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Abstract 

Euglena gracilis is a promising source of commercially important metabolites such as 

vitamins, wax esters, paramylon and amino acids. However, the molecular tools available 

to create improved Euglena strains are limited compared to other microorganisms that are 

currently exploited in the biotechnology industry. The complex poly-endosymbiotic 

nature of the Euglena genome is a major bottleneck for obtaining a complete genome 

sequence and thus represents a notable shortcoming in gaining molecular information of 

this organism. Therefore, the studies and applications have been more focused on using 

the wild type strain or its variants and optimizing the nutrient composition and cultivation 

conditions to enhance the production of biomass and valuable metabolites. In addition to 

producing metabolites, the E. gracilis biorefinery concept also provides means for the 

production of biofuels and biogas as well as residual biomass for the remediation of 

industrial and municipal wastewater. Using Euglena for bioremediation of environments 

contaminated with heavy metals is of special interest due to the strong ability of the 

organism to accumulate and sequester these compounds. The published draft genome and 

transcriptome will serve as a basis for further molecular studies of Euglena and provide a 

guide for the engineering of metabolic pathways of relevance for the already established 

as well as novel applications.  

Keywords: Euglena gracilis; microalgal metabolites; molecular tools; biorefinery; heavy 

metal remediation 

1.0 Background 

Euglena gracilis is a unicellular protist, the most studied member of the family 

Euglenaceae. It is a uniflagellate free-swimming organism and can sense light using a 

photoreceptor, which also helps in locomotion either towards or away from light. As a 
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eukaryote, Euglena possesses cell organelles such as chloroplasts, mitochondria, a 

nucleus, a contractile vacuole, and the Golgi body (Kempner & Miller, 1965) (Figure 1), 

and falls under the Excavata, a supergroup of unicellular organisms of the domain 

Eukaryota. Molecular evidence obtained from genomic and proteomic studies suggests 

that E. gracilis shares similarity to kinetoplastids, a group of flagellated protozoans of 

which the molecular structure is similar to human pathogenic protozoa Trypanosoma and 

Leishmania (Adl et al., 2005; Henze et al., 1995). E. gracilis is a difficult organism to 

categorize phylogenetically due to the complex path of evolution involving a series of 

endosymbiotic events that have occurred with eukaryotic algae (Martin et al., 1992), 

alpha-proteobacteria and protozoa (Yasuhira & Simpson, 1997).  

*** Figure 1 to go near here *** 

E. gracilis has the potential for industrial applications as it produces a range of 

compounds such as vitamins, essential amino acids, fatty acids (Krajčovič et al., 2015), 

and the linear polysaccharide paramylon (β-1,3-glucan) (O'Neill et al., 2015). Also, 

Euglena has been investigated as a source for lipid-based biofuels (Mahapatra et al., 

2013; Ooka et al., 2014). Environmental applications of Euglena include ecotoxicological 

risk assessment (Hu et al., 2015; Tahedl & Häder, 2001) and bioremediation of heavy 

metal contaminated waters (Krajčovič et al., 2015).  

A considerable amount of research has been invested in the improvement of product 

yields by optimizing cultivation conditions and the mode of cultivation (photoautotrophic, 

mixotrophic, or heterotrophic) to maximize the production of the molecule(s) of interest. 

One of the important factors in the optimization of the culture medium for a higher yield 

of a particular product is the added carbon source. For example, the lipid yield of E. 

gracilis strain (NCIM 2710) could be tripled when glycerol was added to the culture 
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compared to a culture grown photoautotrophically without an added carbon source 

(Khanra & Rai, 2018). Optimization of the composition of a complex medium for the 

production of paramylon in heterotrophic cultivation was carried out by adding corn steep 

solid (30 g/L) into the modified Hutner medium (Hutner et al., 1966) with glucose (20 

g/L). The addition of corn steep solid to the medium increased the paramylon yield by 

1.46 fold (Ivusic & Santek, 2015).  

Paramylon synthesis has also been increased by 1.65 and 3.43 fold by the addition of 

ethanol and glycerol respectively in the medium containing glutamate and malate (GM; 

Rodríguez-Zavala et al., 2010). Glutamate, malate, and ethanol have also been trialed for 

increasing biomass production of E. gracilis. The combination of (i) glutamate, malate 

and ethanol, (ii) glutamate and ethanol, or (iii) malate and glucose with ammonium 

chloride as the nitrogen source in all combinations. These experiments resulted in a 5.6, 

3.7 and 2.6-fold increase in the production of biomass and 51.3, 3.42 and 2.77-fold 

increase in the production of α-tocopherol respectively, in comparison with a medium 

containing a combination of glutamate and malate (GM). While reasonable progress has 

been made by adjusting cultivation conditions, it is evident that unlocking the full 

potential of Euglena requires the development of a molecular toolbox for this organism. 

Basic requirements include the generation of suitable cloning and expression vectors and 

a reliable genetic transformation platform. Currently, the poor stability of the 

transformants is a major issue, affected by the extensive genome rearrangement and 

complicated genetic makeup of the organism.  
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2.0 Molecular characteristics and tools of E. gracilis 

2.1 Chloroplast and nuclear genomes  

The Euglena gracilis genome shares sequence similarity with eukaryotes and 

kinetoplastids and therefore, the E. gracilis genome can be considered a hybrid composed 

of four main gene classes: (i) Euglena-specific genes, (ii) Kinetoplastida-specific genes, 

(iii) eukaryotic genes and (iv) genes acquired during secondary endosymbiosis 

(Ahmadinejad et al., 2007). E. gracilis possesses a chloroplast (acquired by secondary 

endosymbiosis), mitochondrial and a nuclear genome. The chloroplast and mitochondrial 

genomes comprise only 5% of the total genome of E. gracilis and the rest is nuclear DNA 

(Rawson, 1975). In a proteomic study conducted by Ebenezer et al. (2019), the alignment 

of 18,108 proteins from Euglena was used for the construction of a phylogenetic tree. 

Their results indicated that out of 4087 trees, 1816 (44%) of the Euglena proteins were 

related to one of the lineages of Excavata, 1420 (35%) were related to kinetoplastids and 

572 (14%) proteins were related to green plants and green algae. Interestingly, there were 

very few proteins associated to red algae and glaucophytes whereas a total of 723 (17.6%) 

proteins were related to brown algae.  

