. Microalgae are also known to be good sources of proteins and 

under optimal growth conditions up to 60% of the biomass of E. gracilis can consist of proteins 

[1]. Scaling-up of E. gracilis Z in laboratory-scale bioreactors to produce paramylon, α-

tocopherol and lipids has been described before [18-20]. However, simultaneous production of 

biomass, paramylon, ascorbate, α-tocopherol, β-carotene, protein and free amino acids, which 

are of specific interest in the current study has not been reported in laboratory-scale bioreactor 

cultures.  

 Laboratory-scale bioreactors are the first step towards increasing the volume of algal 

cultures, which is usually done by a factor of 10 per step with commercial scale bioreactors 

ranging from 1000 to 1 x 109 l as the ultimate step, depending on the purpose of the culture 
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[21]. Increasing the volume of algal cultures is important in that it allows large-scale production 

of biomass, waste-treatment and production of important metabolites to meet consumer 

demands [21]. However, there are many challenges associated with large-scale algal cultures. 

The main problems of growing algal cultures in light conditions are photoinhibition and self-

shading, which result from light-induced damage to the photosystems and from dense cultures 

that do not allow light to penetrate through respectively [21]. The process of growing the 

inoculum to the correct cell density is also a critical factor in successful large-scale bioreactor 

cultivation [21]. Other challenges in large-scale cultures include maintaining the optimum 

temperature and pH, supplying CO2 during the day to overcome the inhibition of RuBisCO by 

high O2 levels from photosynthesis, cost of nutrients and their supply in optimal concentrations, 

negative effect on the culture of producing certain metabolites in large amounts and difficulty 

of recycling culture medium [21]. 

 Before cultivating the algal cells in laboratory-scale bioreactors, testing of the strains 

and relevant cultivation conditions in shake-flasks have to be carried out to determine the best 

producer and conditions for cultivation in a bioreactor. The shake-flask cultures of E. gracilis 

var. saccharophila, E. gracilis Z and E. gracilis ZSB have been described in Chapters 3, 4 and 

5 respectively. The ascorbate, α-tocopherol and free amino acid contents of E. gracilis var. 

saccharophila, and the paramylon content of all three stains have already been described for 

shake-flask cultures in Chapters 3 and 5 respectively. However, the analysis of the ascorbate, 

α-tocopherol and free amino acid contents of E. gracilis Z and E. gracilis ZSB in shake-flask 

cultures were not done in the previous chapters and were thus carried out here. Combined with 

the metabolite analysis from the shake-flask cultivations of E. gracilis var. saccharophila 

(Chapter 3), and the paramylon content analysis from the shake-flask cultivations of all three 

strains (Chapter 5), the results from the shake-flask cultivations in this chapter gave an 

overview of metabolite production capability of all three strains used in this project at shake-

flask level. 
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Based on the results from the shake-flask cultures, the MT cultivation of E. gracilis var. 

saccharophila was chosen for bioreactor cultivation of biomass and metabolite production. 

This strain has the ability to accumulate more paramylon than E. gracilis Z (Chapter 5) and 

produce more antioxidants than the bleached mutant E. gracilis ZSB (Chapter 3 and the current 

chapter respectively). The MT cultivation condition was chosen as the paramylon content in 

PT cultures and antioxidant content in HT cultures were negligible. The aim of this part of the 

project was thus to investigate E. gracilis var. saccharophila as a source of metabolites of 

interest as food supplements.  

The results for this research are reported as a thesis chapter and will be prepared for 

publication in the future when additional bioreactor cultivation studies have been performed to 

further enhance metabolite production in E. gracilis var. saccharophila. 

 

6.2 Materials and methods 

6.2.1 Sample source for shake-flask metabolite analysis 

 

 Metabolite analysis described in this chapter involved samples collected from the E. 

gracilis Z shake-flask cultures described in Chapter 4, and samples collected from the E. 

gracilis ZSB shake-flask cultures described in Chapter 5. These aliquoted samples were used 

to determine ascorbate, α-tocopherol and free amino acids of E. gracilis Z and E. gracilis ZSB 

in this chapter, as mentioned in Section 6.2.3 below. The ascorbate, α-tocopherol and free 

amino acid contents of E. gracilis var. saccharophila at shake-flask level have already been 

described in Chapter 3. 
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6.2.2 Bioreactor cultivation 

 

 The E. gracilis var. saccharophila strain was selected for bioreactor cultivation based 

on its ability to produce more paramylon than E. gracilis Z and more antioxidants than E. 

gracilis ZSB at the shake-flask level under MT cultivation. Batch culture was performed in 

GNY medium (Chapter 2, Section 2.3.1) at 23°C, with an initial pH of 3.5, in a 3 l New 

Brunswick BioFlo/CelliGen 115 bioreactor (working volume 2 l). The bioreactor apparatus 

was set up as shown in Figure 6.1. The pH was not maintained as constant but it was monitored 

throughout the cultivation. Two Rushton impellers were used for agitation, and non-silicone 

antifoam 204 (Sigma) was added as required to prevent foaming. The dissolved oxygen (DO) 

was set at above 30% by controlling agitation at 150-250 rpm and air flow rate at 0.2-0.8 vvm. 

A photoperiod of 14 h light/10 h darkness was maintained with white light illumination (2000 

lx). A starved light-adapted inoculum (as described above) was used to a final concentration of 

1 x 106 cell ml-1 of culture to achieve the same initial cell concentration used in the shake-flask 

cultivations. Biomass, paramylon content and unused glucose in the medium were determined 

at 0, 6, 12, 18, 24, 36, 48, 72, 96, 120 and 144 h after inoculation, while ascorbate, α-tocopherol 

and β-carotene content were determined at 0, 12, 24, 48, 72, 96, 120 and 144 h. Protein content 

was determined at only 24, 48 and 96 h and free amino acid content was determined at only 48 

h. The experiment was repeated twice with the same strain and metabolite measurements. 
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6.2.4 Light microscopy 

 

 Light microscopy was used to observe cells of E. gracilis var. saccharophila at mid-

log and stationary phases from the MT bioreactor cultures, and all three strains at mid-log and 

stationary phases from the MT shake-flask cultures (Supplementary Figure S6.1). Ten μl of a 

diluted and homogenised cell suspension was pipetted onto a slide and covered with a 

coverslip. An Olympus BX 53 bright-field compound microscope with DP26 digital camera 

was used to take images of the cells. The width of the cells was measured using the imaging 

software CellSen (V 1.14). 

