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ABSTRACT 
 

 Phytosterols are known to have cholesterol-lowering, anti-inflammatory, anti-

cancer, anti-atherogenic, neuro modulatory and neuro-protective activities which has led 

to their use in the pharmaceutical, neutraceutical and functional food industries. Higher 

plants are the current commercial source of phytosterols. Production of the oil obtained 

from higher plants may not be able to keep up with probable increases in phytosterol 

demand. Additionally, the extensive need for agricultural land and freshwater to grow 

higher plants to obtain phytosterols is not sustainable and hence there is a need for an 

alternate source. Microalgae produce phytosterols that are reported to have the same 

efficacy as those isolated from higher plants making this a potential alternative source of 

these compounds. Previous studies have noted that phytosterol content and composition 

in microalgae changes based on light, nutrient concentrations, salinity and temperature. 

However, only a few studies have been carried out on microalgae focusing on the effects 

of these culture conditions on the phytosterol content. This information is essential to 

assess the potential of microalgae as an alternate commercial source of these important 

compounds.  

 Phaeodactylum tricornutum is known to produce phytosterols of 

commercial interest such as brassicasterol and campesterol. In addition, the availability 

of whole-genome sequence data, a putative sterol biosynthetic pathway and well-

established molecular techniques provides a unique opportunity to map changes in P. 

tricornutum culture to changes in gene expression. This makes P. tricornutum a suitable 

candidate for phytosterol production studies.  

At present, the sterol biosynthetic pathway in P. tricornutum has been proposed 

based on in silico analysis and is not fully validated. The proposed biosynthetic pathway 
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indicates that enzymes delta 7-reductase and C22-desaturase are involved in the 

conversion of ergosterol to campesterol and campesterol to brassicasterol respectively. A 

methodology for determining the expression profile of the two genes coding for the 

enzymes delta 7-reductase and C22-desaturase was developed and used for monitoring. 

To the best of my knowledge, this is the first time that delta 7-reductase gene expression 

in P. tricornutum has been studied. 

To understand the influence of various culture parameters such as light, nutrient 

concentrations, salinity and temperature for improved phytosterol content in P. 

tricornutum, the culture was grown under a) white light and monochromic red light at 60, 

160 and 260 µmol photons.m-2.s-1, b) nitrogen and phosphorus concentrations 2 (F) and 

4 (2F) times higher than modified F/2 culture media, c) salinity levels of 25 and 35 g.L-1 

NaCl, and d) culture temperatures of 15 and 25 °C. The relative gene expression of delta 

7-reductase and C22-desaturase was also studied for the various nutrient and salinity 

conditions.  

The results indicated that the light irradiance (60, 160, and 260 µmol photons.m-

2.s-1), nitrogen and phosphorus concentrations (F/2, F and 2F) and temperature (15 and 

25 ± 3 °C) individually do not have any significant influence on the phytosterol content 

of P. tricornutum CS-29/7. On the other hand, phytosterol content of P. tricornutum CS-

29/7 when grown using white light at 60 and 260 µmol photons.m-2.s-1 resulted in 3 times 

higher phytosterol content than the cells grown under similar monochromatic red lights. 

Salinity levels (25 and 35 g.L-1 NaCl) influence the phytosterol content of P. tricornutum 

with 52 % less phytosterol content at the stationary phase of growth in 35 g.L-1 than 25 

g.L-1 salinity. Also, an interactive effect of salinity (25 g.L-1 NaCl) and temperature (15 

± 3 °C) was observed that enhanced the phytosterol content 1.75 times compared to the 

cells grown at 35 g.L-1 NaCl at 15 ± 3 °C. Growth phase can also influence the phytosterol 



iii 
 

content in P. tricornutum CS-29/7. Under red light conditions (60 and 260 µmol 

photons.m-2.s-1), 3 - 4 times higher phytosterol content (mg.g-1 AFDW) was observed 

when the culture progressed from log to stationary phase. On the other hand, when grown 

at 35 g.L-1 NaCl salinity, phytosterol content was observed to decrease by half when the 

culture progressed from log to stationary phase. Brassicasterol was the only sterol 

identified in all the studies except salinity studies where the presence of ergosterol was 

also detected in both 25 and 35 g.L-1 NaCl conditions.  

The expression of the C22 desaturase gene was downregulated when the nutrient 

concentrations were increased whereas, the delta 7-reductase gene showed varied 

expression at the log and late log phases of growth. Under the various salinity conditions, 

both the genes were upregulated when the salinity level was reduced to 25 g.L-1 NaCl. 

The results of the microalgal culture optimisation experiments and the enzyme expression 

were then combined. Surprisingly, the expression of delta 7- reductase and C22-

desaturase was not correlated to changes in phytosterol synthesis. This suggests that the 

proposed biosynthetic pathway in P. tricornutum may need to be revised.  

Considering all the culture parameters tested, it was found that salinity and 

temperature together were the most important factors for improving phytosterol 

accumulation. Culturing the algae under optimised conditions of salinity (25 g.L-1 NaCl) 

and temperature (15 °C) in modified 2F media at 300 µmolphotons.m-2.s-1 resulted in 

phytosterol content and maximum phytosterol productivity of 2.8 mg.g-1 AFDW and 340 

µg.L-1.day-1 respectively. 
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CHAPTER 1 

INTRODUCTION  

 

Adapted from ñAnkitha Randhir, Damian W Laird, Garth Maker, Robert 

Trengove, Navid Reza Moheimani (2020). Microalgae: A potential sustainable 

commercial source of sterols. Algal Research, 46, 101772. 

 

1.1 Significance of phytosterols 

Cardiovascular disease (CVD) is one of the leading causes of death worldwide, with 

World Health Organisation (WHO) records reporting 15.2 million deaths worldwide in 

2016 (World Health Organization, 2018). Tobacco usage, decrease in physical activity, 

and unhealthy diet severely affects heart health (World Health Organization, 2018). High 

blood cholesterol level is a prominent risk factor for cardiovascular diseases and is 

relatively easy to measure. Thus, strategies for lowering blood cholesterol are at the 

forefront of preventive measures to lower cardiovascular disease risk. Reduction of blood 

cholesterol level can be achieved with the use of medications such as statins but, it is also 

possible to do this by increasing the dietary intake of phytosterols (Law, 2000). To 

achieve a significant cholesterol-lowering effect, the recommended daily intake of 

phytosterols is in the order of 2-3 g (Trautwein & Demonty, 2007), well above the average 

daily intake for many with high cholesterol levels. For example, the average daily intake 

of phytosterols in the Australian community is only 150-360 mg (National Heart 

Foundation Of Australia, 2018) and 200-400 mg in Western diets generally (Jones et al., 

1997). 

In order to increase daily phytosterol intake, the functional food industry has begun 

to incorporate these compounds into various foods such as spreads, mayonnaises, salad 

dressings (Trautwein & Demonty, 2007), milk, yoghurts, and breakfast cereals (National 
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Heart Foundation Of Australia, 2018). Total phytosterol per serving ranges between 0.02 

to 2.3 g in various commercially available fortified food products (Srigley & Haile, 2015). 

While plant sterol enriched foods are not a direct substitute for hypercholesterolemia 

medication, they may assist in lowering or controlling cholesterol levels in people deemed 

to have a high cholesterol risk. 

In addition to cholesterol-lowering effects, phytosterols have also been reported to 

have other health benefits such as anti-atherogenic, anti-inflammatory, anti-cancer (Luo 

et al., 2015), neuro modulatory (Francavilla et al., 2012) and neuroprotective activities 

(Rui et al., 2017). Of the myriad of phytosterols biosynthesised by plants, four have 

attracted commercial interest in the pharmaceutical, nutraceutical and functional food 

industries (Figure1): campesterol (24-Ŭ-methyl cholesterol), ɓ-sitosterol (24-Ŭ-ethyl 

cholesterol), stigmasterol (æ22,24-Ŭ-ethyl cholesterol) and brassicasterol (24-

methylcholest-5,22-dien-3ɓ-ol) (Moreau et al., 2002). All of these can be produced by 

microalgae (Table 1.1). 

There are other sterols and sterol precursors with commercial value that are not 

currently sourced from higher plants. For example, ergosterol, the major sterol in fungi 

(Miller et al., 2012), is of interest as it is the precursor of Vitamin D2 which can then be 

converted to vitamin D and used as a dietary supplement (Francavilla et al., 2010). 

Ergosterol also exhibits cholesterol lowering properties (Francavilla et al., 2010). 

Squalene (Figure 1.1), the precursor of all sterols, is also commercially important as it is 

reported to demonstrate antioxidant properties and is known to improve skin hydration, 

resulting in its incorporation into various cosmetics and skin care products (Spanova & 

Daum, 2011). Squalene, and its hydrogenated form squalane, are also used for various 

vaccine and drug delivery emulsions (Fox, 2009). Shark liver oil is currently the primary 

commercial source of squalene (Borowitzka, 2013). 
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Vegetable oils (corn oil, canola oil) and tall oils (derived from wood pulp) are 

currently considered to be the richest commercial sources of phytosterols. However, these 

sources may not be able to keep up with projected increases in demand (Bacchetti et al., 

2011). In 2015, the estimated global market for phytosterols was $USD 490 million and 

this is expected to grow at a compound annual growth rate of 9.62 % per year (Allied 

Market Research, 2017). Such a growth rate means the global market will almost double 

by 2022 to an estimated $USD 935 million. Due to the extensive need for agricultural 

land and fresh water to grow vascular plants, obtaining phytosterols from vegetable oils 

to meet this demand is not sustainable. This creates an opportunity for microalgae to be a 

commercial, sustainable source of phytosterols, particularly if utilising species that can 

be cultured in saline/non-potable water. However, the commercial production of 

phytosterols from microalgal sources has yet to be fully explored. Numerous sterols have 

been reported from microalgae (Patterson & Nes, 1991; Volkman, 2016) but this paper 

focusses on, and discusses the potential of, microalgae as a sustainable source of ɓ-

sitosterol, campesterol, brassicasterol, stigmasterol and ergosterol. 
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Figure 1.1: Chemical structures of the commercially important sterols and precursors ɓ-sitosterol, 

campesterol, stigmasterol, brassicasterol, ergosterol and squalene (Piironen et al., 2000; 

Trautwein  & Demonty, 2007). 

 

 

 

 

 

 

 

 



 

9 
 

Table 1.1 Occurrence of commercially interesting sterols (% w/w) in microalgae. P-presence (only qualitative data reported); A-absence 

(qualitative data reported). Other sterols that are not of commercial significance may be present in these species but are not reported 

here. See reviews by Patterson and Nes (1991), Volkman (2016) and Rampen et al., (2010) for diverse range of sterols from microalgae. 

Organism ɓ-sitosterol Campesterol Stigmasterol Brassicasterol Ergosterol Cholesterol References 

Bacillariophyceae        

Amphora sp. A P 88 A A A (Barrett et al., 1995; Gladu et al., 1991; 

Rampen et al., 2010) 

Navicula sp. 76 P A A A P (Gladu et al., 1991; Orcutt & Patterson, 

1975; Volkman et al., 1993) 

Nitzchia sp. A 48 A A A P (Barrett et al., 1995; Gladu et al., 1991; 

Rampen et al., 2010) 

Phaeodactylum 

tricornutum 

A P A 99 A A (Fabris et al., 2014; Gatenby et al., 2003; 

Rampen et al., 2010) 

Thalassiosira rotula 11.3 32.9 A A A A  

(Barrett et al., 1995) Thalassiosira 

stellaris 

0.9 16.3 A A A A 

 
       

Chlorophyceae        

Chlorella sp. A A A 20 P A (Patterson, 1974) 

Chlamydomonas 

reinhardtii 

A A A A P A (Brumfield et al., 2017) 
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Dunaliella sp. 
 

A 

 

A 

 

A 

 

A 

 

P 

 

A 

 

(Francavilla et al., 2010) 

Haematococcus 

pluvialis 

 

P 

 

P 

 

P 

 

P 

 

A 

 

P 

 

(Bilbao et al., 2016) 

Prasinophyceae        

Tetraselmis sp. 
 

A 

 

99 

 

A 

  

 A 

 

A 

 

A 
(Dunstan et al., 1993; Patterson et al., 

1993b; Véron et al., 1998; Volkman, 1986; 

Volkman et al., 1994) 
Eustigmatophyceae        

Nannochloropsis 

salina 

A A A A A 80  

 

(Mohammady, 2004; Véron et al., 1998) 
Nannochloropsis 

oculata 

A A A A A 75 

Haptophyceae        

Isochrysis sp. A A A 35 A A (Mohammady, 2004; Véron et al., 1998; 

Volkman et al., 1981) 
Pavlova viridis P A P A A A (Xu et al., 2008) 

Chrysophyceae        

Ochromonas danica A A A P P A (Gershengorn et al., 1968) 

Porphyridiophyceae        

Porphyridium 

cruentum 

2.2 A 4.9 A A 92.2 (Durmaz et al., 2007) 
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Cryptophyceae 

       

Rhodomonas salina A A A 98.9 A P (Chen et al., 2011; Dunstan et al., 2005) 
Thraustochytriaceae        

Schyzochytrium 

aggregatum 

A 2.3 4.9 A 2.7 80.5  

(Lv et al., 2015) 
Shyzochytrium sp. A A 4.82 A 2.54 27.67 (Chen et al., 2014) 

Cyanophyceae        

Anabaena solitaria 33 P P P P P (Hai et al., 1996; Kohlhase & Pohl, 1988; 

Rzama et al., 1994) 
Nostoc carneum 27.8 P P P A P 
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1.2 Advantages of using microalgae for phytosterol production 

Microalgae have been utilised for the production of several bio-products since 

commercialisation first began in 1960 in Japan (Borowitzka, 2018). These bio-products 

have been mainly used in human and animal nutrition, as components of cosmetics, and 

as food colorants (Borowitzka, 2018; Spolaore et al., 2006). Sustainable phytosterol 

production aims at cost-effective production of phytosterols with minimal use of natural 

resources. Many authors consider microalgae as the pre-eminent alternative to higher 

plants for sustainable phytosterol production. The main arguments for that optimism are: 

¶ faster growth rate, increased productivity and more efficient use of nutrients    

compared to terrestrial plants (Borowitzka & Moheimani, 2013) 

¶ microalgae are easily cultivable on land unsuitable for agriculture 

(Borowitzka & Moheimani, 2013; Mata et al., 2010) 

¶ cultivation can be achieved in water not suitable for human consumption 

(Borowitzka & Moheimani, 2013; Mata et al., 2010) 

¶ the diverse range of sterols and sterol precursors produced by microalgae; 

(Luo et al., 2015; Patterson & Nes, 1991; Rampen et al., 2010; Volkman, 

2016) and  

¶ the ability to reversibly alter sterol content by manipulating culture conditions 

(Fábregas et al., 1997). 

It is also notable that the main attractions of microalgae for sustainable phytosterol 

production are similar to that of sustainable biofuel production. However, the idea of 

utilising microalgal cultivation as a sustainable, profitable source of phytosterols is still 

in its infancy and several aspects of the biochemistry and cultivation need to be better 

understood if  commercialisation of microalgal phytosterols is to succeed. These include 

identification of the best strains for large-scale production, culture conditions that 
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enhance phytosterol concentrations, and the optimisation of cultivation systems for 

maximum productivity. While the sterol composition of a significant number of species 

are known, the culture conditions for improved sterol production are poorly understood. 

Data regarding the effects of nutrients, salinity, light, and temperature are becoming 

available, but for only a relatively few ómodelô species, and some results appear to be 

contradictory, or at least suggest that responses to manipulating these parameters might 

be species/strain specific. Recently reported complete genome sequences for microalgal 

species will result in a better understanding of microalgal sterol production at a molecular 

level. That increased understanding should lead to improvements in the tools available 

for metabolic engineering to improve sterol production from microalgae. 

Microalga, like plants, require nutrients, carbon dioxide, light and water for growth. 

Microalgae have a faster growth rate than land-based crops, with a biomass doubling time 

of 24 h (Chisti, 2007). Faster growth rates can be obtained by the supplying essential 

nutrients in adequate amounts and by addition of carbon dioxide to the growth medium 

under optimal conditions (Borowitzka & Moheimani, 2013; Chisti, 2007).  Nitrogen and 

phosphorus are the main nutrient sources in microalgal cultivation and choice of nitrogen 

source is one of the core causes for high production costs (Borowitzka & Moheimani, 

2013). For example, it has been suggested that over 45 % of the energy input during 

microalgal cultivation is in the form of nitrogen fertilizers (Chisti, 2008). Phosphorus is 

also a limited resource with global reserves expected to deplete in 50-100 years at the 

existing extraction rate, likely resulting in increased phosphate prices (Cordell et al., 

2009; Steen, 1998). Hence, increasing the efficiency of nutrient use is a key goal for 

sustainable phytosterol production. Nutrient loss through leaching and run-off into 

surface or ground water has been observed in land crop cultivation. Algal cultures use 

these resources more efficiently as the cultivation systems are contained (Borowitzka & 
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Moheimani, 2013). Analysis of culture media following harvesting and dewatering of 

algae indicates that a significant amount of nutrients remain in that culture media 

(Borowitzka & Moheimani, 2013) and these can be recycled or the nutrients re-captured. 

Successful cultivation of microalgae using recycled media, with no loss of biomass 

productivity, has been achieved at a laboratory and pilot scale in both open raceway ponds 

and photobioreactors (Hadj-Romdhane et al., 2012; Sing et al., 2014). However, these 

techniques have yet to be applied at commercial scales (Ishika et al., 2017a).  

A key advantage of using microalgae to produce sterols is that the estimated area of 

land required to produce algal sterols is significantly less than that required by plants such 

as canola or corn. For example, the rapeseed plant uses 12 m2 land.year-1.kg-1 oil produced 

whereas microalgae use only 0.1-0.2 m2land.year-1.kg-1 oil (Mata et al., 2010).  The 

climatic conditions ideally suited to high microalgal productivity (high annual insolation, 

low rainfall, and high temperatures (Boruff et al., 2015)) are often found in areas 

considered unsuitable for agriculture, particularly arid areas where any form of farming 

is marginal, at best. For example, commercial microalgal production plants in Hutt 

Lagoon (Western Australia), Whyalla (South Australia), and Eilat (Israel) are semi-desert 

regions with very low rainfall and high solar irradiance. Site selection for the development 

of microalgal cultivation for sustainable phytosterol production, together with the 

geography of the land, depends on certain other factors such as cost of the land, climatic 

conditions, accessibility to nutrient sources, and the availability and salinity of water 

(Borowitzka, 2018; Maxwell et al., 1985). For example, at Hutt Lagoon and Whyalla in 

Australia, open pond cultivation systems are utilised as flat land is inexpensive and there 

is easy access to a saline or seawater source. In Israel, it is common practice to use 

raceway pond cultivation systems, mainly due to lack of affordable flat land (Borowitzka, 

2018).  
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Phytosterol production from higher plants requires a large amount of fresh water for 

growing the biomass. For example, it is estimated that 5.82 m3 of fresh water is used to 

produce 1 L of oil from rapeseed (Patterson et al., 1993a; Yang et al., 2009). Fresh water 

scarcity is already an issue, or predicted to be, in many areas identified for algal 

cultivation, e.g. regions around the world with a Mediterranean or arid climate 

(Borowitzka & Moheimani, 2013; Farooq et al., 2015). While microalgae cultivation also 

requires a large amount of water, irrespective of the cultivation system employed, that 

water can be reclaimed or recycled relatively easily. Even so, evaporative losses from 

cultivation systems based on open ponds would still require fresh water. Some authors 

have already suggested that this may impact the sustainability of large scale microalgal 

cultivation, estimating that just replacing evaporative losses with fresh water will use 3 

times the amount of fresh water used for irrigation in the entire agricultural land mass of 

the USA (Farooq et al., 2015). However, there is the real possibility that saline water, or 

degraded water, can be used for microalgal cultivation. Many culturable marine algae 

(e.g. Chaetoceros muelleri, Phaeodactylum tricornutum, Tisochrysis lutea and 

Tetraselmis suecica) and halotolerant microalgal species (e.g. Amphora sp., Navicula sp.) 

are known and some of these are already cultivated at scale (Ishika et al., 2018; Spolaore 

et al., 2006). For example, Chaetoceros, Phaeodactylum and Tetraselmis are commonly 

grown as aquaculture feeds and are cultivated worldwide in tanks and large bags 

(Borowitzka, 2018; Spolaore et al., 2006). Obviously, substituting evaporative loss with 

saline water will result in a progressive rise in the salinity of the culture system, 

potentially affecting algal growth adversely, particularly if the system relies on an algal 

monoculture (Borowitzka & Moheimani, 2013). Two ways to resolve this issue are to 

choose marine algal species which have high phytosterol yield over a wide salinity range 

(Borowitzka & Moheimani, 2013) or utilise a multi-species approach that begins with 
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marine microalgal species (35-50 ppt salinity range), followed by halotolerant species 

(70-125 ppt salinity range), and finally with those species or strains that can be cultured 

at the upper extremities of salinity tolerance. Such an approach has been proposed for 

biofuel production and has been shown to work at laboratory scale for the harvesting of 

biomass for high value pigments and lipids (Ishika et al., 2018; Ishika et al., 2019; Ishika 

et al., 2017a; Ishika et al., 2017b). Early evidence suggests that a culture regime that 

grows the follow-on microalgae in the filtered culture medium of the less salinity tolerant 

species will provide better bio-productivity than co-culturing, for example, marine and 

halotolerant species (Ishika et al., 2018). 

 The knowledge that a diverse range of microalgae can biosynthesise these 

commercially interesting sterols (Luo et al., 2015; Rampen et al., 2010; Volkman, 2016) 

is a major attraction for considering these organisms as an alternate commercial source 

of phytosterols. As noted in the reviews of Patterson and Nes, (1991), Volkman, (2016), 

Rampen et al., (2010) and Luo et al., (2015) and shown in Table 1.1, sterol distribution is 

not restricted to a particular class of microalgae meaning that a large number of species 

that may be exploited. For example, Luo et al., (2015) indicate that at least 12 microalgal 

genera have been reported to contain stigmasterol and at least 8 genera are known to 

produce sitosterol (Luo et al., 2015). Volkmanôs extensive review of sterols in microalgae 

(Volkman, 2016) indicates even greater diversity in the production of phytosterols of 

commercial interest. Sterol diversity is a particular hallmark of diatoms and the work of 

Rampen and co-workers (Rampen et al., 2010) indicated that at least one commercially 

interesting phytosterol was present at > 10 % of total sterol composition in 59 of the ~ 

100 diatom cultures surveyed. However, given the general lack of technical data currently 

available, determining whether commercial phytosterol production is economically 

feasible is extremely difficult; in fact, such assessments may even be premature at this 
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point. It could be argued that an estimate could be made using the production costs for 

microalgal oils destined for fuel production as a proxy, coupled with current knowledge 

on phytosterol productivity and the price of phytosterols derived from terrestrial plants. 

However, the costs of microalgal oil production vary so widely (between $AUD 0.95 ï 

20.50 L-1 in ponds and $AUD 0.92 ï 34.96 L-1 in photobioreactors) as reviewed by Zhu 

(2015) and Balat (2011) that simply applying these to phytosterol production does not 

seem prudent  (Balat, 2011; Zhu, 2015). What we do know is that many microalgae have 

an areal oil productivity that is 2 orders of magnitude greater than that of land plants 

(Mata et al., 2010); ~23 and ~927 kg.ha-1.y-1 for rice-bran and  microalgae respectively 

(Table 1.2) (Borowitzka & Moheimani, 2013; Ryckebosch et al., 2014; Verleyen et al., 

2002). This is without significant investigation into high yielding strains or culture 

optimisation. The oil productivity reported in Table 1.2 was calculated using the density 

(as density is mass/volume) of vegetable oils obtained reported by Esteban, Riba et al. 

(2012) and Atabani, Silitonga et al. (2012) as well as the density of microalgal oil reported 

by Brennan and Owende (2010). The processing costs to separate the phytosterols from 

extracted oil are also difficult to estimate at this point. Plant derived phytosterols are 

usually considered to be by-products of vegetable oil extraction rather than the main 

product targeted, and so costs are off-set somewhat. This may also have to be the case for 

phytosterol production from microalgae as phytosterol content as a percentage of biomass 

is relatively low. Two recent reviews by on extraction and purification processes for 

phytosterols from vegetable oils conclude that current methods involving Soxhlet 

extraction and maceration are still the most economically viable techniques (Ferdosh et 

al., 2018; Maniet et al., 2019). Newer approaches, e.g. the use of supercritical fluid 

extraction are likely to become a practical solution in the near future. Enzymatic 

approaches for sterol recovery have been mooted for some time and it is acknowledged 
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that they are very efficient but are still not considered economically viable at commercial 

scale. 

 

 



 

19 
 

Table 1.2 Estimated lipid and phytosterol productivity from plant sources and microalgae.  

Sources Oil  

(% w/w) 

Phytosterol 

(mg.g-1 oil) 

Oil  

(t.ha-1.y-1) 

Phytosterol 

(kg.ha-1.y-1) 

Land based crop     

Canola 41a 5.13-9.79b 0.884a 4.53-8.65 

Sunflower  40a 3.74-7.25b 0.975a 3.64-7.06 

Soybean 

Rice bran 

18a 

15-23c 

2.29-4.59b 

32.25b 

0.58a 

0.72c 

1.32-2.66 

23.28 

Microalgae (low oil content)     

Isochrysis (T-iso) 7.1-33a 14.9d 62 927.1 

Pavlova lutheri 35.5a 97d 62 6035.53 

Phaeodactylum triornutum 18.0-57.0a 16.5d 62 1026.66 

Porphyridium 9.0-60.7a 26.5d 62 1648.88 

Thalassiosira pseudonana 20.6a 34d 62 2115.54 

Tetraselmis suecica 8.5-23a 10.9d 62 678.21 

a - (Mata et al., 2010), b - (Piironen et al., 2000), c - (Atabani et al., 2012), d - (Ryckebosch et al., 2014). The oil productivity of land-based crops is reported 

as L.ha-1.y-1 in (Atabani et al., 2012; Mata et al., 2010) and was converted to t.ha-1.y-1. Microalgal species which are already able to be cultivated in commercial 

quantities are reported to have a relatively low oil content of ~30 % (w/w) and their oil productivity (58,700 L.ha-1.y-1 (Mata et al., 2010)) has been considered and 

converted to t.ha-1.y-1 in the same manner as for vegetable oils and reported in Table 1.2.
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In order to develop a suitable techno-economic model for phytosterol production from 

microalgae, robust data is still required on: 

Å the identification of high yielding species and strains; 

Å optimum culture conditions for a range of species/strains; 

Å the dollar value of environmental benefits that would arise from reduced water usage 

and recycling of N and P based nutrients;  

Å comparisons of land costs in degraded vs. agricultural regions; and 

Å extraction and recovery costs. 

Such models should also attempt to incorporate analysis of production cost offsets 

that might be possible from further processing of extracted algal residue, e.g., the 

nitrogen- and phosphorous-rich residue could be used as animal feed or organic fertilizer. 

Any remaining carbohydrate can be fermented to produce ethanol [17, 18] and the 

biomass can also be anaerobically digested to generate methane for on-site power 

generation [27]. Figure 1.2 provides an overview of an integrated microalgal phytosterol 

production facility . 
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Figure 1.2: Overview of phytosterol production from microalgae. 

Initial reports of the health benefits of the sterols extracted from microalgae have 

indicated they have the same/similar efficacy as those isolated from higher plants (Bilbao 

et al., 2016; Chen et al., 2014; Kim et al., 2014; Sanjeewa et al., 2016; Yasukawa et al., 

1996). What is required now is a concerted effort to identify suitable species or strains 

for mass cultivation and more in-depth knowledge of the biochemical triggers and 

environmental factors that enhance phytosterol production. Even though complete 

genome sequences for various microalgae are known, the sterol biosynthetic pathway has 

only been proposed on model species, such as P. tricornutum (Fabris et al., 2014), 

Nannochloropsis oceanica (Lu et al., 2014), Chlamydomonas reinhardtii (Brumfield et 

al., 2017), Skeletonema marinoi and Cyclotella cryptica (Gallo et al., 2020) based on 

bioinformatic analyses of the genes involved in the sterol biosynthetic pathway. Improved 

knowledge of sterol biosynthesis and identification of genes involved in the sterol 
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biosynthetic pathway garnered from these studies now needs to be translated to other 

species and strains. The potential now exists for targeted studies on the combination of 

environmental and metabolic engineering for enhanced sterol production. 

1.3 Overview of sterol biosynthesis in microalgae 

Sterols, members of the isoprene family, are vital components of eukaryotic 

membranes as they regulate membrane fluidity and permeability (Volkman, 2003). They 

are also involved in controlling various membrane-associated metabolic processes, such 

as signal transduction (Hartmann, 1998). Structurally, sterols consist of a 

cyclopentaphenanthrene ring and a side chain at the C-17 carbon atom (Figure 1.1). They 

are classified into three groups based on the number of methyl groups on carbon-4 as 4-

desmethyl sterols, 4Ŭ-monomethyl sterols and 4,4-dimethyl sterols. The most common 

phytosterol group found in microalgae are the 4-desmethyl sterols (Piironen et al., 2000; 

Volkman, 2003) including 27, 28 and 29-carbon phytosterols, such as brassicasterol, 

campesterol, ergosterol, ɓ-sitosterol and stigmasterol (Volkman, 2016). In addition to the 

free sterol form (FS), microalgal sterols are reported as steryl esters (SE), steryl 

glycosides (SG) and acylated steryl glycosides (ASG) collectively known as phytosterol 

conjugates (Figure 1.3) (Mohammady, 2004; Véron et al., 1998). Many of the C28 and 

C29 sterols contain a methyl or ethyl group at C-24 and can exist in two chiral forms, the 

24Ŭ (24S) and 24ɓ (24R) configurations. Sterols of higher plants are mainly in the 24Ŭ 

configuration, whereas microalgae can produce sterols of either 24Ŭ or 24ɓ configuration 

(Nes et al., 1990; Patterson & Nes, 1991; Volkman, 2016). Sterols of the diatoms, 

haptophytes, cryptophytes and pelagophytes have 24Ŭ stereochemistry (Sright et al., 

1978; Volkman, 2003), while, sterols of green microalgae and dinoflagellates are mainly 

of 24ɓ configuration (Goad & Withers, 1982; Miller et al., 2012).  
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Figure 1.3. Structures of different phytosterol conjugates (Moreau et al., 2002). a. Sterol ester (SE), 

b. Steryl glycoside (SG), c. Acylated steryl glycoside (ASG). 