It is believed that Euglena acquired chloroplasts by secondary endosymbiosis 

(Ahmadinejad et al., 2007). The complete sequence of E. gracilis (Pringsheim Z-strain) 

chloroplast DNA was first reported by Hallick et al. (1993). The chloroplast genome is 

circular as the DNA in prokaryotes and was the first circular chloroplast DNA known 

(Hallick, 1993). The size of the entire Euglena chloroplast genome is about 143 kbp 

containing 96 genes. A large portion (38%) of the genome features introns including 

group II and III introns and twintrons. Genes encoding 16S, 5S, and 23S rRNAs of 70S 

ribosomes and different tRNA species have also been identified. Furthermore, genes 
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encoding the synthesis of ribosomal proteins and 27 polypeptides related to 

photosynthesis have been discovered in the chloroplast genome.  

The chloroplast genome sequence has provided the basis for understanding the biology 

and diversity of Euglena and offered insight into the phylogenetic relationships with 

distantly related species. From the biotechnological point of view, molecular engineering 

of the chloroplast genome offers certain advantages over manipulating the nuclear 

genome in that some positional effects caused by gene translocation and uniparental 

inheritance of the transgenes may be avoided (Sánchez et al., 2018). The already available 

chloroplast genome information and chloroplast transformation platform can be harnessed 

to modify the chloroplast genome to improve the production of valuable compounds by 

increasing the ability of Euglena to perform photosynthesis. This could be carried out by 

targeting the genes of photosystem I and II as well as increasing the production of 

intermediate metabolites in glycolysis.  

The complete mitochondrial genome of E. gracilis was published recently by Dobakova 

et al. (2015), who found seven genes encoding proteins. These proteins were three 

subunits of respiratory complex I (nad1, nad4 and nad5), one subunit of complex III 

(cob), and three subunits of complex IV (cox1, cox2 and cox3). E. gracilis mitochondria 

behave like mammalian mitochondria during aerobic cultivation; pyruvate from the 

glycolysis pathway enters the mitochondria and goes through oxidative decarboxylation 

that supports paramylon synthesis (Zimorski et al., 2017). However, during anaerobiosis, 

E. gracilis mitochondria are like invertebrate mitochondria in that the organism performs 

a malonyl-CoA independent synthesis of fatty acids and promotes the production of wax 

esters (Zimorski et al., 2017). This also exemplifies the versatile nature of E. gracilis and 

the ability to produce different secondary metabolites during the different modes of 

cultivation and survival. 
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Establishing the actual size of the nuclear genome of E. gracilis is a challenge because the 

chromosome number is often debated involving estimates between 4 (O'Donnell, 1965) 

and 45 (Henningsen, 1958). The most recent estimate of the number of chromosomes is 

42 (Dooijes et al., 2000). The majority of the published literature quotes a genome size 

between 1-4 Gbp (Cook, 1981; Cook & Roxby, 1985; Dooijes et al., 2000; Rawson, 

1975), which is more than twice the size of the human genome. Besides the large size of 

the genome, its complexity is further increased by a modified DNA base pair, β-D-

glucosyl-hydroxymethyluracil or J, also found in the trypanosomes, in the place of some 

thymine residues (Dooijes et al., 2000; O'Neill et al., 2015).  

A complete nuclear genome sequence of E. gracilis has not yet been published. The 

major roadblock for the de novo assembly of the Euglena genome is the high number of 

repetitive sequences and the large genome size. The draft nuclear genome of E. gracilis 

was published recently (Ebenezer et al., 2019). It was reported that a partial nuclear 

genome of 500 Mb possesses less than 1% coding sequences, which again signals the 

complexity of the E. gracilis genome. The nuclear genome data revealed multiple gene 

families, post-transcriptionally regulated gene expression patterns, acquisition of the 

photosynthetic apparatus and ability to adapt to extreme environmental stress by means of 

paralog expansion and gene acquisition. While most of this information was already 

available through enzymatic and transcriptomic studies, it is now backed up by genomic 

data providing a strong basis for strain manipulation (O'Neill et al., 2015; Yoshida et al., 

2016). The availability of a complete genome sequence would truly open the door for 

carrying out targeted modifications of the genome to advance academic knowledge and 

industrial applications of Euglena. 
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2.2 E. gracilis transcriptome 

For the first time, O'Neill et al. (2015) published the initial analysis of the transcriptome 

of a light and dark-grown E. gracilis var. saccharophila (sugar loving variant of E. 

gracilis). Their findings highlighted the biochemistry of carbohydrates and natural 

products contributing to the versatile metabolic ability of E. gracilis, thus shedding light 

to the complex genetic nature of Euglena. The taxonomic distribution of unique 

sequences revealed several genes homologous to archaea, plants, fungi, prokaryotes, 

protozoa and animals. The transcriptomic data matched to 30,000 protein-encoding genes 

supporting core metabolic and biochemical pathways for the synthesis of secondary 

metabolites such as vitamins, amino acids, lipids and carbohydrates; genes coding for 

non-ribosomal peptides and polyketide synthesis were also uncovered. 

In 2016, Yoshida et al. (2016) published a comparative transcriptome analysis of the wild 

type E. gracilis Z-strain grown in aerobic and anaerobic cultivation conditions. The 

analysis resulted in 49,826 assembled components from 90.3 million reads out of which 

26,479 sequences were considered to be potentially expressed. The number of 

differentially expressed transcripts during anaerobic growth conditions was 2,080. The 

differentially expressed genes were involved in various metabolic processes such as 

nucleic acid metabolism, photosynthesis, oxidative phosphorylation and carbohydrate 

metabolism.  

Information of metabolic pathways for isoprenoid biosynthesis, nucleotide metabolism, 

oxidative phosphorylation, fatty acid metabolism, and paramylon and wax ester 

biosynthesis, sourced from the transcriptome analyses hold value for industrial 

applications. For example, wax esters produced by E. gracilis during anaerobic growth 

can be used for the production of biofuels (Nakazawa et al., 2018). In the absence of a 
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gene catalog, transcriptomic and proteomic data are being utilized to modify the 

metabolic pathways of interest.  

2.3 Proteomic studies of E. gracilis 

The first comprehensive proteomic study of E. gracilis var. saccharophila with a total of 

3843 proteins identified was conducted by Hasan et al. (2017). The data obtained 

suggested that the metabolic pathways are related to plants and fungi. However, some 

pathways, such as those of ascorbate and arginine biosynthesis were exclusive to Euglena 

thus echoing findings from transcriptome analyses discussed above. Photoautotrophic, 

mixotrophic and heterotrophic cultivation modes were used to investigate the effect of 

culture conditions on the synthesis of ascorbate, α-tocopherol and fatty acids by Hasan et 

al. (2017). The study indicated that the production of α-tocopherol and ascorbate was the 

highest in photoautotrophic growth conditions, however, free amino acid content was the 

same across all cultivations. Overall, the results from the proteomic study highlighted that 

the cultivation conditions have an impact on protein expression and regulation. 

