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ABSTRACT 

The New Zealand microalga Trachydiscus sp. Awa9-2 is a recently identified freshwater 

microalga containing a high percentage of eicosapentaenoic acid (EPA), an essential omega-3 

fatty acid for humans. The ability of species of microalgae to produce a high percentage of EPA 

makes them candidates for commercial production of this bioproduct. 

This study investigated the growth of Trachydiscus sp. Awa9-2 in order to evaluate its 

cultivation requirements and to determine the optimal growth conditions for production of EPA 

in bench-scale concentric airlift photobioreactors (PBRs).  

Preliminary studies in shake flasks and PBRs were performed to find a suitable culture 

medium, cultivation vessels and pH. The effect of culture medium, time of harvest, temperature 

and light intensity (photon flux density) were investigated using four PBRs. EPA productivity 

was investigated in four monochromatic lights (blue, green, red and photo red) and two 

combined wavelength ranges (white and blue+photo red) in PBRs. In addition, the study 

explored the impact of twelve wavelength ranges on algal growth and the effect of these in two-

phase wavelength stress experiments on fatty acid composition and EPA accumulation of the 

algal biomass. To perform these, a special multi-chamber LED box was designed and 

constructed. The box was able to illuminate cultures at each of twelve wavelength ranges, all 

at the same light intensity.  

 An experiment examined the effect of dark incubation at a range of temperatures on fatty 

acid composition of harvested biomass. Furthermore, an evaluation was undertaken of 

heterotrophic and mixotrophic ability of Trachydiscus sp. Awa9-2 and the impact of these 

cultivation methods on fatty acid composition and yield.  

Results showed that optimal growth and EPA production occurred in cultures in a PBR 

containing Z medium at pH 7, and with harvest of cells in the exponential phase. Temperatures 

of 15-25 °C were suitable for growth but growth was very poor at ≥ 28 °C. 25 °C resulted in 

the highest EPA and biomass productivity. Dark incubation of cultures caused the dry biomass 

and percentage of EPA, as a constituent of total fatty acids, to gradually decrease as incubation 

temperatures increased from 4 to 40 °C.  
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Of the three light intensities tested, 130 µmol m-2 s-1 was optimal for growth and EPA 

productivity. 

 Trachydiscus sp. Awa9-2 was able to grow heterotrophically on a range of organic carbon 

sources but the yield was considerably lower than phototrophic growth. The mixotrophic 

growth yield of the cultures supplemented with galactose and lactose was about three times 

higher than the controls in Z medium. However, mixotrophic cultivation did not enhance EPA 

productivity.  

In wavelength studies, the alga grew at all tested wavelength ranges but there was very 

little growth under true violet. Despite low whole-cell absorption of green light, a relatively 

large amount of biomass was obtained at this wavelength range. In PBRs, biomass grown in 

blue light resulted in the highest percentage of EPA and EPA productivity, while red and photo 

red showed the poorest results. 

Highest EPA productivity of Trachydiscus sp. Awa9-2 was observed in phototrophic 

conditions when the alga was in optimal growth conditions. The alga did not increase EPA 

productivity when placed under light or temperature stress. 

Overall, the highest EPA productivity (15.6 mg L-1 day-1) was achieved by cultivation of the 

alga in PBRs containing Z medium, illuminated with blue light (448 nm) at light intensity of 

130 µmol m-2 s-1, at 25 °C and with the harvest of algal biomass during the exponential growth 

phase. Under these conditions, 22.7% of biomass dry weight was fatty acid of which 38.3% 

was EPA. 
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Chapter 1 

1 Introduction 

1.1  Thesis scope and structure 

Eustigmatophyceae is a class of unicellular microalgae that live in freshwater and marine 

environments. Some members of this class such as Nannochloropsis are recognized as 

producers of polyunsaturated fatty acids. Omega-3 fatty acids are vital in humans for the 

healthy function of the cardiovascular and nervous system and for anti-inflammatory responses 

in the immune system. Humans lack the enzymes required for biosynthesis of EPA. Therefore, 

these nutrients must be supplied from external dietary sources. Commercial production of EPA 

is affected by depletion of ocean fisheries as it is commonly sourced from fish oil. Furthermore, 

vegetarians prefer not to consume fish oil and it may also be subject to contamination by 

mercury and other chemical pollutants. Mass production of microalgae-based omega-3 fatty 

acids has the potential to overcome these problems. Photoautotrophic microalgae use light 

energy to convert carbon sources and mineral nutrients into structural building blocks, 

physiological molecules, and secondary metabolites. 

This study uses Trachydiscus sp. Awa9-2 which is a recently isolated freshwater 

eustigmatophycean isolated from the South Island, New Zealand. Preliminary fatty acid 

analysis revealed that the alga contains a high percentage of EPA. This study has extensively 

investigated the effects of various experimental parameters on its growth, fatty acid 

composition and EPA productivity (g dry weight L-1 day-1). The study focuses on how 

cultivation-induced stressors, including temperature, light wavelength, light intensities (photon 

flux density) and nutritional conditions, impact the growth of the alga and production of EPA. 

The main aim of the project was to investigate the conditions that gave optimal growth 

and maximum EPA yield. The specific objectives were as follows. 

1- Selection of a suitable culture medium and establishment of protocols for the cultivation 

of Trachydiscus sp. Awa9-2 
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2- Understanding the effect of temperature on growth and EPA production in airlift 

photobioreactors 

3- Understanding the effect of light intensity on growth and EPA production in airlift 

photobioreactors 

4- Assessment of heterotrophic and mixotrophic growth  

5- Understanding the effect of prolonged darkness on the fate of EPA during two-phase 

light stress  

6- Understanding the effect of wavelength range on growth and fatty acid production.  

The remainder of this chapter introduces the use of microalgae in industrial production of 

biomass and biochemicals. In Chapter 2 the general methods and equipment used in the study 

are described. Chapters 3 to 8 present the experiments that quantified the effect of culture 

medium, temperature, light intensity, heterotrophic and mixotrophic growth, incubation of 

biomass in prolonged darkness, and wavelength range on biomass production, and fatty acid 

and EPA accumulation. Each of these chapters describes individual experiments that contribute 

to achieving a protocol for optimization of the yield of biomass and EPA. Many experiments 

were carried out in parallel so the order of material in the chapters does not necessarily reflect 

the chronological order in which the experiments were carried out. Each chapter has a detailed 

discussion section, all results are bringing together and generally discussed in Chapter 9.  

1.2 A brief introduction to microalgae diversity and the alga used in this 

study 

Algae (singular: alga) are diverse photosynthetic organisms ranging in size from 

microscopic unicellular microalgae to giant multicellular macroalgae. They contain 

chlorophyll and other light-gathering pigments and use light to convert carbon dioxide and 

water into biomass and oxygen in a process called photosynthesis. It is believed that blue-green 

algae were the first organism to do oxygenic photosynthesis. As a result of this process, it is 

well recognised that algae are primary producers in food webs and are a fundamental 

component of aquatic biogeochemical cycles (Stevenson et al. 1996; Graham et al. 2009). 

Algae are most widespread in marine and freshwater aquatic environments, but also 

inhabit terrestrial environments. For instance, many grow on snow, soil, rocks, plants and the 
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bodies of some animals as well as inside rocks, plants and ice and as symbionts in a wide range 

of organisms including lichens, flatworms and ciliates (Richmond and Hu 2013). Microalgae 

have adapted to tolerate a wide spectrum of chemical and physical conditions and some are 

able to cope with harsh environments. 

Algal cells resemble miniature factories capable of the biosynthesis of a broad range of 

compounds through diverse metabolic pathways. Due to this tremendously diverse biosynthetic 

potential and the possibility of controlling and adjusting the cultivation process, microalgae are 

attracting interest as natural sources of an extensive range of valuable products (Cao et al. 

2012). For instance, research on algal lipids has elucidated pathways, genes and enzymes that 

produce changes in algal lipid composition in response to stress conditions due to 

environmental change (Wada and Murata 2009). 

Algae include both prokaryotic and eukaryotic organisms. These are united 

biochemically due to prokaryotic algae (cyanobacteria) being the ancestor of the chloroplasts 

of eukaryotic algae. Most algae carry out oxygenic photosynthesis and all contain chlorophyll 

a (Bhattacharya and Medlin 1998; Yoon et al. 2004; Lewis 2017). 

Serial endosymbiosis has occurred in some groups of algae, including the stramenopiles 

(also known as heterokonts). Members of the latter group are united by the structure of the 

swimming flagellate cells known as zoospores (Andersen 2013; Ševcíková et al. 2015). 

There are two main lineages of the chloroplast, known colloquially as “red” and “green”. 

The chloroplast of stramenopile algae came from red algae, hence they are part of the red 

lineage (Keeling 2004). 

The strain of interest in this research is a stramenopile alga, Trachydiscus sp. Awa9-2 

(Chapter 2). It is a member of the class Eustigmatophyceae. Species in this class were 

previously classified within yellow-greens (Xanthophyceae). They were then distinguished on 

the basis of the different structure of their zoospores. These contain eyespots that are outside 

the chloroplast (“eustigmato” from “true stigma”) whilst those of xanthophyceans lie within 

the chloroplast. There are other important differences too. It is now known that the 

eustigmatophyceans are not particularly close relatives of the xanthophyceans, despite 

superficial similarities (Hibberd and Leedale 1970; Hibberd 2008; Fawley et al. 2014).  

The Eustigmatophyceae currently comprises relatively few species and is also 

comparatively poorly studied. This is especially true of the sister clade to that of the first 

eustigmatophyceans to be recognised (Not et al. 2012). Trachydiscus sp. Awa9-2 belongs in 
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this poorly studied clade (Clade IIa Goniochloridales). Nannochloropsis, one of the best-

studied, is grouped with other genera in the more thoroughly studied clade (Monodopsidaceae) 

(Eliáš et al. 2017). An image of the phylogenetic tree of Eustigmatophyceae and position of 

Trachydiscus sp. Awa 9-2 based on 18S rRNA gene sequences is attached in the Appendix. 

1.3 Introduction to algal applications 

Algae have been utilised by humans for centuries as a food source or as ancient 

treatments for some diseases in many regions worldwide. The consumption of algal biomass 

as food has been dated to 600-800 B.C in China (Lobban and Wynne 1981). Algae are usually 

collected from their natural habitat or cultivated in coastal areas. Cultivation of algae as a food 

source, such as the Japanese seaweed nori, have been reported in Asia since 1690 (Pulz and 

Gross 2004). The algal-derived products that are currently available in the market include 

nutraceuticals, pharmaceuticals, and those that are utilised in the animal feed industry. Some 

of the commercially important algal products are colloids which have thickening, smoothing 

and gelling applications in food and cosmetic products. Agar, agarose and carrageenan are 

short-chain polysaccharides of galactose with sulphate cross-linkages which are extracted from 

the cell wall of red algae. Another example is alginate which is a large chain polymer of uronic 

acids composed of glucose and mannose subunits originating in the cell wall of brown algae 

(Douglas et al. 2003). 

Algae are also able to produce compounds with potential applications as biofuels, food, 

stock feed and high-value products. Algae can be exploited for a variety of other applications, 

such as soil fertiliser, use in wastewater-treatment facilities for pollutant removal from sewage 

and agricultural effluent. Besides these beneficial applications, there are some health problems 

that arise from algae. For instance, water eutrophication caused by human and animal wastes 

has led to toxic algal blooms in marine and freshwater habitats. These can endanger aquatic 

life (fish, marine mammals), stock animals and humans (Stevenson et al. 1996; Graham et al. 

2009). 
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1.4 Microalgal production of high-value products 

In recent decades, modern microalgal biotechnology has become the focus of intense 

research after the recognition of microalgae with the potential to produce a variety of high-

value products such as pigments (β-carotene, astaxanthin, and phycobilin), polyunsaturated 

fatty acids (PUFAs) and vitamins. This includes exploration of high-value algal products 

(Borowitzka 2013), molecular studies of potentially valuable strains for biotechnological 

processes (Ma et al. 2018a; Yurchenko et al. 2018), feasibility studies for industrial applications 

(Gao et al. 2012; Porphy and Farid 2012; El Shimi and Moustafa 2016), development and 

optimisation of upstream and downstream production processes for mass production of 

microalgae and for increasing production yields of products of interest (Moazami et al. 2012). 

Among many commercial applications, the production of long-chain PUFAs for nutraceutical 

and pharmaceutical purposes is valuable due to their beneficial effects on human health (Cao 

et al. 2012). 

1.5 Function of fatty acids in living systems 

Fatty acids are recognised as extremely valuable nutritional supplements which can be 

made by microalgae. Fatty acids are major constituents of several lipid classes with the general 

formula R-COOH where R is an alkyl group of a chain (4 to 28) of bonded carbon and hydrogen 

atoms bound to a carboxyl group (-COOH) (Moss et al. 1995). 

Fatty acids perform various biochemical and structural functions in living systems, 

principally as energy reserve materials, e.g. triglycerides (also known as triacylglycerol), and 

as structural compounds of membranes, e.g. phospholipids. Membrane structure and function 

such as the selective permeability of the cell and organelles are related to the fatty acid 

composition of the phospholipids (Arts et al. 2009). 

Fatty acids with more than one double bond are called polyunsaturated fatty acids 

(PUFAs). Long-chain PUFAs are sometimes defined as those with at least 18 carbon atoms 

(Garrett and Grisham 2013). PUFAs are involved in human physiology, having various 

biochemical and structural roles. For instance, eicosapentaenoic acid and docosahexaenoic 

acid (EPA and DHA) enhance the functional quality of anti-inflammatory reactions in the 

immune, cardiovascular, and nervous systems. Some PUFAs are essential for normal foetal and 

infant growth including brain development, and they aid neuroprotection in adults by 
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participating in the maintenance of the central nervous system and brain functions (Makowski 

and Hotamisligil 2005; Guesnet and Alessandri 2011; Rehman et al. 2013; Tang et al. 2015; 

Calviello 2016; Nelson et al. 2017; Bird et al. 2018; Budoff et al. 2018). 

The nomenclature of PUFAs follows a scheme in which the total number of carbon 

atoms is followed by the number of double bonds and then by the number of the carbon atom 

with the first double bond closest to the terminal methyl group (ω carbon). For instance, in 

this nomenclature, EPA is identified as 20:5n-3 which indicates a fatty acid with a 20 carbon 

atoms chain length containing five double bonds, the first of which is between the 3rd and 4th 

carbon atom (Jiang et al. 2009). 

1.5.1 Biosynthesis of polyunsaturated fatty acids 

Biosynthesis of fatty acids occurs in the mitochondrial matrix of animal cells. For plants 

or algae or other protists with residual chloroplast structures, such as the apicomplexans, fatty 

acid synthesis starts in the chloroplast and precursors for the long-chain fatty acids, whether 

they are saturated, mono-or polyunsaturated, are then passed to the smooth endoplasmic 

reticulum for elongation and desaturation (Huerlimann and Heimann 2013).  Figure 1-1 

shows an illustration of PUFA biosynthesis; route A is the pathway occurring in marine 

primary producers of PUFAs in the oceanic food chain. This leads to the accumulation of fatty 

acids in fish, which are currently the principal source of PUFAs for human consumption. Due 

to the lack of some enzymes, mammalian cells use pathway B, for which they must obtain 

linoleic acid (18:2n-6) and α-linolenic acid (18:3n-3) from their diet (Khozin-Goldberg et al. 

2011). Pathway C is used by some anaerobic bacteria (Jiang et al. 2009). 
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Figure 1-1: Biosynthesis of PUFAs in mitochondria of A: marine primary producers; B: mammalian 

cells, and C: aerobic bacteria (Jiang et al. 2009). Reprinted by permission from Copyright Clearance 

Centre Inc. (licence number: 4597440539727). 

Two families of long-chain PUFAs of 20 to 22 carbon atoms are omega-3 and omega-6 

fatty acids (respectively n-3 and n-6 fatty acids). They have the first double bond located in the 

third or sixth carbon atom from the terminal methyl group (also known as omega end), 

respectively.  

The most nutritionally and medically important omega-3 fatty acids are C18 α-linoleic 

acid (ALA), C20 eicosapentaenoic acid (EPA), and C22 docosahexaenoic acid (DHA) (Wetzel 
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2012). ALA is found in plant oils. EPA and DHA are both commonly found in fish oil (Arts 

and Wainman 1999; Monroig et al. 2013).  

Microalgae are the primary producers of omega-3 fatty acids in aquatic and terrestrial 

food webs. Only a few species of bacteria and fungi are also able to synthesise PUFAs (Guedes 

et al. 2011; Guihéneuf et al. 2011). Fatty acids from algae are a major dietary component as a 

source of essential nutrients and energy for primary consumers in aquatic food webs (Arts et 

al. 2009). At present, the major available omega-3 fatty acids (except ALA) are commonly 

extracted from fish oil, but due to increasing depletion of fish sources, and other advantages 

over fish oil such as the absence of fat-soluble heavy metals, mass production of microalgae-

based omega-3 fatty acids has attracted interest. Advantages of microalgal PUFAs are the lower 

risk of contamination by chemicals such as mercury and better purification potential (Pulz and 

Gross 2004). The resulting product is a suitable substitute for fish-based omega-3 fatty acids. 

An additional advantage is that this can be consumed by vegetarians.  

Large-scale production of these FAs is possible now with the development of improved 

photobioreactor design and culturing systems (de Morais et al. 2015). For example, 

Veramaris® Oil is a microalgae-based EPA and DHA product initially developed by the 

company DSM (Netherlands) and then by Veramaris®, a joint venture between Royal DSM 

and Evonik (Tocher et al. 2019). 

1.5.2 Lipid composition in algae 

 Polar and nonpolar lipids are the two main groups of lipids in microalgae. Sterols, 

acylglycerols, nonesterified free fatty acids, steryl esters and wax are nonpolar lipids. Nonpolar 

lipids such as triacylglycerols (TAG) often accumulate in plastids or lipid droplets in the cytosol 

(Schüler et al. 2017). Polar lipids, which are important structural components of the cell 

membranes, are responsible for membrane properties and show an adaptive response to 

environmental changes (Arts et al. 2009; Wetzel 2012). Phosphoglycerides (phospholipids) and 

glycosylglycerides (glycolipids) are some of the polar lipids (Arts et al. 2009). The LC-PUFAs 

in most species of microalgae are found as membrane lipids glycolipids and phospholipids. 

The most common phospholipids in algae are phosphatidylethanolamine (PE), 

phosphatidylcholine (PC), phosphatidylserine (PS) and phosphatidylglycerol (PG). These are 

mainly located in photosynthetic membranes; PG makes up 10-20% of the total polar 

glycerolipids in green algae. The most abundant glycolipids in algal membranes are 
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monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG), which 

constitute ~50% and ~30% respectively of the lipids of the thylakoid membrane. These lipids 

along with the main sulfolipid in algae, i.e. sulfoquinovosyldiacylglycerol (SQDG), are rich in 

PUFAs (Arts et al. 2009; Goss and Wilhelm 2009; Samantray et al. 2010). In Figure 1-2 the 

structures of some plant and algal lipids are shown. 

 

Figure 1-2: The molecular structures of the main lipids found in algae and plants. R1 and R2 represent 

two acyl chains. MGDG: monogalactosyldiacylglycerol, DGDG: digalactosyldiacylglycerol, SQDG: 

sulfoquinovosyldiacylglycerol, PG: phosphatidylglycerol, PE: phosphatidylethanolamine, PC: 

phosphatidylcholine, DGTS: 1,2-diacylglyceryl-3-O-4′-(N,N,N-trimethyl)-homoserine (Goss and 

Wilhelm 2009). Reprinted by permission from Copyright Clearance Centre Inc. (licence number: 

4597450158362).  

 Nonpolar TAGs are accumulated in different quantities in algae as storage products and 

can provide energy for cellular metabolism. However, it is suggested that their role is beyond 

just energy storage (Arts et al. 2009). Biosynthesis of TAG is stimulated by environmental 

factors, for instance, light quality, then these compounds can be reused in the dark to make 

polar chloroplastidal lipids. TAGs usually contain saturated and monounsaturated fatty acids 

but PUFAs can also be accumulated in TAGs in some algae (Wada and Murata 2009). In those 

environmental conditions when production of PUFAs is relatively slow, PUFA-rich TAGs give 

acyl groups to the polar lipids of the chloroplast membrane such as MGDG to provide a rapid 

adaptation for the membrane (Khozin-Goldberg et al. 2005). 
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 Some fatty acid constituents in algae are palmitoleic (C16:1), palmitic (16:0), 

eicosapentaenoic (20:5) and eicosatetraenoic acids (20:4). However, different species of algae 

have different compositions of fatty acids in their total lipids. For example, there are some algal 

phyla and classes that do not synthesise the latter two fatty acids (Brown et al. 1997). This 

composition is also under the environmental influence in each species. The optimal conditions 

for lipid production are not necessarily compatible with those for biomass optimization 

(Samantray et al. 2010; Schüler et al. 2017). 

1.5.3  Lipid functions in phototrophic algae 

 Lipids are structural units of Photosystems I and II and have an important role to 

establish and maintain the protein-pigment complexes in the photosynthetic membranes (Goss 

and Wilhelm 2009). Lipids are also engaged in the protective mechanism of the violaxanthin 

cycle which prevents over-excitation of PS II when light intensity is very high. During the 

xanthophyll cycle, the photoprotective pigment zeaxanthin is produced by the enzyme 

violaxanthin de-epoxidase (VDE). Availability of the thylakoid membrane lipid MGDG is 

essential for VDE to be activated and run xanthophyll de-epoxidation (Demmig-Adams et al. 

2006; Goss and Wilhelm 2009). The mechanism of this photoprotective reaction is discussed 

in Section 1.11.2. 

1.6 EPA and DHA market 

Regardless of the source of PUFAs, there is an increasing global demand for them. 

According to a report published by Global Market Insights Inc., the market for fatty acid 

supplements is predicted to surpass USD 220 billion by 2024, with market size of USD 100 

billion for use of these supplements in pet food. The other markets for these fatty acids are 

infant formulas, supplements, pharmaceuticals, and functional food (Global Market Insight 

2017) 

1.7 Algal cultivation systems 

For large-scale cultivation of microalgae, two systems have generally been used: open 

ponds and photobioreactors (PBRs). Open system or raceway ponds can be used for mass 
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cultivation of microalgae for biofuel or food applications. They have a simple design and are 

inexpensive to operate but there is only limited control over operation because these systems 

use natural light and temperature. Natural sunlight is free and abundant. Carbon dioxide is 

usually absorbed from the atmosphere while the oxygen produced by the algae is released to 

the atmosphere.  

Contamination in open systems can easily occur because there are no barriers to the 

environment. At commercial scale, they are used for mass cultivation of microalgae when 

strains are either fast-growing or are resistant to an extreme condition such as high salinity 

(Dunaliella) or high pH (Spirulina). This discourages the growth of contaminants such as 

bacteria and other unwanted microalgae (Pulz 2001; Acién-Fernández et al. 2013). 

To produce high-value pharmaceuticals, culture conditions must be carefully controlled 

and protected from contaminants such as bacteria and unwanted microalgae by the use of 

closed systems known as bioreactors (Pulz 2001). If a bioreactor is used to cultivate 

phototrophic microorganisms, then a light source (either natural or artificial) is required. Such 

a system is called a photobioreactor (PBR). PBRs capable of more control over the growth 

conditions than open ponds. PBRs are made in different shapes and with various materials and 

are suitable for the study, understanding, and development of all stages of a process from 

exploration to the commercialisation of a microalgal product. After identification of the 

microalgal strain and the product of interest, choice is made of the most appropriate cultivation 

system.  

Based on the light source, closed algal cultivation systems are indoor (illuminated by an 

artificial light source) or outdoor (light provided by the sun) (Suh and Lee 2003). 

Airlift photobioreactors (ALRs) are one of the current designs used for microalgal 

cultivation. ALRs have two connected zones in their designs, a riser in which there is an upward 

flowing stream, and a downcomer with a downward flowing stream (Figure 1-3). Air or 

another gas is fed through a sparger at the bottom of the vessel that will control the circulation 

of air. The process of sparging the gas through the riser makes a gas holdup, hence causing a 

decrease in the fluid density leading to an upward movement of the liquid in the riser. The 

disengaged gas is exhausted at the top of the column, the degassed heavier liquid then flows 

down via the downcomer. Thus, in an airlift photobioreactor, the difference between the 

densities of the liquid in the riser and downcomer causes the liquid to mix in a circular flow. 

This causes a continuous passage of the liquid culture medium through both better and less 
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well-illuminated parts of the reactor. Some common configurations of airlift photobioreactors 

are illustrated in Figure 1-3. These are internal loop, external loop and concentric internal loop 

reactors.  

In an internal loop reactor, there is an internal baffle that separates the riser from the 

downcomer (Figure 1-3a). In the concentric internal loop models, there is a concentric tube 

into which air or other gases are sparged (Figure 1-3b). In the case of external loop reactors, 

two separated tubes are connected to each other by short horizontal tubes at the bottom and top 

(Figure 1-3c). The riser and downcomer are separate in this model, so the disengaged gas is 

exhausted more effectively, therefore better mixing can usually be achieved in the external loop 

reactors than the internal loop ones (Gupta et al. 2015). 

 

Figure 1-3: Schematic structure of an airlift photobioreactor. (a) internal loop, (b) internal loop 

concentric, (c) external loop (Gupta et al. 2015). Reprinted by permission from Copyright Clearance 

Centre Inc. (licence number: 4597451158321). 

1.8 Selection of the alga for this study: Trachydiscus sp. Awa9-2 for the 

mass-production of secondary metabolites in the photobioreactor 

The freshwater alga Trachydiscus sp. Awa9-2 is a new potentially valuable EPA-rich 

strain. It was first isolated from Awarua Wetlands, South Island, New Zealand (46.5631°S 

168.5955°E) (Novis P., Landcare Research NZ Ltd., pers. comm. 2016). The physiology and 

metabolic pathways of this strain have not yet been explored. However, preliminary studies 

have shown that it contains a very high level of EPA, up to 42.5% of the total cellular fatty 

acids (Novis P., Landcare Research NZ Ltd., pers. comm. 2016), suggesting promise for 

nutraceutical applications. The fraction of EPA in this strain is notably higher than its close 

relative, Trachydiscus minutus, which has already been introduced as a new biotechnological 
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source of EPA due to its 35% proportion of total fatty acids (total FAs) (Rezanka et al. 2010). 

A few studies have been carried out on T. minutus to evaluate its biomass and EPA production 

in laboratory cultivation systems under different temperature and nitrogen availabilities. Other 

growth parameters such as pH, required intake of CO2, effect of light wavelength, and the 

ability for heterotrophic or mixotrophic growth and their effect on growth and fatty acid 

composition have been explored only sporadically (Iliev et al. 2010; Rezanka et al. 2010; 

Řezanka et al. 2011; Gigova et al. 2012; Lukavsky 2012). In subsequent chapters the 

similarities and differences between Trachydiscus sp. Awa9-2 and T. minutus are explicitly 

discussed. Trachydiscus guangdongensis is another new member of Eustigmatophyceae which 

has recently been isolated and identified in China (Gao et al. 2019) with 40% of its total FA 

reported as EPA but there are not yet any published growth-related investigations.  

1.9 Environmental parameters for microalgal cultivation  

Marine and freshwater microalgae often experience severe changes in nutrient supply, 

temperature and light intensity. A nutrient deficiency usually causes a reduced growth rate but 

the responses to such environmental stresses are usually species-specific. For successful 

microalgal biotechnology research, it is not only important to understand the mechanism by 

which algae generate the compounds of interest, but it is also essential to determine how algae 

can be induced to make those compounds while cultivated in a photobioreactor. 

Generally, for commercial applications of microalgal cultivations, production of a high 

cell density is favourable. To achieve that, several parameters should be considered such as 

algal life cycle, growth rate, biomass productivity, productivity of the desired product, 

nutritional requirements, and the level of tolerance to shear stress (shear stress in natural lentic 

environments, e.g., lakes and ocean, is typically close to zero except during severe storms and 

in shallow strongly tidal waters).  

The most critical factors to be considered for both operational bioreactor conditions and 

scaling-up of algal production processes are listed below.  

1. Light energy supply (delivery, distribution, cycling, intensity and wavelength) 

2. Carbon dioxide concentration 

3. Oxygen removal 

4. Culture medium composition 
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5. Cell density 

6. Photobioreactor selection & design 

7. Mixing and associated shear stress 

8. Physicochemical parameters (such as temperature and pH) 

9. Cultivation strategy (batch, continuous, semi-continuous, fed-batch) 

 

In the presence of non-limiting nutrients, the efficiency of microalgal culture is controlled 

mainly by temperature and the intensity of light (Stevenson et al. 1996). 

1.10 Light  

1.10.1 Nature of light 

Visible light is part of the spectrum of electromagnetic radiation. Based on the 

wavelength, radiation can be divided into components from high-energy short-wavelength 

radiation such as gamma and x-ray to low-energy high-wavelength radiation such as radio 

waves. The part of the electromagnetic spectrum visible to humans ranges from the 

wavelengths of 380 to 750 nm, which is from violet to far-red Figure 1-4. The delivery of 

light energy is in the form of photons or quanta. The energy (E) of each photon is a result of 

its frequency (υ) and Planck’s constant (h), that is E=hυ (h = 6.626×10-3 Js) (Richmond and 

Hu 2013).  

In photosynthesis, the energy of photons is absorbed by photosynthetic pigments and 

then transferred into photosystem reaction centres. This energy excites an electron from a 

pigment molecule to run the charge separation. A mole of photons is sometimes referred to as 

an Einstein (E). The energy of an Einstein is Nhυ where N = 6.023×1023 photons (Avogadro’s 

number). In photosynthesis, the photochemical reactions depend on the incidence of the 

photons on a surface, thus light intensity might be an expression of the number of photons 

(quanta) incident on a unit of surface area over a unit of time, and this is called light intensity 

or photosynthetic photon flux density (PFD) which is measured in µmol m-2 s-1 or µE m-2 s-1. 

The other common names are irradiance and quantum flux (Acién-Fernández et al. 2013). 

Depending on the location, the average solar light intensity at midday on a sunny day is about 

1800 - 2000 µmol m-2 s-1 (Richmond and Hu 2013). 
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Figure 1-4: The electromagnetic spectrum. The photosynthetically active radiation (PAR) ranges from 

400 to 700 nm in the visible range of light (Richmond and Hu 2013). Reprinted by permission from 

Copyright Clearance Centre Inc. (licence number: 4597760493452). 

Algae resemble plants (embryophytes) in their efficiency of converting light energy into 

chemical energy of carbohydrate and biomass. Advantages of using algae are their faster 

growth rate and their diverse biochemical pathways in synthesis of carbohydrates, proteins and 

oils (Richmond and Hu 2013). Another significant advantage is that they can be cultivated, and 

products can be obtained year-round. 

1.10.2 Effect of the intensity of light on photosynthesis 

The first step of photosynthesis is light absorption by antenna pigments. Chlorophyll is 

the most common pigment involved, but other pigments such as carotenoids are also active in 

light-capture for photosynthesis. Chlorophyll is embedded in thylakoid membranes which lie 

inside the chloroplast. 

 Photosystem I (PS I) and photosystem II (PS II) are pigment-protein complexes which 

are bound to the thylakoid membrane and are reaction centres responsible for the primary steps 

of converting light energy to chemical energy (biochemical products) in oxygenic 

photosynthetic organisms (Douglas et al. 2003).  

Wavelengths between 400 - 700 nm are referred to as photosynthetically active radiation 

(PAR) and are used by most plants to drive photosynthesis (Douglas et al. 2003).  

The light intensity necessary to achieve net photosynthesis is called compensation 

irradiance (Ic). The photosynthetic rate is related to light intensity (PFD) to which cells are 

exposed. This rate increases directly with increase of PFD until a level called saturation 
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intensity (Is) above which photosynthetic rate levels off. As light intensity increases further it 

may reach an inhibitory level (Ii) at which photosynthetic rate starts to decrease (Acién-

Fernández et al. 2013), Figure 1-5. 

 

 
Figure 1-5:  Light intensity (irradiance) vs. photosynthesis rate modelled for microalgae cultures under 

continuous light (Acién-Fernández et al. 2013). Reprinted by permission from Copyright Clearance 

Centre Inc. (licence number: 4597470627346). 

In Chapter 6 the effect of light intensity on the growth and EPA production in 

Trachydiscus sp. Awa9-2 is investigated. 

1.10.3 Effect of the wavelength of light on photosynthesis 

To investigate the role of wavelength, Sánchez-Saavedra et al. (2016) applied various 

light spectra to the haptophyte alga Tisochrysis lutea. They observed peaks in the growth rate 

under white and blue light. The maximum total FA percentage was achieved under both red 

and green light in the stationary growth phase but highest EPA (as % of fatty acid) was produced 

under white light during exponential phase. They concluded that the alga changes its metabolic 

pathways based on the quality of light to which it is exposed. 

A study of marine Nannochloropsis oceanica, which is in the same taxonomic class as 

Trachydiscus sp., cultivated the alga under combinations of white, blue, yellow and red light 

from LEDs (Chen et al. 2015). The highest EPA productivity (13.24 mg L-1 d-1) was obtained 

under the dual combination of blue + red and red. However, the high EPA productivity under 

red + blue was the result of higher biomass productivity rather than EPA accumulation per cell. 

This was an expected result as chlorophyll a absorbs most efficiently in the red and blue parts 

of the spectrum. 
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Trachydiscus sp. Awa9-2 belongs to the Eustigmatophyceae and has carotenoids as do 

other members of its class. Carotenoids are photoprotective pigments which protect cells from 

photo-oxidation, a possible adverse reaction during photosynthesis (Bartley 1995). 

Eustigmatophyceae contain the antenna pigment (carotenoid) violaxanthin which makes up 

more than half of the total carotenoids in cells of Trachydiscus minutus and plays a principal 

role in light-harvesting for the pigment-protein complex of photosystem II. This pigment 

absorbs short wavelengths in the range 420 - 470 nm (Figure 1-6) (Owens et al. 1987; Graham 

et al. 2009; Přibyl et al. 2012a; Basso et al. 2014). The complex of accessory pigments 

possessed by the Eustigmatophyceae is unique to this class, however, the effect on metabolite 

production by exposing these algae to light sources with different spectral compositions is still 

mostly unknown. The effect of different wavelengths and light intensities on biomass 

production and fatty acid composition of Trachydiscus sp. Awa9-2 is investigated in Chapter 

6 and 7. 

 

Figure 1-6: The relation between wavelength absorption for isolated pigments of chlorophyll a, b and 

carotenoids. (Adapted from https://www.hortidaily.com/article/6013755/absorption-spectra-versus-

action-spectra).  

1.11 Photosynthesis 

Light absorption and energy transduction are the main processes of photosynthesis. 

Photosynthetic organisms convert light energy and carbon dioxide into chemical energy as 

sugars and fatty acids in algal biomass. 

The photosynthesis equation is  

CO2 + 2H2O + 8 photon  (CH2O) + O2+ H2O 

https://www.hortidaily.com/article/6013755/absorption-spectra-versus-action-spectra
https://www.hortidaily.com/article/6013755/absorption-spectra-versus-action-spectra
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The photosynthetic rate varies in response to the availability of substrates (i.e. CO2 and H2O) 

and the availability of required resources (i.e. light and minerals) for the production of the 

catalysts. The nutrients required for the catalytic apparatus include nitrogen as NH4
+, 

phosphorus as HPO4
-2, Mg2+, Cl-, Mn2+, Fe2+/Fe3+, Zn2+ and Cu2+ (Douglas et al. 2003). 

1.11.1 Photosynthetic mechanism and machinery  

Chlorophylls and their derivatives are integral compounds of the photosynthetic 

apparatus which absorb light energy and subsequently run the photosynthesis reactions. The 

initial step of conversion of light energy to biochemical products occurs in PS II where water 

is used as a terminal electron donor and generates molecular oxygen and protons. This then 

leads to a reduction of NADP by PS I to make ATP and NADPH.   