 

6.2.5 Productivity calculation  

 

 For the cultivation in the bioreactor, where mentioned, productivity was calculated 

using the following equation: 

𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑁 − 𝑁0

𝑇
 

where N is the final concentration of DM or metabolite, N0 is the initial concentration of DM 

or metabolite, and T is the duration in hours. The concentration of DM and paramylon was 

calculated in g l-1, while those of protein and antioxidants were calculated in mg l-1 and μg l-1 

respectively. 

 

6.3 Results and discussion 

6.3.1 Metabolites from shake-flask cultivations 

 

 The dry mass of shake-flask cultures of E. gracilis var. saccharophila, E. gracilis Z and 

E. gracilis ZSB has been discussed in Chapters 3, 4 and 5 respectively, and the paramylon and 
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unused glucose in the medium have been discussed in Chapter 5 (Figure 5.2 and Supplementary 

Figure S5.1 respectively). The amounts of ascorbate, α-tocopherol and free amino acids of PT, 

MT and HT shake-flask cultures of E. gracilis var. saccharophila have also been described in 

Chapter 3. The aim of this section was to describe the production of ascorbate, α-tocopherol 

and free amino acids in shake-flask cultures of E. gracilis Z and E. gracilis ZSB, which have 

not been discussed in the previous chapters, and compare them to the same metabolites 

produced by E. gracilis var. saccharophila, which is reported in Chapter 3. 

The amounts of ascorbate and α-tocopherol in shake-flask cultures of E. gracilis Z and 

E. gracilis ZSB are shown in Figure 6.2. The highest amount of antioxidants per DM was found 

in E. gracilis Z under PT cultivation. However, since the DM of PT cultivated E. gracilis Z 

cells was quite low (Chapter 4, Figure 1), the antioxidant concentration produced per l of 

culture was lower than that in MT cultures, which yielded a much higher biomass. 

Comparatively, very low amounts of antioxidants were produced during HT cultivation. The 

ascorbate and α-tocopherol contents of E. gracilis Z under MT cultivation were up to 2.71 and 

2.16 mg g-1 DM respectively, and were much higher than that of E. gracilis var. saccharophila 

(0.97 and 1.4 mg g-1 respectively, Chapter 3 Sections 3.4 and 3.5). On the other hand, the 

ascorbate and α-tocopherol concentrations of the bleached mutant E. gracilis ZSB under MT 

cultivation were only 0.61 and 1.01 mg g-1 DM respectively. Thus, in terms of antioxidant 

content, E. gracilis Z under MT cultivation performed the best among the three strains at shake-

flask level. 

The free amino acid contents of E. gracilis Z and ZSB during shake-flask cultivation 

are shown in Table 6.1. In terms of the concentration of total free amino acids, these were very 

similar to shake-flask cultures of E. gracilis var. saccharophila (Chapter 3, Table 3), with the 

latter producing marginally more free amino acids at mid-log phase than the other two strains. 

However, of the eight essential amino acids required in the human diet, E. gracilis var. 

saccharophila had the highest amount of tryptophan, valine, isoleucine and leucine. Of the 
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additional four essential amino acids required by infants and growing children, this strain had 

the highest amount of cysteine and arginine. The tryptophan contents of E. gracilis Z and ZSB 

were still increasing at 48 h and 72 h respectively, whereas the tryptophan content of E. gracilis 

var. saccharophila already began to decline by 48 h (Chapter 3, Table 3). This could have 

partly influenced the faster paramylon accumulation of E. gracilis var. sacchrophila, as one of 

the many products of tryptophan metabolism is indoleacetate (IA), which enhances growth and 

paramylon accumulation [22]. 
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Amino 

Acid 

 Z (mg g-1 DM)   ZSB (mg g-1 DM) 

 PT  MT  HT   MT  HT 

 48h 72h  24h 48h  24h 48h   36h 72h  36h 72h 

Trp  0.18a 0.18a  0.25a 0.37a  0.28 0.47a   0.51a 0.58a  0.54 0.60 

Phe  0.44a 0.18  1.23b 0.73a  1.38b 0.43a   0.87a 1.26  0.89a 1.15 

Tyr  0.27 0.94a  0.13a 0.93a  0.10a 0.09   0.28a 0.20  0.24 0.26 

Gly  0.26a 0.25  0.21a 0.24a  0.20a 0.19   0.18 0.17  0.21a 0.20 

Ser  0.59a 0.56a  0.29a 0.19a  0.09a 0.06a   0.17 0.19  0.09 0.09 

Thr  0.56a 0.46  0.37a 0.16a  0.32a 0.05   0.18 0.18  0.18 0.14 

Val  0.24a 0.16a  0.43a 0.22a  0.41a 0.11   0.48a 0.29a  0.47a 0.18 

Ile  0.19a 0.22a  0.16 0.34a  0.13 0.38a   0.18a 0.33a  0.18 0.31a 

Leu  0.18a 0.12a  0.35a 0.09a  0.38a 0.05   0.29a 0.07  0.29a 0.04 

Met  0.54a 0.11a  0.09 0.04  0.06 0.03   0.05 0.04  0.04 0.03 

Cys  0.73a 0.83a  0.54a 0.72a  0.60a 0.65a   0.70a 0.94a  0.75a 0.83 

Asp  2.81b 2.79b  2.39b 5.62b  2.28b 4.77b   2.21a 3.20  2.20 3.20a 

Asn  7.77b 2.52b  10.10b 0.62b  9.49b 1.91a   9.53a 3.04a  8.89b 3.29a 

Glu  0.86a 0.84a  0.82a 0.85a  0.80a 0.79a   0.88a 0.86a  1.15 1.13 

Gln  2.93a 0.69a  2.52a 0.95b  1.43a 0.53a   2.17a 1.28a  1.37a 1.28a 

Ala  0.32a 0.39a  1.09a 2.67b  0.75a 0.92a   2.39a 5.53b  2.30 4.36a 

Arg  18.40b 14.07b  14.88b 13.11b  15.65c 14.90b   16.29b 15.49b  16.18a 16.02 

Pro  0.21a 0.17  0.19 0.19a  0.24a 0.24   0.20 0.18  0.26 0.36a 

Lys  1.77a 2.21a  2.17b 0.63a  4.97b 1.08a   0.77a 0.75a  0.94a 0.93 

His  5.21a 3.07b  4.05b 2.96b  3.78b 2.41b   3.69a 1.56a  3.15a 1.27a 

Total  44.46 30.77  42.27 31.63  43.33 30.06   42.00 36.14  40.30 35.65 
a SD < ± 0.0985. b SD < ± 0.996. c SD = ± 1.14. All other SD < ± 0.00986. 