In most of the studies, algal sterols have been identified and quantified by GC-MS 

(Gas chromatography- Mass spectrometry) analysis, however this method has limitations 

in separating stereoisomers. Advances in technology have made it possible to separate 

isomers on polar gas capillary (GC) columns using special conditions (Thompson et al., 

1981) and by high performance liquid chromatography (HPLC) (Chitwood & Patterson, 

1991) but this is not perfect, e.g., HPLC has been unable to separate 24-ethyl isomers 

such as ɓ-sitosterol and its epimer clionasterol. These two epimers can be differentiated 

based on the melting ranges of their acetate derivatives (Thompson et al., 1972). Nuclear 

magnetic resonance (NMR) studies can be used to unequivocally identify the isomer 

(Thompson et al., 1972) provided appropriately purified material is available. 
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1.3.1 Microalgal-sterol biosynthetic pathway  

Sterols are triterpenoid end products of the isoprenoid biosynthetic pathway 

(Volkman, 2003) which can be split into three steps i) isopentenyl pyrophosphate (IPP) 

biosynthesis; ii) polyprenyl pyrophosphate formation; and iii) conversion of cycloartenol 

to various phytosterols (Lohr et al., 2012; Sasso et al., 2012).  

1.3.1.1 Isopentenyl pyrophosphate biosynthesis 

Isopentenyl pyrophosphate (IPP) is the precursor of all isoprenoids (Lichtenthaler et 

al., 1997b). The existence of three pathways are known for IPP biosynthesis: the well-

known classical mevalonate (MVA), and methyl erythritol phosphate (MEP) pathways,  

and the recently described modified MVA pathway (Lichtenthaler et al., 1997a; Lombard 

& Moreira, 2010; Rohmer, 1999). The evolutionary origin of the pathways producing IPP 

is complex due to its irregular taxonomic distribution and, hence, two main hypotheses 

have been proposed. In the first, proponents argue that the MVA and the MEP pathways 

emerged independently: MVA from Archaea and the MEP from bacterial lineage (Lange 

et al., 2000). The other main hypothesis is that the classical MVA pathway is the common 

ancestral pathway in Archaea, eukaryotes and bacteria and then further divergence led to 

the emergence of the modified MVA pathway (which is restricted to the Archaea) and the 

MEP pathway (Lombard & Moreira, 2010; Pérez-Gil et al., 2019). Microalgal species are 

known to express either the classic MVA/MEP pathway only, or both the classic MVA 

and MEP pathways in combination (Lichtenthaler, 1999; Lichtenthaler et al., 1997a; 

Rohmer, 1999). If both pathways are available in the same organism, the biochemical 

machinery for each is separated in two different compartments, such as cytoplasm and 

plastid (Eisenreich et al., 2001; Muntendam et al., 2009). The MEP pathway is limited to 

eukaryotes bearing plastids, signifying that the genes of MEP pathway were obtained 
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from cyanobacterial ancestors of plastids (Lange et al., 2000). Evolutionary studies 

suggest that chlorophytes (green algae) might have lost the MVA pathway during primary 

endosymbiosis, producing IPP only through the plastid MEP pathway (Lohr et al., 2012). 

Both classic MVA and MEP pathways are present in the group of microalgae that 

originated via secondary endosymbiosis, i.e., haptophytes, heterokonts (including 

diatoms, such as P. tricornutum, Nitzchia ovalis, Rhizosolenia setigera, S. marinoi, C. 

cryptica and Haslea ostrearia), cryptophytes, and dinophytes (Cvejiĺ & Rohmer, 2000; 

Gallo et al., 2020; Lohr et al., 2012; Massé et al., 2004). Detailed distribution of the MVA 

and MEP pathways in various microalgae have been published previously (Hemmerlin et 

al., 2012; Lohr et al., 2012). Microalgal species with both pathways synthesise sterols 

using precursors from the MVA pathway, except for H. ostrearia (Massé et al., 2004). 

Detailed biosynthetic mechanisms for the MVA and MEP pathways in higher plants and 

algae are discussed in references (Lichtenthaler, 1999; Lichtenthaler et al., 1997a; 

Rohmer, 1999). Key similarities and differences between the two pathways are presented 

in Table 1.3 and an overview of microalgal sterol biosynthetic pathways is depicted in 

Figure 1.4.  
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Table 1.3. Difference between classic MVA and MEP pathways (Eisenreich et al., 

2001; Lange et al., 2000; Lichtenthaler, 2007; Lichtenthaler et al., 1997a; Lohr et 

al., 2012; Lombard & Moreira, 2010; Massé et al., 2004; Muntendam et al., 2009; 

Rodríguez-Concepción, 2006; Rohmer, 1999)  

FEATURES Classic MVA  MEP 

Precursors Acetyl co-A. Glyceraldehyde and pyruvate. 

Location Cytosol or peroxisomes. Plastids. 

Rate controlling 

enzyme 

Hydroxymethyl glutaryl 

coA reductase. 

Deoxy-D-xylulose-5-phosphate 

synthase. 

Terpenes 

obtained 

Sesquiterpenes and 

triterpenoids such as sterols. 

Mono, di, sester and tetra terpenes 

such as carotenoids, phytol. 

Present in 

(general) 

Some bacteria and 

eukaryotes. 

Bacteria and plastid bearing 

eukaryotes. 
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Figure 1.4: Overview of possible biosynthesis in microalgae of commercially important sterols 

(Brumfield  et al., 2017; Desmond & Gribaldo , 2009; Fabris et al., 2014; Kira  et al., 2016; 

Lu  et al., 2014; Sonawane et al., 2016). GAP-glyceraldehyde phosphate, 3PG-3 

phosphoglycerate, MVA-Mevalonic acid (mevalonate), MEP-Methyl erythritol phosphate, IPP- 

isopentenyl pyrophosphate, DMAPP- dimethyl allyl pyrophosphate, FPPS- farnesyl pyrophosphate 

synthase, FPP- farnesyl pyrophosphate, SQS- squalene synthase, SQE- squalene epoxidase, CAS- 

cycloartenol synthase. 

1.3.1.2 Polyprenyl pyrophosphate formation 

The second step of the sterol biosynthetic pathway is the formation of various 

polyprenyl pyrophosphates from the condensation of IPP with dimethylallyl 

pyrophosphate (DMAPP). This process is catalyzed by various prenyl transferases or 

isoprenyl diphosphate synthases (IPPS). Various IPPS have been identified including 

farnesyl pyrophosphate synthase (FPPS), geranyl pyrophosphate synthase (GPPS), and 

geranylgeranyl diphosphate synthase (GGPPS). FPPS and GGPPS are ubiquitous in 

plants, animals, fungi and bacteria, whereas GPPS has been identified only in plants and 
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insects (Vandermoten et al., 2009). The mechanisms of all three enzymes are detailed in 

a review by Vandermoten and colleagues (Vandermoten et al., 2009). These enzymes 

have a vital role in the regulation of the isoprenoid pathway as they are responsible for 

directing carbon flow from the central pathway towards various branches of isoprenoid 

metabolism (e.g., sesquiterpene, sterol, or monoterpene synthesis) (Lohr et al., 2012; 

Vandermoten et al., 2009) and are, therefore, potential targets for sterol production 

modification. 

The genes encoding FPPS, GPPS and GGPPS have all been identified in algal 

genomes (Fabris et al., 2014; Sasso et al., 2012). In the phytosterol biosynthetic pathway, 

FPP is dimerized by squalene synthase (SQS) producing squalene, the precursor of all 

sterols (Sasso et al., 2012). The squalene is then oxygenated by squalene epoxidase (SQE) 

to form squalene-epoxide, and cyclised by oxidosqualene cyclase (OSC) (Fabris et al., 

2014) to form cycloartenol in land plants and algae. In non-photosynthetic organisms the 

sequence produces lanosterol from squalene-epoxide via the enzyme lanosterol synthase 

(Brumfield et al., 2017; Desmond & Gribaldo, 2009; Miller, 2014; Miller et al., 2012). 

For example, C. reinhardtii synthesises ergosterol (a common fungal sterol) via 

cycloartenol and is reported to have orthologues of all the genes involved in sterol 

biosynthesis reported from Arabidopsis thaliana (Brumfield et al., 2017).  

The presence of SQS and SQE genes were identified in the eustigmatophyte N. 

oceanica and in the green microalga C. reinhardtii (Kajikawa et al., 2015; Lu et al., 2014). 

Similarly, functional SQE was isolated from the green alga Bortyrococcus braunii 

(Uchida et al., 2015). A study on the diatom P.  tricornutum and other sequenced diatoms 

such as Nitzchia sp., Thalassiosira oceanica and Thalassiosira pseudonana, reported the 

presence of the multifunctional fusion enzyme isopentenyl diphosphate isomerase (IDI)-

SQS and a lack of SQE (Fabris et al., 2014; Kira et al., 2016).  
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1.3.1.3 Cycloartenol to phytosterol 

The final step of sterol biosynthesis involves the conversion of cycloartenol into 

sterols, using various reactions, including methylation, isomerization, and reduction. The 

functional roles of various enzymes involved in theses reactions are reviewed in depth by 

(Nes, 2011). The pathway is dependent on the sterol profile of each alga and is a crucial 

step in determining which sterols are produced. The process is controlled by a group of 

homologous enzymes known as sterol C24-methyltransferases that are known to catalyze 

the methylation or ethylation of phytosterols in higher plants (Lu et al., 2014). A 

multifunctional sterol methyl transferase (SMT) that produces both 24-ɓ methyl and 24-

ɓ ethyl sterols has been reported in certain microalgae especially green algae (C. 

reinhardtii, Chlorella variabilis NC64A, Coccomyxa subellipsoidea C-169, Volvox 

carteri), and a diatom (P. tricornutum), while two enzymes similar to those expressed in 

higher plants, SMT1 and SMT2, have been found in N.  oceanica (Haubrich et al., 2015; 

Lu et al., 2014). SMTs in higher plants are considered to have evolved upon mutational 

divergence in to SMT-1 (red algae) and SMT-2 (green algae) (Haubrich et al., 2015). The 

synthesis of poriferasterol, an epimer of stigmasterol, synthesised by the conversion of 

three 24-ethylidene sterols by trans-methylation reactions was described in Ochromonas 

malhamensis (Knapp et al., 1977; Smith et al., 1967). 

The sterol profile of microalgae belonging to the same taxonomic class can differ. For 

example, genes encoding ȹ7- sterol reductase (involved in the conversion of ergosterol 

to campesterol: PHATRDRAFT_30461) and C-22 desaturase (campesterol to 

brassicasterol: PHATRDRAFT_51757) were identified in P. tricornutum (Fabris et al., 

2014). Conversely, the diatom T.  pseudonana does not produce sterols that are 

unsaturated at the C-22 position and the gene encoding the enzyme C-22 desaturase was 

not found, suggesting the existence of two potential sterol synthetic pathways in diatoms 
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(Fabris et al., 2014). The reports support the hypothesis that microalgal species may have 

lost certain sterol specific enzymes during evolution. The influence of external factors 

such as growth conditions and phases could be another potential reason for the difference 

within classes (Rampen et al., 2010).  

1.4 Manipula tion of phytosterol production in microalgae 

Metabolome and transcript level analysis of microalgae have reported altered sterol 

content when grown under different conditions (Fábregas et al., 1997; Lu et al., 2014). 

This section discusses the effects of various culture conditions on the sterol content and 

possible molecular approaches to enhance phytosterol production.  

1.4.1 Effect of different culture conditions on the sterol content of microalgae 

The sterol content of microalgae are reported to be influenced by several conditions 

such as nutrient limitation, the addition of carbon dioxide, light intensity and salinity 

(Fábregas et al., 1997). 

Studies on the sterol content of microalgae during different growth phases (Table 1.4) 

(Ballantine et al., 1979; da Costa et al., 2017; Dunstan et al., 1993; Mansour et al., 2003) 

indicate that sterol content reaches a maximum during stationary phase (Lv et al., 2010), 

even though the proportions of sterols differ in each phase (Mansour et al., 2003). 

Exceptions to these  reports are results for Isochrysis sp (Dunstan et al., 1993), and T. 

pseudonana (Brown et al., 1996) which have been shown to have high sterol content 

during logarithmic phase. It is hypothesised that a difference in the sterol content of 

microalgal cells at different phases is linked with the cell volume, as cell size varies at 

different phases of growth due to membrane expansion and reduction (da Costa et al., 

2017). Plant sterols are known to regulate the fluidity  of the plasma membrane and those 
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sterols are comparatively higher in plasma membrane than the thylakoid membrane 

(Hartmann, 1998; Hartmann & Benveniste, 1987).  

Nutrient availability has been reported to influence phytosterols of microalgae. 

Nutrient deficiency, specifically nitrogen starvation or reduction, causes a shift in the lipid 

metabolism from membrane lipid synthesis to storage lipids, especially triacylglycerides 

(TAG). This limits microalgal growth and can result in an increase in the cell volume, as 

has been observed in Scenedesmus acutus and C. reinhardtii (Juneja et al., 2013; Sterner 

et al., 1993; Van Donk et al., 1997). Moreover, an increase in the cell volume noticed 

during nitrogen limited conditions was related to sterol enhancement due to membrane 

expansion (da Costa et al., 2017). A study on the freshwater microalga Botryococcus 

braunii Kutz IPPAS H-252 revealed that nitrogen limitation resulted in an increase of 

free sterols (Table 1.4), while there was no change in the sterol ester content (Zhila et al., 

2005). Similarly, the total phytosterol content of nitrogen limited cells of Schizochytrium 

sp. were reported to be increased compared to non-limited cells (Sun et al., 2014). In 

contrast, sterol content of Ankistrodesmus falcatus was reported to be decreased under 

nitrogen limitation with a reduction in cell volume (Kilham et al., 1997) and, hence, 

decline in sterol content can be correlated to decrease in cell volume during nitrogen 

limitation. Furthermore, the freshwater microalga Cyclotella meneghiniana showed 

increased sterol content after increased phosphorus (10 and 50 ɛM) and silica (100 and 

200 ɛM) supply (Piepho et al., 2012). In addition, nitrogen and phosphorus repletion 

resulted in increased total sterol content in Thalassiosira weissflogii (Breteler et al., 

2005). Similarly, iron repletion also reportedly increased total sterol content  in 

microalgae such as Thalassiosira oceanica and Rhodomonas salina (Chen et al., 2011). 

No significant change was observed in the sterol concentrations of Cryptomonas ovata 

with changing nutrient supply (phosphorus) (Piepho et al., 2012). Similarly, a study on 
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changes in the nitrate and phosphate levels in the culture medium composition did not 

cause a significant increase in phytosterol production of Pavlova lutheri, but growing the 

culture for a prolonged period resulted in higher production of sterols (Ahmed et al., 

2015).  

Salinity is another significant factor that influences the biochemical composition of 

algal cells. Dunaliella is one of the most studied microalgal species due to its tolerance 

to high salinity (Zelazny et al., 1995). Total phytosterol content of both Dunaliella 

tertiolecta and Dunaliella salina decreased with increasing salinity (from approximately 

21 -75 g.L-1) (Francavilla et al., 2010). A study on the plasma membrane proteome of D. 

salina after inducing salinity stress supports the suggestion that the microalga responds 

to high salinity by up-regulating central metabolic and signal transduction pathways 

altering the plasma membrane lipid composition  (Katz et al., 2007). Conversely, a 43.8 

% increase in the sterol content was observed in Nitzschia laevis when the sodium 

chloride concentration increased from 10 to 30 g.L-1 (Chen et al., 2008). This has also 

been observed in Nannochloropsis sp. when salinity increased from 22 - 58 g.L-1 (Bartley 

et al., 2013). No differences were observed in the sterol contents of  P. lutheri when grown 

in different salinities (Ahmed et al., 2015). 

Temperature is one of the main factors that affect the growth rate, cell size, 

biochemical composition and nutrient absorption in microalgae (Juneja et al., 2013). A 

study on the effect of temperature on the sterol content of P. tricornutum reported a 

decrease in the sterol content when the culture temperature was raised from 13 °C to 23 

°C (Véron et al., 1996). Similarly, the sterol content of Isochrysis galbana Parke was 

higher at 18 °C than at 26 °C (Durmaz et al., 2008). In contrast, a study on the effect of 

temperature on the sterol concentrations of three microalgal species explains that the 

sterol concentrations were found to be higher in S. quadricauda and C. meneghiniana at 
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25 °C than at 10 °C, but the sterol content in C. ovata was not influenced by temperature 

differences (Piepho et al., 2012). Likewise, the sterol content of B. braunii was high at 25 

°C and decreased when the temperature was then raised to 32 °C before being lowered to 

18 °C  (Kalacheva et al., 2002).  

 Light intensities have been found to influence the sterol contents of various 

microalgal species. The sterol content of Dunaliella viridis was found to be enhanced at 

1500 ɛmolphotons.m-2.s-1 (Gordillo et al., 1998). A rise in sterols was described as a result 

of the stimulation of photosynthesis at higher light intensities and perhaps sterol synthesis 

which occurs via the MEP pathway (Piepho et al., 2010). The MEP pathway is 

hypothetically related to photosynthesis, since it is linked with the chloroplast (Disch et 

al., 1998). Likewise, the acylated sterol glycosides in P. lutheri increased when the light 

intensity increased (Guedes et al., 2010). A study on the effect of light intensity (300 

µmol photons.m-2.s-1) on Haematococcus pluvialis showed that the sterol content was 

high on the 3rd day and then gradually decreases on 12th day (Bilbao et al., 2016). In 

contrast, the total sterol levels were not altered by variations in the light intensities in 

Nitzschia closterium (Cylindrotheca fusiformis) (Orcutt & Patterson, 1974).  

Light spectrum is another factor influencing sterol content. A difference in the sterol 

content of P. tricornutum under different spectra was also observed, with the highest 

amount of sterol obtained under red light at 13 °C (Véron et al., 1996). Similarly, the 

sterol quantity varied with light spectrum and dilution rate in Tisochrysis lutea (Marchetti 

et al., 2018). Besides visible light, ultraviolet (UV) radiations are also reported to affect 

the sterol concentrations in microalgae. UV-C radiation at 100 mJ.cm-2 is reported to 

induce sterol synthesis in P. lutheri (Ahmed & Schenk, 2017). The UV light damages the 

thylakoid membranes of microalgal cells and it is assumed that sterols play a major role 

in repairing the damage caused by UV radiation to the cells (Ahmed & Schenk, 2017). 
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UV-B radiation is also reported to affect the sterol content and composition in various 

microalgae (Skerratt et al., 1998).  

Besides specific culture effect on phytosterol synthesis, interactive effects such as 

light intensity and phosphorus supply, resulted in an increase of sterols for S. quadricauda 

and C. meneghiniana at higher light intensities when the phosphorus supply was high 

(Piepho et al., 2010). Another collective study on the harvest stage, light intensity and 

light: dark cycle, showed high sterol content at 100 µmolphoton.m-2.s-1 under 24:0 light: 

dark cycle during log phase in T. pseudonana (Brown et al., 1996). Sterol and squalene 

content of Thraustochytrid strain ACEM 6063 were found to be influenced by the 

interacting effects of temperature, culture age and dissolved oxygen levels (Lewis et al., 

2001).
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Table 1.4. Culture conditions affecting the sterol concentration of microalgal species. (* indicates increased phytosterol content when 

compared between respective effects). 

Culture conditions Effects Species References 

 

Growth phase 

Log phase 

(% phytosterols of total lipids) 

Stationary phase 

(% phytosterols of total lipids) 

  

 3.9 *5.3 Nannochloropsis oculata (Dunstan et al., 

1993) 

2.9 *5.0 Pavlova lutheri (Dunstan et al., 

1993) 

0.55 *0.87 Phaeodactylum 

tricornutum 
(Ballantine et al., 

1979) 

1.29 *1.7 Monochrysis lutheri (Ballantine et al., 

1979) 

3.2 *3.8 Thalassiosira pseudonana (Brown et al., 1996) 

- *  Gymnodium sp. (Mansour et al., 

2003) 

- *  Tisochrysis lutea CCAP 

927/14 
(da Costa et al., 

2017) 

*1.2 0.8 Isochrysis sp. (Dunstan et al., 

1993) 
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Nutrient 

concentrations 

Nutrient repletion  Nutrient limitation   

 *Nitrogen and phosphorus. - Thalassiosira weissflogii, 

Ankistrodesmus falcatus 
(Breteler et al., 2005; 

Kilham et al., 1997) 

*Iron. - Thalassiosira oceanica, 

Rhodomonas salina 
(Chen et al., 2011) 

- *Nitrogen. Botryococcus braunii Kutz 

IPPAS H-252 
(Zhila et al., 2005) 

- *Monosodium glutamate (nitrogen source). Schizochytrium sp. (Sun et al., 2014) 

- *Iron. Isochrysis. galbana (Chen et al., 2011) 

Salinity Low salinity (g.L -1) High salinity (g.L -1)   

 *35 122 Dunaliella tertiolecta, 

Dunaliella salina 
(Francavilla et al., 

2010) 

 22 *58 Nannochloropsis salina (Bartley et al., 2013) 

 10 *30 Nitzschia laevis (Chen et al., 2008) 

Temperature Low temperature (°C) High temperature (°C)   

 10 *25 Scendesmus quadricauda, 

Cyclotella meneghiniana 
(Piepho et al., 2012) 

 *10 23 P. tricornutum (Véron et al., 1996) 

 *18 26 Isochrysis galbana Parke (Durmaz et al., 2008) 
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Light intensity  Low light (µmolphotons.m-2.s-1) High light (µmolphotons.m-2.s-1)   

 Darkness *1500 Dunaliella viridis (Gordillo et al., 

1998) 

41.31 *137.7 Pavlova lutheri (Guedes et al., 2010) 

 50 *100 Thalassiosira pseudonana (Brown et al., 1996) 

Interactive effects    

Temperature and light 

sperctral quality. 

Phytosterol content decreased from 1475 ï 247 ɛg of total sterols /g dry weight when 

the temperature was raised from 13 -23 °C under red spectral light. 

P. tricornutum (Véron et al., 1996) 

Nutrient concentration 

and light intensity. 

Phytosterol content increased with light intensity at high phosphorous content but 

decreased with light intensity at low phosphorous content.  

S. quadricuda, C. 

meneghiniana 
(Piepho et al., 2010) 

Light spectrum and 

dilution rate. 

Phytosterol content was high at blue light when the dilution rate was 0.7 (day-1). T. lutea (Marchetti et al., 

2018) 

Light cycle period and 

harvest stage. 

Phytosterol content was high at 24:0 (light: dark) cycle period during log phase rather 

than 12:12 (light: dark) cycle. And the phytosterol content was reduced at the stationary 

phase in both light cycle periods. 

T. pseudonana (Brown et al., 1996) 
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The wide variability in the effect of culture conditions on phytosterol production 

in microalgae is largely due to the fact that studies, thus far, have been limited to only a 

few species. The limited body of knowledge that currently exists makes it difficult to 

identify trends in, and hence predict outcomes from, culture conditions that are likely to 

enhance the phytosterol production for a particular species/strain. The lack of information 

relating culture level parameters to biochemical and genetic changes within cells is a 

limiting factor in easy optimisation for improved phytosterol production. 

1.4.2 Molecular approaches for phytosterol enhancement 

The deficit in molecular level detail is beginning to change. The recent reporting of 

complete genome sequences for various microalgae, coupled with the demand for 

increased productivity of high value products and biofuels, is resulting in the development 

of molecular approaches that will allow easier optimisation of culture conditions. In 

general, molecular approaches involve genetic engineering comprising chloroplast and 

nuclear engineering, and metabolic engineering which includes over expression of 

enzymes, blocking of competitive pathways, gene silencing, site-directed mutagenesis, 

and genome editing (De Bhowmick et al., 2015; Vavitsas et al., 2018).  

Genetic engineering techniques have provided the opportunity to exploit the 

microalgal genomes by either modifying, deleting or inserting specific genetic sequences 

(Huang & Daboussi, 2017). Genetic manipulations in microalgae help in the transfer of a 

specific gene or genes of interest to microalgal species making it suitable for growth in 

open ponds or under extreme growth conditions. This can result in competitive 

advantages that reduce the risk of the culture being overwhelmed by contamination as 

well as improving the species for commercialisation (Doron et al., 2016). The efficiency 

and the stability of transgene expression depends on various factors such as biased codon 



 

39 
 

usage, integration of regulatory elements, incorrect polyadenylation, identification of  

suitable selectable markers, and the application of effective transformation methods 

(Huang & Daboussi, 2017; Radakovits et al., 2010). Successful transformations have 

been achieved with more than 30 different algal species, including red, green, brown, 

diatoms, euglenoids and dinoflagellates (Radakovits et al., 2010). The transgene 

expressions of microalgae have been reviewed in detail discussing the methods involved 

in chloroplast and nuclear transformations and the difficulties involved in stable 

expression of transgenes  (Bashir et al., 2016; Doron et al., 2016).  

Metabolic engineering involves specific engineering of biosynthetic pathways for 

increased yield of high value compounds. For this approach to be successful, it is essential 

to understand the specific biosynthetic pathways of microalgae at molecular level. The 

information on biosynthetic pathways can be deduced partly from the available genome 

sequences and the remaining from the metabolome information available in recent work 

focussed on other areas of microalgal biochemistry (Hlavova et al., 2015). To date, very 

littl e specific metabolic information is available on the sterol biosynthetic pathway of 

microalgae (Brumfield et al., 2017; Fabris et al., 2014).   

Over-expression of an enzyme is a single gene targeted approach. Studies on the over 

expression of enzymes in microalgae have mainly been targeted at lipid biosynthetic 

pathways for triacylglycerides in order to enhance production for biofuel applications 

(comprehensively reviewed in (De Bhowmick et al., 2015)). Over-expression of various 

genes related to the sterol biosynthetic pathway and its effects have been extensively 

studied in the yeast Saccharomyces cerevisiae which have been reviewed in detail 

previously (Wriessnegger & Pichler, 2013). These could serve as a basis for identifying 

homologues in microalgae. Very little work on over expression has been conducted with 
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microalgae. In one example, over expression of SQS (squalene synthase) in C. reinhardtii 

showed an increased rate of conversion of FPP to squalene (Kajikawa et al., 2015).  

Another important metabolic engineering approach is gene silencing, which is a 

process of suppression of either transcription of a target gene or translation of the resulting 

mRNA using different mechanisms (Qin et al., 2012). Transcriptional gene silencing can 

be caused by heterochromatin formation, DNA methylation, or DNA elimination. Post-

transcriptional gene silencing is caused by an RNA-mediated process called RNA 

interference (RNAi) (León-Bañares et al., 2004). RNAi can be a powerful tool for 

analysing the biological functions of a target gene and controlling metabolic processes by 

sequence-specific gene knockdown (Cerutti et al., 2011; Leon & Fernandez, 2007). A 

study on transgenic C. reinhardtii used partial suppression of the CrSQE gene to promote 

accumulation of squalene (Kajikawa et al., 2015). Genetic and biochemical studies of 

various eukaryotic organisms have led to the identification of three core components of 

RNAi machinery; namely the Dicer enzyme, Argonaute-Piwi (AGO-Piwi) and RNA-

dependent RNA polymerase (RdRP) (Cerutti et al., 2011). This silencing machinery has 

been found in numerous microalgal species. Argonaute proteins and a gene encoding 

RdRP were identified in the diatoms P. tricornutum and T. pseudonana (De Riso et al., 

2009). Endogenous small non-coding RNAs were also identified in P. tricornutum by 

small RNA library sequencing (De Riso et al., 2009), thus allowing for the development 

of strategies to knock down specific genes. Knock-down techniques such as RNA-

mediated silencing have become a valuable tool for reverse genetics, which can be used 

to engineer algae for efficient production of biofuels and other high-value compounds 

(Cerutti et al., 2011). However, at present, molecular biology tools for reverse genetic 

approaches are available only for few model algal species such as C. reinhardtii, 
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Cyanidioschyzon merolae, Ostreococcus tauri, P. tricornutum and T. pseudonana 

(Hlavova et al., 2015).  

Transcriptome analyses of C. reinhardtii suggest that gene silencing mechanisms may 

be involved in altering metabolic responses under various stress conditions (Kim et al., 

2015). A study on the expression of genes involved in sterol biosynthesis of N. oceanica 

under nitrogen depleted and different light intensity conditions showed that the genes 

involved in the sterol biosynthetic pathway were expressed at lower levels under nitrogen 

depletion and at light intensity (300 µmol photons.m-2.s-1 ) (Lu et al., 2014). This 

transcript level information is helpful for future genetic engineering for improved 

phytosterol production.  

Introduction of OSC of Lotus japonicus into P. tricornutum for the production of 

lupeol resulted in reduction of total sterol content indicating that the newly introduced 

lupeol pathway competes with the sterol biosynthetic pathway for the same substrate 

(D'Adamo et al., 2018). Blocking competitive pathways is a significant metabolic 

engineering approach, mainly aimed at lipid biosynthesis and various examples are noted 

in Singh et al (Singh et al., 2016).  

An alternative strategy to genetic and metabolic engineering is transcriptional factor 

engineering. Transcription factors are proteins that control DNA transcription by 

identifying particular DNA sequences and establishing protein to DNA and protein to 

protein interactions (Courchesne et al., 2009). Transcriptional factor engineering focuses 

on the alteration of multiple factors involved in a metabolic pathway simultaneously 

(Courchesne et al., 2009). More details on the transcriptional factor engineering 

approaches targeting at improved lipid and high value products in microalgae have been 

reviewed (Bajhaiya et al., 2017; Courchesne et al., 2009).  



 

42 
 

The molecular approaches discussed above are promising strategies that could be 

exploited for sterol enhancement in microalgae. To date, there has been little application 

of these strategies, but as more molecular data becomes available and tools are developed 

these techniques hold great potential for increasing the likelihood of microalgae maturing 

into a sustainable commercial source of phytosterols. 

1.5 Research objectives 

 As highlighted earlier, microalgae are the potential commercial sources of 

phytosterols with many studies exhibiting the presence of phytosterols in various classes 

of microalgae. The main limitation of commercialising phytosterols from microalgae is 

the lack of information on how phytosterols are affected by various culture conditions. 