There are two components in each of PS I and PS II: the light-harvesting complex (LHC) 

and the core complex. Light-absorbing pigments are bound to the LHC. The core complex 

bonds to the cofactors. It also contains light-harvesting pigments such as chlorophyll a and is 

the centre of photochemical reactions and subsequent electron transfer. When light photons are 

absorbed by antenna pigments in the LHC in PS I and PS II, chlorophyll molecules excite and 

the excitation energy transfers by cofactors through an electron transport chain resulting in the 

photolysis of water to produce oxygen in PS II. The resulting electrons reduce NADP+ to 

NADPH which is a high energy molecule and will be used later for reduction of carbon to 

glucose in the so-called dark reactions of photosynthesis (also known as the Calvin cycle; 

Figure 1-7).  

 

 
Figure 1-7: Light and dark reactions of oxygenic photosynthesis. NADPH2, ATP and O2 produced in 

light reactions will be used for the reduction of CO2 and synthesis of carbohydrates in the dark reactions 

(Richmond and Hu 2013). Reprinted by permission from Copyright Clearance Centre Inc. (licence 

number: 4597760493452). 

 

The electron transport chain, cofactors and pigments allow high efficiency of photon 

trapping and minimal loss of energy which makes the system capable of coping with variations 

in light intensities and wavelengths (Douglas et al. 2003) (Figure 1-8).  
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Figure 1-8: Electron flow in photosynthesis from H2O to NADPH2. It is called the Z scheme and 

represents the schematic relation between two photosystems. A light photon hitting chlorophyll P680 in 

photosystem II, excites the molecule which reaches a higher level of energy (Em; Volts). P680 then 

gives an electron to phaeophytin and becomes photo-oxidised. Phaeophytin is chl a without the Mg2+ 

and is the first electron acceptor in PSII. The electrons move to the membrane pool of plastoquinone 

(PQ) and electron transfer components. The re-reduction of P680 by the water oxidising complex leads 

to oxygen evolution. An analogous phenomenon occurs at PS I and finally results in a reduction of 

NADP (Richmond and Hu 2013). Reprinted by permission from Copyright Clearance Centre Inc 

(licence number: 4597760493452). 

The rate of photosynthesis can be described by the relationship between the amount of 

oxygen produced and the irradiance or light intensity (P/I).  This is the so-called light-response 

(Figure 1-9). 

 

Figure 1-9: Photosynthetic activity in response to irradiance (Richmond and Hu 2013). Reprinted by 

permission from Copyright Clearance Centre Inc (licence number: 4597760493452). 
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The initial gradient corresponds to α = Pmax/Ik, where Ik is the saturation irradiance and 

Pmax is the maximum rate of photosynthesis. At lower irradiance, the rate of photosynthesis is 

linearly related to light intensity but with a further increase in the light intensity, the efficiency 

of photosynthesis reduces and finally reaches a plateau in which the rate of photosynthesis is 

at a maximum (Pmax). At a very high light intensity, the photosynthesis rate declines and 

photoinhibition occurs (Richmond and Hu 2013). 

1.11.2 Regulation of photosynthesis in algae 

In higher light intensities PS II is at risk of damage and photoinhibition. Algae and plants 

have an evolutionary mechanism by which they are able to dissipate the excess light energy. 

This process is called down-regulation of photosynthesis and often happens through the 

xanthophyll cycle. The process involves the conversion of violaxanthin to antheraxanthin and 

then zeaxanthin (V-A-Z) in the light and the reverse pathway in the dark. The conversion results 

in the release or uptake of a molecule of oxygen. By increasing the intensity of light, the level 

of violaxanthin/antheraxanthin decreases to reach a constant level, but the level of 

zeaxanthin/antheraxanthin increases conversely to an asymptote. Zeaxanthin stimulates a non-

photochemical harness of excitation energy in the PS II-LHC II assemblage, dissipating this 

energy as heat (Li et al. 2000; Douglas et al. 2003), (Figure 1-10). 

 

Figure 1-10: The xanthophyll cycle results in protection of cells from photoinhibition (Yikrazuul. 

2009). The copyright holder of this work releases this work into the public domain.  
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1.12 Heterotrophy and mixotrophy in algae 

An obligatory heterotrophic organism relies on organic carbon sources for growth and is 

not able to utilise inorganic carbon, i.e. carbon dioxide. However, some algae are facultatively 

heterotrophic, or mixotrophic. That is they can consume organic carbon (Stewart 1974). 

Heterotrophic growth is a capability of some algae that can overcome the limiting factors of 

conventional algal cultivation. Some algae which are able to use organic carbon during light 

are called mixotrophic algae. This implies that heterotrophic algae can only use organic carbon 

when photosynthesis is not operating, i.e. in the dark. Eiler (2006) describes a number of 

metabolic strategies in aquatic microorganisms and the impact of environmental conditions that 

can cause a metabolic alteration, e.g. a shift from phototrophy to mixotrophy in some bacteria 

(see Section 8.1.1). 

Presently, algae are cultivated at large-scale in open ponds and photobioreactors to 

produce the products of interest. Many studies examine production techniques with the aim of 

increasing productivity and reducing production costs. Phototrophic growth is the most 

common procedure to produce high-value products by microalgae in which the cells capture 

natural or artificial light energy and use CO2 as their carbon source. Provision of sufficient light 

for the cultures is always a limiting factor in these cultivation systems (Perez-Garcia et al. 

2011). 

Heterotrophy in algae is restricted to a few species. Heterotrophic cultivation approach 

is cost-effective because it is not dependent on light and photobioreactors and can be performed 

in any reactor (Morales-Sánchez et al. 2015). 

Investigation of the potential heterotrophic and mixotrophic growth of Trachydiscus sp. 

Awa9-2 and effect of mixotrophic growth on EPA production are discussed in Chapter 8. 

1.13 Temperature 

In nature, temperature adaptation enables algae to vary their membrane composition in 

order to retain membrane fluidity and selective permeability. This phenomenon, which happens 

in temperatures below the optimum, has been defined as an adaptive transformation in the 

composition of triacylglycerol to a form with higher unsaturated fatty acid content (Arts et al. 

2009).  
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Previous studies on T. minutus have revealed that an increase in percentage of EPA in the 

cells happens at lower temperatures of 10 to 15 °C. However, optimal growth occurs at 25 to 

28 °C. These results were not independent of the light intensity and culture media composition 

(Řezanka et al. 2011; Gigova et al. 2012; Pádrová et al. 2015; Řezanka et al. 2015). 

According to NIWA Climate data (2016), the average annual temperature of the area 

which habitat for Trachydiscus sp. Awa9-2 is located there, is around 10 °C (New Zealand 

Climate data and activities 2016). This is close to the temperature at which best production of 

EPA has been observed in temperate microalgae. Given this information, it can be hypothesised 

that the alga is capable to accumulate cellular EPA while biomass production remains relatively 

high as well.  

The effects of temperature on mass production of Trachydiscus sp. Awa9-2 and its EPA 

productivity are discussed in Chapter 4. 

1.14 Nutrients 

The concentration of different nutrients in culture media in microalgal cultivation 

systems has been extensively explored. According to the Redfield ratio, there is a consistency 

between the ratio of elements in the biomass of cultured strains, i.e. C:N:P =106:16:1 (Martiny 

et al. 2014), this, of course, is a general average around which there is variability from one 

species to another. These elements are necessary for the growth of algae and if available in 

limited quantity then they limit growth. However, some algae can make changes in their 

composition when they are nutrient-limited and this can favour the production of algal 

biomaterials. For instance, phosphate limitation in Chlorella kessleri generally leads to an 

increase in the ratio of unsaturated fatty acids (El-Sheek and Rady 1995). In T. minutus, a 50% 

reduction was observed in triacylglycerol-containing EPA when the alga was cultivated under 

nitrogen-limiting conditions. By contrast, the yield of EPA was increased in cultures under 

phosphorous limitation (Řezanka et al. 2011). An enriched culture medium with nitrogen, 

phosphorous and iron has been shown to enhance the yield of biomass and FA in microalgae 

(Řezanka et al. 2011; Yeesang and Cheirsilp 2011; Pádrová et al. 2015; Zhu et al. 2015). 

Some microalgae accumulate lipids in cellular membranes. For example, 

Nannochloropsis accumulates membrane-bound EPA. In oil-rich algae, lipids can accumulate 

abundantly as storage products in cells and are visible as oil droplets. These are mostly PUFAs 
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including arachidonic acid (AA), DHA and EPA. The lipid composition of algal cells in culture 

can be manipulated by exposure to low nitrogen in the stationary phase when cells are making 

lipids from photosynthetically fixed carbon (Richmond and Hu 2013). 

The impact of nitrogen depletion in combination with temperature, wavelength and PFD 

on lipid composition of Trachydiscus sp. Awa9-2 is discussed in Chapter 7. 

1.15 The kinetics of microalgal growth 

In microorganisms such as bacteria and unicellular microalgae, when cells grow to their 

full size, the genetic material and cytoplasm divide into a pair of so-called daughter cells. This 

mechanism is called binary fission and results in the growth of the number of cells (Hogg 

2013).  

In a batch culture system, the increase in the number of cells over time can be modelled 

by a logistic curve. If the logarithm of cell numbers is plotted against time, a straight line may 

be obtained during the so-called “exponential phase” (also known as the “log phase”). Under 

batch conditions, the exponential growth cannot indefinitely continue and decelerates either 

due to nutrient depletion or waste substance accumulation. Hence, for unicellular 

microorganisms, growth occurs in different phases Figure 1-11. 

 

Figure 1-11: A typical growth curve for unicellular organisms in batch culture (Hogg 2013). Reprinted 

by permission from Copyright Clearance Centre Inc (licence number: 4597510047929). 

The lag phase or stationary phase is the phase in which no or only slight cell division 

rates occur due to acclimation culture conditions. The more familiar the new growth conditions 



Introduction  24 

 

are for the cells then the shorter the period of adaptation. The duration of the lag phase is also 

dependent on the general health and age of cells.  

At the late lag phase, cells enter the exponential phase. Cells have now synthesised the 

required enzymes to utilise the available substrate and have acclimatised to the new 

environment. Cells start to regularly divide which leads to an exponential increase in the 

number of cells over time. 

Environmental factors eventually limit exponential phase, therefore the rate of growth 

decreases. This decreases as the culture enters stationary phase of growth. The stationary phase 

is a phase of essentially no culture net growth due to limiting factors, most typically nutrient. 

Eventually, the death rate exceeds the division rate and cells enter the death phase. 

In death phase, the dead cells cannot be replaced by the viable cells in the culture, so the 

population of the live cells falls. This could be caused by any unsuitable condition such as lack 

of nutrients.  

1.16 Estimation of microalgal growth  

1.16.1 Microscopic cell counts 

Estimation of the number of cells over time is a critical response variable for evaluation 

of growth and biomass productivity in an algal culture. A haemocytometer or Neubauer slide 

is a gridded glass microscope slide that is used for counting the number of cells by optical 

microscopy. This calibrated slide enables the operator to rapidly estimate the number of cells 

present in a known volume of sample (e.g. cells mL-1). A homogeneous suspension of cells is 

introduced into a chamber of known depth (0.1 mm) beneath a coverslip and cell counts are 

made within a 1 mm2 area (Figure 1-12). This gives the number of cells per 0.1 mm3 (or 0.1 

µL).   

Cell counts are made inside the four corner squares and include cells that touch the top 

and left-hand borders of each. If the number of cells per square is more than 50 then the original 

suspension needs to be further diluted. In the original cell suspension, the total number of cells 

per mL of the sample is calculated as: 

𝑇𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 (
𝑐𝑒𝑙𝑙𝑠

𝑚𝐿
) = 𝑡𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 ×

𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

# 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒𝑠
× 10,000 
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Figure 1-12: Diagram of the grid marked on a haemocytometer slide. 

 

Other methods of making cell counts by automated haemocytometers and flow cytometry are 

faster but less accurate (Moreno-Garrido and Cañavate 2001; Strober 2001). 

1.16.2 Optical density (OD) 

This method is based on the absorbance at a wavelength between 600-750 nm. This is a 

rapid measurement of the concentration of algal biomass which can be used as an alternative 

to the time-consuming method of microscopic cell counts (Leduy and Therien 1977). 

This is a convenient indirect method of measurement of algal biomass based on the 

absorption of light by a suspension of cells which can be directly related to cell concentration 

or cell biomass. Absorption is measured using a spectrophotometer. If the culture is dense then 

it can be diluted. Generation of a calibration curve of relative OD value vs. cell count allows 

further OD measurements to be converted to cell numbers.  

1.16.3 Dry weight 

Estimation of dry mass (DM) is a slower technique than cell counts and OD 

measurement. A known volume of culture must be dried to constant weight and then DM per 

unit volume of culture is calculated. This gives a more accurate determination of algal biomass 

provided sufficient volume of culture is available (Zhu and Lee 1997) but is relatively slow 

and is also inaccurate for low cell numbers unless if a large culture volume is used to get the 
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biomass. In addition, a more critical representation of the limitations of this growth estimate is 

warranted, e.g. the formation of culture media precipitates as a result of culture medium pH 

changes induced by photosynthesis. This then means, that for older cultures the measurements 

become increasingly inaccurate unless biomass can be washed by filtration, as most of the 

formed precipitates are insoluble, e.g. calcium – and magnesium carbonates. 

1.16.4 Specific growth rate or doubling time measurement 

In a culture, biomass increases by cell growth and cell division over time. The required 

time for achieving a doubling of cells is called generation or doubling time (td). When growth 

is exponential, the number of doublings (n) is mathematically described as follows which 

describes the number of cells in each generation: 

20 N0 → 21 N0 → 22 N0 → 23 N0 → 2n N0 

where N0 is the initial number of cells. This describes the number of cells in each generation. 

 At a time interval t the number of doublings (n) is t/td. Therefore, for a culture in its exponential 

growth phase after some time (t) from the inoculation, the number of cells (Nt) can be 

calculated: 

Nt = N0 2
n 

= N0 2 t/td 

Nt / N0 = 2 t/td 

ln (Nt / N0) = (ln 2) t/td 

 

The growth rate in exponential phase represents the increase of biomass. If the initial biomass 

concentration at time 0 and time t is assumed to be X0 and Xt then the equation above can be 

modified as: 

ln (Xt / X0) / t = ln (2) / td 

d (ln X) / dt = 0.693 / td 

d (ln X) / dX · dX / dt = 0.693 / td 

1/X · dX / dt = 0.693 / td 

      μ = 0.693 / td 

 

For cells in culture, μ is the fraction of increase of biomass over unit time which is represented 

as specific growth rate (h-1). This is the rate of increase of biomass of a culture with a 

concentration of 1g L-1 and the doubling time of an hour (Richmond and Hu 2013).



 

Chapter 2 

2 General materials and methods 

2.1 Introduction 

Understanding the interaction of an alga with environmental variables and its outcome 

in terms of production/accumulation of the metabolite of interest enables the design of a 

specific cultivation system to optimise the yield of product for larger scales. The main aim of 

this project was the determination of optimal conditions to produce EPA by Trachydiscus sp. 

Awa9-2 in bench-scale concentric airlift photobioreactors. This was based on manipulating the 

growth environment by altering the key fermentation and bioreactor parameters. Manipulating 

the temperature, quality and quantity of light, and investigation of heterotrophic and 

mixotrophic growth were the key parameters in the investigation of the alga. In this chapter, 

the general experimental equipment and methods are described. More detailed methods used 

for specific experiments are presented in the relevant chapters. 

2.2 Characteristics and culture of the experimental organism, 

Trachydiscus sp. Awa9-2 

2.2.1 Morphology of Trachydiscus sp. Awa9-2 

Fresh stock cultures of Trachydiscus sp. Awa9-2 cultivated on MLA plates (Chapter 3) (Bolch 

and Blackburn 1996), were obtained from Manaaki Whenua-Landcare Research (Lincoln, New 

Zealand). To describe the morphology of the alga, fresh cells were suspended in a drop of 

distilled water on a slide, covered with a coverslip and observed with bright field illumination 

at ×100, ×400 and ×1000 magnification using bright field light microscopy (Leica DM LB, 

Meyer Instruments, Inc.). Cells were near-spherical and ~10 µm diameter (Figure 2-1). The 

cultures always appeared healthy and without any obvious bacterial contamination. The cell 

wall, chloroplasts and an orange coloured lipid body were easily visible at ×1000 magnification  

(see the SEM image of Trachydiscus sp. Awa9-2 in the Appendix). No zoospores have been 
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seen in this strain (Novis P., Landcare Research NZ Ltd., pers. comm. 2016) despite efforts to 

approximately recreating the conditions that stimulated their production in T. minutus (Přibyl 

et al. 2012b). Zoospores have also not been observed in recently described T. guangdongensis 

(Gao et al. 2019).  

 

Figure 2-1: Trachydiscus sp. Awa9-2 observed at 1000× magnification under light microscope. Note 

absence of bacterial cells. 

2.2.2 Preparation of stock cultures of Trachydiscus 

To prepare stock cultures for inoculation of experiments, single colonies of Trachydiscus 

sp. Awa9-2 were picked from agarised MLA medium in Petri dishes and sub-cultured in new 

MLA medium (Petri dishes and liquid medium in flasks). Liquid cultures were renewed every 

two weeks and plates every three months. Cultures were incubated at 25 ± 2 °C in a CO2-

incubator (Sanyo IR Sensor MCO-17AI). A stream of 3% CO2 in the air was set to blow inside 

the incubator. A light intensity of 75 µmol m-2 s-1 was provided by warm-white LEDs.  

Pre-cultures in their mid-exponential growth phase were used as inocula for experiments. 

Inoculum size was calculated to give an initial concentration of at least 2 × 105 cells mL-1 at 

the time of inoculation (t = 0). 

Experiments were performed to select an optimum culture medium for use in 

experiments. These are elaborated in Chapter 3. Zehnder’s (Z) medium (Alexandrov et al. 

2014) was the main medium that was used. The chemical composition of Z medium is 

presented in Table 3-1. 

The cultivation systems that were mostly used in this research were photobioreactors, 

supplemented with Petri dishes in heterotrophic, mixotrophic and wavelength studies. For 
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growth evaluation at various light intensities, cell culture flasks were used. The specification 

of each cultivation system is described in the relevant chapters. 

2.3 Culture vessels used for experiments 

2.3.1 Small-scale experiments (Erlenmeyer flasks, Cell Culture flasks and Petri dishes) 

Initial experiments with small-scale cultivation were carried out in Erlenmeyer flasks of 

different sizes depending on the experimental requirements. Baffled flasks were used with 

rubber stoppers containing fine metal pipes for aeration and sampling. An aquarium air pump 

was used to blow air through silicon tubes and manual air distributor taps to the flasks for 

efficient mixing of the cultures. Additional mixing was provided by the use of a shaker (speed 

of shaking 120 rpm). The inlet air was water-saturated by installing a humidifying flask, 

containing sterile distilled water, between the air pump and the cultures. A stainless-steel 

hollow needle was fitted into the rubber bung for taking samples from the culture. This was 

connected to a sterile three-way stopcock and a syringe to facilitate aseptic sampling (Figure 

2-2). The sterility of the inlet air was maintained by passage through a 0.2 µm, 70 mm diameter 

air filter (Midisart 2000 Venting filter) before injection into the flasks. 

 

Figure 2-2: Erlenmeyer flask assembly used for small-scale experiments. A baffled flask (left image) 

with rubber stoppers containing fine metal pipes for aeration and sampling (middle image) was 

connected to a sterile three-way stopcock and a syringe (right image) to facilitate aseptic sampling. 
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High quality and optically clear 40 mL polystyrene flasks (Nunc™ Non-treated Cell 

Culture Flasks, Thermo Fisher Scientific) with filter caps were used in experiments quantifying 

the effects of different wavelengths of light (Figure 2-3; see Chapter 7 for details). The filter 

cap allowed gas transfer and the clear polystyrene allowed penetration of photons without 

changing the wavelength. This was verified by use of a spectroradiometer (ASD FieldSpec® 4 

Hi-Res, ASD Inc, Boulder, CO, USA) and a quantum sensor (LI-190R Quantum Sensor, LI-

COR Biosciences, Lincoln, Nebraska USA); data not shown. 

 

Figure 2-3: Nunc™ Non-treated Flasks with filter caps. 

Disposable vented polystyrene Petri dishes (60 mm × 15 mm) were used for experiments 

employing culture medium solidified with agarose at 5 g L-1.  

2.3.2 Photobioreactors used in scale-up experiments 

Larger scale experiments used four 600 mL, concentric, internal loop airlift 

photobioreactors (PBRs) (Figure 2-4). These round bottomed PBRs were surrounded by a 

thermal jacket for temperature control by continuous water circulation. An external water 

bath (Grant GD100 Circulating Immersion Bath Controller) and cooling system (Grant 

CS200G Refrigerated immersion cooler) maintained the temperature of the circulating water 

within a range ± 0.5 °C. The ports for aeration with CO2 enriched air, inoculation, venting of 

used air and removal of samples were fitted in a rubber bung at the top of each PBR. The 

dimensions of different compartments are given in Figure 2-5.   
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Figure 2-4: PBRs and the light units used for the algal cultivation.  



General materials and methods  32 

 

 

Figure 2-5: Schematic illustration of a 600 mL concentric, internal loop airlift photobioreactor as used 

for cultivation of Trachydiscus sp. Awa9-2. 

 

Each PBR was surrounded by an external Perspex cylinder. Two strips of LEDs (one each 

of cool white and warm white) were helically mounted on the outside of the cylinder to provide 

an even distribution of light approximating the photosynthetic spectrum of sunlight. The LEDs 

were connected to a pulse width modulated dimming controller capable of fine adjustment to 

three settings of light intensity (see Section 6.2). The culture in each PBR was continuously 

sparged with moist, saturated air containing 3% CO2 at flow rates of 0.24 L min-1 for the air, 

and 7.4 mL min-1 for CO2 which was achieved using a mass flow controller (Alicat MC-series, 

Alicat Scientific, Tucson, AZ, USA). To saturate the inlet gas and to prevent evaporation of the 

culture medium during the cultivation, two humidifying flasks containing sterile distilled water 
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were positioned in the gas line. Air filters (Midisart 2000 Venting filter; 0.2 µm pores, 70 mm 

diameter) were installed in the gas line to sterilise the inlet gas. 

A sterile three-way stopcock and a syringe were connected to silicon tubing in the 

sampling port for removal of samples. To achieve a high homogeneity of cells in the culture 

prior to sampling, the gas flow rate of each PBR was increased to 0.3 L min-1 for 3 minutes.  

2.4 Biomass productivity assessment 

Two methods were applied for assessment of biomass productivity g dw L-1 day-1  and 

determination of growth curves: 1) microscopic cell counts and 2) dry weight (dw) biomass 

estimation. 

Dry biomass was obtained as follows. The wet suspended biomass of a measured volume 

of the liquid culture was separated by centrifugation for 5 minutes at 3150 ×g at 18 °C 

(Eppendorf Centrifuge 5810R). The glassware for preparation of dried biomass, for further 

fatty acid analysis, was cleaned to make it grease-free. New bottles were washed using 

dishwashing liquid and tap water and then rinsed three times with distilled water. They were 

then immersed in acetone for five minutes and then placed in a fume hood for evaporation of 

the acetone. They were rinsed again with distilled water three times followed by drying in the 

fume hood. These clean bottles were used for the collection of algal biomass. Bottles containing 

biomass were then transferred to a -80 °C freezer and subsequently freeze-dried (Labconco 

Freezone 12 Liter Freeze Dry System, USA). The dry weight was measured using an electronic 

balance with 0.1 mg resolution at 20 ± 2 °C. 

2.5 Statistical analysis  

To estimate the growth parameters and for statistical analysis, the non-linear least square 

(nls) model fitting function in R package (R Project for Statistical Computing, version 3.2.2) 

(R Core Team 2017) was used. The package provides metrics of microbial growth curve data 

with biological interpretations for the growth rate (µmax) and the doubling time. The model fits 

a basic form of the common bacterial logistic equation to the experimental data of the growth 

curve (Sprouffske and Wagner 2016). The number of cells Nt at time t is obtained by the logistic 

equation:  
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𝑁𝑡 =
𝑁0 × 𝑁𝑚𝑎𝑥

𝑁0 + (𝑁𝑚𝑎x−𝑁0)𝑒−𝜇𝑚𝑎𝑥×𝑡
 

Here N0 is the population size at the start of growth, Nmax is the maximum possible population 

size in a specific environment, and µmax is the specific growth rate. 

The parameters Nmax and µmax are found using the non-linear least-squares Levenberg-

Marquardt algorithm (Moré 1977) available in the R package.   

The equation can be transformed to: 

𝑁𝑡 =
𝑁𝑚𝑎𝑥

1 + 𝑒−(𝜃+𝜇𝑚𝑎𝑥×𝑡)
 

𝜃 = ln (
𝑁0

𝑁𝑚𝑎𝑥 −𝑁0
) 

Doubling time td (day) is calculated as                

𝑡𝑑 =
ln 2

𝜇𝑚𝑎𝑥
 

Pairwise comparison of the growth logistic models was performed using R to test for significant 

parameter differences (P<0.05). See the Appendix for assessing the appropriateness of model 

and significance differences testing. 

2.6 Fatty acid analysis and quantification 

Analysis of the fatty acids in microalgal biomass was performed by Callaghan Innovation 

(Gracefield, Lower Hutt, New Zealand) using a commercial method developed by them using 

gas-liquid chromatography-mass spectrometry (Svetashev et al. 1995). 

The nomenclature used for describing the biomass and fatty acid yields of Trachydiscus 

sp. Awa9-2 under different growth conditions is described in Table 2-1. The biomass values 

elsewhere in this thesis are the cell dry weight (DW) at the time of harvest. 

Table 2-1: The nomenclature and units for describing fatty acid and dry biomass (DW) yields. 

Criteria Unit  

Total fatty acid (total FA) g in 100 g of biomass  

%EPA g in 100 g of the total FA of the biomass 

EPA yield g in 100 g of biomass  

Biomass productivity mg L-1 day-1 

EPA productivity mg L-1 day-1 
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2.7 Light experiments 

2.7.1 Flux measurement and spectral composition of the light sources 

The intensity-adjustable LEDs each provided a particular limited range of wavelengths 

within the visible spectrum. This allowed assessment of the effect of each on photosynthesis 

and production of secondary metabolites.  

Single LEDs were purchased from Rapid LED (Burlingame, CA, USA) and LED strips 

were purchased from Nightlightning (Rolleston, New Zealand, www.nightlightning.co.nz). 

Section 6.2.1 discusses the characteristics of LED strips used in PBRs and Section 7.2.1 

discusses the characteristics of single LEDs used for the multi-chamber LED box. 

The ten single LEDs with different wavelengths within the visible spectrum from 350 to 

800 nm are listed in Table 2-2. LEDs in each experimental setup were connected to a dimmable 

driver adjusted using pulse width modulation (PWM), i.e. changing the fraction of time the 

power is on and hence changing the emitted light intensity of the LED without changing the 

emitted spectrum. For each LED at least 10 photon flux density (PFD) measurements were 

recorded from the minimum PWM of 0 to the maximum of the LED saturation point (Figure 

2-6 and Figure 2-7).  

Table 2-2: Colours and nominal wavelength ranges of single LEDs 

Colour (commercial name) Wavelength range (nm) 

True violet UV 371-449 

Hyper violet 382-473 

Royal blue 415-498 

Blue 434-532 

Cyan 444-571 

XPE Green 462-605 

Lime 411-766 

XPE Red 586-662 

Photo red 607-690 

Far-red 657-773 

 

The relative spectral power distribution (SPD) of each LED was measured and the 

spectral composition of each LED was identified using an integrating sphere and a high-

resolution scanning spectroradiometer (ASD FieldSpec® 4 Hi-Res; ASD Inc, Boulder, CO, 

USA). PFDs were normalised across treatments using dimming controllers and measured using 

a quantum sensor. An LI-193 Spherical Underwater Quantum Sensor and an LI-190R Quantum 

Sensor, (both LI-COR Biosciences, Lincoln, Nebraska USA) were used to measure the PAR 
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(in µmol photons m-2 s-1) of the LEDs. Normalised PFDs were used in this study rather than 

energy because photosynthesis progresses in terms of number of photons as described by the 

photosynthesis equation:  

CO2 + 2H2O +8 photon  (CH2O) + O2+ H2O 

 

 

Figure 2-6: Spectral composition of cool-white LED and its relative spectral power distribution at 

different switching frequencies (Pulse Width Modulations as shown in the legend). 
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Figure 2-7: The wavelength spectrum of each LED and its relative spectral power distribution as measured at different PWM. Note that the spectral compositions 

of the LEDs frequently varied from those claimed by the manufacturers, demonstrating that characterising their ranges prior to experiments was essential.  For 

instance, the Lime LED was claimed to span the range 566–569 nm. 
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2.7.2 A multi-chamber LED box for conducting the wavelength experiment  

To explore the effect of different wavelengths on the growth and fatty acid composition 

of Trachydiscus sp. Awa9-2 a special multi-chamber incubation box was designed and 

constructed (Figure 2-8). The box was a lightproof wooden structure consisting of 12 chambers 

painted internally with matt black. Each chamber was 120 mm × 150 mm × 100 mm.  A single 

hinged door covered all chambers to allow placement of culture plates inside and to exclude 

light. Each chamber excluded all light other than that from the LED that it contained.  A single 

LED was mounted on the ceiling of each chamber, except for one chamber (the dark control). 

Different LEDs were randomly assigned to chambers. A black-painted flat aluminium heat 

exchanger was located on the floor of each chamber. A flow of water was pumped and circulated 

from a controlled-temperature water bath through these aluminium blocks to maintain the 

desired temperature of cultures during the experiments. LEDs were mounted on copper ring 

brackets threaded onto a copper pipe passing through all the chambers. Coldwater was 

circulated through the pipe in order to withdraw heat from the LEDs. 

 

Figure 2-8: Multi-chamber LED box for conducting the wavelength experiment. a: A single chamber 

with a quantum sensor fitted on the floor and an LED connected to the copper pipe at the top of the 

chamber. b: The multi-chamber box during the experiment. c: The multi-chamber box, and its external 

cooling system in a plant growth incubator. A single hinged door covered all chambers to allow 

placement of culture plates inside and to exclude light.   
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Before each experiment, a quantum sensor was used to measure and normalize the PFD 

of the LEDs to ensure that the culture surface received the same rate of photons in each chamber 

(Figure 2-8a). 

Each chamber was equipped with a black-painted beaker filled with water to maintain 

humidity during the experiment.  

 Cultures in Petri dishes or flasks were positioned on top of the black-painted aluminium 

heat exchanger blocks while they were exposed to the light from an LED (Figure 2-8b) or to 

the dark control.  

 To reduce the temperature and humidity fluctuations during the experiments, the LED 

box and all its external equipment were placed inside a plant growth chamber (Fitotron® High 

Specification Growth Chambers; Figure 2-8c), with a temperature similar to the experimental 

temperature and a humidity of 70%.    



 

 

 



 

 

 

Chapter 3 

3 Culture media selection and establishment of protocols for the 

cultivation of Trachydiscus sp. Awa9-2 

3.1 Introduction 

High productivity of vegetative cells is crucial when microalgae are used in commercial 

production processes (Fábregas et al. 2000). A culture medium formulation that can support 

rapid growth and a high cell concentration is necessary. The first stage of this project was to 

perform preliminary experiments to investigate growth rates of Trachydiscus in various culture 

media and cultivation systems in order to establish an approach for use in later experiments. 

Full optimisation of culture media was not included in the scope of this study. 

The key criterion for selection of a culture medium and a cultivation system was high 

EPA productivity (mg L-1 day-1) through either higher production of EPA per cell or by 

increasing the growth rate in order to give a higher concentration of cells per unit volume, or 

through a combination of these two objectives to achieve the maximized yield.  

The four preliminary experiments investigated the following. 

1- Five conventional culture media were screened for their ability to support high cell density 

and high growth rate of Trachydiscus sp. Awa9-2. 

2- The pH range that supported the growth of Trachydiscus sp. Awa9-2 was identified. 

3- A comparison was made between growth in plain and baffled shake flasks in order to test 

whether the latter improved growth rates and reduced cell adhesion to the sides of the 

flasks. 

4- Two media with the best results for those criteria were tested in two cultivation systems, 

namely shake-flasks and PBRs. Harvest was in both exponential and stationary phases of 

growth. Growth rate, biomass production, FA and EPA accumulation were measured. The 
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best culture medium was then selected as the working medium for the remaining 

experiments. 

3.2 Materials and methods 

3.2.1 Inoculum preparation 

Stock cultures of Trachydiscus sp. Awa9-2 on MLA culture medium were provided by 

Manaaki Whenua Landcare Research (Lincoln, New Zealand). Initially, a single colony of the 

alga was streaked onto fresh MLA agar plates and incubated at 25 °C, under the illumination 

of warm white LEDs with a PFD of 75 µmol m-2 s-1. 

After two weeks incubation of a stock culture (see Section 2.2.2), a loopful of fresh 

algal cells was taken from one agar plate and sub-cultured into 125 mL Erlenmeyer flasks 

containing a working volume of 30 mL MLA broth. These flasks were incubated at 25oC 

under warm white LEDs at a PDF of 75 µmol m-2 s-1 for a week and were used as the first 

working stock cultures. Daily samples were taken for microscopic cell counts in order to 

estimate the growth rate. In the next experiments, new cultures in their estimated mid-

exponential growth phase were used as inoculum. The inoculum volume was calculated such 

that the initial (t = 0) concentration in the experimental culture was at least 2 × 105 cells mL-1.  

Fresh inoculum for experiments throughout this project was made continuously available 

by sub-culturing cells into fresh medium every two weeks. 

3.2.2 Comparison of five conventional growth media  

Five culture media were selected that had been previously used for cultivation of 

Trachydiscus and Nannochloropsis. These were MLA (Bolch and Blackburn 1996) which was 

included because the strain was supplied growing on this medium, Zehnder’s medium or Z 

(Alexandrov et al. 2014), a modified Zehnder’s medium or ZM (Alexandrov et al. 2014), 

Zachleder & Setlik or ZS medium (Zachleder and Setlík 1982), and a modified RM medium 

(Moazami et al. 2011). The chemical composition of all culture media is presented in Table 

3-1. 

Two replicate 150 mL flasks containing 50 mL of each culture medium were inoculated 

with Trachydiscus sp. Awa9-2. Cultures were incubated at 25 ± 2 °C under constant 
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illumination of white LEDs at a PFD of 75 µmol m-2 s-1 (Figure 3-1). The flask cultivation 

condition is described in Section 2.3.1. Cultures were incubated for two weeks. Samples were 

taken daily for microscopic cell counts in order to monitor growth.  

 

Table 3-1: Culture media composition 

 

 

Macroelements (g L-1) 
Zehnder  

(Z) 

Z Modified 

(ZM) 

MLA Zachleder & 

Setlik (ZS) 

(RM) 

Modified 

NaNO3 0.467 2 0.17 - 0.35 

KNO3 - - - 4.042 - 

KH2PO4 - - - 0.34 0.05 

K2HPO4 0.031 0.25 0.0348 - 0.1 

MgSO4·7H2O 0.025 0.266 0.0494 0.988 0.01 

Na2CO3 0.021 - - - - 

NaHCO3 - 0.1 0.018 - - 

Ca(NO3)2.4H2O 0.059 0.04 - - - 

CaCl2·6H2O - - 0.0294 0.0109 0.06 

Fe2(SO4)3 7H2O - 0.02 - - - 

FeCl3.6H2O - - 0.00158 - 0.017 

Fe-EDTA 0.01 - - - - 

Na2-EDTA - - 0.00436 - - 

Fe/Na-EDTA - - - 0.018 - 

Microelements (mg L-1)      

H3BO3 6.18 2 2.47 3.09 3 

ZnSO4.7H2O 2.87 2 0. 22 1.43 0. 01 

MnSO4·4H2O 2.23 2 - 1.18 1.5 

MnCl2·4H2O - - 0. 36 - - 

CuSO4·5H2O 2.49 0.4 0.1 1.24 0.08 

(NH4)6Mo7O24·4H2O 1.96 0.04 - 0.88 0.3 

CoCl2.6H2O instead of CoSO4 2.81 0.004 0.1 1.4 - 

Co(NO3)2.6H2O - - - - 0.26 

H2SeO3 - - 0.00129 - - 

Na2MoO4.2H2O - - 0.06 - - 

Biotin - - 0.0005  - - 

Vitamin B12 - - 0.0005   - - 

Thiamine HCL - - 1   - - 
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Figure 3-1: Shake flask cultivation system. Baffled Erlenmeyer flasks with rubber stoppers containing 

fine stainless steel spargers (1 mm internal diameter) for aeration and sampling. 

