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Abstract 
 

Aside from serving as feedstock for animal feeds, human food, and bio-diesel production, 

microalgae hold the promise as the reservoir of bioactive compounds for pharmaceutical and 

nutraceutical purposes. A variety of bioactive substances have been extracted and identified from 

microalgae such as fatty acids (especially long-chain polyunsaturated fatty acids), polysaccharides, 

polypeptides, pigments as well as polyphenols. They are found out to be active against oxidants, 

microbe, cancer, inflammation, and obesity. Although this topic is gaining increasing attention, 

mass production of microalgae-derived bioactive compounds is still restricted by several factors 

such as the low yield of algal biomass, the poor productivity of target compounds, immature 

extraction techniques, high capital and running costs, and insufficient knowledge in biosynthesis 

pathways. 

 

In this thesis, several critical obstacles in the large-scale production of high-value bioactive 

compounds were addressed including the selection of appropriate algal species, the establishment 

of identification and purification methods, optimization of environmental conditions, and 

modification of photobioreactors. In Chapter 3, by using a photobioreactor greenhouse 

installation, continuous biomass production of the marine pennate diatom Phaeodactylum 

tricornutum Bohlin was achieved on pilot scale (3,000 L). By a recently established high-

resolution chromatography method, two fractions that showed antibacterial effects against Bacillus 

subtilis were eluted, from which one was identified as pure polyunsaturated fatty acid – 

eicosapentaenoic acid (EPA), and the other designated as potential novel anti-bacterial 

compound(s). The EPA displayed more potent antibacterial effect against B. subtilis than a 

commercialized antibacterial substance. Furthermore, the obtained EPA, as well as the other 

antibacterial fraction, exhibited an inhibitory effect against three human pathogens: Vibrio 

vulnificus, V. parahaemolyticus, and V. cholerae. Consequently, we proposed that EPA and the 

raw algal biomass containing both active fractions could be used as food supplements and animal 

feed as an alternative to antibiotics. 

 



 

 ix 

Fucoxanthin is a major carotenoid in nature, known for multiple bioactive properties, particularly 

the anti-obesity effect. In Chapter 4, one benthic diatom, Cylindrotheca closterium, was selected 

from four tested species yielding the highest content of fucoxanthin and productivity. A “design 

of experiment” approach was employed to comprehensively determine the optimal light conditions 

(light source, intensity, and regime) for fucoxanthin production. Light emitting diode (LED) 

technology was assessed as the replacement to fluorescent light. The optimal light condition, 

producing maximum fucoxanthin productivity and minimizing energy consumption, was predicted 

to be Blue LED light, under a light regime of 18h light/6 h darkness, and light intensity of 100 

µmol/m2/s. The predicted light conditions were tested in bottle photobioreactors to prove the 

validity and in bag photobioreactors to estimate the viability of the mass production. The modified 

bag photobioreactors illuminated by LEDs produced the fucoxanthin at concentration as high as 

25.5 mg/ (g in dry biomass). The light regime was observed as the most influential factor for 

fucoxanthin synthesis. The proteome of biomass grown under 18 h light /6 h darkness light regime 

was compared to that under 24 h constant light. The proteins were extracted by an optimized buffer 

and separated by two-dimensional gel electrophoresis based on pH and isoelectric point. Of 

particular note is that the differentially synthesized proteins were all annotated to be essential 

proteins involved in photosynthesis with the Matrix-Assisted Laser Desorption/Ionization-Time 

of Flight-Mass Spectrometric method.  

 

Algal biomass is perceived as an excellent feedstock for biofuels production. The lipid, especially 

triacylglycerol, in algal biomass could be used to produce biodiesel. To better understand the 

metabolism of lipid accumulation in response to nitrogen starvation in diatoms and green algae, 

the lipidomes of the benthic marine diatom – Cylindrotheca closterium and the freshwater green 

alga – Scenedesmus sp. – were compared by an HPLC – coupled Micro-TOF mass spectrometric 

method in Chapter 5. By combining total lipids content, growth kinetics, fatty acids profiles, 

glycerolipids and pigment contents, and the most abundant triacylglycerols under nitrogen 

starvation, further light was shed onto the triacylglycerol synthesis pathways among different 

microalgal taxa. Nitrogen starvation for 96 h resulted in an elevated triacylglycerol content in both 

species. 
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In conclusions, the techniques developed in this project aimed to reveal the commercial feasibility 

of large-scale production of high-value bioactive substances and lipids. In the next step, the 

production performance of high-value bioactive substances will be evaluated in a scaled-up 

photobioreactor. Complete utilization of biomass with an underlying bio-refinery concept is 

imperative to eventually achieve commercialization in the future.
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1. Introduction 
 

1.1 Microalgae 

 

Microalgae are unicellular photosynthetic microorganisms, which encompass eukaryotes and 

prokaryotes (Duong et al., 2012). By using light and absorbing CO2, microalgae accumulate 

biomass and convert energy by photosynthesis. Mixotrophic and heterotrophic cultivation of algae 

were successfully carried out in several species by supplementing organic carbon sources (Perez-

Garcia et al., 2011; Zhan et al., 2017). Microalgae are widely distributed in a variety of aquatic 

ecosystems, such as freshwater, seawater, brackish and even wastewater (Duong et al., 2012). 

Based on the number of species catalog in AlgaeBase (http://www.algaebase.org), an estimation 

of 72,500 species has been made, and the names for 44,000 of them have been published (Guiry, 

2012). Microalgae from different taxa are incredibly diverse in morphology. Typical micrographs 

of microalgae from the culture collection of the OceanLab at Jacobs University Bremen are shown 

in Fig. 1. Microalgae mainly include organisms from Bacillariophyta (diatoms), Chlorophyta 

(green algae), Chrysophyta (golden algae) and Cyanophyta (Cyanobacteria) (Bleakley and Hayes, 

2017).  
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Figure 1. Micrographs of microalgae from different taxa in the culture collection of the OceanLab at 
Jacobs University Bremen. A: Cylindrotheca closterium; B: Pheaodactylum tricornutum; C: Nitzschia sp.; 
D: Thalassiosira weissflogii; E: Micractinium sp.; F: Exuviaella pusilla; G: Scenedesmus sp. (Israel); H: 
Scenedesmus sp. (Rotenburg); I: Chromochloris zofingiensis. All images were taken under a microscope at 
400 x magnification. 
 

1.2 Microalgae for human food and animal feed  

 

It was predicted that there would be an increase of at least 50 % in global food demand by the 

middle of this century due to the growing global population (Royal Society of London, 2009).  The 

rise of food production needs to be achieved in an environmentally sustainable way (Godfray et 

al., 2010). Microalgae could serve as the potential protein sources for human beings to face the 

challenge (Becker, 2007). Due to their high protein content and beneficial health effects 

Cyanobacteria, like Spirulina, are considered as foods sources  (Lupatini et al., 2017). Some food 

products supplemented with Spirulina biomass, such as beverages, biscuits, puddings, etc., were 

recently developed in the Federal University of Rio Grande (Vaz et al., 2016).  Characterized by 

high protein content (>50% of dry biomass) as well as excellent amino acids composition, the 

green algae Chlorella sp. is of great interest as food supplements (Becker, 2007; Bleakley and 

A
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Hayes, 2017).  The exploitation of algal biomass in terms of animal feeds has also gained more 

popularity. The feed for chicken supplemented with Porphyridium sp. dry biomass resulted in a 

reduced level of cholesterol in serum and less food consumption, compared to the control group 

without supplementation (Ginzberg et al., 2000). The addition of Laminaria digitata into the diet 

of pigs could lead to an increased iodine content in meat products as well as an increase in meat 

production (He et al., 2002). Diatoms, like Chaetoceros gracilis, were considered as an essential 

feed for the larvae of shrimp (Chu, 1989). The possibility of the Coccomyxa onubensis biomass as 

a functional food for animals was proven by Navarro et al. (Navarro et al., 2016). 

 

1.3 High-value bioactive compounds from microalgae 

. 

1.3.1 Carotenoids 

 

In algae, a variety of carotenoids are synthesized either as essential components in photosynthetic 

apparatus or as protective tools shielding microalgae from reactive oxygen species (Grossman et 

al., 2004). Carotenoids with the distinct structure of 40-carbon chain as a backbone are classified 

into two groups: primary and secondary carotenoids (Guedes et al., 2011). As demonstrated in Fig. 

2, pigments from P. tricornutum biomass were separated by a flashing column chromatography 

established in our lab. Currently, only several carotenoids are commercially produced in particular 

astaxanthin and β-carotene (Spolaore et al., 2006). Astaxanthin and β-carotene are antioxidants 

and their health benefits have received extensive studies summarized in previous reviews (Guerin 

et al., 2003; Sathasivam and Ki, 2018). Fucoxanthin, rich in diatoms and brown algae, is gaining 

increasing interests due to its anti-obesity (Gammone and D'Orazio, 2015), anti-oxidant (Xia et al., 

2013) and anti-inflammatory properties (Heo et al., 2010). The structures of the carotenoids of 

commercial interests are listed in Fig. 3. In Chapter 4 of this thesis, special attention was paid to 

prove the feasibility of commercial production of fucoxanthin. 
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Figure 2. Pigments separated with a flash column chromatography approach from P. tricornutum 
biomass. 
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Figure 3. Structures of carotenoids of commercial interests from microalgae. The production of 
fucoxanthin by marine diatom was discussed in Chapter 4.  

 

1.3.2 Polyunsaturated fatty acids  

 

Polyunsaturated fatty acids (PUFAs) are essential compounds for human health. The intakes of 

PUFAs primarily depend on the diet (Murff and Edwards, 2014). Both EPA and docosahexaenoic 

acid (DHA) possess multiple health benefits. EPA is beneficial to reducing the risk of 

cardiovascular diseases (Ohnishi and Saito, 2013) and displays an antibacterial effect against 

human and animal pathogens (Desbois et al., 2008; Wang et al., 2018). DHA is an important 

component in the grey matter of the brain, the retina of eyes, and heart tissue (Spolaore et al., 

2006). The recommended intake of EPA+DHA by the health authorities in different countries 
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ranges from 200 to 680 mg/d for adults (Ian Givens and Gibbs, 2008). EPA and DHA are 

synthesized in a high percentage from total fatty acids of marine microalgae. P. tricornutum could 

accumulate EPA up to 4.4 % of the dry biomass cultivated in an outdoor photobioreactor system 

(Steinrucken et al., 2018). Nannochloropsis has been considered as another excellent producer of 

EPA in many studies, where different experimental conditions were applied to induce its maximum 

productivity (Chen et al., 2015; Shene et al., 2016). A previous study selected one strain of 

Isochrysis galbana from 19 candidates as a potential producer of DHA, with the productivity of 

DHA reaching 13.6 mg/L/d in an outdoor bioreactor (Liu et al., 2013).  

 

1.3.3 Other bioactive compounds 

 

Various phytosterols have been identified in microalgae, which could be potentially used as 

equivalents of plant-derived phytosterols for healthcare and pharmaceutical use (Luo et al., 2015). 

Sterol extract of Schizochytrium sp. displayed cholesterol level-lowering activity in hamsters 

(Chen et al., 2014). Anti-inflammatory and anti-cancer effects were observed in the sterol-

containing fraction from the marine microalgae Nannochloropsis oculata (Sanjeewa et al., 2016).  

Marine algae are an attractive source for bioactive peptides, which show multiple health benefits 

after hydrolysis (Fan et al., 2014). A polypeptide isolated after extraction and hydrolysis in a green 

alga, C. pyrenoidosa, displayed inhibitory effect on cancer cells (Wang and Zhang, 2013). Peptides 

showing antioxidant activity were purified in the marine green algae C. vulgaris in previous studies 

(Sheih et al., 2009). Apart from lipids and proteins, marine microalgae are producers of 

extracellular polysaccharides (EPS), which exhibited several bioactive benefits including antiviral 

effect. EPS showing an antiviral effect were mainly found in cyanobacteria, rhodophytes, 

dinoflagellates (de Jesus Raposo et al., 2013; Rwehumbiza et al., 2014). A sulfated polysaccharide 

found by ultrafiltration in the medium of Arthrospira platensis displayed an anticoagulant effect 

(Majdoub et al., 2009).  

 

1.4 Microalgae as feedstock for biofuel production 

 

It was proposed that the continually growing human population results in a 50 % increase in energy 

consumption by 2030 (Maness et al., 2009). Harmful effects of the overuse of fossil fuels and their 
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limited availability emphasize the need for renewable energy sources. Biofuels are recognized as 

a replacement for fossil fuels (Milano et al., 2016). Biofuels, such as bio-diesel and bio-ethanol, 

are sustainable energy carriers, which can be used in the current engines of vehicles with minor 

modification as substitutions of diesel and gasoline (Mata et al., 2010). However, the first and 

second generations of biofuels with crops and non-edible plants as feedstocks were constrained by 

the limited amount of arable land (Mubarak et al., 2015). Microalgae as the feedstock for biofuel 

production outcompete first and second generations of fuels due to multiple advantages such as 

higher photosynthetic efficiency, higher biomass productivity, lipid content and simple 

requirements for nutrients (Li et al., 2008; Mata et al., 2010). Nevertheless, so far the 

commercialization of microalgal biofuels has been hindered by the high costs and environmental 

impacts (Singh et al., 2017). Meanwhile, various of techniques and approaches have been put 

forward to cut down the cost of the mass production of biofuels from microalgae biomass (Barry 

et al., 2015). Furthermore, the energy and carbon equilibrium, along with the impact upon 

environment also determines the fate of microalgal biofuels, as reviewed by Slade and Bauen 

(Slade and Bauen, 2013).   

 

Among the steps in microalgae-based bio-diesel production, lipid extraction was proposed to 

contribute a lot to the overall costs (Iqbal and Theegala, 2013; Mubarak et al., 2015). The most 

commonly used techniques are organic solvents and supercritical fluid extraction (Lee et al., 2010; 

Santana et al., 2012). Although extraction methods based on chloroform are effective, the toxicity 

of chloroform hampers its application (Halim et al., 2011). Mixtures of dichloromethane/methanol 

and n-hexane/isopropanol were tried as substitutions for chloroform and methanol (Cequier-

Sánchez et al., 2008; Halim et al., 2011). The lipid extraction with supercritical CO2 has been 

tested in several species, thereby avoiding the use of the toxic organic solvents (Santana et al., 

2012). The performance of lipid extraction could be improved with a cell disruption process, which 

usually involves ultra-sonication, microwave, and bead mill (Halim et al., 2012). 
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1.5 Photobioreactor (PBR) 
 

A variety of closed PBRs were designed to provide an accurately controlled environment and 

effectively prevent the occurrence of contamination with additional benefits such as low water 

evaporation rate and high photosynthetic efficiency as reviewed by Huang et al. (Huang et al., 

2017).  The currently available photobioreactors can be categorized into four types, namely: 

adapted column PBR (Fig. 4, designed in OceanLab, Jacobs University Bremen), tubular PBR 

(Torzillo and Chini Zittelli, 2015), flat PBR (Huang et al., 2014) and bag PBR (Fig. 5, patented by 

Phytolutions, Bremen, Germany). Although higher biomass productivities compared to open pond 

system were obtained in closed PBRs, their exploitation is still restricted by high operation cost as 

well as investment (Posten, 2009). Column PBRs are usually equipped with air spargers to 

generate air bubbles for mixing. The radius and the height of a column PBR are limited up to 0.2 

m and to 4 m respectively to achieve a high surface/volume ratio and gas transfer efficiency (Wang 

et al., 2012). One promising solution to increase the light distribution is to use an internal LED 

light system as shown in Fig. 4. However, this modification inevitably increased both running and 

operational cost. Therefore, despite a high gas exchange rate in the column PBRs, their 

applications are limited by the high investment and large efforts for maintenance. Tubular PBRs 

are characterized by large surface area for light penetration, but the drawbacks are also evident, 

for instance, high initial investment and subsequently high running costs, O2 accumulation, and 

laborious cleaning procedure, as are reviewed by Huang et al. (Huang et al., 2017). Flat-plate PBRs 

feature for high photosynthetic efficiency owing to high surface-volume-ratio and short light 

penetration path but the high capital costs (Huang et al., 2017). The performance of the bag PBR 

patented by Phytolutions was tested in a 500 m2 pilot plant with controlled temperature and pH, 

with the goal to reduce costs to 25 €/m2 (Thomsen et al., 2012). Therefore, we perceive vertical 

bag PBRs as a promising way for mass production with regards to the robustness, low cost, long 

lifespan, and expandability. 
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Figure 4. Column PBR designed in OceanLab with LEDs providing illumination. A: the picture of the 
real PBR; B: the schematic picture of the PBR. 
  