Hence, culture optimisation is critical for potential mass production of these compounds 

from microalgae. The overarching aim of the current PhD study was to understand the 

optimal culture conditions for improved phytosterol production from a potential 

microalga and to link the culture level parameters to biochemical and genetic changes 

within the cell for future metabolic engineering of microalgae for improved phytosterol 

production. 

The initial objective of this study was to identify a potential microalga with 

characteristics such as: a) the presence of phytosterols of interest, b) cultivability at 

commercial scale, c) available information on sterol biosynthetic pathway/ sterol 

biosynthetic genes and d) availability of molecular biology tools for genetic, metabolic 

engineering/ reverse genetics. I chose to work on P. tricornutum CS-29/7 as it can be 

successfully cultivated under outdoor conditions using open ponds and closed PBRs.  Therefore, 

during the life of this PhD the following cultivation parameters for P. tricornutum CS-29/7 

were studied: 
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1. Effect of light spectrum and irradiance (Chapter 3) 

2. Effect of nutrients (Chapter 4) 

3. Effect of salinity (Chapter 5) 

4. Effect of temperature (Chapter 6) 

In addition, changes to biochemical and genetic parameters during certain culture 

condition were studied in Chapter 7. Further, I summarised general materials and methods 

in Chapter 2 and general conclusion in Chapter 8. 

1.5.1 Identification of potential microalga 

 Microalgal commercialisation was first began by mass cultivation of Chlorella as 

health food in Japan in 1957 (Tamiya, 1957). Subsequently, several microalgae have been 

successfully cultivated at large scale for various high value products such as ɓ-carotene, 

astaxanthin, fucoxanthin, phycobiliproteins  (pigments), ɔ-linolenic acid, arachidonic 

acid, eicosapentaenoic acid and docosahexanoic acid (poly unsaturated fatty acids) and 

are marketed as nutrient supplements, food colorants and ingredients for the 

pharmaceutical and cosmetic industries (Bhalamurugan et al., 2018; Borowitzka, 2013). 

Microalgal biomass is used in human nutrition, animal, fish and poultry feed and as a 

biofertilizer (Bhalamurugan et al., 2018). Some of the commercially important 

microalgae and their associated applications are listed in Table 1.5. 
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 Table 1.5: List of some microalgae of commercial importance and its applications. 

Microalgae Products Applications References 

Chlorella sp. Biomass Dietary supplement in human nutrtion, 

aquaculture. 

(Borowitzka, 2006) 

Dunliella salina ɓ-carotene Food colourants, dietary supplement, 

cosmetics. 

(Borowitzka & Borowitzka, 

1989) 

Haematococcus pluvalis Astaxanthin Pharmaceutical, aquaculture. (Panis & Carreon, 2016) 

Chlamydomonas reinhardtii Oil Cosmetics. (MU  et al., 2019) 

Crypthecodinium cohnii, Schizochytrium sp. Docosahexaenoic acid (DHA) Infant formulas, nutritional supplements, 

aquaculture. 

(Barclay et al., 2010; Mendes et 

al., 2009) 

Tetraselmis sp, Isochrysis sp, Pavlova sp, 

Phaeodactylum tricornutum sp, Chaetoceros sp, 

Biomass  Aquaculture feed. (Sirakov et al., 2015; Spolaore 

et al., 2006) 
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Nannochloropsis sp, Skeletonema sp, 

Thalassioisra sp. 
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Species summarised in Table 1.5 are successfully cultivated by various companies 

all over the world and are known to produce sterols as stated in Table 1.1. However, the 

biosynthetic pathways have been predicted only in three species: C. reinhardtii  

(Brumfield et al., 2017), N. oceanica (Lu et al., 2014), and P. tricornutum (Fabris et al., 

2014). C. reinhardtii was reported to produces ergosterol (Brumfield et al., 2017) and P. 

tri cornutum produces brassicasterol and campesterol (Fabris et al., 2014; Rampen et al., 

2010). These sterols are of current commercial interest (Moreau et al., 2002). However, 

Nannochloropsis sp. are reported to synthesise cholesterol which is not of commercial 

interest (Mohammady, 2004; Véron et al., 1998).  

The putative biosynthetic pathway of C. reinhardtii proposes the synthesis of 

ergosterol via various precursors such as ergosta-5,7,22,24(28)-trienol and ergosta-

5,7,24(28)-trienol which are not of commercial importance (Brumfield et al., 2017). In 

contrast, the proposed biosynthetic pathway of P. tricornutum suggests the synthesis of 

brassicasterol via campesterol and ergosterol all of which are of current commercial 

importance (Fabris et al., 2014) . Hence, in this study I chose to work on P. tricornutum 

rather than C. reinhardtii. Further, P. tricornutum is a seawater alga which makes the 

mass cultivation more sustainable than the fresh water C. reinhardtii (Borowitzka & 

Moheimani, 2013). 
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CHAPTER 2 

General materials and methods 
 

2.1 Source of microalgal species 

A marine alga Phaeodactylum tricornutum was selected for this study. This species was 

already successfully cultured in open ponds. An axenic culture of P. tricornutum (CS-

29/7), a pennate diatom shown in Figure 2.1, was obtained from CSIRO - Australian 

National Algae Supply Service, Hobart, Tasmania. The strain originated in the United 

Kingdom.  

 

Figure 2.1: Microscopic image of Phaeodactylum tricornutum CS-29/7. 

2.2 Sterilization 

All glass-wares (Conical flasks, Schott bottles) were cleaned using bleach 

(Brighton - containing 4% hypochlorite), washed under tap water, rinsed with distilled 

water and sterilized by the wet heat method using an autoclave (Touchclave-R, K 16965, 

10 µm 
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LTE Scientific Ltd.) at 121 °C, 15 psi (pounds per square inch) for 15 minutes before 

being used to cultivate algae. Sampling, media preparation and inoculation were carried 

out in an aseptic manner inside a laminar air flow chamber in front of a Bunsen burner 

flame. 

2.3 Media preparation 

Phaeodactylum culture was maintained in modified F/2 media without silicate 

(Guillard & Ryther, 1962) using natural seawater obtained from Hillaryôs Beach (Perth, 

Western Australia). The seawater was stored at the Algae R and D Centre, Murdoch 

University in a dark 10,000 L tank to prevent algal contamination. The seawater was 

filtered in a BRITA Optimax water filtering dispenser using a BRITA-MAXTRA filter 

cartridge, and the salinity was adjusted to 35 g.L-1 by adding sodium chloride or distilled 

water. The salinity was measured using an automated Atago refractometer (Model PAL-

03S). The nutrient stock solutions were prepared using the recipe described in Table 2.1. 

The 35 g.L-1 salinity seawater and all nutrient stock solutions were autoclaved and cooled 

overnight. The modified F/2 medium was prepared by adding stock solutions to the 

seawater. The cultures were grown at 60 - 80 µmolphotons.m-2.s-1 as the stock culture for 

various studies and were manually shaken once a day. 
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Table 2.1 Modified F/2 medium (Guillard & Ryther, 1962) 

Components Stock solution 

(g.L -1 distilled 

water) 

Quantity 

required 

for stock 

solution 

Volume of 

stock solution 

per litre of 

seawater 

Concentration 

in the 

medium (M) 

NaNO3 75 - 1 mL 8.82 x 10-4  

NaH2PO4.H2O 5 - 1 mL 3.62 x 10-5 

     

Trace metals Mix  - 1 mL  

FeCl3.6H2O            - 3.15 g  1.17 x 10-5 

Na2EDTA.2H2O            - 4.36 g  1.17 x 10-5 

CoCl2.6H2O 10 1 mL  4.20 x 10-8 

CuSO4.5H2O 9.8 1 mL   3.93 x 10-8 

MnCl2.4H2O 180 1 mL  9.10 x 10-7 

Na2MoO4.2H2O 6.3 1 mL  2.60 x 10-8 

ZnSO4.7H2O  22 1 mL  7.65 x 10-8 

     

Vitamins Mix       0.5 mL  

Biotin 0.1       10 mL        2.05 x 10-9 

Cyanocobalamin 1.0       1 mL        3.69 x 10-10 

Thiamine HCl -                      200 mg        2.96 x 10-7 

 

2.4 Analytical Methods 

2.4.1. Growth measurement  

2.4.1.1 Cell counting 

After thoroughly mixing using manual shaking, 1 mL of culture was removed. A 

Neubauer haemocytometer and coverslip was prepared by cleaning with 70 % (v/v) 

ethanol. The coverslip was placed on top of the grid, and a drop of cell suspension was 

placed at the end of the haemocytometer allowing it to spread under the coverslip and the 

haemocytometer was placed under a compound microscope (LEICA DM500, LEICA 

Microsystems Pty Ltd, Australia).  As soon as the cell suspension came to rest, cells in 3 

or more random squares were counted to get a minimum count of 100. The number of 

cells observed, and the squares counted, were recorded. The cell number (cells.mL-1) 

was calculated using the following equation described in (Moheimani et al., 2013): 
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Cell density (cells.mL-1) = (number of cells counted/number of squares counted) x 104 

2.4.1.2 Specific growth rate, yield and productivity calculation 

The growth rate (K ) of the algal culture is expressed in this study as doubling time 

for the cell number and the following equation described by Moheimani et al. (2013) was 

used to obtain the growth rate: 

K  = [ln (Nt2/Nt1)] / (t2-t1)  

where, Nt1 and Nt2 are the cell densities at time 1 (t1) and 2 (t2) respectively.  

The specific growth rate (ɛ) was calculated by converting the growth rate using the 

following equation as explained in (Moheimani et al., 2013): 

ɛ = K/ ln 2  

The productivity (Pr) was calculated using the equation: 

Pr = ɛ.y  

where ɛ and y are the specific growth rate and yield of the culture, respectively, at a 

specific time. 

2.4.2 Biomass determination 

Whatman GF/C glass filter papers (0.25 mm) were pre-combusted in an oven at 

100 °C and stored in a vacuum desiccator over silica gel until use. The pre-combusted 

filter papers were weighed to 5 decimal places on a digital analytic balance (Mettler 

Toledo AB135-S, Rowe Scientific Pty Ltd, Australia). To determine dry weight and ash 

free dry weight, 5 mL of the algal culture was filtered with a pre-weighed, pre-combusted 

filter paper and dried under suction using Millipore filtration apparatus. The filters were 

washed with 5 mL of 0.65 M isotonic ammonium formate, placed on crucibles and dried 
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in an oven at 90 °C overnight. Filters containing biomass were cooled overnight in a 

vacuum desiccator over silica gel, weighed and the dry weight (g.L-1) calculated as 

follows: 

 DW = weight of algae containing filter paper after drying ï the weight of filter paper 

Algae containing filter papers were then ashed overnight at 450 °C in a furnace 

cooled in a vacuum dessicator over silica gel overnight and reweighed to determine ash 

free dry weight (g.L-1): 

Ash free dry weight (AFDW) = weight of algae containing filter paper after drying ï 

weight of algae containing filter paper after ashing. 

2.4.3 Total lipid determination  

 Total lipid was extracted following the method of (Classics Bligh & Dyer, 1959), 

modified by (Kates & Volcani, 1966) and adapted by (Mercz, 1994).  Algal culture of 5 

mL was filtered through a GF/C glass filter paper (0.25 mm). The filter paper was then 

washed with 5 mL of ammonium formate solution (0.65 M), folded, dried on tissue paper 

and stored at -80 °C until extraction. 

 Frozen samples were removed from the freezer and defrosted. Each sample was 

transferred to a separate 15 mL plastic centrifuge tube, and one teaspoon of liquid nitrogen 

was added. After 30 minutes, the sample was crushed with 2 mL of solvent (2:1:0.8 

methanol: chloroform: deionised water v/v/v) and additional solvent added to give a final 

volume of 5.7 mL. Samples were then centrifuged at 4000 rpm for 10 min, the supernatant 

transferred to separate 20 mL glass tubes with screw caps. An additional 5.7 mL of solvent 

was added to the pellet which was then resuspended by vortexing before being centrifuged 

at 4000 rpm for 10 min. The supernatant was then added to the first extraction giving a 

total supernatant volume of 11.4 mL. Deionised water (3 mL) was added to each tube and 
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mixed well by vortexing followed by 3 mL of chloroform. Tubes were refrigerated 

overnight to allow layers to separate. Once separation was complete samples were 

removed from the refrigerator and allowed to come to room temperature before the top 

aqueous phase was removed using a syringe connected to a Pasteur pipette and discarded. 

Any remaining water in the lower chloroform phase was then removed by adding 6-8 

drops of toluene. The toluene/water on the surface of the chloroform layer was carefully 

removed. The green chloroform layer was then transferred to pre-weighed 4 mL vials and 

the solvent removed under a stream of ultra-pure N2 gas on a heating plate at 38 °C. The 

vials containing the lipid extract were weighed immediately and total lipid (g.L-1) 

calculated by subtracting the weight of the vials containing lipid from the weight of the 

empty vials. The vials were stored under -80 °C for further analysis. 

2.4.4 Phytosterol analysis 

 Phytosterols were analysed as their silyl drivatives. Algal culture (25 mL) was 

centrifuged at 4000 rpm for 20 minutes. The supernatant was discarded, and the pellet 

was washed with 25 mL of 0.65 M ammonium formate. The pellet was then transferred 

to a 1.5 mL centrifuge tube and snap frozen in liquid nitrogen. The samples were then 

stored at -80 °C until extraction. The method for phytosterol analysis was adapted from 

(Fabris et al., 2014) and modified. 

 The frozen samples were thawed and extracted twice using 250 ɛL NaOH (40 %, 

w/v) and 250 ɛL of 50 % (v/v) aqueous ethanol. An internal standard (20 ɛL of a 1 mg/ 

mL solution of 5Ŭ- cholestane in dichloromethane) was added and the sample incubated 

in an oven at 90 °C for 2 hours. After incubation, samples were cooled to room 

temperature, 900 ɛL of hexane added, and mixed well by vortexing, then left in a 

refrigerator overnight for phase separation. The organic phase was transferred to 4 mL 

glass vials. Pooled organic fractions were evaporated under N2 gas and derivatised with 
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20 ɛL of pyridine (99.8 %) purchased from Sigma-Aldrich (Australia) and 100 ɛL of N, 

O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) with 1 % trimethylchlorosilane 

(TMCS) (Novachem Pty Ltd, Australia). Authentic standards of brassicasterol, ɓ-

sitosterol, campesterol, cholesterol, ergosterol and stigmasterol (Novachem Pty Ltd, 

Australia) were dissolved in dichloromethane (1:1 w/v), evaporated and derivatised 

similarly. 

 GC-MS analysis was performed with a Shimadzu QP 2010 S GC-MS system 

equipped with an autosampler. Derivitized sample (1 µL) was injected onto a BPX5 

column (30 m x 0.25 mm x 0.25 µm) supplied by Fischer Scientific (Australia) with 

Helium (He) gas carrier flow fixed at 1 mL.min-1. The injector temperature was 280 °C, 

and the oven temperature was programmed as follows: initial temperature 80 °C held for 

1 min, ramped to 280 °C at 20 °C min-1 and held at 280 °C for 60 min then ramped to 320 

°C at 20 °C min-1 and held for 1 min before cooling to 80 °C at 50 °C min-1 at the end of 

the run. Target sterols were eluted from the column between 15-30 min and identified 

based on comparison of their retention times and mass spectral fragmentation patterns 

with the derivatised authentic standards. The amount of each sterol was determined based 

on the total ion chromatogram (TIC) response relative to that of the internal standard. A 

total of 12 samples were run in a batch and duplicate injections of each sample were 

performed. To ensure the accuracy in calibration the standard was run after every 4 

samples. 
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CHAPTER 3 

The effect of different light spectrum at different irradiances on the 

phytosterol content of P. tricornutum CS-29/7 

 

3.1 Introduction 

 Microalgae can only use visible light, known as photosynthetically active 

radiation (PAR), as the energy source for photoautotrophic growth to convert carbon 

dioxide and water to carbohydrates and oxygen via photosynthesis (Masojēdek et al., 

2004). The photosynthetic pigments present in microalgae that allow this transformation 

does not, however, utilise all photons within the PAR region (Vadiveloo et al., 2017). The 

light absorption and transformation efficiencies of microalgae are species-specific due to 

certain features such as type of photosynthetic pigments present, and size and shape of 

the chloroplasts, cells and colonies (Moheimani & Parlevliet, 2013). It is well known that 

the photosynthetic performance of microalgae is influenced by the quantity and quality 

of light they receive (Lindström, 1984; Smith, 1983).  

Light is considered the most critical factor influencing the growth and 

biochemical composition of microalgae when the nutrients and temperature are optimal 

(Smith, 1983). For example, higher protein content was observed under a low irradiance 

of 21 µmolphotons.m-2.s-1 in Nostoc calcicola compared to 42 and 63 µmolphotons m-2.s-

1 (Khajepour et al., 2015). Light spectral quality has also been shown to influence the 

biochemical composition of -Tisochrysis lutea with the lipid percentage highest under red 

and green light during the stationary growth phase, whereas the carbohydrate and protein 

content was higher when cultured using white and green light, respectively (del Pilar 

Sánchez-Saavedra et al., 2016). Beside, protein and carbohydrate levels, light also affects 

sterol content in microalgae (Brown et al., 1996; Guedes et al., 2010; Véron et al., 1996).  
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The increased light intensity along with high phosphorus content resulted in 

increased phytosterol content in Scenedesmus quadricauda and Cyclotella meneghiniana 

(Piepho et al., 2010). Also, red light at 10 °C resulted in highest phytosterol content than 

white, blue at 10 °C in P. tricornutum (Véron et al., 1996). Having said that, current 

knowledge on the effect of light is only available for a few microalgal species. Hence, it 

is important to investigate these parameters in order to increase the potential of 

commercial phytosterol production from microalgae P. tricornutum CS-29/7. Red light 

(approximately 660 nm) is considered to be the preferred spectral choice for microalgal 

growth (Keeling, 2013). The simultaneous effects of temperature and light spectral 

quality on P. tricornutum (Bohlin) reportedly enhanced phytosterol production when red 

light was used (Véron et al., 1996). To the best of authorôs knowledge, no studies on the 

effect of changing light irradiance on phytosterol content P. tricornutum are known. The 

maximum photosynthetic rate of P. tricornutum is observed to be at, or near, 150 µmol 

photonsm-2.s-1 (Bartual & Gálvez, 2003), thus suggesting that levels of 60 and 260 µmol 

photonsm-2.s-1 could be considered to represent low and high light stress respectively. 

Hence, in this chapter I investigated the effect of red and white light at different irradiance 

on the sterol content of P. tricornutum CS-29/7.  

3.2 Materials and methods 

Please see Chapter-2 General materials and method section for the bulk of the 

methods used in this chapter. The more specific materials and methods are summarised 

below. 

3.2.1 Cultivation set up 

 A red coloured acetate filter (LEE filter) was used to provide the red spectral 

quality effect on the culture flasks. A LEE bright red- 026 filter (John Barry Sales, New 

South Wales, Australia) that allows passage of wavelengths between 600 - 700 nm was 
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placed on top of glass stand and the culture vessel placed on top. LED lamps (Philips 

Dimmable LED ï cool white) were used to illuminate the culture from the bottom of the 

glass stand as illustrated in Figure 3.1. White light (wavelengths between 400 - 700 nm) 

was provided in a similar way using the LED lamps without wavelength filters in place 

as a control. The glass stands used for each spectral filtering experiment were divided in 

to three sections (A, B and C) based on light intensities. Section A, B and C for all three 

light spectrum conditions represent 60, 160 and 260 µmolphotons m-2.s-1, respectively, as 

shown in Figure 3.1. The irradiance (photon flux density) in each of the three sections for 

each wavelength range was measured at the centre point of each culture flask using a Liï

185B quantum meter equipped with a Li -190SB PAR quantum sensor, (LI-COR, USA). 

Irradiance control was achieved by providing more LED lamps for high irradiance and 

less for low irradiance. Overheating of cultures growing in the red light was prevented by 

placing transparent glass vessels filled with distilled water underneath the culture flask to 

absorb excess heat.  
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        1                     3 

        Culture flasks 
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Figure 3.1: Diagrammatic illustration of the cultivation set up. 

P. tricornutum CS-29/7 maintained in F/2 culture media (details in Chapter 2 - 

General materials and methods) was inoculated into two 250 mL Erlenmeyer flasks each 

under white and red light at 60, 160 and 260 µmolphotons.m-2.s-1, respectively, with a 

12:12 h light: dark cycle at 25 ± 3 °C and were mixed by hand once every day. Cultures 

were acclimatised to the experimental conditions for 45 days. After acclimatisation, the 

two replicate cultures for each specific experimental condition were mixed and then 

inoculated into four 250 mL culture flasks with an initial cell density of 1 x 106 cells.mL-

1 to create four experimental replicates. The experiment was carried out for 30 days and 

growth was monitored by cell counting as described in Chapter 2- General materials and 

methods on every third day. The culture was harvested (65 mL) on day 12 (log phase) 

and day 30 (stationary phase). Harvested samples were used for determination of AFDW, 

Light source Light source Light source 

 

60 µmolphotons.m-2.s-1 160 µmolphotons.m-2.s-1 260 µmolphotons.m-2.s-1 

 Filter  attached on top of glass stand 
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total lipid and phytosterol analysis as described in Chapter 2 - General materials and 

methods.  

3.2.2 Data analysis 

 Data from cultures grown under each of the light irradiance regimes for each 

wavelength range were analysed separately using One Way Analysis of Variance (One 

Way ANOVA). Any potential effects of wavelength and growth phase were analysed 

using Studentôs T-test. All the statistical tests were performed using SigmaPlot (Version 

14.0). 

3.3 Results  

3.3.1 Effect of irradiance and wavelength on the growth and maximum biomass 

productivity of microalgae P. tricornutum  CS-29/7 

 Figure 3.2 summarises P. tricornutum cells growth under each culture condition. 

There was no significant difference in growth rate (T-test, P > 0.05 ) in the log and 

stationary phases for cells grown under respective irradiance of red and white light except 

for cells grown under 260 µmolphotons m-2.s-1 at the stationary phase (T-test, P < 0.05) 

(Figure 3.2) . No significant differences (One Way ANOVA, P > 0.05) were observed 

between the cells grown under different irradiances of respective white light at the log 

and stationary phases and red light during log phase of growth.  
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Figure 3.2: Growth curve of P. tricornutum CS-29/7 grown under white and red light at irradiance 

60, 160 and 260 µmolphotons m-2.s-1 named as WA, WB, WC, RA, RB and RC respectively. 

The biomass content (Table 3.1) of P. tricornutum were not significantly different 

(T-test, P > 0.05) between white and red light except for the cells grown at 260 

µmolphotons.m-2.s-1. Similarly, no significant difference (One Way ANOVA, P > 0.05) 

was observed within different irradiance of white light at the log phase and red light at 

log and stationary phases. Maximum biomass productivities of P. tricornutum grown in 

red and white light were not significantly different (T-test, P > 0.05) except for the cells 

grown at 260 µmolphotons.m-2.s-1 (P = 0.001) (Table 3.1). Further, no difference (One 

Way ANOVA, P > 0.05) was observed in the maximum biomass productivities of the 

cells grown within different irradiance of white and red light at the log phase (Table 3.1).  
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Table 3.1 Summary of growth and biochemical composition parameters of P. tricornutum CS-29/7 grown under white and red light at 

60, 160 and 260 µmolphotons.m-2.s-1 (mean ± SD) analysed at log (L) and stationary (S) phases of growth.  

Light spectra White Red 

Light irradiance 

(µmolphotons m-2.s-1) 

 

60 

 

160 

 

260 

 

60 

 

160 

 

260 

Growth phases L  S L  S L  S L  S L  S L  S 

Specific Growth rate (ɛ) 0.14 ± 

0.03 

0.1 ± 

0.00 

0.13 ± 

0.04 

0.11 ± 

0.01 

0.13 ± 

0.03 

0.09 ± 

0.01 

0.14 ± 

0.03 

0.1 ± 

0.01 

0.13 ± 

0.02 

0.1 ± 

0.01 

0.14± 

0.04 

0.07 ± 

0.02 

Biomass content (g.L -1) 0.14 ± 

0.02 

0.34 ± 

0.04 

0.12 

0.01 

0.21 

0.05 

0.14 

0.004 

0.30 

0.03 

0.13 

0.01 

0.27 

0.05 

0.14 

0.02 

0.25 

0.04 

0.12 

0.02 

0.21 

0.02 

Maximum biomass 

productivity (g.L -1.day-

1) 

0.02 ± 

0.005 

0.04 ± 

0.005 

0.015 ± 

0.004 

0.02 ± 

0.004 

0.02 ± 

0.01 

0.02 ± 

0.002 

0.02 ± 

0.004 

0.03 ± 

0.005 

0.02 ± 

0.014 

0.02 ± 

0.005 

0.016 ± 

0.01 

0.01 ± 

0.003 

 Total lipid content 

(mg.g-1 AFDW) 

746 ± 

95 

305 ± 35 780 ± 28 508 ± 96 825 ± 19 418 ± 80 781 ± 89 351 ± 58 524 ± 

158 

370 ± 73 771 ± 79 395 ± 45 

Phytosterol content 

(mg.g-1 AFDW) 

1.4 ± 

0.2 

1.1 ± 0.3 1.1 ± 0.6 1.1 ± 0.2 1.5 ± 

0.03 

0.9 ± 0.2 0.5 ± 0.2 0.9 ± 0.1 0.4 ± 0.1 1.1 ± 0.4 0.5 ± 0.2 0.9 ± 0.2 

Percentage (%) of 

phytosterol present in 

total lipid  

0.17 ± 

0.01 

0.37 ± 

0.1 

0.13 ± 

0.08 

0.21 ± 

0.03 

0.16 ± 

0.01 

0.24 ± 

0.05 

0.06 ± 

0.01 

0.26 ± 

0.05 

0.1 ± 

0.04 

0.26 ± 

0.11 

0.07 ± 

0.02 

0.23 ± 

0.06 

Maximum phytosterol 

productivity (µg.L -

1.day-1) 

28.0 ± 

4.6 

39.3     ± 

11.2 

20.0 ± 

16.3 

25.6 ± 

6.8 

30.0 ± 

10.2 

23.4 ± 

8.1 

6.0 ± 3.5 24.2 ± 

4.9 

12.2 ± 

5.0 

23.2 ± 

8.8 

8.4 ± 3.3 14.2± 

4.3 
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3.3.2 Effect of irradiance and wavelength on the total lipid content of P. tricornutum 

CS-29/7 

 The total lipid content of P. tricornutum was 1.4 - 2.4 times higher (T-test, P > 

0.05) during the log phase compared to the stationary phase when cultured with the white 

or red light. No significant differences (T-test, P > 0.05) were observed in the total lipid 

content between the cells grown at respective white and red light during log and stationary 

phases of growth except the cells grown at 160 µmolphotons.m-2.s-1 at the log phase. 

 

Figure 3.3: Total lipid content of P. tricornutum CS-29/7 grown under WA, WB, WC, RA, RB and 

RC. 

 The percentage of phytosterol present in the total lipid content as represented in 

Table 3.1 was 1.7 and 1.5 times higher (One Way ANOVA, P < 0.05) in white light at 60 

µmolphotons.m-2.s-1 to that of 160 and 260 µmolphotons.m-2.s-1 respectively at the 

stationary phase of growth. The percentage of phytosterol in the total lipid content was 

approximately 2.8 and 2.3 times higher (T- test, P < 0.05) in White light than in red light 

at 60 and 260 µmolphotons.m-2.s-1 during log phase respectively.  
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3.3.3 Effect of irradiance and wavelength on the phytosterol content of microalgae P. 

tricornutum CS-29/7 

 Brassicasterol was the only sterol identified in P. tricornutum CS-29/7 when the 

cells were grown under white and red light at the different irradiance. Phytosterol content 

of P. tricornutum CS-29/7 grown under different irradiance of white and red light did not 

show any significant differences (One Way ANOVA, P > 0.05) during log and stationary 

phases of growth separately (Table 3.1). Hence, indicating that irradiance does not have 

any effect on the phytosterol content of P. tricornutum. The phytosterol content of white 

and red light showed no significant difference (T-test, P > 0.05) except for the cells grown 

at 60 and 260 µmolphotons.m-2.s-1 at the log phase. The phytosterol content of P. 

tricornutum grown under white light at 60 and 160 µmolphotons.m-2.s-1 remains virtually 

the same during log and stationary phases of growth while a 35 % reduction (T-test, P < 

0.05) in the total phytosterol content was observed in the cells grown under white light at 

260 µmolphotons.m-2.s-1 at the stationary phase than the log phase. While, cultures grown 

at the highest irradiance (260 µmolphotons.m-2.s-1) of red light remained the same (T-test, 

P > 0.05) in the stationary phase but there was 41 ï 56 % of the increase (T-test, P < 0.05) 

in the phytosterol content in the cells grown at 60 and 160 µmolphotons.m-2.s-1 when the 

culture progressed from log to stationary phase (Figure 3.4).  
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Figure 3.4: Total phytosterol content of P. tricornutum CS-29/7 grown under WA, WB, WC, RA, RB 

and RC. 

Maximum phytosterol productivity of P. tricornutum CS-29/7 was not 

statistically different (One Way ANOVA, P > 0.05) at 60, 160 and 260 µmolphotons.m-

2.s-1 of white light during log and stationary phases of growth separately (Figure 3.5). 

Under red light, the maximum phytosterol productivity was obtained at 60 

µmolphotons.m-2.s-1 at the stationary phase of growth and it was statistically similar 

between red lights at 160 and 260 µmolphotons.m-2.s-1 (One Way ANOVA, P > 0.05). 
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Figure 3.5: Maximum phytosterol productivity of P. tricornutum CS-29/7 grown under WA, WB, 

WC, RA, RB and RC. 

3.4. Discussion 

Light, being the energy source of microalgae during the phototrophic growth 

phase, influences the growth of microalgae (Brown et al., 1996; Guedes et al., 2010). In 

this study red and white light was shown to have no effect on the growth rate of P. 

tricornutum CS-29/7. A study by Kumar et al. (2014) on Micractinium pusillum and 

Ourococcus multisporus showed highest growth rate under a red light. Conversely, a 

study by Das et al. (2011) on Nannochloropsis sp. reported that red light illumination 

resulted in the lowest growth rate in both phototrophic and mixotrophic cultures. 

However, Vadiveloo et al. (2017) have reported acclimatisation of Nannochloropsis sp. 