In another proteomic study conducted by the same group, the central carbon metabolism 

in E. gracilis Z-strain was investigated using label-free shotgun proteomics (Hasan et al., 

2019). The fact that proteins implicated in the Calvin cycle involved in photosynthesis 

were detected under heterotrophic cultivation points to the regulation of protein 

expression at the post-translational level. A similar phenomenon was also reported by 

Bouet et al., (1986) who found that protein synthesis during chloroplast development was 

poorly regulated at the transcriptional level, instead, translational regulation was 

discovered in both the cytoplasmic and chloroplastic compartments. A major finding of 

this study that glucokinase conducted the first step of glycolysis instead of the customary 

hexokinase, indicates that E. gracilis utilizes a range of high-specificity kinases to 
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phosphorylate different sugars as an alternative of using a low-specificity hexokinase like 

higher eukaryotes (Irwin & Tan, 2014). While this provides an example of the peculiar 

nature of one metabolic pathway in E. gracilis there could well be a similar alteration of 

enzymes in other pathways yet to be discovered.  

The proteome of the secondary plastid of E. gracilis has been studied by Vanclová et al. 

(2019). They discovered 1,345 plastid proteins of which 774 were functionally annotated. 

Their data revealed that some genes present in E. gracilis have been obtained through 

horizontal acquisitions from several algae and prokaryotes. Metabolic pathways such as 

carbon fixation, fatty acid biosynthesis, terpenoid biosynthesis and carotenoid 

biosynthesis in the plastid were reconstructed and confirmed the presence of previously 

identified proteins in terpenoid and ascorbate biosynthesis. Unique features of the plastid 

transit peptides were also studied, which showed they were enriched in hydroxy residues 

(S, T) and alanine (A) and depleted in acidic/negatively charged residues (D, E). This 

information would be very useful when designing gene expression constructs to target 

chloroplasts.  

Integration of the information obtained from proteomic analyses together with the 

available genome and transcriptome data will support devising strategies for strain 

engineering carried out using an appropriate molecular toolbox.  

2.4 Genetic transformation  

Biotechnological exploitation of eukaryotic microalgae requires an efficient genetic 

transformation platform that allows the expression of genes encoding products of interest 

and modification of metabolic pathways. Although various transformation approaches 

such as electroporation, agitation with glass beads, Agrobacterium-mediated 

transformation and biolistic bombardment have been applied to microalgae (Table 1), 
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there are still problems associated with achieving high transformation frequencies and 

maintaining stable integration of the incoming DNA into the genome. To date, there is a 

small number of published reports describing the successful transformation of 

microalgae; the cellular organelles transformed include the nucleus, chloroplasts and in 

one case, mitochondria (Table 1). Due to the varying transformation approaches, 

physiological differences between algal species and scarcity of the material, it is difficult 

to carry out a reliable comparison between the efficiency of the different transformation 

methods trialed. Factors also affecting the end result include the DNA and cell 

concentration used, design of the transforming vector and the transformation marker. 

*** Table 1 to go near here ***  

2.5 Mode of gene delivery 

One of the most often used methods for the genetic transformation of microalgae is 

electroporation (Muñoz et al., 2018) that requires the incoming DNA to pass through the 

cell wall (pellicle) and cell membrane. Electroporation has been successfully applied for a 

range of microalgae including Chlamydomonas reinhardtii, Chlorella vulgaris, 

Neochloris oleoabundans and Acutodesmus obliquus (Muñoz et al., 2018). (Nelson & 

Lefebvre, 1995; Shimogawara et al., 1998). Electroporation of E. gracilis was for the first 

time reported by Khatiwada et al., (2019), however, despite optimization of the voltage 

strength, concentration of the transforming DNA and using linear DNA to drive 

integration into the genome, stable transformants were not obtained.  

Another efficient way to deliver exogenous DNA into algal cells is through protoplast 

transformation (Jarvis & Brown, 1991) or using cell wall deficient mutant strains 

available e.g. C. reinhardtii (Kindle, 1990; Erpel et al., 2016; Jeon et al., 2013) and 

Haematococcus pluvialis (Wang et al., 2005). The cell wall of E. gracilis is made up of a 
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proteinaceous layer called pellicle that creates an efficient barrier for penetration of 

exogenous DNA inside the cells. The pellicle of Euglena is not fully characterized yet, 

some studies show the morphology and amino acid composition of the pellicle (Leedale, 

1964; Nakano et al., 1987). However, there are no clues that indicate which enzyme(s) 

can completely digest the pellicle to generate protoplasts. This information is available, 

for example, for Chlorella protothecoides of which protoplasts were prepared by 

enzymatic digestion with 2 % cellulase R-10 and 1 % snailase (Lu et al., 2012). 

Protoplasts of eukaryotic algae Eisenia bicyclis, Endarachne binghamiae and Ulva 

pertusa have been obtained using buccal juice of a sea hare and a commercial cellulase 

(Wakabayashi et al., 1999). Full characterization of the E. gracilis pellicle may help to 

accomplish the task of preparation of protoplasts to allow gene delivery into this 

organism.  

Biolistic bombardment involves DNA-coated gold or tungsten microparticles that are 

accelerated at a high velocity to the cells using a particle delivery system (Klein et al., 

1987). This method requires less labor than the protoplast transformation because cells 

with an intact cell wall can be used. On the other hand, a specialized instrument, ‘gene 

gun’, dedicated for the bombardment is required. Khatiwada et al. (2019) optimized the 

distance and the number of times of shooting the E. gracilis cells to successfully produce 

nuclear transformants. The best result was obtained when the cells were shot twice from 

the distance of 9 cm. Under these conditions, the transformation frequency was increased 

with an increase in the amount of DNA used.  