3.2.3 Effect of pH on biomass production 

50 mL of Z medium in each of four 150 mL flasks was adjusted to pH 4.0, 5.5, 7.0 or 8.5 

using 0.05 mol L-1 H2SO4. The pH range was chosen based on the pH of the habitat of this alga 

(pH 4.0) and the pH of the culture medium (pH 8). Inoculation and cultivation conditions were 

as described in Section 3.2.2. Samples were taken every two days for 10 days and cell counts 

made using a haemocytometer (Section 1.16.1). Cells were checked for morphological 

changes. Two replicate experiments were performed. 

3.2.4 Comparison between cultivation in standard and baffled Erlenmeyer flasks 

A 500 mL standard Erlenmeyer flask (non-baffled) and a 500 mL baffled Erlenmeyer 

flask, each containing 150 mL Z medium, were prepared and inoculated with fresh cells of 

Trachydiscus sp. Awa9-2. Cultures were grown for 16 days in the conditions described in the 

second column of Table 3-2. Microscopic cell counts were made every two days to track the 

growth. All experiments were performed in duplicate. 
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Table 3-2:  Culture conditions in the four preliminary experiments 

 Comparison of 

five media 

Comparison of 

growth between 

standard and 

baffled flasks 

Cultivation in 

shake-flasks 

Cultivation in 

airlift 

photobioreactors 

Culture media 
MLA, Z, ZM, 

ZS, RM 
Z MLA and Z MLA and Z 

Light intensity 

or photon flux 

density 

75 µmol m-2 s-1 75 µmol m-2 s-1 75 µmol m-2 s-1 130 µmol m-2 s-1 

Light source 
White LEDs 

(mixed wavelengths) 

White LEDs 

(mixed wavelengths) 

White LEDs 

(mixed wavelengths) 

White LED strips 

(mixed wavelengths) 

Temperature 25 °C 25 °C 25 °C 25 °C 

Inoculum 

concentration 
5.62×106 cells mL-1 7.15×106 cells mL-1 3.3×106 cells mL-1 3.3×106 cells mL-1 

Cell 

concentration 

at t=0 

2×105 cells mL-1 3.4×105 cells mL-1 2.6×105 cells mL-1 2.6×105 cells mL-1 

CO2 supply Nil Nil Nil 3% CO2 in air 

Culture volume 

(working size) 
70 mL 150 mL 100 mL in total 600 mL 

Cultivation 

vessel 

150 mL baffled shake 

flasks 

500 mL standard and 

baffled flasks 

150 mL baffled shake 

flasks 

Concentric airlift 

PBR 

Aeration 
Air bubbles through an 

aquarium pump 
None 

Air bubbles through 

an aquarium pump 

per PBR: Air: 0.24 L 

min-1 Air;  

CO2: 7.4 mL min-1 

Mixing 
Orbital shaking 

(130 rpm) 

Orbital shaking 

(130 rpm) 

Orbital shaking 

(130 rpm) 

Gas injection 

through the sparger 

3.2.5 Effect of manipulation of culture conditions on growth and EPA productivity in 

two media and using baffled shake flasks and PBRs  

MLA and Z were selected for this experiment (please see the results of the comparison 

of five growth media, Section 3.3.1). Trachydiscus sp. Awa9-2 was cultivated in these culture 

media in shake-flasks and photobioreactors to assess the biomass and EPA productivities. EPA 

volumetric productivity in different culture media and at different growth stages were the 

criteria for medium selection. The growth rate was determined based on logistic models 

(described in Section 2.5) fitted to cell densities over time in each setup. Estimates were 

obtained for μmax and maximum cell densities. 

A: Cultivation in shake-flasks  

100 mL of each of MLA and Z media was inoculated from a stock culture. Fifty mL of 

each medium was added to two 150 mL flasks. Initial (t = 0) cell counts were made for each 
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medium. Flasks were placed in a shaking incubator under the conditions described in the third 

column of Table 3-2. Cell counts were made at 24 h intervals.   

The above procedure was repeated twice with two replicates for each. On the first 

occasion, the biomass was harvested at day 10 when cells were in their mid-exponential phase 

(see Section 3.3.1 below). On the second occasion, the harvest was at day 14 when cells were 

in their early to mid-stationary phase. These were performed in order to analyse the biomass of 

different growth phases. 

 B: Cultivation in airlift photobioreactors 

For each PBR, 600 mL of each of MLA and Z medium was inoculated from a stock 

culture in its exponential growth phase. 47.3 mL (V1) of a fresh culture with cell concentration 

of 3.3 × 106 cells mL-1 (C1), was added to 552.7 mL fresh culture medium to achieve 600 mL 

initial culture with cell concentration of 2.6 × 105 cells mL-1 (C2). This was calculated by the 

equation below where C and V are respectively the cell concentration and the volume of culture: 

C1V1 = C2 V2  

3.3 × 106 × V1 = 2.6 × 105× 600 

V1 = 47.3 mL   

The final volume of the culture medium required is 600 – 47.3 = 552.7 mL. 

Each medium was then dispensed into a PBR. Initial (t = 0) cell counts were made. 

PBRs were then run under the conditions shown in the fourth column of Table 3-2. The PBRs 

were supplied with CO2. 

Cell counts were made at 24 h intervals. Aeration of the PBRs was switched off 

immediately prior to biomass harvest. The above procedure was repeated twice with two 

replicates for each. The first run of each PBR was harvested at mid-exponential phase on day 

11; the second run was harvested in early to mid-stationary phase at day 17. These provided 

biomass of different growth phases for the analysis. Biomass was harvested as described in 

Chapter 2 and was used for FA analysis.
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3.3 Results  

3.3.1 Culture media selection based on growth in the flasks 

Z and MLA were indistinguishable in their ability to support the greatest growth (Figure 

3-2). Maximum cell densities in both these reached 84 ×106 cells mL-1, compared to 79 ×106 

in ZM, and 60 ×106 in RM. Growth in ZS was poor with a maximum density of 5 ×106 cells 

mL-1. The maximum cell density by day 14 (Figure 3-3) was significantly greater in MLA, Z 

and ZM compared to RM and all these were greater than ZS (P<0.05). 

 

Figure 3-2: The growth of Trachydiscus sp. Awa9-2 in five different media in shake flask cultures. 

Logistic growth models (lines) were fitted to the raw data of both replicate experiments combined. All 

empirical values (symbols) are shown as means ± SE; n=2. 
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Figure 3-3: Parameter estimates from logistic models for growth in flask cultures in five media.  

Maximum cell density (top) and maximum specific growth rate per day (bottom) were obtained from 

duplicate experiments. Values are means ± SE. Different letters represent significant differences 

(P<0.05). Values with the same letter are not significantly different. Application of the nonlinear logistic 

model (Section 2.5) to maximum specific growth rates (µmax) for ZS showed that it was not significantly 

different from other culture media. However, this was likely due to the data for ZS conforming poorly 

to a logistic curve (thus the estimate of µmax for ZS has a large error). Since the ZS data did not satisfy 

the requirements of the model, the model is not useful for ZS. However, it is clear that ZS is an 

inappropriate medium for Trachydiscus as it supported very little growth (Figure 3-2). 

 

3.3.2 Effect of manipulation of culture conditions on growth and EPA productivity in 

two media and using baffled shake flasks and PBRs 

Cultures in PBRs (provided with CO2) showed significantly greater maximum cell 

densities (Figure 3-4 and Figure 3-5) than those in shake flasks (without sparged CO2), as did 

Z medium compared with MLA in both flasks and PBRs. Maximum biomass productivity of 

cultures in Z medium and harvested in the exponential phase was 17.6 μg mL-1 day-1 in shake-

flasks, and 190 μg mL-1 day-1 in the PBRs.  
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Figure 3-4: The effects of manipulation of culture condition on growth of Trachydiscus sp. Awa9-2. 

Logistic growth curves (lines) were fitted to cell density data. Experiments compared two different 

media in both flasks and PBRs operated in batch mode; PBRs (but not flasks) received supplemental 

CO2. Values are means ± SE; n=2. 

%EPA was 42.2% and 41.3% respectively in MLA and Z media in flasks. However, flask 

cultures resulted in the lowest EPA productivity. There were significant differences between 

MLA and Z for maximum cell density and μmax in both types of culture conditions (Figure 

3-5). 

As a function of cell density, EPA productivity was 7-9 times higher in PBRs compared 

to shake flasks. The highest EPA productivity was 14.7 μg mL-1day-1, in a PBR containing Z 

medium with cells harvested at exponential phase (Figure 3-6).  
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Figure 3-5: Parameter estimates from logistic models: maximum cell densities (top) and μmax (bottom). 

Cultures were established in flasks and PBRs using two media, MLA and Z. Values are means ± SE; 

n=2. Different letters represent significant differences between the values (P<0.05). 

 
Figure 3-6: The effects of culture media, cultivation condition and time of harvesting on biomass and 

EPA production of Trachydiscus sp. Awa9-2 for two different harvest times in the four treatments. 

Experiments were performed in flasks and PBRs using two culture media, MLA and Z. Value are means 

on two replicates. 
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3.3.3 The effect of pH on growth of Trachydiscus sp. Awa9-2 

Trachydiscus sp. Awa9-2 was able to tolerate and grow at all pH levels tested (Figure 

3-7). Growth at pH 4 and 5.5 showed a longer lag phase compared to that at pH 7.0 (Figure 

3-8). Maximum cell density at day 10 was 8.8 × 106 cells mL-1 at pH 7.5 but only 4.25× 106 

cells mL-1 at pH 4.0. Microscopic observations throughout the experiment did not show any 

changes in cell morphology at different pH. 

 

Figure 3-7: Effect of pH on biomass production in Trachydiscus sp. Awa9-2; day 10 of cultivation. 

 

 

Figure 3-8: Comparison of Trachydiscus growth in Z medium at different pH levels. Values are means 

± SE; n=2. 
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3.3.4 Comparison of the quality of mixing in plain and baffled flasks 

A thick layer of attached cells was observed on the wall of plain flasks. This was manually 

washed off every day by a pipette and the culture thoroughly mixed before taking the samples 

for cell counts. There was no visible attachment of cells to the walls of baffled flasks (Figure 

3-9). 

 

Figure 3-9: Cell attachment to the wall of a plain flask (right) but not to the wall of a baffled flask (left). 

 

 

Figure 3-10: A comparison of cell growth with a log Y scale in plain and baffled flasks. Values are 

means ± SE; n=2. 

Although growth in both flask types looked identical up to day 5, after a week, cell 

density in baffled flasks was almost 1.5 times greater than that in plain flasks (Figure 3-10). 
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Using baffled instead of plain flasks eliminated the problem of cell attachment to the 

interior walls. In a plain flask, cells rose to the culture medium surface and accumulated in a 

thick layer. 

3.4 Conclusion 

This study is the first to compare different growth media for Trachydiscus sp. Awa9-2. 

Before this, the alga had been cultivated in only one culture medium. As a critical first step in 

maximizing productivity of this promising new microalga for biomass and EPA production, its 

growth rate was evaluated in preliminary experiments in different culture media in order to 

choose the most appropriate for later experiments. 

A comparison was made between five standard culture media, namely MLA, Z, ZM, ZS 

and RM. The selection criterion was first based on biomass productivity, not EPA production, 

since dense biomass was a definite requirement. 

MLA and Z medium were the most suitable media for experiments to optimise biomass 

productivity of Trachydiscus. ZM was not considered to be suitable as it requires a higher 

concentration of macronutrients (e.g. MgSO4·7H2O, K2HPO4, and NaNO3) than those required 

for MLA and Z, which increase the cost of potential commercial production. It was concluded 

that ZS was inappropriate culture medium.   

 MLA and Z were chosen for the complementary experiments in PBRs where both 

biomass and EPA productivity were specifically assessed. MLA culture medium was the 

medium first used for the isolation and cultivation of Trachydiscus sp. Awa9-2. This medium 

has not been mentioned in publications on other strains of Trachydiscus but Z medium has been 

used for mass cultivation of T. minutus (Alexandrov et al. 2014). Modified Z medium (ZM) 

has different proportions of its chemical constituents and Alexandrov et al. (2014) showed it to 

produce 10% greater maximum cell densities compared to Z medium and BB medium. This 

was not observed in this study. The results for culture media screening performed in shake-

flasks indicated an almost equal quantitative efficiency on the production of algal cells for both 

culture media MLA and Z. MLA is an enriched medium containing vitamin which potentially 

put the system at risk of contamination by bacteria and fungi. Furthermore, preparation of MLA 

requires a high level of attention which is time-consuming. Z medium, in contrast, has a much 

simpler composition and preparation method. When two media give the same result, a choice 
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can be made based on simplicity and cost of its constituents, the cheaper one being preferable 

for a large-scale industrial process. MLA also performed well in the PBR system but due to 

higher EPA and biomass productivity, Z with a harvesting time in the mid to late exponential 

phase of growth was chosen for subsequent experiments.  

A media development study occurred in parallel with this research by Alfiarty (2018) but 

was not sufficiently advanced when it needed to decide for a culture media for this study. Using 

a modified Bold Basal Medium, the maximum cell concentration of Trachydiscus sp. Awa9-2,  

in the flask system supplemented with CO2, achieved 8.1×107 cells mL-1 during two weeks of 

growth (Alfiarty 2018). 

Significantly greater maximum cell density was achieved in cultures in PBRs probably 

due to them receiving supplemented CO2 and better mixing. However, it cannot be 

distinguished which one was the main reason for that biomass increase, because multiple 

predictors were varied. The results indicate that considerable enhancement of EPA productivity 

could be possible with further manipulation of growth conditions of Trachydiscus sp. Awa9-2.   

pH 7.0 supported higher cell density and a shorter lag phase compared to other pH levels. 

During lag phase, cells adapt to the new cultivation conditions. Due to slower growth rate 

during the ten-day period of the test, experiments were not followed to completion for the lower 

pH treatments. However, another trial for a longer period of cultivation showed that a lower 

pH than pH 7 did not result in a higher maximum cell density (data not shown). A longer lag 

phase may result when conditions have changed. Generally, the longer the lag phase, the less 

appropriate the culture condition. A long lag phase increases the risk of contamination and is 

not economically efficient in an industrial process. Using acclimatised inoculum grown at pH 

close to the pH of culture medium can reduce the lag phase (Smith D., University of 

Canterbury, 2019 pers. comm).   

 Mixing appeared much more effective in baffled flasks. Use of these greatly decreased 

the problem of cell attachment to interior walls. In plain flasks, cells rose to the culture medium 

surface and accumulated in a thick layer which resulted in reduced nutrient and light access. 

Cells in this layer could be stressed due to drying out if the layer does not wash frequently (i.e., 

being dispersed in the culture medium). In contrast, baffled flasks enabled cells to remain 

homogeneously dispersed throughout the medium. When shake-flasks are used for conducting 

the experiments, to achieve a more stable cultivation system with higher biomass production, 

using the baffled flasks is recommended. 



 

 

Chapter 4 

4 Effect of temperature on growth and EPA production of 

Trachydiscus sp. Awa9-2 in airlift photobioreactors 

4.1 Introduction  

Change in membrane composition is an adaptive strategy in microalgae to maintain the 

fluidity and selective permeability of the membranes. For instance, at temperatures lower than 

the optimum, microalgae transform triacylglycerols to forms containing higher levels of 

unsaturated fatty acids (Arts et al. 2009). Responses to temperature are different in different 

microalgal species, but generally, to maintain membrane fluidity at low temperatures, more 

PUFAs and branched short-chain and cyclic fatty acids are incorporated by cold-adapted 

microorganisms (Morgan-Kiss et al. 2006).  

In Trachydiscus minutus growth at 15 °C (about 10 °C below the optimum) resulted in 

EPA  accumulation at a higher percentage of total FA (Gigova et al. 2012) although biomass 

production was considerably lower. Other factors that influence the rigidity of membranes in 

phototrophs are light intensity, salinity and nutrient availability (Morgan-Kiss et al. 2006). For 

example, fluidity of a membrane at cold temperatures is determined by the ratio of saturated 

and unsaturated fatty acids. 

The average annual temperature in the habitat of Trachydiscus sp. Awa9-2 is 

approximately 10 °C (New Zealand Climate data and activities 2016). This aligns with 

temperatures at which the maximum EPA accumulation has been observed in temperate 

microalgae (Singh and Singh 2015), therefore it was decided to test whether Trachydiscus cells 

could accumulate more EPA at lower temperatures. This chapter describes an experiment in 

which Trachydiscus sp. Awa9-2 was grown in PBRs at six different temperatures ranging from 

15 to 35 °C, followed by an assessment of growth temperature on fatty acid composition and 

yield of EPA in the resulting biomass. Also, a further experiment assessed the effect of 

temperature on fatty acid composition of harvested biomass stored in the dark at temperatures 

ranging from 4 to 40 ºC.  
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4.2 Effect of temperature on microbial growth 

The temperature range over which microorganisms grow is broad. There is a minimum, 

maximum and optimum for each microorganism. Below the optimum, there is lower enzyme 

activity, lower membrane fluidity, slower electron transfer in photosynthesis, slower respiration 

and a lowered affinity for substrates that decreases the growth rate (Nedwell 1999). Above the 

optimal temperature, growth rate decreases due to thermal denaturation of the proteins.  The 

minimum temperature for growth is usually further below the optimum than the maximum 

temperature is above it (Figure 4-1) (Hogg 2013). This is a strong reason in favour of using 

photobioreactors rather than open ponds. A pond at the optimal temperature is at risk of shifting 

slightly to a higher temperature that would support much lower productivity or even be lethal. 

In contrast, optimal temperatures can be maintained in photobioreactors. Another argument is 

that the optimal temperature might seldom be reached, at least in New Zealand. 

The optimal growth temperature differs between microalgae. For temperate microalgae, 

it is typically in the range of 20 to 30 °C (Singh and Singh 2015). Generally, the greatest 

amount of long-chain PUFAs in microalgae is accumulated under the optimal condition for 

growth, however, stress such as low light or low temperature favours biosynthesis of PUFAs 

in some species (Schüler et al. 2017). For T. minutus the optimal temperature for growth was 

found to be around 26 °C and temperatures above 42 °C and below 15 °C caused significant 

decrease in growth rate (Iliev et al. 2010; Gigova et al. 2012; Lukavsky 2012; Alexandrov et 

al. 2014).  

 

Figure 4-1: The asymmetrical microbial growth curve over a range of temperatures. The optimal 

temperature is close to the maximum (Hogg 2013). Reprinted by permission from Copyright Clearance 

Centre Inc (licence number: 4597510047929). 
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The red microalga Rhodella reticulata, tested at 18, 27 and 34 °C (Ivanova et al. 2015), 

had highest EPA content (~ 45% of total FAs) at the optimal temperature of 27 °C for two light 

intensities (260 and 520 μmol m-2 s-1). Cultures at 18 and 34 °C had the greatest percentage of 

saturated palmitic acid (C16:0). There was no significant difference in %EPA between these 

two light intensities at 27 °C. The total FA was highest at 27 °C and PFD of 260 μmol m-2 s-1.  

The eustigmatophycean Nannochloropsis oculata and the chlorophyte Tetraselmis 

subcordiformis cultured at 15, 20, 25, 30, and 35 °C displayed optimal growth at 25 and 20 °C 

respectively. The highest %EPA for both algae was at 15 °C, while PUFAs decreased and total 

FAs increased with increasing temperature (Wei et al. 2014). 

The green microalga Dunaliella salina accumulated more %PUFAs at a sub-optimal 

growth temperature (18 °C) than at the optimum (30 °C) when in a light intensity of 450 

μmol m-2 s-1 (Mendoza et al. 1996). The same trend was observed for the marine diatom 

Phaeodactylum tricornutum, with the yield of EPA and PUFAs (mg L-1 of culture) increasing 

by 120% when temperature was reduced from 25 to 10 °C (Jiang and Gao 2004).  

In the eustigmatophyceans N. oculata and N. salina, the red algae Rhodella maculata, R. 

violacea and Dixioniella grisea, and the diatom Leptocylindrus danicus, accumulation of EPA 

in cells during exponential growth (day 10) was greater at 8 °C than at the higher optimal 

temperature (>14 °C). In all these examples, EPA productivity (g mL-1 day-1) was highest at the 

optimal growth temperatures, as a result of greater biomass per unit volume of culture (Aussant 

et al. 2018). 

Since there is a lack of a consistent trend in the response to temperature of growth and 

chemical composition of different microalgae (Renaud et al. 2002), a study of the effect of 

temperature on Trachydiscus sp. Awa9-2 was an important part of this research. 

4.3 Material and methods 

4.3.1 Impact of temperature on growth and fatty acid composition  

PBRs were inoculated with a fresh culture of Trachydiscus sp. Awa9-2 at exponential 

phase of growth and run as described in Section 2.3.2. The initial cell concentration for each 

PBR was 3 ± 0.5 ×105 cells mL-1. Cultures were continuously illuminated at a light intensity 

of 130 µmol m-2 s-1. The growth rate at each temperature was monitored by taking samples at 
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≤24 h intervals for microscopic cell counts. Growth curves were plotted for six temperatures: 

15, 20, 25, 28, 30 and 35 °C. Maximum incubation time at each temperature was 21 days in 

duplicate PBRs. Temperature variation in cultures during the experiment was ± 0.5 °C. At the 

end of the incubation period, biomass was harvested, freeze-dried and analysed for EPA yield 

and fatty acid composition.  

Experiments were performed twice, and each run was duplicated in two PBRs. The first 

run covered a full growth period (21 days) in order to obtain a growth curve at each 

temperature. The second run was used to obtain biomass for fatty acid analysis. Biomass was 

harvested at exponential phase, judged from the growth curves obtained in the first runs, on 

days 11, 12 and 19 respectively, for runs at temperatures of 25, 20 and 15 °C. The cell counts 

for the second run before harvesting were indistinguishable from the first run (data are not 

shown). 

Due to a severe decrease in growth at temperatures over 28 °C, biomass was not analysed 

further.  

4.3.2 Effect of dark incubation at a range of temperatures on fatty acid composition of 

harvested biomass 

Trachydiscus was cultured at optimal temperature and light intensity (25 °C as 

determined from the first experiments, and 130 µmol m-2 s-1) in a PBR (as described in Section 

4.3.1) until it reached exponential growth. A 50 mL aliquot of the dense culture was transferred 

to each of six flasks which were covered with aluminium foil. Flasks were incubated at each 

of 4, 12, 20, 30, 35 and 40 °C for three days1. The biomass was then harvested, freeze-dried 

and analysed for fatty acid composition and quantity of EPA. 

Pairwise comparison of the growth models was performed using R to test for significant 

parameter differences (P<0.05). 

 
1 This was judged based on earlier experiments that showed highest %EPA in day 3 of a 5-day dark incubation 

(Chapter 5). 
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4.4 Results  

4.4.1 Effect of temperature on growth rate and biomass productivity of Trachydiscus 

sp. Awa9-2 

Trachydiscus sp. Awa9-2 survived over the range of tested temperatures. Growth rate 

differed over the range and was very poor at ≥ 28 °C with maximum cell densities being very 

low (Figure 4-2 and Figure 4-4) and hardly reaching above initial cell densities (t = 0). From 

15 to 25 °C maximum cell density was >107 cells mL-1.  

 
Figure 4-2: Maximum cell densities of Trachydiscus sp. Awa9-2 in cultures grown at temperatures of 

15 to 35 °C in PBRs. A large reduction in growth rate was observed at 28 °C. At temperatures higher 

than 28 °C, the algal biomass remained constant (no growth) during the experiments. Values are means 

± SE; n=2. 

 
Figure 4-3: Maximum cell density and maximum specific growth rate per day of Trachydiscus sp. 

Awa9-2 at 15, 20 and 25 °C in PBRs. Light intensity was 130 µmol m-2 s-1. Values are expressed as 

means ± SE; n=2. Letters show where the significance lies (values with the same letter are not 

significantly different; p˂0.05).  
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The lag phase at 20 °C and 25 °C was much shorter than that at 15 °C. Maximum cell 

densities at 20 and 25 °C were also substantially greater than those at 15 °C (p = 0.0066 and 

p < 0.0001, respectively). Maximum cell density at 20 °C (298×105 cells mL-1) was 

significantly (p < 0.0001) greater than at 25 °C (286×105 cells mL-1) but maximum growth 

rates (µmax) at these two temperatures were not significantly different (Figure 4-3). 

 

Figure 4-4: The effect of temperature on the growth of Trachydiscus sp. Awa9-2 at a light intensity of 

130 µmol m-2 s-1. Logistic models were fitted to the empirical values of both replicate experiments 

combined. All empirical values (symbols) are shown as means ± SE; n=2. 

 

At the time of harvest in exponential phase, biomass productivities of Trachydiscus sp. 

Awa9-2 at 15, 20 and 25 °C were respectively 106, 196 and 210 mg L-1 day-1. Biomass 

productivity at 25 °C was almost twice that at 15 °C. 
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4.4.2 Effect of temperature on fatty acid composition and EPA productivity in 

Trachydiscus sp. Awa9-2 

By increasing the culture temperature from 15 to 25 °C an inverse relationship was 

observed between total FA and %EPA. Total FA at 25 °C was 1.27 times lower than at 15 

°C, but %EPA was increased 1.36 times (33% vs. 24%). A combination of this, i.e., increased 

EPA content (% of dw biomass) and increased biomass productivity resulted in 100% 

improvement in EPA productivity2 at 25 °C reaching to 14.4 mg L-1 day-1. Maximum cell 

density (286.8×105 cells mL-1) occurred at 20 °C but maximum biomass productivity 

(210.45 mg L-1 day-1) occurred at 25 °C. At this temperature biomass productivity was two 

times higher than at 15 °C (Figure 4-5).  

 
2 The calculation for EPA productivity is shown by the following example: 

20.8 g fatty acids in 100 g sample; this is 0.208 × 1.36 g (total harvested biomass) = 0.283 g total harvested FA in 

590 mL, of which 33% was EPA, i.e. 0.0933 g; thus there is 0.0933 g /590 mL = 0.158 mg EPA mL-1, or 158.3 

mg EPA L-1. This was over an incubation period of 11 days, therefore 161.3 µg EPA mL-1 × 11 days = 14.4 g 

EPA L-1 d-1. 
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Figure 4-5: The effect of temperature on total fatty acids, EPA and biomass productivity in Trachydiscus 

sp. Awa9-2. Cells were grown at 130 µmol m-2 s-1 in PBRs, harvested in the mid-exponential phase of 

growth, freeze-dried and then analysed for FA composition. Values are means ± SE, n=2. 
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Figure 4-6: Fatty acid composition of Trachydiscus sp. Awa9-2 biomass grown at three different 

temperatures. Values are expressed as % (w/w) in total fatty acids. Values are means ± SE, n=2. EPA is 

represented as 20:5n-3. 

Fatty acid analysis of Trachydiscus sp. Awa9-2 showed that cooler temperature decreased 

%EPA of total FAs. At optimal growth temperature of 25 °C, total FA was lower than at all 

other temperatures with increased percentage of long-chain PUFAs such as EPA (20:5n-3), and 

arachidonic acid (20:4n-6). In contrast, at cooler temperatures there was more total FA with an 

increasing percentage of saturated and monounsaturated fatty acids such as myristic acid (14:0) 

and oleic acid (18:1n-9) and a lower level %EPA (Figure 4-6 and Figure 4-7). 

 

Figure 4-7: Percentage of PUFAs (polyunsaturated fatty acids), MUFAs (monounsaturated fatty acids) 

and SFAs (saturated fatty acids) of Trachydiscus sp. Awa9-2 grown at different temperatures. “Others” 

represents FAs which were unrecognised in this FA profiling method.  
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The highest biomass productivity (210.45 mg L-1 day-1) and the highest EPA productivity 

(14.4 mg L-1 day-1) occurred at 25 °C in Trachydiscus sp. Awa9-2. 

4.4.3 Effect of dark incubation at a range of temperatures on fatty acid composition of 

harvested biomass 

Dark incubation of cultures caused the dry biomass and %EPA to gradually decrease as 

temperature increased from 4 to 40 °C (Figure 4-8). At 40 °C, the dry weight (1.48 mg mL-1) 

was approximately 50% of that before incubation (2.53 mg mL-1). At 25 °C, before dark 

incubation (control), 28.4% of total FA was EPA. Total FAs increased with incubation 

temperature over the range 12 to 30 °C, reaching the maximum of 37.1 g in 100 g biomass at 

30 °C. At this temperature, the highest EPA yield of 9.6 g in 100 g of biomass was observed 

which was higher than that for biomass before dark incubation (5.9 g in 100 g biomass). EPA 

productivity did not increase in dark incubation of biomass at any of the temperatures. 

The fatty acid profiles of algae following dark incubation are shown in Table 4-1 

 

Table 4-1: Fatty acid composition (expressed as percentage of total FA) of Trachydiscus sp. Awa9-2 

biomass grown in the light at 25 °C compared with biomass then exposed to dark incubation for 72 h 

at temperatures ranging from 4 to 40 °C. 

Temperature treatments 

                     Fatty Acid 25° C D 4° C D 12° C D 20° C D 30° C D 35° C D 40° C 

Myristic acid  14:00 23.7 23.5 23.4 24.7 25.3 24 25.4 

Myristoleic acid  14:1n-5 0.6 0.6 0.6 0.7 0.6 0.7 0.7 

Palmitic acid  16:00 6.1 6 5.8 6.4 7 7.2 6.7 

Palmitoleic acid 16:1n-7 9.2 9.1 8.9 8.7 8.5 8.9 9.8 

(16:2) 16:02 0.3 0.3 0.3 0.3 0.3 0.3 0.3 

Stearic acid  18:00 1 1.3 1.4 1.1 1.2 1.3 1.2 

Oleic acid  18:1n-9 6.1 6.2 6.2 5.7 5.6 6 6.4 

Vaccenic acid  18:1n-7 0.1 0.1 0.2 0.1 0.1 0.2 0.2 

Linoleic acid  18:2n-6 7.5 7.5 7.5 7.1 6.9 6.8 7.5 

α-Linolenic acid  18:3n-3 2.3 2.2 2.2 2.1 2.1 1.8 2.1 

Arachidic acid  20:00 0.3 0.3 0.3 0.3 0.3 0.3 0.4 

γ-linolenic acid 20:3n-6 0.7 0.8 0.8 0.7 0.7 0.7 0.7 

Arachidonic acid  20:4n-6 5.3 5.3 5.2 4.9 4.8 5 4.7 

Eicosapentaenoic acid (EPA) 20:5n-3 28.4 27.8 27.4 26.7 25.8 26 24.2 

Behenic acid  22:00 4.2 4.1 4.5 3.6 3.3 3.8 4 

                 Total fatty acids   20.9 22.6 19.4 26.6 37.1 34.6 35.2 
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Figure 4-8: Effect of incubation in the dark of Trachydiscus biomass at six temperatures. The cultures 

were initially grown in PBRs at 25 °C followed by 72 h incubation of that cultures in the dark at 

temperatures ranging from 4 to 40 °C. The blue dashed lines show results for the initial culture at 

optimal condition of growth (25 °C, 130 µmol m-2 s-1, without dark incubation).   
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4.5 Discussion 

25 °C is the maximum temperature at which Trachydiscus demonstrated good growth. 

This was also observed in previous studies of T. minutus (Iliev et al. 2010; Gigova et al. 2012; 

Lukavsky 2012; Alexandrov et al. 2014).  

At 25 °C, biomass productivity of Trachydiscus sp. Awa9-2 was two times higher than at 

15 °C. Although it did not grow at temperatures >25 °C, cells proved capable of prolonged 

survival at these temperatures. Given the potential capability of Trachydiscus sp. Awa9-2 to be 

used as an industrial microalgae strain, its survival resilience to cope with thermal variations is 

an advantage. 

Percentage of EPA  of Trachydiscus minutus grown at 20 °C was 50%, decreasing to 35% 

when grown at 28 °C and 20% when grown at 30 °C (Gigova et al. 2012). A similar trend was 

reported for PUFAs in the freshwater microalga Scenedesmus sp. (Xin et al. 2011) and in %EPA 

in Nannochloropsis salina in which %EPA decreased from 15% to 10% by increasing the 

growth temperature from 13 °C to 40 °C (Van Wagenen et al. 2012). The implication that in 

Trachydiscus sp. Awa9-2 %EPA is increased during the optimal condition of growth further 

suggests its inclusion in structural lipids rather than storage material. 

A two-stage growth strategy is a suggested method for the production of algal 

bioproducts such as lipids. Algal cells are initially cultivated on a nutritionally rich medium 

and are then introduced to the second step of lipid induction to increase lipid accumulation in 

the cells. During the first step, algae grow rapidly but the second step, which is usually a 

nutrient deprivation stage, stimulates lipid accumulation (dos Santos et al. 2016; Martín et al. 

2016; Sung et al. 2017). The marine eustigmatophyte Nannochloropsis cultivated under a two-

phase process i.e., growth in a PBR followed by exposure of  harvested biomass to low 

temperature (10 °C) and low light (30 µmol m-2 s-1) amplified %EPA by 3.4 fold but slightly 

decreased biomass productivity, total FA content and FA productivity (Mitra et al. 2015b).  

The results reported here prompt consideration of dark incubations at high temperatures 

as a second stage production strategy. Highest EPA yield was observed in Trachydiscus sp. 

Awa9-2 during dark incubation at 30 °C. However, considering the time required for the post-

growth treatments, the overall EPA productivity (mg L-1 day-1) does not represent an 

improvement over a two-stage strategy. Although, by use of a continuous culturing process, 

during which the biomass is constantly removed from the system and incubated (second stage) 
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for x days in the dark, the only cost in time is the first incubation. The dark incubation does not 

have to be in the reactor. In a continuous process some biomass can be siphoned off every day 

or so, and what happens to this biomass subsequently does not affect the growth of the 

continuous culture.   

According to the physiological response of thermal adaptation, cell membranes need to 

maintain fluidity during fluctuations in temperature to be functionally active (Hazel 1995). It 

is possible that monounsaturated fatty acid synthesis occurs in response to cooler temperature 

to maintain the functional fluidity of the membrane. Such membrane composition 

rearrangements could range from temporary for short exposures to permanent in cases of 

genetic adaptations (Lyon and Mock 2014). Although concentration of unsaturated lipids in the 

cell membrane increases at decreasing temperatures, there are mechanisms for short -and long-

term adaptation which may also include a rebalancing of the proportions of different lipids in 

the membrane. However, in Trachydiscus sp. Awa9-2 there was no increased in PUFAs at low 

temperature. Our data possibly shows preferential metabolism of PUFAs at different 

temperatures in the dark (Figure 4-8, panels 2-4). Perhaps thylakoid membrane lipids are 

metabolised if there is no light. 

Desaturase enzymes desaturate saturated fatty acids by adding double bonds onto carbon 

atoms at specific locations. For example, stearoyl-CoA desaturase converts stearic acid (18:0) 

to oleic acid (18:1) (Paton and Ntambi 2009). Induced production of chloroplastidal omega-3 

fatty acid desaturase (CiFAD3) by low temperature and high salinity was demonstrated in an 

Antarctic non-marine alga, Chlamydomonas sp. ICE-L, isolated from a microbial mat and this 

was suggested to be the enzyme responsible for desaturation of omega-3 fatty acid (increased 

contents of PUFAs) and for acclimatisation of the alga to cold temperatures. The expression of 

mRNA for this enzyme in the frozen and thawed alga showed 2.6 fold increase at 0 °C and 1.8 

fold increase at 12 °C in comparison with control algae kept at 6 °C without freezing and 

thawing (Zhang et al. 2011). In another study, %PUFA in this alga at 0 and 5°C was 

significantly higher than at 15 °C while saturated fatty acids showed a reverse trend. It was 

concluded that fatty acid desaturase can be regulated by temperature in Chlamydomonas sp. 

ICE-L (An et al. 2013). Such low-temperature-inducible genes are also found in Chlorella 

vulgaris IAM C-27 (Suga et al. 2003). For Trachydiscus sp. Awa9-2, the lowest temperature 

tested was 4 °C and it is possible that this is not a temperature that induces desaturation 

enzymes. To test this requires a series of experiments at 0 °C with different incubation times.  
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 If non-axenic cultures, i.e. with bacterial associates, are used in dark experiments then 

bacterial numbers could increase greatly during dark incubation, especially at higher 

temperatures, probably due to decomposition of the algal cells or their exudates. If that 

happens, the fatty acid composition might reflect that of the bacteria as much as that of the 

algae. Adding antibiotic to cultures before dark incubation could be a solution for this potential 

problem. A better solution would be to use an axenic culture. 