(MUR 266 and MUR 267) to different light wavelengths resulted in no significant 

differences in the specific growth rate under white and red light. Similarly, in P. 

tricornutum UTEX 646 no difference was observed in growth rate when grown in red and 

white light at 41 or 40 µmolphotons.m-2.s-1, respectively (Jungandreas et al., 2014). All 
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these studies indicate that the spectral composition of light can have different impacts on 

microalgal growth.  

In addition to differences caused by changes in wavelength, intensity of light can 

also influence microalgal growth through its impact on photosynthesis (Stockenreiter et 

al., 2013). Different intensities of light showed no effect on the growth of microalga P. 

tricornutum CS-29/7. Similarly, a study on Gymnodium nagasakiense by Parrish et al. 

(1994) observed no effect on growth when the light intensities were increased from 35 to 

75 µmolphotons.m-2.s-1. These studies indicate the adaptation characteristic of species to 

different intensities of light. 

The red and white light didnôt result in any variation in the total lipid content in 

the present study except at 160 µmolphotons.m-2.s-1. This result supports the study of  

(Vadiveloo et al., 2017) conducted on Nannochloropsis sp. MUR 266 and 267 where 

white and red light spectra did not affect the total lipid yield. In this study, no significant 

differences were observed with increasing light intensities in white light at log phase and 

red light at the stationary phase. A study by Gordillo, Goutx et al. (1998) in D. viridis 

showed a decrease in total lipid content when the light intensity was increased from 

darkness to 1500 µmolphotons.m-2.s-1 (Gordillo et al., 1998). While a study by Liu et al. 

(2012) on Scenedesmus obliquus reported high lipid content at high light intensities (400 

µmolphotons.m-2.s-1) tested. All these studies suggest that each species of microalgae 

responds differently to variable light intensity. Varied responses to environmental 

conditions are most likely related to their metabolic pathways (Juneja et al., 2013). 

 Light intensities of white and red light didnôt show any influence on the 

phytosterol content of microalgae P. tricornutum CS-29/7 during log and stationary 

phases of growth in the present study. The results of this study do not support the studies 
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conducted by Gordillo  et al. (1998) on Dunaliella viridis, Guedes et al. (2010) on Pavlova 

lutheri, and Parrish et al. (1994) on G. nagasakiense where accumulation of sterols was 

observed when the light intensities were increased. However, work conducted on 

Nannochloropsis oceanica contradicts these earlier studies as it showed a decrease in total 

sterol content of this alga when the level of irradiance was increased from 100 to 300 

µmolphotons.m-2.s-1 (Lu et al., 2014). Indeed,  the sterol biosynthetic genes involved in 

the putative sterol biosynthesis pathway of N. oceanica are observed to be 

transcriptionally induced by light (Lu et al., 2014). From all these studies it is understood 

that sterols can play a role in adaptation to high light stress and assumes that sterol 

biosynthesis is dependent on the chloroplast. On the other hand, the sterol biosynthesis 

pathway in diatoms is reported to be independent of the chloroplast (Morris, 1984). This 

can indicate why the sterol content of Phaeodactylum was not affected by light intensity 

in the present study.  

 The wavelength of light in a water body is influenced by various aspects such as 

weather conditions, dissolved organic molecules, suspended materials, (both living and 

dead), and water molecules themselves (Ballantine et al., 1979; Jerlov & Nielsen, 1974). 

The variability of wavelengths of light plays a role in regulating microalgal metabolism 

at the cellular and molecular levels (Ballantine et al., 1979). Being a cell membrane 

compound, phytosterols are also influenced by variation in the wavelength of light 

received by the alga. In this study, the phytosterol content of cells grown under white 

light at 60 and 260 µmolphotons.m-2.s-1 was approximately 3 times higher compared to 

the cells grown under red light during the log phase of growth. The results of the current 

study on Phaeodactylum tricornutum CS-29/7 are similar to those obtained by Veron et 

al. (1996) on P. tricornutum at 23 °C and Mohammady (2007)  on Porphyridium 

cruentum  where the phytosterol content was observed to be 3 times higher when cultured 
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in white light than red light. The difference in phytosterol content of P. tricornutum CS-

29/7 under white and red light can be related to a distinctive response pattern towards 

different light spectral quality. Various studies have suggested that the response of 

microalgae to different wavelengths of light are by no means homogenous in all respects 

as it may vary within species due to differences in light accessory pigments and 

membranes (Ballantine et al., 1979; Saavedra & Voltolina, 1994; Vadiveloo et al., 2017). 

It is notable that along with the light spectral quality growth phase also plays a 

role in determining the maximum phytosterol content in P. tricornutum CS-29/7 under 

the white light at 260 µmolphotons.m-2.s-1 and red light at 60 and 160 µmolphotons.m-2.s-

1 in this study. Variation in biochemical composition between growth phases is very 

common in microalgae due to accumulation of metabolites and exhaustion of nutrients 

(Fernández-Reiriz et al., 1989) resulting in the expansion or reduction of the membranes. 

This change in membrane size/extent elicits variations in the sterol content due to changes 

in cell size. In this study, the cause for varying phytosterol content is unclear but suggest 

that the cells grown under red light might have undergone some biochemical variation 

resulting in the expansion of membranes and hence an increase in the phytosterol content 

at the stationary phase of growth. 

3.5 Conclusion  

Different wavelengths of light influenced the phytosterol content of P. 

tricornutum CS-29/7 with white light resulting in approximately 3 times higher 

phytosterol content rather than red light under the conditions studied. However, different 

intensities of light didnôt improve the phytosterol content. Culture age was also observed 

to alter the phytosterol content and the trend is observed to be different in both white and 

red light. A decreasing trend was observed in the cells grown under white light whereas, 

an increasing trend was observed under red light when the culture progressed from log to 
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stationary phase. Hence, this study may help in understanding the influence of light in P. 

tricornutum CS-29/7 while considering the commercial scale production of sterol. The 

current study indicated that white light must be utilised for potential mass production of 

sterols. Most importantly, it seems that there is no need for regulating the amount of light 

received by cells as the white light intensities did not affect the amount of sterols produced 

by this alga.
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Chapter 4 

The effects of different nitrogen and phosphorus concentrations on the 

phytosterol content of P. tricornutum CS-29/7 

 

4.1 Introduction 

 Nutrients are crucial requirements for microalgal growth and proliferation 

(Dongre et al., 2014). Essential nutrients required for microalgal growth are generally 

classified as macronutrients and micronutrients (Juneja et al., 2013). Nitrogen and 

phosphorus are the major macronutrients as they are vital elements of protein and nucleic 

acid production, both of which are essential components of all living cells (Juneja et al., 

2013). These nutrients also play a significant role in the synthesis of chlorophylls (Juneja 

et al., 2013).  

Nutrient availabilities or concentrations have been shown to alter the sterol 

content of microalgae (Breteler et al., 2005; Kilham et al., 1997). However, this 

observation comes from only a small number of studies and may not be universal for all 

microalgae. Limitation of nitrogen and phosphate can alter the lipid metabolism from 

membrane lipid to neutral lipid synthesis (Dongre et al., 2014; Juneja et al., 2013). For 

instance, nitrogen limiting/deprivation conditions can lead to an increase in total sterols 

Scenedesmus acutus and Chlamydomonas reinhardtii due to the expansion of the cell 

membrane to accommodate newly produced storage lipids (Sterner et al., 1993; Van Donk 

et al., 1997). However, S. acutus and C. reinhardtii growth slowed down significantly 

due to low nitrogen availability, resulting in lower overall biomass, lipid and sterol 

productivities (da Costa et al., 2017; Juneja et al., 2013; Li et al., 2008; Sterner et al., 

1993; Van Donk et al., 1997).  
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The main limitation in the use of microalgae for phytosterol production is the 

rather low biomass sterol content (Volkman, 2003). However, microalgal biomass 

productivity is significantly higher than land based crops (Dismukes et al., 2008; 

Francavilla et al., 2010). This means that microalgal phytosterol productivity (Kg.ha-1.y-

1) is assumed to be 513 ï 700 times much greater than land crops as calculated in Chapter 

1 ï Introduction, Table 1.2. Thus, it is important to consider conditions which do not 

adversely affect the biomass and further phytosterol productivity while contemplating 

enhancement of sterol production. In this study I focus on the impact of different nitrogen 

and phosphorus concentrations, particularly nutrient repletion, on the phytosterol content 

and composition of P. tricornutum CS-29/7 during early log, late log and stationary 

phases of growth. 

4.2 Materials and methods 

Please see the general materials and method section (Chapter 2) for the bulk of 

methods used in this chapter. The more specific materials and methods are summarised 

below. 

4.2.1 Cultivation set up  

 The P. tricornutum CS-29/7 stock culture was maintained in modified F/2 

medium at 35 g.L-1 NaCl as described in Chapter 2 - General materials and methods. In 

this study, culture media with 2 (F) and 4 (2F) times more nitrate and phosphate than the 

modified F/2 media, respectively, was prepared at 35 g.L-1 NaCl. The study was carried 

out in 250 mL conical flasks containing 150 mL of culture, and an initial cell density 

maintained at 1 x 106 cells.mL-1. The cultures were mixed continuously using a cylindrical 

magnetic stirring bar of 15 mm (l) x 6 mm (d) (Buerkle, #9.303 142, Australia) at 150 

rpm and were grown under white light at an intensity of 150 ɛmolphotons.m-2.s-1 in 12:12 
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h light: dark cycle at 25 ± 3 °C. The experiment was carried out with four replicates (n=4) 

for 60 days. 

Growth was monitored by cell counting as mentioned in Chapter 2 - General 

materials and methods on every third day to calculate cell density. The biomass (65 mL 

culture) was harvested on day 9 (early log phase), day 30 (late log phase) and day 60 

(stationary phase). An equal volume of fresh culture media of the respective nitrogen and 

phosphorus concentrations (F/2, F and 2F) to the culture removed were added to culture 

flasks after every harvest to avoid any effect of nutrient deprivation. The biomass 

harvested was used for AFDW, total lipid and total phytosterol analysis as described in 

Chapter 2 - General materials and methods. A portion of the harvested biomass at early 

log and late log phase were also used for gene expression analysis as described in Chapter 

6 - Relative gene expression of two genes putatively involved in the sterol biosynthetic 

pathway of P. tricornutum CS-29/7. 

4.2.2 Data analysis 

Statistical tests between treatments F/2, F and 2F were analysed by One Way 

Analysis of Variance (One Way ANOVA). The differences were considered significant 

when p values are Ò 0.05. Comparison of samples at different phases of growth within a 

treatment were analysed by One Way Repeated Measure Analysis of Variance (One Way 

RM ANOVA). All the analysis was performed using SigmaPlot (Version 14.0). 

4.3 Results  

4.3.1 Effect of different nitrogen and phosphorus concentrations on growth and 

biomass productivity of microalgae P. tricornutum  CS-29/7 

 A growth curve was plotted as shown in Figure 4.1. The harvested cells were 

allotted to early log, late log and stationary phases based on the resulting growth curve. 

The initial concentrations of nitrogen and phosphorus at different nutrient conditions is 
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represented in Table 4.1. As can be seen in Figure 4.1 and Table 4.1, nutrient conditions 

with highest nitrogen and phosphorus concentrations resulted in significantly higher cell 

density (One Way ANOVA, P < 0.05).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Growth curve. of P. tricornutum CS-29/7 grown in A. F/2, B. F and, C. 2F culture 

conditions.  

No significant differences in the biomass content between F/2, F and 2F nutrient 

conditions were observed at the log phase of growth (One Way ANOVA, P > 0.05). 

However, the biomass content between three nutrient conditions varied at the late log and 

stationary phase of growth and highest biomass content was recorded in 2F nutrient 

condition at the stationary phase of growth (One Way ANOVA, P < 0.05). Maximum 

biomass productivity was achieved in 2F nutrient condition at the stationary phase of 

growth as represented in Figure 4.2. At the log phase of growth, no significant differences 
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(One Way ANOVA, P > 0.05) was in the biomass productivity conditions between F/2, 

F and 2F culture conditions. Whereas, at the late log phase of culture conditions maximum 

biomass productivity was 2F>F>F/2 (One Way ANOVA, P < 0.05).  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Maximum biomass productivity of P. tricornutum CS-29/7 grown under F/2, F and 2F 

culture conditions at three phases of growth. 
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Table 4.1. Summary of growth and biochemical composition parameters for P. tricornutum CS-29/7 grown under F/2, F and 2F nutrient 

conditions (mean ± SD) analysed at early log (Log), late log (L. log) and stationary (S) phases of growth.  

Nutrient condition s F/2 F 2F 

Log L. log S Log L. log S Log L. log S 

Initial concentrations of nitrogen 

(mg.L -1) 

16.2 ± 2.0 

 

29.3 ± 0.4 56.2 ± 2.3 

Initial concentrations of 

phosphorus (mg.L -1) 

1.3 ± 0.2 

 

2.5 ± 0.1 5.0 ± 0.01 

 

Nitrogen removed (mg) 0.8 ± 0.4 2.5 ± 0.2 5.7 ± 0.3 0.7± 0.3 2.5 ± 0.2 8.9 ± 1.05 1.05 ± 0.3 2.7 ± 0.2 11.93 ± 

0.3 

Phosphorus removed (mg) 0.05 ± 0.02 0.2 ± 0.01 0.35± 0.02 0.04 ± 0.02 0.2 ± 0.01 0.6 ± 0.06 0.06± 0.02 0.17 ± 0.01 0.7 ± 0.02 

Specific Growth rate (ɛ) 1 ± 0.03 0.4 ± 0.002 0.35 ± 0.004 0.8 ± 0.45 0.43 ± 0.005 0.36 ± 0.004 1.01 ± 

0.004 

0.45 ± 0.003 0.4 ± 

0.006 

Biomass content (g.L-1) 0.24 ± 0.02 0.40 ± 0.02 0.3 ± 0.02 0.24 ± 0.01 0.60 ± 0.07 0.70 ± 0.04 0.26 ± 0.02 0.80 ± 0.02 1.0 ± 0.07 

Maximum 

Biomass productivity (g. L-1. day-1) 

0.24 ± 0.01 0.15 ± 

0.005 

0.2 ± 0.01 0.24 ± 0.02 0.3 ± 0.03 0.25 ± 0.01 0.3 ± 0.01 0.4 ± 0.01 0.4 ± 0.03 

Lipid content (mg. g-1 AFDW) 779 ± 96 524 ± 78 380 ± 47 652 ± 75 366 ± 35 301 ± 13 697. ± 81 256 ± 23 232 ± 15 

Phytosterol in total lipid (%)  0.11 ± 

0.003 

0.16 ± 0.02 0.22 ±    0.05 0.16 ± 0.02 0.25 ± 0.05 0.25± 0.01 0.15± 0.03 0.3 ± 0.05 0.28 ± 

0.04 

Phytosterol content (mg. g-1 

AFDW) 

0.8 ± 0.2 0.8 ± 0.1 0.8± 0.1 1± 0.1 0.93 ± 0.1 0.7 ± 0.1 1.05 ± 0.3 0.8 ± 0.1 0.6 ± 0.2 

Maximum phytosterol productivity 

(µg. L-1. day-1) 

191 ± 50 120 ± 13 143 ± 8.4 245 ± 38 242 ± 9.2 171 ± 34 274 ± 76 281 ± 32 234 ± 70 
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4.3.2 Effect of different nitrogen and phosphorus concentrations on total lipid content 

and maximum lipid productivity of P. tricornutum  CS-29/7 

 Total lipid content of P. tricornutum was not significantly different between the 

three nutrient conditions during the log phase of growth (Figure 4.3, One Way ANOVA, 

P > 0.05). However, 33 ï 63 % higher total lipid content was observed in early log phase 

compared to the late log phase (Figure 4.3, One Way RM ANOVA, P < 0.05). A further 

decline of 28 % was observed between late log phase and stationary phase under the F/2 

nutrient condition (Figure 4.3, One Way RM ANOVA, P < 0.05). On the other hand, the 

total lipid content remained unchanged at the late log and stationary phases under F and 

2F nutrient conditions (Figure 4.3, One Way RM ANOVA, P > 0.05). 
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Figure 4.3: Total lipid content (mg. g-1 AFDW) of P. tricornutum CS-29/7 grown under F/2, F and 2F 

culture conditions at early log, late log and stationary phases of growth. 

The phytosterol component of Phaeodactylum lipid content remained consistent 

between F/2, F and 2F nutrient conditions at the early log and stationary phases of growth 

(Table 4.1, One Way ANOVA, P > 0.05). Two- and 1.8-fold increase in the phytosterol 
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component of lipid was observed between log and stationary phase of P. tricornutum CS-

29/7 culture when grown using F/2, 2F medium (One Way RM ANOVA, P < 0.05). 

4.3.3 Effect of different nitrogen and phosphorus concentrations on total phytosterol 

content and maximum phytosterol productivity of P. tricornutum  CS-29/7 

Brassicasterol was the only sterol identified in this study. Total phytosterol 

content as represented in Figure 4.4 exhibited no significant differences between three 

nutrient conditions during all phases of growth studied (One Way ANOVA, P > 0.05). In 

the F/2 nutrient condition the phytosterol content remained unchanged in the three 

different phases of growth (One Way RM ANOVA, P > 0.05) while there was a 25 % 

reduction in the phytosterol content in the stationary phase of F and 2F culture conditions 

compared to log and late log phases (One Way RM ANOVA, P < 0.05).  

The nitrogen and phosphorus removed increased between phases in all three 

nutrient conditions. Maximum nutrient removal (Table 3.1) occurred at the stationary 

phase under 2F condition. The extent of the nutrients removed were virtually the same 

between nutrient conditions during log and late log phases of growth. Reduction in 

phytosterol content was observed when the nitrogen and phosphorus removed were 8.945 

± 1.047, 0.559 ± 0.0655 mg and above respectively. Maximum nutrient depletion took 

place in 2F condition from day 33 till day 60. These studies suggest that nutrient levels 

may not affect phytosterol biosynthesis in P. tricornutum CS-29/7.  
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Figure 4.4: Phytosterol content (mg. g-1 AFDW) of P. tricornutum CS-29/7 F/2, F and 2F culture 

conditions. 

Maximum phytosterol productivity was observed for the 2F nutrient experiments 

and the least phytosterol productivity was recorded under F/2 conditions. The phytosterol 

productivity in 2F condition showed no statistical difference between three different 

phases of growth (One Way RM ANOVA, P > 0.05). 
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Figure 4.5: Maximum phytosterol productivity of P. tricornutum CS-29/7 grown under F/2, F, 2F 

culture conditions. 

4.4 Discussion  

 An individual study on nitrogen concentrations ranging from 1.24 - 49.4 mg.L-1 

during P. tricornutum culture showed that the biomass remained stable for initial nitrogen 

concentrations beyond 12.35 mg.L-1 (Qiao et al., 2016). When nitrogen concentrations 

ranged between 0 and 10.5 mg.L-1, the highest cell density and biomass productivity of 

P. tricornutum was achieved at 5 mg.L-1 nitrogen concentration (Yodsuwan et al., 2017). 

On the other hand initial phosphorus concentrations ranging from 8.9 to 88.9 mg.L-1 

exhibited no significant effect on the biomass content (g.L-1) of P. tricornutum 

(Yongmanitchai & Ward, 1991). In this work I combined the effects of initial nitrogen 

and phosphorus concentrations ranging from 16 - 56 mg.L-1 and 1 - 5 mg.L-1 respectively 

on the growth, biomass and phytosterol content and productivity of P. tricornutum CS-

29/7. The outcome showed that the cell density and maximum biomass productivity of P. 

tricornutum was highest at the 2F nutrient condition with extreme nitrogen and 
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phosphorus concentrations indicating that nutrient availability has a significant impact on 

growth and biomass productivity. 

 Nitrogen and phosphorus supply influence the lipid content of microalgae (Juneja, 

Ceballos et al. 2013). In Chlorella pyrenoidosa the total lipid content was observed to be 

high at 0.69 mg.L-1 (26 % of dry cell weight) and significantly decreased when the 

nitrogen concentrations were increased from 0.69- 55 mg.L-1 (Nigam et al., 2011). An 

increase in total lipid content from 23 to 56 % was observed in Scenedesmus sp. when the 

initial phosphorus concentrations were reduced from 2.0 - 0.1 mg.L-1 (Xin et al., 2010). 

Generally, nitrogen and phosphorus limitation promote the synthesis of storage lipids 

whereas, nitrogen and phosphorus repletion promote the synthesis of polar and membrane 

lipids resulting in an increasing trend in total lipid when the nitrogen and phosphorus 

concentrations decreased in P. tricornutum used in the current study. 

Nutrient supply in the culture media has been shown to influence the phytosterol 

content of microalgae. However, no previous reports on any effect of nutrients on the 

sterol content of P. tricornutum is available. While, a study on Thalassiosira weissflogii 

showed high sterol content under nutrient replete conditions with initial nitrogen and 

phosphorus concentrations at 0.0128 and 0.001 mg respectively (Breteler et al., 2005). 

On the other hand a study on a green microalgae, Scenedesmus quadricauda  where sterol 

content was high at intermediate phosphorus supply (0.15-0.30 mg) rather than at low 

(0.03 mg) or high (1.5 mg) phosphorus supply (Piepho et al., 2012). Whereas a study on 

P. lutheri by (Ahmed et al., 2015) over a range of nitrogen (12.35- 74.11 g.L-1) and 

phosphorus (1.1- 6.7 g.L-1) concentrations and studies on the Cyclotella meneghiniana 

and Cryptomonas ovata by (Piepho, Martin-Creuzburg et al. 2012) within a range of 

phosphorus concentrations (0.07- 1.5 mg) showed stable sterol content. The study by 

(Piepho et al., 2012) on C. meneghiniana on various silicon concentrations between 2.8 
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to 5.6 mg exhibited consistent sterol content. This study on P. tricornutum CS-29/7 

indicates that the concentrations of nitrogen and phosphorus considered have no effect on 

the phytosterol content. The results of this study on P. tricornutum CS 29/7 show some 

similarities to the studies by (Ahmed et al., 2015) on P. lutheri and (Piepho et al., 2012) 

on C. meneghiniana and C. ovata where nutrient levels caused no effect on the phytosterol 

content. All these studies indicated that the effect of nitrogen and phosphorus 

concentrations on the phytosterol content are species specific 

Although, the nitrogen and phosphorus concentrations showed no effect on the 

phytosterol content, a reduction in the phytosterol content was observed between late log 

and stationary phase of growth. It can be hypothesised that phytosterols, being structural 

lipids, are associated with the cell volume (da Costa, Le Grand et al. 2017). During growth 

phases biochemical composition variation occurs due to the exhaustion of nutrients and 

accumulation of metabolites resulting in the expansion or reduction of membranes and, 

thus, cell size varies (Fernández-Reiriz et al., 1989). The data from this experiment 

suggests that under F and 2F conditions a biochemical variation has occurred during the 

stationary phase of growth resulting in the reduction of membrane size in the alga hence 

reducing the phytosterol content during this phase of growth. 

4.5 Conclusion 

 This study on different nitrogen and phosphorus concentrations emphasises that 

nutrient replete conditions do not alter the total phytosterol content of the alga. However, 

different concentrations of nitrogen and phosphorus play an important role in cell growth 

and proliferation thus improving the biomass productivity and the phytosterol 

productivity in the 2F condition where nitrogen and phosphorus concentrations are at their 

highest. This study thus helps in understanding that 2F culture condition can be used for 

commercialised phytosterol production for maximum phytosterol productivity  of P. 
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tricornutum. The remaining nutrients in the media can be considered for recycling and 

hence performing sustainable phytosterol production. 

 

 

 

 



 

82 
 

CHAPTER 5 

The effect of salinity on the phytosterol content of microalgae 

Phaeodactylum tricornutum CS-29/7 
 

Acknowledgement 

 I acknowledge the assistance of Honours student Mr. Jack Weatherhead in 

conducting this experiment. 

5.1 Introduction 

 Freshwater is a finite resource and must only be used for human consumption and 

conventional agriculture to generate necessary food for population. This means that 

freshwater microalgae cultivation is ultimately unsustainable and, therefore, one should 

solely focus on growing saline microalgae for generating high value products such as 

phytosterols. Salinity is a significant environmental factor influencing production due to 

its effects on growth and biochemical composition (Juneja et al., 2013; Kirst, 1990; Parida 

& Das, 2005). For example, P. tricornutum is reported to grow well over a salinity range 

of  10 - 60 g.L-1 (Jaramillo-Madrid et al., 2020) with an optimum growth rate obtained 

between 14 - 30 g.L-1 (Sigaud & Aidar, 1993). Changes in salinity are known to regulate 

lipid and fatty acid metabolism with low salinity levels resulting in low lipid productivity 

and high salinity levels resulting in an increase in lipid content (Kirst, 1990). For instance, 

increasing salinity levels from 10 - 35 g.L-1 were shown to increase lipid content in 

Isochrysis sp and Nannochloropsis oculata (Renaud & Parry, 1994). Additionally, a 20 

% reduction in protein content per cell was also reported in Tetraselmis seucica with 

increasing salinity (0 to 35 g.L-1) (Fabregas et al., 1984).  These effects are expected to 

promote membrane biosynthesis while decreasing membrane permeability and fluidity 

(Chen et al., 2008; Harwood & Harwood, 1998; Xu & Beardall, 1997). Variations in 
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salinity are considered to affect membrane permeability and fluidity in three possible 

ways:                                                                                                                                                                    

1. By creating osmotic stress as a result of reduced cellular water potential 

(movement of water molecules); 

2. Salt stress caused by the extreme uptake or loss of Na+ and Cl- ions; 

3. Imbalance in the cellular ionic ratio due to the selective ion permeability of the 

membrane ((Chen et al., 2008; Kirst, 1990). 

Variations in salinity play an important role in regulating membrane function by altering 

the composition of sterols and other structural lipids such as phospholipids and 

glycolipids (Parida & Das, 2005). However, there is limited information on the effect of 

salinity on the phytosterol content of microalgae. Of the few studies that have been 

conducted in microalgae it is obvious that changes in salinity induce varied responses in 

different species with Chen et al., (2008) reporting an increase with increased salinity 

stress in Nitzschia laevis while, Francavilla et al., (2010) showed a decrease in sterol 

content for Dunaliella tertiolecta and Dunaliella salina. Indeed, to the best of my 

knowledge and no information is available on the effect of salinity changes on phytosterol 

content and productivity in Phaeodactylum tricornutum.  In this study, the effect of 

salinities at 25 g.L-1 and 35 g.L-1 NaCl on Phaeodactylum culture was assessed. The 

ranges were chosen based on previous studies by Chen et al., (2008) on Nitzchia laevis, 

and Francavilla et al., (2010) on D. tertiolecta and D. salina indicating that optimum 

phytosterol content was found at salinities below 35 g.L-1 NaCl. 

5.2 Materials and methods 

 Please see Chapter 2 - General materials and method for the bulk of the methods 

used in this chapter. The more specific materials and methods are summarised below. 
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5.2.1 Cultivation and culture sampling 

 Phaeodactylum tricornutum CS-29/7 originally maintained in modified F/2 media 

(see Chapter 2 - General materials and methods) was cultivated in modified 2F media at 

35 g.L-1 NaCl salinity for use as a stock culture for this experiment. The culture was then 

transferred to modified 2F culture media at 25 and 35 g.L-1 NaCl, respectively, and 

acclimated for 18 days. Experimental cultures were maintained in 500 mL Schott bottles 

containing 350 mL of culture and an initial cell density of 1 x 106 cells.mL-1. The cultures 

were grown at a light intensity of 300 µmolphotons.m-2.s-1 in a 12:12 h light: dark cycle 

at 25 ± 3 °C and were manually mixed once per day. Four replicates were maintained. 

Cell densities were determined as described in Chapter 2 - General materials and methods. 

An aliquot of the culture (65 mL) was harvested on day 9 (log phase) and day 45 

(stationary phase) and the biomass was used for determination of AFDW, total lipid, and 

total phytosterol as described in Chapter 2 - General materials and methods. A portion of 

the harvested biomass was also used for gene expression analysis as detailed in Chapter 

6 - Relative gene expression of two genes putatively involved in the sterol biosynthetic 

pathway of P. tricornutum CS-29/7.  

5.2.2 Data analysis 

 Studentôs t test was performed between 25 and 35 g.L-1 NaCl salinity treatments 

and within each treatment with 35 g.L-1 considered as the control. All the statistical 

analysis was performed using SigmaPlot (version 14.0). 

5.3 Results  

5.3.1 Effect of salinity on the growth and biomass productivity  

 The growth curves were similar for P. tricornutum cultures at both salinities. 

Specific growth rate was highest (T test, P < 0.05) during log phase growth in both 25 

and 35 g.L-1 salinity and the rate did not appear to be affected by salinity level (Table 
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5.1). As expected, a reduction in the specific growth was observed when cultures moved 

to stationary phase growth (day 45). 

 

 

 

 

 

 

 

 

Figure 5.1: Growth curve of A) 25 and B) 35 g.L-1 NaCl culture conditions. 

Biomass content was not influenced by the variation in salinity levels. The highest 

biomass content was recorded at the stationary phase of growth for both 25 and 35 g.L-1 

conditions and no statistically significant difference was observed in the biomass content 

(T test, P > 0.05). Maximum biomass productivity was obtained during the log phase for 

both the 25 and 35 g.L-1 conditions and no statistically significant differences were found 

in the maximum biomass productivity (Table 5.1, t test, P > 0.05).  
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Table 5.1 Summary of growth and biochemical composition parameter for P. 

tricornutum CS-29/7 grown at 25 and 35 g. L-1 salinity. Values are mean ± SD and 

were analysed at both log and stationary phases of growth. 