LED light

Air sparger

LED light

Air sparger

A B



Chapter 1 

 10 

 

 
Figure 5. Project Aufwind/Jülich: Phytoplant (500m2) installation with the objective bio-kerosene 
and byproducts 
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2. Aims of the Ph.D. study 
 

Given to the fact that microalgae could serve as a reservoir of bioactive compounds, the study was 

designed to discover novel bioactive compounds from marine microalgae. The selection of 

appropriate species was the first step in each project. The methods of identification and 

quantification of the target compounds were established subsequently. Optimal conditions were 

determined to induce maximum productivity of the high-value bioactive substance. Last but not 

least, the performance of production was estimated in vertical bag PBRs to assess the viability of 

large-scale production. The cultivation of P. tricornutum in Chapter 3 was carried out in a closed 

PBR with a volume of 3,000 L. The next step would be the cultivation of the algae in PBRs with 

a volume up to 2-50 x 103 L. The three projects in this thesis with different target products were 

performed with the aims mentioned above. 

 

Due to the abuse of antibiotics, more and more bacteria strains evolved tolerance to antibiotics. 

Therefore, the development of alternatives to antibiotics became urgent for humans. Moreover, the 

prohibited use of antibiotics in animal feed in Europe also necessitates the alternatives. For this 

reason, the objective of Chapter 3 was to discover alternatives to antibiotics from marine 

microalgae. The cellular extract of P. tricornutum exhibited antibacterial effect against Bacillus 

subtilis in preliminary experiment. Thus, P. tricornutum was chosen as the candidate to purify and 

identify the antibacterial compounds. Furthermore, we expected to achieve continuous cultivation 

of P. tricornutum in pilot-scale vertical bag PBRs and established the methods to purify and 

identify antibacterial compounds. Besides, the antibacterial effects of the obtained substances were 

compared with a commercial antibacterial product and antibiotics. Their inhibitory effect against 

pathogenic Vibrio species was also estimated by determining the minimal inhibitory 

concentrations. The attempt of increasing the production of the target compounds was performed 

by the induction of phytohormones and phytotoxin. 

 

Fucoxanthin as an accessory pigment in photosystems of brown algae and diatom is known for 

potent bioactive effects and health benefits, such as anti-oxidative and anti-obesity effects. Brown 

algae as the current feedstock for fucoxanthin production accumulate much less fucoxanthin in 
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biomass compared to marine diatoms (Xia et al., 2013). Hence, the objective of Chapter 4 was to 

select the best diatom producing the highest fucoxanthin productivity. Subsequently, light 

conditions were optimized by a “Design of Experiment” method. The application of LED light in 

inducing fucoxanthin synthesis was assessed. The fucoxanthin productivity of the diatom in a 

modified bag PBR towards large-scale production was measured. The regulatory mechanism of 

fucoxanthin synthesis was dissected by the comparative proteomic analyses of diatoms grown 

under favorable and unfavorable conditions. 

 

Nitrogen starvation has been proved to be an effective way to induce lipid accumulation in algae 

and generate phenotypic differences for the study of lipogenesis (Zhu et al., 2016). Therefore, in 

Chapter 5, the objective was to elucidate the regulatory and mediatory mechanisms of lipid 

accumulation induced by nitrogen starvation in two species of oleaginous algae. Scenedesmus sp. 

belongs to Chlorophyceae while C. closterium is a benthic diatom (Bacillariophyceae). Algae 

cultured in bag PBRs were exposed to nitrogen starvation. A time-series lipidomic analysis was 

conducted to both algae by a time of flight MicrOTOF Focus mass spectrometer. The changes in 

glycerolipids were determined at the molecular level in both species along with the changes in 

growth kinetics, total lipids and fatty acids profiles at different time points during nitrogen 

starvation. 
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3 Pilot-scale production of antibacterial substances by the marine diatom 

Phaeodactylum tricornutum Bohlin 
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3.1 Abstract 
 

The production and extraction of antibacterial substances from Phaeodactylum tricornutum 

biomass were tested on a pilot scale in a photo-bioreactor greenhouse installation. Using column 

chromatography two antibacterial active fractions were obtained from the algal biomass: a pure 

fraction of eicosapentaenoic acid (EPA) and a potentially new antibacterial substance(s) (identified 

as fraction B) produced by P. tricornutum. Both fractions exhibited antibacterial activities against 

three human pathogens: Vibrio vulnificus, V. parahaemolyticus, and V. cholerae. Minimal 

inhibitory concentrations against Bacillus subtilis of active fractions and one antibacterial 

commercial product were determined revealing a higher antibacterial activity of EPA in 

comparison to the commercial product. Consequently, EPA as well as the raw algal biomass with 

both EPA and the fraction B compounds could be used as food additives and feeds in aquaculture, 

poultry, and livestock breeding. Two types of phytohormones, methyl jasmonate and salicylic acid, 

as well as one phytotoxin, coronatine, were tested for induction of the defense system of P. 

tricornutum. However, only a minor change in the fatty acids profile and antibacterial effects of 

the treated cultures indicated that P. tricornutum must employ another strategy to regulate its 

antibacterial defense system. 

 

Keywords: Pilot-scale; Antibacterial substance; Eicosapentaenoic acid; Pathogen; Inducibility 

 

3.2 Introduction 

 

Microalgae are ubiquitously distributed and have the ability to adapt to various environmental 

factors such as temperature, salinity, moisture, photo-oxidation and ultra-violet (UV) light (Duong 

et al., 2015; Tandeau de Marsac and Houmard, 1993). Due to their high growth rate, ease of 

cultivation, and production of diverse bioactive substances, microalgae have been proposed as 

additives for feedstock, medicines, cosmetic products or biodiesel production (Hu et al., 2008; Kay, 

1991; Shannon and Abu-Ghannam, 2016). The amount of novel marine natural compounds 

identified is increasing with > 1300 reported in 2014 (Blunt et al., 2016). Hence, microalgae, 

especially marine diatoms, have great potential in the search for novel bioactive secondary 

metabolites (Daniel, 2016; Kellam and Walker, 1989; Singh, 2005).  
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The marine pennate diatom Phaeodactylum tricornutum Bohlin (genome sequence available) has 

been used as a model organism in biochemical, physiological and genetic studies of marine 

diatoms (Bowler et al., 2008; Jallet et al., 2016). The eicosapentaenoic acid (EPA) fraction from 

the methanol/water extract of P. tricornutum has proved to be antibacterial against Staphylococcus 

aureus (Desbois et al., 2009). Different morphotypes of P. tricornutum exhibit different 

antibacterial effects against marine bacteria and potential human and animal pathogens, with the 

antibacterial substances being identified as (9Z)-hexadecenoic acid and (6Z, 9Z, 12Z)-

hexadecatrienoic acid and eicosapentaenoic acid (EPA) (Desbois et al., 2008).  

 

The concerted biosynthesis and accumulation of phytohormones such as methyl jasmonate (MeJA), 

salicylic acid (SA) and ethylene play a crucial role in signaling plants to produce antimicrobial 

substances. The signaling mechanism of these phytohormones has been well studied in plants (Han, 

2017; Reymond and Farmer, 1998; Xie et al., 1998). However, insufficient research has focused 

on the interaction between marine phytoplankton and bacteria (Amin et al., 2015). Interactions 

between algae and bacteria, dominated by the exchange of signaling molecules, substantially 

impact primary production and nutrient cycling in marine ecology (Seymour et al., 2017). 

Therefore, the search for signaling compounds that regulate antibacterial compound production in 

P. tricornutum, as a model organism, is of great importance. Ultimately, more knowledge on this 

may also shed light on the evolution of plant-like immunity in the marine environment. The 

synthesis of secondary metabolites in the marine brown algae, Laminaria digitate, is induced by 

arachidonic acid and MeJA (Küpper et al., 2009). Furthermore, the addition of arachidonic acid 

was reported to have altered the fatty acid profile and the level of hydroxylated fatty acid 

derivatives. In contrast to brown algae, the defense systems and their induction in marine diatoms 

has not been as well studied. Antibiotic discovery is not very frequent these days, although there 

is an extreme need for new antimicrobials for clinical use and animal feed. Considering this fact, 

the aims of this study were to identify the antimicrobial substances, especially against human and 

animal pathogenic Vibrio species from P. tricornutum biomass, to compare their efficacy with that 

of a commercial natural antibiotic substitute for animal feed production and to induce stress by 

phytohormones for increased production of such substances. 
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3.3 Materials and Methods 
 

3.3.1 Microalgal species and cultivation conditions 

 

Phaeodactylum tricornutum was purchased from the Culture Collection of Algae (EPSAG), 

Goettingen University, Germany [http://www.uni-goettingen.de/en/45175.html]. P. tricornutum 

stock culture was maintained in f/2 artificial seawater medium without silicates (Guillard, 1975). 

All chemical reagents were purchased from AppliChem (AppliChem GmbH, Darmstadt, 

Germany). Artificial seawater was prepared, filtrated using 0.2 µm filter cups (Merck Chemicals 

GmbH, Darmstadt, Germany), and autoclaved. Stock culture was cultivated in an incubator with 

light intensity of 50 µmol/s/m2, and the temperature was maintained at 20 °C. P. tricornutum was 

inoculated in 30-L phytobag photo-bioreactor, developed by Phytolutions GmbH (IP-rights 

patented), as the starter culture for the pilot plant with continuous 30-L/min air supply through a 

tube and light by 58W fluorescence lamps (Osram, Munich, Germany) at 75 µmol/s/m2.   

 

3.3.2 Photo-bioreactor (PBR) 

 

The PBR was composed of four major components (Fig. 1). Twenty specially-designed 

polyethylene (PE) phytobags (4-meter long and 1.5-meter high, volume 150 L each) were 

connected to a circulation system driven by a peristaltic pump (Axflow, London, United Kingdom). 

A heat exchange system was integrated into the circulation system, which is designed for winter 

or summer production to maintain the temperature in a suitable range for growth of P. tricornutum 

(between 18 and 24 °C). Aeration was provided by an air pump coupled to micro-bubble air tubes 

in the bottom of each PE bags. Carbon dioxide supply for pH control was achieved by an automatic 

valve, which was opened when the pH in algal solution exceeded the threshold of 7.8 as measured 

by a pH sensor. The pilot plant was located at a greenhouse at 8°39'1" E and 53°9'53" N in the 

OceanLab facility of Jacobs University Bremen, Germany under natural abiotic conditions. Thus, 

environmental conditions such as light and temperature in the PBR fluctuated on a regular basis.  
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Figure 1. Sketch of the pilot plant. P1: Main pump in circulation system; P2: Pump in heat exchange 
system; H: heat exchanger; R: cooling/heating water reservoir; P3: air pump; S: temperature and 
pH sensors; C: control of sensors; CO2: CO2 bottles. 

 

3.3.3 Growth kinetics and biomass productivity 

 

Algal growth was monitored daily by measuring the culture’s optical density at 750 nm with a 

spectrophotometer (Biochrom, Cambridge, United Kingdom). A calibration curve reflecting the 

correlation of OD750 value (Brembu et al., 2017) and dry biomass concentration (g/L) was 

generated to calculate the biomass productivity (g/L/d) (Fig. S1). Biomass concentration was 

determined by filtering 10 mL of the algal solution on microfiber GF/F 47 mm filter (Whatman, 

Maidstone, United Kingdom), drying of the filter in an oven at 60 °C for 24 h, and subsequent 

weighing (Zhu and Lee, 1997).  

 

3.3.4 Preparation of crude extract of P. tricornutum 

 

After lyophilization using an Alpha 1-2 LD plus lyophilizer (Christ, Osterode, Germany), 6 g of 

dry biomass was mixed with 72 mL 100% methanol for 10 min and subsequently centrifuged at 

1512 g. This step was repeated twice and the three supernatants were collected after centrifugation. 

The supernatant was evaporated by a rotary evaporator (Heidolph, Schwabach, Germany) 
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equipped with a PC500 vacuum pump (Vacuubrand, Wertheim, Germany) at 90 mbar and 40 °C. 

Crude extracts were stored at -20 °C for later chromatography. 

 

3.3.5 Flash column and thin-layer chromatography 

 

Column chromatography was performed using silica gel 60 (0.040-0.063 mm). Ethyl acetate 

(boiling point of 77 °C) and petroleum ether (boiling point range of 40-60 °C) were used as a 

mobile phase for column chromatography. Purification was achieved with the flash column 

chromatography under gradient linearly increasing elution using ethyl acetate and petroleum ether 

(0:100-25:75, EtOAc/pet ether). Thin-layer chromatography (TLC) was carried out for the 

antimicrobial active fractions using silica gel 60 F254 pre-coated plates and visualized under UV 

irradiation (254 nm). A total of 27 different fractions of 25 mL each were collected; which ended 

up with 14 fractions after TLC (designated as A-N). All fractions were dried by a rotary evaporator, 

resuspended in 500 µL DMSO, and examined for antibacterial activity in three replicates. 

 

3.3.6 Disc diffusive assay and minimal inhibitory concentration (MIC) 

 

Bacillus subtilis was streaked onto Lysogeny broth (LB) agar plates, which were subsequently 

incubated at 28 °C for 24 h.  Bacterial colonies were picked, resuspended in LB broth and diluted 

to an OD600 of 0.1. The bacterial solution was uniformly spread onto the LB agar plates using 

sterile glass beads. 7 mm GF/F filters (Whatman, Maidstone, United Kingdom) were put onto the 

LB agar plates seeded with the bacteria. 30 µL of each column chromatography fraction were 

pipetted onto the filters with an equivalent volume of dimethylsulfoxide (DMSO) as a negative 

control. After 24 h of incubation at 28 °C, the diameters of inhibition zone were measured by 

photography and subsequent analysis using ImageJ (https://imagej.nih.gov/ij/) to assess the 

antibacterial activity. Active chromatography fractions were subjected to mass spectroscopy. The 

susceptibility of six strains of potentially human-pathogenic Vibrio species to the active 

chromatography fractions was assessed in the same way but on Marine Broth (MB) agar plates (5g 

peptone, 1g yeast extract, 0.1 g FePO4, 750 mL filter-sterilized North Sea water, 250 mL distilled 

water, 12 g agar, pH 7.6). The MICs against B. subtilis of two active fractions, EPA standard 

(marine-sourced, ≥98.5%, Sigma Aldrich, St. Louis, USA), a commercial antibacterial substance, 



Chapter 3 

 26 

and two antibiotics were determined in 96-well plates, in duplicates, with the antibiotics, ampicillin 

and gentamycin, used as positive controls. 

 

3.3.7 Electro spray Ionization-Tandem Mass Spectrometry (ESI-MSn) and micro Time of 

Flight Mass Spectrometry (ESI-microTOF).  

 

The Ion-trap mass spectrometer fitted with an ESI source (Bruker Daltonics HCT Ultra, Bremen, 

Germany) operating in full scan auto MSn (tandem MS in series) mode to obtain fragment ions. 

Tandem mass spectra were acquired in Auto/Manual-MSn mode (smart fragmentation) using a 

ramping of the collision energy. Maximum fragmentation amplitude was fixed to 1 Volt. MS 

operating conditions (negative mode) were optimized with a capillary temperature of 365 °C, a 

dry gas flow rate of 10 L/min, and a nebulizer pressure 60 psi. The high-resolution mass was 

obtained using a Bruker Daltonics micro-TOF spectrometer using the negative electrospray 

ionization mode (ESI). The sample was injected at 200 uL/h flow rate and subjected to negative 

Ion ionization mode by keeping the mass window between 50 and 4000 m/z. 

 

3.3.8 Quantification of EPA productivity of P. tricornutum biomass by fatty acid methyl 

esterification (FAME) 

 

A modified gravimetric and FAME method was employed for total lipid content and fatty acid 

profile analysis (Bligh and Dyer, 1959; Mustafai, 2015). Approximately 30 mg of dry biomass 

was weighed into 10-mL glass screw tubes. Lipid was extracted with 6 mL methanol: chloroform 

(2:1) solvent using a magnetic stirrer at 250 rpm for 2 h. The organic phase was transferred into a 

new glass screw tube and 1.2 mL of 0.9% NaCl was added to each tube. After 10 min of incubation, 

two phases formed and the bottom organic phase was subsequently transferred to a new batch of 

pre-weighed tubes by syringe. The organic solvent was evaporated under nitrogen. Total lipids 

were calculated and maintained at -20 °C for methyl esterification. Total lipids were dissolved in 

0.5 mL of chloroform. A 10 M KOH solution, 700 µL, and 5.3 mL of methanol were added to the 

vial and the lipids were incubated at 55 °C in a water bath with a stirrer in the glass tubes stirring 

for 1 h. All samples were cooled down to room temperature. Next, 580 µL of 12 M H2SO4 was 

added followed by incubation at 55 °C in a water bath with a stirrer for 1 h. Hexane, 1 mL, was 
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added after the samples cooled down to room temperature. Samples were vortexed and centrifuged 

at 1512 g for 5 min. The hexane phase (0.5 mL) was transferred to vials and stored at 4 °C. FAME 

was analyzed by Gas Chromatography (Shimadzu, Kyoto, Japan) integrated with a Flame 

Ionization Detector (FID). The GC program was developed by (Mustafai, 2015). The correlation 

curve was made by a gradient of EPA standards subjected to the same method. 