A complementary future experiment to investigate the possibility of an interaction 

effect between light and temperature would be to examine the effect of incubation at a range 

of temperatures, each at different levels of light, on fatty acid composition of harvested biomass 

of Trachydiscus.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Chapter 5 

5 Effect of prolonged darkness on the fate of EPA in Trachydiscus sp. 

Awa9-2 during two-phase light stress  

5.1 Introduction 

Although part of the electron transfer during photosynthesis might occur in the short 

period of darkness in the diurnal cycle (Section 1.11.1), there are some microalgae that survive 

in dark and cold periods of the polar night that lasts about four months and in dark and warm 

periods, e.g. volcanic thermal ground in Antarctica (Broady et al. 1987; Berge et al. 2015). 

Long dark periods are difficult conditions for photosynthetic microorganisms (Berge et al. 

2015). One of their most frequent responses to darkness is a reduction of the total content of 

RNA and of transcriptional activities. These are reversible if cells are re-exposed to light 

(Zachleder and Setlík 1982; Nymark et al. 2013; Bai et al. 2016).  

In contrast, it is recognised that the two-stage approach to microalgal cultivation, in 

which one of the stages is darkness, could be a successful strategy to improve the productivity 

of lipids or other microalgal products (Chen et al. 2017). The premise of the two-stage approach 

is that one stage is used to accumulate biomass, and the second involves stress that stimulates 

production of the desired product. Light-related stresses are relatively well studied (Mitra et al. 

2015b; Martín et al. 2016; Ra et al. 2016; Aléman-Nava et al. 2017; Sirisuk et al. 2018a). For 

instance, in a study on four filamentous green algae, namely Klebsormidium sp. LJ1, 

Klebsormidium sp. LJ2, Stigeoclonium sp. and Uronema sp., dark exposure of cultures at 

stationary phase for three days resulted in considerable elevation in total FA (from 12-35 to 40-

173 mg in g-1 dry weight) and the relative proportion of PUFAs (from 21-58% to 55-87% ) in 

all four algae (Liu et al. 2016).  

The expression of proteins involved in fatty acid synthesis also increased during dark 

treatment of the marine diatom Phaeodactylum tricornutum (Bai et al. 2016). After four days 

in the dark, the productivity of triacylglycerols increased by up to 50% compared to light 

controls. It was concluded that degradation of some proteins in the dark could provide excess 
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nitrogen and carbon to fuel this increase. Similarly, the dark treatment increased the proportion 

of linoleate (C18:2) in the chlorophyte microalga Selenastrum capricornutum (McLarnon-

Riches et al. 1998). 

Following by the effect of dark incubation of the biomass in different temperatures on 

fatty acid composition (Section 4.3.2), the main objective of the experiments described in this 

chapter was to understand the fate of EPA in Trachydiscus sp. Awa9-2 in the dark. Assessment 

was made of changes in fatty acid composition of biomass maintained in the dark compared 

with illuminated biomass. To the best of the author’s knowledge, there is no published literature 

about the effect of dark stress on the fatty acid composition in the genus Trachydiscus. 

5.2 Materials and methods 

5.2.1 Preparation of biomass 

Fourteen Petri dishes containing Z medium (Chapter 3) with 5 g L-1 agarose were 

prepared. Each was inoculated with 200 µL of a fresh culture (8×106 cells mL-1) of 

Trachydiscus sp. Awa9-2. Cultures were grown for 5 days at 25 °C under continuous 

illumination from white LEDs at 75 µmol m-2 s-1 by which time they had reached exponential 

phase of growth. The samples were then ready for post-growth dark treatments. 

5.2.2 Dark treatments  

Algal biomass from two plates was harvested and designated as “Light control day 0”. 

Ten further plates were covered with aluminium foil to exclude light and returned to the 

incubator to conduct the post-growth dark experiments. Replicate pairs of these were harvested 

every 24 h for 5 consecutive days. These pairs were designated “Dark day 1” to “Dark day 5”.  

Two plates designated as “Light control day 5” were exposed to light until the end of the 

experiment and were harvested at the same time as the “Dark day 5” plates.  

Biomass was harvested from plate surfaces by washing off the cells using 500 µL of Z 

medium. Cells were then separated from the suspension by centrifugation at 3150 ×g for 5 min 

(Eppendorf centrifuge 5810R). Biomass samples were stored at -80 °C until they were freeze-

dried for fatty acid analysis (Chapter 2). 
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5.3 Results  

5.3.1 Changes in fatty acid composition over a period of dark 

There was a quick response of EPA to darkness (Figure 5-1). %EPA had increased by 

day 1 and at day 3 had reached a maximum. Day 5 showed a small decrease. 

Over the course of the experiment, total FAs showed a 20% decrease (Figure 5-1) from 

22.8 to 17.2 g in 100 g of biomass. After one day in the dark, EPA yield decreased slightly then 

showed an increase at two and three days. At day three, biomass started a decrease, however, 

EPA yield was highest (7.33 g in 100 g biomass). The decrease of biomass, total fatty acid and 

EPA yield then continued until the end of the dark experiment. Minimum EPA yield was 

observed in Light control day 5. After five days, total FA in the light controls remained 

unchanged (at about 23 g in 100 g biomass and the %EPA fell from 31.6% to 26.8%. 

 

Figure 5-1: The effect of post-growth dark incubation on biomass (top), total fatty acids and EPA 

(bottom) in Trachydiscus sp. Awa9-2. Cultures were grown on agarised medium in Petri plates, then 

exposed to darkness for 1-5 days at 25 °C. Controls were: 1) Light control day 0, a culture grown in the 

light equivalent to the cultures used to establish the dark treatments, and 2) Light control day 5, a culture 

grown in the light for the duration of the experiment. 
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Different fatty acids displayed different trends in their percentage composition of total 

FA over the 5-day experiment (Figure 5-2). 

 

Figure 5-2: Pattern of changes in the % of each individual fatty acid in total fatty acids over 5 days of 

post-growth dark treatment at 25 °C. The horizontal red lines show the value for each fatty acid in the 

continuous 5-day light controls. “0” on the x-axis is the “Light control day 0”. Scales on the y-axis 

differ depending on the maximum quantity of each FA. Data in the blue frame is related to %EPA. 
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5.4 Discussion 

The percentages of some PUFAs such as EPA, α-linolenic acid (18:3n-3) and arachidonic 

acid (20:4n-6) increased during darkness. Therefore, including dark periods in the growth 

protocol might be expected to boost yields assuming both favourable kinetics during the light 

phase and that overall FA yield does not decrease below a critical threshold, i.e. below that at 

which the yield of EPA drops dramatically. 

Total FA dropped around 10% from light to the dark but remained unchanged in the dark 

for around 4 days. Considering the changes observed for EPA and other fatty acids, an 

unchanged total FA must be due to an overall balanced shift in the type of FAs as cells become 

acclimated to darkness. 

Exposure of the benthic Arctic diatom Navicula perminuta to prolonged darkness 

resulted in consumption of stored triacylglycerols and free fatty acids (Schaub et al. 2017). 

Structural lipids of membranes (phospholipids and glycolipids) did not change during 8 weeks 

of darkness. This might explain the early reduction in total FAs from light to the dark in 

Trachydiscus sp. Awa9-2, which was associated with an increased percentage of EPA in dark-

treated cells. TAG-associated EPA may be neither consumed nor degraded until the third and 

fourth days of dark treatment. It can also be concluded that either most of EPA is in structural 

lipids, i.e. membrane-bound, or that the more labile storage lipids are consumed first. This 

experiment was not able to prove this, and a further experiment using quantitative fatty acid 

analysis of the structural and storage lipids is suggested. 

A decrease in dry weight of the cells might be expected during darkness as storage 

compounds are used up, and indeed the dry weight of Trachydiscus sp. Awa9-2 decreased from 

day 2 to day 5 in the dark. However, such a result cannot be assumed, for instance, dry weight 

of the chlorophyte microalga Botryococcus braunii BOT-22 did not change during 15 days 

incubation of cultures in the dark (Sakamoto et al. 2012) although the lipid content and the 

number of intracellular lipid granules decreased slightly. Growth rate of Botryococcus braunii 

is very slow compared to that of Trachydiscus and Botryococcus accumulates large amounts 

of hydrocarbons and polysaccharides, likely as storage compounds (Blifernez-Klassen et al. 

2018).  

Periods of darkness have been shown to favour zoosporogenesis (the generation of 

swimming flagellate cells) in Trachydiscus minutus. These zoospores were observed after 3-4 
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days of cultivation in darkness and their number peaked after a week (Přibyl et al. 2012b). 

Production of zoospores in T. minutus was higher at 15 °C than at 25 °C. They disappeared 

after transfer of cultures from dark to light. Zoospores have not been found in Trachydiscus sp. 

Awa9-2 in any experimental treatments in this study, nor were they observed when the culture 

conditions used by Pribyl et al. (2012b) were closely replicated (Novis P., Landcare Research 

NZ Ltd., pers. comm. 2016). Zoospores have not been observed in the newly described species, 

T. guangdongensis, either (Gao et al. 2019).  

By two-stage cultivation strategy, i.e. by a 2nd stage imposed dark treatment, it is 

possible to increase %EPA in the biomass of Trachydiscus sp. Awa9-2, but this would not lead 

to a higher EPA yield (g in 100 g biomass) because of simultaneous decrease in total FAs and 

dry weight. However, EPA yield after four days in the dark was still unchanged compared to 

the Light control at day 0. This might be useful knowledge for downstream processes. For 

instance: 1) if light is absent for less than 5 days, the yield of EPA does not drop in the culture, 

and 2) cultures can be kept in dark for four days without a large decrease in EPA yield. 

An unchanged EPA yield after three days of dark incubation was a useful outcome that 

led to further experiments, these being the three days incubation time performed on two-phase 

wavelength stress experiments (Section 7.2.3). In preliminary experiments when fatty acid 

composition of Trachydiscus sp. Awa9-2 was analysed following growth at different 

wavelengths of visible light and with dark controls, it was observed that EPA occurred in a 

much higher proportion of total FA in the dark controls than in any of the light treatments (data 

are not shown here). All the illuminated samples showed low to mid–20’s percentage of EPA 

in their fatty acid profile but EPA was around 35% in the dark controls (Table 7-3). Based on 

this finding, two alternative hypotheses emerged: 1) more EPA could be synthesized in the 

dark, or 2) other fatty acids could be degraded disproportionately faster than EPA considering 

that total FA yields were substantially less in the dark control. These hypotheses are not 

mutually exclusive.  

Experiments described in Chapter 4 showed that 25 °C was optimal for growth and EPA 

productivity of Trachydiscus sp. Awa9-2. A post-growth dark-incubation experiment was 

performed on optimally grown biomass to investigate the effect of temperature on its fatty acid 

composition in the dark (Section 4.4.3). That is also a complementary experiment to the current 

chapter.  

 



 

 

Chapter 6 

6 Effect of light intensity on growth and EPA production of 

Trachydiscus sp. Awa9-2 in airlift photobioreactors 

6.1 Introduction  

Light is necessary for phototrophic growth of microalgae. In photosynthesis, light energy 

is absorbed by the chlorophyll-protein complexes in photosystems I and II and is subsequently 

transferred to the photosynthetic reaction centres (Green and Parson 2011). Microalgal mass 

cultures grown in laboratory conditions provide a dense suspension of cells in which biomass 

productivity is related to the average light intensity per cell as well as other factors such as 

nutrient supply, mixing efficiency, gas exchange (O2 removal, CO2 supply) and temperature 

(Richmond and Hu 2013). 

 In some phototrophic algae, a very high light intensity could be limiting for growth and 

could affect survival. High light intensity decreases the rate of photosynthesis and leads to 

photoinhibition (Richmond and Hu 2013). This can cause physiological, biochemical and 

ultrastructural changes, such as oxidative damage to polyunsaturated fatty acids. In Section 

1.10.2 the effect of light intensity on photosynthesis explained in more detail. 

At high light intensity, up to 90% of the energy of photons captured by the photosynthetic 

antenna complex can be dissipated as heat (Malapascua et al. 2014). Sufficient light intensity 

is required for performing photosynthesis-driven cell growth which leads to biosynthesis of 

high energy molecules including fatty acids. The energy of these molecules is used for cell 

division processes including replication of DNA, even during dark periods (Vitova et al. 2014). 

Therefore, light stimulates growth and lipid synthesis and consequently can change the algal 

lipid composition (Arts et al. 2009). 

Stressful situations are generally favoured for biosynthesis of triacylglycerols and 

carotenoids whereas optimal growth conditions favour the accumulation of the greatest amount 

of long-chain PUFAs. However, some species are capable of long-chain PUFA accumulation 

under stresses such as low light or low temperature (Schüler et al. 2017). Existence of a high 
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level of EPA might benefit microalgal cells by protecting components of their photosynthetic 

apparatus from photo-oxidation, due to the antioxidant properties of long-chain PUFA (Singh 

et al. 2016).  

In general, the influence of light intensity on lipid production is much higher than that of 

variation in nutrient supply. This is because acetyl CoA carboxylase, the enzyme which 

catalyses the first step in fatty acid synthesis, is highly light-regulated in chloroplasts, where 

synthesis depends on NADPH produced in light reactions of photosynthesis. This also explains 

why in most cases the rate of lipid synthesis increases as light intensity increases from the 

saturation point to the inhibitory light intensity (Wetzel 2012). 

 Lower light intensities led to a higher percentage of EPA in the marine 

eustigmatophycean Nannochloropsis (Fábregas et al. 2004; Camacho-Rodríguez et al. 2014; 

Ma et al. 2018b). For example, Nannochloropsis sp. exposed to light intensity increasing from 

40 to 480 µmol m-2 s-1 showed a decrease in percentage of unsaturated fatty acid and a decline 

in percentage of n-3 fatty acids from 29% to 8% (Fábregas et al. 2004). A light intensity higher 

than 220 µmol m-2 s-1 was saturating but 220 µmol m-2 s-1 resulted in the highest biomass 

productivity (375 mg L-1 day-1) and EPA productivity (3.2 mg L-1 day-1). 

An opposite trend was observed in N. oculata, and N. gaditana (Ma et al. 2016). 

60% higher biomass and 30% increase in EPA was obtained by exposing N. oculata to 

50 μmol m-2 s-1 compared to 250 μmol m-2 s-1. For N. gaditana the greatest EPA productivity 

was at 60 μmol m-2 s-1 while the highest biomass productivity was at 150 μmol m-2 s-1 (Mitra et 

al. 2015a).  

Trachydiscus minutus had both greatest biomass yield and EPA productivity at 165 µmol 

m-2 s-1, when tested at 85, 165 and 1240 µmol m-2 s-1 at 26 °C (Iliev et al. 2010). The results 

noted above for Nannochloropsis indicate that performance of a species cannot necessarily be 

predicted from that of another species in the same genus. Although T. minutus has received 

some detailed attention, the obtained results for that species might not necessarily reflect the 

responses of Trachydiscus sp. Awa 9-2. 

The red microalga Porphyridium cruentum showed both highest EPA (13.1%) and 

biomass productivity (143 mg L-1 day-1) at 140 µmol m-2 s-1 and 20 °C than at 180 µmol 

m-2 s-1 and 20 °C (Asgharpour et al. 2015). The red microalga Rhodella reticulata, responded 

differently. It achieved highest %EPA (46%) at 28 °C and at both light intensities of 260 and 
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520 µmol m-2 s-1 (Ivanova et al. 2015). The optimum temperature of growth reduced from 28 °C 

to 26 °C when light intensity was increased from 260 to 520 µmol m-2 s-1, 

For the freshwater chlorophyte Parietochloris incisa, cultivated at 400, 200 and 35 

µmol m-2 s-1, both growth rate and productivity of the PUFA arachidonic acid were greatest at 

400 µmol m-2 s-1 (Solovchenko et al. 2008). For chlorophytes Chlorella kessleri and Chlorella 

protothecoides the greatest biomass productivity was at 120 and 30 µmol m-2 s-1 when tested 

over the range of 0 - 200 µmol m-2 s-1 (Li et al. 2012). 

It is clear from the above that there was a range of different responses to light intensity 

amongst different algae. The algal lipid composition is influenced by changes in the growth 

environment, but optimal conditions for higher lipid production are not necessarily compatible 

with those for biomass optimization (Samantray et al. 2010). The experiments described in this 

chapter investigate the effect of three light intensities (75, 130 and 215 µmol m-2s-1) on growth, 

fatty acid composition and EPA productivity of Trachydiscus sp. Awa9-2 in airlift 

photobioreactors. The knowledge gained can contribute to the efficient production of PUFAs 

at larger scales. The complementary experiments for exploring the effect of light wavelength 

on algal growth and fatty acid composition were performed separately and are detailed in 

Chapter 7. 

6.2 Materials and methods  

6.2.1 Illumination of PBRs 

PBRs and their light sources are shown in Figure 2-5. Light was supplied using two LED 

strips wrapped helically around each reactor. One strip had cool white and the other warm 

white LEDs. Illumination was constant (photoperiod 24:0 h). 

The relative spectral power distribution (SPD) of each LED strip, in the range of 350 to 

850 nm, was measured using a high-resolution scanning spectroradiometer (ASD FieldSpec® 

4 Hi-Res, ASD Inc, Boulder, CO, USA). The SPDs were measured for each individual LED 

strip and with the two combined. Results are for relative flux over the specific range of 

wavelengths that reaches the ASD sensor. The SPD curves are shown in Figure 6-1. 

Light intensity (PFD) for the light unit of each PBR was tuneable by a pulse width 

modulated dimming controller and measured using a spherical quantum sensor (LI-193 
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Spherical Underwater Quantum Sensor, LI-COR Biosciences, Lincoln, Nebraska USA). To 

measure and adjust the light intensity, the LI-COR sensor was located at the axial and radial 

centre of the light unit of each PBR. For each light unit, three different light intensities were 

established from a combination of warm-white and cool-white LEDs. Light intensities of 75, 

130 and 215 µmol m-2 s-1 were used. An assessment was made of the effect of three light 

intensities on growth and fatty acid composition of Trachydiscus sp. Awa9-2 cultures grown 

in PBRs under the combined illumination of both LED strips.  

 
Figure 6-1: The spectral power distribution of each LED strip and the two combined. The combined 

strips were used to illuminate the PBRs. Normalised spectral power distributions as relative digital 

numbers were measured in the spectra of visible light in the wavelength range of 350 to 850 nm. 

6.2.2 Culture medium and cultivation conditions 

PBRs were inoculated with a fresh culture of Trachydiscus sp. Awa9-2 at exponential 

phase of growth and run as described in Chapter 2. The initial cell concentration for each 

PBR was 3 ± 0.5 ×105 cells mL-1. The temperature of the cultures in PBRs was kept stable at 

25 ± 0.5 °C. Growth rate at each light intensity was monitored by taking samples at ≥24 h 

intervals followed by microscopic cell counts. Growth curves were plotted for each light 

intensity. Experiments were performed twice. An initial run covered a full growth period of 17 

days in order to obtain a growth curve at each light intensity. A second short run was used to 

obtain biomass required for fatty acid analysis. In the second run, biomass was harvested at the 

exponential phase, at days 11, 12 and 14 for light intensities of respectively 130, 215 and 75 

µmol m-2 s-1, judged from the growth curves obtained in the first runs. Biomass was then 

harvested, freeze-dried and analysed for fatty acid composition and quantity of EPA. All initial 

and second experiments were performed in duplicate. 
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Pairwise comparison of the growth models was performed using R to test for significant 

parameter differences (P<0.05). 

6.3 Results  

6.3.1 Effect of light intensity on the growth rate and biomass productivity of 

Trachydiscus sp. Awa9-2 

  Trachydiscus sp. Awa9-2 was able to grow well at all light intensities tested but at 

different growth rates. A longer lag phase was observed for cultures at 75 and 215 µmol 

m-2 s-1. Growth then proceeded more slowly at 75 µmol m-2 s-1 in comparison with the two 

higher light intensities. Maximum cell densities at 130 and 215 µmol m-2 s-1 were similar but 

the exponential growth was for a shorter duration at 130 compared to that at 215 µmol m-2 s-1. 

Maximum cell densities at both 130 and 215 µmol m-2 s-1 were approximately 3×107 cells 

mL-1 in the late exponential phase of growth. However, a greater maximum specific growth 

rate (µmax) was obtained at 130 µmol m-2 s-1 than at 215 µmol m-2 s-1 (p = 0.0008; Figure 6-2 

and Figure 6-3). 

 
Figure 6-2: Maximum cell density and maximum specific growth rate per day of Trachydiscus sp. 

Awa9-2 at three light intensities of 75, 130 and 215 µmol m-2 s-1 in PBRs. Values are expressed as means 

± SE; n=2. Letters show where significance lies (values with the same letter are not significantly 

different; p˂0.05).  
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The lowest maximum cell density and µmax were observed for cultures grown at 75 µmol 

m-2 s-1, at which the maximum cell concentration was around 80% of those obtained at 130 and 

215 µmol m-2 s-1 , and µmax was half of that at 130 µmol m-2 s-1. Both maximum cell density and 

µmax at 75 µmol m-2 s-1 were significantly different from those at 130 and 215 µmol m-2 s-1. 

 

Figure 6-3: The effect of three light intensities on growth of Trachydiscus sp. Awa9-2 at 25 ºC in PBRs. 

Logistic growth models were fitted to the empirical values of both replicate experiments combined. All 

empirical values (symbols) are shown as means ± SE; n=2. 

Cultures at 75 and 215 µmol m-2 s-1 generated a similar population during the lag phase 

of growth which was lower than occurred during this phase at 130 µmol m-2 s-1. This indicated 

that during the lag phase, the efficiency of photosynthesis was higher at 130 µmol m-2 s-1. At 

day 12, cultures at 130 and 215 µmol m-2 s-1 showed similar cell densities but after that only 

cultures at 215 µmol m-2 s-1 continued to grow. 

The biomass productivities of Trachydiscus sp. Awa9-2 from the dimmest to the brightest 

light intensities were 91, 210 and 176 mg L-1 day-1 (Figure 6-5). 

 As expected (Palacios et al. 2018), the colour of the cultures was darker after exposure 

to lower light intensities. The culture colour was pale green in the highest light intensity and 
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dark green in the lowest light intensity. There was no detectable colour difference between 

cells when viewed microscopically. The colour difference between the cultures at the time of 

harvesting can be seen in Figure 6-4. 

 

Figure 6-4: The colour difference between cultures of Trachydiscus sp. Awa9-2 at exponential phase. 

Cultures were grown at different light intensities in PBRs at 25 ºC. The two samples on the left were 

grown at 215 µmol m-2 s-1 and those on the right at 130 µmol m-2 s-1. 

6.3.2 Effect of light intensity on fatty acid composition and EPA productivity of 

Trachydiscus sp. Awa9-2 

Total FA was 21% of the biomass at 130 µmol m-2 s-1 of which one-third was EPA. These 

were substantially lower in the higher and lower light intensities. Increasing the light intensity 

from 75 to 130 µmol m-2 s-1 increased both the total FA (13.5 to 20.8 g in 100 g biomass) 

and %EPA (from 27.8% to 32.8%) but this trend did not continue by increasing the light 

intensity from 130 to 215 µmol m-2 s-1. Percentage of EPA dropped to 24.6% when the light 

intensity increased to 215 µmol m-2 s-1. The same pattern was also observed for the values of 

total FA in the respective biomass samples (Figure 6-5). The EPA yield (6.8 g in 100 g 

biomass) at 130 µmol m-2 s-1 was respectively 1.75 and 1.5 times higher than yields obtained 

at the lowest and highest light intensities. The highest EPA productivity (14.4 mg L-1 day-1) 

obtained at 130 µmol m-2 s-1 was more than twice that at 215 µmol m-2 s-1 (6.4 mg L-1 day-1) 

and four times that at 75 µmol m-2 s-1 (3.4 mg L-1 day-1). 
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Figure 6-5: The effect of light intensity on total fatty acids, EPA and biomass productivity in 

Trachydiscus sp. Awa9-2. Cells were grown at 25 °C in PBRs, harvested in the mid-exponential phase 

of growth, freeze-dried and then analysed for FA composition. Values are means ± SE, n=2. 

 

Fatty acid analysis of Trachydiscus sp. Awa9-2 showed that EPA was the dominant fatty 

acid in Trachydiscus sp. Awa9-2 and this reached greatest concentrations at optimal light 

intensity (130 µmol m-2 s-1). A high level of saturated myristic acid (14:0) was also found at 

130 µmol m-2 s-1 (Figure 6-6).  
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Figure 6-6: Fatty acid composition of biomass of Trachydiscus sp. Awa9-2 grown at three different 

light intensities. Values are expressed as % (w/w) of total fatty acids. Values are means ± SE, n=2. EPA 

is represented as 20:5n-3. 

 

Trachydiscus sp. Awa9-2 had the highest percentage of PUFAs and the lowest percentage 

of saturated fatty acids at 130 µmol m-2 s-1 compared to the other light intensities (Figure 6-7). 

Percentage of monounsaturated fatty acids showed an increase (from 10.9% to 16%) by 

increasing the light intensity from 75 to 215 µmol m-2 s-1. 

 

Figure 6-7: Percentage of PUFAs (polyunsaturated fatty acids), MUFAs (monounsaturated fatty acids) 

and SFAs (saturated fatty acids) in Trachydiscus sp. Awa9-2 grown at three different light intensities. 

“Others” represents FAs which were unrecognised in this FA profiling method.
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6.4 Discussion 

High lipid production in algae requires the optimization of several growth parameters 

including light intensity. For instance, in the marine red alga Tichocarpus crinitus the 

percentage of unsaturated fatty acids and structural lipids were increased at low light 

intensities, whereas high light intensity increased the accumulation of storage lipids and 

saturated fatty acids (Khotimchenko and Yakovleva 2005). It is generally accepted that 

alteration of fatty acid composition of cells will change physical characteristics of the cell 

membranes (in particular the chloroplast membrane) to optimise their physiological functions. 

These characteristics include cell membrane permeability, ion selectivity, respiration and 

photosynthesis (Harwood 1998; Arts et al. 2009). 

The influence of light intensity as an environmental stimulant of the production of 

essential fatty acids is species-specific (Thompson et al. 1990; Morgan-Kiss et al. 2006; 

Wacker et al. 2016). Algae belonging to the stramenopiles (the phylum that includes the 

Eustigmatophyceae) contain abundant long-chain PUFAs and especially EPA. The 

biosynthesis of this is boosted under optimal growth when there is vigorous production of 

membranes in vegetative cells (Schüler et al. 2017).  

During the early stages of growth, cultures showed a higher growth rate at 130 µmol 

m-2 s-1. Light intensity of 75 µmol m-2 s-1 was suboptimal for efficient growth. On the other 

hand, the high light intensity of 215 µmol m-2 s-1 appeared to be beyond the saturation point 

and entering photoinhibition at which some of the energy of photosynthesis is diverted in order 

to dissipate the excess energy of the light photons (Green and Parson 2011; Richmond and Hu 

2013). Population growth size during early exponential phase causes self-shading by cells, 

which reduces light penetration into the cultures. At day 12, cultures grown at both 130 and 

215 µmol m-2 s-1 showed similar cell densities but in the following days, only those at 215 

µmol m-2 s-1 were able to grow. In the PBRs used in these experiments, a light intensity of 

130 µmol m-2 s-1 was optimal for Trachydiscus sp. Awa9-2 when cell density was ≤ 2 ×106 

cells mL-1. If cell density exceeds 2 ×106 cells mL-1 then applying a higher light intensity of 

215 µmol m-2 s-1 is suggested to maintain the light requirements of the culture. Therefore, 

increasing light intensity during the growth cycle could be a useful strategy. 
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Light intensities of about 100 µmol m-2 s-1 were optimal for growth of marine 

eustigmatophycean Nannochloropsis oculata, whilst light intensities < 100 µmol m-2 s-1 

reduced the growth rate (Palacios et al. 2018). 

In studies conducted by Gigova et al. (2012) for biomass production by Trachydiscus 

minutus at 25 °C, higher biomass production was measured at 264 than at 132 µmol m-2 s-1. 

Their assessment of biomass production was made only at 96 h during exponential phase of 

growth and they started with a dense culture of 2.0-2.5 × 106 cells mL-1 (Gigova et al. 2012; 

Cepák et al. 2014). That could be why results for T. minutus differ from those for Trachydiscus 

sp. Awa 9-2. 

In another study, there was no difference in growth rate of T. minutus cultures grown 

under light intensities of 300-1000 µmol m-2 s-1 and above 1000 µmol m-2 s-1 the yield of 

biomass and %EPA were decreased (Alexandrov et al. 2014). 

In this research, PBRs were used. In PBRs the efficiency of mixing, gas diffusion and 

light dispersion is higher than in flasks (Molina Grima et al. 1999; Acién et al. 2017). The 200 

mL “cultivating vessels” used for T. minutus by Gigova et al. (2012) were not explicitly 

described. Furthermore, their light system used luminescent tubes (fluorescent lamps) whilst 

this research used LEDs. The latter has different performance in supporting photosynthetic 

outputs by improving biomass productivity due to increasing photon penetration depth 

(Schulze et al. 2014; Schulze et al. 2016). Therefore, the results obtained in this research cannot 

be validly compared with those of these other studies. 

The physiological requirements of Trachydiscus sp. Awa9-2 have not been 

comprehensively explored, however, in the more efficient cultivation apparatus used in this 

research (i.e. PBRs), the alga required a lower light intensity than those so far reported. In 

shake flasks illuminated by LED strips, Trachydiscus sp. Awa9-2 had the best growth rate at a 

light intensity of 530 µmol m-2 s-1 (Alfiarty 2018). The lower optimum light intensity of 130 

µmol m-2 s-1 obtained in this study reflects either 1) the more efficient performance of the 

helical lighting arrangement of PBRs in supplying light into the culture, or 2) a discrepancy in 

the actual light intensity that entered the culture. That could explain why different optimal 

temperatures and light intensities have been found for the same strain of T. minutus 

(summarised in Table 6-1). It is clear that differences between cultivation vessels, cell 
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concentration of cultures and types of light source can affect the outcomes of experiments 

investigating the effects of light intensity on growth.  

The light intensity measurements are hardly reliable as they can vary during the 

experiments. For instance, a variable such as temperature is easily measurable and comparable 

in different experiments, but even within a system, photons of a measured light intensity might 

diffract while transferring from the light source into the algal cells, due to the shape of, and 

materials used to construct cultivation vessels, the number of air bubbles per unit volume of 

culture and the angle of irradiance upon the cultures. The same light intensities reported at 

different experiments could be essentially different due to human errors. It is suggested that in 

reporting a light intensity used for culture, some standardised way of measuring the light 

intensity received by culture is important. For instance, since incident light would be affected 

by cell concentration, report of light intensity should at least be accompanied by the initial 

concentration of the culture.  

Table 6-1: A selection of studies on the influence of temperature and light intensity on the growth rate 

and biomass production of Trachydiscus minutus and Trachydiscus sp. Awa 9-2 

Reference Alga Cultivation system T (°C) 

Optimal light 

intensity 

(µmol m-2 s-1) 

(Current study) 
Trachydiscus sp. 

Awa9-2 

Concentric airlift 

photobioreactors 
25 130 

(Alfiarty 2018) 
Trachydiscus sp. 

Awa9-2 
Shake flasks 25 530 

(Iliev et al. 2005) T. minutus Covered pond  26 300 

(Iliev et al. 2010) T. minutus 
Large test tubes 26 165 

Covered pond 26±4 1240 

(Cepák et al. 2014) T. minutus Bubble column 28 470-1070 

(Rezanka et al. 2010) T. minutus Glass tubes 28 450 

(Řezanka et al. 2011) T. minutus 2 L glass flask 27 160 

(Gigova et al. 2012) T. minutus 200 mL cultivation vessels 25 2 ×132 

(Alexandrov et al. 2014) T. minutus Glass vessels 26 300 

(Řezanka et al. 2015) T. minutus Glass cultivation flasks    25 80 

(Gigova and Ivanova 2015) T. minutus ? 28 132 
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Trachydiscus sp. Awa9-2 produced a large amount of fatty acid at optimal light intensity. 

A high level of fatty acid (21%) was identified at 130 µmol m-2 s-1 with about 33% of that being 

EPA. EPA productivity of Trachydiscus sp. Awa9-2 was around 14.4 mg L-1 day-1. 

Iliev et al. (2010) stated that in T. minutus cultured in large test tubes, lower light 

intensities were preferred for growth and production of PUFAs. Percentage of EPA was 

measured at 26 ºC and light intensities of 85, 165 and 1240 µmol m-2 s-1. Percentage of EPA 

dropped from 42.0% to 3.0% by increasing the light intensity from 85 to1240 µmol m-2 s-1. At 

165 µmol m-2 s-1, %EPA was 29.0%. Growth rates were insufficiently discussed but the 

greatest biomass yield (3.5 g L-1) was achieved at 165 µmol m-2 s-1 which also resulted in 

greatest EPA productivity (mg L-1 day-1). 

For T. minutus, %PUFAs increased as light intensity decreased (Gacheva and Gigova 

2014) which contrasts with the response of Trachydiscus sp. Awa 9-2. Cepák et al. (2014) 

optimised cultivation conditions for production of fatty acids and EPA in T. minutus. It 

showed better growth and highest EPA productivity (30 mg L-1 day-1) at 470-1070 μmol m-2 

s-1 compared to 100 μmol m-2 s-1 when grown at 28 °C. However, %EPA was highest (>50 %) 

at 100 μmol m-2 s-1 and 20 °C. 

The changes in composition of fatty acids caused by light intensities is species-specific. 

The influence of two light intensities (40 and 300 µmol m-2 s-1 ) on fatty acid composition of 

four freshwater phytoplankton species from different taxonomic classes, showed an increased 

%EPA at 300 µmol m-2 s-1 in bacillariophyte Asterionella formosa, chrysophyte Chromulina 

sp., and zygnematophyte Cosmarium botrytis (Wacker et al. 2016). The percentage of EPA in 

cryptophyte Cryptomonas ovata was higher at 40 µmol m-2 s-1.   

It has been shown that more long-chain PUFAs were obtained in Trachydiscus sp. Awa9-2 at 

mid-exponential phase of growth compared to stationary phase when conditions were not 

optimal for growth (Section 3.3.2). A higher %EPA and total FA observed in optimal 

conditions is presumably due to the preference of cells to accumulate most of these fatty acids 

in the form of structural lipids in membranes such as those of the thylakoids and chloroplast 

envelope. Polyunsaturated fatty acids such as EPA function in chloroplast development by 

increasing thylakoid membrane fluidity and transport of electrons in the photosynthetic 

electron acceptors. This adaptive ability enables continued high-efficiency photosynthesis at 

low light levels (Mock and Kroon 2002). However, in algae with high lipid content, changes 
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in light intensity or nutrient supply influence the accumulation of total FA more than the relative 

proportion of different fatty acids (Wetzel 2012). The high level of saturated myristic acid 

(14:0) found in Trachydiscus Awa9-2 is not very common in other microalgae but is also 

reported for T. minutus (Iliev et al. 2010; Samantray et al. 2010; Lang et al. 2011). Fatty acid 

composition in some species of the Eustigmatophyceae is shown in  

Table 6-2. 

Table 6-2: Fatty acid composition in some species of the Eustigmatophyceae. The values are expressed 

as % (w/w) in total fatty acids. Light intensities varied from 50 to 180 µmol m–2 s–1, and temperatures 

ranged from 15 to 30 °C. The data are shown for Trachydiscus sp. Awa9-2 cells grown at low, medium 

and high light intensities (75, 130 and 215 µmol m–2 s–1); these are means of two replicates. Light 

intensities for Trachydiscus minutus were 85, 165 and 1240 µmol m–2 s–1. Data are extracted from: 

(Cohen 1994; Qiang et al. 1997; Vazhappilly and Chen 1998; Xu et al. 2001; Volkman et al. 2002; Liu 

and Lin 2005; Iliev et al. 2010; Lang et al. 2011; Řezanka et al. 2011; Martins et al. 2013). 