Salinity Conditions 25 g.L-1 NaCl 35 g.L-1 NaCl 

Growth phases Log  Stationary Log  Stationary  

Specific growth rate (µ) 0.9 ± 0.01 0.2 ± 0.03 0.9 ± 0.01 0.1 ± 0.02 

Biomass content (g.L-1) 0.16 ± 0.005 0.3 ± 0.02 0.15 ± 0.005 0.3 ± 0.02 

Maximum biomass 

productivity (g.L -1.day-1) 

0.1 ± 0.005 0.05 ± 0.01 0.1 ± 0.003 0.04 ± 0.005 

Maximum Lipid 

productivity (g.L -1.day-1) 

0.1 ± 0.01 0.02 ±0.006 0.1 ± 0.01 0.01± 0.002 

Total lipid content (mg.g-1 

AFDW) 

878.5 ± 53 485.6 ± 71 715.0 ± 81.35 384.1 ± 8.02 

Brassicasterol content 

(mg.g-1 AFDW) 

1.9 ± 0.1 1.7 ± 0.6 2.1 ± 0.2 0.8 ± 0.2 

Ergosterol content (mg.g-1 

AFDW) 

- 0.19 ±0.03 - 0.18 ±0.03 

Total phytosterol content 

(mg.g-1 AFDW)  

1.9 ± 0.12 1.9 ± 0.63 2.1 ± 0.2 1.0 ± 0.23 

Phytosterol in total lipid 

(%)  

0.16 ± 0.1 0.39 ± 0.1 0.24 ± 0.01 0.27 ± 0.06 

Maximum phytosterol 

productivity (g.L -1.day-1) 

243.8 ± 88.5 113.2 ± 45.2 260 ± 97.1 42.7 ± 14 
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5.3.2 Effect of salinity on the total lipid content  

 Total lipid content was significantly 1.2 times higher under low salt conditions 

(25 g.L-1) during log and stationary phases (Figure 5.2, t-test, P < 0.05). Total lipid content 

also varied significantly between the two growth phases for both the 25 and 35 g.L-1 

culture conditions (Table 5.1, t-test, P < 0.05). A severe reduction of 45 and 46 % in total 

lipid content was seen during stationary phase of growth in 25 and 35 g.L-1 respectively 

(T test, P < 0.05). A 2.43 fold increase of phytosterol as a proportion of total lipid was 

observed at the stationary phase, compared to the log phase, in the 25 g.L-1 NaCl cultures. 

Phytosterol as a proportion of total lipid of remained consistent during log and stationary 

phases when the alga was cultured at 35 g.L-1 NaCl condition. 
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Figure 5.2: Total lipid content of P. tricornutum CS-29/7 grown in 25 and 35 g.L-1 NaCl 

5.3.3 Phytosterol content of the microalgae P. tricornutum  CS-29/7 

 Total phytosterol content in log phase growth showed no significant differences 

due to salinity (Figure 5.3, t test, P > 0.05)). However, the sterol content varied 

dramatically between log and stationary phase for cultures grown at 35 g.L-1 with a 52 % 



 

88 
 

decrease in the total phytosterol content in the stationary phase. Phytosterol content 

remained virtually the same for P. tricornutum cultured at 25 g.L-1 salinity.  

 A difference in the composition of phytosterols was observed during log and 

stationary phases for both the salinity conditions studied. Brassicasterol was the only 

sterol identified during the log phase of growth under both salinity conditions (Table 4.1). 

However, the presence of ergosterol was detected during the stationary phase in both the 

conditions studied, constituting approximately 10-18 % of the total phytosterol content. 

As was the case for total phytosterol, the amount of ergosterol was not affected by salinity 

level. However, while brassicasterol content showed no statistically significant difference 

between the log and stationary phase at 25 g.L-1 salinity (T test, P > 0.05), there was 

significant reduction in the amount of brassicasterol observed when the 35 g.L-1 cultures 

shifted from log to stationary phase (T test, P< 0.05). This 62 % decrease in brassicasterol 

content is reflected in the overall decrease found for total phytosterol content. 
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Figure 5. 3: Total phytosterol content of P. tricornutum CS-29/7 grown in 25 and 35 g.L-1 NaCl. 

The maximum phytosterol productivity was obtained during the log phase of both 

conditions but there was no statistically significant difference between the salinity (Table 

5.1, t-test, P > 0.05). However, a severe reduction in productivity (62 %) was observed in 

the 35 g.L-1 NaCl condition compared to the 25 g.L-1 NaCl condition during the stationary 

phase. 

5.4 Discussion  

Changes in the salinity of the culture medium are well known to affect the growth 

rate and biochemical composition of microalgae (Juneja et al., 2013; Kirst, 1990). Such 

effect appears to also be true for the, phytosterol content of microalgae. A study by Qiao, 

Cong et al. (2016) on P. tricornutum Bohlin showed that biomass first increased and then 

decreased with increasing salinity, with a highest biomass obtained at 28 g.L-1 NaCl. The 

decrease in biomass with increasing salinities is proposed as a result of non-adaptability 
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of the organism to higher salinities (Rao et al., 2007). However, in this study, the biomass 

remained stable at both salinity levels during log and stationary phases of growth. A stable 

biomass productivity at 25 compared to 35 g.L-1 NaCl of P. tricornutum indicates that 

this alga may be well adapted to 25 g.L-1 NaCl.  Thus, it is understood that for P. 

tricornutum CS-29/7, that salinities between 25 and 35 g.L-1 NaCl are within the optimal 

salinity levels for growth.  

An increase in total lipid content at 25 g.L-1 NaCl compared to cultures grown at 

35 g.L-1 NaCl in the present study indicates that salinity plays an important role in 

influencing the total lipid content of P. tricornutum. Also, a decrease in total lipid content 

was observed when the culture shifted from log to stationary phase in both 25 and 35 g.L-

1 NaCl. Similarly, a study on diatom Thalassiosira weissflogii showed higher lipid 

production at lower salinity level (25 g.L-1 NaCl) during the exponential phase of growth 

and also observed a reduction in lipid content at the stationary phase of growth in both 25 

and 35 g.L-1 salinity levels (García et al., 2012). Variations in lipid content due to changes 

in the salinity level observed in these studies supports the opinion of Kirst, (1990) that 

changes in salinity regulates lipid metabolism and it is understood that most microalgae 

controls lipid biosynthesis as a physiological resistance strategy to salinity stress (Sajjadi 

et al., 2018).  

The effect of salinity on the algal sterol content has been reported since the 1980ôs, 

mostly from work on Dunaliella species which have been widely studied due to their 

ability to withstand a wide salinity range (21 ï 222 g.L-1 NaCl) (Francavilla et al., 2010; 

Peeler et al., 1989; Zelazny et al., 1995). Only limited information is available on the 

effect of varying salinities on the phytosterol content of other microalgae (see Chapter 1- 

Introduction, Table 1.4 - Culture conditions affecting sterol concentration of microalgal 

species). No difference in the sterol content (mg.g-1 AFDW) was observed in P. 
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tricornutum CS-29/7 at different salinity levels during the log phase in this study 

indicating that variations in salinity donôt have an impact on the phytosterol content at the 

log phase of growth. Whereas, phytosterol content was reduced at the stationary phase in 

35 g.L-1 NaCl. The findings in this study at the log phase of growth were supported by a 

study on D. salina by Peeler et al., (1989) who did not observe any significant variations 

of sterol content at salinities of 49.6, 99.3 and 222 g.L-1 NaCl and a study on Pavlova 

lutheri by Ahmed et al., (2015) that didnôt observe any significant variations of sterol 

content at different salinities (15, 25, 35, 45 g.L-1). Studies on D. salina (UTEX 1644) by 

Peeler et al., (1989) showed no change in phytosterol content by varying salinities (49.6 

to 222 g.L-1 NaCl) (Peeler et al., 1989) which supports the current study on P. tricornutum 

at the log phase of growth where varying salinities did not influence the phytosterol 

content.While, a study by Francavilla, Trotta et al. (2010) on D. salina (a local algal strain 

obtained from Fitoteca of Consiglio Nazionale delle Ricerche (CNR)- Istituto di Scienze 

Marine (ISMAR), Lesina, showed a decreasing trend in phytosterol content with 

increasing salinities (35 to 122 g.L-1 NaCl) However, a decreasing trend in sterol content 

was reported with increase in salinity (10 to 60 g.L-1 NaCl) in P. tricornutum (CCMP632) 

(Jaramillo-Madrid et al., 2020) which support the current study in 35 g.L-1 salinity at the 

stationary phase of growth. Hence, varied responses of different species may be related 

to adaptation capacities of species to changing salinities (Jaramillo-Madrid et al., 2020). 

Although, the salinity levels didnôt have a specific impact on the phytosterol 

content of P. tricornutum in this study, there was a reduction in phytosterol content when 

the culture shifted from log to stationary phase of growth in 35 g.L-1. Phytosterols are 

structural, rather than storage, lipids and it has been hypothesised that phytosterol content 

is linked with the cell volume (da Costa et al., 2017). Cell size varies at different growth 

phases due to membrane expansion and reduction and this should lead to increases or 
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decreases in the amount of sterol present. Membrane expansion and reduction is mainly 

caused by the accumulation or deterioration of biochemical components especially 

storage lipids or carbohydrates, as result of various environmental factors involved during 

culture. It has been reported that increased salinity levels (35 to 65 g.L-1 NaCl) resulted 

in a decreasing trend in the cell volume for P. tricornutum CS-29/7 (Ishika et al., 2018). 

Likewise, a decrease in cell size was noted in Thalassiosira weissflogii with an increase 

in salinity levels from 25 to 50 g.L-1 NaCl (García et al., 2012). A similar trend could be 

expected in this study resulting in a reduction of phytosterol content at the stationary 

phase of 35 g.L-1 NaCl. However, further studies are required to fully understand the 

variation of phytosterol content in only 35 g.L-1 NaCl and not in 25 g.L-1 NaCl at the 

stationary phase of P. tricornutum. 

The composition of sterols was similar under both salinity conditions studied 

indicating that the composition of sterols is not affected by salt concentrations. This report 

was similar to the findings of Jaramillo-Madrid, Ashworth et al. (2020) where the 

principal sterol of P. tricornutum, was not significantly affected by salt concentrations.  

The major sterol observed was brassicasterol as has been the case for previous reports on 

P. tricornutum (Fabris et al., 2014; Jaramillo-Madrid et al., 2020; Rampen et al., 2010). 

The putative biosynthetic pathway of P. tricornutum proposed by Fabris, Matthijs et al. 

(2014) suggests that brassicasterol is synthesised via ergosterol and campesterol. Besides, 

the presence of campesterol was detected in previous studies (Fabris et al., 2014; 

Jaramillo-Madrid et al., 2020; Rampen et al., 2010) whereas it was not detected in this 

study. Hence, assuming the possibilities of an alternate substrate or pathway for 

brassicasterol synthesis where campesterol is not used.  

The detection of ergosterol at the stationary phase for both salinity conditions 

tested is highly interesting as the presence of ergosterol in P. tricornutum species has 
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previously only been reported by Fabris et al. (2014) when the algal culture was treated 

with terbinafine, a chemical inhibitor (used to inhibit of conventional SQE and OSC 

enzymes) while validating the presence of 2,3 epoxy squalene as an intermediate in the 

predicted sterol biosynthetic pathway in P. tricornutum . The presence of ergosterol at 

the stationary phase of growth in this study indicates that ergosterol might be either a 

sterol biosynthetic intermediate or a rapidly turning-over sterol as reported by (Ahmed et 

al., 2015; Zelazny et al., 1995). Hence, this study becomes the first to support the 

involvement of ergosterol in the putative biosynthetic pathway of P. tricornutum 

proposed by Fabris et al. (2014).  

There are only two reports in the literature that detail a change in sterol 

composition as a result of varying salinity. A study by Francavilla, Trotta et al. 2010 on 

D. salina, and D. tertiolecta detected 12 different sterols, of which 4 were considered to 

be major. Those authors observed a 54 ï 61 % decrease in the concentrations of those 

major sterols when the salinity was increased from 35 to 81 g.L-1 NaCl. Major sterol 

concentrations then increased 16 ï 82 % when the salinity was further increased to 122 

g.L-1 NaCl (Francavilla et al., 2010). Similarly, a study on P. lutheri by Ahmed, Zhou et 

al. 2015 detected 19 different sterols, out of which 8 sterols varied 4.8 ï 64.5 % when the 

salinity increased from 15 to 35 g.L-1 NaCl on day 6 of cultivation (Ahmed et al., 2015). 

The compositional difference after an osmotic shock in the previous studies is assumed 

to be a result of the involvement  of particular sterols in the cell recovery process (Ahmed 

et al., 2015). In this study brassicasterol being the only major sterol, is expected to be 

responsible for cell recovery processes after an osmotic shock. Hence, this study has 

helped in understanding the effect of varying salinity levels on the phytosterol content of 

P. tricornutum which should be considered when assessing the commercial scale 

production of sterols. 
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5.5 Conclusion 

Salinity variations did not cause any significant changes in phytosterol production 

during log phase of growth while varied at the stationary phase of growth in the microalga 

P. tricornutum CS-29/7. As in previous reports brassicasterol was the major sterol 

detected in this study. The detection of ergosterol during the stationary phases under both 

the salinity conditions in this study supports the involvement of ergosterol in the proposed 

biosynthetic pathway. Hence, this study will  be helpful in understanding the potential of 

P. tricornutum CS-29/7 for commercial scale production of phytosterols, especially 

brassicasterol.  
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CHAPTER 6 

Combined effect of temperature and salinity on the phytosterol content 

of P. tricornutum CS-29/7 

 

Acknowledgement 

 I acknowledge the assistance of Honours student Mr. Jack Weatherhead in 

carrying out part of this experiment. 

6.1 Introduction 

 Temperature is a significant environmental parameters that affects every aspect of 

aquatic life and the effects involve either an increase in metabolic rate of organisms or 

death of sensitive organisms, depending on the temperature of the water and the extent to 

which the organisms are exposed to the raised temperature (Rajadurai et al., 2005; Teoh 

et al., 2010). Microalgae, being a predominantly aquatic organism, are influenced by 

variations in temperature via alterations in growth and biochemical composition (Juneja 

et al., 2013). The response of microalgae to temperatures changes varied from species to 

species (Renaud et al., 2002). For example, the growth rate was observed to increase in 

Chaetoceros calcitrans when the temperature raised from 6 to 25 °C (Anning et al., 2001). 

In Nannochloropsis oculata the lipid content increased when the temperature was raised 

from 20 to 25 °C while in Chlorella vulgaris the lipid content decreased when the 

temperature was raised from 25 to 30 °C (Converti et al., 2009). An increase in protein 

concentration was observed in Scenedesmus sp. when the temperature was reduced from 

20 to 10 °C (Rhee & Gotham, 1981). Temperature also impact cell size with the cell 

volume found to be increased in Scenedesmus sp. at sub optimal temperatures (Rhee & 

Gotham, 1981). The nutrient uptake efficiency of microalgae is reported to reduce under 

sub optimal temperature (Rhee & Gotham, 1981).  
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Temperature has been reported to influence the sterol content of microalgae. 

However, only a few studies are reported and details of these can be found in Chapter 1, 

Table 4. Apart from the independent effect of temperature on the phytosterol content of 

microalgae, certain interactive effects of temperature and light spectral quality (Véron et 

al., 1996) or temperature and nutrient supply (Piepho et al., 2012) have been studied.  

The optimal temperature for P. tricornutum CS- 29/7 growth has not actually been 

experimentally determined. Yet for various strains such as, P. tricornutum 2038 (Jiang & 

Gao, 2004),  P. tricornutum Bohlin (Qiao et al., 2016), and P. tricornutum (TX-1) 

(Goldman, 1977) the optimal temperature for growth is reported as 20 °C. Hence, in this 

study, I focus on understanding the effect of sub optimal (15 ± 3 °C) and supra optimal 

(25 ± 3 °C) temperatures and the interactive effect of salinities at 25 and 35 g.L-1 NaCl 

on the phytosterol content of P. tricornutum CS-29/7.  

6.2 Material s and methods 

 Please see Chapter 2 ï General materials and methods for the bulk of the methods 

used in this chapter. The more specific materials and methods are summarised below. 

6.2.1 Cultivation set up 

The alga P. tricornutum CS-29/7 was originally maintained in modified F/2 media 

(as described in Chapter 2 - General materials and methods) and was cultivated in 

modified 2F media at 35 g.L-1 NaCl salinity to be used as a stock culture for this 

experiment. The culture was then transferred to modified 2F culture media at 25 and 35 

g.L-1 NaCl, respectively. Each culture was grown at both 15 ± 3 and 25 ± 3 °C and 

acclimated for over 18 days. The experiment was carried out at 15 ± 3 and 25 ± 3 °C in 

modified 2F culture media grown at salinities of 25, and 35 g. L-1 in 500 mL Schott bottles 

with 350 mL of culture and an initial cell density of 1 x 106 cells.mL-1. The cultures were 
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grown at a light intensity of 300 µmolphotons.m-2.s-1 with a 12:12 light: dark cycle and 

were manually mixed once every day by hand. Four replicates were maintained. Cell 

densities were determined as described in Chapter 2 - General materials and methods. A 

portion of the culture (65 mL) was harvested on day 9 (log phase) and the biomass were 

used for determination of AFDW and total phytosterol analysis as described in Chapter 2 

ï General materials and methods.  

6.2.2 Data analysis 

 Studentôs t-test was applied between the 15 and 25 °C temperature treatments 

grown at 25 and 35 g.L-1 NaCl salinity. Data related to the salinity differences at 25 °C 

has been previously discussed in Chapter 5 - Effect of salinity on the phytosterol content 

of P. tricornutum CS-29/7. All the statistical analysis was performed using SigmaPlot 

(version 14.0). 

6.3 Results 

6.3.1 Effect of temperature on the growth and biomass productivity of P. tricornutum  

CS-29/7 grown at 25 and 35 g.L-1 salinities 

The different temperatures had no significant influence on the specific growth rate 

of P. tricornutum CS-29/7 when grown at 35 g.L-1 NaCl (T test, P > 0.05) The specific 

growth rate was significantly higher at the lower temperature (15 ± 3 °C) in the cultures 

grown at 25 g.L-1 salinity (Table 6.1, t test, P < 0.05). On the other hand, the biomass 

content (g.L-1) showed no significant difference between the cultures grown at different 

temperatures in both 25 and 35 g.L-1 salinities (T-test, P > 0.05). The maximum biomass 

productivity was obtained in cultures grown at 25 °C in 25 g.L-1 salinity although this was 

not significantly different to the results for the cultures grown at 35 g.L-1 (T test, P > 

0.05). A 25 % increase in biomass productivity was observed when cultured at 25 g.L-1 

and the temperature was raised from 15 to 25 °C (T-test, P < 0.05). While, no statistical 
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difference was observed for the cultures grown at 15 and 25 °C in 35 g.L-1 NaCl (T test, 

P > 0.05). 

Table 6.1 Specific growth rate, maximum biomass productivity, phytosterol content 

and, maximum phytosterol productivity of P. tricornutum CS-29/7 grown at 15 and 

25 °C under different salinity conditions (mean ± SD).  

Temperature  15 °C 25 °C 

Salinity  25 g. L-1 NaCl 35 g. L-1 NaCl 25 g. L-1 

NaCl 

35 g. L-1 NaCl 

Specific growth rate (µ) 0.96 ± 0.01 0.94 ± 0.02 0.92 ± 0.01 0.93 ± 0.01 

Biomass content (g.L-1) 0.13 ± 0.01 0.14 ± 0.01 0.16 ± 

0.005 

 0.15 ± 

0.005 

Maximum biomass 

productivity (g.L -1.day-1) 

 

0.12 ± 0.01 

 

0.13 ± 0.01 

 

0.15 ± 

0.005 

 

0.14 ± 0.003 

Total phytosterol content 

(mg.g-1 AFDW) 

 

2.8 ± 0.8 

 

1.6 ± 0.3 

 

1.9 ± 0.1 

 

2.1 ± 0.7 

Maximum phytosterol 

productivity (µg.L -1.day-

1) 

 

340 ± 94 

 

208 ± 31 

 

224 ± 97 

 

260 ± 97 

6.3.2 Effect of temperature and simultaneous effect of temperature and salinity on 

phytosterol content of P. tricornutum  CS-29/7 

 Brassicasterol was the only phytosterol identified in this study. There was no 

difference in the phytosterol content (Figure 6.1, Table 6.1) between the two temperatures 

studied individually at 25 (p = 0.127) and 35 g.L-1 NaCl (p = 0.083) salinity (T test, P > 

0.05). An interactive effect of temperature and salinity was observed to influence the 

phytosterol content of microalga P. tricornutum CS-29/7. The phytosterol content of 

microalga was observed to be significantly higher when grown at 15 °C temperature and 

25 g.L-1 NaCl than the cells at 15 °C and 35 g.L-1 NaCl (T test, P < 0.05). A 25 % increase 

in biomass productivity was observed when cultured at 25 g.L-1 when the temperature 
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was raised from 15 to 25 °C (T-test, P < 0.05). No difference was observed between 25 

and 35 g.L-1 NaCl salinities at 25°C temperature (T test, P > 0.05). 
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Figure 6.1: Phytosterol content of P. tricornutum CS-29/7 grown at 15 and 25 °C in 25 and 35 g.L-1 

salinities. 

 Maximum phytosterol productivity was obtained in P. tricornutum cultures grown 

at 15 °C in 25 g.L-1 NaCl (T test, P < 0.05). However, no significant statistical difference 

was observed between the cultures grown at 15 and 25 °C in 25 g.L-1 NaCl (T test, P > 

0.05). 
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Figure 6.2: Maximum phytosterol productivity of P. tricornutum CS-29/7 grown at 15 and 25 °C in 

25 and 35 g.L-1 salinities. 

6.4 Discussion 

Temperature is one of the fundamental factors affecting the algal growth. It is 

reported that under adequate nutrient and light conditions, the optimal temperature for 

maximum growth rate differs from species to species (Singh & Singh, 2015). In this study, 

the specific growth rate was high at 15 °C and maximum biomass productivity at 25 °C 

when grown in 25 g.L-1 salinity, indicating that temperature influences the growth and 

maximum biomass productivity. A study on Isochrysis galbana by (Durmaz et al., 2008) 

observed maximum specific growth at 18 °C than at 26 °C. An individual study on the 

effect of temperature on P. tricornutum also indicates that high growth rate was observed 

at 15 °C rather than at 25 °C (Qiao et al., 2016) similar to the current study. A combined 

study on the effects of temperature and salinity on P. tricornutum shows that along with 

temperature and salinity variations the growth rate and biomass yield also varied (Sigaud 

& Aidar, 1993).  
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Temperature individually didnôt have any influence on the phytosterol content of 

P. tricornutum CS-29/7 in this study and hence does not support previous studies where 

the sterol content of P. tricornutum  and I. galbana was found high when grown at 10 and 

18 °C rather than at 23 and 26 °C,  respectively (Durmaz et al., 2008; Véron et al., 1996). 

In the present study it was interesting to observe a combined effect of temperature (15 ± 

3 °C) and salinity (25 g.L-1 NaCl), with phytosterol content and maximum biomass 

productivity in P. tricornutum CS 29/7 enhanced by 1.5 times compared to cultures grown 

at 25 ± 3 °C and 25 g.L-1 NaCl. It appears that this is the first reported instance of 

combined effect of temperature and salinity on the phytosterol content of microalgae. 

Lowering cultivation temperature has reported to reduce the fluidity in the cell membrane 

(Juneja et al., 2013) and variation in salinity is also known to influence membrane fluidity 

(Kirst, 1990). As sterols are structural lipids, it may be that additional sterols are produced 

to ensure membrane fluidity at an appropriate level in P. tricornutum as temperature and 

salinity were reduced at 15 °C and 25 g.L-1, respectively. Hence, this study helped in 

understanding the simultaneous effect of temperature and salinity on the phytosterol 

content of P. tricornutum which is important to be considered during commercial scale 

production of sterols.  

6.5 Conclusion 

 Temperature as an individual factor did not cause any significant changes on the 

phytosterol content of microalgae P. tricornutum CS 29/7. A 1.5 times increase in the 

phytosterol content and maximum phytosterol productivity was observed when the algae 

were grown at 15 °C in 25 g.L-1 salinity. Hence, the combination of temperature and 

salinity is a significant factor on the phytosterol content and productivity. 

 

 



 

102 
 

CHAPTER 7 

Relative gene expression of two genes putatively involved in the sterol 

biosynthetic pathway of P. tricornutum CS-29/7 

 

7.1 Introduction  

 P. tricornutum is a model diatom for which the whole genome sequence is 

available (Bowler et al., 2008). Also, a sterol biosynthetic pathway has been proposed 

(Fabris et al., 2014). Moreover, the expression profile of 15 genes involved in the earlier 

stages of the pathway, specifically the Mevalonate and Methyl erythritol phosphate 

pathways are known (Kira et al., 2016). These advanced pieces of knowledge and well-

established molecular techniques increase the potential for exploiting this microalga as a 

suitable candidate for metabolic engineering of phytosterols. 

  The sterol content of microalgae changes under different culture conditions, as 

discussed in Chapter 1 - Introduction. However, there is limited information on how the 

expression of genes involved in the sterol biosynthetic pathway of microalgae changes 

under optimal and altered culture conditions. Understanding the dynamics between gene 

expression and sterol content of microalgae grown under diverse culture conditions are 

essential for future metabolic engineering of these organisms for improved phytosterol 

production, and as an alternative commercial source of phytosterols. In the latter stages 

of the putative sterol biosynthetic pathway of P. tricornutum, ergosterol is converted to 

campesterol by the enzyme delta 7 - sterol reductase (ȹ7-sterol reductase), and 

campesterol is transformed to brassicasterol by the enzyme C22-desaturase (Fabris et al., 

2014). All of these three sterols; ergosterol, campesterol and brassicasterol are of 

commercial importance. However, only brassicasterol (99 %) and campesterol (1 %) have 

been detected in metabolome analyses (GC-MS) using cultures of P. tricornutum (Fabris 
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et al., 2014). The role expression of these two significant genes play in the production of 

these sterols in P. tricornutum is not known. In this study, expression of the genes 

encoding the enzymes ȹ7-sterol reductase and C22-desaturase of P. tricornutum CS-29 

at the log, late log and stationary phases of growth under different culture conditions were 

assessed.  

7.2 Methodology 

 A two-step quantitative reverse transcription PCR of RNA extracted from P. 

tricornutum CS-29/7 at the log and late log phases of culture grown under different 

nutrient and salinity conditions was used to assess how gene expression of ȹ7-sterol 

reductase and C22-desaturase is related to the total biomass of sterol content of the 

microalgae.  

7.2.1 Total RNA isolation and purification 

7.2.1.1 Sample preparation 

The algae P. tricornutum CS-29/7 was maintained in modified F/2 medium as 

described in Chapter 2 - General materials and methods. The cell count was estimated 

every 3rd day of the algal growth as in Chapter 2. The cell culture was diluted or 

concentrated based on cell densities to obtain concentrations between 5 x 106 and 2 x 107 

cells suggested as optimal by Qiagen Pty Ltd (Australia) for RNA extraction as from 

yeast. The cultures were then centrifuged (Centurion Scientific, #130623, distributed by 

Perth Scientific Pty Ltd, Australia) at 4000 rpm for 20 minutes, and the supernatant was 

discarded. The pellet was then transferred to a 2 mL centrifuge tube, washed with 1 mL 

of culture media and centrifuged (Eppendorf, #AG 22331, Australia) at 10,000 rpm for 5 

min. The supernatant was discarded, and the centrifuge tubes with pellets were snap-

frozen in liquid nitrogen and stored at -80 °C until RNA was extracted. 
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7.2.1.2 Total RNA isolation 

Total RNA was isolated from the P. tricornutum CS-29/7 pelleted culture and 

purified using the RNeasy Mini Kit (Qiagen Pty Ltd, #74904, Australia) following the 

supplier's protocol described for yeast after different homogenisation procedures. The 

different homogenisation procedures were mainly employed to obtain enough high-

quality RNA for assessment but were not directly compared. Homogenisation involved 

the use of cultures of different cell densities, beads of different sizes and Tissue Lyser 

models at different frequencies (Table 6.2). The beads used for homogenisation were 

soaked in nitric acid for 1 hour, followed by five washes with sterile distilled water and 

drying in an oven at 90 °C overnight. The beads used were 0.1 mm and 0.5 mm 

zirconia/silica beads (Daintree scientific Pty Ltd, #11079101z, #11079105z, Australia) 

and 0.1 mm glass beads (Daintree scientific Pty Ltd, #11079101, Australia). The pelleted 

culture stored at -80 °C were thawed immediately before RNA extraction. Subsequently, 

600 ɛL of tissue lysis buffer (Buffer RLT) was added to each sample and resuspended by 

vortexing. Buffer RLT inactivates RNases and ensures RNA stability at room 

temperature. Each sample with buffer RLT was transferred to tubes containing 600 ɛL of 

beads. The samples were then macerated using two types of tissue lysers (Tissue lyser I 

and Tissue lyser II ï Qiagen, Australia) as in Table 7.2 for 5-10 times per sample. The 

samples were cooled in liquid nitrogen (for 2 secs) after every 1-minute cycle of 

homogenisation. All the optimisation studies were performed in duplicates. 

After homogenisation, the samples were taken out of the Tissue Lyser, and the 

beads allowed to settle. Total RNA was obtained from the supernatant following the 

protocol for the RNeasy Mini Kit. Full centrifuge speed was performed at 20,800 rpm for 

the time specified in the supplier's protocol, and steps with centrifuge speed stated as Ó 

10,000 rpm was achieved at 15,000 rpm. The RNeasy spin column was placed in a new 

1.5 mL centrifuge tube, and the RNA eluted with 25 ɛL of RNase-free water after 
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centrifuging at 15,000 rpm for 1 minute. The RNA elution was repeated, and the second 

elution was collected in the same tube as before. The RNA was then treated with RQ1-

RNase free DNase (Promega, #M6101, Australia) as described by the supplier. The 

quantity and quality of the RNA were assessed with the NanodropTM One 

Spectrophotometer (Thermo Fisher Scientific, #13-400-519, Australia). The integrity of 

the RNA was further assessed using agarose gel (2 %) electrophoresis. The purified total 

RNA was stored at -80 °C until complimentary DNA synthesis.  

7.2.2 Reverse transcription 

Complimentary DNA (cDNA) was synthesised from the stored total RNA using the 

Superscript IV Reverse Transcriptase (Invitrogen, #18090010, Australia) according to the 

supplierôs protocol. Reverse transcription was done with random primers obtained from 

Promega, Australia. For all treatments, 50 ng of the RNA was used for cDNA synthesis. 

Control reverse-transcription (RT) reactions were prepared without template RNA. The 

RT reaction mix was incubated at 52.5 °C (this temperature was selected from a range 

specified in the supplierôs protocol) for 10 min. This was followed by the addition of 1 

ɛL of ribonuclease H (Promega, #M4285, Australia) and incubation at 37 °C for 20 min. 

The synthesised cDNAs were quantified using NanodropTM one spectrophotometer. The 

cDNAs were then stored at -80 °C until PCR/qPCR analyses.   