Table 6.1: Concentration of free 

amino acids (mg g-1 of DM) in 

shake-flask cultures of Euglena 

gracilis Z and ZSB, during the 

mid-log and beginning of the 

stationary phases. The mid-log 

phases were at 48 h for PT 

cultures and 24 h for MT and HT 

cultures of E. gracilis Z, and at 36 

h for MT and HT cultures of E. 

gracilis ZSB. The beginning of 

the stationary phases were at 72 h 

for PT and HT cultures and 48 h 

for MT cultures of E. gracilis Z, 

and at 72 h for MT and HT 

cultures of E. gracilis ZSB.
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6.3.2 Bioreactor cultivation of E. gracilis var. saccharophila  

 

The aim of this section was to select the most suitable strain and growth condition for 

simultaneous production of biomass, paramylon, ascorbate, α-tocopherol and free amino acids 

from shake-flask cultivations. A summary of the performance of all strains at the shake-flask 

level is shown in Table 6.2, in respect to biomass, metabolite production, duration to reach 

highest dry mass, and duration to take up 90% of the glucose from the medium (applicable for 

MT and HT cultivations only).  

Although E. gracilis Z produced the highest concentration of antioxidants among the 

strains (Figure 6.2) and E. gracilis ZSB produced the highest amount of paramylon among the 

strains (Chapter 5, Figure 5.2 c) at shake-flask level, the paramylon content of E. gracilis Z 

was the lowest among the strains (Chapter 5, Figure 5.2 b) and the antioxidant contents of E. 

gracilis ZSB were very low (Figure 6.2). Based on the results from the shake-flask cultures, E. 

gracilis var. saccharophila was thus selected for laboratory-scale bioreactor cultivation, as it 

produced high amounts of paramylon during both MT and HT cultivations (Chapter 5, Figure 

5.2 a) and relatively high amounts of antioxidants during PT and MT cultivations (Chapter 3, 

Figures 3 and 4). This was also the fastest growing strain (Chapter 3, Figure 1) and could take 

up glucose from the medium more rapidly than the other two strains (Chapter 5, Supplementary 

Figure S5.1). The bioreactor cultivation was done under MT cultivation to offset the low 

antioxidant contents of HT cultures cells and the low DM and paramylon content of PT cells. 

Bioreactor cultivation of this E. gracilis strain has not been reported in the literature before. 

The selected strain and cultivation condition was then grown in a laboratory-scale bioreactor 

to further assess its performance as a producer of biomass and metabolites. In addition, the 

duration of culture for optimum production of biomass and each metabolite was also 

determined. 
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Table 6.2: Ranking of the strains at the shake-flask level grown under the different growth conditions in terms of dry mass, metabolite production, fastest 

growth rate and fastest uptake of glucose (applicable for MT and HT conditions only). The numbers in bold represent the rankings from 1 to 8, while the 

numbers in brackets represent the actual amount of dry mass, metabolite, duration to maximum growth and duration to take up 90% of the glucose from 

the medium, and the red number indicates the best candidate. The average score indicates that E. gracilis var. saccharophila MT and HT cultivations rank 

the best overall. The MT cultivation was chosen as negligible antioxidants were produced during HT cultivation. 

  E. gracilis var. saccharophila  E. gracilis Z  E. gracilis ZSB 

  PT  MT  HT  PT  MT  HT  MT  HT 

Dry mass (g l-1) 
 8 

(2.38±0.29) 

 6 

(9.42±0.29) 

 2 

(12.91±0.19) 

 7 

(3.53±0.26) 

 5 

(10.38±0.65) 

 3 

(11.86±0.69) 

 4 

(11.38±0.17) 

 1 

(14.39±0.43) 

Metabolite:                 

Paramylon (mg g-1) 
 8 

(13.86±0.52) 

 3 

(77.65±1.96) 

 2 

(83.10±3.22) 

 7 

(16.96±1.12) 

 6 

(51.77±2.07) 

 5 

(63.89±2.39) 

 4 

(66.98±3.47) 

 1 

(87.49±10.36) 

Ascorbate (mg g-1) 
 2 

(4.13±0.59) 

 4 

(0.97±0.04) 

 8 

(0.50±0.09) 

 1 

(4.92±0.22) 

 3 

(2.71±0.16) 

 7 

(0.58±0.03) 

 6 

(0.61±0.01) 

 5 

(0.65±0.02) 

α-Tocopherol (mg g-1) 
 2 

(2.52±0.22) 

 4 

(1.59±0.09) 

 8 

(0.64±0.01) 

 1 

(3.09±0.22) 

 3 

(2.16±0.07) 

 7 

(1.03±0.07) 

 5 

(1.29±0.33) 

 6 

(1.13±0.02) 

Overall free amino acids 

(mg g-1) 

 1 

(45.64±1.23) 

 4 

(43.44±0.49) 

 2 

(44.72±3.88) 

 3 

(44.46±1.06) 

 6 

(42.27±2.57) 

 5 

(43.33±2.88) 

 7 

(42.00±0.48) 

 8 

(40.30±0.26) 

Shortest duration to reach 

highest dry mass (h) 

 3 

(96) 

 1 

(48) 

 1 

(48) 

 3 

(96) 

 1 

(48) 

 2 

(72) 

 2 

(72) 

 2 

(72) 

Shortest duration to 

uptake 90% of the glucose 

from the medium (h) 

 

NA 

 
2 

(48 to 72) 

 
1 

(48) 

 

NA 

 
5 

(96) 

 
5 

(96) 

 
4 

(72 and 96) 

 
3 

(72) 

Average Ranking Score  4.00  3.43  3.43  3.67  4.14  4.86  4.57  3.71 
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6.3.2.1 Growth and paramylon production  

 

The growth curve, paramylon content, unused glucose in the medium and pH of culture 

for the MT cultivation of E. gracilis var. saccharophila in a bioreactor are shown in Figure 6.3. 