Among the few published transformation studies with E. gracilis, biolistic bombardment 

seems to be the most suitable to obtain chloroplast transformants (Table 1). Successful 

chloroplast transformation by this method has also been reported in other algae such as 

Chlamydomonas (Economou et al., 2014; El-Sheekh, 2000), Platymonas subcordiformis 
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(Cui et al., 2014) and others (Table 1). In the transformation study conducted by 

Khatiwada et al., (2019), the first attempts of biolistic bombardment produced chloroplast 

transformants only (unpublished results). However, when the transforming plasmid was 

modified to include homologous arms of nuclear DNA flanking the construct of genes 

coding for hygromycin resistance and the green fluorescent protein, nuclear 

transformation was achieved, although transiently.  

Agrobacterium-mediated transformation was first conducted in plants by infecting the 

cells with the plant pathogen A. tumefaciens containing a Ti-plasmid that can be tailored 

to include the gene(s) of interest for their expression in the host (Gelvin, 2003). Upon 

infection, the exogenous DNA incorporated in the T-DNA of the plasmid also enters the 

cell. This method has proven to be one of the most efficient methods for genetic 

transformation of algal species (Kathiresan et al., 2009; Kumar et al., 2004) (Table 1). 

Khatiwada et al. recently reported the successful stable nuclear transformation of E. 

gracilis utilizing Agrobacterium-mediated transformation (Khatiwada et al., 2019). This 

was achieved by providing homologous arms of the 3′UTR region of the nuclear gapC 

gene encoding glyceraldehyde phosphate dehydrogenase to facilitate homologous 

integration (Khatiwada et al., 2019). Despite the provision for homologous integration, 

the integration into the genome occurred at random locations via illegitimate 

recombination. The molecular mechanism of illegitimate recombination by which T-DNA 

incorporates into eukaryotes is currently unknown (Bundock & Hooykaas, 1996; 

Mayerhofer et al., 1991). 

2.6 Targeted genome modification 

So far, application of genetic engineering to Euglena has been mainly related to basic 

research and modification of the cultivation medium and conditions required for efficient 
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synthesis of the bioproducts of interest such as paramylon (Barsanti et al., 2001) and wax 

esters (Inui et al., 1982). The traditional strain improvement approach of finding strong 

gene promoters and using them for overexpression of genes encoding the desired protein 

product (Doron et al., 2016) is less developed with E. gracilis. This is mainly due to the 

lack of complete genome information and because the bioproducts of interest are mainly 

molecules synthesized in a particular metabolic process.  

In addition to being able of introducing genes into the E. gracilis genome (Khatiwada et 

al., 2019), one can also knock down genes to study their function e.g. by using RNAi. 

This method has been successfully applied to test the significance of various genes in 

different metabolic pathways in Euglena. For example, fructose-1,6-bisphosphatase 

(EgFBPaseIII), a crucial enzyme in gluconeogenesis in E. gracilis that has a role in 

carbon partitioning between paramylon and wax esters was transiently suppressed by 

RNAi. The result showed no substantial variations in the production of paramylon 

indicating that EgFBPaseIII does not have a vital role in paramylon synthesis (Ogawa et 

al., 2015). Further to paramylon synthesis, two enzymes, glucan synthase‐l ike 1 and 2 

(EgGSL1 and EgGSL2) were previously identified from the transcriptome of E. gracilis 

(Yoshida et al., 2016) and found to have a role in paramylon biosynthesis. To understand 

the role of both genes, RNAi was used to inactivate them individually, which revealed 

that only EgGSL2 was indispensable for paramylon biosynthesis (Tanaka et al., 2017). 

Also, RNAi was used to explore the carotenoid biosynthesis pathway in Euglena; the 

study showed that the pathway could be altered by suppressing the phytoene synthase 

gene involved in the first step of carotenoid biosynthesis (Kato et al., 2017). Further, E. 

gracilis possesses a pathway for the production of ascorbate, d-galacturonate/L-

galactonate as a representative intermediate (Shigeok et al., 1979). A gene encoding 

aldonolactonase, that catalyzes the biosynthesis of ascorbate was silenced by RNAi 
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resulting in an arrest in cell growth indicating that aldonolactonase was significant for the 

biosynthesis of ascorbate in E. gracilis (Ishikawa et al., 2008). 

The CRISPR-Cas9 system was successfully harnessed for targeted genome editing for the 

first time by Cong et al., (2013). The technology is becoming increasingly popular in the 

modification of microalgal strains by allowing multiplexing for rapid gene editing and 

transcriptional regulation, thereby contributing to the quest for economical production of 

biofuels and nutraceuticals by microalgae. To date, there is only one published report on 

the use of CRISPR/Cas9 in E. gracilis. In this report, highly efficient transgene-free 

mutagenesis of the target sequence, a glucan synthase-like 2 gene responsible for 

paramylon synthesis was achieved (Nomura et al., 2019). The lack of a full genome 

sequence and instability of transgene integration have hampered exploration of 

CRISPR/Cas9 as a tool for strain engineering in E. gracilis. In the future, with full 

genome sequence information in hand and the ability to perform the stable 

transformation, the application of CRISPR/Cas9 technology should allow faster targeted 

genome modification in Euglena.  

2.7 Single-cell screening 

E. gracilis is a desirable producer of provitamins, paramylon and wax esters. However, 

the ability to select high-producing cells amongst millions of others is a special challenge. 

As Euglena is a unicellular organism, various high-throughput screening technologies are 

available for the screening of cell populations.  

A high-accuracy single-cell screening with fluorescence-assisted optofluidic time-stretch 

microscopy method has been developed for E. gracilis to separate nitrogen-sufficient 

(ordinary) and nitrogen-deficient (lipid-accumulating) cells; this technique holds a great 

value for assessing different cultivation practices and aiding in selective breeding of high-
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lipid producing strains e.g. biofuel production (Guo et al., 2016). In another study, 

Yamada et al. (2016) presented a method for selecting and separating live oil-rich E. 

gracilis cells with fluorescence assisted flow cytometry (FACS) by staining the 

intracellular lipids with BODIPY505/515. They were able to selectively isolate lipid-rich 

cells with 40% higher lipid content compared to the wild-type. Combination of 

fluorescent staining using lipid dyes such as BODIPY and the fluorescent neutral lipid 

dye 4,4-difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene with FACS has been 

applied in algae for sorting of lipid-rich cells (Pereira et al., 2011). 

Other methods used for the screening of improved oil-producing strains feature a droplet-

based digital microfluidic system developed for Cyclotella cryptica that also allowed 

quantification of intracellular lipids (Shih et al., 2014). Apart from the high-throughput 

screens for lipid-producing algal cells, a visual selection of viability of E. gracilis in 

terms of high biomass yield was carried out using bright-field microscopy after staining 

the cells with natural food pigments, the Monascus pigment and the anthocyanin pigment 

(Yamashita et al., 2019). Because of the low toxicity of these pigments, cell viability 

could be examined for an extended period. This appears a promising way to find out e.g. 

the lipid-to-cell-area ratio, which serves as an indicator of the oil yield per biomass.  