7.2.3 Quantitative PCRs 

7.2.3.1 Primer designing for qPCRs 

 Expression of two genes encoding the enzymes sterol ȹ7-reductase and C-22 

desaturase previously referred to as PHATRDRAFT_30461 and PHATRDRAFT_51757, 

respectively by Fabris et al. (2014) were studied. The gene sequences used to design 

primers were obtained from the databases of the National Centre for Biotechnology 
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Information (NCBI) with the accession numbers NC_011691.1 and NC_011673.1. The 

primers were designed using Primer 3.0 (https://www.ncbi.nlm.nih.gov/tools/primer-

blast). For each gene, six pairs of primers were designed, as shown in Table 7.1. Also 

listed in Table 7.1 is the primer pair used to amplify the 18S rRNA gene of P. tricornutum 

used as an internal standard for the qPCRs; these primers were based on those reported 

by (Siaut et al., 2007). The primers were synthesised by Integrated DNA Technologies 

(IDT, Singapore).  

Table 7.1.  Gene-specific primer pairs used for the analysis of gene expression of the 

delta 7-reductase, sterol C-22 desaturase, and 18S rRNA of P. tricornutum CS-29/7. 

Gene name, ID Primer 

name 

Primer sequence Predicted 

amplicon 

size 

 

 

 

Delta7- 

reductase,  

PHATRDRAFT

_30461 

(7198241) 

ȹ7-1F 5-ACGGTAGCACCATGACTATC-3 135 bp 

ȹ7-1R 5-CATGCCACACTTCGCAA-3  

ȹ7-2F 5-TCGTCTAAGTAACGACTCGT-3 140 bp 

ȹ7-2R 5-AGAAATACCGAGACTGCATG-3  

ȹ7-3F 5-GACTCGTGAAGAAGTGGTC-3 140 bp 

ȹ7-3R 5-AGAAATACCGAGACTGCATG-3  

ȹ7-4F 5-CCTCTACGCCATGCATCAAG-3 156 bp 

ȹ7-4R 5-TAGGGACCCAAGAAGGCTTC-3  

ȹ7-5F 5-TGGAGTCTCGCCATTCAGAA-3  132 bp 

ȹ7-5R 5-CGAGTTAGTCGCGTCTTGTG-3  

ȹ7-6F 5-TCAAGCCAAGAATCGCATCG-3 117 bp 

ȹ7-6R 5-TGAATGGCGAGACTCGAGAA-3   

 

 

 

 

C-22 desaturase,  

PHATRDRAFT

_51757 

(7199840) 

C-22 1F 5-CACTGGGAACTCAACATTCT-3 135 bp 

C-22 1R 5-ACTGTAGTAGTAGCGTGTGG-3 

C-22 2F 5-TTGCGTCATCATCTCGAAC-3 135 bp 

C-22 2R 5-GATAACATCATGCACGGTTG-3  

C-22 3F 5-ACTCCTCAACGTGTTTATGG-3  135 bp 

C-22 3R 5-TCTGAATAACAAAGCGGGT-3  

C-22 4F 5-CTATCACTGTCGCCAGAGGA-3  116 bp 

C-22 4R 5-AACGGGAAGCCTACCTATCG-3 

C-22 5F 5-TGGGTCTGGCTATCACTGTC-3 136 bp 

C-22 5R 5-TCCAGGCTATCAACGGGAAG-3  

C-22 6F 5-GGAGGGAATTTGCACGGTAG-3  105 bp 

C-22 6R 5-ATTCCAGGCTATCAACGGGA-3  

18S rRNA Q-18S-fw 5-GATCCATTGGAGGGCAAGTC-3 141 bp 

Q-18S-rv 5-ACAGCAACGGCCAACTAAGG-3  
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7.2.3.2 Assessment of primer efficiency and integrity of cDNAs 

The integrity of the synthesised cDNA and the efficiency of the primers were 

assessed by amplifying the two target genes with all the primer pairs in Table 7.1. 

Amounts of cDNA ranging from 5 to 250 ng were used to optimise PCR conditions and 

to determine a common temperature at which amplification efficiencies of any pair of the 

primers were similar to those of the18S RNA. The standard PCRs and quantitative or 

real-time PCRs were conducted with the KAPA Taq PCR (KAPA Biosystems, #BK 1002, 

Asia-Pacific) and were assembled as 25 µL reaction volumes using the components in the 

manufacturerôs protocol. The Syto9 green-fluorescent nucleic acid stain (Thermo Fischer 

Scientific, #S34854, Australia) was the dye used for the qPCRs; the concentration used 

was based on Monis et al. (2005). A master mix containing the appropriate volumes of 

all reaction components (except the primers and template DNA) was prepared to ensure 

uniformity in the sample preparation and to make the process time-efficient. The standard 

PCRs were performed in the Applied BiosystemsTM VeritiTM 96-Well Thermal Cycler 

from Thermo Fisher Scientific, (Australia) and qPCRs in Rotor-gene Q (Qiagen, 

Australia) with the following temperature profile: initial denaturation at 95 °C for 3 

minutes, 40 cycles of denaturation at 95 °C for 30 secs, primer annealing between 52 °C 

and 56 °C (depending on primers used) for 20 secs, extension at 72 °C for 15 secs and a 

final extension at 72 °C for 15 secs. Melt curve analyses were performed to assess the 

efficiency of all the primer pairs following the qPCR; the data were acquired after 40 

cycles of PCR and the peaks from 60 °C to 95 °C were assessed.  

 Amplicons from the standard PCRs were analysed using agarose gel 

electrophoresis following Sambrook et al. (1989) with some modifications. Agarose gels 

(2 %) were prepared using 1x TAE buffer and Sybr Safe (Thermo Fisher Scientific, 

#S33102 Australia). The concentration of DNA binding dye Sybr Safe used was based 
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on the supplierôs instruction. The amplicon sizes were compared to a 100 bp DNA ladder 

(Promega, #G2101, Australia). The gel was run at 65V and the DNA visualised under UV 

light in a transilluminator and photographed. The comparative Ct (2-ȹȹCt) method 

(Schmittgen & Livak, 2008) was used to compare the expressions of the target genes, ȹ7-

reductase and C22-desaturase using the expression of the 18S rRNA as an internal 

control. Primer efficiencies were assessed using the Rotor-Gene 6000 series of version 

1.7 software. 

7.3 Results  

7.3.1 RNA extraction and purification 

 Mechanical disruption of cells is a significant step in isolating and obtaining 

reasonable amounts of good quality RNA. In this study, the use of different sizes of 

zirconia/silica beads at a maximum of 30 Hz resulted in lower than expected yields of 

RNA from all samples used. Hence, glass beads were experimented, although they have 

a lower density than zirconia/silica beads. At the same cell density, 1 mm glass beads 

resulted in higher yield of RNA than when zirconia/silica beads were used to homogenise 

cell pellets at the same frequency of 30 Hz. However, the yields were still too low for 

expression studies.  

To improve yields, glass beads were used with Tissue lyser I at a frequency of 50 Hz at 

different cell densities. This resulted in higher RNA yields even at cell densities lower 

than or similar to the density previously used for homogenisation at 30 Hz. There was 

then corresponding increase in RNA yields with increasing cell densities as seen in 

Procedures 5 and 6 in Table 7.2. From Procedure 4 and 5, it appears the number of 

homogenisation steps may not be as significant as other factors as the yield of RNA from 

cells half as much as, and with fewer homogenisation steps in Procedure 4 produced 
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relatively similar yields in Procedure 5. As expected, increasing the cell density resulted 

in increased RNA yields, as shown for Procedures 4 and 6 (Table 7.2).  

Table 7.2. RNA yield obtained under different homogenising procedures for pelleted 

cultures of P. tricornutum CS-29/7. 

 

7.3.2 Efficiency of primers and validation 

 Standard PCRs were optimised using cDNA concentrations between 10 ng and 

100 ng. At the annealing temperature of 56 °C, a faint band was observed at 10 ng with 

the ȹ7-5 primer pair for the gene ȹ7-reductase (Figure 7.1). Brighter bands were observed 

when concentrations above 20 ng were used. Very faint primer-dimers were observed for 

all concentrations of cDNA after amplification with the C22-5 primer pairs (Figure 7.1).  

Hence, 20 ng of cDNA was used for subsequent PCRs. Figure 7.1. shows amplicons 

observed on agarose gels from standard PCRs using different amounts of cDNA. 

 

 

 

 

 

Procedure Cell 

density 

 

Beads Tissue 

lyser 

model 

Number of 

homogenising 

steps 

Total RNA 

yield (ng) 

1 1.4 x 107 0.1 mm 

zirconia/silica 

Tissue 

lyser II 

(25-30 Hz) 

10 17 

2 1.4 x 107 0.5 mm 

zirconia/silica 

10 162 

3 1.4 x 107 1 mm glass 10 255 

4 5.2 x 106 1 mm glass Tissue 

lyser I (50 

Hz) 

10 507.6 

5 2 x 107 1 mm glass 5 477.5 

6 4.6 x 107 1 mm glass 10 1137 
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Figure 7.1: Agarose gel image of various concentrations of cDNA tested with two primer pairs (ȹ7-

5) and (C22-5). Wells 1-6 consist of ȹ7-5 primer pair with different concentrations of cDNA such as 

1. 10 ng, 2. 20 ng, 3. 50 ng, 4.  100 ng, 5. No template control, 6. Positive control, 7. 100 bp DNA 

ladder. Wells 8-13 consist of C22-5 primer pair with different concentrations of cDNA such as 8.  10 

ng, 9. 20 ng, 10. 50 ng, 11. 100 ng, 12. No template control, 13. Positive control. 

All the primer pairs produced a single, expected amplicon at the annealing 

temperature of 56 °C (Figure 7.2), so this temperature was used to assess the efficiency 

of the primers in the qPCRs.  

 

 

 

  1         2         3         4         5       6        7        8        9       10       11       12      13     
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Figure 7.2: Agarose gel image of all primers tested at 56 °C. Well 1. C22-1 primer pair, 2. Negative 

control for C22-1 primer pair, 3. C22-2 primer pair, 4. Negative control for C22-2 primer pair, 5. 

C22-3 primer pair, 6. Negative control for C22-3 primer pair, 7. 100 bp DNA ladder, 8. ȹ7-4 primer 

pair, 9. Negative control for ȹ7-4 primer pair, 10. ȹ7-5 primer pair, 11. Negative control for ȹ7-5 

primer pair, 12. ȹ7-6 primer pair, 13. Negative control for ȹ7-6 primer pair, 14. ȹ7-1 primer pair, 

15. Negative control for ȹ7-1 primer pair, 16. ȹ7-2 primer pair, 17. Negative control for ȹ7-2 primer 

pair, 18. ȹ7-3 primer pair, 19. Negative control for ȹ7-3 primer pair, 20. C22-4 primer pair, 21. 

Negative control for C22-4 primer pair, 22. 100 bp DNA ladder, 23. C22-5 primer pair, 24. Negative 

control for C22-5 primer pair, 25. C22-6 primer pair, 26. Negative control for C22-6 primer pair, 27. 

18S rRNA primer pair, 28. Negative control for 18S rRNA primer pair.  

The expected amplicons with strong band intensities without primer-dimers were 

observed for the ȹ7-6 primer pair (gene ȹ7-reductase) and the primer pair for 18S rRNA. 

Hence, these primer pairs were selected for quantification of the ȹ7-reductase gene. 

However, the expected amplicon for the primer pairs C22-2 and C22-3, without primer-

dimers were obtained only with a higher concentration of cDNA (50 ng) and at 52 °C. 

Fortunately, the primer pair for the 18S rRNA was also efficient at 52 °C. Thus, the 

primers pairs C22-2 and C22-3 were used at 52 ÁC whereas ȹ7-6 primer was used at 56 

ÁC for melt curve analysis and to confirm the primersô efficiencies using quantitative 

PCR. To be able to conduct gene expression analyses of both genes and to directly 

compare the results, the efficiency of the primer pairs of ȹ7-6 was also assessed at 52 °C. 
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The melt curve analyses showed a robust primer-dimer formation of ȹ7-6 primer pair at 

52 °C, indicating quantitative analyses of the gene could not be done at this temperature. 

Consequently, a series of dilutions of cDNA from 0.01 ng to 20 ng (0.01, 0.1, 5, 10 and 

20 ng) were used to study the effects of low concentrations of DNA on the efficiency of 

the primers in qPCRs at the annealing temperatures of 56 °C  and 52 °C respectively for 

the ȹ7-6 and the C22-2, C22-3 primer pairs along with 18S rRNA.  

At very low DNA concentrations (< 5 ng), there was primer-dimer formation for 

the ȹ7-6, C22-2 and C22-3 primer pairs. Increasing the range of DNA amounts for the 

dilution series from 5-100 ng (5, 10, 25, 50 and 100) for the C22-3 primer pair at the 

annealing temperature of 52 °C yielded better results. Similarly, adjusting the DNA 

amounts from 5-250 ng (5, 10, 25, 50, 100, 200 and 250 ng) for C22-2 primer pair 

eliminated primer-dimer formation as demonstrated in Figure 3 with a template DNA of 

200 ng. Also, when the ȹ7-6 primer pair was tested with the 5-25 ng range of template 

concentrations, no primer-dimer formation was observed; demonstrated in Figure 4 when 

PCRs were done with 150 ng of cDNA. In similar reactions for C22-2 and ȹ7-6 sets of 

primers as discussed above, the 18S RNA primers amplified the expected products 

without any primer dimer. Following optimisation of the primers, 200 ng and 150 ng of 

cDNAs were used in reactions with the C22-2 and ȹ7-6 primer pairs respectively at 52 

°C and 56 °C for relative gene expression in P. tricornutum CS-29/7 cultures grown under 

different conditions. 
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Figure 7.3: Melt curve image of C22-2 primer pair with a template concentration of 200 ng at 

annealing temperature 52 °C. X-axis ï temperature (°C), Y-axis ï dF/dT. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4: Melt curve image of ȹ7-6 primer pair with a template concentration of 150 ng at annealing 

temperature 56 °C. X-axis ï temperature (°C), Y-axis ï dF/dT. 

7.3.3 Relative gene expression analyses 

 The responses of the genes ȹ7-reductase and C22-desaturase under different 

nutrient levels and salinity conditions were examined separately in this study. Different 

nutrient levels, as described in Chapter 4, included the comparison between F/2, F and 2F 
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at log phase and late log phase. Likewise, the cultures grown at 25 and 35 g.L-1 NaCl 

salinity, as described in Chapter 4, were compared at the log and stationary phases of 

growth.  

7.3.3.1 ȹ7-reductase and C22-desaturase gene expression at three nutrient levels 

Expression of the genes at the F/2 culture condition was considered as the control 

and compared to those in the F and 2F conditions. The highest expression of both genes 

was observed at the late log phase for all the culture conditions as shown in the delta Ct 

values in Figure 7.5. For the ȹ7-reductase gene, the highest expression was observed in 

the F culture condition at the late log phase of growth, while at the log phase, the 

expression was highest in the control condition. However, for the C22-desaturase gene, 

the control condition had the highest expressions at both the log and late log phases of 

growth. Notably, expression of both genes was lowest in the 2F culture conditions at both 

the log and late log stages of growth.  

 

 

 

 

 

 

 

 

Figure 7.5: Relative expression of the (A.) ȹ7-reductase gene and (B.) C22-desaturase gene in F/2, F 

and 2F cultures at the log and late log phases of growth. 
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7.3.3.2 Fold change in the expression of ȹ7-reductase and C22-desaturase under 

different nutrient levels 

  The fold change was also calculated and depicted in Figure 7.6. It was observed 

that in F condition the gene delta 7-reductase was down-regulated at the log phase while 

it was upregulated at the late log phase of growth compared to F/2 condition. Whereas, 

in the 2F condition, the gene delta 7-reductase was down-regulated at both log and late 

log phases growth. Similarly, the gene C22-desaturase was observed to be down-

regulated in F and 2F culture conditions at the log and late log phases of growth.   

 

 

 

 

 

 

 

 

Figure 7.6: Fold change in gene expression of (A.) ȹ7-reductase gene and (B.) C22-desaturase gene 

under different nutrient levels at the log and late log phases of growth. 

7.3.3.3 ȹ7-reductase and C22-desaturase gene expression at two salinities 

 Expression of the two genes in the algal cultures grown at the salinities 25 and 

35 g.L-1 NaCl, as described in Chapter 5, were compared at the log and stationary phases 

of growth. Expression of both genes was higher in the 25 g.L-1 NaCl culture at both stages 

of growth with similar fold changes for both genes (Figure 7.7).  
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Figure 7.7: Relative expression pattern of ȹ7-reductase and C22-desaturase genes in 25 and 35 g.L-1 

NaCl algal cultures at the log and stationary phases.  

7.3.3.4 Fold change in gene expression of delta 7- reductase and C22-desaturase at 25 

g.L-1 NaCl condition 

According to the fold change calculations, it was observed that the gene ȹ7-

reductase and the gene C22-desaturase was upregulated as seen in Figure 7.8 during log 

and stationary phases of growth in 25 g.L-1 NaCl condition compared to 35 g.L-1 NaCl 

condition. 

 

 

 

 

 

 

 

Figure 7.8: Fold change in the gene expression of (A) ȹ7-reductase and (B) C22 desaturase grown in 

25 g.L -1 NaCl salinity condition during log and stationary phases of growth.  
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7.3.4 Expression of ȹ7-reductase and C22-desaturase genes and phytosterol content 

 As discussed in Chapter 4 ï The effects of different nitrogen and phosphorus 

concentrations on the phytosterol content of P. tricornutum CS-29/7, phytosterol content 

(mg.g-1 AFDW) remained invariable during the log and late log phases of growth in all 

the three nutrient conditions studied with brassicasterol being the only sterol detected. 

Under these conditions, however, expression of the ȹ7-reductase and C22-desaturase 

genes varied during the two phases of growth. The nutrients removed were virtually the 

same in all the nutrient conditions. Therefore, it can be concluded that the nutrient levels 

and the phases of growth of P. tricornutum CS-29/7 may have influenced the expression 

of both ȹ7-reductase and C22-desaturase genes but not the phytosterol content. It cannot 

be ruled out that the expression of the genes under these growth conditions is not related 

to phytosterol content. In other words, production of no particular phytosterol can be 

attributed to the expression of either of the genes in the nutrient conditions under which 

the experiments were carried out. 

 The results in Chapter 5- The effect of salinity on the phytosterol content of P. 

tricornutum CS-29/7 show there was higher total phytosterol content in the cultures 

grown under 25 g.L-1 NaCl than the culture with 35 g.L-1 salinity at the stationary phase 

of algae growth.  There was no significant difference in the total phytosterol content 

assessed at the log and stationary phases of each of the cultures at the different salt 

concentrations. However, expression of both the ȹ7-reductase and C22-desaturase genes 

were higher at the stationary phase of the 25 g.L-1 NaCl condition indicating higher salt 

content may have impacted the expression of the genes, but this difference may not have 

affected the phytosterol content.  Also, the presence of ergosterol detected in addition to 

brassicasterol at the stationary phases of both 25 and 35 g.L-1 NaCl conditions cannot be 

attributed directly to expression patterns of the ȹ7-reductase and C22-desaturase genes.  
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7.3.5 An overall comparison of culture conditions in both nutrient and salinity 

conditions 

 Basic culture conditions such as culture media, the irradiance of light, temperature 

and salinity used for growth of P. tricornutum CS-29/7 during nutrient and salinity 

treatments were compared and represented in Table 7.3. A comparison of total phytosterol 

content between nutrient and salinity treatments indicate that salinity conditions had 

higher phytosterol content than the nutrient conditions. An upregulation of ȹ7-reductase 

and C22-desaturase genes was observed when the salinity was reduced rather than 

increase in nutrients. 
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Table 7.3 Comparison of culture conditions in nutrient and salinity treatments studied (mean ± SD). Temp- temperature, L. log- late log, 

ˆ- downregulation, ƶ- upregulation, S-stationary phase. 

Conditions  Culture media Light (µmol 

photons m2.s-1) 

Temp 

(°C) 

Salinity 

(g.L-1 NaCl) 

Phytosterol content 

(mg.g-1 AFDW) 

 

Gene expression 

 

Nutrient conditions 

Growth phases ȹ7-reductase C22- desaturase 

Log L. log Log L. log Log L.  log 

F/2 Modified F/2 150  

 

 

25 ± 3 

 

 

 

35 

0.8 ± 0.2 0.8 ± 0.1 Control Control 

F Modified F 150 1 ± 0.1 0.9 ± 0.1 ˆ ƶ ˆ ˆ 

2F Modified 2F 150 1 ± 0.3 0.8 ± 

0.08 

ˆ ˆ ˆ ˆ 

Salinity conditions Log S Log S Log S 

25 g.L-1 NaCl Modified 2F 300  

 

25 ± 3 

25 1.9 ± 0.1 1.9 ± 0.6 ƶ ƶ ƶ ƶ 

35 g.L-1 NaCl Modified 2F 300 35 2.2 ± 0.2  1.04 ± 

0.2 

Control Control 
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7.4 Discussion 

 Nutrient availability influences the growth and development of microalgae. 

Nitrogen and phosphorus, the fundamental nutrients, are reported to affect the sterol 

content of microalgae (Breteler et al., 2005; Kilham et al., 1997). However, only limited 

information is available on the effect of nutrients on the sterol content of microalgal 

species, and the results available until now appear to be contradictory. Therefore, it is 

important to understand how changes in nitrogen and phosphorus level impact on sterol 

content in microalgae and how the expression of some genes may influence the process. 

The results may be of commercial significance as any favourable changes may improve 

large-scale production of phytosterols from microalgae.  

The nutrient studies indicated that ȹ7-reductase and C22-desaturase genes were 

actively transcribed at all the concentrations of nitrogen and phosphorus used. Expression 

of the C22-desaturase gene was downregulated when the nutrient concentrations were 

increased whereas, expression of the delta 7-reductase gene varied during the log and late 

log phases of the P. tricornutum CS-29/7 growth. In the log phase, the ȹ7-reductase gene 

was downregulated when the nutrient concentrations were increased. This result is similar 

to the reported expression of the gene in the microalgae Nannochloropsis oceanica, 

referred to in that study as DWF5-g9012, under a nitrogen depletion condition (Lu et al., 

2014). In contrast, at the late log phase of low (F/2) and high (2F) nutrient concentrations, 

the gene delta 7-reductase was downregulated, whereas at F nutrient condition the gene 

was upregulated. The reason behind the varied expression of the genes between the 

nutrient conditions involved in the sterol biosynthetic pathway in this study is unclear. 

Still, factors that generally influence the gene expression such as randomness of 

transcription and translation, molecules within the cell, signalling molecules from 
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surrounding cells and the environment may play a role in the varied gene expression 

(Swain et al., 2002). 

For a gene, the biochemical reactions controlling transcription and translation 

would occur differently in similar cells regardless of constant environments (Elowitz et 

al., 2002; Swain et al., 2002). Also, concentration, activity level and state of certain 

molecules within the cell such as RNA polymerases, proteins, ribosomes and mRNA 

degrading machinery modulate gene expression (Elowitz et al., 2002; Swain et al., 2002). 

Hence, stochasticity in gene expression contributes extensively to the overall variation 

within a system. 

Salinity is a significant environmental factor influencing the growth and 

productivity of microalgae. Thus variations in salinity are reported to affect the 

biochemical composition of microalgae, including the sterol content (Bartley et al., 2013; 

Chen et al., 2008). However, only limited information is available on the effect of 

variations in salinity on the sterol content of microalgae. Hence, it is important to 

understand the influence of salinity variations on the sterol content as it may help in 

determining the appropriate salinity range for improved sterol production. The genes for 

the ȹ7-reductase and C22-desaturase were expressed actively at 25 and 35 g.L-1 NaCl 

salinities. Both genes were upregulated when the salinity was decreased to 25 g.L-1 NaCl. 

Further increase in expression was observed during the stationary phase of growth 

compared to the log phase of growth for the two genes studied. Correspondingly, the 

sterol content was higher in 25 g.L-1 NaCl condition during the stationary phase of 

growth. Metabolome analyses on Dunaliella species show that the sterol content was 

highest at a lower salinity (21 g.L-1) than at 71 g.L-1 (Bacchetti et al., 2011; Francavilla et 

al., 2010) supporting the trend in the current study. Also, it is assumed that cells 
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accumulate sterols at low salinity as a result of adaptation and thus helping the cell 

membranes to maintain the rigidity and permeability.  

The two genes studied were highly expressed at the late logarithmic or stationary 

phase of growth independent of the total phytosterol produced. This result is supported 

by the findings of Lu et al. (2014) were out of the 10 genes studied 8 of them were 

transcriptionally upregulated at the late-log phase including that for the sterol ȹ7-

reductase (DWF5-g9012) of N. oceanica (Lu et al., 2014). Most of the studies on the 

metabolome analyses reveal that sterol content is highest at the stationary phase of growth 

of various microalgae including P. tricornutum (Ballantine et al., 1979; da Costa et al., 

2017; Dunstan et al., 1993; Mansour et al., 2003). In contrast, this current study showed 

that the phytosterol content remains consistent during various culture conditions at 

different phases of growth as seen in nutrient and the salinity conditions. Previous study 

claim that the altered sterol content at different phases of growth may be related to cell 

volume and size occurring due to membrane expansion and reduction (da Costa et al., 

2017). The reason for consistent phytosterol content during various culture conditions at 

different growth phases is unclear in this study 

  An overall comparison of basic culture conditions between nutrient and salinity 

treatments indicated that compared to nutrient conditions, the total phytosterol content in 

salinity conditions are higher. It was assumed due to the influence of light irradiance of 

300 µmol photons m2.s-1 as it was the only different condition provided in the salinity 

treatments. Previous studies on a green algae Dunaliella viridis by (Gordillo et al., 1998) 

and a diatom Thalassiosira pseudonana by (Brown et al., 1996) also reported an increase 

in phytosterol content when the light intensities were increased. IPP a precursor of sterol 

biosynthesis is synthesised either via classical MVA/MEP only or both pathways 

collectively as mentioned in Chapter 1 - Introduction. The MEP pathway is hypothetically 
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related to photosynthesis by (Disch et al., 1998) as it is associated with the chloroplast. 

(Piepho et al., 2010) observed an increase in phytosterol content of a green alga 

(Scenedesmus quadricauda) and a diatom (Cyclotella meneghiniana) at higher light 

intensities and suggested that higher light intensities promote sterol synthesis via the MEP 

pathway. P. tricornutum is known to have both MVA and MEP pathways for IPP 

synthesis (Cvejiĺ & Rohmer, 2000; Lohr et al., 2012). Hence, in the current study also, it 

is assumed that high light intensity may have stimulated the IPP production via the MEP 

pathway, thus observing an overall increase in the total sterol content in salinity 

treatments. Besides, the presence of ergosterol identified only at the stationary phase of 

25 and 35 g.L-1 NaCl is also supposed to be the influence of irradiance of light. This 

finding is also supported by a study on N. oceanica, where irradiances of light influences 

the sterol composition of microalgae (Lu et al., 2014). Although the role of specific 

phytosterols in the cells are unknown yet, it is suggested that variations in the sterol 

composition can be related to changes in the environmental conditions (Lu et al., 2014; 

Piepho et al., 2010). Compared to an increase in nutrient levels, a decrease in salinity 

level resulted in upregulation of both ȹ7-reductase and C22-desaturase genes. However, 

an increase in total phytosterol content was not observed compared to its control 

treatment.  

To my knowledge, this research is the first one to study the expression of ȹ7-

reductase from P. tricornutum CS-29/7 under different nutrient concentrations and 

salinity conditions. The genes studied were observed to be upregulated and 

downregulated under different culture conditions. At the same time, their activity may 

not be related to total sterol content under the conditions studied and hence assumes the 

possibilities which are discussed further. The proposed sterol biosynthetic pathway in P. 

tricornutum shares similarities between fungal and plant sterol biosynthetic pathways 
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(Fabris et al., 2014). In accordance with the proposed biosynthetic pathway of P. 

tricornutum, ergosterol is converted to campesterol by ȹ7-reductase and further to 

brassicasterol by C22-desaturase (Fabris et al., 2014). In land plants, brassicasterol is 

synthesised via cycloartenol, episterol and campesterol/epi-campesterol while in fungi, 

ergosterol is produced via lanosterol and episterol (Desmond & Gribaldo, 2009). In land 

plants, ȹ 7-reductase is involved in the conversion of 5-dehydroepisterol to 24-methylene 

cholesterol, which is the campesterol precursor and the enzyme C22-desaturase is 

involved in the conversion of campesterol to brassicasterol whereas, in fungi, C22-

desaturase is involved in the conversion of 5,7,24(28)-ergostatrienol (5-dehydroepisterol) 

to 5,7,22,24(28)-ergostatetraenol, an antepenultimate step in the ergosterol biosynthesis 

pathway (Desmond & Gribaldo, 2009). Besides, fungi lack sterol ȹ 7-reductase and hence 

produces ergosterol a delta 5,7 sterol (Silvestro et al., 2013). A study carried out by 

(Silvestro et al., 2013) showed that the gene for the ȹ7-reductase (also known as gene 

DWARF5 in land plants) obtained from A. thaliana could be actively transcribed in  

Saccharomyces cerevisiae (fungi) resulting in the accumulation of brassicasterol and 

campesterol which are generally absent in fungi along with the ergosterol synthesis. 

Hence, highlighting the possibilities of two pathways in a species with the same precursor 

episterol. The presence of ergosterol under specific culture conditions (25 and 35 g.L-1 

NaCl at the stationary phase) in this study and the presence of episterol as the common 

precursor for both campesterol (land plants) and ergosterol (fungi) supports a 

modification of the current putative sterol biosynthetic pathway of P. tricornutum as 

depicted in Figure 7.9.  In the suggested alternate pathway for P. tricornutum, episterol 

is assumed to branch into two separate paths via campesterol and ergosterol for 

brassicasterol synthesis. 
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In land plants, the cytochrome P450s belonging to the CYP710 family has been 

identified and characterised with C22-desaturase activity (Morikawa et al., 2006). A study 

on CYP710A1 and CYP710A2 genes which exhibited C22-desaturase activity in A. 

thaliana show that CYP710A2 is responsible for brassicasterol synthesis from 

campesterol/epi-campesterol and stigmasterol from ɓ-sitosterol. At the same time, 

CYP710A1 produces only stigmasterol from ɓ-sitosterol (Morikawa et al., 2006). 