The DM at 48 h (12.06 g l-1) was higher than the DM of the corresponding MT cultures of all 

strains in shake-flasks. Although HT cultivations are deemed to be optimal for biomass 

accumulation, the DM obtained here was comparable to some HT batch cultivations reported 

in the literature (about 13 g l-1) [18-19], but lower than other HT fed-batch cultivations and MT 

batch cultivations of E. gracilis Z supplemented with corn steep liquor and additional CO2 [19-

20].  

The dry mass productivity calculated for the first 48 h was 0.22 g l-1 h-1, but reduced 

beyond 48 h, as the stationary phase was not maintained by replenishing the medium with 

nutrients. The dry mass productivity may have been influenced by the concentration of glucose, 

temperature, light intensity and sparging. The concentration of glucose and temperature were 

selected based on experiments carried out at the shake flask level, which showed 15 g l-1 and 

23°C to be the optimum for rapid growth (data not shown). The effect of light intensity on the 

culture was not determined for this study. The light intensity parameter was instead based on 

values obtained from the literature which showed optimum growth and antioxidant 

accumulation at 2000 lux [23-26]. Rapid multiplication of cells as seen here can also result in 

self-shading where light is prevented from penetrating through the bioreactor by the high cell 

density. This can lead to reduction of productivity during photosynthesis, even though the 

baffles move the cells around the bioreactor to ensure they receive some light. Sparging was 

carried out with air rather than plain carbon dioxide or a mixture of air and carbon dioxide. 

This may have affected the dry mass productivity as carbon dioxide may have been the limiting 

factor of photosynthesis for the MT cells. 
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Glucose was consumed from the medium rapidly (Figure 6.3), and almost completely 

diminished within 48 h (about 88% consumed). In fed-batch cultures, it is possible to supply 

glucose to the medium for continued biomass and paramylon accumulation, and such a strategy 

has shown to enhance biomass accumulations to 48 g l-1 for E. gracilis Z [19]. In the batch 

cultivation carried out here, biomass could not be maintained at its highest beyond 48 h. A 

decrease in the pH of the medium from 3.5 to about 2 was observed in the exponential phase 

(during paramylon accumulation), after which it rose to above 6 in the stationary phase (during 

paramylon degradation) as shown in Figure 6.3. The rapid uptake of glucose from the medium 

and drop in pH observed in the first 36 h combined with the rapid increase in biomass and 

paramylon levels indicate that the MT culture was behaving like a HT culture during the first 

36 h of cultivation when there was abundant glucose present in the medium. Beyond 36 h, as 

the glucose was depleted the MT culture behaved more like a PT culture, breaking down the 

paramylon to provide energy for chloroplast development and photosynthesis. The breakdown 

of paramylon also resulted in the cells shrinking in size (Figure 6.4). The biomass appeared to 

decline although this could be because the new cells that were generated were just smaller in 

size. Development of the chloroplast and initiation of photosynthesis also resulted in the 

generation of higher amounts of reactive oxygen species (ROS) and production of antioxidants 

as described below in Section 6.3.2.2.  

 

6.3.2.2 Vitamin antioxidant concentrations  

 

 The ascorbate, α-tocopherol and β-carotene contents of E. gracilis var. saccharophila 

in the bioreactor cultivation are shown in Figure 6.5. Among the antioxidant vitamins in E. 

gracilis var. saccharophila, ascorbate concentration was the highest, followed by β-carotene, 

and α-tocopherol. 
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6.3.2.2.1 Ascorbate 

 

 Although higher ascorbate concentration was obtained in the bioreactor cultivation than 

in the shake-flask cultivation under MT condition, the amount of ascorbate per g of DM was 

still lower than that of shake-flask PT cultures of E. gracilis Z (Figure 6.2) and E. gracilis var. 

saccharophila (Chapter 3, Figure 3). The ascorbate concentration increased at 46.2 μg l-1 h-1 as 

the glucose in the medium was depleted and the cells began to rely more on photosynthesis, 

which in turn led to the production of more reactive oxygen species (ROS). There is no direct 

link known to exist between photosynthesis and chloroplast development, and the regulation 

of ascorbate biosynthesis in E. gracilis [13]. However, the production of ROS during 

photosynthesis may be the reason for the enhanced synthesis of ascorbate during the stationary 

phase. Beyond 72 h, the ascorbate productivity declined as the DM started to decrease 

significantly. The amount of ascorbate in E. gracilis produced here is much lower than that 

found in commercial food sources such as fruits, fruit juices and spinach [29-32], but higher 

than edible seaweeds [33-34]. 

 

6.3.2.2.2 Alpha-tocopherol 

 

 The α-tocopherol concentration of E. gracilis var. saccharophila in the bioreactor 

cultivation was higher than that in the shake-flask MT cultures and comparable to that in the 

shake-flask PT cultures (Chapter 3, Figure 4). However, the concentration was lower than that 

of shake-flask PT cultures of E. gracilis Z (Figure 6.2). The amount of α-tocopherol continued 

to increase throughout the 144 h of cultivation. This was not as high as the α-tocopherol per g 

of DM reported in the literature for E. gracilis Z and bleached mutants of E. gracilis grown 

under PT and MT conditions [1, 27, 35-36], but was higher per l of culture as the biomass per 

l acquired in this study for MT cultivation was higher. Moreover, the α-tocopherol 
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6.3.2.2.3 Beta-carotene 

 

 The β-carotene concentration was not measured from the shake-flask cultures but was 

measured during the bioreactor cultivation (Figure 6.5). Beta-carotene takes part in 

photosynthesis by binding peptides to form pigment-protein complexes in chloroplasts [13]. 