Fatty acids 

Monodopsis 

subterraneus 

 

Vischeria 

punctata 

 

Vischeria 

helvetica 

 

Eustigmato 

vischeri 

 

Ellipsoidion 

sp. 

 

Trachydiscus minutus 

µmol m–2 s–1 

Trachydiscus sp. 

Awa9-2 

µmol m–2 s–1 

85  165  1240  75  130  215  

Myristic acid 

(14:0) 
3.3 1-10 1.5 3.9 2.64 28.0 28.0 4.0 22.6 23.4 22.3 

Myristoleic acid 

(14:1n-5) 
        0.3 0.5 0.2 

Palmitic acid 

(16:0) 
17.9-20.2 8.6-21.8 8.8-19.7 11.1-17.2 31.3 10.0 8.0 33.0 7.1 5.7 6.4 

Palmitoleic acid 

(16:1n-7) 
10.1-26.9 20.1-33.9 22.8-27.9 20.6-28.8 31.6 5.0 10.0 6.0 7.7 10.2 8.8 

(16:2)      - 0.8 4.0 0.7 0.6 0.2 

Stearic acid (18:0) 0.6-0.9 0.5 0.4 1.4 0.4-0.6 0.4 0.4 3.0 1.1 0.8 1.4 

Oleic acid  

(18:1n-9) 
2.3-6.7 4.2-5.2 3.6-3.8 1.5 5.26    2.6 4.1 6.9 

Vaccenic acid 
(18:1n-7) 

 1.8 1.2 1 1.21    0.2 0.3 0.2 

Linoleic acid 

(18:2n-6) 
0.4-2.4 8.6 6.5 5.2  5.0 7.0 23.0 6.0 6.4 6.4 

α-Linolenic acid 
(18:3n-3) 

1.7-7.8 1.8 5.8-6.8 2.1 0.72 2.0 7.0 6.0 2.4 2.9 2.5 

Arachidic acid 

(20:0) 
     4.0 6.0 4.0 0.4 0.3 0.4 

Dihomo-gamma-
linolenic acid 

(20:3n-6) 

        0.7 0.7 1.1 

Arachidonic acid 
(20:4n-6) 

1.5-13.6  3.7  1    6.3 5.3 4.5 

Eicosapentaenoic 

acid (20:5n-3) 
27.6-49.3 15.8-37.2 18.6-35.3 20.5-43.2 9.1 42 27 3 27.8 32.8 24.6 

Behenic acid 
(22:0) 

        6.6 3.3 8.8 

 

As shown by others for other strains, phototrophic productivity is strongly related to light 

intensity. Although this was not observed in this study, light intensity may affect both biomass 

and lipid productivity differently, potentially requiring a compromise. Furthermore, culture 
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technology plays a role. For instance, incident light might need to be increased as the culture 

progresses in order to maintain optimal growth rates. 

Various factors influence the light that can be received by each microalgal cell in the 

culture. These include light intensity, wavelength of light, density of culture, mixing rate of 

culture, type of cultivation system (flasks or different designs of PBRs), and the microalgal 

acclimation state. High light intensities cause photoinhibition and hence a weak growth. To 

achieve a high yield culture, it is important to ensure that the light intensity supplies sufficient 

light for the requirements of the culture. Measuring the light intensity inside a culture and 

maintaining that according to the optimal growth requirements of the culture could increase 

the EPA productivity of Trachydiscus sp. Awa9-2 in a commercial process.  

Future research should analyse lipid composition of cell organelles in order to 

understand the influence of light intensity on lipid constituents of Trachydiscus sp. Awa9-2 

and to reveal their contributions to physiological adaptation of cells. 
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Chapter 7 

7 Effect of wavelength range on growth and fatty acid production of 

Trachydiscus sp. Awa9-2 

7.1 Introduction 

Although there are some pigments that absorb light slightly above 700 nm (Chen et al. 

2010; Chen and Blankenship 2011; Nürnberg et al. 2018) the region between 400 and 700 nm 

in our visible range is typically referred to as photosynthetically active radiation (PAR). This 

constitutes the range of wavelengths used by phototrophs to drive photosynthesis (Douglas et 

al. 2003) (Section 1.10.2). The energy is absorbed by chlorophyll and by accessory pigments 

that transfer the energy to chlorophyll. Each pigment absorbs photons over specific ranges of 

wavelength, so photosynthetic efficiency differs under different spectral compositions of light. 

Chlorophyll a is present in all oxygenic phototrophs and it shows maximum absorption in red 

and blue regions of the spectrum. Therefore, the most efficient photosynthesis is expected to 

occur in these regions (Figure 1-6). 

In order to be photosynthetically efficient in a variety of habitats, phototrophs have 

diverse pigments with different light-absorbing potentials. For instance, phycocyanin can 

capture and transfer the photon energy of reddish light and phycoerythrin that of blue or green 

light (Bald et al. 1996; Dumay et al. 2014). To capture enough light for photosynthesis, many 

aquatic algae live close to the surface of lakes and oceans, but possession of red phycoerythrin 

allows rhodophytes, cryptophytes and some cyanobacteria to grow in deep waters which only 

high energy blue light can penetrate (Wu 2016).  

Pigments also have a role in protection of cells from intense radiation. Production of 

astaxanthin by the snow alga Chlamydomonas nivalis (Chlorophyta) causes red patches in 

snow (Morgan-Kiss et al. 2006) and in Haematococcus lacustris it tints small ponds red (Wehr 

and Sheath 2003). Astaxanthin absorbs blue and ultra-violet a and b short wave radiation. Its 

possession is an example of an adaptive mechanism for avoidance of photoinhibition at high 

intensities of PAR and UV. 
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Like all other members of Eustigmatophyceae that have been examined (Eliáš et al. 2017) 

Trachydiscus sp. Awa9-2 is expected to contain violaxanthin as a principal light-harvesting 

component. This class is unique in its reliance on violaxanthin. This accessory pigment absorbs 

short wavelengths in the blue range of 420 to 470 nm (Owens et al. 1987; Graham et al. 2009; 

Přibyl et al. 2012b; Basso et al. 2014). The effect of wavelength on the growth of Trachydiscus 

has not yet been reported in the literature. Also, it is still unknown how fatty acid composition 

is affected by exposure to different wavelength ranges. The dominance of violaxanthin found 

in this class might lead one to expect a difference in response compared to other groups of 

algae. To better understand the relationship of Trachydiscus to quality of light, the aims of the 

experiments described in this chapter were: 

1. To investigate how growth of Trachydiscus sp. Awa9-2 is affected when cultivated in 

flasks under 10 different monochromatic wavelength ranges.  

2. To determine the effect of different monochromatic lights on growth and fatty acid 

profiles of Trachydiscus sp. Awa9-2 when cultivated in PBRs. 

3. To assess the growth and fatty acid accumulation of Trachydiscus sp. Awa9-2 under 

10 different monochromatic wavelength ranges in two-phase wavelength stress, i.e: 

growing the cells first and then putting them under light stress. 

7.1.1 A review of studies on the effect of light quality on microalgal growth 

By use of dimmable monochromatic LEDs, algal cultures can be illuminated with light 

of a narrow wavelength range. Therefore, growth and production of secondary metabolites 

can be determined under a diversity of wavelength ranges provided by different LEDs. 

Although some algae have been found to be most productive under white light, others 

perform better under particular colours. For instance, Nannochloropsis oceanica cultivated at 

150 µmol m-2 s-1 under white, blue (475 nm), yellow (580 nm) and red (670 nm) LEDs, had 

greatest biomass productivity under white light, but highest %EPA and EPA productivity (12.29 

mg L-1d-1) under blue light (Chen et al. 2015). EPA productivity improved to 13.24 mg L-1 d-1 

with a dual combination of blue and red LEDs. Blue light was better than red, red+blue or 

white lights for biomass and lipid production of Tetraselmis sp. and Nannochloropsis sp. (Teo 

et al. 2014a).   

In the haptophyte Tisochrysis lutea highest total FA (g in 100 g biomass) was achieved 

under red and green lights at stationary phase (del Pilar Sánchez-Saavedra et al. 2016). Optimal 
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growth occurred under white and blue lights, and the alga was able to change its metabolic 

pathways based on the wavelength of light to which it exposed.  

Nannochloropsis  salina, N. oceanica and N. oculata were tested using monochromatic 

LEDs of violet (405 nm), blue (465 nm), green (520 nm), yellow (640 nm), and red (660 

nm), with a white fluorescent light as the control (Ra et al. 2016). Biomass production was 

highest in blue (0.40 - 0.43 g L-1) for all species followed by red (0.34 - 0.36 g L-1) and white 

(0.19 - 0.29 g L-1). Under green light, the lowest biomass was produced, but total FA was highest 

at 32 - 36 g in 100 g biomass which was 20 - 25% higher than total FA in the controls. Green 

also led to the highest lipid content %EPA compared to red, blue and white in Nannochloropsis 

sp.  (Das et al. 2011). 

A two-phase cultivation strategy has been shown to increase lipid productivity of some 

microalgae in culture. In such a strategy, microalgae first grow under optimal conditions to 

rapidly build up biomass. The resulting biomass is then exposed to physical or chemical 

stress to provoke the accumulation of an algal product (Chen et al. 2017). For example, 

nitrogen starvation usually leads to lipid accumulation in microalgae (Solovchenko et al. 

2008; Bashan and Perez-Garcia 2015; Benavente-Valdés et al. 2016; Kalla and Khan 2016). 

Wavelength stress is another example. After the first phase of rapid growth of biomass, 

illumination of cultures with green light (520 nm, 100 µmol m-2 s-1) resulted in around 10% 

(w/w) increase in lipid accumulation in Nannochloropsis salina, N. oceanica and N. oculata 

(Ra et al. 2016).  

A significant increase in the lipid content of N. salina, Isochrysis galbana, and 

Phaeodactylum tricornutum was observed when cultures initially cultivated in a mixed 

illumination (100 µmol m-2 s-1) of blue (465 nm) and red (660 nm) were subsequently exposed 

to green (520 nm) (Sirisuk et al. 2018a).  

In a three-phase culture system, there was a doubling of  EPA yield (g L-1) in N. oceanica 

compared to that obtained in a two-phase culture system (Sirisuk et al. 2018b). The culture was 

first grown at 20 °C illuminated by blue LEDs (565 nm at 250 µmol m-2 s-1) for optimal growth, 

followed by exposure to green (550 nm at 250 µmol m-2 s-1) and then in the third phase, it was 

subjected to cold temperature stress at 5 °C. 

There are no previously published studies of the effect of light spectral composition on 

Trachydiscus so the study of this was an important focus of this research.  
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7.2 Materials and methods 

Three experiments were performed in order to assess the following: 

I. Flask cultures for estimation of growth at 10 different wavelength ranges. This 

preliminary experiment aimed to investigate the effects of a large number of spectral 

compositions simultaneously. This could not be carried out in PBRs due to resource 

limitation. Treatments giving the highest yields and productivities were then 

investigated further. 

II. Growth and fatty acid composition using cultures in PBRs illuminated at wavelengths 

provided by selected monochromatic LEDs. These experiments were selected repeats 

of those in (I) above but at a larger scale and under optimal mixing and illumination. 

III. EPA production in a two-phase experiment that exposed biomass to wavelength stress. 

7.2.1 Assessment of growth at 10 different wavelength ranges in liquid medium 

Freshly grown Trachydiscus sp. Awa9-2 in 180 mL of Z medium (Chapter 3) was 

divided into twelve 50 mL Nunc Cell Culture flasks (Chapter 2) each with a working volume 

of 15 mL (initial cell count of 1×106 cells mL-1). These flasks were incubated in the multi-

chamber LED box (Section 2.7.2) under illumination of 10 different wavelength ranges 

provided by monochromatic LEDs (Figure 7-1). These were true violet, hyper violet, royal 

blue, blue, cyan, green, lime, red, photo red and far-red, altogether covering most of the 

spectrum of visible light. Controls were 1) a cool white LED and 2) a chamber without any 

light. Different LEDs were randomly assigned to chambers. The temperature of the box was 

25 ± 0.5 °C and cultures were exposed to a light intensity of 130 µmol m-2 s-1 from each LED 

for 30 days. Microscopic cell counts were made daily. The wavelength peak and range of each 

LED is shown in Table 7-1, and the wavelength composition of LEDs is illustrated in Figure 

7-2. All experiments were performed twice. 
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Figure 7-1: Culture of Trachydiscus sp. Awa9-2 in Nunc Cell Culture flasks inside the multi-chamber 

LED box, before shutting the chamber’s door in order to exclude all other light. Each flask was placed 

on a black-painted aluminium cooling box to maintain constant temperature. The light intensity for all 

light sources was 130 µmol m-2 s-1. The impression of the same colour in more than one chamber is due 

to photographic limitations.  

 

Figure 7-2: Wavelength composition of different LEDs used in the multi-chamber LED box. The black 

dotted line is the spectrum of the cool white LED. The monochromatic LED peaks are normalised to 

the same heights (units in the y-axis are digital numbers). The intensity of each LED was adjusted to 

130 µmol m-2 s-1. 
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Table 7-1: Colours, wavelengths and assigned numbers of the single LEDs used in the multi-chamber 

LED box. Two chambers in the box were for the cool white and dark controls.  

Colour Wavelength range (nm) 
Wavelength at peak 

intensity (nm) 

True violet UV 371-449 403 

Hyper violet 382-473 420 

Royal blue 415-498 450 

Blue 434-532 473 

Cyan 444-571 497 

Green 462-605 520 

Lime 411-766 567 

Red 586-662 630 

Photo red 607-690 660 

Far-red 657-773 730 

Control (cool white) PAR As per Figure 2-6 

Dark control - - 

7.2.2 Assessment of growth and fatty acid composition under monochromatic lights in 

PBRs 

PBRs were used with Z medium (Chapter 3) and illuminated by LED strips of the 

following colours; blue (peak 458 nm), green (peak 520 nm), red (peak 630 nm), photo red 

(peak 660 nm) and a combination of blue + photo red (referred to below as blue+red). The 

wavelength selection was based on both the results of studies on other eustigmatophyceans 

(Table 7-4) and the results of the experiment described above (Section 7.2.1). The two red 

lights with different wavelength peaks were used to cover the absorption spectrum of 

Trachydiscus sp. Awa9-2 in the red region (Figure 7-4). 

Biomass production and FA composition of biomass at each wavelength range were 

compared with a control grown under white light (cool white + warm white LED strips 

together). The characteristics of these LEDs are described in Section 6.2.1. 

 The LED strips were helically mounted to the external Perspex cylinder of the PBRs 

(Figure 7-3), to provide an even distribution of light for the cultures. The wavelength 

composition of the light sources is illustrated in Figure 7-4. 

PBRs were inoculated with a freshly grown culture of Trachydiscus sp. Awa9-2 at 

exponential phase of growth and run as described in Section 2.3.2. As for previous experiments 

(Chapters 4 and 0), a light intensity of 130 µmol m-2 s-1 and temperature of 25 °C were used. 
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Growth rate at each wavelength range was monitored by daily microscopic cell counts. 

Experiments lasted three weeks which was sufficient to ensure that cultures reached stationary 

phase. 

PBRs were run twice and each run was duplicated in two PBRs. An initial run covered a 

full growth period in order to obtain a growth curve at each wavelength range. A second short 

run was used to obtain biomass for fatty acid analysis. This biomass was harvested at 

exponential phase, this being at days 9, 11, 12, 13 and 16 for the blue, white, green, blue+red 

and both red and photo red lights respectively, judged from the growth curves obtained in the 

first runs. The resulting biomass was then freeze-dried and analysed for fatty acid composition 

and quantity of EPA. Maximum cell densities and μmax were estimated based on logistic models 

fitted to the cell densities of each setup over time. 

Pairwise comparison of the growth models was performed using R to test for significant 

parameter differences (P<0.05). 

 

Figure 7-3: PBRs with LED strips providing different wavelength ranges. 
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Figure 7-4: Spectral absorption of Trachydiscus sp. Awa9-2  and spectral composition of white LED 

and four monochromatic LED strips used for growing Trachydiscus sp. Awa9-2 in PBRs. The LED 

peaks are arbitrary heights. Their intensities were all 130 µmol m-2 s-1 in the experiments. 

 

7.2.3 The effect of wavelength stress on EPA production in a two-phase experiment 

Two-phase experiments with a growth phase followed by a wavelength stress phase were 

performed in both presence and absence of nitrogen in the culture medium. Nitrate was the 

only source of chemically combined nitrogen. The absence of nitrate was considered to be extra 

stress for the algal cells. 

For the growth phase, 12 plates of Z medium (Z medium + 5g L-1 agarose) were 

inoculated with fresh biomass of Trachydiscus sp. Awa9-2 and then grown at 25 °C for 7 days 

under cool white LEDs at 75 µmol m-2 s-1. 

In the wavelength stress phase, cultures were transferred into the multi-chamber LED 

box for an additional 3 days, during which they were exposed to one of 10 different wavelength 

ranges supplied by LEDs (Table 7-1). A 3-day incubation was selected based on the results 

discussed in Section 5.3.1. Hereafter these cultures are called ‘wavelength stress samples’ 

and numbered from 1 to 12. Wavelength stress was performed at both 12 °C and 25 °C, at 

light intensities of 120 µmol m-2 s-1 and 33 µmol m-2 s-1, and in the presence and absence of 

nitrate (Table 7-2). Control treatments were complete darkness and a cool white LED. 

Experiments for testing the effect of nitrogen starvation included a preparation step 

between the first and the second phases. This involved the biomass of each plate culture being 
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washed with 500 µL of nitrate-free medium and then being spread on a new nitrate-free 

medium plate culture. These were then used for the wavelength stress phase. 

To maintain the required humidity, these plates were filled with a thicker layer of culture 

medium and there was a small open container full of water in each chamber of the LED box. 

Also, the LED box and all its external equipment were placed inside a plant growth chamber 

(Section 2.7.2). At 120 µmol m-2 s-1 the agarised medium was still above 50% of its starting 

weight when cultures were harvested (data are not shown).  

At the end of the stress phase, biomass was harvested and freeze-dried before being 

analysed for fatty acid composition and EPA content. Treatments and culture conditions are 

summarised in Table 7-2. 

Table 7-2: Name and experimental condition of wavelength stress treatments 

Treatment code1 

(Name of the experiment) 

Temperature 
Light intensity  

(µmol m-2 s-1) Nitrogen present 

12 °C 25 °C 120 33 

12/120/N+  ✓  ✓  ✓ 
✓ 
✓ 
✓ 

 

 

 

25/120/N+   ✓ ✓  

12/33/N+  ✓   ✓ 

25/33/N+   ✓  ✓ 

12/33/N−  ✓   ✓ 

25/33/N−   ✓  ✓ 

12/120/N−  ✓  ✓  

25/120/N−   ✓ ✓  
1All treatments were exposed to each of the following spectra: Cool white, Royal blue, Far-red, Cyan, True violet, 

Photo red, Hyper violet, Red, Green, Blue, Lime and a dark control. The colours are listed according to their order 

(champers 1 to 12) in the LED box. 

 

In the experiment that assessed growth under 10 different wavelength ranges, photon 

fluxes were normalised across the treatments so that wavelength was the only variable. This 

was done because the energy of photons varies with wavelength but the number of photons to 

fix a given number of carbon atoms during photosynthesis is equal (Green and Parson 2011). 

The energy of a single photon is related to its wavelength. Since the data is for each 

wavelength at two different light intensities, then these can be combined into one parameter, 

photon energy (eV m-2 s-1).  Light intensity (PFD) in µmol photons m-2 s-1 was determined 

using a quantum sensor. These values can be converted into the number of photons m-2 s-1 

by using Avogadro's number (Avogadro's constant: the number of molecules in one mole of 

a substance, equal to 6.023 ×1023).  



Effect of wavelength range on growth and fatty acid production of Trachydiscus sp. Awa9-2  100 

 

 

Number of photons m-2s-1 = PFD (mol m-2 s-1) × 6.023 ×1023 

Photon energy = E (eV) = 1.2398/ Wavelength (µm)  

(1.2398 eV represents the energy of a photon with 1 μm wavelength.) 

The energy of a single photon (E (eV)) was multiplied by the number of photons to obtain 

photon energy, i.e., eV m-2 s-1. 

The photon energy at each wavelength at two light intensities is described in Section 

7.3.3. 

7.3 Results 

7.3.1 Assessment of growth at 10 different wavelength ranges in the liquid medium 

Trachydiscus sp. Awa9-2 grew at all tested wavelength ranges but there was very little 

growth under true violet. Growth was poor under hyper violet. The remaining treatments 

produced cell densities at least as high as the white control (Figure 7-5). 

 
Figure 7-5: Maximum cell density of Trachydiscus sp. Awa9-2 grown under ten wavelength ranges at 

25 °C. Blue lines represent the values for the dark and cool white control. Values are expressed as means 

± SE; n=2. 
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Maximum cell density of the white control (240 ×105 cell mL-1) was very close to those 

of the royal blue (236.5 ×105 cell mL-1), red (240 ×105 cell mL-1) and photo red treatments (232 

×105 cell mL-1). Therefore, these wavelengths did not result in improved growth compared to 

white light in this cultivation system.  

The greatest maximum cell density (283 ×105 cell mL-1) occurred under green light. This 

was the highest among all wavelengths and was 1.2 times higher than the white control. 

Maximum cell densities in cyan (275 ×105 cell mL-1), blue (264 ×105 cell mL-1) and lime (275 

×105 cell mL-1) were at least 10% to 14.5% higher than that for the white control.  

In Figure 7-6 absorption of chlorophyll a and of intact cells of Trachydiscus sp. Awa9-2 

in liquid culture is compared with the maximum cell density obtained from each treatment. The 

alga exhibits an absorption band from the violet to the cyan regions of the spectrum probably 

due to its possession of violaxanthin Figure 7-6b. Despite low whole-cell absorption in the 

green and lime regions, a relatively large amount of biomass was obtained at these wavelength 

ranges. 
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Figure 7-6: a) A comparison between maximum cell densities obtained at each wavelength range, the 

absorption spectrum of Trachydiscus sp. Awa9-2 and wavelength ranges of the ten monochromatic 

LEDs. b) Absorption spectrums of chlorophyll a, violaxanthin and vaucheriaxanthin, for comparison 

with (a).   

 Growth of Trachydiscus sp. Awa9-2 at different wavelength ranges (Figure 7-7) shows 

that during early stages of growth over days 3 to 12 of the 25-day growth period, cell numbers 

under wavelength ranges achieving best growth were very similar to those under white light. 

At days 17 and 25 greater cell densities were achieved under the high energy wavelength range 

of blue, cyan, green and lime. The growth curves for all LEDs are plotted in Figure 7-8.  
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Figure 7-7: Cell numbers in cultures of Trachydiscus sp. Awa9-2 illuminated by different wavelength 

ranges for up to 25 days. The dashed lines show the corresponding values for white control.  
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Figure 7-8: Growth curves of Trachydiscus sp. Awa9-2 in different wavelength ranges in the multi-

chamber LED box. 

 

 

Figure 7-9: Colour of Trachydiscus sp. Awa9-2 cultures on day 17 of growth. The flasks are lined up 

in the same order as the wavelength ranges / LED colours in Figure 7-6 and Figure 7-7. 

The colour of the cultures varied according to the spectral composition of the light to 

which they were exposed (Figure 7-9). 

7.3.2 Assessment of growth and fatty acid composition under monochromatic lights in 

PBRs 

Trachydiscus sp. Awa9-2 was able to grow well in all tested lights in the PBRs (white, 

blue, green, red, photo red and blue+red) but growth rates were different. Maximum cell 
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densities in blue, green, red and photo red were not significantly different from each other; 

however, these were significantly lower than those of white and blue+red lights. Maximum cell 

density of white light was significantly higher than other lights (Figure 7-10 and Figure 7-11). 

The greatest and lowest values of µmax were obtained under respectively blue and photo 

red light. An intermediate µmax was obtained under green, white and blue+red, while these were 

significantly greater than those achieved under red and photo red.  

 

 
Figure 7-10: The effect of six wavelength ranges of light on the growth of Trachydiscus sp. Awa9-2 in 

PBRs. Relative changes in maximum cell density and maximum specific growth rate per day for six 

different light sources were obtained. Light intensity was 130 µmol m-2 s-1 for all lights. Values are 

means ± SE; n=2. Different letters represent significant differences (p<0.05) between treatments (plain 

letters refer to maximum cell density and underlined letters refer to µmax). Values with the same letter 

are not significantly different. The comparison of growth parameters is based on log (N/N0) where N 

represents the cell concentration at a particular time, and N0 represents the cell concentration at time 0. 

Log (N/N0) accounts for slight differences in inoculum concentrations in these experiments (ranges 2 

to 4 × 105). 
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Figure 7-11: The effect of six wavelength ranges of light on the growth of Trachydiscus sp. Awa9-2 at 

25 ºC in PBRs. Growth logistic models were fitted to the empirical values of both replicate experiments 

combined. Values are means ±SE; n=2. The comparison of growth curves is based on log (N/N0) where 

N represents the cell concentration at a particular time, and N0 represents the cell concentration at time 

0. Log (N/N0) accounts for slight differences in inoculum concentrations in these experiments (ranges 

2 to 4 × 105). 

Depending on the wavelength ranges used for growth, %EPA was 14.8 to 38.3% and total 

FA was 13.3 to 29.5 (g in 100 g biomass) (Figure 7-12). Compared to white light, %EPA 

showed a 14.4% increase under blue and 54.8% decrease under red light. Percentage of EPA 

was 32.8, 38.3, 31.1, 14.4, 17 and 34.3% for white, blue, green, red, photo red and blue+red 

lights respectively.  

On the other hand, total FA increased from 13.3 g in 100 g biomass under blue+red, to 

27.2 under photo red and was at a maximum of 29.5 under red. Total FAs under blue and green 

were respectively 22.70 and 20.95 g in 100 g biomass which were very close to white light 

values.  

Under blue light, EPA productivity reached the maximum of 15.6 mg L-1 day-1 compared 

to the productivity under white light of 14.4 mg L-1 day-1. Green light gave the third highest 
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EPA productivity of 12.9 mg L-1 day-1. EPA productivity substantially decreased under 

blue+red, photo red and red, falling to 6.6, 6.4 and 3.7 mg L-1 day-1 respectively.  

 

Figure 7-12: The effect of light wavelength on total fatty acids, EPA and biomass productivity in 

Trachydiscus sp. Awa9-2. Cells were grown at 25 °C in PBRs, harvested in mid-exponential phase of 

growth, freeze-dried and then analysed for FA composition. The light intensity for all treatments was 

130 µmol m-2 s-1. Values are means ± SE, n=2. 
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Fatty acid profiles of red and photo red biomass showed high percentages of myristic 

acid (14:00), palmitic acid (16:00), stearic acid (18:00) and very high percentages of oleic acid 

(18:1n-9). In contrast, under green, blue and white light, biomass contained a high percentage 

of α-linoleic acid (18:3n-3), palmitoleic acid (16:1n-7) and EPA (20:5n-3). Under blue+red 

light, EPA (20:5n-3) of the biomass was twice higher than that under red and photo red lights  

(Figure 7-13). 

 
Figure 7-13: Fatty acid composition of biomass of Trachydiscus sp. Awa9-2 grown at six different light 

wavelengths. Values are expressed as % (w/w) of total fatty acids. Values are means ± SE, n=2. EPA is 

represented as 20:5n-3. EPA is represented as 20:5n-3. 

Compared to the white controls, %PUFAs showed an increase at blue and green lights, 

while the reverse occurred in %monounsaturated fatty acids and %SFAs (Figure 7-14). 

Conversely, for red and photo red there was a rise in %MUFAs and %SFAs and a fall in 

%PUFA.  

 
Figure 7-14: Percentage of PUFAs (polyunsaturated fatty acids), MUFAs (monounsaturated fatty acids) 

and SFAs (saturated fatty acids) in Trachydiscus sp. Awa9-2 grown in five different light wavelengths. 

“Others” represents FAs which were unrecognised in this FA profiling method.  
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7.3.3 The effect of wavelength stress on EPA production in a two-phase experiment 

Because treatments were standardised by light intensity (on the grounds of reaction 

chemistry), they received different amounts of energy. The photon energy at each wavelength 

for two light intensities is illustrated in Figure 7-15.  

 

 
Figure 7-15: Photon energy at different wavelengths at two light intensities with constant photon flux. 

 

In wavelength stress phase, there was a short period of exposure to different wavelengths. 

Assessment of growth was not the main objective of the experiment. However, to give an 

estimate of this, the dry weights of the wavelength stress samples in the presence of nitrate are 

illustrated in Figure 7-16. At 120 µmol m-2 s-1 and the optimal temperature of 25 °C (see 

Chapter 4), more biomass was generated under the low energy wavelengths of photo red, while 

at 12 °C cells showed better growth under high energy wavelengths of royal blue and blue. The 

interaction between temperature and light was complex: no single wavelength improved 

growth over white light at 33 µmol m-2 s-1 and 12 °C, whereas the wavelength supporting best 

growth and superior to white light, occurred at opposite ends of the spectrum at about 470 nm 

120 µmol m-2 s-1 and 12 °C compared to about 670 nm at 33 µmol m-2 s-1 and 25 °C.  

Note that these experiments were not duplicated. However, errors in estimates of biomass 

are suggested to be low (about ± 0.5 mg) as indicated by the scatter of points (Figure 7-16). 

This can be estimated through low variability in values for dark controls for the four different 
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treatments comparison (blue lines in Figure 7-16). These would be expected to be equal for 

the four treatments at the same temperature.    

 

Figure 7-16: Biomass production of Trachydiscus sp. Awa9-2 wavelength stress samples. The blue and 

red lines represent the values for respectively the dark and white controls. 

Fatty acid profiles (Table 7-3) showed that total FA in the wavelength stress samples 

varied from 10 to 25 g in 100 g biomass, of which 20% to 35% was EPA. The highest %EPA 

was observed at the lower light intensity with optimal temperature and in the absence of nitrate 

(25/33/N−). This treatment and 25/33/N+ resulted in the lowest amount of total FA and thus the 

minimum EPA yield. 

Among all treatments, 12/120/N− resulted in the highest level of total FAs and the highest 

EPA yield. The maximum EPA yield in this treatment was obtained under royal blue (6.27 g in 

100 g biomass) which was higher than yields under blue and white (both 5.93 g in 100 g 

biomass), dark control (5.6 g in 100 g biomass) and those under cyan and red (5.7 g in 100 g 

biomass), green, lime, and photo red (5.3 g in 100 g biomass) (Table 7-3 and Figure 7-18). 

The fatty acid profiles of all treatments are provided in the Appendix.  
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Table 7-3: EPA production of Trachydiscus sp. Awa9-2 following light stress in the second phase of a two-phase experiment. Biomass was exposed to 12 

different wavelength ranges for three days at two temperatures (12 and 25 °C), two light intensities (33 and 120 µmol m-2 s-1) and in the presence and absence 

of nitrate (N+ and N-). Refer to Table 7-2 for the experimental design. The wavelength range for each colour is given in nm. Total FA and EPA yields are given 

in (g in 100 g of biomass).  

 True Violet Hyper violet Royal blue Blue Cyan Green Lime Red Photo red Far-red Dark Cool white 

371-449 382-473 415-498 434-532 444-571 462-605 411-766 586-662 607-690 657-773 - PAR 

12/120/N+ 

Total FA 6.9 12.9 19.4 19.7 18.8 18.2 18.8 18.2 18.9 18.2 12.8 19.2 

%EPA  2.1 22.7 24.3 23.1 24.3 23.2 23.1 22.3 23.1 22.0 34.5 24.6 

EPA yield 0.14 2.93 4.71 4.54 4.57 4.22 4.33 4.05 4.36 4.01 4.42 4.72 

25/120/N+ 

Total FA 10.2 14.3 11.1 13.3 14.5 15.2 11.6 14.8 14.4 14.2 8.4 13.3 

%EPA 25.9 23.5 25.3 24.6 23.2 21.4 24.5 21.8 20.2 21.3 32.2 22.9 

EPA yield 2.64 3.37 2.81 3.27 3.36 3.25 2.84 3.23 2.91 3.03 2.70 3.05 

12/33/N+ 

Total FA 11.1 16.9 17.6 17.1 17.6 19.0 18.8 17.4 17.4 15.0 12.2 5.2 

%EPA 22.0 24.0 24.4 25.0 24.0 23.7 22.2 21.5 21.5 24.9 32.3 32.2 

EPA yield 2.44 4.06 4.29 4.27 4.23 4.50 4.17 3.74 3.74 3.73 3.95 1.67 

25/33/N+ 

Total FA 13.6 12.8 10.9 10.3 10.7 10.8 11.2 13.9 13.1 9.7 8.3 11.6 

%EPA 23.9 25.6 27.8 29.8 29.6 28.6 28.2 24.8 22.8 27.6 33.8 27.2 

EPA yield 3.25 3.28 3.03 3.07 3.16 3.09 3.16 3.45 2.99 2.68 2.80 3.16 

12/33/N- 

Total FA 13.4 16.9 17.3 18.0 17.0 16.7 16.9 16.5 17.5 15.6 11.6 16.9 

%EPA 25.2 22.9 23.8 22.7 24.2 22.1 22.8 20.5 21.0 24.2 33.7 22.6 

EPA yield 3.37 3.87 4.11 4.09 4.11 3.69 3.85 3.39 3.68 3.77 3.91 3.82 

25/33/N- 

Total FA  13.9 13.0 13.1 10.8 11.1 10.7 10.5 12.6 12.4 9.8 9.6 11.1 

%EPA 27.2 29.0 28.9 36.0 33.2 33.8 32.5 30.6 29.6 31.8 36.8 32.3 

EPA yield 3.79 3.77 3.78 3.89 3.68 3.62 3.42 3.85 3.68 3.12 3.53 3.59 

12/120/N- 

Total FA 12.6 20.3 25.3 21.4 23.5 23.4 23.0 23.7 22.3 22.7 16.9 24.6 

%EPA  14.8 23.4 24.8 27.7 24.3 23.0 23.3 24.0 23.6 22.6 33.2 24.1 

EPA yield 1.87 4.75 6.27 5.93 5.71 5.38 5.36 5.69 5.26 5.13 5.61 5.93 

25/120/N- 

Total FA 15.5 20.7 19.7 18.0 18.1 18.6 16.7 20.6 19.5 16.9 14.2 20.4 

%EPA  30.1 24.2 24.6 26.8 28.3 26.2 28.7 24.4 26.2 27.8 34.4 25.7 

EPA yield  4.67 5.01 4.85 4.82 5.12 4.87 4.79 5.03 5.11 4.70 4.88 5.24 
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There appear to be a negative relationship between %EPA and total FAs in the treatments 

at 25 °C (Figure 7-17), but a positive relationship between total FA and EPA yield at 12 and 

25 °C (Figure 7-17 and Figure 7-18). 

 
Figure 7-17: The relationship between total FA, EPA yield and %EPA of Trachydiscus sp. Awa9-2 

following light stress at different wavelength ranges at 25 °C. 

 
Figure 7-18: The relationship between total FA, EPA yield and %EPA of Trachydiscus sp. Awa9-2 

following light stress at different wavelength ranges at 12 °C.  
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Figure 7-19: Effect of light intensity, temperature and nitrate availability on %EPA of Trachydiscus sp. 

Awa9-2 following light stress at different wavelength ranges. The lines in each treatment represent the 

%EPA of the dark controls at both temperatures (red 25 °C, blue 12 °C).  

 

Figure 7-20: Effect of light intensity, temperature and nitrate availability on EPA yield of Trachydiscus 

sp. Awa9-2 following light stress at different wavelength ranges. The lines in each treatment represent 

EPA yield of the dark controls, at both temperatures (red 25 °C, blue 12 °C). 
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At both light intensities, the absence of nitrate increased the effect of temperature on 

%EPA and decreased the effect of temperature on EPA yield. This was more obvious under 

lower light intensity, where a substantially higher percentage of EPA was observed for all 

samples which were kept at 25 °C (Figure 7-19 and Figure 7-20). In general, EPA yield was 

higher at 12 °C following stress at all wavelength ranges, regardless of light intensity and 

availability of nitrate (Figure 7-21).  