Similarly, in the proposed alternate pathway, both ȹ7-reductase and C22-desaturase are 

assumed to act on different substrates which may or may not be active, resulting in gene 

expression not related to the overall sterol produced. Further elaborate studies are needed 

to provide more information on the sterol biosynthetic genes of P. tricornutum, to 

understand the rate-limiting steps in the sterol biosynthesis pathway; thus, providing 

metabolic engineering opportunities for enhanced phytosterol production. It may also 

help in better understandings of the phytosterol biosynthetic pathway of microalgae. 

Figure 7.9. A. The final phase of brassicasterol biosynthesis in P. tricornutum based on putative 

phytosterol biosynthetic pathway proposed by Fabris et al. (2014). B. The final phase of the modified 

brassicasterol pathway in P. tricornutum based on this study. 
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7.5 Conclusion 

 The gene expression analysis of two genes involved in the sterol biosynthetic 

pathway of P. tricornutum CS-29/7 was studied using RT-qPCR, and it is understood that 

genes of both ȹ 7- reductase and C22-desaturase are transcribed. However, it appears the 

expression of the genes do not fully control the overall sterol produced under the 

conditions studied as the levels of sterol produced could not be correlated with the activity 

of the genes. Many other factors, including expression of other genes and possible factors 

limiting the translation of the two enzymes, may play a part in the level of sterol content 

produced under different salt and nutrient conditions. Also, it is possible an alternate 

pathway other than a current one proposed for the microalgae studied may exist- this is 

based on the sterols identified from analyses (Fabris et al., 2014). Also, knowledge on the 

gene expression profile of ȹ7-reductase and C22-desaturase grown under different 

nutrient concentrations and different salinities provide a foundation for identifying the 

possible target genes for metabolic engineering towards increasing the probabilities of 

commercialisation of phytosterols from the microalga P. tricornutum CS-29/7. 
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Chapter 8 

Conclusion and Future directions 

8.1 General Conclusion 

 The cholesterol-lowering properties of phytosterols have raised an interest in the, 

pharmaceutical, nutraceutical and functional food industries. The current commercial 

sources of phytosterols are vegetable oil and tall oil obtained from higher plants. 

Obtaining phytosterols from the higher plants is not sustainable due to the extensive need 

for agricultural land and fresh water required to grow those crops. Hence, there is a need 

for an alternate source of phytosterols. Microalgae are reported to produce phytosterols 

that have the same efficacy as those isolated from higher plants and there is also the 

possibility to enhance sterol content by manipulating culture conditions. This creates an 

opportunity for microalgae to be considered as a potential commercial source of 

phytosterols. The faster growth rate and increased biomass productivity of microalgae 

compared to higher plants, easy cultivability on land unsuitable for agriculture and culture 

in water inappropriate for human consumption should ensure a competitive advantage of 

microalgae over other sources. However, a lack of information on how phytosterols are 

affected by culture conditions is the main limitations to commercialising phytosterols 

from microalgae. Hence, in this study I looked at the effect of various culture conditions 

such as light, nutrient concentrations, salinity and temperature on the phytosterol content 

of a potential microalgae. The thesis then links the culture level parameters to biochemical 

and genetic changes within the cell to achieve a better understanding of how to enhance 

phytosterol production and for future metabolic engineering of microalgae toward that 

goal. 
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In this study Phaeodactylum tricornutum CS-29/7 was selected. This species was 

chosen based on the presence of sterols of commercial importance, successful growth in 

outdoor conditions, availability of information on the proposed sterol biosynthetic 

pathway/-sterol biosynthetic genes, and the existence of molecular biology tools for 

genetic/metabolic or reverse genetics. 

 The results on biochemical analysis showed that the phytosterol content in P. 

tricornutum CS-29/7 varied according to the culture conditions implemented. 

Brassicasterol was the major sterol, although the presence of ergosterol was also detected 

at the stationary phase during salinity studies. The optimal culture conditions for 

enhanced phytosterol production from P. tricornutum were determined to be 25 g.L-1 

NaCl salinity in modified 2F culture media using white light at 300 µmolphotons.m-2.s-1 

and 15 °C. These conditions resulted in 1.5 times higher phytosterol content and 

maximum phytosterol productivity than the cells grown under 25 g.L-1 at 25 °C or 35 g.L-

1 at 15 °C in modified 2F culture media using white light at 300 µmolphotons.m-2.s-1. A 

simultaneous effect of salinity and temperature was shown to influence the phytosterol 

content and maximum phytosterol productivity more than any of the other conditions 

studied individually. Phytosterol content was also influenced by different wavelengths of 

light and varying salinity. Individual study on the effect of light resulted in white light 

producing 3 times more phytosterol than red light. Whereas an individual study on 

variation of salinities reduced the phytosterol content and maximum phytosterol 

productivity by 52 ï 62 % when grown at the stationary phase of 35 g.L-1 salinity than 25 

g.L-1 salinity.  However, different irradiances of light (60, 160 and 260 µmolphotons.m-

2.s-1), different nitrate and phosphate concentrations (F/2, F and 2F) and variations in 

temperature (15 and 25 °C) individually didnôt have any significant influence on the 

phytosterol content of P. tricornutum. The biochemical studies on P. tricornutum grown 
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under different culture conditions indicate that wavelength of light, salinity and 

temperature are significant factors to be considered for phytosterol production. 

  Although, the sterol profile of P. tricornutum under certain culture conditions 

were known prior to this study, no information on the expression profile of the genes 

involved in the sterol biosynthetic pathway were available. In this study, the relative gene 

expression of delta 7 ï reductase and C22 ï desaturase, which are hypothesised to be 

involved in the conversion of ergosterol to campesterol and from campesterol to 

brassicasterol, respectively, were studied at the different nutrient concentrations and at 

varying salinity conditions. Both the genes were actively transcribed and to the best of 

my knowledge this is the first study on delta 7 ï reductase gene expression in P. 

tricornutum.  

The delta 7 - reductase gene was down regulated when the nutrient concentration 

increased during the log phase of growth whereas during the late log phase of growth the 

delta 7 - reductase gene was upregulated under F nutrient conditions and down regulated 

in the 2F condition. Conversely, the C22- desaturase gene was down regulated with 

increasing nutrient concentrations at both log and late log phase of growth. Under varying 

salinity conditions both delta7- reductase and C22 desaturase genes were upregulated as 

salinity level decreased. The expression profile of delta7 ï reductase and C22- desaturase 

genes studied under different nutrient concentrations and varying salinities showed that 

the genes do not fully control the overall sterol produced as the activity of the genes could 

not be correlated with the sterols produced. Many other factors, including expression of 

other genes and possible factors limiting the translation of two enzymes which may take 

part in the level of sterol content produced under different culture conditions studied. 

Also, proposes the possibilities of an alternate pathway for brassicasterol synthesis other 
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than the current one. Further studies are therefore warranted on understanding the sterol 

biosynthetic pathway of P. tricornutum.  

8.2 Future directions 

 This study clearly showed that the phytosterol productivity in Phaeodactylum 

tricornutum CS-29/7 can be enhanced under optimised culture conditions and hence can 

be considered as an alternate commercial source of phytosterols. Considering that the 

current study was carried out under laboratory conditions, and the limited information on 

the sterol biosynthetic pathway, further research works needs to be done in the following 

areas to increase the potential of commercial phytosterol production from P. tricornutum. 

1. Validating the sterol biosynthetic pathway of P. tricornutum and more studies on 

the gene expression profili ng under various culture conditions for understanding 

the mechanisms of phytosterol production and for future metabolic engineering to 

improve phytosterol production. 

2. More studies involving various induction methods such as UV light, simultaneous 

effect of light and nutrients, etc. should be conducted in order to identify other 

useful tools for enhancing phytosterol accumulation. 

3. Developing economically sustainable methods for harvesting of microalgae and 

extraction of phytosterols.  

4. A detailed techno-economic analysis on phytosterol production from P. 

tricornutum. 

 

 

 



 

131 
 

References 
 

Ahmed, F., Schenk, P.M. 2017. UVïC radiation increases sterol production in the 

microalga Pavlova lutheri. Phytochemistry, 139, 25-32. 

Ahmed, F., Zhou, W., Schenk, P.M. 2015. Pavlova lutheri is a high-level producer of 

phytosterols. Algal Research, 10, 210-217. 

Allied Market Research. 2017. Phytosterols market by material type (sitosterols, 

campesterols, stigmasterols and others), and by application (food, 

Pharmaceuticals, Cosmetics, and Feed) - Global Opportunity Analysis and 

Industry Forecast, 2014-2022, Vol. 2019. 

Anning, T., Harris, G., Geider, R. 2001. Thermal acclimation in the marine diatom 

Chaetoceros calcitrans (Bacillariophyceae). European Journal of Phycology, 

36(3), 233-241. 

Atabani, A.E., Silitonga, A.S., Badruddin, I.A., Mahlia, T., Masjuki, H., Mekhilef, S. 

2012. A comprehensive review on biodiesel as an alternative energy resource and 

its characteristics. Renewable and sustainable energy reviews, 16(4), 2070-2093. 

Bacchetti, T., Masciangelo, S., Bicchiega, V., Bertoli, E., Ferretti, G. 2011. Phytosterols, 

phytostanols and their esters: from natural to functional foods. Mediterranean 

Journal of Nutrition and Metabolism, 4(3), 165-172. 

Bajhaiya, A.K., Moreira, J.Z., Pittman, J.K. 2017. Transcriptional engineering of 

microalgae: prospects for high-value chemicals. Trends in biotechnology, 35(2), 

95-99. 

Balat, M. 2011. Potential alternatives to edible oils for biodiesel productionïA review of 

current work. Energy Conversion and Management, 52(2), 1479-1492. 

Ballantine, J.A., Lavis, A., Morris, R.J. 1979. Sterols of the phytoplanktonðeffects of 

illumination and growth stage. Phytochemistry, 18(9), 1459-1466. 

Barclay, W., Weaver, C., Metz, J., Hansen, J. 2010. Development of a docosahexaenoic 

acid production technology using Schizochytrium: historical perspective and 

update. in: Single cell oils, Elsevier, pp. 75-96. 

Barrett, S.M., Volkman, J.K., Dunstan, G.A., LeRoi, J.M. 1995. Sterols of 14 Species of 

marine diatoms (bacillariophyta) 1. Journal of Phycology, 31(3), 360-369. 

Bartley, M.L., Boeing, W.J., Corcoran, A.A., Holguin, F.O., Schaub, T. 2013. Effects of 

salinity on growth and lipid accumulation of biofuel microalga Nannochloropsis 

salina and invading organisms. Biomass and Bioenergy, 54, 83-88. 

Bartual, A., Gálvez, J.A. 2003. Short-and long-term effects of irradiance and CO2 

availability on carbon fixation by two marine diatoms. Canadian journal of 

botany, 81(3), 191-200. 

Bashir, K.M.I., Kim, M.-S., Stahl, U., Cho, M.-G. 2016. Microalgae engineering toolbox: 

selectable and screenable markers. Biotechnology and bioprocess engineering, 

21(2), 224-235. 

Bhalamurugan, G.L., Valerie, O., Mark, L., Bhalamurugan, G.L., Valerie, O., Mark, L. 

2018. Valuable bioproducts obtained from microalgal biomass and their 

commercial applications: A review. Environmental Engineering Research, 23(3), 

229-241. 

Bilbao, P.G.S., Damiani, C., Salvador, G.A., Leonardi, P. 2016. Haematococcus pluvialis 

as a source of fatty acids and phytosterols: potential nutritional and biological 

implications. Journal of Applied Phycology, 28(6), 3283-3294. 



 

132 
 

Borowitzka, L., Borowitzka, M. 1989. ɓ-carotene (provitamin A) production with algae. 

in: Biotechnology of vitamins, pigments and growth factors, Springer, pp. 15-26. 

Borowitzka, M. 2006. Biotechnological & environmental applications of microalgae. 

Biotechnological & Environmental Applications of Microalgae.[Online] 

Murdoch University. 

Borowitzka, M. 2018. Commercial Scale Production of Microalgae for Bioproducts. Blue 

Biotechnology: Production and Use of Marine Molecules, 1, 33-65. 

Borowitzka, M.A. 2013. High-value products from microalgaeðtheir development and 

commercialisation. Journal of applied phycology, 25(3), 743-756. 

Borowitzka, M.A., Moheimani, N.R. 2013. Sustainable biofuels from algae. Mitigation 

and Adaptation Strategies for Global Change, 18(1), 13-25. 

Boruff, B.J., Moheimani, N.R., Borowitzka, M.A. 2015. Identifying locations for large-

scale microalgae cultivation in Western Australia: A GIS approach. Applied 

Energy, 149, 379-391. 

Bowler, C., Allen, A.E., Badger, J.H., Grimwood, J., Jabbari, K., Kuo, A., Maheswari, U., 

Martens, C., Maumus, F., Otillar, R.P. 2008. The Phaeodactylum genome reveals 

the evolutionary history of diatom genomes. Nature, 456(7219), 239. 

Breteler, W.K., Schogt, N., Rampen, S. 2005. Effect of diatom nutrient limitation on 

copepod development: role of essential lipids. Marine Ecology Progress Series, 

291, 125-133. 

Brown, M.R., Dunstan, G.A., Norwood, S.J., Mill er, K.A. 1996. Effects of harvest stage 

and light on the biochemical composition of the diatom Thalassiosira pseudonana 

1. Journal of phycology, 32(1), 64-73. 

Brumfield, K.M., Laborde, S.M., Moroney, J.V. 2017. A model for the ergosterol 

biosynthetic pathway in Chlamydomonas reinhardtii. European Journal of 

Phycology, 52(1), 64-74. 

Cerutti, H., Ma, X., Msanne, J., Repas, T. 2011. RNA-mediated silencing in algae: 

biological roles and tools for analysis of gene function. Eukaryotic cell, 10(9), 

1164-1172. 

Chen, G.Q., Jiang, Y., Chen, F. 2008. Salt induced alterations in lipid composition of 

diatom Nitzschia Laevis (Bacillariophyceae) under heterotrophic culture 

condition 1. Journal of phycology, 44(5), 1309-1314. 

Chen, J., Jiao, R., Jiang, Y., Bi, Y., Chen, Z.-Y. 2014. Algal sterols are as effective as ɓ-

sitosterol in reducing plasma cholesterol concentration. Journal of agricultural 

and food chemistry, 62(3), 675-681. 

Chen, X., Wakeham, S.G., Fisher, N.S. 2011. Influence of iron on fatty acid and sterol 

composition of marine phytoplankton and copepod consumers. Limnology and 

Oceanography, 56(2), 716-724. 

Chisti, Y. 2007. Biodiesel from microalgae. Biotechnology advances, 25(3), 294-306. 

Chisti, Y. 2008. Response to Reijnders: do biofuels from microalgae beat biofuels from 

terrestrial plants? Trends in biotechnology, 26(7), 351-352. 

Chitwood, D., Patterson, G. 1991. Separation of epimeric pairs of C-24 alkylsterols by 

reversed-phase high performance liquid chromatography of the free sterols at 

subambient temperature. Journal of liquid chromatography, 14(1), 151-163. 

Classics Bligh, E., Dyer, W. 1959. A rapid method of total lipid extraction and 

purification. Canadian journal of biochemistry and physiology, 37, 911-917. 

Converti, A., Casazza, A.A., Ortiz, E.Y., Perego, P., Del Borghi, M. 2009. Effect of 

temperature and nitrogen concentration on the growth and lipid content of 



 

133 
 

Nannochloropsis oculata and Chlorella vulgaris for biodiesel production. 

Chemical Engineering and Processing: Process Intensification, 48(6), 1146-1151. 

Cordell, D., Drangert, J.-O., White, S. 2009. The story of phosphorus: global food security 

and food for thought. Global environmental change, 19(2), 292-305. 

Courchesne, N.M.D., Parisien, A., Wang, B., Lan, C.Q. 2009. Enhancement of lipid 

production using biochemical, genetic and transcription factor engineering 

approaches. Journal of biotechnology, 141(1), 31-41. 

Cvejiĺ, J.H., Rohmer, M. 2000. CO2 as main carbon source for isoprenoid biosynthesis 

via the mevalonate-independent methylerythritol 4-phosphate route in the marine 

diatoms Phaeodactylum tricornutum and Nitzschia ovalis. Phytochemistry, 53(1), 

21-28. 

D'Adamo, S., Schiano di Visconte, G., Lowe, G., Szaub Newton, J., Beacham, T., 

Landels, A., Allen, M.J., Spicer, A., Matthijs, M. 2018. Engineering The 

Unicellular Alga Phaeodactylum tricornutum For High Value Plant Triterpenoid 

Production. Plant biotechnology journal. 

da Costa, F., Le Grand, F., Quéré, C., Bougaran, G., Cadoret, J.P., Robert, R., Soudant, P. 

2017. Effects of growth phase and nitrogen limitation on biochemical composition 

of two strains of Tisochrysis lutea. Algal research, 27, 177-189. 

De Bhowmick, G., Koduru, L., Sen, R. 2015. Metabolic pathway engineering towards 

enhancing microalgal lipid biosynthesis for biofuel applicationðA review. 

Renewable and Sustainable Energy Reviews, 50, 1239-1253. 

De Riso, V., Raniello, R., Maumus, F., Rogato, A., Bowler, C., Falciatore, A. 2009. Gene 

silencing in the marine diatom Phaeodactylum tricornutum. Nucleic acids 

research, 37(14), e96-e96. 

del Pilar Sánchez-Saavedra, M., Maeda-Martínez, A.N., Acosta-Galindo, S. 2016. Effect 

of different light spectra on the growth and biochemical composition of 

Tisochrysis lutea. Journal of applied phycology, 28(2), 839-847. 

Desmond, E., Gribaldo, S. 2009. Phylogenomics of sterol synthesis: insights into the 

origin, evolution, and diversity of a key eukaryotic feature. Genome biology and 

evolution, 1, 364-381. 

Disch, A., Schwender, J., Muller, C., Lichtenthaler, H.K., Rohmer, M. 1998. Distribution 

of the mevalonate and glyceraldehyde phosphate/pyruvate pathways for 

isoprenoid biosynthesis in unicellular algae and the cyanobacterium 

Synechocystis PCC 6714. Biochemical Journal, 333(2), 381-388. 

Dismukes, G.C., Carrieri, D., Bennette, N., Ananyev, G.M., Posewitz, M.C. 2008. Aquatic 

phototrophs: efficient alternatives to land-based crops for biofuels. Current 

opinion in biotechnology, 19(3), 235-240. 

Dongre, S.K., Manglawat, S., Singh, P., Yadav, M., Tiwari, A. 2014. Effect of 

environmental parameters enhancing the micro algal lipid as a sustainable energy 

source for biodiesel productionða review. Int J Biol Pharm Res, 5, 327-335. 

Doron, L., Segal, N.a., Shapira, M. 2016. Transgene expression in microalgaeðfrom tools 

to applications. Frontiers in plant science, 7, 505. 

Dunstan, G., Volkman, J., Barrett, S., Garland, C. 1993. Changes in the lipid composition 

and maximisation of the polyunsaturated fatty acid content of three microalgae 

grown in mass culture. Journal of Applied Phycology, 5(1), 71-83. 

Dunstan, G.A., Brown, M.R., Volkman, J.K. 2005. Cryptophyceae and Rhodophyceae; 

chemotaxonomy, phylogeny, and application. Phytoschemistry 66(21), 2557-

2570. 



 

134 
 

Durmaz, Y., Donato, M., Monterio, M., Gouveia, L., Nunes, M., Gama Pereira, T., 

Gokpinar, S., Bandarra, N. 2008. Effect of temperature on growth and biochemical 

composition (sterols, Ŭ-tocopherol, carotenoids, fatty acid profiles) of the 

microalga, Isochrysis galbana. 

Durmaz, Y., Monteiro, M., Koru, E., Bandarra, N. 2007. Concentration of sterols of 

Porphyridium cruentum biomass at stationary phase. Pakistan journal of 

biological sciences: PJBS, 10(7), 1144-1146. 

Eisenreich, W., Rohdich, F., Bacher, A. 2001. Deoxyxylulose phosphate pathway to 

terpenoids. Trends in plant science, 6(2), 78-84. 

Elowitz, M.B., Levine, A.J., Siggia, E.D., Swain, P.S. 2002. Stochastic gene expression 

in a single cell. Science, 297(5584), 1183-1186. 

Fabregas, J., Abalde, J., Herrero, C., Cabezas, B., Veiga, M. 1984. Growth of the marine 

microalga Tetraselmis suecica in batch cultures with different salinities and 

nutrient concentrations. 

Fábregas, J., Arán, J., Morales, E.D., Lamela, T., Otero, A. 1997. Modification of sterol 

concentration in marine microalgae. Phytochemistry, 46(7), 1189-1191. 

Fabris, M., Matthijs, M., Carbonelle, S., Moses, T., Pollier, J., Dasseville, R., Baart, G.J., 

Vyverman, W., Goossens, A. 2014. Tracking the sterol biosynthesis pathway of 

the diatom Phaeodactylum tricornutum. New Phytologist, 204(3), 521-535. 

Farooq, W., Suh, W.I., Park, M.S., Yang, J.-W. 2015. Water use and its recycling in 

microalgae cultivation for biofuel application. Bioresource technology, 184, 73-

81. 

Ferdosh, S., Haque Akanda, M.J., Ghafoor, K., Ali, M.E., Kamaruzzaman, B., Shaarani, 

S., Islam Sarker, M.Z. 2018. Techniques for the extraction of phytosterols and 

their benefits in human health: a review. Separation Science and Technology, 

53(14), 2206-2223. 

Fernández-Reiriz, M.J., Perez-Camacho, A., Ferreiro, M., Blanco, J., Planas, M., Campos, 

M., Labarta, U. 1989. Biomass production and variation in the biochemical profile 

(total protein, carbohydrates, RNA, lipids and fatty acids) of seven species of 

marine microalgae. Aquaculture, 83(1-2), 17-37. 

Fox, C.B. 2009. Squalene emulsions for parenteral vaccine and drug delivery. Molecules, 

14(9), 3286-3312. 

Francavilla, M., Colaianna, M., Zotti, M., G Morgese, M., Trotta, P., Tucci, P., Schiavone, 

S., Cuomo, V., Trabace, L. 2012. Extraction, characterization and in vivo 

neuromodulatory activity of phytosterols from microalga Dunaliella tertiolecta. 

Current medicinal chemistry, 19(18), 3058-3067. 

Francavilla, M., Trotta, P., Luque, R. 2010. Phytosterols from Dunaliella tertiolecta and 

Dunaliella salina: a potentially novel industrial application. Bioresource 

technology, 101(11), 4144-4150. 

Gallo, C., Landi, S., dôIppolito, G., Nuzzo, G., Manzo, E., Sardo, A., Fontana, A. 2020. 

Diatoms synthesize sterols by inclusion of animal and fungal genes in the plant 

pathway. Scientific reports, 10(1), 1-13. 

García, N., López-Elías, J.A., Miranda, A., Martínez-Porchas, M., Huerta, N., García, A. 

2012. Effect of salinity on growth and chemical composition of the diatom 

Thalassiosira weissflogii at three culture phases. Latin American Journal of 

Aquatic Research, 40(2), 435-440. 

Gatenby, C.M., Orcutt, D.M., Kreeger, D.A., Parker, B.C., Jones, V.A., Neves, R.J. 2003. 

Biochemical composition of three algal species proposed as food for captive 

freshwater mussels. Journal of Applied Phycology, 15(1), 1-11. 



 

135 
 

Gershengorn, M., Smith, A., Goulston, G., Goad, L., Goodwin, T., Haines, T. 1968. Sterols 

of Ochromonas danica and Ochromonas malhamensis. Biochemistry, 7(5), 1698-

1706. 

Gladu, P.K., Patterson, G.W., Wikfors, G.H., Chitwood, D.J., Lusby, W. 1991. Sterols of 

some diatoms. Phytochemistry, 30(7), 2301-2303. 

Goad, L.J., Withers, N. 1982. Identification of 27-nor-(24R)-24-methylcholesta-5, 22-

dien-3ɓ-ol and brassicasterol as the major sterols of the marine dinoflagellate 

Gymnodinium simplex. Lipids, 17(12), 853-858. 

Goldman, J.C. 1977. Temperature effects on phytoplankton growth in continuous culture 

1. Limnology and Oceanography, 22(5), 932-936. 

Gordillo, F.J., Goutx, M., Figueroa, F.L., Niell, F.X. 1998. Effects of light intensity, CO 

2 and nitrogen supply on lipid class composition of Dunaliella viridis. Journal of 

Applied Phycology, 10(2), 135-144. 

Guedes, A.C., Meireles, L.A., Amaro, H.M., Malcata, F.X. 2010. Changes in lipid class 

and fatty acid composition of cultures of Pavlova lutheri, in response to light 

intensity. Journal of the American Oil Chemists' Society, 87(7), 791-801. 

Guillard, R.R., Ryther, J.H. 1962. Studies of marine planktonic diatoms: I. Cyclotella 

nana Hustedt, and Detonula confervacea (Cleve) Gran. Canadian journal of 

microbiology, 8(2), 229-239. 

Hadj-Romdhane, F., Jaouen, P., Pruvost, J., Grizeau, D., Van Vooren, G., Bourseau, P. 

2012. Development and validation of a minimal growth medium for recycling 

Chlorella vulgaris culture. Bioresource technology, 123, 366-374. 

Hai, T., Schneider, B., Schmidt, J., Adam, G. 1996. Sterols and triterpenoids from the 

cyanobacterium Anabaena hallensis. Phytochemistry, 41(4), 1083-1084. 

Hartmann, M.-A. 1998. Plant sterols and the membrane environment. Trends in Plant 

Science, 3(5), 170-175. 

Hartmann, M.-A., Benveniste, P. 1987. Plant membrane sterols: Isolation, identification, 

and biosynthesis. in: Methods in enzymology, Vol. 148, Elsevier, pp. 632-650. 

Harwood, J.L., Harwood, J.L. 1998. Plant lipid biosynthesis: fundamentals and 

agricultural applications. Cambridge University Press. 

Haubrich, B.A., Collins, E.K., Howard, A.L., Wang, Q., Snell, W.J., Miller, M.B., 

Thomas, C.D., Pleasant, S.K., Nes, W.D. 2015. Characterization, mutagenesis and 

mechanistic analysis of an ancient algal sterol C24-methyltransferase: 

implications for understanding sterol evolution in the green lineage. 

Phytochemistry, 113, 64-72. 

Hemmerlin, A., Harwood, J.L., Bach, T.J. 2012. A raison dô°tre for two distinct pathways 

in the early steps of plant isoprenoid biosynthesis? Progress in lipid research, 

51(2), 95-148. 

Hlavova, M., Turoczy, Z., Bisova, K. 2015. Improving microalgae for biotechnologyð

From genetics to synthetic biology. Biotechnology advances, 33(6), 1194-1203. 

Huang, W., Daboussi, F. 2017. Genetic and metabolic engineering in diatoms. 

Philosophical Transactions of the Royal Society of B, 372(1728), 20160411. 

Ishika, T., Bahri, P.A., Laird, D.W., Moheimani, N.R. 2018. The effect of gradual increase 

in salinity on the biomass productivity and biochemical composition of several 

marine, halotolerant, and halophilic microalgae. Journal of applied phycology, 

30(3), 1453-1464. 

Ishika, T., Laird, D.W., Bahri, P.A., Moheimani, N.R. 2019. Co-cultivation and stepwise 

cultivation of Chaetoceros muelleri and Amphora sp. for fucoxanthin production 

under gradual salinity increase. Journal of Applied Phycology, 1-10. 



 

136 
 

Ishika, T., Moheimani, N.R., Bahri, P.A. 2017a. Sustainable saline microalgae co-

cultivation for biofuel production: A critical review. Renewable and Sustainable 

Energy Reviews, 78, 356-368. 

Ishika, T., Moheimani, N.R., Bahri, P.A., Laird, D.W., Blair, S., Parlevliet, D. 2017b. 

Halo-adapted microalgae for fucoxanthin production: Effect of incremental 

increase in salinity. Algal research, 28, 66-73. 

Jaramillo-Madrid, A.C., Ashworth, J., Ralph, P.J. 2020. Levels of Diatom Minor Sterols 

Respond to Changes in Temperature and Salinity. Journal of Marine Science and 

Engineering, 8(2), 85. 

Jerlov, N.G., Nielsen, E.S. 1974. Optical aspects of oceanography. Academic Press 

London. 

Jiang, H., Gao, K. 2004. Effects of lowering temperature during culture on the production 

of polyunsaturated fatty acids in the marine diatom Phaeodactylum tricornutum 

(bacillariophyceae) 1. Journal of Phycology, 40(4), 651-654. 

Jones, P.J., MacDougall, D.E., Ntanios, F., Vanstone, C.A. 1997. Dietary phytosterols as 

cholesterol-lowering agents in humans. Canadian journal of physiology and 

pharmacology, 75(3), 217-227. 

Juneja, A., Ceballos, R.M., Murthy, G.S. 2013. Effects of environmental factors and 

nutrient availability on the biochemical composition of algae for biofuels 

production: a review. Energies, 6(9), 4607-4638. 

Jungandreas, A., Costa, B.S., Jakob, T., Von Bergen, M., Baumann, S., Wilhelm, C. 2014. 

The acclimation of Phaeodactylum tricornutum to blue and red light does not 

influence the photosynthetic light reaction but strongly disturbs the carbon 

allocation pattern. PLoS One, 9(8). 

Kajikawa, M., Kinohira, S., Ando, A., Shimoyama, M., Kato, M., Fukuzawa, H. 2015. 

Accumulation of Squalene in a Microalga Chlamydomonas reinhardtii by Genetic 

Modification of Squalene Synthase and Squalene Epoxidase Genes. PloS one, 

10(3), e0120446. 

Kalacheva, G., Zhila, N., Volova, T., Gladyshev, M. 2002. The effect of temperature on 

the lipid composition of the green alga Botryococcus. Microbiology, 71(3), 286-

293. 

Kates, M., Volcani, B. 1966. Lipid components of diatoms. Biochimica et Biophysica Acta 

(BBA)-Lipids and Lipid Metabolism, 116(2), 264-278. 