This may explain why the β-carotene content declined during the first hours of cultivation as 

the cells consumed glucose and accumulated paramylon but had not developed many mature 

chloroplasts yet (Figures 6.3 and 6.4). Beta-carotene is reported to be the predominant 

provitamin A compound under MT cultivation of E. gracilis Z [38]. A wide range of β-carotene 

concentrations have been reported with up to 0.706 mg g-1 for E. gracilis Z under MT 

cultivation [38], 2.90 mg g-1 for E. gracilis var. bacillaris under MT cultivation with ethanol 

supplementation [39], and 3.24 mg g-1 for E. gracilis Z in a two-step batch culture involving 

MT followed by PT cultivation [15]. Although the content reported here (up to 2.67 mg g-1) is 

not the highest, it is comparable to these reports. 

 

6.3.2.3 Protein and free amino acid contents  

 

 The protein content was measured only at 24, 48 and 96 h as shown in Table 6.3. As 

the cellular paramylon content decreased (Figure 6.3), the protein content increased from 8.05 

to 59.33%. Microalgae are considered high-protein food supplements, but the paramylon 

content of E. gracilis var. saccharophila was so high during mid-log and at the beginning of 

the stationary phases that the concentration of proteins was rendered low as a direct 

consequence, reaching only about 0.59 g g-1 of DM by the end of 96 h. However, by 96 h the 

paramylon content was only about 0.18 g g-1 of DM (Figure 6.3). 
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Table 6.3: Total protein content of E. gracilis var. saccharophila cultivated under MT 

condition in a bioreactor. 

Hour Protein (g l-1) Protein (g g-1 DM) 

24 0.803 0.081 

48 3.542 0.294 

96 6.381 0.593 

 

 

The free amino acid content of the E. gracilis var. saccharophila bioreactor culture at 

48 h (time point of highest DM) are shown in Table 6.4, along with those reported in the 

literature for a spontaneously bleached mutant of E. gracilis Z, beef, soybean, and the 

commercially available microalga Spirulina [1, 40-42]. Of the eight essential amino acids in 

the human diet, only tryptophan, phenylalanine and lysine amounts were higher in E. gracilis 

var. saccharophila than in the other commercial sources. However, the amounts of all the 

essential amino acids were lower than those reported in the literature for the spontaneously 

bleached mutant of E. gracilis Z [1]. Of the four additional amino acids required by infants and 

growing children, the amounts of all except tyrosine were higher in E. gracilis var. 

saccharophila in this study than the commercial sources reported in the literature [40-42], with 

a two-fold higher arginine content to that reported for the spontaneously bleached mutant of E. 

gracilis Z [1]. Although the concentrations of free amino acids in the current study are not as 

high as those obtained from enhanced strains of bacteria [43-47], all 20 of the protein-building 

amino acids can be obtained from this microalga, rendering it a single source of multiple amino 

acids. Adding ethanol to the medium to further improve the yield of free amino acids essential 

to both adults and children [1] was not tried in the current study. 
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Table 6.4: Free amino acid content (mg g-1 of DM) of E. gracilis var. saccharophila (current 

study) at 48 h, compared to some sources reported in the literature. The amino acids in bold 

indicate free amino acids that are essential to adults and children. 

 Free amino acids (mg g-1 of DM) 

Amino 

Acid 

E. gracilis var. 

saccharophila 

(current study) 

E. gracilis Z* 

[1] 

beef ** 

[40] 

soybean  

[41] 

Spirulina 

platensis  

[42] 

Trp 0.32a 0.70a 0.07 NR ND 

Phe 1.04a 1.20b 0.35 0.05a 0.53a 

Tyr 0.28 23.00c 0.24 0.03a 1.50b 

Gly 0.22 2.20b 0.46a 0.06a 0.07a 

Ser 0.35a 0.50b 0.37a 0.22a 0.24b 

Thr 0.34a 3.00c 0.39a ND 0.58a 

Val 0.43 3.60c 0.28 ND 0.70a 

Iso 0.15a 1.10b 0.24 ND 0.79a 

Leu 0.29 0.80b 0.40a 0.02a 0.66a 

Met 0.07 NR 0.18 ND ND 

Cys 1.30a 9.10a 0.36a NR ND 

Asp 6.39b 1.00b 0.07 0.16a 3.30b 

Asn 3.30b 6.00c 0.21 NR NR 

Glu 1.08a 6.00c 0.80a 0.19a 1.90b 

Gln 1.62a 3.00c 5.07b NR NR 

Ala 2.61a 45.00c 1.25a 0.09a 0.33a 

Arg 18.03a 9.00b 0.17 0.12a 1.00b 

Pro 0.24 4.00b 0.54a ND 2.40b 

Lys 1.20 1.70b 0.35a ND 0.69b 

His 3.37a 6.40c 0.34a 0.05a ND 

*spontaneously bleached mutant [1]  

** beef loin cut, which had the highest free amino acid content among beef cuts studied [40] 
aSD < ± 0.09; bSD < ± 0.8; cSD < ± 11; All other SD < ± 0.009  
ND = not detected; NR = not reported 
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6.4 Concluding remarks  

 

 E. gracilis var. saccharophila was chosen for cultivation in a laboratory-scale 

bioreactor from the strains tested for metabolite production at the shake-flask level. MT 

cultivation condition was selected as HT cultivations showed very low accumulation of 

antioxidants at the shake-flask level, while PT cultivations did not acquire enough biomass and 

paramylon. In having both characteristics of HT and PT cultures, the MT cultures were able to 

support the production of large amounts of paramylon, and concurrently accumulate 

antioxidants by producing ROS via photosynthesis. Although E. gracilis var. saccharophila 

did not produce the highest of any of the metabolites studied compared to the literature, it still 

showed great promise as a simultaneous producer of several compounds, when cultivated under 

MT condition, and may provide an alternative means of producing metabolites of importance 

as nutraceuticals and animal feed. 
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7.1 Summary of the work 

 

 The work described here is the first attempt to use comprehensive proteomic profiling 

in Euglena gracilis to analyse central carbon metabolic pathways, and the biosynthetic 

pathways of the metabolites paramylon, ascorbate, α-tocopherol, free amino acids. Focus was 

placed on the effect of growth conditions (photoautotrophic, PT, mixotrophic, MT, and 

heterotrophic, HT, conditions) on these pathways. Bioreactor cultivation and production of 

metabolites in the lesser known sugar-loving strain E. gracilis var. saccharophila, which has 

not been reported before for this strain is also described. This study thus contributes to the 

existing knowledge of metabolic pathways deduced from the transcriptome and purified 

enzymes of E. gracilis, and helps to establish the enzymes that are actually expressed in the 

proteome from the large pool of isoenzymes found in the transcriptome. 