 

3.3.9 Preparation of phytohormones and synthesis of coronatine to potentially induce the 

production of antimicrobial compounds. 

 

Methyl jasmonate (MeJA) and salicylic acid (SA) were purchased from Sigma Aldrich (Sigma 

Aldrich, St. Louis, USA). Coronatine (COR) was isolated from the culture supernatant of the 

bacterium, Pseudomonas syringae pv. glycinea PG4180 wild type (WT). The COR-deficient 

mutant PG4180.D4 (D4) served as a negative control. After 48 h of incubation at 28 °C on LB 

agar plates, P. syringae WT and D4 single colonies were inoculated in 20 mL of HSC medium and 

cultivated at 18 °C and shaking at 250 rpm for 72 h (Palmer and Bender, 1993). Aliquots of 10 mL 

of WT and D4 were then inoculated into 1 L flasks filled with 400 mL of HSC medium to yield 

an initial OD600 value of 0.02. Flasks were shaken at 18 °C and 250 rpm for five days until bacteria 

reached stationary phase. A slightly modified extraction protocol was used according to (Palmer 

and Bender, 1993). In brief, bacterial cells were removed by centrifugation (10,976 g, 10 min, 

4 °C), and the culture supernatant was filtrated through 0.2 mm pore size filters to obtain a cell-

free supernatant. Aliquots of 22.5 mL of supernatant were filled into 50 mL Falcon tubes. 30 µL 

of 6 M HCl was added to lower the pH to a range between 1-2. Equal volumes (22.5 mL) of ethyl 

acetate were added for extraction. Falcon tubes were shaken at 37 °C at 250 rpm for 30 min. This 

extraction procedure was repeated three times and the upper ethyl acetate fractions collected for 

evaporation. Evaporation was conducted by a rotary evaporator at 250 rpm, 30 °C, and 90 mbar. 

Ultrapure water was added to re-suspend the dried pellet containing the compounds. The 

resuspension solutions were kept at 4 °C, of which 30 µL was diluted 10-fold with water containing 

0.05% trifluoroacetic acid (TFA) and filtrated through a 0.2-µm pore size filter before being 

subjected to High-Performance Liquid Chromatography (HPLC) Ultimate 3000 (Thermo Fisher, 

Waltham, United States) for quantification. The HPLC protocol was conducted according to 

(Palmer and Bender, 1993). A COR standard, Sigma Aldrich, was used to make a calibration curve 
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to estimate the concentration of COR in ethyl acetate extracts. The chromatograms of COR 

standard, extracts of WT and D4 are included in the supplementary materials (Fig. S2). 

 

3.3.10 Induction of synthesis of antibacterial substance(s) in P. tricornutum and antibacterial 

effects analysis 

 

The phytohormones, MeJA and SA, as well as the phytotoxin COR were supplemented to P. 

tricornutum cultures grown in 650-mL cell culture flasks at 20 °C, 75 mmol/s/m2 to elicit an 

increased production of antibacterial compounds when the algal cultures reached mid-exponential 

growth phase. The two final concentrations of MeJA and SA, respectively, were 10 mg/L and 100 

mg/L. The two final concentrations of COR were 0.5 mg/L and 5 mg/L.  The same concentrations 

of ethyl acetate extract from the supernatant of D4 cultures were used as negative control. After 

treatments for 72 h, algal cells were harvested by centrifugation at 1512 g for 10 min. Total lipid 

content and fatty acid profiles were analyzed by the same methods in 2.8. Methanolic extracts of 

treated biomass (approximately 100 mg), resuspended in DMSO, were tested by disc diffusive 

assay (DDA) to estimate the antibacterial effect. Each treatment was carried out in duplicate. 

 

3.4 Results and Discussion 

 

3.4.1 Algal growth kinetics and productivity  

 

During a total of 19 days of recycled production, 4.63 kg of P. tricornutum dry biomass was 

produced (Fig. 2) with 1000 L of additional salt water supplemented to compensate for the loss of 

liquid from centrifugation. Thereby, a productivity of 7.62 g/m2/d dry biomass was achieved. As 

universally acknowledged, the biggest challenges for microalgae production are low productivity 

and high costs (Santos-Ballardo et al., 2016). P. tricornutum has been investigated numerous times, 

while most of these previous studies were performed at laboratory scale with flasks and bottles. 

Previously, 4.0 g/m2/d and 2.0 g/m2/d average productivities of P. tricornutum have been acquired 

in semi-continuous and batch mode cultivation, respectively (Veloso et al., 1991). Even after three 

recycling processes neither a slowdown in growth rate nor a burst of grazers occurred (Fig. 2). In 

a previous study using a specific type of 56 L glass tube PBR, a productivity of 13.1 g/m2/d was 
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yielded, with 13.33-fold and 7.2-fold NaNO3 and NaH2PO4 consumption, respectively (Benavides 

et al., 2013). Water consumption contributes a significant portion of the production costs (Farooq 

et al., 2015). It has been estimated that 1 kg dry biomass production consumes one ton of water 

(Guieysse et al., 2013). In the current study, 4 t of seawater water was consumed to produce 4.63 

kg dry biomass, which reduced water consumption to 0.86 t for 1 kg dry biomass production. 

 

 

 

 
Figure 2. Growth kinetics of P. tricornutum in pilot plant. On Day 7, 2500 L algal solution was harvested 
by centrifugation. 2000 L solution after centrifugation was recycled with f/2 nutrients and 500 L fresh salt 
water compensating for the loss of salt water during centrifugation. On Day 13, 2500 L algal solution was 
harvested, of which 2000 L solution was recycled with f/2 nutrients. On Day 16, 500 L fresh salt water and 
f/2 nutrients was supplemented. On Day 20, all the algae were harvested. Data shown as mean ± SD, n = 3. 

 

3.4.2 Activity guided fractionation 

 

To isolate and characterize bioactive compounds responsible for the antibacterial activity of algal 

extracts, a bioactivity-guided fractionation procedure was applied (mentioned in materials and 

methods 2.6). The obtained fractions, which showed similar compositions as judged by Rf values, 

were combined and concentrated to carry out a disc diffusion assay with B. subtilis. From these 

fractions, two highly active fractions termed B and J were identified (Fig. 3). Both active fractions 

were directly analyzed by ESI-MS in negative ion mode.  
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Figure 3. Inhibitory area of fractions from column chromatography. Nine fractions showed 
antibacterial activities against the test bacteria B. subtilis, of which two major peaks occurred. The total 
fourteen fractions were labelled as A-N based on the order of collected column fractions; NC: negative 
control. Data shown as mean ± SD, n = 3.  
 

High-resolution mass spectrometry suggested the molecular formula of C20H30O2 with m/z at 

301.2289 [M–H]– (Fig. 4a). The subsequent tandem MS fragment of 301[M–H] – is giving a m/z 

283 [M–H] – with the loss of water, m/z 257 [M–H]– with the loss of CO2 and m/z 203 [M–H]– 

(Fig. 4b). These data are in full agreement with the Ω-3 polyunsaturated fatty acid EPA (Desbois 

et al., 2008). Further comparison with an EPA standard fully confirmed the identity of the 

antibacterial substance.  If compared to previous work using RP-HPLC for active compound 

isolation (Desbois et al., 2008), we could demonstrate that a less demanding separation method 

yields sizeable quantities of the active compound in satisfactory yield and purity. 
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Figure 4. a: High resolution MS spectra of fraction J. Fraction J contains EPA at m/z 301.2289; b: 
Tandem MS spectra of EPA at m/z 301 in negative Ion mode.  
 

The second bioactive fraction was shown to contain several currently inseparable compounds with 

m/z values at 175, 217, 265, 385, 417 and 509 in the negative ion mode. The molecular formulae 

for these natural products were assigned by high-resolution mass spectrometry, which is mentioned 

in Table 1. Tandem MS data were inconclusive and did not allow further structure elucidation. 

Further purification to a single compound level is required to fully characterize the antibacterial 

compounds. P. tricornutum produced at least two different antibacterial compounds. 

 

 

 

 

  



Chapter 3 

 32 

Table 1: Possible hit candidates for secondary metabolites detected in fraction B 

Measured m/z Theoretical m/z Error in ppm Molecular Formula 

217.0962 217.0974 3.5 C10H17O5 

241.0871 241.0887 4.5 C11H13O6 

265.1280 265.1305 8.5 C15H21O4 

417.1802 417.1817 4.1 C20H28O9 

509.1777 509.1757 6.8 C27H25O10 

 

 

The EPA content of the produced biomass was 3.68 ± 0.08% of dry weight, which led to a 

productivity of 0.28 g/m2/d. In a different panel photo-bioreactor (40 L), the highest EPA content 

(2.67% of dry weight) was achieved under nitrogen starvation during spring, while highest EPA 

productivity (0.38 g/m2/d of dry weight) was achieved under nitrogen-replete conditions with a 

nitrogen consumption of 193.7 mg/L (Rodolfi et al., 2017). It may be concluded that with a 

nutrient-replete medium and extended cultivation, biomass and EPA productivity as observed in 

this study could be substantially enhanced and cost may thereby be reduced in the future. 

 

P. tricornutum was considered as an EPA-rich species. It has been reported that one strain P. 

tricornutum that can grow in freshwater accumulated as much as 40% EPA of the total fatty acids 

at low sodium chloride concentration (0-1%). Urea was assessed as the best nitrogen source 

compared to ammonium and nitrate and resulted in a 30% EPA content of the total fatty acids 

(Yongmanitchai and Ward, 1991). EPA has been reported to be of great importance in defense 

reactions against grazing by zooplankton (Jüttner, 2001), but was also recommended as a food 

additive to lower the risk for cardiovascular diseases (Jump et al., 2012) demonstrating the high 

versatility of this algal compound.  

 

Variable bacteriostatic effects of different free fatty acids and their derivatives had previously been 

determined to indicate that their cis-double bonds may raise the inhibitory effect when combined 

with another double bond (Kabara et al., 1972). The antibacterial effect displayed by EPA may be 
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attributed to the five cis double bonds in its structure. It has been noted before that the bacteriostatic 

effect of linoleic acid was due to increased permeability of bacterial membrane (Greenway and 

Dyke, 1979). Additionally, it had been shown that long-chain free fatty acids inhibited bacterial 

growth by reducing the activity of one key enzyme for fatty acid biosynthesis (Zheng et al., 2005). 

Currently, the mechanism of how EPA inhibits bacterial growth is not well understood, prompting 

further investigations, which is our utmost future focus. 

 

3.4.3 Antibacterial activity against potentially human pathogenic Vibrio vulnificus, Vibrio 

cholerae, and Vibrio parahaemolyticus 

 

To further explore the observed antibacterial activity against gram-negative bacteria described 

previously, both active fractions (J and B), were tested against different potentially pathogenic 

Vibrio species. Vibrio are widely disseminated throughout the marine environment, and 13 out of 

130 Vibrio species are considered to be pathogenic to humans (Ramamurthy et al., 2014) with V. 

vulnificus, V. parahaemolyticus, and V. cholerae possibly inflicting severe infection, primarily 

through consumption of contaminated seafood (European Commission, 2001). Both P. 

tricornutum methanolic fractions (J and B) led to the formation of clear inhibitory zones for six 

tested Vibrio environmental isolates with a similar trend (Fig. 5). The susceptibility of three 

isolates for both active fractions B and J was lower in case of Vibrio parahaemolyticus as compared 

to Vibrio cholerae and Vibrio vulnificus. Fraction B was more active when compared to the fraction 

containing EPA (J). However, the conclusion that the active compounds in fraction B are more 

efficient than EPA cannot be drawn at this time, since fraction B constitutes a mixture of 

compounds with unknown molarity.  

 

Previously, one fraction from the methanolic extract of the diatom Skeletonema costatum inhibited 

the growth of Vibrio cholerae (Daniel, 2016), but the bioactive compound was not purified. The 

antibiotic susceptibility of 141 V. vulnificus and 184 V. cholerae strains from German Bight and 

clinical settings were profiled in another study with V. vulnificus proven to be resistant to 

aminoglycosides and V. cholerae  tolerant to amino-penicillins and aminoglycosides (Bier et al., 

2015). The presence of carbapenemase in four V. cholerae strains caused great concern (Bier et 

al., 2015). Carbapenemase is capable of hydrolyzing Carbapenems, which are the antibiotics 
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featuring the widest antibacterial spectrum (Nordmann et al., 2012). Given our preliminary results 

above, the natural biomass of P. tricornutum as aquaculture feed possesses great potential to 

replace conventional antibiotics and reduce aquaculture animal and human infection risks. 

 

 

 
Figure 5. Disc diffusive assay of two active fractions against human and animal pathogens—two 
strains from each of the 3 Vibrio species. Fraction J: Antibacterial column chromatography fraction 
assigned as eicosapentaenoic acid; B: Antibacterial column chromatography unknown compounds fraction. 
Data shown as mean ± SD, n = 3.  
 

3.4.4 Comparison of minimum inhibitory concentration of fraction B and J 

(eicosapentaenoic acid) with eicosapentaenoic acid standard, a commercial antimicrobial 

product 

 

The antibacterial effects of fraction B and J (EPA) were compared to those of an EPA standard, to 

a commercial antibacterial product, and to two commonly used antibiotics, ampicillin and 

gentamycin (Table 2).  The MIC of fraction J (EPA) against B. subtilis was 18.4 µg/mL, which is 

comparable to that of the EPA standard (15.6 µg/mL). Interestingly, this fraction and pure EPA 

are 7-8-times more efficient against B. subtilis if compared to the commercial product. The two 

conventional antibiotics are 600-fold and 150-fold more efficient than fraction J (by concentration).  

The MIC of fraction B with its unknown bioactive compounds is 17-fold less effective when 

compared to fraction J (Table 2).  
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Table 2. Minimal inhibitory concentration of faction B, J, EPA standard, one commercial 

product and two antibiotics 

 B J EPA CP Amp Gen 

MIC 

(µg/mL) 

307.500 18.438 15.625 125 0.031 0.125 

 
B: Antibacterial column chromatography fraction; J: Antibacterial column chromatography fraction 
assigned as eicosapentaenoic acid; EPA: Eicosapentaenoic acid standard; CP: Commercial antibacterial 
product; Amp: Ampicillin; Gen: Gentamycin; Experiments were carried out in three replicates. Data shown 
as mean ± SD (zero), n = 3. 
 

 

The antibacterial effect of fraction J (EPA) is 7-times more potent than the commercially available 

product. A bacteriostatic effect against B. subtilis using 1 g of ampicillin, could be in theory 

substituted with EPA from 16.3 kg of P. tricornutum dry biomass or with 4 kg of the pure 

commercial product. In turn, one gram of gentamycin could be substituted by 4 kg of P. 

tricornutum dry biomass or 1 kg the commercial product, respectively. With the combination of 

the antibacterial compound(s) in fraction B and EPA, the weight of dry biomass to substitute 

antibiotics will be further reduced, when the antibacterial compound(s) in fraction B will be 

identified and quantified. Consequently, EPA as well as the raw algal biomass with both EPA and 

the fraction B compounds could be used as food additives and feeds in aquaculture, poultry, and 

livestock breeding. The supplementation of antibiotics in animal feed to prevent disease is strictly 

forbidden (European Commission, 2005). Therefore, microalgal biomass as replacement of 

antibiotics had been examined previously. For instance, 1% Chlorella vulgaris biomass 

supplementation in broiler chickens diet is beneficiary to the immune characteristics of chickens, 

compared to the diet with the antibiotic virginiamycin  (Kang et al., 2013). Apart from prevention 

of bacterial infection, P. tricornutum, as food supplementation, led to the best performance of 

omega-3 long-chain poly unsaturated fatty acid enhancement in the egg yolk of hens, as compared 

to supplementation with Nannochloropsis oculata and Chlorella fusca (Lemahieu et al., 2013). In 

addition, a reddish color of the yolk was observed in yolk produced by chickens fed with P. 
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tricornutum-supplemented feed, suggesting the potential of P. tricornutum as a natural colorant 

(Lemahieu et al., 2013). 