 

Figure 7-21: Relationship between total FA and EPA yield of Trachydiscus sp. Awa9-2 following light 

stress at different wavelength ranges at both temperatures (red 25 °C, blue 12 °C) and in the presence 

and absence of nitrate. 

 

  The relationship between photon energy and production of fatty acids of Trachydiscus 

sp. Awa9-2 following two-phase light stress at different wavelength ranges is shown in Figure 

7-22. There were no obvious trend in the figure. 
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Figure 7-22: Relationship between photon energy and production of EPA and fatty acids in 

Trachydiscus sp. Awa9-2   

7.4 Discussion 

Trachydiscus sp. Awa9-2 grew across almost all the tested wavelength ranges including 

hyper violet (382-473 nm), but not true violet (371-449 nm) (Figure 7-5). Shorter wavelengths 

of UV, namely UV-C (200 to 280 nm) and UV-B (280-315 nm), generally either kill or decrease 

performance of plants and algal cells but moderate amounts of UV-A (315-400 nm) are not 

always harmful. Growth and photosynthesis of some microalgae can be stimulated by a mix of 
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PAR+UV-A radiation, perhaps because the wavelength of UV-A is close to that of PAR (White 

and Jahnke 2002; Fernanda Pessoa 2012; Xu and Gao 2012). 

The impact of green light on biomass production of microalgae has not been widely 

investigated compared to blue and red. Dominated by chlorophyll, the absorption spectra of 

most microalgae demonstrate peaks in blue and red which correspond with peaks in absorption 

of chlorophyll. Presence of other pigments alters this pattern in microalgae such as 

cyanobacteria, cryptophytes, rhodophytes and glaucocystophytes which contain 

phycobiliproteins and are able to harvest green and yellow light (Delavari Amrei and Ranjbar 

2018). Nevertheless, it is generally assumed that most green light is reflected by chlorophyll-

containing photosynthetic organisms as there is little absorption at those wavelengths. Studies 

on plants have revealed that for more efficient photosynthesis in the deeper layers of the leaf, 

green light is more efficient than blue or red, thus green light is important for plants to perform 

optimal photosynthesis (Sun et al. 1998; Nishio 2000; Schulze et al. 2014). This is supported 

by the findings of McCree (1971) who measured the quantum yield of 22 species of crop plants 

over the PAR spectrum. The quantum yield represents the efficiency of photosynthesis, 

showing the rate at which CO2 is taken up or O2 is generated, divided by the rate at which cells 

receive energy. The re-plotted data obtained from that study (Figure 7-23) shows a high 

quantum yield in the green-lime region (520-590 nm) and shorter compared to the relatively 

low absorption. Note that these plants contain chlorophyll b whereas Trachydiscus does not.  

 
Figure 7-23: A comparison of absorption and quantum yield of 22 species of crop plants over the range 

of 400-725 nm. Data extracted from (McCree 1971). 
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There are examples of microalgae in which growth and biomass production under green 

light are comparable with those under white light. For instance, the green microalga Chlorella 

vulgaris grown in PBRs, showed higher biomass productivities in red (296.6 mg L-1 day-1), 

white (264.5 mg L-1 day-1) and green (247.5 mg L-1 day-1) compared to other colours 

(Mohsenpour and Willoughby 2016). The biomass productivity under green was almost twice 

that for blue (comparable with cyan in this study in terms of wavelength range), and triple that 

for yellow (comparable with lime in this study) and orange. Unlike Trachydiscus, Chlorella 

contains chlorophyll b, which absorbs in the blue-green range (Figure 1-6).  

Trachydiscus sp. Awa9-2 had low absorption of lime and green, however, more biomass 

was obtained at these wavelengths than at others (Figure 7-6). It is clear that the absorption 

spectra of Trachydiscus cultures (Figure 7-6) does not provide a good indication of the useful 

wavelengths. Availability of other pigments which are highly efficient at light capture and 

transfer of the energy to photosynthesis reaction centres might explain this. Confirmation or 

rejection of this requires pigment analysis for Trachydiscus sp. Awa9-2.  

It should be considered that the lime LED emission spectrum was found to be very wide 

(much more so than claimed by the manufacturer which demonstrates the need to measure 

spectra for confirmation). It overlapped both blue and red regions of PAR so that algal cells 

were able to receive potentially useful amounts of photons at those wavelengths.   

Since penetration of light into the culture is inversely proportional to the cell 

concentration, at higher cell concentrations of days 17 to 25, it is likely that the high energy, 

short-wavelength photons supported the growth of the algae better than white light, because 

short wavelengths penetrate further into the culture (Figure 7-7).  

Due to the colour variation of the cultures at different wavelengths (Figure 7-9), optical 

density would not have been an accurate measure of biomass production. It was observed that 

cultures with similar cell counts had very different optical densities (OD at 750 nm, data not 

shown). Microscopic cell counts were used in all experiments and are recommended for any 

similar studies. The colour variation might be an adaptive pigmentation reaction to wavelength 

that would enable cells to photosynthesise and survive under the available light. 

Nunc Cell Culture flasks as used in the multi-chamber LED box could not be shaken or 

supplied with CO2 in that confined system. This is likely to explain the slower growth and 

slightly different maximum cell density relative to wavelength) compared to PBR experiments 

(compare Figure 7-5 with Figure 7-10). 
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In PBRs under selected lights, maximum cell density of Trachydiscus sp. Awa9-2 was 

obtained under white light, i.e. combined cool white and warm white (Figure 7-10). Although 

absorption of photo red was high (Figure 7-4), the growth at these wavelengths was rather 

slow. The spectral overlap of white light with all the monochromatic lights is likely to be the 

reason for white supporting best growth. The growth rate response of Trachydiscus sp. Awa9-

2 to individual wavelength ranges is not in full agreement with many previous studies in other 

genera (Table 7-4), including a study on two acclimated strains of Nannochloropsis sp. (MUR 

266 and MUR 267) in which no significant difference was observed for µmax under red, blue 

and white (Vadiveloo et al. 2015). Like Trachydiscus sp. Awa9-2, significantly lower 

biomass productivity was reported in red compared to blue and white for both strains. 

However, in contrast to Trachydiscus sp. Awa9-2, blue resulted in the highest yield of total 

FAs in the biomass of MUR 266. 

In Nannochloropsis sp. grown under LEDs, highest to lowest µmax were in the order 

blue > white > green > red (Das et al. 2011). Fatty acid composition under green light 

showed high levels of %EPA (21.4%) but the highest %EPA was observed at white (23.04%). 

%EPA was minimum at blue (9.98%) but because of high biomass productivity, blue resulted 

in the greatest EPA yield (8.68 g in 100 g biomass). 

EPA productivity of Trachydiscus sp. Awa9-2 in PBRs was maximum at blue (15.6 

mg L-1day-1), followed by white (14.4 mg L-1day-1) and green (12.9 mg L-1day-1). EPA 

productivity was very low under red and photo red (3.7 and 6.4 mg L-1day-1, respectively).  

Higher EPA productivity in blue (12.3 ± 0.8) compared to red (11.7 ± 0.6) was also reported 

for N. oceanica CY2 (Chen et al. 2015). This is less striking than the difference found in 

Trachydiscus but suggests that the difference between EPA productivity of blue and red could 

be a wider pattern in Eustigmatophyceae. 

FA analysis showed that for Trachydiscus sp. Awa9-2 a higher %EPA and higher EPA 

productivity are expected in cultures grown under growth optimal wavelengths of light, while 

under other wavelength ranges PUFAs will be reduced and cells will boost synthesis of MUFAs 

and SFAs Figure 7-14. This response might be due to a biochemical shift to increase the storage 

lipid content of cells as a reaction to less favourable growing conditions. 

 Some examples of the effect of monochromatic light on microalgal growth and lipid 

accumulation are listed in Table 7-4. The effect of wavelength sometimes shows contradictions 

within the same genus. For example, for Nannochloropsis, the highest biomass was either 
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obtained under red light (Sirisuk et al. 2018a) or under blue light (Teo et al. 2014a; Teo et al. 

2014b). A reason for such discrepancy apart from inherently different species, strains, 

genotypes etc., could be that different studies used different culture conditions, e.g. various 

culture vessels or culture media. The apparent discrepancies between reported results for 

species highlights the difficulty of accurately measuring the intensity of light that enters the 

cultures. 
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Table 7-4: The effect of monochromatic lights on the growth and fatty acid contents of some microalgae  

Microalgae 
Wavelength  

(nm) 

PFD 

(µmol m2 s-1) 
Criteria Blue Blue+red Red White Green Violet Reference 

Tetraselmis sp. 

 
Blue (457) 

Red (660) 

100 

 

Growth rate µ (day-1) 1.47 1.44 1.43 1.44   

(Teo et al. 2014a) Maximum cell concentration 0.25×107 0.23×107 0.20×107 0.24×107   

Total FA (Florescence intensity a.u.) 105 80 90 95   

Tetraselmis sp. 

 
Blue (420-450) 

Red (660-700) 

100 

 

Maximum cell concentration 

(absorbance at 540 nm) 
2.2  1.8    (Teo et al. 2014b) 

Tetraselmis chuii 

 

Blue (465) 

Red (630) 

Violet (405) 

 

100 

Growth rate µ (%) 80  118 100  102 

(Schulze et al. 2016) 
Total FA (g in 100 g biomass) 19  18 17  24 

Maximum cell concentration (%) 85  90 100  50 

PUFA (%) 35.42  42.92 34.69  42.16 

Isochrysis galbana 

 Blue (465) 

Red (660) 

100 

 

Maximum cell biomass (g L-1) 0.72 0.75 0.65 0.6   

(Sirisuk et al. 2018a) 

 

Total FA (g in 100 g biomass) 40 41 40 37 63.3  

Phaeodactylum tricornutum 

 
Maximum cell biomass (g L-1) 0.65 0.72 0.68 0.6   

Total FA (g in 100 g biomass) 46.1 45 41 39 62.0  

Chlorella vulgaris 

 
Blue (450) 

Red (660) 

 

100 

Maximum cell concentration 1.7×107  2.5×107 1.8×107   
(Kim et al. 2014) 

Lipid content (%) 11.07  10.65 9.61   

Botryococcus braunii 

 

Blue (470) 

Red (660) 

Green (525) 

60 

 

Growth rate µ (day-1) 0.16  0.15  0.15  
(Baba et al. 2012) 

Hydrocarbon production (%) 50  50  35  

Scenedesmus quadricauda 

 
Blue (470) 

Red (630) 

70 

 
Biomass production (mg L-1) 350 320 200    

(Leonardi et al. 

2018) 

Nannochloropsis salina 

 

Blue (465) 

Red (660) 

Green (520) 

 

100 

Maximum cell biomass (g L-1) 0.38 0.45 0.52 0.36   
(Sirisuk et al. 2018a) 

Total FA (g in 100 g biomass) 26 32 32 28 49.4  

Nannochloropsis sp. 

 
Blue (420-450) 

Red (660-700) 

 

100 

Maximum cell concentration 
(absorbance at 540 nm) 

2  1.5    (Teo et al. 2014b) 

Nannochloropsis oculata 

 

Blue (465) 

Red (660) 

Violet (405) 

100 

 

Growth rate µ (day-1) 90  145 100  82 

(Schulze et al. 2016) 
Total FA (g in 100 g biomass) 35  34 50  37 

PUFA (%) 12.82  15.73 18.46  20.91 

Maximum cell concentration (%) 84  80 100  75 

Nannochloropsis sp. 

 
Blue (457) 

Red (660) 

 

100 

Growth rate µ (day-1) 1.64 1.61 1.61 1.59   

(Teo et al. 2014a) Maximum cell concentration 1.23×107 1.1×107 1.1×107 0.93×107   

Total FA (Florescence intensity a.u.) 700 670 550 150   

Nannochloropsis sp. 

 
Blue (440) 

Red (630) 

 

150 

Biomass yeild (mg L-1) 320  310 260   
(Ma et al. 2018b) 

Total FA (mg L-1) 140  150 100   

Nannochloropsis salina 

 

Blue (465) 

Green (520) 

70 

 

Total FA (g in 100 g biomass) 26  30 23 34 26 

(Ra et al. 2016) 

Biomass production (g L-1) 0.43  0.35 0.24 0.05 0.21 

Nannochloropsis oceanica 

 

Total FA (g in 100 g biomass) 24  28 21 32 24 

Biomass production (g L-1) 0.40  0.34 0.19 0.05 0.16 

Nannochloropsis oculata 

 

Total FA (g in 100 g biomass) 28  32 25 36 28 

Biomass production (g L-1) 0.0.42  0.36 0.29 0.07 0.26 
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Nannochloropsis oceanica, cultivated under combinations of white, blue, yellow and red 

LEDs, showed the highest EPA productivity (13.24 mg L-1 d-1) under the dual combination of 

blue + red and Red; however, attaining the high EPA productivity under red+blue was the result 

of higher biomass productivity rather than EPA accumulation per cell. This is an expected result 

because chlorophyll a absorbs most efficiently in the red and blue parts of the spectrum (Chen 

et al. 2015). Combination of blue+red in Trachydiscus sp. Awa9-2 resulted in the smallest 

amount of total fatty acids compared to other lights. Although %EPA was relatively high 

(34.3%), EPA and biomass productivities were lower than those at white and blue lights. 

Same results as this study were observed for total FA of Tetraselmis sp. grown under a 

combination of blue+red light (Teo et al. 2014a). Total fatty acid was lower in combined light 

intensity of blue+red (80 a.u.), compared to total FA of blue (105 a.u.), red (90 a.u.) and white 

(95 a.u.). 

Red lights that were used in PBR experiments (Figure 7-4), had not the same absorption 

spectrum as Trachydiscus sp. had. For example, “Red” LED seems to be particularly 

unsuitable. It could be possible that growth or EPA production might enhance by light supply 

at these longer wavelengths.  

In order to understand why blue light is optimal for EPA productivity of Trachydiscus sp. 

Awa9-2, expansion of knowledge of the role of its pigments would be valuable. The pigment 

content of Trachydiscus sp. Awa9-2 has not been assessed but violaxanthin dominates being 

56.6% of total carotenoids in Trachydiscus minutus, accompanied by other light-harvesting 

antenna (LHA) pigments including vaucheriaxanthin (25.9%) and zeaxanthin (3.2% and 

absorbing blue-green light) (Přibyl et al. 2012b). LHAs absorb light energy and transfer this 

excitation energy to chlorophyll a reaction centres. A reaction centre can efficiently accept a 

photon just a few times a second but this rate decreases when light is decreased. The role of 

LHA complexes here is to balance this rate. As one of the LHA complexes, carotenoids such 

as violaxanthin and zeaxanthin also have a protective role against excessive light intensities. In 

extreme light intensities or at shorter wavelengths (but not under dim conditions at these shorter 

wavelengths), the over-excitation of the photosynthetic apparatus will activate the protective 

mechanism of the reaction centres (Green and Parson 2011). At the molecular level, the photo-

isomer of cis-violaxanthin is one of the precursors of this protective mechanism. Isomerization 

of trans to cis-violaxanthin is driven by blue light (Grudziński et al. 2001). These pigments 

might explain the tendency of Trachydiscus sp. Awa9-2 to favour blue light and the 
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functionality of this light for its photosynthetic activity. Future research should explore the role 

of pigments in harvesting light at different wavelengths. 

In the two-phase approach, 12 wavelength stress samples were exposed to the 

wavelength ranges for only 72 hours3. Due to the short period of exposure, evaluation of 

growth was not the main objective of the experiment (and indeed growth would not 

necessarily be expected under some of the wavelengths). It should be emphasised that the 

small amount of material available likely contributed error to these results; nonetheless, they 

were in accord with the results of PBR experiments on light intensity and temperature (25°C 

and 130 µmol m-2 s-1 produced the highest biomass). Although 130 µmol m-2 s-1 was the 

optimal light intensity in PBRs (Chapter 6), a light intensity of 120 µmol m-2 s-1 was used in 

the wavelength stress experiment. This was to prevent excessive drying of the agarised medium 

during the experiments. Petri dishes with their lids removed were used in order to prevent 

condensation on lids being a source of light diffraction.  

The PBR and LED box experiments were not entirely comparable because of small 

differences in the white controls. For the PBR experiment, the white control was a combination 

of cool and warm LED strips but, in the LED box experiments, a cool white LED was used 

(space for only one LED was available). The wavelength characteristics of these LEDs are 

illustrated in Figure 2-6 and Figure 6-1. The combined LED strips used in PBRs had 

wavelength ranges that were more enhanced in yellow and red. 

Since the metabolic activity of Trachydiscus sp. Awa9-2 is greater in optimal growth 

conditions of 25 °C and 120 µmol m-2 s-1, the stress of nitrate absence in the medium can 

quickly induce a shift to accumulation of saturated or monosaturated storage FAs. 

In the two-phase experiments, the simultaneous withdrawal of nitrate, cooling of cultures 

down to 12 °C and their exposure to 120 µmol m-2 s-1 under 415-498 nm (royal blue) gave the 

highest EPA yield. EPA yield of royal blue (6.28 g in 100 g biomass) was 5.6% higher than the 

white control (5.93 g in 100 g biomass) and 10.8% higher than dark control (5.6 g in 100 g 

biomass). %EPA was higher at 25 °C than 12 °C in all wavelength stress samples. At both 

temperatures, with and without nitrate, %EPA was higher in dark controls (>30%) compared 

 
3 These experiments were performed several times at different temperatures, light intensities, humidity and 

incubation times, to achieve a final set up which in this study is referred as two-phase wavelength stress 

experiments. Also, some of the results were used to develop the construction of multi-chamber LED box. The 

condition and results of early experiments are not shown here. For example, the incubation time for two-phase 

wavelength stress experiments was 5 days in preliminary experiments but this was then reduced to 3 days due to 

the effect shown in dark treatments of that duration (Section 5.3.1).  
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to all wavelength stress samples (20-29% EPA). There were at least two possible reasons for 

this: 1) more EPA could be synthesised in the dark, 2) other FAs could be degraded faster than 

EPA (both EPA yield and total FA yield were substantially less in the dark control). Further 

experiments on samples exposed to 3 days dark confirmed the increase in %EPA and a minute 

decrease in total FA which resulted in the maximum EPA yield (g in 100 g biomass) in a post-

growth dark treatment (Chapter 5, Figure 5-1).  

Regardless of light intensity and availability of nitrate, EPA yield was higher at 12 °C 

than at 25 °C in all two-phase wavelength stress samples. When PBR grown cultures were kept 

at 12 °C they did not achieve similarly high yields (Chapter 4, Figure 4-8). 

Considering EPA yield and %EPA of culture in the dark under otherwise identical 

conditions (Figure 7-19 and Figure 7-20), light might be unnecessary for the “stress” part of 

a two-phase approach or offers very little advantage as a light treatment resulted in no greater 

EPA yield than in cultures left in the dark.  

EPA yield in dark controls (Figure 7-20) also shows that there was some noise in the 

system - since these are recorded in the dark, they should be in the same position in the top and 

bottom panels (there is an uncertainty of 4% in the results). Right top results were slightly 

higher compared to the panel below, perhaps because it was a different batch of analyses or 

due to a subtle difference in the condition of the cells. Therefore, it seems that not much should 

be read into the fact that the results were higher overall. However, the effect of lack of nitrate 

in closing the yield gap between temperatures was seen in two different experiments, so is 

believed to be real. 

 There was not a distinct trend between %EPA and photon energy (Figure 7-22). 

Initially, it was suggested that overall photon energy (rather than particular wavelengths) might 

drive FA and EPA content. However, further investigation showed that this relationship was 

insufficient to optimise yield and the decaying relationship was leveraged by the dark values. 

Although, for example, an increase in %EPA was observed as photon energy increased, it was 

not an independent relationship and was under the influence of temperature and wavelength. 

The impact of wavelength on %EPA might not be related to the energy of the wavelength and 

could be due to absorption of different wavelengths by different pigments and subsequently the 

different photosynthetic efficiency of those pigments. For instance, an increased %EPA for lime 

(24.5% at 120 µmol m-2 s-1 and 28.2% at 33 µmol m-2 s-1) compared to red (21.8% at 120 µmol 

m-2 s-1 and 24.8% at 33 µmol m-2 s-1) (Figure 7-22) does not follow the pattern of photon energy 
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increase. So, there may be independent relationships between wavelength energy and EPA 

yield, and light intensity and EPA yield. These would become dependent at higher levels of 

light intensity at which the shorter wavelengths start to be inhibitory for the cells. 

It is concluded that the quality of light can significantly affect biomass productivity, total 

FA and fatty acid profile in Trachydiscus sp. Awa9-2. Blue wavelengths were most effective as 

the alga was able to grow rapidly as well as efficiently accumulate EPA. Under the right 

conditions, cultures were able to both accumulate biomass and synthesise EPA at a high rate. 

Study of the effect of wavelength on Trachydiscus sp. Awa9-2 was an important objective 

in this research. However, the experimental equipment needs development to generate more 

reliable results. The lightproof multi-chamber LED box was able to provide the desired light 

intensities and wavelength. It was also able to maintain the temperature and humidity during 

the experiments (data are not shown). However, the prototype had a small culture volume and 

generated only a small amount of biomass as a consequence. Also, it was not possible to 

increase CO2 supply to the cultures. 

 Due to limitations on time and equipment, only four monochromatic lights were scaled 

up in PBRs and these experiments were performed only at the optimal light intensity and 

temperature. Expanding all cultivation variables of the wavelength stress experiments of the 

LED box to a PBR cultivation system would provide a more reliable comparative set of results 

in future experiments.  

 

 

 

 

 

 

 

 

 

 



 

 

Chapter 8 

8 Assessment of heterotrophic and mixotrophic growth of 

Trachydiscus sp. Awa9-2 

8.1 Introduction 

Mixotrophic and heterotrophic cultivation of microalgae represent feasible alternatives 

for production of biomass and valuable products. Research has shown that culture media 

supplemented with organic carbon sources increase the growth rate and elevate the 

carbohydrate and lipid contents of microalgae. Examples of this are mentioned later in this 

chapter. Microalgae which can metabolize organic carbon sources are not dependent on light 

to grow. They do not require a complicated reactor, and this can reduce production costs. 

However, sometimes addition of organic carbon to the cultivation process adds more net cost 

and also makes the culture susceptible to contamination by other microbes (Bashan and Perez-

Garcia 2015).  

To the best of the author’s knowledge, there is no published literature about the 

heterotrophic or mixotrophic abilities of species of Trachydiscus. Eustigmatophycean algae are 

classified as obligate phototrophs in a widely used recent textbook (Graham et al. 2009) but 

there is evidence for heterotrophic growth of the marine eustigmatophycean Nannochloropsis 

(Galloway 1990; Andersen 2005; Velu et al. 2015; Poddar et al. 2018). This chapter reviews 

heterotrophic cultivation in the dark and mixotrophic cultivation in the light of microalgae and 

then these abilities in Trachydiscus sp. Awa9-2 are assessed. The experiments performed for 

heterotrophy were based on growth in the presence of each of fifteen different carbon sources 

in the dark. To test for mixotrophy, light was provided in experiments on the carbon sources 

that best supported heterotrophic growth. 
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8.1.1 Metabolic diversity of carbon assimilation in microalgae 

Growth in microorganisms depends primarily on a supply of carbon and energy as well 

as a supply of all other elements that comprise their cells. Autotrophic organisms produce 

complex organic compounds (protein, carbohydrate, and lipids) from simple substances 

available in their surroundings using an energy source. Heterotrophs rely on autotrophs to 

synthesise these complex compounds. Energy is required to obtain a supply of hydrogen and 

electrons. Two sources of energy, light and chemical reactions are used, and based on these, 

there are four types of metabolism (Nelson et al. 2017), Table 8-1.  

Table 8-1: Metabolic diversity of microorganisms based on energy and carbon sources (Nelson et al. 

2017). 

Metabolism Nutritional type 
Energy 

source 

Hydrogen/Electron 

source 

Carbon 

source 

Representative 

microorganisms 

Autotrophy 

Photoautotroph 

(Photolithotroph) 
Light 

Inorganic 

hydrogen/electron 

donor 

CO2 
Algae, cyanobacteria, purple 

and green sulphur bacteria 

Chemoautotroph 

(Chemolithotroph) 
Chemical  

Inorganic 

hydrogen/electron 

donor 

CO2 

Sulphur oxidising bacteria, 

hydrogen bacteria, iron 

bacteria, nitrifying bacteria 

Heterotrophy 

Photoheterotroph 

(Photoorganotroph) 
Light 

Organic 

hydrogen/electron 

donor 

Organic 

carbon 

source 

Purple and green non- 

sulphur bacteria 

Chemoheterotroph 

(Chemoorganotroph) 
Chemical  

Organic 

hydrogen/electron 

donor 

Organic 

carbon 

source 

Most of the non-

photosynthetic bacteria, 

fungi, protozoa 

 

Microalgae are cultivated as photoautotrophs, chemoheterotrophs, and a combination of 

these (Zhan et al. 2017).  

In the context of industrial culture of microalgae: 

1- Phototrophic culture, which in practice means photoautotrophy (Table 8-1), is when the 

only carbon source is inorganic and the culture is illuminated. 

2- Heterotrophic culture, which in practice means chemoheterotrophy (Table 8-1), is when 

an organic carbon source is provided in the dark. 

3- Mixotrophic culture, which in practice means photoheterotrophy (Table 8-1), is the 

condition in which light is supplied as well as an organic carbon source. This would 

enable both photoautotrophic and chemoheterotrophic growth. Mixotrophic algae are 

able to use supplementary organic carbon sources in the presence of light and in the dark. 

They use organic compounds and light as energy sources, while organic carbon and CO2 
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are assimilated as carbon sources. These microalgae can thus grow both heterotrophically 

and phototrophically (Stewart 1954; Richmond and Hu 2013; Zhan et al. 2017).   

In this study, the same nomenclature listed above is used elsewhere to describe the 

metabolic diversity of algae. 

The most common method of cultivating microalgae is by the supply of light, CO2 and 

mineral nutrients to support phototrophy. However, a minority of microalgae can be grown 

heterotrophically and mixotrophically. By shifting between phototrophy and mixotrophy these 

algae are adapted to grow under a wider range of conditions when supply of light or inorganic 

carbon are insufficient for phototrophic growth (Chen et al. 2011; Wang et al. 2014; 

Subramanian et al. 2016).  

In phototrophic cultivation, oxygen is released but heterotrophy is aerobic and utilises 

oxygen. When growth is dependent on heterotrophy a well-oxygenated airflow should be 

provided to microalgal cultures (Morales-Sánchez et al. 2015).  

The ability to grow as a mixotroph reduces dependency on light and also mitigates the 

problems of photoinhibition and oxidative damage, which can occur in phototrophic cultures 

at high light intensities (Chapter 1). A switch from phototrophy to heterotrophy occurs in 

mixotrophic microalgae when light is shut down and a suitable organic carbon source is 

accessible (Chen et al. 2011).   

8.1.2 Examples of metabolism in microalgae  

Metabolic pathways for heterotrophy and phototrophy are located in different parts of 

the cell and can stay inactive when they are not needed. However, in some unicellular 

eukaryotes, both these pathways are simultaneously active. It is hypothesized that long-term 

exposure to particular substrates has selected different modes of nutrition (phototrophic or 

heterotrophic) in different microalgae (Bell 2013; Olefeld et al. 2018). For instance, some 

parasitic red algae, the ancestors of which were obligate phototrophs, have evolved 

heterotrophic and mixotrophic abilities whilst still able to photosynthesise. In contrast, some 

levels of phototrophy have become established in previously heterotrophic organisms by 

endosymbiotic capture of a chloroplast, e.g. from green algae by the ancestor of Euglena 

(Zakryś et al. 2017). Obligate heterotrophs lack light-harvesting pigments and are incapable of 
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photosynthesis. An example of these is colourless euglenoids which have had an evolutionary 

loss of their chloroplasts (Bell 2013).  

There are many obligate phototrophic algae that synthesise many organic compounds 

during photosynthesis but it is not always clear why they cannot utilise them for heterotrophic 

growth when supplied in the culture medium (Chen and Chen 2006). Lack of membrane 

transporters for these molecules can be a reason. The difference between an obligate phototroph 

and a closely related heterotroph or mixotroph may be due to the existence of a glucose 

transport system in the cell membrane of the latter (Beauclark and Smith 1978). Heterotrophy 

has been conferred on the obligate phototroph  Phaeodactylum tricornutum by human-

mediated transfer of the genes encoding a glucose transporter (Zaslavskaia et al. 2001). This 

demonstrated that the intracellular metabolic machinery necessary for heterotrophy was 

already present. 

Algae that are capable of heterotrophy and mixotrophy can assimilate a range of organic 

carbon sources, but their growth rate and biomass productivity differ depending on the form of 

the organic carbon. Growth rate is also influenced by the concentration of the organic carbon 

source. For instance, biomass productivity in heterotrophic cultivation of Chlorella vulgaris 

differed between carbon sources and growth was inhibited at higher concentrations (Galloway 

1990; Perez-Garcia et al. 2011). 

Glucose is the most routinely used organic carbon source for heterotrophic cultivation of 

microalgae and mostly results in a high rate of biomass and product formation (Liang et al. 

2009; Yeh and Chang 2012; Venkata Mohan et al. 2015). One reason for this strategy is that 

glucose is a high energy-content molecule compared to other substrates (Perez-Garcia et al. 

2011). For instance, in two cultivation batches of Chlorella protothecoides for production of 

biofuel, when cells were cultivated heterotrophically with glucose, four times higher lipid 

content was obtained in the biomass compared to that in phototrophic growth (without glucose) 

(Miao and Wu 2004; Xu et al. 2006).  

8.1.3 Advantages of heterotrophic and mixotrophic cultivation of microalgae 

Each algal cultivation regime has advantages and limitations. Investigation of the 

efficacy of possible systems is necessary for choice of the one that minimises costs and 

optimises production.  
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In phototrophic cultivation, light from a natural or artificial source is used. The provision 

of sufficient light for cultures is the main challenge (Perez-Garcia et al. 2011). Heterotrophic 

cultivation avoids this and confers benefits such as significant enhancement of growth rates, 

biomass, and lipid and protein productivities. Furthermore, during heterotrophic cultivation, 

airflow without supplementary CO2 can be supplied results in a reduction in production costs 

(Morales-Sánchez et al. 2015). 

The following literature discusses some of the advantages of heterotrophic and 

mixotrophic cultivation of microalgae in comparison with the phototrophic approach: (Schmidt 

et al. 2005; Miao and Wu 2006; Liang et al. 2009; Blanken et al. 2013; Wang et al. 2014; 

Morales-Sánchez et al. 2015; Bashan and Perez-Garcia 2015; Zhan et al. 2017; Hu et al. 2018). 

These advantages can be summarised as follows. 

Heterotrophic regime 

• Higher growth rate and greater biomass productivity 

• Higher lipid productivity 

• Non-dependency on light 

• Simpler scaling-up process 

• Feasibility of manipulation of biomass composition by changing the organic substrate 

• Simpler and cheaper reactor design 

  

Mixotrophic regime 

• Higher growth rate and biomass production than either phototrophic or heterotrophic 

cultivation alone 

• Longer exponential growth phase; an advantage for the synthesis of those compounds 

that form during the exponential growth period 

• Growth can occur during darkness as well as under light 

• Ability to make a shift from mixotrophic to phototrophic metabolism 

• Consumption of accumulated oxygen (i.e., combined mixotrophy and phototrophy in a 

closed photobioreactor is a protective mechanism against photooxidative damage that is 

a potential threat to cultures during solely phototrophic cultivation.) 

 

A review of more than 120 studied algal growth conditions indicated that mixotrophic 

cultures always showed a greater growth rate and a higher biomass production than 
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heterotrophic cultures under otherwise identical conditions (Bashan and Perez-Garcia 2015). 

This was observed in another study by Cheirsilp and Torpee (2012). For example, mixotrophic 

growth of the marine microalgae Nannochloropsis salina and Chlorella sp. on glycerol resulted 

in respectively 1.7 and 1.9 times more biomass than phototrophic cultures (Poddar et al. 2018). 

Biomass productivity of Scenedesmus sp. under phototrophic, heterotrophic and mixotrophic 

conditions showed an increase in growth rate and algal biomass in the heterotrophically grown 

cultures (Kamalanathan et al. 2018). The latter, when exposed to light and able then to grow 

mixotrophically, resulted in significantly higher growth rate and biomass productivity due to a 

shift from heterotrophy to mixotrophy. Growth rate and algal biomass of the mixotrophic 

cultures were three times higher than those of phototrophic growth and two times higher than 

those of heterotrophic growth. 

Interest is growing in the feasibility of commercial heterotrophic cultivation of algae for 

manufacturing a wide range of products. For instance, TerraVia (Unites States) uses feedstocks 

such as sugarcane, corn and crop residues, sugar beet, switchgrass, and forest and waste 

residues to grow algae for production of oil for food, personal care products, and aquaculture 

nutrition and animal feed (Parsons et al. 2018). Commercial microalgae for production of EPA 

and DHA are mainly sourced from Thraustochytrid species, e.g., Schizochytrium and marine 

dinoflagellate Crypthecodinium cohnii (Tocher et al. 2019). 

8.1.4 Disadvantages of heterotrophic cultivation in production of algal metabolites 

The main disadvantages of heterotrophic and mixotrophic cultivation of microalgae are 

the cost of organic substances and the risk of contamination by fast-growing heterotrophic 

microorganisms such as bacteria. The latter can severely reduce the quality and quantity of the 

final products. Providing and retaining an axenic algal culture has high operational costs. Lack 

of light in the heterotrophic system is also a limitation when light-induced products such as 

pigment are desired (Wang et al. 2014; Bashan and Perez-Garcia 2015). 

Despite the benefits of mixotrophic cultivation noted above, this method is not always 

applicable. Only a small proportion of microalgal species grow mixotrophically. These include 

the chlorophyte algae Haematococcus pluvialis, Brachiomonas submarina, Chlorella spp., 

Chlorococcum sp., Ankistrodesmus, Chlamydomonas, Dunaliella, Tetraselmis, and 

Scenedesmus obliquus; the diatoms Cyclotella cryptica, Nitzschia sp., Phaeodactylum 

tricornutum, Amphora sp., and Navicula saprophila; the euglenoid Euglena gracilis, the 



Assessment of heterotrophic and mixotrophic growth of Trachydiscus sp. Awa9-2  131 

 

eustigmatophycean Nannochloropsis spp.; the chrysophycean Ochromonas minima; the 

cryptomonad Rhodomonas reticulata; and the dinoflagellate Crypthecodinium (Andersen 

2005; Bashan and Perez-Garcia 2015). 

 An investigation has been made on the impact of a typical food processing step on the 

oxidative stability of omega-3 fatty acids in an enriched aqueous acidic model system with 

microalgal biomass (Gheysen et al. 2018). Biomass from four phototrophically and one 

heterotrophically grown microalgae were used. During processing of cell suspensions, a 

reduction in the content of omega-3 was observed in all samples after three months of storage 

at 37 °C. However, significantly lower oxidation was observed in suspensions of 

phototrophic microalgae than those of heterotrophic microalgae. This was thought to be related 

to the different carotenoid compositions with different antioxidant activity. Carotenoids were 

detected in suspensions of phototrophically grown algae but not in suspensions of those grown 

heterotrophically. The same result was observed for oxidative stability of omega-3 fatty acids 

produced phototrophically by Isochrysis, Phaeodactylum, Nannochloropsis gaditana, and 

Nannochloropsis sp. (Ryckebosch et al. 2013). These fatty acids were more stable when 

exposed to oxidation than those produced by heterotrophy. The same reason has been 

hypothesized for the greater stability of krill oil over fish oil. These potential changes in the 

final products should be considered when a processing step is proposed for an algal product. 