 Chapter 3 describes the proteomic response to different growth conditions (PT, MT 

and HT) on the ascorbate, α-tocopherol and free amino acid pathways in E. gracilis var. 

saccharophila. This strain showed a preference for growth under HT cultivation, during which 

it rapidly accumulated biomass. However, the highest amount of the vitamin antioxidants 

produced in this strain was during PT cultivation per biomass and during MT cultivation per 

volume of culture. All 20 of the protein-building amino acids could be detected in this strain, 

with very high yields of arginine, an essential amino acid for infants and growing children. A 

2.5-fold higher cysteine content was detected under the MT cultivation condition, which may 

have been related to the slower chloroplast development in this strain of E. gracilis. 

 From the proteomic profiling, 3843 non-redundant proteins were identified across all 

three growth conditions, with significantly less proteins expressed under HT cultivation, 

compared to PT and MT cultivations. However, the number of expressed proteins was about 

nine times lower than the number of proteins predicted from the transcriptome [1], and further 

confirmed that E. gracilis actively synthesises mRNA and mainly controls protein expression 
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at the post-transcriptional level. A large pool of isozymes was reported in the transcriptome for 

most of the enzyme classes, but only a few of these isozymes were detected in the proteome. 

For example, only two of the six isozymes of ribose-phosphate diphosphokinase from histidine 

biosynthesis were expressed in the proteome. Putative functional annotations were also 

provided for many enzymes that were not reported previously in E. gracilis. Only the 

galacturonate/L-galactonate pathway [2] for ascorbate biosynthesis was dominant in the 

proteome and was highly up-regulated under PT cultivation, owing to the increased oxidative 

stress from photosynthesis. The tocopherol cyclase and tocopherol O-methyltransferase 

enzymes from the α-tocopherol biosynthetic pathway, on the other hand, were absent in the 

proteome and may suggest an alternate pathway in this strain. Most of the biosynthetic 

pathways matched well with the free amino acid contents, except a few amino acids like 

glutamate, aspartate and lysine, which have multiple catabolic fates that need to be investigated 

to truly understand the discrepancies. Amino acid metabolic pathways were similar to a diverse 

range of eukaryotes such as plants and fungi, with some pathways unique to Euglena. Like 

higher plants, differential expression was detected for serine biosynthesis, with the glycine 

decarboxylase-serine hydroxymethyltransferase system dominant under PT and MT 

cultivations, and the conversion of glycerate-3P from glycolysis dominant under HT 

cultivation. On the other hand, the lysine biosynthetic pathway was similar to higher fungi [3].  

Chapter 4 gives an overview of central carbon metabolism in E. gracilis Z using label-

free shotgun proteomics under PT, MT and HT growth conditions, and compares the results 

with those obtained for E. gracilis var. saccharophila in Chapter 3. The total number of non-

redundant proteins detected for E. gracilis Z (3673) was similar to that of E. gracilis var. 

saccharophila under the same growth conditions. The expression patterns of the central carbon 

metabolic pathways of the two strains also showed similarity. Among the growth conditions, 

differential expression of proteins was detected between isozymes of several proteins. For 

instance, an isozyme of pyruvate kinase was expressed under PT condition of both strains only 
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(may be plastidic), while an isozyme of triosephosphate isomerase was expressed under MT 

and HT conditions of E. gracilis Z only.  

A high-specificity glucokinase was detected, which may conduct the first step of the 

EMP pathway, instead of hexokinase. Use of high-specificity kinases by E. gracilis has only 

been reported in one other study by Lucchini (1971) [4]. Like other microalgae, the EMP 

pathway appeared to be dominant for glucose metabolism under PT cultivation, while the 

oxidative pentose phosphate pathway appeared dominant under MT and HT cultivations [5]. 

An alternative tricarboxylic acid (TCA) cycle has been reported in E. gracilis using 2-

oxoglutarate decarboxylase enzyme [6]. Another alternative route was detected in this study 

via a 4-aminobutyrate (GABA) shunt, which is common in bacteroids [7]. Based on the relative 

abundance of 2-oxoglutarate decarboxylase enzyme and the GABA shunt, the former route was 

likely to be predominant. Even though the Calvin pathway is meant to be inactive under HT 

cultivation, enzymes of the pathway such as RuBisCO were still detected suggesting post-

translational regulation at the level of protein complex formation. Heterotrophic CO2 fixation 

occurred under HT cultivation, even when glucose was present in the medium. The mechanism 

of heterotrophic CO2 fixation in E. gracilis is reported to be unclear [8-11], and from the 

proteomic study appeared to be similar to the initial steps of Crassulacean acid metabolism 

(CAM) and C4 carbon fixation in higher plants [12].  