While majority of the current examples target high lipid producing cells, high-throughput 

screening combined with fluorescent staining of the product of interest holds promise for 

identifying algal cells synthesizing a high amount of any desired molecule for which a 

suitable fluorescent stain is available.  

3.0 Towards an E. gracilis biorefinery 

E. gracilis biomass can provide a sustainable source for a range of bioproducts such as α-

tocopherol, vitamin E derivative and wax esters (Krajčovič., 2015). The yield of these 
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products mainly correlates with the amount of biomass from which they will be extracted. 

Some other Euglena products such as carbohydrates and proteins may not need extraction 

from the biomass where they are enriched. Microalgal biomass can also be used for 

bioremediation purposes (Goncalves et al., 2017) and in environmental testing discussed 

in sections 4 and 5. 

A biorefinery refers to an integrated facility for the conversion of biomass to produce 

fuels, power, and value-added metabolites and chemicals (Scarlat et al., 2015). A 

potential E. gracilis based biorefinery concept is depicted in Figure 2. This model is 

based on microalgae such as Scenedesmus, Chlorella and Nannochloropsis for which the 

biorefineries have already been designed (Laurens et al., 2017). In a Euglena biorefinery 

using either wild type of genetically modified strains, industrial or municipal wastewater 

and carbon dioxide emitted from industries can be used to cultivate the organism to 

produce biomass; by-products such as biogas can be utilized to generate electricity, and 

the resulting biomass can be used to produce bioproducts such as paramylon and 

vitamins. Lipids can be extracted for biofuel production by the process of 

transesterification and hydrocracking.  

*** Figure 2 to go near here *** 

E. gracilis is suited for different types of cultivating modes including phototrophic, 

mixotrophic and heterotrophic growth which can be chosen and modified according to the 

intended product as discussed below. This also provides a new dimension (as well as 

complexity) to a biorefinery.  
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3.1  Effect of the cultivation mode on bioproducts yields  

Modification of cultivation conditions of E. gracilis brings a significant change to the 

formation of bioproducts. Production of paramylon, α-tocopherol and biogas by Euglena 

in a biorefinery setting has been investigated by Grimm et al. (2015) by measuring 

cellular dry weight and the amount of products made under heterotrophic, 

photoautotrophic and mixotrophic cultivation conditions. In the first step of a two-step 

biorefinery setting, α -tocopherol was produced and the residual biomass was used for 

methane gas production. In the second step, parallel production of α-tocopherol and 

paramylon was achieved (Grimm et al., 2015). This analysis has demonstrated the 

suitability of E. gracilis for biorefinery purposes. 

As the cultivation conditions have an effect on the function of the metabolic pathways 

through altered gene expression, the profile of the metabolites is also changing. This 

presents an opportunity to determine and regulate the product flow by adjusting culture 

conditions and potentially also by genetically engineered strains overexpressing enzymes 

feeding into the metabolic pathway of interest. In the example provided in Figure 3, the 

enzyme paramylon synthase catalyzes the formation of paramylon utilizing UDP-glucose 

as a substrate (Maréchal & Goldemberg, 1963). Paramylon undergoes rapid degradation 

under anaerobic conditions resulting in the formation of wax esters (Inui et al., 1982) 

consisting of medium-chain fatty acids and alcohols featuring myristic acid (C14:0) 

carbon chains as the main integral part. Myristic acid has a low freezing point and 

therefore, it can be used as a source of drop-in jet fuel (Yoshida et al., 2016). A 

demonstration-scale Euglena biorefinery for renewable jet and diesel that has a 

production capacity of 5 barrels per day was completed recently in Japan (Congress, 

2018). Even so, the economical production of biofuels in an E. gracilis biorefinery has 

not been achieved so far. Genetic modification of metabolic pathways by overexpressing 
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wax ester synthase to produce increased quantities of wax esters may help to achieve the 

goal to produce Euglena derived biofuels commercially.  

*** Figure 3 to go near here *** 

Further on, comparative metabolic profiling has been carried out with E. gracilis grown 

in aerated cultures in both light and dark conditions and anaerobic cultures in the dark 

(Matsuda et al., 2011). A change in the metabolic profile was observed during the shift 

from aerobic to anaerobic growth. A substantial reduction was noted in the amount of 

some glycolytic intermediates and amino acids during the switch resulting in a significant 

increase in wax ester production. In the study conducted by Matsuda et al. (2011) it was 

revealed that metabolic pathways can be controlled to increase the production of 

paramylon or wax esters by varying the level of the nitrogen supplement, type of the 

carbon source and the amount of aeration. Paramylon production was highly favored 

during aerobic growth in the dark, which suggests that genes responsible for the 

formation of paramylon were repressed in the presence of light (Figure 4). More proteins 

and vitamins were produced during aerobic growth in the light. Anaerobic growth in the 

dark was favorable only for wax ester formation. Several research projects are currently 

underway to unravel the molecular basis of various metabolic pathways of E. gracilis 

associated with the production of valuable secondary metabolites (Tomiyama et al., 

2017). This information combined with the knowledge on the effect of cultivation 

conditions to the outcome will be important for fine tuning activities in a biorefinery as 

well as isolation of genes relevant for the manipulation of the pathways of interest.  

***Figure 4 to go near here *** 
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4.0 Bioremediation  

Contamination of water resources and landfills by toxic elements such as heavy metals 

pose a serious risk to living organisms. Water contamination originates mainly from 

anthropogenic activities and typically feature household waste, agricultural effluents and 

industrial effluents (Table 2). The wastewater from households contains, for example, a 

large amount of phosphorus and nitrogen, which cause eutrophication and affect aquatic 

life. The variety of contaminants such as heavy metals, textile colored water, crude oil, 

herbicides and phenolic compounds may be removed from contaminated water using 

microalgae (Zeraatkar et al., 2016). Various studies utilizing microalgae for 

bioremediation are successfully operating at an industrial scale (Fazal et al., 2018; 

Renuka et al., 2015) (Table 2).  