 

3.4.5 Inducibility of the defense system of P. tricornutum. 

 

Most of the interspecies interaction knowledge comes from the terrestrial environment, e.g., 

rhizosphere, on the contrary, it was difficult to find a stable analog in the ocean (Amin et al., 2012). 

Therefore, it needed to be tested whether the known inducers of higher plant defense mechanisms 

could play a role in inducing synthesis of bioactive compounds in P. tricornutum. The bacterial 

phytotoxin, COR, has been proved potent in eliciting the accumulation of secondary metabolites 

in Taxus media (Onrubia et al., 2013) prompting us to comparatively study the potential effects of 

MeJA, SA, and COR on the synthesis of P. tricornutum bioactive compounds. SA and MeJA at 

the higher concentration (100 mg/L) led to 17% and 11.4% increase in total lipid content, 

respectively, compared to an uninduced control (Fig. 6a). An elevated level of lipid content was 

previously determined after 72 h of treatment with MeJA in Scenedesmus incrassulatus at optimal 

(20 °C) and higher temperatures (25, 30, and 36 °C) (Christov et al., 2001), which is in accordance 

with the present study. Concerning the fatty acid profiles, especially EPA content, no notable 

changes were found (Fig. 6b). A similar result was previously demonstrated for Laminaria digitate 

with MeJA (Küpper et al., 2009). On the contrary, a variety of free fatty acids were increased in 

Laminaria digitate by arachidonic acid (Küpper et al., 2009). Different fatty acid profiles of 

Scenedesmus Incrassulatus induced by MeJA were noted at lower and higher temperature, 

compared to the optimal temperature. These differences were suggested to be green algae 

adaptations to adverse temperature conditions (Christov et al., 2001). No pronounced increase 

displayed from each treatment suggested that the active substance in fraction B was not affected 

by all the inducers used in this study (Fig. S3). In the current study, P. tricornutum was grown 

under optimal conditions. Hence the regulatory effects of molecules such MeJA, SA and COR 

possibly required in hostile environments might not have been needed to induce bioactive 

compound syntheses. In consequence, additional studies with a different experimental set up (e.g., 

environmental stress and adapted phytobag PBR-design) is needed to elucidate any phytohormonal 

regulation in the herein tested microalgae.  
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Figure 6. a: Total lipid content (% of dry weight); b: fatty acid profiles (% of total free fatty acid) of 
dry biomass after 72 h inducement at the end of the exponential phase. D4 mutant as the negative 
control for coronatine treatment, wild type (WT) for MeJA and SA treatment. WT represents wild type 
without treatment; D4 coronatine-free treatment; C5 coronatine at 5 mg/L; C0.5 coronatine at 0.5 mg/L; 
SA100 SA at 100 mg/L; SA10 SA at 10 mg/L; MJ100 MJ at 100 mg/L; MJ10 MJ at 10 mg/L. Data shown 
as mean ± SD, n = 2 

 

3.5 Conclusions 

 

Two independent antibacterial fractions were obtained from P. tricornutum biomass. One could 

be identified as EPA while the other fraction might contain several secondary algal metabolites. 

Both active fractions displayed an inhibitory effect against potential pathogenic Vibrio species. 

The antibacterial effect of the substances showed superiority over one commercial antimicrobial 

product indicating the potential of P. tricornutum biomass as a supplement in animal feeds.  No 

noticeable changes were observed in fatty acid profiles when inducers of the plant defense system 

were applied, indicating that the proper conditions for an induction of bioactive compound 

synthesis remains to be elucidated. 
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3.7 Supplementary material 
 
 

 
 
Figure S1. Correlation curve between OD750 value and dry biomass concentration (g/L).  
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Figure S2. Chromatograms of a: COR standard; b: extracts of P. syringae WT; c: extracts of P. 
syringae D4 
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Figure S3. Disc diffusive assay results of methanolic extracts of P. tricornutum induced by MeJA, SA 
and COR. A: Wild type; B: D4 treatment; C: COR at 5 mg/L; D: COR at 0.5 mg/L; E: MeJA at 100 mg/L; 
F: MeJA at 10 mg/L; G: SA at 100 mg/L; H: 10 mg/L; NC: Negative control. Duplicates were performed. 
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4.1 Abstract 
 

Marine diatoms have a higher fucoxanthin content in comparison to macroalgae. Fucoxanthin 

features many potent bioactive properties, particularly anti-obesity properties. Despite the great 

potential for harvesting larger amounts of fucoxanthin, the impacts of light quality (light source, 

intensity, and photoperiod) on fucoxanthin production and the essential proteins involved in 

fucoxanthin biosynthesis in marine diatoms remain unclear. 

 

In the present study, Cylindrotheca closterium was selected from four different species of diatoms 

based on its high fucoxanthin content and productivity. Optimal light conditions (light source, 

intensity, and regime) were determined by a “Design of Experiment” approach (software MODDE 

Pro 11 was used). The model indicated that an 18/6 light/darkness regime increased fucoxanthin 

productivity remarkably as opposed to a 12/12 or 24/0 regime. Eventually, blue light-emitting 

diode light, as an alternative to fluorescent light, at 100 µmol/m2/s and 18/6 light/darkness regime 

yielded maximum fucoxanthin productivity and minimal energy consumption. The fucoxanthin 

production of C. closterium under the predicted optimal light conditions was assessed both in bottle 

and bag photobioreactors (PBRs). The high fucoxanthin content (25.5 mg/g) obtained from bag 

PBRs demonstrated the feasibility of large-scale production. The proteomes of C. closterium under 

the most favorable and unfavorable fucoxanthin biosynthesis light/darkness regimes (18/6 and 

24/0 respectively) were compared to identify the essential proteins associated with fucoxanthin 

accumulation by matrix-assisted laser desorption/ionization-time of flight-mass spectrometry. Six 

proteins that were up-regulated in the 18/6 regime but down-regulated in the 24/0 were identified 

as important chloroplastic proteins involved in photosynthesis, energy metabolism, and cellular 

processes.  

 

Blue light-emitting diode light at 100 µmol/m2/s and 18/6 light/darkness regime induced maximum 

fucoxanthin productivity in C. closterium and minimized energy consumption. The high 

fucoxanthin production in the bag photobioreactor under optimal light conditions demonstrated 

the possibility of commercialization. Proteomics suggests that fucoxanthin biosynthesis is 

intimately associated with the photosynthetic efficiency of the diatom, providing another technical 

and bioengineering outlook on fucoxanthin enhancement.  
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Keywords: Diatom; Fucoxanthin; Photobioreactor; Proteomics; Photosynthesis 

 

4.2 Introduction 
 

Diatoms (Bacillariophyta) are ubiquitously distributed in aquatic ecosystems and contribute up to 

20% of the global primary production (organic compounds produced from CO2) (Malviya et al., 

2016). Thus diatoms constitute an important autotrophic functional group in the marine food web 

(Armbrust, 2009). Diatoms, besides their ecological and geochemical functions, are receiving 

increasing attention because of their potential use in biodiesel production (Valenzuela et al., 2013) 

and for pharmaceutical purposes (Kuppusamya et al., 2017). Furthermore, diatoms are abundant 

in bioactive metabolites such as antibacterial polyunsaturated fatty acids, i.e. eicosapentaenoic acid 

(Wang et al., 2018), and photosynthetic accessory pigments, such as fucoxanthin, both of which 

have been heavily investigated over the last several decades (Kuczynska et al., 2015). Previously, 

we identified and purified the benthic diatom, Cylindrotheca closterium, which showed 

outstanding characteristics in growth and lipid content (Wang et al., 2015). Its additional 

characteristic of rapid sedimentation became beneficial for reducing the harvesting cost. 

 

Fucoxanthin is a major carotenoid in diatom and brown algae. It accounts for more than one-tenth 

of the total carotenoid production in nature (Peng et al., 2011) and serves as a light-harvesting 

pigment (Kuczynska et al., 2015). In diatoms, fucoxanthin is primarily bound to chlorophyll a/c 

and forms a fucoxanthin-chlorophyll a/c protein complex (FCP), which functions as the light-

harvesting complex associated with both photosystem I (Veith et al., 2009) and II (Nagao et al., 

2014). Along with pigments of the xanthophyll cycle, FCPs also participate in the formation of 

non-photochemical quenching to avoid photo-oxidation (Lavaud et al., 2003). Fucoxanthin 

exhibits several potent bioactivities, including anti-obesity properties, and is consequently 

available in various nutritional supplements (Woo et al., 2010). The most common dietary source 

of fucoxanthin is brown algae in Japanese cuisine, such as in Miso soups. Commercial production 

of fucoxanthin mainly derives from macroalgae, such as Laminaria japonica, Eisenia bicyclis, 

Undaria pinnatifida and Hijikia fusiformis. These macroalgae are known to have a low 

fucoxanthin content (Xia et al., 2013). Microalgae, on the other hand, with two-magnitude greater 
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fucoxanthin content, are more promising for fucoxanthin production. Nevertheless, only a few 

species of marine diatoms such as Phaeodactylum tricornutum (Kim et al., 2012), Odontella aurita 

(Xia et al., 2013) and Cyclotella cryptica (Guo et al., 2016) have been studied for their commercial 

feasibility in fucoxanthin production. 

 

The biosynthesis of diatom carotenoids is profoundly affected by the quality of the light  

(Beuzenberg et al., 2016). Yet, the impact of light quality (light source, intensity, and photoperiod) 

on fucoxanthin production remains unclear. Light-emitting diode (LED) has been considered as 

the ideal artificial light source due to its advantages like long life-span, low heat generation, low 

energy consumption, and narrow light emission spectrum suited specifically for the high-value 

bioactive compound production (Glemser et al., 2016). Most importantly, LED light is now 

available at various wavelength ranges, allowing for the exploitation of photo-stimulation in 

natural product biosynthesis (Schulze et al., 2014). The induction of specific pigments (astaxanthin 

in Haematococcus pluvialis and β-carotene in Dunaliella salina) by specific LED light (Katsuda 

et al., 2004) has already been demonstrated in principle, however never applied to a natural product 

of commercial and medicinal interest like fucoxanthin. Red & blue and blue LED were chosen in 

the present experiment since fucoxanthin mainly absorbs blue light, and red mixed with blue light 

is beneficial for photosynthesis (Kuczynska et al., 2015). 

 

With more genomic and transcriptional data available from diatoms, diatom adaptation to different 

environments has been well understood on the molecular level. Advances in proteomics have led 

to a better understanding of the diatom’s proteome response to environmental changes (Muhseen 

et al., 2015). Matrix-assisted laser desorption/ionization-time of flight-mass spectrometry 

(MALDI-TOF-MS) based proteomic analysis in green algae, Haematococcus lacustris, found 

proteins related to an increase of astaxanthin production under nutrient and illumination stress 

were up-regulated (Tran et al., 2009). Proteomic approaches have also been used to show increased 

lipid biosynthesis under darkness stress (Bai et al., 2016) and high light acclimation strategy (Dong 

et al., 2016) in diatoms. Therefore, in our current study, a proteomic study was employed to 

identify the essential proteins involved in fucoxanthin biosynthesis in the diatom C. closterium. 
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Cylindrotheca closterium was selected from four species of diatoms as the best candidate for 

fucoxanthin production. An experimental model was constructed to determine the optimal light 

conditions (light source, intensity, and regime), leading to the highest fucoxanthin productivity 

while consuming the lowest amount of energy. The effects of optimal light conditions for 

fucoxanthin production were confirmed in bottle PBRs and, for commercialization purpose, tested 

in bag PBRs with continuous and flashing light. Finally, key enzymes related to fucoxanthin 

biosynthesis, differentially expressed under herein tested conditions, were analyzed by a 

proteomics approach to understand the cellular basis for the observed phenotypic changes in 

fucoxanthin synthesis and to predict further optimization strategies for fucoxanthin production in 

this model diatom. 

 

4.3 Materials and Methods 
 

4.3.1 Microalgae species and culture conditions 

 

Cylindrotheca closterium and Amphora sp. were provided by the culture collection of the 

Laboratory of Applied Microalgae Biology of the Ocean University of China. P. tricornutum was 

ordered from the Culture Collection of Algae at Gottingen University. T. weissflogii was provided 

by the microbiology laboratory of Jacobs University Bremen. Stock cultures were maintained at 

photosynthetically active radiation (PAR) of 45 µmol/m2/s, 12/12 light/darkness cycle and 20 °C 

in f/2 medium (Guillard, 1975). Algae in bottle and bag PBRs were cultured in f medium.  

 

4.3.2 Equipment  

 

Flexible LED RGB stripes with LED 5030 were purchased from LE (Hannover, Germany). 

Fluorescent lamps (L 58W/840) were purchased from Osram (Munich, Germany). PAR was 

measured with the photosynthetic yield analyzer MINI-PAM from Heinz Walz (Effeltrich, 

Germany). Energy consumption of illumination was measured by an energy consumption meter 

from Hugo Brennenstuhl GmbH (Tübingen, Germany). The spectra of fluorescent light and LED 

light were determined by one CCD spectrometer from Mightex (California, United States).  
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4.3.3 Experimental design 

 

Cylindrotheca closterium, Amphora sp., P. tricornutum and T. weissflogii were all pre-cultured to 

exponential phase before inoculation. Pre-cultures were diluted into bottle PBRs (in triplicates) 

with 800 mL of f medium to yield an initial optical density value of 0.1 at 750 nm. All cultures 

were kept at 20 ± 1 °C and a 12/12 light/darkness regime by fluorescent light of 80 µmol/m2/s. The 

cultures were screened for highest fucoxanthin productivity to optimize light conditions. 

 

An experimental model regarding optimal light conditions was designed, and results were analyzed 

by the “Design of Experiment” software MODDE Pro 11 (Sartorius, Gottingen, Germany). The 

purpose of “Design of Experiment” approach was to develop a rational and efficient way to 

estimate the effects of variables by running the minimum number of experiments.  Three 

illuminative variables (light source, intensity, and regime) were evaluated by response factors 

(fucoxanthin content, fucoxanthin productivity, and energy consumption). With the objective of 

optimization, a quadratic model comprised of 20 runs of experiments with three center points was 

built (Table 1). Algae in every treatment received of a total illumination period of 72 h before 

harvesting. The accuracy and validity of the predicted optimal light conditions were confirmed 

with experiments in bottle PBRs. Furthermore, the feasibility of large-scale production was tested 

in bag PBRs (patented by Phytolutions GmbH, Bremen, Germany) as a prototype (Fig. S4), of 

which the robustness and expandability had been tested in large-scale production in the field 

(Thomsen et al., 2012). Illumination of two bag PBRs with a volume of 20 L was provided by 

LED plates mounted with four LED stripes lit continuously or flashing at 1Hz with a duty cycle 

of 50%. The protein of C. closterium cultured under 18/6 or 24/0 blue LED light regime at 100 

µmol/m2/s (with triplicates) was evaluated by a proteomics approach to potentially elucidate the 

mechanism of light-induced fucoxanthin biosynthesis in this diatom. 
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Table 1. Experiments recommended by “Design of Experiment” software 

Experiment No. Light intensity 

(µmol/m2/s) 

Light regime (h/h 

light/darkness) 

Light source 

1 50 12/12 Fluorescent 

2 100 12/12 Fluorescent 

3 75 18/6 Fluorescent 

4 50 24/0 Fluorescent 

5 100 24/0 Fluorescent 

6 50 12/12 Blue 

7 100 12/12 Blue 

8 75 18/6 Blue 

9 50 24/0 Blue 

10 100 24/0 Blue 

11 50 12/12 R & B 

12 75 12/12 R & B 

13 100 12/12 R & B 

14 50 18/6 R & B 

15 100 18/6 R & B 

16 50 24/0 R & B 

17 75 24/0 R & B 

18 75 18/6 R & B 

19 75 18/6 R & B 

20 75 18/6 R & B 

 
Fluorescent: fluorescent light; blue: blue LED light; R & B: red & blue LED light. Experiment No.18-20 
are center points. 
 