Chapter 5 further investigates the proteomic profiles of E. gracilis Z and E. gracilis 

var. saccharophila from Chapters 3 and 4, as well as the proteomic profile of a streptomycin-

bleached mutant E. gracilis ZSB in order to determine the effect of PT, MT and HT cultivation 

on the paramylon biosynthesis and degradation pathways. Four candidates of paramylon 

synthase belonging to the GT48 family have been reported in the transcriptome of E. gracilis 

var. saccharophila [1], and two candidates reported in E. gracilis Z [13]. Gene knockdown 

analysis in E. gracilis Z revealed that one of the two candidate enzymes (EgGSL2) was 

indispensable for paramylon synthesis [14]. Our proteomic results also showed that only two 
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of the four E. gracilis var. saccharophila candidate enzymes was expressed in the proteome, 

and confirmed that EgGSL2 had a much higher relative abundance than the other candidate 

enzyme (EgGSL1), across all cultivation conditions and strains. Furthermore, EgGSL1 was not 

detected in any of the three strains under HT cultivation, while it was detected under PT and 

MT cultivations of all strains respectively. However, both EgGSL1 and EgGSL2 transcripts 

were detected by qRT-PCR. The results suggested that the expression of EgGSL1 may be light-

induced, and regulated post-transcriptionally. Presence of glucosidases during paramylon 

synthesis at mid-log phase indicated that the activity of the synthase enzymes was not affected 

by glucosidases. This is similar to a study by Marechal and Goldemberg (1964), where snail 

gut juice, containing carbohydrases, had no effect on paramylon synthesis [15]. 

Chapter 6 describes the ascorbate, α-tocopherol and free amino acid contents of E. 

gracilis Z and ZSB in shake-flask cultures, which were not described in the previous chapters. 

This chapter also describes the cultivation of E. gracilis var. saccharophila under MT 

cultivation, in a laboratory-scale bioreactor, for production of optimum amounts of the dietary 

supplements paramylon, vitamin antioxidants, proteins and free amino acids. The strain and 

cultivation condition were chosen for bioreactor cultivation based on the ability of E. gracilis 

var. saccharophila to produce more paramylon than E. gracilis Z (Chapter 5) and more 

antioxidants than E. gracilis ZSB under MT cultivation. Bioreactor cultivation of E. gracilis 

var. saccharophila resulted in a higher biomass accumulation comparable to HT cultivations 

at the shake-flask level, with high productivities of paramylon and the vitamin antioxidants 

ascorbate, α-tocopherol and β-carotene. Although a high amount of free amino acids was 

produced, the protein content was quite low during high paramylon productivity. The 

concentration of some of the metabolites achieved during the bioreactor cultivation of E. 

gracilis var. saccharophila was not as high as most of the commercially available sources of 

these metabolites. However, E. gracilis var. saccharophila is still an attractive candidate for 
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metabolite production as it simultaneously synthesises all of these metabolites, as well as other 

metabolites of interest. 

In summary, the use of label-free shotgun proteomics in this work unveiled several 

metabolic differences between growth conditions and proves the high throughput ability of this 

method to identify a very large number of differentially expressed proteins concurrently. When 

compared to the sheer number of proteins predicted in the transcriptome, the proteomic 

profiling led to the detection of only a fraction of these proteins. Since E. gracilis is known for 

not controlling the expression of most of its proteins at the transcriptional level, proteomic 

profiling proved to be a powerful tool that enabled identification of only those enzymes that 

were translated at the proteomic level. Moreover, by using quantitative analysis of the 

proteomic profiles under different growth conditions, differentially expressed proteins could 

be identified in this study. The work presented here can thus serve as a first step into the high 

throughput analysis of E. gracilis proteomics to truly understand the metabolic capability of 

this organism and to reengineer its strains. 

 

7.2 Future directions 

 

 The current work is the first comprehensive proteomic-based study of Euglena gracilis 

to describe the biosynthetic and degradation pathways of paramylon, and the biosynthetic 

pathways of ascorbate, α-tocopherol and free amino acids. This study thus represents a start for 

further research to detect and understand novel enzymes and pathways in E. gracilis, and 

genetically improve it as a source of nutraceuticals. The work described here has provided 

preliminary insight into proteins involved in metabolite production in E. gracilis. However, 

further investigations are required to fully understand the functions of these proteins and 

identify other proteins to optimise E. gracilis as an industrial production host. 

Production of the metabolites reported for E. gracilis var. saccharophila in Chapter 6 
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can further be enhanced through medium composition optimisation and strain improvement, as 

little is known about this strain and its capabilities. The effect of other supplements that can be 

added to medium for this enhancement, such as glutamate and ethanol also needs to be 

investigated in the future as these supplements have been shown to increase metabolite 

production in other strains [16-17]. Metabolomic profiling of E. gracilis var. saccharophila 

can be used to truly assess its ability as a producer of supplements. 

Mapping of the proteins against the genome is necessary to decipher the genes coding 

for the proteins of interest. The complete annotated genomic sequence of E. gracilis has not 

been published yet, although the description of strategies for a draft genome assembly with 

some initial features of the genome has just been made available [18]. Identification of the 

corresponding genes encoding proteins of interest is valuable for creating gene knockouts and 

metabolic engineering of strains, as well as overexpressing proteins of interest. The information 

from this mapping can also give access to gene promoters that can be used for inducing 

expression of genes of interest. For instance, in the current study, more antioxidants were 

produced during the stationary phase of growth, while more paramylon was produced during 

the exponential phase of growth. Genetically enhanced strains with condition-specific 

promoters may be built to produce both antioxidants and paramylon in large quantities 

simultaneously. Currently, genetic manipulation of E. gracilis is limited by the lack of 

molecular tools, which are under development. For example, chloroplast transformation has 

been described for E. gracilis [19, 20], whereas nuclear transformation would be required for 

enhancing the production of metabolites and engineering entire pathways. In the future, genetic 

engineering of E. gracilis may lead to an increase in biomass production and increased yield 

of metabolites of interest. For instance, genetic engineering of the rate-limiting reaction in the 

α-tocopherol biosynthesis pathway in the cyanobacterium Synechocystis sp. led to a five-fold 

increase in α-tocopherol content [21]. Higher yields of α-tocopherol may also be achieved in 
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E. gracilis in the future by reengineering the rate-limiting reaction for α-tocopherol 

biosynthesis. 