*** Table 2 to go near here *** 

Simultaneous phycoremediation of wastewater and generating valuable bioproducts from 

biomass such as wax esters to produce biofuels is currently an appealing area of research 

(Table 2) (Hoh et al., 2016; Mathimani & Pugazhendhi, 2019). Despite the advantage of 

autotrophic growth and high recovery of nutrients especially by green algae (Acién et al., 

2018), only a few reports are available on utilizing algae as a means of wastewater 

treatment and generating valuable biomass in the same system. It is evident that more 

research will be needed to address the technical side of the process such as the current 

long hydraulic retention time (HRT) and seasonality of the process (Matamoros et al., 

2015; Acién et al., (2018). Recovery of microalgal biomass is also a challenge because of 

the microscopic cell size; 30% of the total biomass production costs are associated with 

the recovery (Grima et al., 2004). Despite the many challenges, cultivating E. gracilis on 
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a large-scale in wastewater plants for the production of biofuels and energy has been 

accomplished by a Japanese company Euglena Co., Ltd (https://www.euglena.jp).  

There is a growing demand for nutrient removal (e.g. nitrogen and phosphorus) from 

inland waterways such as lakes and ponds to prevent eutrophication. As E. gracilis can 

utilize water contaminated with high amounts of nitrogen and phosphorus for growth and 

tolerates high concentrations of heavy metals (Torihara & Kishimoto, 2015), it holds 

promise for application in various bioremediation settings, one of which is heavy metal 

remediation discussed below. 

4.1 Heavy metal remediation 

Over the past two decades, extensive research has been conducted into remediation of 

heavy metal contamination in the environment (Chen et al., 2015; Ojuederie & Babalola, 

2017). However, current bioremediation technologies, either chemical or physical, are 

complex, energy-demanding and costly (Khalid et al., 2017). One of the current options 

studied is to find a biological solution to the problem (Kapahi & Sachdeva, 2019). 

In addition to remediation of wastewater contaminated with organic carbon, nitrogen and 

phosphorus, microalgae can be used as a potential sink for the removal of toxic heavy 

metals such as lead (Pb), mercury (Hg), cadmium (Cd) and arsenic (As). Microalgal 

ability to grow and uptake heavy metals from the wastewater has been investigated in 

various studies (Kumar et al., 2015). One of the most studied microalgae in terms of 

heavy metal tolerance and uptake is C. reinhardtii, which has been found to uptake 

various metals such as Cd (Macfie & Welbourn, 2000), cobalt (Co) (Macfie & Welbourn, 

2000), Hg (Tüzün et al., 2005) and Pb (Tüzün et al., 2005) amongst many others (Kumar 

et al., 2015). Other microalgae such as Chlorella sp., Scenedesmus sp., Spirogyra sp. and 
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Spirulina sp. have also proven to be suitable candidates to perform remediation of heavy 

metal contaminated water (Ahmad et al., 2020; Zeraatkar et al., 2016).  

Recent investigation into the ability of the E. gracilis wild-type (Z-strain) and the sugar 

loving variant of E. gracilis var. saccharophila (B-strain) to tolerate and accumulate Cd, 

Pb and Hg (Khatiwada et al., 2020b) showed that organism tolerated up to 1000 ppm of 

Pb, 600 ppm Cd and 80 ppm Hg (Khatiwada et al., 2020b). This is considerably higher 

compared to other microalgae such as Pseudochlorococcum typicum and Scenedesmus 

quadricauda var. quadrispina (Shanab et al., 2012), C. vulgaris (Dewi & Nuravivah, 

2018) and C. reinhardtii (Nishikawa et al., 2006). The maximum Cd accumulation by the 

Z-strain was 8.1 mg Cd per gram of dry weight (DW), which makes it a Cd 

hyperaccumulator. Further, Cd accumulation by the Z-strain was 9.6 and 27.9 times 

higher than that reported for C. reinhardtii and C. acidophila, respectively (Nishikawa et 

al., 2006). Therefore, E. gracilis would be a suitable candidate to perform remediation of 

industrial wastewaters seriously contaminated with heavy metals. 

Studies into bioremediation of heavy metals by microorganisms have mainly focused on 

the bioaccumulation of heavy metals in the cell biomass whereas post-management of the 

accumulated metals is not often addressed (Kapahi & Sachdeva, 2019). While different 

techniques such as incineration, landfilling and recycling have been explored to find ways 

to manage heavy metals, an economical and environmentally sustainable disposal method 

is yet to be found.  

Understanding the metabolic pathways involved in heavy metal accumulation and 

recovery would provide a fresh view into building organisms such as Euglena to use them 

as specific sinks for heavy metals such as cadmium. Heavy metals accumulated in the 

living organism could then be released slowly into the environment keeping the dosage of 



 

This article is protected by copyright. All rights reserved. 

A
cc

ep
te

d 
A

rt
ic

le
 

release lower than what would be toxic to the environment and therefore possibly 

providing an environmentally sustainable option for heavy metal disposal.  

4.2 Mechanism of heavy metal tolerance in E. gracilis 

Extensive research into the response of algae to heavy metal stress has been conducted to 

work out the molecular mechanism for heavy metal tolerance and detoxification (Gaur & 

Rai, 2001; Kumar et al., 2015). Proteins play a significant role in the management of 

heavy metal stress and therefore, a proteomic analysis can offer leads to the proteins and 

cellular mechanisms involved. Thus, proteomic methods have been widely used recently 

with algae and plants to study the mechanism of heavy metal tolerance and detoxification 

(Hall, 2002; Jamers et al., 2009; Zhang et al., 2015). The key mechanism of heavy metal 

tolerance in algae involves synthesizing low molecular weight chelator molecules that 

bind to heavy metal ions and stop them from binding to crucial proteins (Cobbett, 2000). 

Cysteine-rich molecules such as glutathione and phytochelatin are examples of proteins 

that can bind to heavy metal ions and thereby decrease heavy metal-induced toxicity 

(Cobbett & Goldsbrough, 2002).  

The mechanisms of E. gracilis to tolerate and uptake heavy metals involve either 

adsorption of the metal ions to the cell wall (pellicle) or intracellular binding to thiol 

compounds and finally accumulation inside the chloroplasts, mitochondria and cytoplasm 

for detoxification. Microalgae also have a mechanism to tolerate heavy metals by active 

extrusion (Moreno-Sánchez et al., 2017). To better understand the molecular mechanism, 

proteome analysis was conducted by comparing the differentially abundant proteins in 

heavy metal treated and untreated strains of E. gracilis (Khatiwada et al., 2020b). The 

results showed an increase in the abundance of various heavy metal transporters such as 

major facilitator superfamily (MFS) transporters, cadmium/zinc-transporting ATPase and 
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heavy metal transporting P1B-ATPase. The increase in abundance of thiol-rich proteins 

indicated the ability of E. gracilis to chelate and sequester heavy metals. Further to this, 

the role of the chloroplasts in heavy metal tolerance and accumulation in E. gracilis was 

revealed (Khatiwada et al., 2020a).  