 

4.3.4 Measurement of growth kinetics, biomass productivity, and specific growth rate 

 

The growth kinetics of the diatoms in the screening experiment were monitored daily by 

determining the dry biomass concentration (mg/L) with a gravimetric method. Algal suspension 
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(30 mL) was filtered onto pre-weighed 47 mm Whatman GF/F filters (Maidstone, United Kingdom) 

and algae rinsed by ultrapure water to remove the salts. The obtained filters were dried in an oven 

for 24 hours at 60 °C and then weighed subsequently to calculate the dry biomass concentration 

(mg/L). Biomass productivity (P) was calculated with the following equation: P= (Xt-X0)/(t-t0) 

(Hempel et al., 2012) and specific growth rate (µ) was calculated with the equation: µ= (ln Xt-ln 

X0)/(t-t0) (Liao et al., 2018), in which Xt and X0 represent the dry biomass concentration on time 

points t and t0 respectively. Since the inoculum for bag PBRs is cultivated in bottle PBRs, the 

initial concentration (X0) was calculated by the correlation curve between cell number and dry 

biomass in bottle PBRs with an R2=0.99635. Cell concentration in bottle PBRs was determined 

with a cell counting chamber from Paul Marienfeld GmbH (Lauda-Königshofen, Germany). 

 

4.3.5 Fucoxanthin extraction, identification, and quantification 

 

Volumes of 30 mL algal suspension were harvested by centrifugation at 3000 x g at 16 °C for 5 

min. Algae biomass was rinsed twice with ultrapure water to remove seawater.  Samples were 

stored at -20 °C and subsequently lyophilized for 24 h. Pre-weighed samples were extracted by 

vortexing with sterile glass beads for 15 min in methanol. The extraction procedure was then 

repeated. Methanolic extracts were combined, diluted 1 to 20 and filtered through 0.2 µm pore size 

filters before quantification by high-performance liquid chromatography (HPLC). Every step was 

performed in a dim environment due to the light sensitivity of fucoxanthin. The fucoxanthin 

content of all samples was analyzed by a Thermo Fisher Ultimate 3000 HPLC, (Waltham, United 

States) equipped with a C18 reverse-phase column. The mobile phase consisted of acetonitrile, 

methanol, and water (70:25:5) with 50 mg/L ammonia acetate. A standard calibration curve 

(R2=0.9999) was made by taking five points between the range of 0.25 and 0.5 µg/mL with 

fucoxanthin standards dissolved in methanol (Sigma Aldrich, Darmstadt, Germany). Samples were 

diluted 10-20 times to the range of the calibration curve, and 50 µL of each sample was injected 

into the HPLC. Absorbance was recorded at 445 nm (Kim et al., 2012). Fucoxanthin productivity 

was calculated by multiplying fucoxanthin content with biomass productivity. 
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4.3.6 Protein extraction using SDS-DTT buffer 

 

Protein extraction was performed according to a previously described method (Kumari et al., 2016) 

with minor modifications. Dried biomass (50 µg) was incubated in 5 mL of SDS-DTT buffer for 

10 min at 80 °C to activate the protein extraction and then left rotating at 40 °C for 2 h. After 2 h, 

the samples were centrifuged at 3220 x g for 20 min at room temperature. Then the protein-

containing supernatant was collected. Ice-cold acetone was used to precipitate the protein from the 

supernatant. The precipitate was incubated at -20 °C overnight. On the next day, the samples were 

centrifuged at 16,000 x g for 20 min at 4 °C in a bench top 5415R centrifuge (Eppendorf, Hamburg, 

Germany), and the pellet was re-suspended in 50 mM Tris-HCl buffer (pH of 8.0). The acetone 

precipitation of the protein was repeated twice. Subsequently, the protein pellet was either re-

solubilized in 1 mL of 50 mM Tris-HCl, pH 8.0, and then directly used in SDS-PAGE analysis or 

was re-solubilized in 1 mL of rehydration buffer (2 M thiourea, 6 M urea, 16.2 x 10-3 M 3-[(3-

Cholamidopropyl) dimethyl ammonio]-1-propane sulphonate, 25.9 x 10-3 M DTT) supplemented 

with ampholytes (BioRad, Munich, Germany) according to manufacturer’s specification and used 

for 2D-PAGE analysis. 

 

4.3.7 Determination of protein concentration 

 

The protein content of extracted algal protein solutions was assessed using the BicinChoninic Acid 

(BCA) method (Smith et al., 1985). The BCA kit was purchased from Thermo-Fischer (Schwerte, 

Germany).  The protein concentrations were measured in triplicates according to the provided 

protocol. 

 

4.3.8 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

 

The extracted algal proteins were separated according to their molecular weight using SDS-PAGE. 

The protein sample (30 µg) was mixed with 6 x sample buffer (5 µL) (Laemmli, 1970) containing 

bromophenol blue as tracking dye. The mixture was heated at 95 °C for 5 min and loaded onto 

SDS–PAGE gels (83 mm × 65 mm × 1 mm) containing 12.5% (w/v) acrylamide. The SDS-PAGE 

gels were run in the Mini-PROTEAN Tetra cell system from BioRad. Electrophoresis was done at 
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130 V for 90 min. The resulting gel was stained with Coomassie® Blue [45% (v/v) methanol, 10% 

acetic acid, 2.93 x 10-3 M Coomassie® Brilliant Blue G-250] for 20 min and further treated with 

a de-staining solution [10% (v/v) acetic acid, 5% (v/v) 2-propanol] overnight with gentle shaking. 

  

4.3.9 Two-dimensional protein gel electrophoresis 

 

Two-dimensional (2D) gel electrophoresis of algal proteins was performed by isoelectric focusing 

and subsequent SDS–PAGE. For this, 120 µg of protein were applied to immobilized pH gradient 

(IPG) strips (7 cm, pH 3-10; Bio-Rad) by soaking for 16 h at room temperature. Isoelectric 

focusing was carried out on a Bio-Rad Protean® i12TM IEF Cell (50 V, 70 min; 150 V, 20 min; 

300 V, 15 min; gradient to 600 V, 10 min; 600 V, 15 min; gradient to 1500 V, 10 min; 1500 V, 30 

min; gradient to 3000 V, 20 min; 3000 V, 210 min; pause on 50 V). Next, IPG strips were 

equilibrated for 15 min in 6.48 x 10-2 M DTT and 0.216 M iodoacetamide solution dissolved in 

equilibration buffer [6 M urea, 30% (w/v) glycerol, 69.2 x 10-3 M SDS in 0.05 M Tris-HCl buffer, 

pH 8.8] at room temperature. Molecular weight separation was conducted on a Bio-Rad Mini-

Protean® Tetra System (50 mV, 10 min; 110 mV further on) via a 12.5% polyacrylamide gel. The 

molecular weight of the proteins was assessed by their visual mobilization in polyacrylamide gel 

and the predicted weight of the amino-acid sequence. The resulting gel was stained and de-stained 

as described above. 

 

4.3.10 In-gel protein digestion 

 

Protein spots of interest were excised from the SDS polyacrylamide gels, chopped into small pieces, 

and washed twice for 15 min in 100 µL of 0.05 M ammonium bicarbonate buffer, containing 50% 

acetonitrile (ACN) (v/v). Gel pieces were then dehydrated by the addition of 500 µL ACN and 

incubated at room temperature (RT) for 10 min. After decanting and a short air-drying, samples 

were supplemented with trypsin digestion buffer as previously established (Shevchenko et al., 

2006). The tryptic digest was carried out at 37 °C overnight. On the next day, the sample was 

directly used for MALDI-TOF-MS analyses. 
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4.3.11 MALDI-TOF-MS analyses of proteins 

 

For spectrometric identification of peptide patterns, 1 µL of protein digest solution was mixed with 

the same volume of α-Cyano-4-hydroxycinnamic acid solution (prepared in 85% ACN, 15% H2O, 

0.1% trifluoroacetic acid and 0.001 M ammonium dihydrogen phosphate), and spotted on a MTB 

AnchorChip target with an anchor diameter of 600 µm (Bruker Daltonics, Bremen, Germany). 

Spots were left for drying followed by an additional spotting of 1 µL of 2, 5-dihydroxybenzoic 

acid. After further drying the samples were subsequently submitted to an Auto flex II TOF/TOF 

mass spectrometer (Bruker Daltonics), which was used with standard parameters [acquisition 

range 500-4000 Da; S/N = 6, in specific cases 3; error range 50 ppm; allowed miss cleavages = 1; 

potential modifications ‘Oxidation (M)’]. Peptide masses derived from trypsin auto-digestion were 

used for calibration (842.50940; 1045.56370; 1713.80840; 1774.89750; 2083.00960; 2211.10400; 

2283.18020 Da). Raw data were processed with Flex Analysis, version 3.0 (Bruker Daltonics). 

Protein identification was carried out using the Mascot search engine (Perkins et al., 1999), using 

the Bio-tools software, version 3.1 (Bruker Daltonics). Mass lists were searched against the NCBI 

database (Sayers et al., 2009). The restricting taxonomy frame for the search was set to “other 

eukaryotes” in the NCBI database, and the Mascot score probability was set at p <0.05. Due to this 

setting, the significance threshold for a score was set between 70 and 80 (Perkins et al., 1999). 

Oxidation of methionine [‘Oxidation (M)’] was selected as variable modification. For fixed 

modifications, carbamidomethyl (C) was selected. The mass error for tryptic peptide identification 

was set at 50 ppm, and the measurements were done in positive ion mode. 

 

4.3.12 Data analysis 

 

The significance of variance was analyzed by analysis of variance (ANOVA) single factor analysis 

(p<0.05) in Microsoft Office Excel.   

 

4.4 Results 

 

4.4.1 Screening for species with highest fucoxanthin production 

 



Chapter 4 

 58 

Four species of diatoms were cultured in bottle PBRs under the same abiotic conditions with 

growth monitored daily. As seen in the growth curves (Fig. 1A), C. closterium showed a 

considerable advantage in maximum biomass accumulation over the other three species of diatoms 

(p<0.05). The specific growth rate of C. closterium (Fig. 1B) was significantly higher than that of 

the other three species (p<0.05), while no significant difference was found among the other three 

species. C. closterium accumulated the highest fucoxanthin content (21 mg/g in bottle PBRs) at 

the end of cultivation (Fig. 1C), which is 1-2-time higher when compared to Phaeodactylum 

tricornutum, Amphora sp., and Thalassiosira weissflogii. Among all four species, T. weissflogii 

produced the lowest fucoxanthin content (10 mg/g). Notably, the fucoxanthin productivity of C. 

closterium reached as high as 1.1 mg/L/day under 12/12 light/darkness cycle, which was 2-3-time 

more than P. tricornutum, Amphora sp. and T. weissflogii (Fig. 1C). Therefore, C. closterium was 

selected to optimize the light conditions in the next step. 
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Figure 1: Screening of four diatom candidates. (A) Growth kinetics were monitored daily; (B) specific 
growth rate; (C) fucoxanthin content (column) and productivity (line) based on the dry biomass 
accumulation was quantified after a 6-day cultivation. The structure of fucoxanthin was inserted. Results 
are shown as mean ± SD, n = 3. Lowercase letters indicate statistical differences, which was analyzed by 
ANOVA single-factor test with an alpha value of 0.05. 
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4.4.2 Predictions by “Design of Experiment” software 

 

For optimization of fucoxanthin productivity in C. closterium, a “Design of Experiment” approach 

by software MODDE Pro 11 (https://umetrics.com/product/modde-pro) was chosen. Fucoxanthin 

content (mg/g), productivity (mg/L/day) and power input (W) were chosen as the response 

parameters for the predictive model. A total amount of 20 experiments led to prediction plots 

shown in Fig. 2 with a 95% confidence interval. When the relation between a predicted response 

and a light condition was discussed in each panel (A-H) individually, the other two light variables 

were maintained under the set constant light conditions (blue LED light at 100 µmol/m2/s and 18/6 

light regime). To the best of our knowledge, this study, for the first time, systematically compared 

the use of LED light to the equivalent fluorescent light. With 95% confidence interval overlapped, 

no difference was found between fluorescent light and the two types of LED lights with respect to 

fucoxanthin content, as illustrated in Fig. 2A at 100 µmol/m2/s and 18/6 light regime, though 

different spectra of light were emitted by the three different light sources. As indicated in Fig. 3, 

fluorescent light (grey line in Fig. 3), compared to the two different kinds of LED light, generated 

broader light spectra with multiple peaks between 400-410, 430-440, 480-500, and 530-630 nm 

with a higher percentage of red light (600-660 nm). There is no difference found in fucoxanthin 

content by increasing the photosynthetic active radiation (PAR) of blue LED light from 50 to 100 

µmol/m2/s at 18/6 light regime (Fig. 2B) with the confidence interval overlapped. A photoperiod 

of 24 h substantially suppresses the accumulation of fucoxanthin content with blue LED light at 

100 µmol/m2/s, whereas 12/12 and 18/6 illumination cycles were favorable for fucoxanthin 

synthesis in C. closterium (Fig. 2C). For fucoxanthin productivity, both biomass accumulation and 

fucoxanthin content were taken into consideration. Fluorescent light exposure does not generate 

higher productivity as compared to exposures with two types of LED light (Fig. 2D) at 100 

µmol/m2/s and 18/6 light regime. Blue LED light at 100 µmol/m2/s led to more fucoxanthin 

productivity than 50 µmol/m2/s but not 75 µmol/m2/s (Fig. 2E) under 18/6 light cycle. As indicated 

in Fig. 2F, blue LED light under 18/6 light regime increased fucoxanthin productivity remarkably 

as opposed to a 12/12 or 24/0 regime at 100 µmol/m2/s. A response surface plot revealing the 

relation between fucoxanthin productivity, the light intensity and regime of blue LED light is 

provided in the supplementary material (Fig. S1). According to the prediction in Fig. 2G, the 

illumination by the blue LED light could save half or even three-fourths of the power input 
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compared to red & blue LED or fluorescent light, respectively, at the given constant light 

conditions. More power (50%) was needed to generate 100 µmol/m2/s than 50 µmol/m2/s of blue 

LED light (Fig. 2H). Since illumination durations (72 h) were the same under different light 

regimes, no difference was observed in power input between different photoperiods with blue LED 

light (Fig. 2I). Blue LED, with one-quarter of the power input, could produce comparable 

fucoxanthin productivity to fluorescent light at 100 µmol/m2/s and an 18/6 light regime. 

Consequently, optimal light conditions (blue LED light at a light intensity of 100 µmol/m2/s and 

an 18/6 light/darkness cycle) were predicted to produce a maximum fucoxanthin production of 1.9 

mg/L/day and a fucoxanthin content of 24.5 mg/g in dry weight under the minimum energy 

demand of 0.055 kWh/L/day.  
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Figure 2: The prediction plots of “Design of Experiment”.  The solid line represents the predicted value, 
while the dashed line represents the upper and lower limits of the confidential interval (95%). A, D and G: 
The predicted responses of fucoxanthin content, fucoxanthin productivity and power input to light source, 
respectively, at 100 µmol/m2/s and 18/6 light regime; B, E and H: the predicted responses of fucoxanthin 
content, fucoxanthin productivity and power input to light intensity, respectively, at 18/6 light regime with 
blue LED light; C, F and I: The predicted response of fucoxanthin content, fucoxanthin productivity and 
power input to light regime, respectively, at 100 µmol/m2/s with blue LED light. Lowercase letters indicate 
statistical differences. 
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Figure 3: Spectra of fluorescent light, blue and red mixed with blue LED light. Grey line: fluorescent 
light; blue line: blue LED light; purple line: red & blue LED light. 
 

4.4.3 Test for large-scale production in bag PBRs 

 

The predicted outcome of the optimal combination of light variables was validated in the bottle 

PBRs and bag PBRs (Fig. 4). The biomass productivity during 4 days cultivation was found to be 

76 mg/L/day in bottle PBRs versus 57 and 41 mg/L/day in bag PBRs under constant light and 

flashing light respectively. This decreased biomass productivity in the bags PBRs may have been 

caused by a lower ratio of the aeration flow rate versus volume and light penetration rate of blue 

LED light in bag PBRs. A fucoxanthin content of 23.6 mg/g and productivity of 1.8 mg/L/day was 

obtained in the bottle PBRs (Fig. 4). These actual values were close to the predicted values of 24.5 

mg/g content and 1.9 mg/L/day productivity of fucoxanthin thus proving the reliability and validity 

of the experimental matrix. The fucoxanthin content and fucoxanthin productivity in bag PBRs 

with continuous illumination during daytime reached 25.5 mg/g (an increase of 8%) and 1.4 

mg/L/day (22% less), as compared to the respective values from the bottle PBRs (Fig. 4). Flashing 

light cultivation mode only needed half the energy consumption of continuous light cultivation, 
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however, a noticeable decrease was observed in fucoxanthin productivity, which only reached 64% 

of the fucoxanthin productivity in continuous illumination (Fig. 4).  