8.2 Materials and methods 

8.2.1 Antibiotic treatment for cultures fed by organic carbon sources 

Antibiotics were added to the media in order to reduce the risk of contamination of 

cultures enriched with organic carbon sources. The prokaryotic antibiotics ampicillin, 

streptomycin and kanamycin and the anti-fungal carbendazim were selected because of their 

success in reducing contamination in previous studies (Lin 2005; Mahan, Odom, and Herrin 

2005; Mustapa et al. 2016). To investigate the possible growth-inhibiting effect of the 

antibiotics on the alga, the fungicide was tested at three concentrations in a mixture of 

prokaryotic antibiotics. Three mixtures of antibiotics and Z medium (Chapter 3) were prepared 

(antibiotic cocktails 1, 2 and 3). The final concentration of each of ampicillin, streptomycin 

and kanamycin in all cocktails was 100 µg mL-1 and that of carbendazim was 1, 10 and 30 µg 

mL-1, in cocktails 1, 2 and 3 respectively.  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/phototroph
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Three replicate 150 mL flasks containing 50 mL of each mixture were inoculated with 

Trachydiscus sp. Awa9-2 (initial cell concentration of 2 ×105 cells mL-1). Z medium lacking 

antibiotic was used as the control. All samples were incubated at 25 °C, at 75 µmol m-2 s-1 with 

light supplied from white LEDs. Microscopic cell counts were made after 7 days cultivation.  

 All media used in the experiments of this chapter including controls lacking organic 

carbon sources had antibiotics added at the concentration of carbendazim that gave the best 

control of contaminants. 

8.2.2 Investigation of heterotrophic metabolism in Trachydiscus sp. Awa9-2 

Fifteen alternative carbon sources were used to test for heterotrophic metabolism.  These 

were: glucose, mannose, sucrose, galactose, lactose, trehalose, sorbitol, glutamate, glycine, 

succinate, pyruvate, fumarate, acetate, citrate and glycerol. The list followed Galloway (1990) 

who studied mixotrophic and heterotrophic growth on different carbon sources of microalgae 

including two strains of Nannochloropsis (Eustigmatophyceae). The carbon sources were 

added to Z medium. Standard Z medium was used as a control. 

All carbon sources were dissolved separately in deionised water and sterilised by 

filtration using 0.2 µm syringe filters. Each solution was then added to sterile Z medium mixed 

with 0.5% agarose to give a final medium enriched with 10 g L-1 of the organic addition as 

used by Galloway (1990). The antibiotics were added at the optimised concentration indicated 

by the preliminary experiment (Section 8.2.1). These heterotrophy media were then dispensed 

into Petri dishes and left at room temperature in a laminar flow hood before being used in the 

experiments. Each Petri (n=3) dish was inoculated with 200 µL of an exponentially growing 

culture (8 ×106 cells mL-1) and covered with aluminium foil to exclude light. Foil-covered Petri 

dishes with Z medium lacking organic carbon supplements were inoculated as negative 

controls. Uncovered Petri dishes containing Z medium were used as light controls. 

All treatments were incubated at 25 °C for two weeks, arranged randomly, using a 

random number table, in blocks of three replicates. 

By using Petri dishes in heterotrophic experiments, it was possible to visualise the growth 

of contaminants if this occurred. 
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8.2.3 Investigation of mixotrophic metabolism in Trachydiscus sp. Awa9-2 

To determine whether the utilization of organic compounds by Trachydiscus sp. Awa9-

2 was light-dependent, a mixotrophic experiment was conducted. Glucose, galactose, sucrose, 

sorbitol and lactose (the sugars that performed best in the heterotrophy trial) were used. All 

cultures were prepared as for the heterotrophic experiment except that they were illuminated 

with white LEDs with a light intensity of 75 µmol m-2 s-1. Z medium without organic carbon 

supplements was used as a control. 

All treatments were randomly arranged in blocks and incubated at 25 °C for 7 days. Plates 

were replicated and arranged as for the heterotrophy experiment. 

8.2.4 Assessment of biomass accumulation 

Biomass accumulation was measured using chlorophyll a as a proxy. Cells were 

harvested by washing from the surface of culture plates using 500 µL of Z medium. They were 

then separated from the liquid by centrifugation at 3150 ×g for 5 min (Eppendorf centrifuge 

5810R). Chlorophyll extraction followed by spectrophotometric analysis was performed 

according to Biggs and Kilroy (2000) which uses acidification to adjust results for the presence 

of phaeophytin. Chlorophyll a was extracted from the biomass by adding harvested cells to 5 

mL of 90% ethanol followed by boiling for five minutes at 78 °C in a water bath (boiling point 

of ethanol). Samples were then placed in a refrigerator (4 °C) overnight. A spectrophotometer 

(Thermo Scientific™ Varioskan™ Flash Multimode Reader) was used to measure absorption 

at 665 nm (chlorophyll a peak) and at 750 nm before and after treatment with 0.3 M HCl4. 90% 

ethanol was used as the blank. The concentration of chlorophyll a (mg per sample) was 

calculated using the following equation. 

        Chlorophyll a (mg per sample) = 

[(absorbance 665before acidification – absorbance 665 after acidification) × 28.66 × sample vol. in litres] 

28.66 is the absorption coefficient for chlorophyll a. 

 
4 Chlorophyll a has a chlorine magnesium ligand. During the extraction of chlorophyll a, an acidification 

step eliminates the interference of non-magnesium-containing pigments and overcomes the intervention of 

chlorophyll degradation products. During acidification, the magnesium ion is removed from the porphyrin ring, 

leading to the production of a phaeophytin, i.e. chlorophyll a without the Mg2+ ion. In the colourimetric assay of 

chlorophyll a, the estimation of chlorophyll can be corrected by measuring the difference between absorbance 

before and after acidification (Carlson and Simpson 1996). 
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A linear relationship between cell density and chlorophyll content of Trachydiscus sp. 

Awa9-2 cells grown phototrophically is illustrated in the Appendix. 

Pairwise comparison of the growth logistic models was performed using R to test for 

significant parameter differences (P<0.05) in the yield of chlorophyll a among treatments 

(different organic supplements and controls). 

8.2.5 The effect of mixotrophic cultivation with lactose on fatty acid composition and 

EPA productivity of Trachydiscus sp. Awa9-2  

Lactose was selected for investigation of mixotrophic growth and associated FA 

production of Trachydiscus sp. Awa9-2. Two 150 mL flasks containing 75 mL Z medium 

supplemented with lactose (10 g L-1) were inoculated with a fresh culture of Trachydiscus sp. 

Awa9-2 to give an initial concentration of 2 ×105 cells mL-1. These were called Lac treatments. 

Two control treatments, Lac-free, used only Z medium. Flasks were incubated at 25 °C and 75 

µmol m-2 s-1 on an orbital shaker (130 rpm) for nine days. Cell counts were made on day 9. 

Harvested biomass was freeze-dried and used to quantify FA. 

8.3 Results  

8.3.1 Heterotrophic capability 

Trachydiscus sp. Awa9-2 grew as a heterotroph in the dark by utilising all the organic 

carbon sources other than fumarate. There was no growth in Z medium (control sample) in the 

dark. Biomass yield (chl a per sample) varied substantially from about 0.2 to 1 µg amongst 

sources of organic carbon. The difference between control and each organic carbon treatment 

was significant (p˂0.05; Figure 8-1). Phototrophic growth yielded considerably more biomass 

(55 µg per sample).    

Galactose, lactose, sorbitol and sucrose supported good heterotrophic growth, 

although still far less than the growth achieved phototrophically (55 µg per sample; not 

shown in Figure 8-1).  
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Figure 8-1: Concentration of chlorophyll a as a proxy for biomass production during heterotrophic 

cultivation in the dark of Trachydiscus sp. Awa9-2 on organic carbon sources for 14 days. All organic 

carbon sources were dissolved in Z medium at concentration of 10 g L-1. Values with the same letter are 

not significantly different; p˂0.05. Values are means ± SE; n=3. Results for the light control were much 

higher (55 µg per sample) and are omitted for clarity.  

 

The visual colour of biomass grown in the dark was not different to that grown under 

lights. However, microscopic examination showed cells of Trachydiscus sp. Awa9-2 to be a 

bit pale after being in the dark for 14 days (Figure 8-2) but they were not colourless. 

 

Figure 8-2: Light microscopy images of Trachydiscus sp. Awa9-2 cells of the same age. Chlorophyll 

pigmentation was more intense in the cells grown under light (left) than those grown in the dark (right). 

8.3.2 Antibiotic treatment  

Cell density at 7 days was 62×105 cells mL-1 in control flasks but significantly lower 

in cultures containing 10 and 30 µg mL-1 carbendazim, reaching 34 ×105 and 3 ×105 cell 

mL-1, respectively (Figure 8-3 and Figure 8-4). 
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Figure 8-3: Growth responses of Trachydiscus sp. Awa9-2 to antibiotics. Cultures were grown for a 

week in culture media containing ampicillin, streptomycin and kanamycin (100 μg mL-1 each), and 

three different concentrations of carbendazim. (1, 10, and 30 μg mL-1). Z medium without antibiotic 

was used as a control. Values with the same letter are not significantly different; p˂0.05. Values are 

means ± SE; n=3.   

 

Figure 8-4: Trachydiscus sp. Awa9-2 grown in culture media containing 100 μg mL-1 of each of 

ampicillin, streptomycin and kanamycin, and three different concentrations of carbendazim (1, 10, and 

30 μg mL-1 in flasks 1 to 3). The flask on the left was a control with no antibiotic. 

8.3.3 Mixotrophic capability   

Trachydiscus sp. Awa9-2 utilized sorbitol, galactose, lactose, sucrose and glucose in the 

presence of light. The concentration of chlorophyll a showed a statistically significant increase 

compared with the control (Z medium) for the samples supplemented with lactose (p < 

0.00001), and galactose (p < 0.0001). Other differences were insignificant, indicating the 

addition of those sugars did not boost growth above that achieved phototrophically in Z 

medium. Compared to the control, the growth was boosted 4.6 times when the medium was 

supplemented with lactose (Figure 8-5).  
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Figure 8-5: Concentration of chlorophyll a as a proxy for biomass production during mixotrophic 

cultivation of Trachydiscus sp. Awa9-2 on organic carbon sources for 7 days at 25 °C and 75 µmol m-2 

s-1. Selected organic carbon sources in Z medium were at a concentration of 10 g L-1. Values with the 

same letter are not significantly different; p˂0.05. Values are means ± SE, n=3. 

A comparison of chlorophyll a production in mixotrophic and phototrophic conditions is 

shown in Figure 8-6. 

 

 

Figure 8-6: Concentration of chlorophyll a as a proxy for biomass production by Trachydiscus sp. 

Awa9-2 after 7 days cultivation in mixotrophic and phototrophic conditions. Values are means ± SE; 

n=3. 

The visual growth difference between cultures supplemented with organic sugars 

(mixotrophy) and those of the Z medium control (phototrophy) is shown in Figure 8-7. 
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Figure 8-7: (a) A visual comparison of Trachydiscus sp. Awa9-2 biomass when grown on agarised 

media in light for 7 days. a-Left, Z medium without organic supplement (phototrophy). a-right, Z 

medium supplemented with galactose (10 g L-1) (mixotrophy). (b) The cultures grown phototrophically 

in Z medium (b-left) and mixotrophically in Z medium supplemented with 10 g L-1 lactose (b-right).   

8.3.4 The effect of mixotrophic cultivation with lactose on fatty acid composition and 

EPA productivity of Trachydiscus sp. Awa9-2  

Cultures in shake flasks supplemented with lactose produced most biomass (Figure 8-7). 

The maximum cell density in the presence of lactose (Lac) was 94.1 ×105 cells mL-1 which was 

3.2 times higher than that of the control (Lac-free, phototrophy; 29.4 ×105 cells mL-1).  

Total FA in the Lac treatment was half of that in the control (Figure 8-8) although a 

marginal increase in PUFA (Figure 8-9) and %EPA (Figure 8-10) was observed in the Lac 

treatment. This resulted in considerably lower EPA yield (g in 100 g biomass) and EPA 

productivity (mg L-1 day-1) in the Lac treatment (Figure 8-8).  
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Figure 8-8: The effect of the presence of lactose (Lac) and absence of that (Lac-free) on total fatty 

acids, EPA and biomass productivity in Trachydiscus sp. Awa9-2. Values are means ± SE, n=2. 
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Figure 8-9: Percentage of PUFAs (polyunsaturated fatty acids), MUSAs (monounsaturated fatty acids) 

and SFAs (saturated fatty acids) of Trachydiscus sp. Awa9-2 grown in the presence (Lac) and absence 

(Lac-free) of lactose. “Others” represents FAs which were unrecognised in this FA profiling method.  

 

 

Figure 8-10: Fatty acid composition in the biomass of Trachydiscus sp. Awa9-2 grown in the presence 

(Lac) and absence (Lac-free) of lactose. Values are expressed as % (w/w) in total fatty acids. Values are 

means ± SE, n=2. EPA is represented as 20:5n-3. 
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8.4 Discussion 

Heterotrophic growth of the alga could be increased more than chlorophyll a indicates, 

since cellular content of chlorophyll a may be less in the dark than in the light (Voskoboinikov 

et al. 2006; Nymark et al. 2013; Gim et al. 2016). However, the use of chlorophyll as a biomass 

proxy in treatments with different carbon sources in the dark is likely to be valid to the cell 

counts (Figure 8-2). For future work, microscopic cell counts are suggested for a more reliable 

estimate of biomass. Total harvested biomass can be dissolved in a buffer or culture medium 

prior to cell counts.  

Since it is capable of growth in the presence of many organic carbon sources in the dark, 

Trachydiscus sp. Awa9-2 must possess a transport system to import these into the cells and 

metabolize them. 

Unlike in Trachydiscus sp. Awa9-2 in some studies on heterotrophy in algae, sucrose and 

lactose caused cell death and metabolite reduction (Schmidt et al. 2005). This could be related 

to their concentration. For instance, adding >10 g L-1 sucrose to the culture medium of red 

microalga Galdieria sulphuraria resulted in complete inhibition of growth (Schmidt et al. 

2005). 

Glucose is the most commonly used organic carbon source to grow microalgae. It was 

the most efficient carbon source for astaxanthin producer Chlorella zofingiensis in 

heterotrophic growth, leading to high biomass production (10.63 g L-1) and high specific 

growth rate of 0.028 h-1 (Wang and Peng 2008). By contrast, it had a low specific growth rate 

(0.018 h-1) and low biomass (5.46 g L-1) on sucrose and these were lower on lactose. 

Apparently, these microalgae either lack the enzyme invertase or do not have a transport system 

to assimilate sucrose or lactose (Perez-Garcia et al. 2011). Glucose was utilised by 

Trachydiscus sp. Awa9-2 in both heterotrophic and mixotrophic growth but biomass 

production was less than that in phototrophic growth. 

Many other organic carbon sources can be used by different algae; however, supply of 

an affordable organic carbon source is necessary for large-scale cultivation. Based on the 

product of interest, these supplements vary from pure commercial chemicals such as glucose 

to food industrial wastes, wastewater, and even plant-based biomass (Choi et al. 2018; Ge et 

al. 2018; Jordaan et al. 2018). The cost-effectiveness of heterotrophic compared to phototrophic 

culture will depend on the savings achieved through reactor design, the cost of the organic 
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supplement, and other operational costs due to the supply of electrical power for lights. If the 

cost of organic compounds that a chosen algal strain is able to utilise are high, then this may 

preclude use in commercial systems.  

This situation may be rectified using co-cultivation. For instance, Chlorella pyrenoidosa 

cannot catabolise starch, which is a cheap source of glucose, but a co-culture of C. pyrenoidosa 

with the amylolytic yeast Saccharomycopsis fibuligera resulted in 1.4 times higher algal 

biomass compared to growth in media with an equivalent concentration of glucose (Wang et 

al. 2018b). Hydrolysis of the starch polymers through the amylolytic ability of S. fibuligera 

gradually releases glucose to the culture medium in optimal sustainable concentrations for the 

alga. The same result was obtained for C. pyrenoidosa when co-cultured with Saccharomyces 

cerevisiae in the dark using sucrose as the only source of carbon (Wang et al. 2018a). While 

C. pyrenoidosa cannot heterotrophically utilise sucrose, the algal cells effectively grew using 

yeast-hydrolysed sucrose in the co-cultured system. A metabolically coupled heterotroph-

photoautotroph system using the astaxanthin-producing alga Haematococcus pluvialis and the 

starch converting gram-positive bacterium Bacillus subtilis showed a growth rate of the alga 

that was 1.5-2 times higher than that of axenic H. pluvialis supplied with CO2 (Bohutskyi et al. 

2018). It might be possible to find combinations of Trachydiscus and a heterotrophic bacterium 

or yeast that could be used to access a suitable organic carbon source.in this way. 

Mixotrophic and heterotrophic cultivation of microalgae represent feasible alternatives 

for production of biomass and valuable products. According to FAO, New Zealand is ranked 

the world’s 8th  largest milk producer (FAO and OECD 2018). Lactose is a cheap and abundant 

local organic carbon source that could be utilised for cultivation of this local alga in 

mixotrophic systems. This would reduce the production cost compared to that of traditional 

light-dependent cultivation systems.  

Heterotrophic microalgae have a dark metabolism similar to that of non-photosynthetic 

organisms such as yeast. Therefore, organic carbon sources in the dark are metabolised into the 

carbon intermediates and can be substituted for the molecules that would otherwise be obtained 

photosynthetically (Chen and Chen 2006). Obligate phototrophic algae lack genes encoding 

transporters (Zaslavskaia et al. 2001) and enzymes necessary for a complete pathway of organic 

carbon metabolism. 

In nature, heterotrophy is a survival strategy for algae in the absence of sufficient light. 

For instance, some cave algae can supplement their meagre light supply with heterotrophy, 
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presumably achieving a growth advantage (Abdullin and Bagmet 2015). In wastewaters, 50% 

of algal metabolism was found to be performed heterotrophically, with the beneficial side-

effect of degradation and removal of organic materials in the wastewaters (Sahoo and Seckbach 

2015). These examples and others (e.g. periodic circulation out of the photic zone in deep 

waters) provide reasons for the retention of heterotrophic growth capability in photosynthetic 

organisms. 

 Some authors argue that impaired performance of CO2 assimilation in light resulted in 

the occurrence of mixotrophy in some algae, i.e. a supply of organic carbon improved the 

growth of the algae in light (Neilson and Lewin 1974). 

Galactose and lactose were readily used during mixotrophic growth of Trachydiscus sp. 

Awa9-2. In contrast, there seem to be obstacles to the use of sorbitol, sucrose and glucose in 

Trachydiscus sp. Awa9-2. The use of these organic carbon sources as supplements in 

mixotrophic cultures either has no support or only marginally improves the growth. The results 

obtained here for mixotrophy using glucose, sorbitol and sucrose were similar to those other 

researchers, e.g., for sucrose in Chlorella pyrenoidosa (Rodríguez-López 1966) and in 

Nannochloropsis salina and Nannochloropsis sp. (Galloway 1990) and for glucose in the cave 

diatom Nitzschia palea, and the green alga Mychonastes homosphaera (Abdullin and Bagmet 

2015). In these cases, algae grew no better in the cultures supplemented with these sugars than 

in mineral salt medium in the presence of light.  

Mixotrophic growth has proved successful in different classes of microalgae. For 

instance, Nannochloropsis salina (Eustigmatophyceae), Dunaliella tertiolecta 

(Chlorophyceae) and Tetraselmis suecica (Chlorodendrophyceae) had highest cell density and 

maximum growth rate and total FA when cultures were supplemented with glucose (Velu et al. 

2015). Enhanced lipid and biomass production were observed in mixotrophic cultivation of 

three genera including Nannochloropsis compared to photoautotrophic and heterotrophic 

cultures in a study by Cheirsilp and Torpee (2012). 

Trachydiscus sp. Awa9-2 cultures supplemented with 10 g L-1 lactose or galactose (which 

is also one of the two monosaccharide components of lactose) under mixotrophy resulted in 

higher chlorophyll a than those in heterotrophic and phototrophic conditions alone (Figure 

8-6). It is possible that lactose is hydrolysed to glucose and galactose by algal enzymes in the 

culture medium to give 5 g L-1 of each. However, lactose is utilised better than the average of 
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glucose and galactose, suggesting that the effect can be attributed to the larger molecule, i.e. 

lactose. 

The cell membrane of the Trachydiscus guangdongensis had 66% galactose and 14% 

glucose as the major monosaccharide components (Gao et al. 2019). The monosaccharide 

composition in Trachydiscus sp. Awa9-2 has not yet been analysed, however, higher biomass 

generation in the presence of lactose and galactose might be due to the structural importance 

of galactose. A point here is that for lactose to be driving growth, a substantial amount of its 

carbon must be fed into the Krebs cycle as glucose. One speculated mechanism is that this 

molecule is imported into the cell, splits into galactose and glucose, and then much of the 

former becomes a structural component of the membrane whilst the latter is used in catabolism. 

Perhaps the structural importance of galactose coupled with the need for glucose has resulted 

in a system geared towards lactose and galactose import. More investigation should be made 

of this aspect in Trachydiscus sp. Awa9-2. 

Although some organic carbon sources increase the mixotrophic growth of algae, it does 

not follow that they will be suitable for heterotrophic growth. In a study of thirty carbon sources 

supplied to Nannochloropsis salina and Nannochloropsis sp., pyruvate improved mixotrophic 

growth the most compared to phototrophic growth, yet it barely supported heterotrophic growth 

(Galloway 1990). In the current study, lactose and galactose stimulated mixotrophic growth 

compared to heterotrophic growth in the dark. 

Sometimes a combination of or a shift between metabolic pathways can lead to more 

efficient biomass production. In a comparative study of phototrophic, heterotrophic, and 

mixotrophic growth of the green alga Scenedesmus sp. (Chlorophyceae), a heterotrophic 

growth period followed by phototrophy after heterotrophic growth had slowed, produced the 

greatest amount of biomass (Kamalanathan et al. 2018). 

In contrast to microalgae, heterotrophy is obligatory in fungi and many bacteria. In a non-

axenic culture of algae, the obligate heterotroph contaminants grow very slowly as long as the 

only carbon is CO2.  Under such conditions, they may form resistant spores. Hence, an axenic 

culture is necessary if there is a plan to expand heterotrophic or mixotrophic cultivation to 

larger scales. This would avoid the necessity of using large quantities of expensive and harmful 

antibiotics to keep heterotrophic contaminants under control (Neilson and Lewin 1974). In the 

heterotrophy and mixotrophy experiments of this study, antibiotics were added to the culture 

media containing organic carbon sources. This was to avoid the growth of possible 
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contaminants such as fungi, Gram-negative and Gram-positive bacteria. The antibiotic mixture 

caused only slight reduction in algal growth as shown by preliminary experiment (Figure 8-4).  

Lactose supported higher biomass productivity of Trachydiscus sp. Awa9-2 during 

mixotrophy (Figure 8-8). Therefore, the supply of lactose could be a useful strategy in 

commercial production processes where biomass is the desired product. The decreased cellular 

concentration of fatty acids might be due to growth in a nutritionally enriched medium which 

does not need cells to accumulate fatty acid storage products. Lactose might also act as a 

suppressor and block fatty acid production pathways by a negative feedback mechanism; 

experiments investigating cell biochemistry are required to accept or reject this contention. 

Photosynthesis predominantly supports growth of microalgae when there is an adequate 

supply of CO2 and light. In mixotrophy, the uptake rate of glucose generally depends on the 

intensity of illumination but, in some algae, the transport system responsible for the influx of 

glucose and possibly other sugars into the cells is inactivated by light (Neilson and Lewin 1974; 

Morales-Sánchez et al. 2013). This was not tested on Trachydiscus sp. Awa 9-2 but is suggested 

for future study using both glucose (as a cheap source of organic carbon) and lactose. The 

minimum light intensity required to boost sugar uptake is unknown or what the effect might be 

of using very low light. It’s possible that the alga only needs a small amount to get the 

biochemistry working, then lactose can be utilised at a high rate. Since powering the lights is a 

significant expense, a low irradiance could be desirable if it stimulates sugar uptake.  

Mixotrophy is not suggested as a cultivation strategy when high EPA productivity of 

Trachydiscus sp. Awa9-2 is desired. 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Chapter 9 

9 General discussion and conclusion 

9.1 Outcome of the study 

This research focused on the freshwater alga Trachydiscus sp. Awa9-2 

(Eustigmatophyceae). It is a recently discovered, EPA-rich alga isolated from Awarua Wetland 

in the South Island of New Zealand. The alga is of particular interest because up to 42% of its 

total FAs is EPA which is a commercially high-value product. The main aim of this project was 

to evaluate environmental requirements and determine optimal conditions for production of 

EPA in bench-scale concentric airlift photobioreactors (PBRs). 

The main experiments examined choice of culture medium (Chapter 3), pH tolerance 

(Chapter 3), temperature for optimal growth (Chapter 4), effect of darkness on fatty acid 

composition of biomass (Chapters 4 and 5), effect of light on growth and fatty acid 

composition of the alga including light intensity in Chapter 6 and composition of light in 

Chapter 7, and its heterotrophic and mixotrophic capacity (Chapter 8). 

Initial experiments were performed to find a suitable working culture medium. Growth 

rate of the alga was evaluated in five different conventional culture media and two cultivation 

systems of shake flasks and photobioreactors (Chapter 3). The key criterion for medium 

selection was demonstration of the highest EPA productivity (mg L-1 day-1) either by increasing 

%EPA in the biomass, or by increasing the growth rate to accumulate biomass faster, or by a 

shorter lag phase which ultimately can lead to a higher density of cells per unit culture volume. 

Z medium (pH 7.0), with an optimal harvesting time in the mid-exponential phase of growth, 

was selected as it resulted in higher cellular content of long-chain PUFAs.  

Growth of Trachydiscus sp. Awa9-2 in PBRs was explored at six temperatures between 

15 and 35 °C (Chapter 4). The effect of post-growth thermal treatment in darkness on fatty 

acid composition of biomass was investigated at temperatures ranging from 4 to 40 °C (Section 

4.4.3). Growth rates increased with temperature up to 25°C but were very low at ≥ 28 °C. 
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Although growth was very poor at temperatures >28 °C, the cells proved capable of prolonged 

survival at these temperatures for at least the 30-day duration of the experiment. Given the 

potential use of Trachydiscus sp. Awa9-2 as an industrial scale microalga, its resilience to 

thermal variations is an advantage. 

Maximum cell density occurred at 20 °C and was significantly greater than at 25 °C but 

maximum growth rates (µmax) at these two temperatures were not significantly different. 

Biomass productivity at 25 °C was almost twice than at 15 °C and %EPA was greater at the 

higher temperature. An inverse relationship was observed between total FA and %EPA. 

Increased %EPA at 25 °C resulted in a doubling of EPA productivity which reached 14.4 mg 

L-1 day-1. The greatest amount of long-chain PUFAs in most microalgae (gross amount per cell) 

is accumulated under the optimal condition for growth but in some species stress such as low 

light or low temperature, favours biosynthesis of PUFAs (Schüler et al. 2017).  

Post-growth incubation of harvested biomass at 25 °C in the dark showed that it is 

possible to increase %EPA by an imposed dark treatment but this did not lead to a higher EPA 

yield because of simultaneous decrease in total FA and dry biomass (Figure 5-1). Dark 

incubation of cultures for three days at temperatures ranging from 4 to 40 °C caused gradual 

decrease of dry biomass and %EPA as temperature increased (Figure 4-8). At 40 °C, the dry 

weight was about half of that before incubation. Total FA increased over the range 12 to 30 °C. 

In both of these experiments, if the additional time for the dark treatment is not considered as 

part of the overall time of cultivation process, the post-growth dark treatment does increase 

overall EPA productivity. For example, by using a continuous system the extra first three days 

dark incubation might only be an initial cost - which might, therefore, be ignored. Some 

biomass can be constantly removed from a continuous culture and then be incubated in the dark 

without affecting growth rate in the continuous culture. However, the extra step and extra 

volumes of infrastructure needed still add substantial cost. 

The quality and intensity of light supplied to phototrophic cultures of microalgae can 

change their lipid composition (Arts et al. 2009). The effect of three light intensities (75, 130 

and 215 µmol m-2 s-1) on growth, biomass yield and fatty acid composition of Trachydiscus sp. 

Awa9-2 in PBRs is investigated in Chapter 6. The alga grew well but at different rates at all 

three light intensities. Maximum cell densities were similar at both 130 and 215 µmol m-2 s-1 

but a significantly greater µmax was obtained at 130 µmol m-2 s-1. At 75 µmol m-2 s-1 the 

maximum cell density and µmax were significantly lower than 130 and 215 µmol m-2 s-1. The 



General discussion and conclusion  149 

 

highest biomass productivity, total FA and %EPA were achieved at 130 µmol m-2 s-1 which 

resulted in the greatest EPA productivity. This was more than twice that at 215 µmol m-2 s-1 

and four times that at 75 µmol m-2 s-1. If cell density exceeds 2 ×106 cells mL-1 then applying 

a higher light intensity of 215 µmol m-2 s-1 is suggested to maintain light requirements of the 

culture. Therefore, increasing light intensity during the growth cycle could be a useful strategy 

(Section 6.4). 

To maintain photosynthetic efficiency in the ambient light climate of their habitat, 

phototrophs have a variety of pigments with different light-absorbing potentials. Like other 

members of Eustigmatophyceae, Trachydiscus sp. Awa9-2 is expected to contain violaxanthin 

as a principal light-harvesting component with absorption capacity over the blue range of 420 

to 470 nm. This study is the first to report on the effect of wavelength of light on the growth of 

Trachydiscus and on fatty acid composition of cells (Chapter 7). Two approaches were used: 

1) assessment of growth at different wavelength ranges and 2) assessment of EPA production 

in a two-phase wavelength stress experiment in which biomass was exposed to particular 

wavelengths at two different intensities during the second phase. 

Growth of Trachydiscus sp. Awa 9-2 was tested in flask cultures at 25 °C under 10 

different wavelength ranges. The alga was able to grow at all the tested wavelength ranges, 

including hyper violet (382-473 nm), but not true violet (371-449 nm). Maximum cell density 

was achieved under blue, cyan, green and lime, and was highest under green. Compared to blue 

and red, the impact of green light on biomass production of microalgae has not been widely 

investigated. Trachydiscus sp. Awa9-2 had low absorption of lime and green, however, more 

biomass was obtained at these wavelengths than others (Figure 7-6). Availability of pigments 

which despite their low quantity perform a highly efficient photosynthesis might explain this; 

however, confirming or rejecting this requires pigment analysis for Trachydiscus sp. Awa9-2.  

Also, it should be noted that the lime LED emission spectrum was very wide and overlapped 

both blue and red regions of PAR so that algal cells were able to receive potentially useful 

amounts of photons with blue and red wavelengths. However, this was not the case for green 

and cyan.  

The greatest maximum cell density and biomass productivity in PBRs were obtained 

under white light. %EPA, EPA yield and EPA productivity were highest under blue. Compared 

to white and blue+red LEDs, significantly lower cell densities were obtained under blue, green, 

red and photo red.  All these attained similar cell densities. Under red and photo red there was 
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a decrease in %EPA and an increase in total FA. Nunc Cell Culture flasks as used in the multi-

chamber LED box could not be shaken or supplied with CO2 because of lack of space in that 

confined system. This is likely to explain the different outcomes of slower growth and slightly 

different maxima relative to wavelength, compared to PBR experiments (compare Figure 7-5 

with Figure 7-10). 

In two-phase wavelength stress experiments, biomass harvested from cultures was 

exposed for three days to different wavelength ranges (Section 7.2.3). Wavelength stress was 

performed at both 12 °C and 25 °C, at two light intensities of 120 µmol m-2 s-1 and 33 µmol m-

2 s-1, and in the presence and absence of nitrate. Among all treatments, that at 12 °C, 120 µmol 

m-2 s-1 and lacking nitrate (12/120/N−) resulted in both highest total FAs and EPA yield. The 

maximum EPA yield in this treatment was obtained under royal blue (6.28 g in 100 g biomass) 

which was higher than yields under blue and white (both 5.93 g in 100 g biomass) and dark 

control (5.6 g in 100 g biomass) and that under cyan and red (5.7 g in 100 g biomass), green, 

lime, and photo red (5.3 g in 100 g biomass).  

At both temperatures and both light intensities, absence of nitrate reduced the effect of 

temperature on EPA yield and increased the effect of temperature on %EPA. This was more 

obvious under lower light intensity, where a substantially higher percentage of EPA was 

observed for all samples which were kept at 25 °C. 

A test was made of the ability of Trachydiscus sp. Awa9-2 to utilise fifteen organic 

carbon sources during heterotrophic growth (Chapter 8). It was able to utilise all except 

fumarate. Although galactose, lactose, sorbitol and sucrose supported good growth, this was 

far less than achieved phototrophically. These best performing organic carbon sources were 

then used as supplements to Z medium in illuminated cultures (mixotrophy). Galactose and 

especially lactose supported significantly increased biomass. However, total FA dropped 

severely, and its composition shifted to an increased percentage of monounsaturated FAs. 

Mixotrophic cultivation of the alga in medium supplemented with 10 g L-1 lactose could 

be a useful strategy in production processes where biomass is a desirable final product. In 

general in mixotrophy, the uptake rate of glucose depends on the level of illumination, but in 

some algae, the transport system responsible for the influx of glucose into the cells is 

inactivated by light (Neilson and Lewin 1974; Morales-Sánchez et al. 2013). This was not 

tested on Trachydiscus sp. Awa 9-2, but is suggested for future study using glucose and lactose. 
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The overall findings of this study are summarized in Table 9-1. 

Table 9-1: Production of biomass and EPA by Trachydiscus sp. Awa9-2 in different cultivation 

conditions. 

Culture 

system 
Criteria Treatment1 

Max Cell 

density 

×105 cell mL-1 

%EPA 

%Total 

fatty 

acid 

EPA 

yield 

g in 100 

g 
biomass 

Biomass 

productivity 

mg L-1 day-1 

EPA 

productivity 

mg L-1 day-1 

PBR 

Temperature 

°C 

15 288±5 24 26.6 6.4 106.3 6.8 

20 299±4 28.9 23.5 6.8 196 13.3 

25 287±4 32.8 20.8 5.9 210.5 14.4 

Light 

intensity 

µmol m-2 s-1 

75 244±9 27.8 13.5 3.8 90.7 3.4 

130 287±4 32.8 20.8 6.8 210.5 14.4 

215 307±8 24.6 15 2.5 175.8 6.42 

Wavelength2 

White  Log N/N0 4.7 32.8 20.8 6.8 210.5 14.4 

Blue (448 nm) Log N/N0 4.1 38.3 22.7 8.7 177.3 15.6 

Green (520 nm) Log N/N0 4.0 31.1 21 6.5 197.5 12.9 

Red (630 nm) Log N/N0 3.4 14.8 29.5 4.4 85.3 3.7 

Photo red (660 nm) Log N/N0 4.1 17.0 27.2 4.6 138.2 6.4 

Blue+Photored Log N/N0 4.3 34.3 13.3 4.5 143.7 6.6 

Culture 
medium 

Z 
Exponential 284 37.1 21.9 7.7 190 14.7 

Stationary 395.2 24.5 30.2 7 176 12.3 

MLA 
Exponential 226.3 32.1 22.8 6.9 109 7.5 

Stationary 228 21.9 33 6.8 88.2 6 

Post-growth 
dark 

treatment 

4 °C NA 27.8 22.6 6.3 NA 10.1 

12 °C NA 27.4 19.4 5.3 NA 8.7 

20 °C NA 26.7 26.6 7.1 NA 11.1 

30 °C NA 25.8 37.1 9.6 NA 11.4 

35 °C NA 26 34.6 9 NA 9.1 

40 °C NA 24.2 35.2 8.5 NA 8.5 

Flask Mixotrophy 
Lactose 10gL-1 29.7±1 28.6 12.3 3.5 37.5 1.3 

Without Lactose 22.6±1 26.7 26.4 6.6 32.6 2.2 

1 Culture medium used in all experiments in PBRs was Z medium and cultivation was at 25 °C and 130 µmol m-2 s-1, under 

white light. Each experiment investigated the response to a change in a single treatment variable as shown in the table. 

2 Values for maximum cell densities of the wavelength experiments are not multiples of 105, see Figure 7-10.  

 

Highest EPA productivity of Trachydiscus sp. Awa9-2 in phototrophic cultures was 

observed in optimal growth conditions. The alga did not increase EPA productivity when under 

light stress. This study suggests that to achieve maximum production of EPA during large-scale 

culture, Z medium should be used under continuous blue light (448 nm) at an intensity of 130 

µmol m-2 s-1 and a temperature of 25 °C and that harvest of biomass should occur during the 

exponential phase of growth. The large amount of long-chain PUFAs found in stramenopiles 

is presumably due to metabolic activity of the enzyme omega-3 desaturase (Schüler et al. 