Heavy metal transporters have a significant role in the transport and accumulation of 

heavy metals. The transporter such as CDF (Cation Diffusion Facilitator), P1B-type 

ATPases, VIT1 (Vacuolar Iron Transporter 1) families were previously identified to have 

a role in heavy metal transportation (Blaby-Haas & Merchant, 2012). In C. reinhardtii 

and Cyanidioschizon merolae, CDF has a role in the efflux of transition metal cations, 

like zinc and cadmium from the cytoplasm to the exterior of the cell or intracellular 

organelles (Hanikenne et al., 2005). P1B-type ATPases and multidrug resistance ABC 

transporters were found to be activated by copper (Cu) stress in brown alga Ectocarpus 

siliculosus and were revealed to have a role in maintaining Cu transportation and 

homeostasis (Ritter et al., 2014).  

Several transporters that may have a role in transporting heavy metals in and out of cell 

were also identified in the proteomic study conducted with E. gracilis (Khatiwada et al., 

2020b). The highly abundant heavy metal transporter MTP2 was found to have a role in 

Cd transportation to the chloroplasts in the E. gracilis Z-strain and a multidrug resistance-

associated protein member 2 (MRP2) was highly abundant in the Zm-strain treated with 

Hg indicating its role to transport Hg to either cytosol or mitochondria (Khatiwada et al., 

2020a).  

As with other algae, heavy metal ions are chelated by various agents such as metal-

binding proteins, phytochelatins and glutathione in Euglena. Heavy metal ions bonded to 

chelating agents are transported and sequestered in the chloroplasts and cytoplasm 
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(Khatiwada et al., 2020a). The information obtained from these studies can be utilized 

eventually for generating highly heavy metal-tolerant strains by e.g. overexpressing the 

key transporters, increasing the synthesis of metal-binding proteins or the amount of 

chloroplasts in the cell to level off heavy metal contamination in the wastewaters from 

metal processing refineries or tanning industries. 

5.0 Ecotoxicological risk assessment 

E. gracilis can be used to monitor the toxicity of hazardous substances to the 

environment. The ability to perform photosynthesis, motility, cell shape and pigments of 

Euglena are sensitive to environmental stress such as heavy metals, high salt 

concentration and toxic compounds, which makes the risk assessment bioassays using this 

organism quick and reliable (Ahmed & Häder, 2010).  

E. gracilis has been used as a test organism to measure the toxicity of silver nanoparticles 

(AgNPs), (Li et al., 2015), and toxicity of the heavy metals copper (Ahmed & Häder, 

2010), uranium (Trenfield et al., 2012) and chromium (Jasso-Chávez et al., 2010), which 

caused a decrease in the photosynthesis of the cell. The toxicity of laundry detergent was 

evaluated by exposing Euglena to the detergen, which resulted in impaired motility, 

gravitaxis and change of cell shape (Azizullah et al., 2011). The toxic effects of BTEX 

(benzene, toluene, ethylbenzene and xylenes) have also been studied using E. gracilis and 

it was found that Euglena would be a suitable tool to monitor BTEX in the groundwater 

and to evaluate the effects of the contamination on an aqueous ecosystem (Peng et al., 

2015). In a study conducted by Pettersson and Ekelund (2006), the toxicity of two 

commercial herbicides, Roundup and Avans, was tested by monitoring the motility, 

velocity, and gravitactic orientation of Eugena cells after exposure to these herbicides. 
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Evaluation of these parameters indicated that Avans containing trimethyl sulfonium salt 

was more toxic to E. gracilis than Roundup, which contained an isopropylamine salt. 

As seen from the above, Euglena can be used as an ecotoxicological risk assessment tool 

to cover a wide range of testing of toxic compounds. The versatility of E. gracilis to 

respond to different toxic chemicals will enable the design of automated biomonitoring 

systems for aquatic environments by observing cell motility and growth. This way 

efficient early monitoring can be achieved without risking the advancement of aquatic 

environments to the stage when the removal of the contaminant would be at a high cost. 

6.0 Conclusion  

The ability of E. gracilis to perform photosynthesis and produce valuable secondary 

metabolites have drawn the attention to the potential of this organism in industry. 

However, making bioproducts in commercially viable amounts in Euglena is still a 

challenge because of the shortage of molecular information behind the metabolic 

pathways leading into these products and lack of tools for genetic modification of the 

production strains. Current studies sourcing from the draft genome, as well as 

transcriptomic and proteomic studies, are mainly looking into metabolic pathways with a 

view of finding specific targets for strain engineering. Euglena shows promise as a 

biorefinery for efficient and sustainable utilization of the biomass and some steps have 

been taken to make this a reality. As an organism tolerating high concentrations of heavy 

metals, especially Cd, Pb and Hg, Euglena has the added capacity to perform 

bioremediation of heavily contaminated environments such as industrial wastewater 

mixed with high concentration of metals. Sequence data fully covering the genome, 

together with the continuing development of genome editing tools allowing multiplexing 
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and whole-genome engineering will further broaden the industrial and environmental 

applications of Euglena. 
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Figure legends: 

Figure 1: The structure of a Euglena gracilis cell illustrating its major organelles. 
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Figure 2: A potential E. gracilis-based biorefinery. E. gracilis can be cultivated either in 

an open pond or a bioreactor and the resulting biomass processed in the biorefinery into 

consumer bioproducts. Sunlight enables photoautotrophic growth of Euglena cells using 

carbon dioxide and nutrients from the wastewater. Heterotrophic cultivation in a 

bioreactor requires the addition of a carbon source and other nutrients. 
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Figure 3: Paramylon and wax ester metabolic pathways of E. gracilis. The enzymes 

involved in different steps of the pathways are indicated by numbers. 1: hexokinase; 2: 

glucose-6P isomerase; 3: fructose 1,6- bisphosphatase; 4: fructose bisphosphate aldolase; 

5: glyceraldehyde 3-phosphate dehydrogenase; 6: phosphoglycerate kinase; 7: pyruvate 

kinase; 8: pyruvate dehydrogenase; 9: phosphoglucomutase; 10: phosphorylase; 11: 

phosphorylase; 12: 3-ketoacyl CoA thiolase; 13: 3-hydroxy acyl-CoA dehydrogenase; 14: 

enoyl-CoA hydratase; 15: enoyl-CoA reductase; 16: acyl-CoA dehydrogenase; 17: acyl-

CoA reductase; 18: wax ester synthase. CBB: Adapted from Yoshida et al. (2016). 
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Figure 4: Profiling of the central metabolites (paramylon, wax ester, proteins and other 

lipids) of E. gracilis produced under different cultivation conditions (Matsuda et al., 

2011). 
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Table 1: Genetic transformation of eukaryotic microalgae.  