 

 

 
Figure 4: Confirmation of optimal light condition in bottle and bag PBRs. Fucoxanthin content and 
biomass productivity are represented by columns and productivity by line. Data was shown in mean ± SD, 
n = 3. Lowercase letters indicate statistical differences, which was analyzed by an ANOVA single-factor 
test with an alpha value of 0.05. 
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4.4.4 Protein content and sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

analyses using sodium dodecyl sulphate–dithiothreitol buffer 

 

In diatoms, fucoxanthin is primarily bound to proteins to form an FCP complex, and it would be 

scientifically interesting to investigate the changes in protein profiles in response to light period 

changes. A proteomics study was conducted to get a deeper insight and hence, proteins were 

extracted from algal biomass. To obtain optimal amounts of cellular protein extracts, several 

methods were compared. The determined values of proteins extracted from C. closterium using 

conventional methods are shown in Fig. S2. Different extraction buffers led to different yields of 

solubilized proteins with the sodium dodecyl sulphate–dithiothreitol (SDS-DTT) buffer extraction 

yielding 2.5- to 5-time more extracted proteins as compared to the Tris buffer-based, pH 8.0 (buffer 

control) and the water-based (control) extraction methods (Fig. S2). Additionally, the yield of the 

SDS-DTT buffer extraction showed a 1.5- to 2-time rise as compared to the yield obtained by the 

methods using homogenization or ultra-sonication (Fig. S2). SDS-DTT buffer and the chemical 

method showed similar extractability of the solubilized proteins from C. closterium. However, we 

proceeded with SDS-DTT buffer as it yielded better protein extractability and already had been 

established successfully for protein extraction from higher plants such as Theobroma cacao 

(Kumari et al., 2016) (Kumari et al., 2018). 

 

To assess the overall quality of the proteins extracted from C. closterium, sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) analysis was conducted (Fig. 5). The SDS-

PAGE profiles of the extracted proteins showed high-intensity protein bands at 15, 17, 19, 25, 45, 

and 55-kDa (Fig. 5B). Furthermore, the SDS-PAGE analysis demonstrated that high yields of 

proteins could be obtained from dry biomass, and indicated that the used protein quantification 

data (Fig 5A) are reliable indicators for total protein amount.  
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Fig. 5: Quantification and visualization of proteins by Bradford assay and SDS-PAGE analysis. (A) 
Total proteins were extracted from the marine diatom Cylindrotheca closterium for 18 h and 24 h using 
SDS-DTT buffer and were quantified using BCA as percentage protein of dried biomass. Bovine serum 
albumin was used as a standard for calibration, and the absorbance was measured at 562 nm. Measurements 
were done in triplicates and repeated twice. (B) The protein fractions were separated on 12.5% 
polyacrylamide gels and stained with Coomassie G-250. Standard protein markers were run for molecular 
mass determination. The three samples (n=1, n=2, and n=3) were biological replicates both for the 18 h and 
24 h sample. 
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4.4.5 Protein annotation via MALDI-TOF-MS analyses 

 

Proteins extracted from biomass samples from 18 h and 24 h were subjected to two-dimensional 

polyacrylamide gel electrophoresis (2D-PAGE) analysis (Fig. 6), which separates protein both by 

molecular weight and isoelectric point (pI). Electrophoresis revealed well-resolved protein spots 

with little streaking. Most of the extracted proteins appeared to be acidic with pIs between pH 3 

and 5. The 2D-PAGE of the 18 h sample (Fig. 6A) showed higher-intensity and well-resolved 

protein spots as compared to the 24 h sample (Fig. 6B). Subsequently, protein spot excision and 

proteolytic cleavage followed by MALDI-TOF mass spectrometry showed that out of the 9 well-

resolved spots (marked with red circles in Fig. 6), three of the peptide mass fingerprints (spot no. 

5, 8 and 9) revealed poor spectra with low intensities and could not be attributed to known protein 

sequences in the database. The remaining six protein spots were identified with high confidence 

following database searches and exhibited high intensity peptide mass fingerprint spectra 

attributable to proteins from the diatom C. closterium (Fig. 6). The protein spot numbers, matching 

accession numbers (NCBI and Uniprot), corresponding protein names with predicted functions 

and the experimental and theoretical molecular weights and pIs for each protein are summarized 

in Table S1. All six highly expressed proteins from the two C. closterium cultures were critical 

chloroplast proteins, most of which are directly involved in photosynthesis. In terms of their 

predicted functions, protein spot no. 1 and 6 were assigned to the smaller and the larger subunit of 

the enzyme ribulose-1,5-biphosphate carboxylase/oxygenase (RuBisCO) based on their peptide 

fragment patterns (Fig. S3). Spot no. 4 was identified as the RuBisCO operon transcription 

regulator. Spot no. 2 and 3 were assigned to the chloroplastic ATP synthase subunits b and a, 

respectively. Finally, protein spot no. 7 displayed a peptide fragment pattern indicative of the ATP-

dependent zinc metalloprotease, FtsH.  
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Fig. 6: Cylindrotheca closterium protein visualization by two-dimensional gel electrophoresis. Total 
proteins were extracted from the marine diatom Cylindrotheca closterium from 18 h (A), and 24 h (B) dried 
biomass samples using SDS-DTT buffer. Sample proteins (120 µg) were loaded per gel, and standard 
protein markers were run on each gel for molecular mass determination. A total of 9 proteins were excised 
and subjected to MALDI-TOF-MS analyses, out of which only six were identified with high confidence 
and attributed to C. closterium. 
 

4.5 Discussion 
 

4.5.1 Screening for species with the highest fucoxanthin production 

 

It was previously reported that one strain of the C. closterium, cultivated in f/2 medium in the 

presence of antioxidant agents accumulated approximately 10 mg/g of fucoxanthin in dry biomass 

after a 17-day cultivation (Erdoğan et al., 2016), which corresponds to only half of the accumulated 

fucoxanthin content obtained in this experiment. This difference could be attributed to the 

differences in the growth stage of the algal cultures during fucoxanthin collection. The fucoxanthin 

content of the marine diatom Odontella aurita decreased after reaching the late exponential phase 

under 100 µmol photons/m2/s (Xia et al., 2013). For this reason, in our study, C. closterium was 

harvested during the late exponential phase and, as a result, synthesized remarkably higher 

fucoxanthin content, further highlighting the importance of harvesting time. P. tricornutum and O. 

aurita, exhibited high fucoxanthin productivity of approximately 0.2 mg/L/day under autotrophic 

cultivation (Guo et al., 2016), which by contrast is more than five times lower than the C. 

closterium culture selected in this study. Another high fucoxanthin-containing P. tricornutum 
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(42.8 mg/g maximum specific fucoxanthin content) was reported previously (McClure et al., 2018), 

but the actual specific fucoxanthin productivity (0.64 mg/L/day) was reported to be only 60% of 

that of C. closterium from this study. Furthermore, C. closterium, under calm water without 

aeration, rapidly settles to the bottom of the bioreactor because of its benthic characteristics 

(Kingston, 2009), which is beneficial for lowering dewatering costs during downstream harvesting 

processes.  Consequently, C. closterium could serve as an excellent candidate for future mass 

fucoxanthin production. 

 

4.5.2 Predictions by “Design of Experiment” software 

 

The application of “Design of Experiment” approach significantly increased the efficiency of 

experimentation. The prediction of fucoxanthin content (Fig. 2A-C) indicated no remarkable 

increase of fucoxanthin was induced by sole blue light at the same photosynthetic PAR and 

light/darkness cycle, though fucoxanthin prefers visible blue light (Kuczynska et al., 2015). We 

propose that the high light intensity caused a significant reduction of fucoxanthin content due to 

photo-inhibition, as was demonstrated in the marine diatom O. aurita, where the fucoxanthin 

content dropped significantly under 300 µmol/m2/s as compared to 100 µmol/m2/s light intensity 

(Xia et al., 2013). This agreed with the prediction of our model, where a light intensity of 100 

µmol/m2/s induced more fucoxanthin synthesis in C. closterium with blue LED light at an 18/6 

regime. From the prediction of fucoxanthin productivity (Fig. 2D-F), it can be concluded that the 

photoperiod, not the light type nor light intensity, is the most influential parameter for optimal 

fucoxanthin biosynthesis in the present experimental matrix. Blue LED light, due to its low energy 

consumption (one-quarter of the power for fluorescent light), at 100 µmol/m2/s and an 18/6 

light/darkness cycle was predicted to maximize fucoxanthin productivity and minimize energy 

consumption. 

 

4.5.3 Test for large-scale production in bag PBRs 

 

The performance of fucoxanthin production in both bottle and bag PBRs suggested that C. 

closterium in the present study is one of the highest fucoxanthin-producing strains so far tested in 

bioreactors, compared to the fucoxanthin-producing algae listed in a previous study (Petrushkina 
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et al., 2017). In P. tricornutum, fucoxanthin productivity in panel PBRs with f/2 medium was 

found to be 0.72 mg/L/day (McClure et al., 2018), which is half of the productivity of C. closterium, 

and 2.16 mg/L/day, in tenfold f/2 medium at 150 µmol/m2/s with five times more nitrogen 

consumption than in our study (McClure et al., 2018). The low nitrogen consumption and energy 

demand (0.07 kWh/L/day including both illumination and aeration) used in our study will 

significantly reduce the cost of cultivation. The decrease of fucoxanthin productivity by flashing 

light could be that the flashing light mode is only beneficial to photosynthesis and secondary 

metabolites production with an excess amount of PAR to avoid the induction of photo-inhibition. 

PAR was not high enough to trigger severe photo-inhibition and degradation of fucoxanthin in this 

study. Considering that 64% of the fucoxanthin productivity was generated by using 50% energy 

consumption, the efficiency of light absorption was higher in flashing light cultivation. In the 

future, flashing LED light with a higher PAR will be tested. Ultimately, advantages such as the 

high expandability, low cost, ease of construction, and high energy efficiency make bag PBRs 

outcompete panel and column PBRs in large-scale algal plant construction.  

 

4.5.4 Protein annotation via MALDI-TOF-MS analyses 

 

RuBisCO is a hexadecamer complex of 550 kDa, consisting of eight larger (50-55 kDa) and eight 

smaller (12-15 kDa) subunits (ChemgaPedia), found in all higher plants, algae, and cyanobacteria. 

RuBisCO is involved in converting atmospheric carbon dioxide into energy-rich organic molecules, 

such as glucose, by all photosynthetic organisms (Dhingra et al., 2004). In the red algae 

Cyanidioschyzon merolae, chloroplasts can autonomously activate the RuBisCO operon 

transcription regulator, which controls the expression of RuBisCO genes (Kusano and Sugawara, 

1993) in response to the activation of photosynthesis during the dark-light shift (Minoda et al., 

2010). In that study, incubation of C. merolae for 16 h in the dark (8:16 h light/darkness) led to an 

increase of RuBisCO. A similar trend was observed in this study (spot no. 1 and 6) in Fig. 6. The 

C. closterium RuBisCO operon transcription regulator was expressed in the 18 h illumination 

sample, possibly due to a dark period of 6 h, and was down-regulated under the permanent light 

as seen in the form of the 25-kDa protein bands (spot no. 4) in Fig. 6.  
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Chloroplastic ATP synthase is involved in energy conservation in the form of ATP, and therefore 

is a critical component of the proton channel and plays a direct role in the translocation of protons 

across the membrane (Clement et al., 2017; Kamikawa et al., 2015). The absence of a dark period 

(24 h illumination) might have led to a down-regulation of energy generation proteins such as ATP 

synthase, as reported previously (Feng et al., 2015) and as seen in our study, where both subunits 

(17 and 19 kDa) were more expressed in the 18 h illumination sample as compared to permanent 

illumination sample (spot no.2 and 3) in Fig. 6. We speculate that the turnover of photosynthesis 

between light-dependent and light-independent phase was disturbed by the 24 h photoperiod. In 

the light-independent phase of photosynthesis, the down-regulation of RuBisCO and ATP synthase 

reduces CO2 fixation, NADPH consumption, and energy (in the form of ADP) turnover back to 

the reaction center of photo-systems in the light-dependent phase (Sysoeva et al., 2010). This 

reduction results in an ultimate overload of electron transportation and photo-oxidation in 

photosystems. For diatoms, it has previously been observed that the protein-bound diadinoxanthin 

cycle pigments participate in a mechanism of non-photochemical quenching (Kuczynska et al., 

2015).  

 

ATP-dependent zinc metalloprotease, FtsH, belongs to the family of ATP-dependent proteases and 

is localized in the chloroplast (Marbach et al., 2001). Like in most photosynthetic organisms, in 

Chlamydomonas spp, FtsH was demonstrated to play a vital role in diverse protein degradation 

and maturation mechanisms, degradation of the photo-system (PS) II reaction center D1 protein, 

regulation of cytochrome b6 levels, and as a molecular chaperone involved in protein assembly 

(Szyszka-Mroz et al., 2015). The down-regulation of FtsH during permanent illumination in this 

study may indicate that there was an induction of photo-inhibition in C. closterium (spot no.7 in 

Fig 6). Since the PS II, and particularly its D1 protein, in the reaction center is subject to photo-

damage, the efficiency of photosynthesis depends on the restoration of this photo-system. This 

repair consists of the degradation of damaged D1 protein by FtsH and re-assembly of the PS II 

with de-novo synthesized D1 protein (Krynická et al., 2015) (Campbell et al., 2013). Consequently, 

a repressed repair rate of PS II during 24 h illumination could have led to a reduction of fucoxanthin 

content as the antenna in the form of fucoxanthin-chlorophyll a/c complexes in PS II. 
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In this experiment, the differently expressed proteins under an 18/6 (favorable for fucoxanthin 

synthesis) and a 24/0 (least favorable) light regime were determined. These differentially 

expressed proteins were found to be key enzymes involved in photosynthesis, but not in the de 

novo fucoxanthin biosynthesis. In conclusion, fucoxanthin content is intimately correlated with 

photosynthetic efficiency and could be further induced by an increased turnover rate between light-

dependent and independent reactions. Furthermore, this work provides a novel perspective for 

rational, genetic engineering of fucoxanthin where future investigations could focus on the 

essential genes of photosynthesis, as well as the genes along the de novo fucoxanthin biosynthesis 

pathway.  

 

4.6 Conclusions 

 

Due to its excellent growth performance and fucoxanthin productivity, the marine diatom C. 

closterium, was selected for optimizing illumination conditions using an experimental matrix 

design, where blue LED light, as an alternative to fluorescent light, induced maximum fucoxanthin 

productivity and minimum energy consumption at 100 µmol/m2/s and an 18/6 light/darkness cycle. 

Fucoxanthin productivities of 1.8 and 1.4 mg/L/day were achieved in bottle and bag PABs, 

respectively, with the highest fucoxanthin content of 25.5 mg/g attained in bag PBRs, which may 

be suitable devices for follow-up, large-scale production. Proteins induced by LED light 

illumination were identified by MALDI-TOF-MS. Convincingly, the up-regulation of key proteins 

involved in photosynthesis, energy conservation, and PS II repair mechanisms under 18 h 

illumination may have resulted in a higher photosynthetic efficiency as compared to permanent 

illumination (24 h). Our results shed valuable light on fucoxanthin regulation by photosynthesis in 

diatoms. Fucoxanthin, aside from the de novo biosynthesis, also correlates with photosynthetic 

efficiency. To further increase the fucoxanthin production, future investigations should focus on 

the augmentation of photosynthetic efficiency, for example, the increase of the bio-availability of 

CO2 and over-expression of the photosynthetic-related genes.  
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4.8 Supplementary material 
 
 

 

 
Figure S1. Surface response plot. It indicates relation between fucoxanthin productivity, light intensity 
and photoperiod with blue LED light.  
  



Chapter 4 

 81 

 

 

Figure S2: Quantification of proteins by Bradford assay (A). Total proteins were extracted from the 
marine diatom Cylindrotheca closterium using different extraction methodologies and were quantified 
using BCA as percentage protein of dried biomass. Bovine serum albumin was used as standard for 
calibration and the absorbance was measured at 562 nm. Measurements were done in triplicates. Lowercase 
letters indicate the statistical differences. 
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Figure S3: Peptide mass fingerprint mass spectra as observed by MALDI-TOF-MS analysis. MALDI-
TOF-MS analysis of tryptically digested Cylindrotheca closterium protein spot. All prominent m/z ratio 
peaks from the MALDI MS spectra were subjected to MASCOT analysis and assigned to predicted peptide 
fragments of ribulose-1,5-biphosphate carboxylase/oxygenase (RuBisCO), chloroplastic. 
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Figure S4: Bag photobioreactors with LED illumination. A: LED panel was off; B: blue LED light was 
applied to Cylindrotheca closterium cultivation. 
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Table S1: Summarized table for the proteins identified. 