Katz, A., Waridel, P., Shevchenko, A., Pick, U. 2007. Salt-induced changes in the plasma 

membrane proteome of the halotolerant alga Dunaliella salina as revealed by blue 

native gel electrophoresis and nano-LC-MS/MS analysis. Molecular & Cellular 

Proteomics, 6(9), 1459-1472. 

Keeling, P.J. 2013. The number, speed, and impact of plastid endosymbioses in 

eukaryotic evolution. Annual review of plant biology, 64, 583-607. 

Khajepour, F., Hosseini, S.A., Nasrabadi, R.G., Markou, G. 2015. Effect of light intensity 

and photoperiod on growth and biochemical composition of a local isolate of 

Nostoc calcicola. Applied biochemistry and biotechnology, 176(8), 2279-2289. 

Kilham, S., Kreeger, D., Goulden, C., Lynn, S. 1997. Effects of nutrient limitation on 

biochemical constituents of Ankistrodesmus falcatus. Freshwater Biology, 38(3), 

591-596. 

Kim, E.-J., Ma, X., Cerutti, H. 2015. Gene silencing in microalgae: mechanisms and 

biological roles. Bioresource technology, 184, 23-32. 



 

137 
 

Kim, Y.-S., Li, X.-F., Kang, K.-H., Ryu, B., Kim, S.K. 2014. Stigmasterol isolated from 

marine microalgae Navicula incerta induces apoptosis in human hepatoma 

HepG2 cells. BMB reports, 47(8), 433. 

Kira, N., Yoshimatsu, T., Fukunaga, K., Okada, S., Adachi, M., Kadono, T. 2016. 

Expression profile of genes involved in isoprenoid biosynthesis in the marine 

diatom Phaeodactylum tricornutum. Environmental Control in Biology, 54(1), 31-

37. 

Kirst, G. 1990. Salinity tolerance of eukaryotic marine algae. Annual review of plant 

biology, 41(1), 21-53. 

Knapp, F., Goad, L., Goodwin, T. 1977. The conversion of 24-ethylidene sterols into 

poriferasterol by the alga Ochromonas malhamensis. Phytochemistry, 16(11), 

1683-1688. 

Kohlhase, M., Pohl, P. 1988. Saturated and unsaturated sterols of nitrogen-fixing blue-

green algae (cyanobacteria). Phytochemistry, 27(6), 1735-1740. 

Lange, B.M., Rujan, T., Martin, W., Croteau, R. 2000. Isoprenoid biosynthesis: the 

evolution of two ancient and distinct pathways across genomes. Proceedings of 

the National Academy of Sciences, 97(24), 13172-13177. 

Law, M.R. 2000. Topic in Review: Plant sterol and stanol margarines and health. Western 

Journal of Medicine, 173(1), 43. 

León-Bañares, R., González-Ballester, D., Galván, A., Fernández, E. 2004. Transgenic 

microalgae as green cell-factories. Trends in Biotechnology, 22(1), 45-52. 

Leon, R., Fernandez, E. 2007. Nuclear transformation of eukaryotic microalgae. in: 

Transgenic microalgae as green cell factories, Springer, pp. 1-11. 

Lewis, T.E., Nichols, P.D., McMeekin, T.A. 2001. Sterol and squalene content of a 

docosahexaenoic-acid-producing thraustochytrid: influence of culture age, 

temperature, and dissolved oxygen. Marine Biotechnology, 3(5), 439-447. 

Li, Y. , Horsman, M., Wang, B., Wu, N., Lan, C.Q. 2008. Effects of nitrogen sources on 

cell growth and lipid accumulation of green alga Neochloris oleoabundans. 

Applied microbiology and biotechnology, 81(4), 629-636. 

Lichtenthaler, H.K. 1999. The 1-deoxy-D-xylulose-5-phosphate pathway of isoprenoid 

biosynthesis in plants. Annual review of plant biology, 50(1), 47-65. 

Lichtenthaler, H.K. 2007. Biosynthesis, accumulation and emission of carotenoids, Ŭ-

tocopherol, plastoquinone, and isoprene in leaves under high photosynthetic 

irradiance. Photosynthesis Research, 92(2), 163-179. 

Lichtenthaler, H.K., Rohmer, M., Schwender, J. 1997a. Two independent biochemical 

pathways for isopentenyl diphosphate and isoprenoid biosynthesis in higher 

plants. Physiologia plantarum, 101(3), 643-652. 

Lichtenthaler, H.K., Schwender, J., Disch, A., Rohmer, M. 1997b. Biosynthesis of 

isoprenoids in higher plant chloroplasts proceeds via a mevalonate independent 

pathway. FEBS letters, 400(3), 271-274. 

Lindström, K. 1984. Effect of temperature, light and pH on growth, photosynthesis and 

respiration of the dinoflagellate Peridinium cinctum FA. WEST11 in laboratory 

cultures 1 Journal of phycology, 20(2), 212-220. 

Lohr, M., Schwender, J., Polle, J.E. 2012. Isoprenoid biosynthesis in eukaryotic 

phototrophs: a spotlight on algae. Plant science, 185, 9-22. 

Lombard, J., Moreira, D. 2010. Origins and early evolution of the mevalonate pathway of 

isoprenoid biosynthesis in the three domains of life. Molecular biology and 

evolution, 28(1), 87-99. 



 

138 
 

Lu, Y., Zhou, W., Wei, L., Li, J., Jia, J., Li, F., Smith, S.M., Xu, J. 2014. Regulation of the 

cholesterol biosynthetic pathway and its integration with fatty acid biosynthesis 

in the oleaginous microalga Nannochloropsis oceanica. Biotechnology for 

biofuels, 7(1), 1-15. 

Luo, X., Su, P., Zhang, W. 2015. Advances in microalgae-derived phytosterols for 

functional food and pharmaceutical applications. Marine drugs, 13(7), 4231-4254. 

Lv, J., Yang, X., Ma, H., Hu, X., Wei, Y., Zhou, W., Li, L.  2015. The oxidative stability 

of microalgae oil (Schizochytrium aggregatum) and its antioxidant activity after 

simulated gastrointestinal digestion: Relationship with constituents. European 

journal of lipid science and technology, 117(12), 1928-1939. 

Lv, X., Zou, L., Sun, B., Wang, J., Sun, M.-Y. 2010. Variations in lipid yields and 

compositions of marine microalgae during cell growth and respiration, and within 

intracellular structures. Journal of Experimental Marine Biology and Ecology, 

391(1), 73-83. 

Maniet, G., Jacquet, N., Richel, A. 2019. Recovery of sterols from vegetable oil distillate 

by enzymatic and non-enzymatic processes. Comptes Rendus Chimie, 22(4), 347-

353. 

Mansour, M.P., Volkman, J.K., Blackburn, S.I. 2003. The effect of growth phase on the 

lipid class, fatty acid and sterol composition in the marine dinoflagellate, 

Gymnodinium sp. in batch culture. Phytochemistry, 63(2), 145-153. 

Marchetti, J., da Costa, F., Bougaran, G., Quéré, C., Soudant, P., Robert, R. 2018. The 

combined effects of blue light and dilution rate on lipid class and fatty acid 

composition of Tisochrysis lutea. Journal of Applied Phycology, 30(3), 1483-

1494. 

Masojēdek, J., Koblēzek, M., Torzillo, G. 2004. Photosynthesis in microalgae. Handbook 

of microalgal culture: biotechnology and applied phycology, 20. 

Massé, G., Belt, S.T., Rowland, S.J., Rohmer, M. 2004. Isoprenoid biosynthesis in the 

diatoms Rhizosolenia setigera (Brightwell) and Haslea ostrearia (Simonsen). 

Proceedings of the National Academy of Sciences of the United States of America, 

101(13), 4413-4418. 

Mata, T.M., Martins, A.A., Caetano, N.S. 2010. Microalgae for biodiesel production and 

other applications: a review. Renewable and sustainable energy reviews, 14(1), 

217-232. 

Maxwell, E.L., Folger, A.G., Hogg, S.E. 1985. Resource evaluation and site selection for 

microalgae production systems. Solar Energy Research Inst., Golden, CO (USA). 

Mendes, A., Reis, A., Vasconcelos, R., Guerra, P., da Silva, T.L. 2009. Crypthecodinium 

cohnii with emphasis on DHA production: a review. Journal of applied phycology, 

21(2), 199-214. 

Mercz, T.I. 1994. A study of high lipid yielding microalgae with potential for large-scale 

production of lipids and polyunsaturated fatty acids, Murdoch University. 

Miller, M.B. 2014. Ergosterol Biosynthesis in Green Algae and its Phylogenetic 

Implications, PhD Thesis, Texas Tech University. 

Miller, M.B., Haubrich, B.A., Wang, Q., Snell, W.J., Nes, W.D. 2012. Evolutionarily 

conserved ȹ25 (27)-olefin ergosterol biosynthesis pathway in the alga 

Chlamydomonas reinhardtii. Journal of lipid research, 53(8), 1636-1645. 

Mohammady, N.G. 2004. Total, free and conjugated sterolic forms in three microalgae 

used in mariculture. Zeitschrift für Naturforschung C, 59(9-10), 619-624. 



 

139 
 

Moheimani, N.R., Borowitzka, M.A., Isdepsky, A., Sing, S.F. 2013. Standard methods for 

measuring growth of algae and their composition. in: Algae for biofuels and 

energy, Springer, pp. 265-284. 

Moheimani, N.R., Parlevliet, D. 2013. Sustainable solar energy conversion to chemical 

and electrical energy. Renewable and Sustainable Energy Reviews, 27, 494-504. 

Moreau, R.A., Whitaker, B.D., Hicks, K.B. 2002. Phytosterols, phytostanols, and their 

conjugates in foods: structural diversity, quantitative analysis, and health-

promoting uses. Progress in lipid research, 41(6), 457-500. 

Morikawa, T., Mizutani, M., Aoki, N., Watanabe, B., Saga, H., Saito, S., Oikawa, A., 

Suzuki, H., Sakurai, N., Shibata, D. 2006. Cytochrome P450 CYP710A encodes 

the sterol C-22 desaturase in Arabidopsis and tomato. The Plant Cell, 18(4), 1008-

1022. 

Morris, R. 1984. Studies of a spring phytoplankton bloom in an enclosed experimental 

ecosystem. II. Changes in the component fatty acids and sterols. Journal of 

experimental marine biology and ecology, 75(1), 59-70. 

MU, N., Mehar, J.G., Mudliar, S.N., Shekh, A.Y. 2019. Recent advances in microalgal 

bioactives for food, feed, and healthcare products: commercial potential, market 

space, and sustainability. Comprehensive Reviews in Food Science and Food 

Safety, 18(6), 1882-1897. 

Muntendam, R., Melillo, E., Ryden, A., Kayser, O. 2009. Perspectives and limits of 

engineering the isoprenoid metabolism in heterologous hosts. Applied 

microbiology and biotechnology, 84(6), 1003-1019. 

National Heart Foundation Of Australia. 2018. Plant sterols, Vol. 2018. 

Nes, W.D. 2011. Biosynthesis of cholesterol and other sterols. Chemical reviews, 111(10), 

6423-6451. 

Nes, W.D., Norton, R.A., Crumley, F.G., Madigan, S.J., Katz, E.R. 1990. Sterol 

phylogenesis and algal evolution. Proceedings of the National Academy of 

Sciences, 87(19), 7565-7569. 

Nigam, S., Rai, M.P., Sharma, R. 2011. Effect of nitrogen on growth and lipid content of 

Chlorella pyrenoidosa. Am J Biochem Biotechnol, 7(3), 124-129. 

Orcutt, D., Patterson, G. 1975. Sterol, fatty acid and elemental composition of diatoms 

grown in chemically defined media. Comparative Biochemistry and Physiology 

Part B: Comparative Biochemistry, 50(4), 579-583. 

Orcutt, D.M., Patterson, G.W. 1974. Effect of light intensity upon lipid composition of 

Nitzschia closterium (Cylindrotheca fusiformis). Lipids, 9(12), 1000-1003. 

Panis, G., Carreon, J.R. 2016. Commercial astaxanthin production derived by green alga 

Haematococcus pluvialis: A microalgae process model and a techno-economic 

assessment all through production line. Algal Research, 18, 175-190. 

Parida, A.K., Das, A.B. 2005. Salt tolerance and salinity effects on plants: a review. 

Ecotoxicology and environmental safety, 60(3), 324-349. 

Patterson, G., Hugly, S., Harrison, D. 1993a. Sterols and phytyl esters of Arabidopsis 

thaliana under normal and chilling temperatures. Phytochemistry, 33(6), 1381-

1383. 

Patterson, G., Tsitsa-Tzardis, E., Wikfors, G., Gladu, P., Chitwood, D., Harrison, D. 

1993b. Sterols of Tetraselmis (Prasinophyceae). Comparative Biochemistry and 

Physiology Part B: Comparative Biochemistry, 105(2), 253-256. 

Patterson, G.W. 1974. Sterols of some green algae. Comparative Biochemistry and 

Physiology Part B: Comparative Biochemistry, 47(2), 453-457. 



 

140 
 

Patterson, G.W., Nes, W.D. 1991. Physiology and Biochemistry of Sterols. The American 

Oil Chemists Society. 

Peeler, T.C., Stephenson, M.B., Einspahr, K.J., Thompson, G.A. 1989. Lipid 

characterization of an enriched plasma membrane fraction of Dunaliella salina 

grown in media of varying salinity. Plant Physiology, 89(3), 970-976. 

Pérez-Gil, J., Rodríguez-Concepción, M., Vickers, C.E. 2019. Formation of Isoprenoids. 

Biogenesis of Fatty Acids, Lipids and Membranes, 57-85. 

Piepho, M., Martin-Creuzburg, D., Wacker, A. 2012. Phytoplankton sterol contents vary 

with temperature, phosphorus and silicate supply: a study on three freshwater 

species. European Journal of Phycology, 47(2), 138-145. 

Piepho, M., Martin-Creuzburg, D., Wacker, A. 2010. Simultaneous effects of light 

intensity and phosphorus supply on the sterol content of phytoplankton. PLoS 

One, 5(12), e15828. 

Piironen, V., Lindsay, D.G., Miettinen, T.A., Toivo, J., Lampi, A.M. 2000. Plant sterols: 

biosynthesis, biological function and their importance to human nutrition. Journal 

of the Science of Food and Agriculture, 80(7), 939-966. 

Qiao, H., Cong, C., Sun, C., Li, B., Wang, J., Zhang, L. 2016. Effect of culture conditions 

on growth, fatty acid composition and DHA/EPA ratio of Phaeodactylum 

tricornutum. Aquaculture, 452, 311-317. 

Qin, S., Lin, H., Jiang, P. 2012. Advances in genetic engineering of marine algae. 

Biotechnology advances, 30(6), 1602-1613. 

Radakovits, R., Jinkerson, R.E., Darzins, A., Posewitz, M.C. 2010. Genetic engineering 

of algae for enhanced biofuel production. Eukaryotic cell, 9(4), 486-501. 

Rajadurai, M., Poornima, E., Narasimhan, S., Rao, V., Venugopalan, V. 2005. 

Phytoplankton growth under temperature stress: Laboratory studies using two 

diatoms from a tropical coastal power station site. Journal of Thermal Biology, 

30(4), 299-305. 

Rampen, S.W., Abbas, B.A., Schouten, S., Sinninghe Damste, J.S. 2010. A 

comprehensive study of sterols in marine diatoms (Bacillariophyta): Implications 

for their use as tracers for diatom productivity. Limnology and oceanography, 

55(1), 91-105. 

Rao, A.R., Dayananda, C., Sarada, R., Shamala, T., Ravishankar, G. 2007. Effect of 

salinity on growth of green alga Botryococcus braunii and its constituents. 

Bioresource technology, 98(3), 560-564. 

Renaud, S., Parry, D. 1994. Microalgae for use in tropical aquaculture II: Effect of salinity 

on growth, gross chemical composition and fatty acid composition of three species 

of marine microalgae. Journal of Applied Phycology, 6(3), 347-356. 

Renaud, S.M., Thinh, L.-V., Lambrinidis, G., Parry, D.L. 2002. Effect of temperature on 

growth, chemical composition and fatty acid composition of tropical Australian 

microalgae grown in batch cultures. Aquaculture, 211(1-4), 195-214. 

Rhee, G.Y., Gotham, I.J. 1981. The effect of environmental factors on phytoplankton 

growth: Temperature and the interactions of temperature with nutrient limitation 

1. Limnology and Oceanography, 26(4), 635-648. 

Rodríguez-Concepción, M. 2006. Early steps in isoprenoid biosynthesis: multilevel 

regulation of the supply of common precursors in plant cells. Phytochemistry 

Reviews, 5(1), 1-15. 

Rohmer, M. 1999. The discovery of a mevalonate-independent pathway for isoprenoid 

biosynthesis in bacteria, algae and higher plants. Natural product reports, 16(5), 

565-574. 



 

141 
 

Rui, X., Wenfang, L., Jing, C., Meng, C., Chengcheng, D., Jiqu, X., Shuang, R. 2017. 

Neuroprotective effects of phytosterol esters against high cholesterol-induced 

cognitive deficits in aged rat. Food & function, 8(3), 1323-1332. 

Ryckebosch, E., Bruneel, C., Termote-Verhalle, R., Muylaert, K., Foubert, I. 2014. 

Influence of extraction solvent system on extractability of lipid components from 

different microalgae species. Algal Research, 3, 36-43. 

Rzama, A., Dufourc, E., Arreguy, B. 1994. Sterols from green and blue-green algae grown 

on reused waste water. Phytochemistry, 37(6), 1625-1628. 

Saavedra, M.d.P.S., Voltolina, D. 1994. The chemical composition of Chaetoceros 

sp.(Bacillariophyceae) under different light conditions. Comparative 

Biochemistry and Physiology Part B: Comparative Biochemistry, 107(1), 39-44. 

Sajjadi, B., Chen, W.-Y., Raman, A.A.A., Ibrahim, S. 2018. Microalgae lipid and biomass 

for biofuel production: A comprehensive review on lipid enhancement strategies 

and their effects on fatty acid composition. Renewable and Sustainable Energy 

Reviews, 97, 200-232. 

Sanjeewa, K.K.A., Fernando, I.P.S., Samarakoon, K.W., Lakmal, H.H.C., Kim, E.-A., 

Kwon, O.-N., Dilshara, M.G., Lee, J.-B., Jeon, Y.-J. 2016. Anti-inflammatory and 

anti-cancer activities of sterol rich fraction of cultured marine microalga 

Nannochloropsis oculata. Algae, 31(3), 277-287. 

Sasso, S., Pohnert, G., Lohr, M., Mittag, M., Hertweck, C. 2012. Microalgae in the 

postgenomic era: a blooming reservoir for new natural products. FEMS 

microbiology reviews, 36(4), 761-785. 

Schmittgen, T.D., Livak, K.J. 2008. Analyzing real-time PCR data by the comparative C 

T method. Nature protocols, 3(6), 1101. 

Siaut, M., Heijde, M., Mangogna, M., Montsant, A., Coesel, S., Allen, A., Manfredonia, 

A., Falciatore, A., Bowler, C. 2007. Molecular toolbox for studying diatom 

biology in Phaeodactylum tricornutum. Gene, 406(1), 23-35. 

Sigaud, T.C.S., Aidar, E. 1993. Salinity and temperature effects on the growth and 

chlorophyll-Ŭ content of some planktonic aigae. Bol. Inst. Oceanogr, 1-2. 

Silvestro, D., Andersen, T.G., Schaller, H., Jensen, P.E. 2013. Plant sterol metabolism. 

ȹ(7)-Sterol-C5-desaturase (STE1/DWARF7), ȹ(5,7)-sterol-ȹ(7)-reductase 

(DWARF5) and ȹ(24)-sterol-ȹ(24)-reductase (DIMINUTO/DWARF1) show 

multiple subcellular localizations in Arabidopsis thaliana (Heynh) L. PLoS One, 

8(2), e56429. 

Sing, S.F., Isdepsky, A., Borowitzka, M., Lewis, D. 2014. Pilot-scale continuous recycling 

of growth medium for the mass culture of a halotolerant Tetraselmis sp. in 

raceway ponds under increasing salinity: a novel protocol for commercial 

microalgal biomass production. Bioresource technology, 161, 47-54. 

Singh, P., Kumari, S., Guldhe, A., Misra, R., Rawat, I., Bux, F. 2016. Trends and novel 

strategies for enhancing lipid accumulation and quality in microalgae. Renewable 

and Sustainable Energy Reviews, 55, 1-16. 

Singh, S., Singh, P. 2015. Effect of temperature and light on the growth of algae species: 

a review. Renewable and sustainable energy reviews, 50, 431-444. 

Sirakov, I., Velichkova, K., Stoyanova, S., Staykov, Y. 2015. The importance of 

microalgae for aquaculture industry. Review. International Journal of Fisheries 

and Aquatic Studies, 2(4), 81-84. 

Skerratt, J.H., Davidson, A.D., Nichols, P.D., McMeekin, T.A. 1998. Effect of UV-B on 

lipid content of three Antarctic marine phytoplankton. Phytochemistry, 49(4), 999-

1007. 



 

142 
 

Smith, A., Goad, L., Goodwin, T., Lederer, E. 1967. Phytosterol biosynthesis: evidence 

for a 24-ethylidene intermediate during sterol formation in Ochromonas 

malhamensis. Biochemical Journal, 104(3), 56. 

Smith, V.H. 1983. Light and nutrient dependence of photosynthesis by algae 1 Journal of 

Phycology, 19(3), 306-313. 

Sonawane, P.D., Pollier, J., Panda, S., Szymanski, J., Massalha, H., Yona, M., Unger, T., 

Malitsky, S., Arendt, P., Pauwels, L. 2016. Plant cholesterol biosynthetic pathway 

overlaps with phytosterol metabolism. Nature Plants, 3, 16205. 

Spanova, M., Daum, G. 2011. Squaleneïbiochemistry, molecular biology, process 

biotechnology, and applications. European Journal of Lipid Science and 

Technology, 113(11), 1299-1320. 

Spolaore, P., Joannis-Cassan, C., Duran, E., Isambert, A. 2006. Commercial applications 

of microalgae. Journal of bioscience and bioengineering, 101(2), 87-96. 

Sright, J., McInnes, A., Shimizu, S., Smith, D., Walter, J., Idler, D., Khalil, W.  1978. 

Identification of C-24 alkyl epimers of marine sterols by 13C nuclear magnetic 

resonance spectroscopy. Canadian Journal of Chemistry, 56(14), 1898-1903. 

Srigley, C.T., Haile, E.A. 2015. Quantification of plant sterols/stanols in foods and dietary 

supplements containing added phytosterols. Journal of Food Composition and 

Analysis, 40, 163-176. 

Steen, I. 1998. Phosphorus availability in the 21st century: management of a non-

renewable resource. Phosphorus Potassium, 217, 25-31. 

Sterner, R.W., Hagemeier, D.D., Smith, W.L., Smith, R.F. 1993. Phytoplankton nutrient 

limitation and food quality for Daphnia. Limnology and Oceanography, 38(4), 

857-871. 

Stockenreiter, M., Haupt, F., Graber, A.K., Seppälä, J., Spilling, K., Tamminen, T., Stibor, 

H. 2013. Functional group richness: implications of biodiversity for light use and 

lipid yield in microalgae. Journal of phycology, 49(5), 838-847. 

Sun, L., Ren, L., Zhuang, X., Ji, X., Yan, J., Huang, H. 2014. Differential effects of nutrient 

limitations on biochemical constituents and docosahexaenoic acid production of 

Schizochytrium sp. Bioresource technology, 159, 199-206. 

Swain, P.S., Elowitz, M.B., Siggia, E.D. 2002. Intrinsic and extrinsic contributions to 

stochasticity in gene expression. Proceedings of the National Academy of 

Sciences, 99(20), 12795-12800. 

Tamiya, H. 1957. Mass culture of algae. Annual Review of Plant Physiology, 8(1), 309-

334. 

Teoh, M.-L., Chu, W.-L., Phang, S.-M. 2010. Effect of temperature change on physiology 

and biochemistry of algae: a review. MJS, 29(2), 82-97. 

Thompson, M.J., Dutky, S.R., Patterson, G.W., Gooden, E.L. 1972. NMR spectra of C-24 

isomeric sterols. Phytochemistry, 11(5), 1781-1790. 

Thompson, R., Patterson, G., Thompson, M., Slover, H. 1981. Separation of pairs of C-24 

epimeric sterols by glass capillary gas chromatography. Journal of the American 

Oil Chemists' Society. 

Trautwein, E.A., Demonty, I. 2007. Phytosterols: natural compounds with established and 

emerging health benefits. Oléagineux, Corps Gras, Lipides, 14(5), 259-266. 

Uchida, H., Sumimoto, K., Ferriols, V.M.E., Imou, K., Saga, K., Furuhashi, K., 

Matsunaga, S., Okada, S. 2015. Isolation and characterization of two squalene 

epoxidase genes from Botryococcus braunii, Race B. PloS one, 10(4), e0122649. 

Vadiveloo, A., Moheimani, N.R., Cosgrove, J.J., Parlevliet, D., Bahri, P.A. 2017. Effects 

of different light spectra on the growth, productivity and photosynthesis of two 



 

143 
 

acclimated strains of Nannochloropsis sp. Journal of Applied Phycology, 29(4), 

1765-1774. 

Van Donk, E., Lürling, M., Hessen, D., Lokhorst, G. 1997. Altered cell wall morphology 

in nutrient deficient phytoplankton and its impact on grazers. Limnology and 

Oceanography, 42(2), 357-364. 

Vandermoten, S., Haubruge, É., Cusson, M. 2009. New insights into short-chain 

prenyltransferases: structural features, evolutionary history and potential for 

selective inhibition. Cellular and molecular life sciences, 66(23), 3685-3695. 

Vavitsas, K., Fabris, M., Vickers, C. 2018. Terpenoid Metabolic Engineering in 

Photosynthetic Microorganisms. Genes, 9(11), 520. 

Verleyen, T., Forcades, M., Verhé, R., Dewettinck, K., Huyghebaert, A., De Greyt, W. 

2002. Analysis of free and esterified sterols in vegetable oils. Journal of the 

American Oil Chemists' Society, 79(2), 117-122. 

Véron, B., Billard, C., Dauguet, J.-C., Hartmann, M.-A. 1996. Sterol composition of 

Phaeodactylum tricornutum as influenced by growth temperature and light 

spectral quality. Lipids, 31(9), 989-994. 

Véron, B., Dauguet, J.-C., Billard, C. 1998. Sterolic biomarkers in marine phytoplankton. 

II. Free and conjugated sterols of seven species used in mariculture. Journal of 

phycology, 34(2), 273-279. 

Volkman, J. 2003. Sterols in microorganisms. Applied microbiology and Biotechnology, 

60(5), 495-506. 

Volkman, J., Smith, D., Eglinton, G., Forsberg, T., Corner, E. 1981. Sterol and fatty acid 

composition of four marine Haptophycean algae. Journal of the Marine Biological 

Association of the United Kingdom, 61(02), 509-527. 

Volkman, J.K. 1986. A review of sterol markers for marine and terrigenous organic 

matter. Organic Geochemistry, 9(2), 83-99. 

Volkman, J.K. 2016. Sterols in Microalgae. in: The Physiology of Microalgae, Springer, 

pp. 485-505. 

Volkman, J.K., Barrett, S.M., Dunstan, G.A., Jeffrey, S. 1993. Geochemical significance 

of the occurrence of dinosterol and other 4-methyl sterols in a marine diatom. 

Organic Geochemistry, 20(1), 7-15. 

Volkman, J.K., Barrett, S.M., Dunstan, G.A., Jeffrey, S. 1994. Sterol biomarkers for 

microalgae from the green algal class Prasinophyceae. Organic geochemistry, 

21(12), 1211-1218. 

World Health Organization. 2018. The top 10 causes of death, Vol. 2018. 

Wriessnegger, T., Pichler, H. 2013. Yeast metabolic engineeringïtargeting sterol 

metabolism and terpenoid formation. Progress in lipid research, 52(3), 277-293. 

Xin, L., Hong-Ying, H., Ke, G., Ying-Xue, S. 2010. Effects of different nitrogen and 

phosphorus concentrations on the growth, nutrient uptake, and lipid accumulation 

of a freshwater microalga Scenedesmus sp. Bioresource technology, 101(14), 

5494-5500. 

Xu, X.-Q., Beardall, J. 1997. Effect of salinity on fatty acid composition of a green 

microalga from an antarctic hypersaline lake. Phytochemistry, 45(4), 655-658. 

Xu, Z., Yan, X., Pei, L., Luo, Q., Xu, J. 2008. Changes in fatty acids and sterols during 

batch growth of Pavlova viridis in photobioreactor. Journal of applied phycology, 

20(3), 237-243. 

Yang, H., Zhou, Y., Liu, J. 2009. Land and water requirements of biofuel and implications 

for food supply and the environment in China. Energy Policy, 37(5), 1876-1885. 



 

144 
 

Yasukawa, K., Akihisa, T., Kanno, H., Kaminaga, T., Izumida, M., Sakoh, T., Tamura, T., 

Takido, M. 1996. Inhibitory effects of sterols isolated from Chlorella vulgaris on 

12-O-tetradecanoylphorbol-13-acetate-induced inflammation and tumor 

promotion in mouse skin. Biological and Pharmaceutical Bulletin, 19(4), 573-576. 

Yodsuwan, N., Sawayama, S., Sirisansaneeyakul, S. 2017. Effect of nitrogen 

concentration on growth, lipid production and fatty acid profiles of the marine 

diatom Phaeodactylum tricornutum. Agriculture and Natural Resources, 51(3), 

190-197. 

Yongmanitchai, W., Ward, O.P. 1991. Growth of and omega-3 fatty acid production by 

Phaeodactylum tricornutum under different culture conditions. Appl. Environ. 

Microbiol., 57(2), 419-425. 

Zelazny, A.M., Shaish, A., Pick, U. 1995. Plasma membrane sterols are essential for 

sensing osmotic changes in the halotolerant alga Dunaliella. Plant physiology, 

109(4), 1395-1403. 

Zhila, N., Kalacheva, G., Volova, T. 2005. Effect of nitrogen limitation on the growth and 

lipid composition of the green alga Botryococcus braunii Kutz IPPAS H-252. 

Russian journal of plant physiology, 52(3), 311-319. 

Zhu, L. 2015. Biorefinery as a promising approach to promote microalgae industry: An 

innovative framework. Renewable and sustainable energy reviews, 41, 1376-

1384. 



 

145 
 



 

146 
 

 