Species Mode of 
transformati
on  

Organelle Selection 
marker 

Transformatio
n 

frequency 

Referenc
es 

Euglena 
gracilis 

Biolistic 
bombardme
nt 

Biolistic 
bombardme
nt 

Agrobacteri
um-mediated 

Electroporati
on 

Biolistic 
bombardme
nt 

Agrobacteri
um-mediated 

Chloroplas
t 

Chloroplas
t 

* 

Nuclear 

Nuclear 

Nuclear 

Neomycin 
phosphotransfer
ase-II 

Streptomycin 
and 
spectinomycin 

Zeocin, 
hygromycin and 
G418 

Hygromycin 

Hygromycin 

Hygromycin 

*  

* 

10 per 103cells 
plated 

1 per 104cells 
plated 

7 per 104cells 
plated 

10 per 104 
cells plated 

Ogawa 
et al., 
(2015) 

Doetsch 
et al., 
(2001) 

Nakaza
wa et al., 
(2015) 

Khatiwa
da et al., 
(2019) 

Khatiwa
da et al., 
(2019) 

Khatiwa
da et al., 
(2019) 

Chlamydomo
nas 
reinhardtii 

Agitation 
with glass 
beads 

Electroporati
on 

Biolistic 
bombardme
nt 

Agrobacteri
um-mediated 

Biolistic 
bombardme
nt 

Biolistic 
bombardme

Nuclear 

Nuclear 

Nuclear 

* 

Chloroplas
t 

Mitochond
ria 

Paromomycin 
and hygromycin  

Paromomycin 

2-fluoroadenine 

Hygromycin 

Marker free 

Myxothiazol 
and mucidine 

* 

368 ± 102 per 
ng DNA 

* 

523 ±10.2 ×10-

6 

~100 per10 μg 
DNA 

100–250 per 
μg DNA 

Lauerse
n et al., 
(2015) 

Wang et 
al., 
(2019) 

Guzmán
-Zapata 
et al., 
(2019) 

Prathees
h et al., 
(2014) 

Chen 
and 
Melis 
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nt (2013) 

Remacle 
et al., 
(2006) 

Chlorella 
pyrenoidosa 

Electroporati
on 

 

Nuclear 

 

Neomycin 
phosphotransfer
ase-II 

 

101 ± 7 per μg 
DNA 

Run et 
al., 
(2016) 

Chlorella 
vulgaris 

Electroporati
on 

Electroporati
on 

Nuclear 

* 

Hygromycin 1.67 × 104 ± 0.
083 per μg 
DNA 

Kumar 
et al., 
(2018) 

Wang et 
al., 
(2007) 

Phaeodactylu
m 
tricornutum 

Spirulina 
platensis 

Electroporati
on 

Biolistic 
bombardme
nt 

Biolistic 
bombardme
nt 

Agrobacteri
um-mediated 

 

Chloroplas
t 

Nuclear 

Chloroplas
t 

* 

Chloramphenic
ol 

Zeocin and 
phleomycin 

3-(3, 4-
diclorophenyl)-
1,1-
dimethylurea 
(DCMU) 
herbicide 

Hygromycin 

1 per 103 cells 
plated 

10-100 per 108 
cells plated 

* 

20 ± 6.1 per 
106 cells 
plated 

Xie et 
al., 
(2014) 

Apt et 
al., 
(1996) 

Materna 
et al., 
(2009) 

Dehghan
i et al., 
(2018) 
 

 

* Information not provided. 
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Table 2: Bioremediation using microalgae and wastewater treatment for value addition  

Organism Remediation Application Reference 

Scenedesmus sp. Domestic 
wastewater 

Lipid biosynthesis for biodiesel Nayak et 
al., (2016) 

Scenedesmus 
obliquus 

Poultry 
wastewater 

97% removal of ammonium and 
phosphate  

Oliveira et 
al., (2018) 

Chlorella 
vulgaris 

Textile 
wastewater 

Color removal, reduction of 
ammonium and phosphorus 
compounds 

Lim et al., 
(2010) 

Chlorella sp Municipal 
wastewater 

Nutrient removal and biodiesel 
production 

Li et al., 
(2011) 

Chlorella sp. Waste from 
biomass power 
plants 

Biofuel production Chen et al., 
(2018) 

Chlamydomonas 
reinhardtii 

Wastewater Biomass feedstock Kong et al., 
(2009) 

Chlamydomonas 
polypyrenoideum 

Industry 
wastewater 

Biofuel Kothari et 
al., (2013) 

Phaeodactylum 
tricornutum 

Mixture of 
wastewater and 
seawater 

Lipid production  Wang et al., 
(2019) 

Chlorella sp. 
Acutodesmus 
obliquus, 
Oscillatoria sp. 

Piggery 
wastewater 

Removal of organic carbon and 
inorganic carbon, nitrogen (and 
total phosphorus removal 

García et 
al., (2018) 

Chlamydomonas 
reinhardtii, 
Chlorella 
vulgaris 

Swine Wastewater  Bioremediation Galanda et 
al., (2018) 
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Dunaliella 
tertiolecta 

Carpet mill 
wastewater 

Biorefinery Chinnasamy 
et al., 
(2010) 

Chlorella 
vulgaris 

Household 
wastewater 

Biorefinery Cabanelas 
et al., 
(2013) 

Euglena sp. Municipal 
wastewater 

Wastewater treatment and lipid 
production for potential use as 
biofuel 

Mahapatra 
et al., 
(2013) 

Euglena gracilis Domestic 
wastewater 

Biomass production and nutrient 
removal 

Kuroda et 
al., (2018) 

Euglena gracilis Dairy effluent Nutrient removal and lipid 
production 

Yadavalli et 
al., (2014) 

 

 