Spot 
ID 

Accession 
No. 

Accession 
No. 

Annotation Functional 
group 

Experiment
al 

M.W. 
(kDa)/pI 

 

Theoretic
al 

M.W. 
(kDa)/pI 

 
NCBI UniProt 

1 YP_00902906
6.1 

A0A023HC
89 

Ribulose-1,5-biphosphate 
carboxylase/oxygenase 
(RuBisCO), small subunit 

Photosynthe
sis 

15/5.1 15.9/5.1 

2 YP_00902907
3.1 

A0A023HA
Y6 

ATP synthase subunit b, 
chloroplastic 

Energy 
Metabolism 

17/5.3 20.4/6.9 

3 YP_00902907
0.1 

A0A023HA
H4 

ATP synthase subunit a, 
chloroplastic 

Energy 
Metabolism 

19/4.5 26.9/4.5 

4 YP_00902914
4.1 

A0A023HA
I9 

RuBisCO operon transcription 
regulator 

Photosynthe
sis 

25/4.6 34.9/8.7 

6 YP_00902906
7.1 

A0A023HB
P6 

Ribulose-1,5-biphosphate 
carboxylase/oxygenase 
(RuBisCO), large subunit 

Photosynthe
sis 

45/4.5 54.0/6.1 

7 YP_00902907
7.1 

A0A023HB
P8 

ATP-dependent zinc 
metalloprotease FtsH 

Cellular 
Functions 

55/5.5 68.4/5.3 

 
Spots, accession numbers (NCBI and Uniprot) and protein names with their functions and experimental 
M.W. and pI for each of the proteins identified by MALDI-TOF-MS studies. 
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5.1 Abstract 
 

Microalgae are a promising resource for highly sustainable production of various biomaterials 

(food, feed), high-value biochemicals or biofuels. However, factors influencing the valued lipid 

production from oleaginous algae require more investigation with detailed studies at the molecular 

level. This study elucidates the variations of lipid metabolites between a marine diatom 

(Cylindrotheca closterium) and a freshwater green alga (Scenedesmus sp.) under nitrogen 

starvation at the molecular level with a special emphasis on triacylglycerols using liquid 

chromatography-electrospray ionization mass spectrometry techniques. A comprehensive analysis 

of lipid biosynthesis was carried out by comparing the changes in total lipids, growth kinetics, 

fatty acids compositions, and glycerolipids profiles on the molecular level at different time points 

of nitrogen starvation. A total of sixty and seventy-two triacylglycerol molecules, along with many 

other polar lipids, were identified in Scenedesmus sp. and C. closterium, respectively providing 

the most abundant triacylglycerol profiles in these two species. During nitrogen starvation, more 

triacylglycerols of Scenedesmus sp. were synthesized by the “eukaryotic pathway” in the 

endoplasmic reticulum, whereas the increase of triacylglycerols in C. closterium after 96 h of 

nitrogen starvation was mainly contributed by the “prokaryotic pathway” in the chloroplast. The 

distinct responses of lipid synthesis to nitrogen starvation exhibited by the two species indicated 

different strategies of lipid accumulation, notably triacylglycerols, in green algae and diatoms. 

Scenedesmus sp. and Cylindrotheca closterium could serve as excellent candidates for mass 

production of biofuels or polyunsaturated fatty acids for nutraceutical purpose. 

 

Keywords: Fatty acid, Glycolipids, HPLC-MS, Lipid, Lipidomics, Triacylglycerol 

 

5.2 Introduction 

 

One main challenge in algal biotechnology in the near future is the improvement of bio-refinery 

concepts for product extraction of high value and processing of the residual biomass for less 

valuable bulk products in feed, energy or chemicals (Chew et al., 2017). Microalgae are rich in 

high-value pigments, fatty acids, and other biomolecules and mostly have complete protein 

composition of high nutritious value (Becker, 2007; Yaakob et al., 2014). Algae encompass an 
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incredible diversity of lipids and fatty acids, the compositions of which vary significantly in 

different classes of algae (Harwood and Guschina, 2009). The lipids in algae can be classified into 

three groups: neutral lipids, glycolipids, and phospholipids accompanied by some betaine lipids 

(Kumari et al., 2013). Triacylglycerols (TAGs) as the most dominant form of neutral lipids are 

synthesized by algae in an adverse environment for the storage of carbon and energy, but the more 

physiological roles of TAGs have been unraveled (Hu et al., 2008; Solovchenko, 2012).  

Glycolipids predominated by monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol 

(DGDG) and sulfoquinovosyl diacylglycerol (SQDG) in algae are plastidial lipids, which are 

primarily present in the photosynthetic membrane, while phospholipids serve as the building 

blocks of the extra-plastidial membrane except for phosphatidylglycerol (PG) (da Costa et al., 

2016; Kumari et al., 2013). Algal lipids as the feedstock for biodiesel production and 

polyunsaturated fatty acids have received extensive studies as summarized in previous reviews 

(Adarme-Vega et al., 2012; Faried et al., 2017). 

 

However, high costs of algal biofuel production have, to date, prevented its widespread 

industrialization. Selection of algal species with an increased lipid content could cut down costs 

and thus make mass production more feasible (Chu, 2017). Stress strategies, such as the 

modifications of nutrient supply and environmental parameters, have already been successfully 

applied to algae cultivation to induce lipid synthesis (Benavente-Valdes et al., 2016). Among all 

stress induction approaches, nitrogen starvation has been the most thoroughly investigated one and 

has been found to cause an increase in lipid synthesis. For example, higher efficiency of lipid 

production in Phaeodactylum tricornutum was obtained when nitrogen availability was 

insufficient in media (Frada et al., 2013). Similarly, the biomass of the green algae Neochloris 

oleoabundans with higher lipid content was produced under nitrogen-depleted medium 

accompanied with the decrement of chlorophyll a (Li et al., 2008). It has been reported that the 

lipid content of Scenedesmus obliquus attained 22.4 % of the dry biomass by five-day nitrogen 

starvation (Ho et al., 2012). Besides, the different phenotypes induced by starvation offer an 

opportunity to study the lipid biosynthesis pathway in algae (Zhu et al., 2016).   

 

Despite those interesting phenotypic observations, the lipid metabolisms of algae from different 

classes in response to nitrogen starvation are not well understood at the molecular level. 
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Comprehensive analyses of the changes in intact lipids, including neutral lipids and membrane 

lipids under nitrogen starvation have been carried out in model algae, such as P. tricornutum 

(Levitan et al., 2015), Nannochloropsis oceanica (Li et al., 2014), and Chlamydomonas reinhardtii 

(Yang et al., 2015). A recent study claimed that time-series lipidomes induced by nitrogen stress 

were studied for the first time in the non-model oleaginous species Ettlia oleoabundans (Matich 

et al., 2018). However, the knowledge of lipid metabolism under nitrogen starvation in other non-

model oleaginous species remains unclear. The development of mass spectrometry-based methods 

enabled the comprehensive analysis of lipidome, of which shotgun lipidomics (Yang et al., 2015) 

and liquid chromatography-mass spectrometry (LC-MS) (Li et al., 2014; Matich et al., 2018) were 

used in the studies mentioned above. Combination of transcriptomic and lipidomic analyses in N. 

oceanica revealed that in a nitrogen-free medium the de novo fatty acid biosynthesis pathway was 

suppressed, but the pathway redirecting carbon flux from protein to lipid and carbohydrate was 

upregulated (Li et al., 2014). With the advance in RNA sequencing technology, the analysis of 

transcript abundance was successfully employed to elucidate the mechanism of lipogenesis in 

microalgae in response to nitrogen stress (Miller et al., 2010; Rismani-Yazdi et al., 2012). However, 

the metabolic and regulatory mechanisms of neutral lipids revealed at the transcript level should 

be confirmed by lipidomic analysis in various oleaginous species of commercial interest. This will 

eventually enable a rational manipulation of lipid biosynthesis for optimized biofuel production.  

 

In the present study, detailed changes of lipids composition at the molecular level were determined 

with the HPLC-MS method, along with growth and fatty acids profile in response to nitrogen 

starvation in the freshwater green alga Scenedesmus sp. (Chlorophyceae) and the marine diatom 

Cylindrotheca closterium (Bacillariophyceae). Scenedesmus sp. was initially isolated from 

municipal sewage water. This organism is highly tolerant to heavy metals, organic pollutants, and 

wide thermal variation. Biofuel production coupled with wastewater treatment currently was 

considered as a promising approach to reduce the costs (Christenson and Sims, 2011). C. 

closterium showed a high growth rate and lipid content in our previous work, emerging as a 

promising candidate for biofuel and high-value pigment production (Wang et al., 2015) (Wang et 

al., 2018). Additionally, both algal species synthesize a wide array of poly-unsaturated fatty acids 

essential to human health such as α-linolenic acid by Scenedesmus obliquus (Makulla, 2000) and 

eicosapentaenoic acid by C. closterium (Wang et al., 2015). This study elucidates the variations of 
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lipid metabolites between a marine diatom and a freshwater green alga under nitrogen starvation 

at the molecular level with a particular emphasis on TAGs. 

 

5.3 Materials and Methods 
 

5.3.1 Algae and culture condition 

 

Scenedesmus sp. was isolated from a sewage plant in Germany. C. closterium was provided as a 

courtesy of the algae collection in the Lab. of Applied Microalgae Biology of Ocean University of 

China, Qingdao, China. The stocks of Scenedesmus sp. and C. closterium were maintained in 

freshwater with Bold’s Basal Medium (BBM) and seawater enriched with f/2 medium nutrients 

(Guillard, 1975), respectively, at 12 h/12 h light/darkness cycle and a light intensity of 40 

µmol/m2/s. Algae used in nitrogen starvation experiments were harvested from a culture in a bag 

photobioreactor (PBR) (Phytolutions, Bremen, Germany) at a light regime of 18 h /6 h 

light/darkness and a light intensity of 100 µmol/m2/s. C. closterium in the bag PBR was cultured 

in f medium at 20±1°C, whereas Scenedesmus sp. was grown in BBM at 25±2°C. Algae reaching 

the late exponential phase after 4-day cultivation were harvested by centrifugation at 2,000 g. Cell 

pellets of C. closterium were rinsed with seawater three times to remove nitrogen, while pellets of 

Scenedesmus sp. were washed with ultra-pure water three times. The algae were re-suspended in 

nitrogen-free media in bottle PBRs at the same environmental parameters as for those of the bag 

PBRs. Algal biomass was harvested at 0 h, 12 h, 24 h, 48 h, and 96 h after inoculation with three 

biological replicates. Lyophilized dry biomass was subjected to lipid extraction. The growth 

performance was monitored by determining the cell concentrations daily using a cell-counting 

chamber. 

 

5.3.2 Chemicals and agents 

 

Gradient-grade ethanol was purchased from Merck (Darmstadt, Germany); isopropanol 

(Rotisolv® HPLC-grade), acetonitrile (Rotisolv® HPLC ultra gradient-grade), methanol (Rotisolv® 

HPLC ultra gradient-grade), chloroform (Rotisolv® HPLC-grade) and Tetra-dodecyl ammonium 

bromide were purchased from Carl Roth (Karlsruhe, Germany); dichloromethane 99,8% stabilized 
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with amylene for synthesis was purchased from Panreac AppliChem (Darmstadt, Germany); 

ammonium formate LC-MS Ultra and formic acid (puriss., ≥ 98% (T) for mass spectrometry), 

potassium hydroxide (KOH), sulfuric acid (H2SO4), heptane (synthesis-grade) and potassium 

chloride (KCl) were ordered from Carl Roth (Karlsruhe, Germany); molecular sieves pellets (AW-

300, 1.6 mm) and Spelco Supelco 37 component fatty acids methyl esterification (FAME) mix 1x1 

mL were purchased from Sigma-Aldrich Chemie (Steinheim, Germany). 

 

5.3.3 Total lipids extraction 

 

Total lipids were extracted by a modified gravitational method. Approximately 100 mg of the 

sample was extracted with 9 mL of dichloromethane/methanol at the ratio of 1:1 in a glass vial. 

Extraction was assisted by a magnetic stirrer for 1 h at room temperature. The mixture was 

centrifuged at 3,000 g for 10 min. The extraction procedure was repeated once. The supernatant 

was combined in fresh vials. KCl solution (0.88%, 4.5 mL) was added to the combined supernatant. 

An organic and an aqueous phase were separated by centrifugation at 3,000 g for 5 min. The 

separation procedure was repeated once more with KCl solution. The organic phase (3 mL) was 

transferred to a pre-weighed test vial and evaporated by N2. Total lipids content was calculated by 

subtracting the mass of the empty vials from that of the vials with lipids. Chloroform was added 

to dissolve the lipids at a concentration of 5 mg/mL. The dissolved lipid samples were stored at -

20 °C for further analysis.  

 

5.3.4 Fatty acids methyl esterification preparation and measurement by gas chromatography 

 

A total volume of 0.5 mL of the lipid extract, dissolved in chloroform, was transferred in a glass 

vial for fatty acid methyl ester (FAME) synthesis. KOH (10 N, 0.7 mL) and methanol (5.3 mL) 

were added to the extract, stirred continuously at 50 °C for one hour. Subsequently, H2SO4 (24 N, 

0.58 mL) was added after the samples were cooled down to room temperature. The samples were 

stirred continuously at 50 °C for one hour. FAME was isolated with 2 mL heptane by vortex for 5 

minutes and centrifugation at 3,000 g for 3 minutes. The aqueous phase was removed using 

molecular sieves. FAME was subjected to gas chromatography (GC)-flame ionization detector 

(FID) for analysis. A capillary column VF-5ms, 30 m x 0.25 mm with an injector temperature of 
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265 °C and the detector temperature of 300 °C was integrated to the GC. The GC used helium as 

a carrier gas at a flow rate of 40 mL/min. The split ratio was 1:50 with an injection volume of 1.0 

µL. GC program started at 60 °C for 1 minute, followed by a second step of 17 °C/min temperature 

rate until 160 °C, a third step of 7 °C/min rate until 240 °C and a temperature rate of 5 °C/min until 

300 °C with a hold time of 10 min. Fatty acids were assigned by Supelco 37 compounds fatty acid 

methyl ester (FAME) MIX standard and quantified by the calibration curves of the standard. 

 

5.3.5 High-performance liquid chromatography 

 

Lipids were fractionated by HPLC (Agilent 1100 series, Waldbronn, Germany) with our 

previously established method (Sirbu et al., 2018) to which slight modifications on elution gradient 

were applied. One column Pursuit XRs C18 (250 mm × 3 mm i.d., 5 µm particles) was integrated 

to the HPLC. The temperature of the column oven was set to 35 °C. Each extract was diluted at 

the ratio of 1:22 in chloroform/ethanol (1:1) with 3 µL of sample were injected. Solvent A 

consisted of acetonitrile with 0.01% formic acid and B of ethanol with 10 mmol/L ammonium 

formate and 0.01% formic acid. The mobile phase was applied through the column at a flow rate 

of 0.6 mL/min. The gradient elution program started with A/B (90/10%) increased linearly to A/B 

(65/35%) in 4 min; followed by a second linear increasing to solvent A/B (50/50%) in 16 min; a 

third linear increase to solvent A/B (37/63%) in 2 min; a fourth linear increase to solvent A/B 

(20/80%) in 23 min; a fifth step, linear increase to solvent B (100%) in 2 min; ending with isocratic 

elution at solvent B (100%) for 10 min. The column was equilibrated at A/B (90/10%) solvent for 

10 min before reuse. Tetra-dodecyl ammonium bromide at the concentration of 0.0002 mg/mL, 

mass-to-charge (m/z) 690.7850, and retention time (rt) 4.5 min was used as internal standard. 

 

5.3.6 High-resolution mass spectrometry 

 

High-resolution masses were acquired by a time of flight MicrOTOF Focus MS (Bruker Daltonics, 

Bremen, Germany) fitted with an ESI source as the detector with the following parameter settings: 

capillary voltage of 4.5 kV; nebulizing gas pressure of 2 Ba drying gas flow rate of 10 L/min; 

drying gas temperature of 220 °C. ESI mass spectra were measured in the range of m/z 200–1200 

in the positive ion mode. Internal calibration was achieved with 10 mL of 0.1 M sodium formate 
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solution injected through a six-port valve prior to each chromatographic run. Calibration was 

carried out by the enhanced quadratic mode. 