Purification and characterisation of proteins from the current study is crucial to further 

understanding their roles and optimum functional conditions. These can then be used to choose 

the ideal isozyme for a given growth condition, or a combination of isozymes that can enhance 

the production of metabolites. For instance, the EMP pathway enzyme hexokinase was missing 

from the proteomic study indicating the use of a high-specificity glucokinase instead. Other 

high-specificity kinases may be present in E. gracilis to phosphorylate other organic carbon 

sources, which need to be identified to explore the mechanism behind the ability of E. gracilis 

to use such a wide variety of carbon sources [17]. Another example is the paramylon synthase 

candidate EgGSL1, which was not expressed under dark conditions in this study, although 

EgGSL1 transcripts were present. This enzyme can be further investigated by determining the 

amount of EgGSL1 mRNA associated with polysomes under dark and light cultivations. Light 

exposure is known to increase the number of polysomes in E. gracilis, probably by altering the 

efficiency with which individual mRNAs are translated [22]. This method has previously been 

used to deduce regulation of translation of the pLHCPII protein by photoinduction [22], and 

can be used for the EgGSL1 protein as well. Moreover, the function of EgGSL1 is unclear so 

far, and the protein needs to be isolated, purified and functionally characterised.  

RNA silencing studies, such as the one carried out by Tanaka et al. (2017) on paramylon 

synthase from E. gracilis Z [14], can help to functionally characterise proteins, as well as 

predict and validate predominant isozymes expressed under different conditions. Knockdowns 

of genes corresponding to the proteins identified from the current study will help to elucidate 

the importance of individual isozymes in the production of the given metabolite. For example, 

nine isozymes of PEPCK involved in heterotrophic CO2 fixation were detected in this study. 

Several of these had similar spectral counts, and comparative studies of knockdowns can help 

to identify the dominant PEPCK isozyme for heterotrophic CO2 fixation. 
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Many other enzymes from the current study related to metabolite production have also 

not been characterised and the conditions for their optimal activity are unknown. Having the 

knowledge of optimal working conditions of an enzyme can allow development of in vitro 

synthetic pathways for metabolite production using a combination of enzymes from E. gracilis 

and other organisms that are best suited to synthesise the metabolite. These can be chosen based 

on their ability to operate in similar optimal conditions, and then selecting the correct substrate. 

For example, Schwander et al. (2016) developed an in vitro optimised synthetic pathway for 

CO2 fixation by using seventeen enzymes that operated under similar conditions of interest 

from nine different organisms [23]. 

Further proteomic studies will need to be carried out on E. gracilis to broaden the 

protein range identified. The predicted number of non-redundant proteins from the 

transcriptome of E. gracilis was 32,128 [1], of which only a fraction was detected in the 

proteome under the conditions studied here. By exposing the cells to different conditions such 

as N-starvation, temperature stress, high light stress, different carbon sources, heavy metal 

contamination etc, more of the stress-related proteins may be expressed in the proteome. This 

can lead to the identification of novel enzymes to combat abiotic stresses, or detection of 

enzymes that have only previously been described in other organisms. The metabolic capability 

of E. gracilis remains largely untapped and the vast majority of the predicted proteins unknown. 

About 30% of the predicted proteins cannot be matched to any protein sequences currently 

available [1], and this indicates the immense opportunity of detecting and characterising novel 

proteins from this organism through further proteomic studies. Moreover, labelled-shotgun 

proteomics approaches such as TMT and iTRAQ labelling, which are more high-throughput 

and reduce variability among samples being compared, can be used to carry out such proteomic 

studies. These proteomic studies can be combined with transcriptomic, metabolomic, 

biochemical and physiological studies in order to produce a comprehensive network for 

metabolite production in E. gracilis. 
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Supporting information 

 

Table 1: Supplementary data files associated with this research. 

File Name File Type Description Source 

Chapter 

Chapter 3_Supplementary Table S1 .xlsx Protein identifications of E. gracilis var. saccharophila from nanoLC-MS/MS spectra, 

using the global proteome machine (GPM), with log(e) values less than – 1. 

3 

Chapter 3_Supplementary Table S2 .xlsx Analysis of variance (ANOVA) and two-sample unpaired t-tests of E. gracilis var. 

saccharophila, showing differential expression of proteins, based on normalised spectral 

abundance factor (NSAF) values, using photoautotrophic (PT) cultivation as the control. 

3 

Chapter 3_Supplementary Table S3 .xlsx Fold changes of E. gracilis var. saccharophila proteins from the ascorbate, α-tocopherol 

and free amino acid biosynthesis pathways. 

3 

Chapter 4_Supplementary Table S1 .xlsx Protein identifications of E. gracilis Z from nanoLC-MS/MS spectra, using the GPM, 

with log(e) values less than – 1. 

4 

Chapter 4_Supplementary Table S2 .xlsx ANOVA and two-sample unpaired t-tests of E. gracilis Z, showing differential expression 

of proteins, based on NSAF values, using PT cultivation as the control. 

4 

Chapter 4_Supplementary Table S3 .xlsx Fold changes of E. gracilis Z proteins from the central carbon and paramylon metabolism 

pathways. 

4 
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Chapter 5_Supplementary Figure S5.1 .pdf Comparison of unused glucose in the medium for E. gracilis var. saccharophila, E. 

gracilis Z and E. gracilis ZSB strains under mixotrophic (MT) and heterotrophic (HT) 

cultivations. 

5 

Chapter 5_Supplementary Table S5.1 .xlsx Protein identifications of E. gracilis ZSB from nanoLC-MS/MS spectra, using the GPM, 

with log(e) values less than – 1.  

5 

Chapter 5_Supplementary Table S5.2 .xlsx Two-sample unpaired t-tests of E. gracilis ZSB, showing differential expression of 

proteins, based on NSAF values. MT cultivations were compared against MT cultivations 

of E. gracilis Z, while HT cultivations were compared against HT cultivations of E. 

gracilis Z. 

5 

Chapter 5_Supplementary Table S5.3 .xlsx Protein identifications of three extra HT replicates of each of E. gracilis Z and E. gracilis 

var. saccharophila from nanoLC-MS/MS spectra, using the GPM, with log(e) values less 

than – 1, to validate the EgGSL1 enzyme (ID: light_m.13249) to be missing during HT 

cultivation. 

5 

Chapter 6_Supplementary Figure S6.1 .pdf Microscopic images of cells from shake-flask cultures of E. gracilis var. saccharophila, 

E. gracilis Z and E. gracilis ZSB under MT cultivation, showing paramylon granules and 

chloroplasts at exponential phase and stationary phase of growth. 
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