2017). Omega-3 desaturase converts arachidonic acid to EPA, and its activity escalates under 

conditions that promote good growth probably because of increased synthesis of membranes 

in growing cells. The implication that in Trachydiscus sp. Awa9-2, %EPA is increased during 

optimal growth suggests possibility of its inclusion in structural lipids rather than in storage 

material. 
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9.2 Advantages and disadvantages of Trachydiscus sp. Awa9-2 for EPA 

production 

9.2.1 Advantages 

In addition to having high %EPA, Trachydiscus sp. Awa 9-2 was an easy microalga to 

cultivate. It tolerated a pH range of 4 to 8.8 and a growth temperature range of 12 to ≥25 °C. 

Although growth was almost completely inhibited at 28 to 40 °C, the cells survived for duration 

of the experiment at these temperatures. It was a robust alga capable of survival when 

illuminated by short wavelengths down to 370 nm and of growth in narrow wavelength ranges 

of PAR. The alga demonstrated both heterotrophy and mixotrophy. These capabilities would 

protect cultures if supply of light becomes a problem, e.g. power outage. Cultures in Petri 

dishes sealed with parafilm and located for two years on the laboratory bench at room 

temperature, revived immediately after transfer to fresh culture medium. 

Commercial production of EPA and DHA from eukaryotic microorganisms such as 

Crypthecodinium cohnii, Schizochytrium sp. and Ulkenia sp. is generally recognized as safe 

(GRAS) by FDA (U.S. food and Drug Administration) for use in food for human consumption. 

A strain of Crypthecodinium cohnii was used by companies DSM and Martek Biosciences 

(Kyle 2001; Ganuza et al. 2008). Crypthecodinium is a dinoflagellate, some of which produce 

toxins. DSM is now using Thraustochytrids for EPA and DHA production (Tocher et al. 2019). 

In an FDA application for Schizochyrtrium sp. ONC-T18 to be considered as GRAS for 

production of DHA algal oil (Schmitt 2016), it is claimed that, “Toxin  production  is unlikely  

since  there  are  no  known  reports  of toxin  production  by  Thraustochytrids,  of  which  

Schizochytrium  is a member…”. This lack of known toxicity is also the case for all known 

eustigmatophycean microalgae. 

9.2.2 Disadvantages 

The high salinity of culture media used for some microalgae such as Dunaliella salina is 

a protectant against non-halophilic microorganisms. Trachydiscus sp. Awa 9-2 is a freshwater 

alga, thus cultures are at increased risk of contamination by other organisms such as bacteria. 

The alga has reduced growth above 25 °C while 20 °C was optimal. Therefore, accurate 

temperature control would be needed in large-scale cultivation systems. Although the alga is 

able to grow heterotrophically and mixotrophically, these cultivation strategies cannot be used 
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for production of EPA due to its low productivity (mg L-1 d-1). Large-scale EPA production by 

this alga is dependent on light according to all results obtained to date. 

9.3 Overall suggestion for future work   

Further investigations are required to achieve a protocol for affordable large-scale EPA 

production by Trachydiscus sp. Awa9-2. These should focus on:  

1. optimisation of the composition of the culture medium, to optimise culture media for 

larger-scale growth. 

2.  comparison of different types of PBRs, e.g. tubular and flat panel, 

3. design of continuous cultivation systems, 

4. the effects of different light-dark cycles on growth, 

5. more investigation of whether mixotrophy can be made productive, e.g. using blue light 

at low irradiance and genetic transformation to activate glucose transporters, and  

6. metagenomic study to understand EPA gene regulators and effects of stressors on genes 

whose products are involved in the biochemical pathway of EPA synthesis.  

Trachydiscus minutus was first isolated from the water of a cooling pond at a nuclear 

power-station in Temelin, Czech Republic. T. guangdongensis was first isolated from the river 

located near Dabaoshan Mine in Guangdong Province, China. Our information about the 

chemical content of the former is poor, but the latter is a river severely polluted with acidic 

mine drainage which contains a highly toxic concentration of cadmium, zinc, iron and copper 

(Chen et al. 2018). There has been no investigation of the heavy metal resistance of species of 

Trachydiscus. These and other species might have genes that allow them to tolerate these 

pollutants.  If so then there might be potential for their transfer to plants for phytoremediation 

purposes.  

Future exploitation of this strain could take many forms. Some of these involve nutrition 

for humans or animals, either as a source of “pure” (pharmaceutical grade) EPA or as an algal 

extract (e.g. oil or biomass). Direct nutritive value of the EPA in this strain is offset somewhat 

by the apparent link between EPA and the saturated fatty acid myristic acid (e.g. see Figure 

4-6, Figure 6-6 and Figure 7-13). However, this could also be turned to an advantage in the 

right kind of product, e.g. an alternative to coconut cream, stabiliser or thickener additive. 
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However, effective production would likely have to take place overseas by a license, given 

New Zealand’s temperate climate and the associated economics. 

Furthermore, the metabolism of this biomass by invertebrate aquaculture species may 

add further value to high-value products (mussels, crayfish). Rearing larvae on this strain may 

enhance their survival and promote better outcomes during their production age. Using a 

freshwater strain to feed marine grazers or filter feeders may have advantages. For instance, 

the spread of marine diseases would be reduced, and prior results comparing freshwater and 

marine species of Nannochloropsis as feed for the rotifer Brachionus plicatilis found increased 

productivity on the freshwater form (Freire et al. 2016). These possibilities should be 

researched further. 
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11 Appendix  

Appendix A 

 

Image 1. Trachydiscus sp. Awa9-2 observed at 1000× magnification under a light microscope. The 

red arrow shows pyrenoid. (Novis P., Landcare Research NZ Ltd., 2016) 

 

Image 2. A to C are light microscopy and D to H are transmission electron microscopy of Trachydiscus 

sp. Awa9-2 cells. Organelles and ultrastructures are indicated as follows: Nuc, nucleus; RB, red body 

(oil bodies); Pyr, pyrenoid; Chl, chloroplast; FV, flattened vesicle; S, stalk; DM, dissociating 

membrane; M, mature cell; J, juvenile cell. (Novis P., Landcare Research NZ Ltd., 2016) 
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Appendix B 

 

Image 3. The phylogenetic tree of Eustigmatophyceae and position of Trachydiscus sp. Awa 9-2 based 

on 18S rRNA gene sequences (Eliáš et al. 2017). Reprinted by permission from Copyright Clearance 

Centre Inc. 
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Appendix C 

 

Image 4. A linear relationship between cell density and chlorophyll in Trachydiscus sp. Awa9-2 cells 

grown phototrophically. 
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Appendix D 

Some rationales behind the statistics used in the study 
 

1) To do the statistics for this study, the “optimal” model would be a single grand model 

that fitted growth curves to data generated from a full factorial experimental design and 

modelled the parameters (slope, asymptote, lag) as combinations of the predictors 

(temperature, irradiance, wavelength etc). This is unfeasible because of resource 

limitations and the number of experiments required. Therefore, we've done individual 

models compared in a pairwise fashion through manual parameterisation (the grouping 

variable procedure). 

 

2) The logistic equation is an S-shape and one of the parameters is µmax. This parameter 

and its error are estimated by the model, thus eliminating the lag and stationary phases 

in order to measure µmax can be disregarded.   

 

3) Assessing the appropriateness of the model, and significance testing. With count data, 

the distribution of errors is according to Poisson (random) and the mean and variance 

are equal. The nls (non-linear least-square) algorithm appears (although it doesn't seem 

to be mentioned in the documentation anywhere, we're inferring this from error 

simulations carried out by the authors of the function) to assume a normal posterior 

distribution of errors. The term posterior probability comes from Bayesian statistics, 

and it means "the probability after accounting for knowledge". The test output uses t 

statistics, which assume normally distributed data (in this case, the difference between 

models). However, these tests are also regarded as fairly robust to non-normality, so I 

would focus mainly on the other more important assumption, that of equal variance. 

 

A characteristic of our “raw” data, which is common to counts over time, is that the magnitude 

of the variance increases as the magnitude of the estimate (mean) increases.  If you fit a logistic 

growth curve in this situation and then plot the fitted values (the value of the curve at a time 

corresponding to one of your measured values) against the residuals (the difference between 

your measured value and the curve) then you will see a strong tapering effect, i.e. the variance 

changes with the magnitude of the modelled estimate. That's what we “don't” want when 

assessing the difference between models. That is about data transformation. The way to address 
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this concern is to log the data, which has been done in this study, e.g., wavelength experiments 

(where we used log (N/N0)) as an example.  

 

Logistic growth curves in different light wavelengths are shown in Image 5. 

 
Image 5.  logistic growth curves in different light wavelengths 

 

 

 

Pairwise comparisons of all these models were performed to test for significant parameter 

differences in this study. One of these pairwise models (blue vs green, in this case) is refitted 

here using non-logged data (what we “did not” use) and is showing a fitted vs residuals plot. 

This shows the effect that we wanted to avoid - wildly differing variance at the different 

magnitude of the fit (Image 6). 

 
 



Appendix  176 

 

 
 
Image 6. Pairwise models (blue vs green) plotted using non-logged data 

 
 
With the logged data (i.e. that we “did” use), the effect of logging makes those gradients look 

much better (Image 7) 

 

 
Image 7. Pairwise models (blue vs green) plotted using logged data 
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Q-Q norm plot of the residuals, a way to check for normality 

Here is a Q-Q norm plot of the residuals, which is a way to check for normality (the points 

should approximately be on a line). First with non-logged data (Image 8), and then with the 

logged data (Image 9). 

 

 
Image 8. Q-Q norm plot of the residuals non-logged data 

 

 

 
 
Image 9. Q-Q norm plot of the residuals logged data 
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Significance test between logistic growth models 

In our dataset, there was a column classifying the two groups by their growing conditions 

“group”.  It takes on the value 0 for group 1 and 1 for group 2. 

We then specified our model as something like (and fit it in nls with Y being the cell 

concentration and x being time): 

Y ~  (Asym + b1*group)/(1+exp(((xmid + b2*group)-x)/(scal + b3*group))) 

the Asym value is the asymptote for group1 (because for those individuals the “group” value 

was 0 meaning that b1*group was also zero) and Asym + b1 is the asymptote for group 2. It is 

simple to test for a difference in the asymptote between the two groups just by determining 

whether the b1 parameter is significantly different from zero. Similarly, for xmid and b2, and 

scal and b3. 

Image 10 shows some outputs generated by R after pairwise comparisons of the logistic models 

to test significant parameter differences. 

 
Image 10. Pairwise comparisons of the logistic models in R to show significant parameter differences. 
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How the slope of the line in the exponential phase part of the plot corresponds to the value 

of µmax? 

 

Four different forms of the logistic equations described by Zwietering et al.  (1990) were 

compared using R on the data obtained in one of the experiments on Trachydiscus sp. Awa9-

2.  Results are shown separately in the plots with linear and log scales (Images 11 and 12).  The 

parameter estimates from each one are shown in Appendix table 1.  µmax is the "theta3" 

parameter in the logistic equation. The third and fourth equations are the first two in table 2 of 

the paper ("modified equations").  All of these produce similar results for µmax. 

The version that has been used in this study, i.e., “Phil’s original” performed the best - in that 

the standard errors of the estimates were lower. 

 

Script for logistic equation comparisons in R 

setwd("/media/roundypuss/Seagate Backup Plus Drive/ADATA HD710/Trachydiscus 

proposal/Dunedin conference") 

 

dataN<-read.csv(file="Test_data_MT.csv", header=T) 

 

par(mfrow=c(2,2)) 

 

library(car) 

library(minpack.lm) 

 

ROWNAMES<-c("Phil's original","Adrian equation","Logistic from Zwietering 

1990","Gompertz from Zwietering 1990") 

COLNAMES<-c("theta1","theta1SE","|theta2|","theta2SE","theta3","theta3SE", 

"No","NoSE") 

pars<-matrix(nrow=4,ncol=8, dimnames=list(ROWNAMES,COLNAMES)) 

pars[,6]<-c(1:4) 

 

###Original equation 

 

lmmod1<-lm(logit(Cells_mL/max(Cells_mL)) ~ Days, data=dataN) ##simple model 

to get estimates of parameters for starting thorough search 

tempA<-lmmod1$coeff[[1]]  ##assigns the coefficients found to tempA and B 

tempB<-lmmod1$coeff[[2]] 

 

sol1<-nls(Cells_mL ~ theta1/(1 + exp(-(theta2 + theta3*Days))), 

start=list(theta1=max(dataN$Cells_mL), theta2=tempA, theta3=tempB), 

data=dataN, na.action=na.omit)     

 

plot(dataN$Days, dataN$Cells_mL, xlim=c(0, 19), xlab="Days", 

ylab=expression("Cells mL"^-1), pch=1) 

new.df<-data.frame(Days=seq(from=0, to=17, by=0.1)) 

new.df2<-predict(sol1, new.df) 

lines(new.df$Days, new.df2, lty=1) 

title(main="Phil's original") 

 

est<-coef(summary(sol1))[,1]  ##assign coefficients from models to matrix 

"pars" 

se<-coef(summary(sol1))[,2] 

pars[1,1]<-est[1] 
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pars[1,2]<-se[1] 

pars[1,3]<-sqrt(est[2]^2) 

pars[1,4]<-se[2] 

pars[1,5]<-est[3] 

pars[1,6]<-se[3] 

 

 

###Adrian equation 

 

lmmod1<-lm(logit(Cells_mL/max(Cells_mL)) ~ Days, data=dataN) ##simple model 

to get estimates of parameters for starting thorough search 

tempA<-exp(-lmmod1$coeff[[1]])  ##assigns the coefficients found to tempA 

and B 

tempB<-lmmod1$coeff[[2]] 

 

sol2<-nlsLM((Cells_mL)~theta1/(1+theta2*exp(-(theta3*Days))), 

start=list(theta1=max(dataN$Cells_mL), theta2=tempA, theta3=tempB), 

data=dataN, na.action=na.omit) 

 

plot(dataN$Days, dataN$Cells_mL, xlim=c(0, 19), xlab="Days", 

ylab=expression("Cells mL"^-1), pch=1) 

new.df<-data.frame(Days=seq(from=0, to=17, by=0.1)) 

new.df2<-predict(sol2, new.df) 

lines(new.df$Days, new.df2, lty=2) 

title(main="Adrian's") 

 

est<-coef(summary(sol2))[,1]  ##assign coefficients from models to matrix 

"pars" 

se<-coef(summary(sol2))[,2] 

pars[2,1]<-est[1] 

pars[2,2]<-se[1] 

pars[2,3]<-log(est[2]) 

pars[2,4]<-log(se[2]) 

pars[2,5]<-est[3] 

pars[2,6]<-se[3] 

 

 

###Pete equation, modified logistic 

 

lmmod1<-lm(logit(Cells_mL/max(Cells_mL)) ~ Days, data=dataN) ##simple model 

to get estimates of parameters for starting thorough search 

tempA<--lmmod1$coeff[[1]]  ##assigns the coefficients found to tempA and B 

tempB<-lmmod1$coeff[[2]] 

 

sol3<-nlsLM(Cells_mL~No*exp(log(Nmax/No)/(1+exp((4*mumax/log(Nmax/No))*(L-

Days)+2))), start=c(Nmax=max(dataN$Cells_mL), No=min(dataN$Cells_mL), 

L=tempA, mumax=tempB), data=dataN, na.action=na.omit) 

 

plot(dataN$Days, dataN$Cells_mL, xlim=c(0, 19), xlab="Days", 

ylab=expression("Cells mL"^-1), pch=1) 

new.df<-data.frame(Days=seq(from=0, to=17, by=0.1)) 

new.df2<-predict(sol3, new.df) 

lines(new.df$Days, new.df2, lty=3) 

title(main="Zwietering et al. 1990, logistic") 

 

est<-coef(summary(sol3))[,1]  ##assign coefficients from models to matrix 

"pars" 

se<-coef(summary(sol3))[,2] 

pars[3,1]<-est[1] 

pars[3,2]<-se[1] 

pars[3,7]<-est[2] 
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pars[3,8]<-se[2] 

pars[3,5]<-est[4] 

pars[3,6]<-se[4] 

pars[3,3]<-est[3] 

pars[3,4]<-se[3] 

 

 

 

###Gompertz from Zweitering et al. 1990 

 

lmmod1<-lm(logit(Cells_mL/max(Cells_mL)) ~ Days, data=dataN) ##simple model 

to get estimates of parameters for starting thorough search 

tempA<-lmmod1$coeff[[1]]  ##assigns the coefficients found to tempA and B 

tempB<-lmmod1$coeff[[2]] 

 

 

sol4<-nlsLM((Cells_mL)~No*exp(log(theta1/No)*exp(-

exp(((theta3*2.718282)/log(theta1/No))*(theta2-Days)+1))), data=dataN, 

start=list(theta1=max((dataN$Cells_mL)), No=min(dataN$Cells_mL), theta2=2, 

theta3=0.5), control=nls.lm.control(maxiter=1000, maxfev=1000)) 

 

 

plot(dataN$Days, dataN$Cells_mL, xlim=c(0, 19), xlab="Days", 

ylab=expression("Cells mL"^-1), pch=1) 

new.df<-data.frame(Days=seq(from=0, to=17, by=0.1)) 

new.df2<-predict(sol4, new.df) 

lines(new.df$Days, new.df2, lty=4) 

title(main="Zwietering et al. 1990, Gompertz") 

 

 

est<-coef(summary(sol4))[,1]  ##assign coefficients from models to matrix 

"pars" 

se<-coef(summary(sol4))[,2] 

pars[4,1]<-est[1] 

pars[4,2]<-se[1] 

pars[4,7]<-est[2] 

pars[4,8]<-se[2] 

pars[4,5]<-est[4] 

pars[4,6]<-se[4] 

pars[4,3]<-est[3] 

pars[4,4]<-se[3] 

 

 

write.csv(pars, file="Logistic parameters for four different 

equations.csv") 
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Image 11. Comparison of four different forms of the logistic equations using R on the data obtained 

in one of the experiments on Trachydiscus sp. Awa9-2. Linear scale. 

 

Image 12. Comparison of four different forms of the logistic equations using R on the data obtained 

in one of the experiments on Trachydiscus sp. Awa9-2. Linear scale. 
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Appendix table 1. Logistic parameters for four different equations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

theta1 theta1SE |theta2| theta2SE theta3 theta3SE No NoSE

Phil's original 28675249 421208.5 5.91079 0.386461 0.741662 0.050268 NA NA

Adrian equation 28675245 421208.3 5.910794 4.960071 0.741663 0.050268 NA NA

Logistic from Zwietering 1990 28901002 469481.9 2.04528 0.983356 0.708452 0.121928 317223.8 331568.4

Gompertz from Zwietering 1990 29072522 481488.8 3.371244 0.620279 0.81278 0.126316 617798.9 422434.9
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Appendix F 

 

Appendix table 2. Fatty acid profiles of the wavelength stress experiments 

 

 

 

12/120/N- cool 

white

royal blue far red cyan true violet photo 

red

hyper 

violet

red green blue lime dark 

Fatty Acid

14:0 18.5 18.9 18.7 18.4 33.7 18.3 21.6 18.5 18.3 18.5 18.7 14.5

14:1n-5 0.3 0.3 0.2 0.3 0.1 0.2 0.3 0.2 0.3 0.3 0.3 0.2

16:0 5.3 5.8 6.3 5.7 15.0 6.2 7.0 6.0 5.7 5.2 5.5 6.0

16:1n-7 10.7 11.0 10.3 11.1 4.5 9.7 9.5 9.5 10.6 12.8 10.6 5.1

16:2 0.2 0.2 0.2 0.2 0.3 0.2 0.3 0.2 0.2 0.3 0.2 0.3

18:0 2.0 2.3 2.2 2.1 4.1 2.3 2.3 2.2 2.0 1.9 2.0 1.4

18:1n-9 11.1 10.8 13.0 11.2 4.9 11.5 8.0 12.1 11.5 11.8 12.2 3.3

18:1n-7 0.3 0.3 0.5 0.3 1.0 0.6 0.3 0.6 0.5 0.3 0.5 1.0

18:2n-6 7.9 7.2 8.9 7.6 2.1 9.2 7.0 9.4 8.9 6.9 8.7 9.2

18:3n-3 2.6 2.5 1.7 2.4 0.2 1.9 2.6 1.8 2.3 2.4 2.2 3.2

20:0 0.6 0.6 0.7 0.6 1.5 0.7 0.8 0.7 0.6 0.6 0.7 0.4

20:3n-6 0.8 0.9 0.8 0.8 0.2 0.8 0.9 0.7 0.7 0.9 0.7 0.5

20:4n-6 3.1 3.1 3.8 3.1 0.3 4.0 2.7 3.9 3.1 2.7 3.2 6.3

20:5n-3 24.6 24.3 22.0 24.3 2.1 23.1 22.7 22.3 23.2 23.1 23.1 34.5

22:0 8.3 7.6 6.8 7.4 19.6 8.0 9.3 8.1 8.2 7.9 7.8 8.0

Total fatty acids 19.2 19.4 18.2 18.8 6.9 18.9 12.9 18.2 18.2 19.7 18.8 12.8

25/120/N- cool 

white

royal blue far red cyan true violet photo 

red

hyper 

violet

red green blue lime dark 

Fatty Acid

14:0 16.0 16.2 17.3 16.2 17.2 17.7 15.7 17.1 17.7 16.1 17.0 15.9

14:1n-5 0.2 0.2 0.2 0.2 0.2 0.1 0.2 0.2 0.2 0.2 0.1 0.2

16:0 8.2 7.8 10.6 8.4 7.5 9.8 7.6 9.7 8.7 7.9 9.0 6.8

16:1n-7 8.8 8.0 6.6 10.3 8.8 7.9 10.7 7.2 10.4 9.8 8.5 4.8

16:2 0.3 0.3 0.2 0.3 0.4 0.2 0.3 0.2 0.2 0.3 0.3 0.3

18:0 2.0 2.0 2.3 2.1 2.1 2.7 2.2 2.5 1.9 2.0 1.7 1.1

18:1n-9 8.6 7.4 9.7 8.9 5.0 11.2 7.9 9.8 10.4 8.1 8.0 2.8

18:1n-7 1.7 1.8 1.8 1.3 1.2 1.0 0.6 1.1 0.8 1.1 1.6 3.4

18:2n-6 9.0 8.5 9.7 8.2 8.4 8.4 8.6 9.0 8.3 7.8 8.7 8.4

18:3n-3 2.2 2.5 1.6 2.3 2.9 1.5 2.3 1.6 1.9 2.7 2.1 2.5

20:0 0.7 0.7 0.7 0.7 0.7 0.9 0.7 0.9 0.7 0.7 0.7 0.6

20:3n-6 0.9 0.9 0.9 0.8 0.9 1.0 0.9 0.9 0.7 1.0 0.9 0.7

20:4n-6 4.0 4.4 4.8 3.4 3.4 4.0 3.0 4.5 3.2 3.7 4.1 7.0

20:5n-3 22.9 25.3 21.3 23.2 25.9 20.2 23.5 21.8 21.4 24.6 24.5 32.2

22:0 9.4 8.6 6.9 8.6 9.0 8.2 9.5 8.3 8.6 8.6 8.2 6.8

Total fatty acids 13.3 11.1 14.2 14.5 10.2 14.4 14.3 14.8 15.2 13.3 11.6 8.4

12/33/N- cool 

white

royal blue far red cyan true violet photo 

red

hyper 

violet

red green blue lime dark 

Fatty Acid

14:0 15.9 19.4 19.7 19.3 22.9 18.9 19.8 19.5 19.2 19.2 19.4 17.4

14:1n-5 0.2 0.4 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.4 0.3 0.5

16:0 6.8 5.5 6.5 5.5 8.0 6.3 6.1 6.5 5.7 5.6 5.5 6.1

16:1n-7 4.8 10.4 7.9 11.7 6.6 9.5 9.3 9.4 11.3 9.5 10.9 4.7

16:2 0.3 0.3 0.3 0.3 0.3 0.2 0.3 0.3 0.3 0.3 0.3 0.4

18:0 1.1 2.0 2.0 1.7 2.3 2.1 2.3 2.1 1.8 1.8 2.0 1.1

18:1n-9 2.8 11.3 9.1 11.6 6.5 13.0 10.6 12.5 11.6 11.2 13.4 3.7

18:1n-7 3.4 0.5 0.8 0.6 0.8 0.7 0.5 0.6 0.5 0.6 0.5 1.3

18:2n-6 8.4 7.5 9.2 7.7 8.2 9.2 8.2 9.1 8.2 7.8 8.2 9.2

18:3n-3 2.5 2.3 1.8 2.3 1.9 1.4 2.2 1.6 2.1 2.4 1.8 2.1

20:0 0.6 0.6 0.7 0.6 0.8 0.7 0.7 0.7 0.6 0.7 0.6 0.5

20:3n-6 0.7 0.8 0.8 0.7 0.8 0.8 0.9 0.7 0.6 0.8 0.8 0.6

20:4n-6 7.0 3.3 5.0 2.9 3.9 4.1 3.3 4.1 3.2 3.5 3.4 7.1

20:5n-3 32.2 24.4 24.9 24.0 22.0 21.5 24.0 21.5 23.7 25.0 22.2 32.3

22:0 6.8 6.5 5.7 6.4 10.4 6.7 6.7 6.1 6.1 6.7 6.4 6.6

Total fatty acids 5.2 17.6 15.0 17.6 11.1 17.4 16.9 17.4 19.0 17.1 18.8 12.2
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25/33/N- cool 

white

royal blue far red cyan true violet photo 

red

hyper 

violet

red green blue lime dark 

Fatty Acid

14:0 17.0 17.2 16.9 16.1 15.8 17.1 16.3 16.9 17.3 16.2 17.1 16.7

14:1n-5 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2

16:0 6.7 7.0 7.5 6.6 6.8 8.5 7.1 9.1 7.4 6.4 7.2 6.8

16:1n-7 9.3 7.9 6.0 7.9 10.7 8.3 9.7 7.6 7.7 8.8 8.0 4.8

16:2 0.4 0.4 0.3 0.4 0.4 0.3 0.3 0.3 0.4 0.4 0.4 0.6

18:0 1.4 1.4 2.0 1.6 2.0 2.4 1.7 2.3 1.3 1.3 1.4 0.9

18:1n-9 5.8 6.1 5.2 4.7 8.1 10.1 8.3 7.5 4.4 5.1 4.5 1.8

18:1n-7 1.1 1.9 2.4 1.5 1.0 0.8 1.3 0.9 1.8 1.8 1.6 3.6

18:2n-6 8.7 8.5 10.3 9.2 8.8 9.0 9.0 9.2 8.9 7.6 8.9 7.9

18:3n-3 2.6 2.7 1.9 2.9 2.3 1.6 2.5 1.8 2.5 3.5 2.4 2.7

20:0 0.6 0.6 0.6 0.5 0.7 0.8 0.6 0.8 0.5 0.5 0.6 0.4

20:3n-6 0.8 0.8 0.6 0.9 0.9 0.9 0.7 0.8 0.7 0.8 0.7 0.6

20:4n-6 4.0 4.8 6.0 4.5 3.1 4.1 3.5 4.5 4.9 4.0 4.9 7.1

20:5n-3 27.2 27.8 27.6 29.6 23.9 22.8 25.6 24.8 28.6 29.8 28.2 33.8

22:0 8.0 6.6 6.7 7.1 9.3 8.1 7.9 7.6 6.2 6.4 6.6 4.8

Total fatty acids 11.6 10.9 9.7 10.7 13.6 13.1 12.8 13.9 10.8 10.3 11.2 8.3

25/33/N+ cool 

white

royal blue far red cyan true violet photo 

red

hyper 

violet

red green blue lime dark 

Fatty Acid

14:0 14.9 15.0 15.9 14.1 14.9 14.4 14.6 14.8 15.1 15.1 15.3 15.3

14:1n-5 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.3 0.2 0.2

16:0 6.5 7.1 7.3 6.2 5.9 7.6 6.1 7.5 6.5 6.4 7.2 7.3

16:1n-7 9.3 9.2 6.1 9.6 11.3 8.7 10.6 8.4 7.9 7.9 8.8 4.1

16:2 0.5 0.4 0.4 0.5 0.3 0.4 0.4 0.4 0.5 0.5 0.4 0.4

18:0 1.4 2.6 1.7 1.5 1.7 2.5 1.8 2.0 1.3 1.6 1.6 1.6

18:1n-9 4.8 7.4 4.6 4.5 7.4 6.1 7.3 5.8 3.6 3.6 4.4 2.5

18:1n-7 0.9 1.0 1.2 1.0 0.7 1.0 0.9 1.0 0.9 1.4 0.9 3.4

18:2n-6 8.1 8.1 9.6 8.1 9.3 8.7 8.6 8.6 8.3 7.7 8.6 6.6

18:3n-3 3.0 2.9 2.7 3.3 2.4 2.1 2.7 2.3 3.1 3.9 2.7 3.1

20:0 0.6 0.6 0.5 0.6 0.7 0.7 0.6 0.6 0.5 0.3 0.7 0.4

20:3n-6 0.4 0.6 0.3 0.4 0.6 0.8 0.8 0.8 0.4 0.2 0.6 0.2

20:4n-6 3.5 3.5 5.5 3.5 2.8 4.0 3.1 3.9 3.9 4.2 3.6 6.4

20:5n-3 32.3 28.9 31.8 33.2 27.2 29.6 29.0 30.6 33.8 36.0 32.5 36.8

22:0 6.9 6.9 5.7 7.1 9.1 7.7 8.0 7.2 6.8 5.3 7.0 3.6

Total fatty acids 11.1 13.1 9.8 11.1 13.9 12.4 13.0 12.6 10.7 10.8 10.5 9.6

12/33/N+ cool 

white

royal blue far red cyan true violet photo 

red

hyper 

violet

red green blue lime dark 

Fatty Acid

14:0 19.3 18.6 19.2 19.2 19.4 18.5 19.1 19.4 19.2 19.2 19.5 16.9

14:1n-5 0.4 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.4 0.3 0.4

16:0 5.5 5.3 6.7 6.7 6.3 6.1 5.7 6.3 5.8 5.1 5.8 6.4

16:1n-7 10.7 10.8 8.1 8.1 8.5 10.2 10.4 10.0 10.6 11.3 9.9 4.5

16:2 0.3 0.3 0.3 0.3 0.4 0.2 0.3 0.3 0.3 0.3 0.3 0.5

18:0 1.9 1.8 2.0 2.0 2.3 2.2 2.5 2.3 1.9 1.9 1.9 1.0

18:1n-9 13.8 12.9 9.8 9.8 8.6 14.4 12.5 14.1 13.7 14.1 13.1 3.2

18:1n-7 0.4 0.5 0.6 0.6 0.5 0.6 0.4 0.5 0.5 0.5 0.6 1.4

18:2n-6 8.1 7.5 9.5 9.5 8.2 9.0 8.0 8.8 8.6 7.4 8.7 8.7

18:3n-3 2.1 2.4 2.1 2.1 2.4 1.5 2.2 1.5 1.9 2.2 1.9 2.5

20:0 0.6 0.6 0.8 0.8 0.9 0.7 0.8 0.7 0.7 0.7 0.6 0.5

20:3n-6 0.7 0.9 0.9 0.9 0.8 0.9 0.9 0.8 0.6 0.8 0.9 0.4

20:4n-6 3.1 3.0 5.0 5.0 3.7 3.8 3.1 3.9 3.3 2.9 3.8 7.4

20:5n-3 22.6 23.8 24.2 24.2 25.2 21.0 22.9 20.5 22.1 22.7 22.8 33.7

22:0 6.3 6.9 5.8 5.8 7.7 6.7 6.9 6.6 6.7 6.6 6.4 6.5

Total fatty acids 16.9 17.3 15.6 17.0 13.4 17.5 16.9 16.5 16.7 18.0 16.9 11.6
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12/120/N+ cool 

white

royal blue far red cyan true violet photo 

red

hyper 

violet

red green blue lime dark 

Fatty Acid

14:0 18.3 18.9 18.3 18.1 30.9 18.3 20.7 19.1 18.9 18.1 18.1 16.1

14:1n-5 0.5 0.5 0.5 0.5 0.4 0.5 0.5 0.5 0.5 0.6 0.5 0.8

16:0 5.8 5.7 6.8 6.0 9.4 6.3 6.4 6.3 5.7 5.2 5.8 5.7

16:1n-7 11.9 11.9 10.8 12.0 7.5 10.5 10.1 10.7 11.8 10.0 11.6 5.7

16:2 0.3 0.3 0.3 0.3 0.3 0.4 0.4 0.4 0.3 0.4 0.3 0.5

18:0 1.6 1.6 2.0 1.5 2.1 1.9 1.9 1.9 1.6 1.3 1.6 0.9

18:1n-9 10.7 10.1 10.4 10.3 5.1 9.6 8.3 9.9 11.4 8.2 11.0 3.0

18:1n-7 0.4 0.4 0.4 0.4 0.5 0.4 0.4 0.4 0.4 0.4 0.4 0.6

18:2n-6 7.8 7.0 9.2 7.7 5.2 9.1 7.4 9.2 8.5 8.3 8.7 9.0

18:3n-3 2.5 2.7 1.9 2.6 1.7 2.0 2.6 2.0 2.1 2.9 2.1 2.7

20:0 0.6 0.5 0.6 0.5 1.0 0.6 0.7 0.6 0.6 0.5 0.6 0.5

20:3n-6 0.5 0.5 0.5 0.4 0.4 0.5 0.5 0.4 0.4 0.4 0.4 0.3

20:4n-6 2.6 2.6 3.5 2.5 1.9 3.5 2.7 3.5 2.7 3.5 2.9 6.0

20:5n-3 24.1 24.8 22.6 24.3 14.8 23.6 23.4 24.0 23.0 27.7 23.3 33.2

22:0 5.5 5.4 5.7 5.7 9.7 5.7 6.4 5.6 5.6 5.3 5.7 5.9

Total fatty acids 24.6 25.3 22.7 23.5 12.6 22.3 20.3 23.7 23.4 21.4 23.0 16.9

25/120/N+ cool 

white

royal blue far red cyan true violet photo 

red

hyper 

violet

red green blue lime dark 

Fatty Acid

14:0 16.5 17.2 14.9 14.9 15.0 16.1 17.0 16.5 16.2 15.9 14.7 15.4

14:1n-5 0.4 0.4 0.5 0.4 0.5 0.4 0.4 0.4 0.4 0.4 0.4 0.7

16:0 6.5 7.2 5.9 5.1 5.3 6.5 6.7 7.1 6.2 6.1 5.5 6.0

16:1n-7 9.8 9.0 7.8 9.2 8.6 7.9 10.2 7.7 9.4 9.7 9.6 4.6

16:2 0.4 0.3 0.5 0.5 0.5 0.4 0.3 0.3 0.4 0.4 0.5 0.4

18:0 1.7 1.9 1.5 1.4 1.3 1.7 1.9 1.9 1.4 1.6 1.3 0.9

18:1n-9 7.4 7.6 6.0 6.1 5.0 6.8 8.1 8.0 7.2 7.1 6.2 2.0

18:1n-7 0.5 0.5 0.6 0.5 0.6 0.5 0.4 0.5 0.5 0.5 0.5 1.9

18:2n-6 8.8 8.3 10.0 9.4 9.2 9.8 8.6 9.9 9.3 8.4 9.0 8.9

18:3n-3 2.3 2.5 2.2 2.6 3.0 2.0 2.4 1.9 2.2 2.7 2.3 2.9

20:0 0.5 0.5 0.6 0.5 0.5 0.6 0.6 0.6 0.6 0.6 0.6 0.5

20:3n-6 0.4 0.5 0.4 0.4 0.4 0.5 0.6 0.4 0.4 0.4 0.4 0.3

20:4n-6 3.4 3.6 4.5 3.7 3.9 4.4 3.0 4.2 3.8 3.5 3.6 6.7

20:5n-3 25.7 24.6 27.8 28.3 30.1 26.2 24.2 24.4 26.2 26.8 28.7 34.4

22:0 8.3 8.3 8.4 9.2 7.6 8.5 8.5 8.7 8.4 8.3 9.5 5.4

Total fatty acids 20.4 19.7 16.9 18.1 15.5 19.5 20.7 20.6 18.6 18.0 16.7 14.2