 

5.3.7 Tandem mass spectrometry 

 

LC-tandem MS was carried out by using an Ion-Trap detector in positive ion mode equipped with 

an ESI source (Bruker Daltonics, Bremen, Germany). The full scan mass spectra were recorded in 

the range m/z 200-1200 operating in positive ion mode. Capillary temperature was set to 350 °C, 

drying gas flow rate 10 L/min and nebulizer pressure 10 psi. Tandem mass spectra were acquired 

in Auto MSn (smart fragmentation) using a ramping of the collision energy.  

 

5.3.8 Statistical analysis 

 

The individual lipid lists of the high-resolution masses were combined for peak matching and 

retention time (rt) alignment using a m/z tolerance of Δm/z = 0.0001 and a rt tolerance of 0.5 min 

for elution time <20 min and 1.0 min for an elution time ≥20 min. Extensive manual curation 

resulted in a set of 102 peaks for C. closterium and 93 peaks for Scenedesmus sp..  Lipid 

compounds could be uniquely assigned with m/z and rt tolerances of Δm/z = 0.01 and Δrt = 0.8 

min. For further analyses, the peak areas were normalized to the peak area of the internal standard 

(Tetra-dodecyl ammonium bromide), and relative quantification was achieved for each identified 

compound. Heat maps, as graphical representations for visualizing attribute values by class in a 

two-way matrix, as well as principal component analyses (PCA) were performed by Orange 

software. Microsoft Office Excel 2016 was used to process data and perform ANOVA single-

factor analysis. 

 

5.4 Results 
 

5.4.1 Total lipid content and growth kinetics under nitrogen starvation 

 

Total lipids were determined gravimetrically following the dichloromethane extraction. As 

displayed in Fig. 1A, lipids content of 13 % in dry biomass were synthesized in Scenedesmus sp. 
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before nitrogen starvation. The total lipids content of Scenedesmus sp. reached the highest amounts 

after 96 h of nitrogen starvation, while no noticeable changes were observed between 0 h and 48 

h (p>0.05). C. closterium could accumulate lipids content of 20 % in dry biomass before the onset 

of nitrogen starvation. Surprisingly, the lipids content of C. closterium decreased significantly after 

12 h of nitrogen starvation (p<0.05) and maintained at this level until 48 h (p>0.05). C. closterium 

showed a remarkable increment of lipids between 48 and 96 h of starvation (p<0.05), while no 

significant differences were found between the total lipids amount between 0 h and 96 h (p>0.05). 

The growth kinetics (Fig. 1B) suggested that the cell concentration of Scenedesmus sp. is 5-fold 

higher than that of C. closterium before nitrogen starvation. Both Scenedesmus sp. and C. 

closterium continued to grow in nitrogen-free media. However, the trends of growth varied 

remarkably. After 24 h of nitrogen starvation, cell concentration of Scenedesmus sp. increased by 

approximately 12 %, whereas that of C. closterium increased by 64 % after 12 h, nearly doubled 

the concentration after 24 h and remained constant after 48 h.  

 

 

 
Figure 1. Total lipids and growth kinetics of Scenedesmus sp. and C. closterium under nitrogen 
starvation. Results are shown as means±SD (n=3), except the growth kinetics of Scenedesmus sp. (n=4).  
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5.4.2 Fatty acids profile under nitrogen starvation 

 

FAME analyses of lipid extraction are shown in Fig. 2. It appeared that C16:3, C16:0 and C18:1 

were the major fatty acids in Scenedesmus sp. with C18:1 being the most abundant one, and that 

long-chain fatty acids (>20 C) were present in a minor amount in the Scenedesmus sp. (Fig. 2A & 

B). Saturated fatty acids, such as C14:0, C16:0 and C18:0, increased significantly after 96 h of 

nitrogen starvation (p<0.05) with C16:0 and C18:0 increasing approximately 4-folds and 9-folds, 

respectively. The monounsaturated fatty acids C20:1 increased by 3-folds at 96 h, while C18:1 

only increased by 10 % at 96 h (p<0.05). Polyunsaturated fatty acids, such as C16:3 and C18:3, 

and odd number fatty acids such as C15:0 and C17:0 decreased significantly after 96 h starvation 

with the exception of C18:2. C16:3 and C18:3 decreased by 67 % and 37 %, respectively at 96 h 

as compared to 0 h. After 96 h of nitrogen starvation C16:0 and C18:1 accounted for more than 

70 % of the total fatty acids in Scenedesmus sp.. 

 

Five most abundant fatty acids (C14:0, C16:1, C16:0, C20:4 and C20:5) were synthesized by C. 

closterium with C16:1 and C16:0 as the most dominant fatty acids at 0 h (Fig. 2C & D). Under 

nitrogen starvation, a 26 % increase of the saturated fatty acid C14:0 occurred after 96 h, while 

C16:0 decreased within first 12 h and increased after 12 h, following the same tendency of total 

lipids amount. The remarkable increments of monounsaturated fatty acids C15:1 and C16:1 were 

observed at 96 h (p<0.05). C20:4 and C20:5 reduced by 14 % and 19 % respectively at 96 h when 

compared to 0 h. The odd number saturated fatty acids (C15:0 and C17:0), rarely reported, 

followed a decreasing trend. At 96 h, the three dominant fatty acids—C16:1, C16:0 and C20:5 

represented 67 % of the total fatty acids. 
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Figure 2. Fatty acids composition of Scenedesmus sp. and C. closterium under nitrogen starvation.  A: 
Major fatty acids in Scenedesmus sp.; B: Minor fatty acids in Scenedesmus sp.; C: Major fatty acids in C. 
closterium; D: Minor fatty acids in C. closterium. Results are shown as means±SD (n=3). Compounds could 
not be assigned by standards were named by the retention time.  
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molecular formula with mass error <4 ppm was accepted. Tandem MS data were interpreted as 

described by (Sirbu et al., 2018). Relative quantification of all the identified compounds was 

performed in positive ion mode with respect to an internal standard (Tetra-dodecyl ammonium 

bromide). Additionally, representative chromatograms and their two-dimensional maps at 0 and 

96 h for each species are in the supplementary material (Fig. S1 and S2). 

 

Through the development of lipidomics based on MS, much more knowledge could be attained on 

different groups of lipids in algae. Ninety-nine molecules (Table S1) were successfully annotated 

in the total lipids of Scenedesmus sp. and assigned to 9 classes: triacylglycerol (TAG) £3 double-

bond, TAG >3 double-bond, MGDG, DGDG, PG, diacylglyceryl-N,N,N-trimethylhomoserine 

(DGTS), lyso-DGTS, phosphatidylethanolamine (PE) and pigments as indicated in Fig. 3A & B. 

Before the start of nitrogen starvation, TAG (£3 and >3 double-bond) and plastidial lipids (MGDG, 

DGDG, and PG) accounted for 1.8 % and 5.1 % of the dry biomass respectively. After 96 h of 

nitrogen starvation, the overall amount of TAG increased by more than 600 % in Scenedesmus sp.. 

TAG £3 and >3 double-bonds increased by 4-folds and 28-folds respectively. Total TAGs 

accounted for 68 % and 11 % of the total lipids and biomass respectively at 96 h in Scenedesmus 

sp.. Pigments including chlorophyll a/b and pheophytin, decreased significantly by 75 % after 96 

h, accompanied with the decrements of MGDG and PG. MGDG and PG decreased to 

approximately 33 % and 22 % respectively after 96 h. Another essential plastidial lipid DGDG 

reached the maximum at 48 h and dropped at 96 h. The concentration of DGDG at 48 and 96 h 

was 3 and 2 times higher than at 0 h, respectively. The plastidial membrane lipids (MGDG, DGDG, 

and PG) comprised 39 % of the total lipids at 0 h and dropped to 15 % at 96 h. DGTS, lyso-DGTS, 

and PE, as N-containing lipids, are crucial extra-plastidial membrane lipids. A significant decrease 

of DGTS and PE occurred at 12 and 24 h (p<0.05), respectively, while lyso-DGTS first increased 

at 24 h and subsequently decreased until 48 h.  

 

Ninety-two lipid molecules (Table S2) were identified in the C. closterium, which were allocated 

into 6 groups: TAG £3 and >3 double-bond, MGDG, DGDG, sulfoquinovosyl diacylglycerol 

(SQDG) and pigments (Fig. 3C & D). The TAG (£3 and >3 double-bond) and plastidial lipids 

(MGDG, DGDG, and SQDG) represented 14 % and 2 % of the dry biomass respectively in C. 

closterium before being subjected to nitrogen-free media. Under nitrogen starvation, pigments 



Chapter 5 

 97 

decreased to 35 % after 96 h when compared to 0 h. The abundance of both TAGs classes 

dramatically decreased during the first 12 hours (p<0.05) and gradually increased afterwards. Total 

TAG content increased by 20 % at 96 h, with TAGs (> 3 double-bond) increasing by 49 %, but 

the increase of TAGs (£ 3 double-bond) is not significant (p>0.05). Total TAGs represented up to 

90 % and 17 % of the total lipids and dry biomass at 96 h. Among the three plastidial membrane 

lipid classes (MGDG, DGDG, and SQDG), the dominant class was MGDG which decreased to 

26 % at 96 h as compared to 0 h. Concurrently, DGDG dropped by 57 % at 96 h, while SQDG 

maintained constantly till 48 h and decreased significantly afterwards. Plastidial membrane lipids 

accounted for 10 % and 4 % of the total lipids at 0 and 96 h respectively. 

 

 

 
Figure 3. Changes of glycerolipids and pigments in Scenedesmus sp. and C. closterium under nitrogen 
starvation. A and B: Glycerolipids and pigments in Scenedesmus sp.; C and D: Glycerolipids and pigments 
in C. closterium. Results are shown as means±SD (n=3).  
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5.4.4 Lipid and pigment molecules alteration 

 

PCA of LC-MS data of lipid extract recorded at different time points was performed for each of 

the two species based on the lipids and pigments identified (Fig. 4). PCA on the Scenedesmus sp. 

showed a clear separation of samples collected at each time series. The first principal component 

in the score plot is strongly correlated with the amount of TAG. Significant changes occurred after 

12 h of nitrogen starvation in Scenedesmus sp.. In contrast, C. closterium did not show a clear 

separation between all the time series, but distinguishable changes of samples at 0 h and 96 h in 

comparison to the other 3 could be observed. Moreover, the grouping on the plots reflects the 

reproducibility of data and how close the samples are to each other in terms of the lipid profile. 

 

 

 
Figure 4. Principal component analysis of Scenedesmus sp. and C. closterium under nitrogen 
starvation. A: Samples from Scenedesmus sp.; B: Samples from C. closterium. Three biological replicates 
were performed at each time point.  
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Generally, TAGs (>3 double-bond) were absent at 0 h and only present at 12 h of nitrogen 

starvation in the Scenedesmus sp.. Among the 60 TAGs in Scenedesmus sp., TAG 

50:1(16:0/16:0/18:1), 52:1 (18:0/16:0/18:1), 50:2 (14:0/18:1/18:1), 52:2 (16:0/18:1/18:1), 50:3 

(16:0/16:0/18:3), 52:3(16:0/18:1/18:2), 54:3 (18:0/18:0/18:3), 52:4 (18:1/16:0/18:3) and 52:4 

(16:0/18:2/18:2) were the dominant TAG species at 96 h. The abundance of the major TAGs (£3 

double bonds), increased by 8 to 20-folds at 96 h when compared to their counterparts at 0 h, 

except for 52:1 (18:0/16:0/18:1) and 50:3 (16:0/16:0/18:3). 52:1 (18:0/16:0/18:1) increased by 3-

folds at 96 h compared to 0 h, while no 50:3 (16:0/16:0/18:3) was synthesized at 0 h. 52:4 

(18:1/16:0/18:3) and 52:4 (16:0/18:2/18:2) containing >3 double-bond increased by approximately 

60-folds at 96 h, when compared to TAGs at 0 h. With respect to plastidial membrane lipids, a 

more complex pattern was adopted. MGDG 34:7 (16:4/18:3), as the most abundant MGDG, 

decreased significantly at 24 h under nitrogen starvation (p<0.05). All DGDGs displayed the same 

tendency as the total DGDG amount, culminating at 48 h and decreasing at 96 h. A notable aspect 

is that the dominant DGDG, 34:3 (16:0/18:3), increased constantly during the whole process. PE 

36:6 (C18:3/18:3), as the major PE at 0 h, decreased significantly at 12 h (p<0.05). Likewise, most 

DGTS lipids with PUFA chains decremented dramatically at 12 h with an exception that the 

concentration of dominant DGTS 34:3 (16:0/18:3) increased significantly at 24 h (p<0.05). The 

primary lyso-DGTS (18:3) fluctuated in a certain range during the whole process.  DGTSs as a 

type of N-containing lipids tended to be involved in the first reaction to nitrogen starvation. DGTS 

34:3 (16:0/18:3) and lyso-DGTS (18:3) might serve as the house-keeping lipids engaged in 

maintaining the whole integrity of the cell membrane.  

 

Seventy-two TAG molecules in the C. closterium have been assigned at 96 h based on high-

resolution and tandem MS data (Fig. 5B). Eight TAG molecules 46:1 (14:0/16:1/16:0), 48:1 

(16:0/16:1/16:0&16:0/18:1/14:0), 52:1 (16:0/18:1/18:0&14:0/18:1/20:0), 48:2 

(16:0/16:1/16:1&14:0/18:1/16:1), 50:2 (16:0/18:1/16:1&14:0/18:1/18:1), 52:5 (16:0/16:0/20:5), 

52:5 (16:0/16:1/20:4) and 52:6 (16:0/16:1/20:5) were found to be the most predominant species in 

the C. closterium. The significant increase of the major TAGs only took place after 96 h nitrogen 

starvation. TAG 46:1 (14:0/16:1/16:0), 48:2 (16:0/16:1/16:1&14:0/18:1/16:1), 52:5 

(16:0/16:0/20:5) and 52:6 (16:0/16:1/20:5) increased by 40-60% at 96 h. The most abundant 

MGDG molecule 36:8 (16:3/20:5) showed a significant decrease at 24 h (p<0.05).  The two 
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primary DGDG 36:7 (C16:2/C20:5) and 36:6 (C16:1/C20:5) decreased significantly at 96 h when 

compared to 0 h (p<0.05). The SQDG 32:1 (16:0/16:1) increased within 24 h followed by a 

decrease at 96 h. 
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Figure 5. Heat map of glycerolipid and pigment molecules in C. closterium and Scenedesmus sp. under 
nitrogen starvation. A: glycerolipid and pigment molecules from C. closterium; B: glycerolipid and 
pigment molecules from Scenedesmus sp.. All the identified molecules were primarily clustered in 4 groups: 
molecules in group a and c displayed a decreasing trend during the time course; molecules in group b 
decreased at the beginning, then increased till 96 h; group d exhibited an increasing trend. *: compounds 
were tentatively identified due to the insufficient fragment information.  
 

a

A B

b d

c



Chapter 5 

 102 

 

 
Figure 6. The structures of the representative molecules from different groups of glycerolipids. A: 
Molecules from Scenedesmus sp.; B: Molecules from C. closterium. 
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5.5 Discussion 
 

5.5.1 Total lipid content and growth kinetics under nitrogen starvation 

 

Despite the absence of nitrogen, both species continued growing, especially C. closterium, which 

doubled the cell concentration at 24 h. This might be explained by assuming that algae in nutrients-

sufficient environment tend to assimilate more nutrients, including nitrogen, to form an internal 

reservoir in a vacuole which could support growth in a nitrogen-scarce or even nitrogen-free 

environment (Lavín and Lourenço, 2005). The existence of this internal reservoir was described 

in Chlorella sp. and Nannochloropsis oculata (Paes et al., 2016). The marine diatom Fistulifera 

solaris continued growing for 24 h in a nutrients free medium and then the growth was inhibited 

(Liang et al., 2015). It has been previously reported that Scenedesmus obliquus could accumulate 

as much as 20 % lipid in dry biomass after 5-day nitrogen starvation compared to 11 % in negative 

control, along with an increase of carbohydrate and decrease of protein content (Ho et al., 2012). 

These findings are in line with the lipid content of the Scenedesmus sp. after nitrogen starvation 

described in the current study. This could be interpreted by the fact that nitrogen is intimately 

connected to the carbon metabolism. The reduced availability of nitrogen led to the re-allocation 

of photosynthetic carbon flux into lipid synthesis (Alipanah et al., 2015). P. tricornutum produced 

significantly more lipid after 48 h cultivation in a nitrogen-free medium. However, the growth was 

suppressed when compared to the control after 48 h (Alipanah et al., 2015). These findings contrast 

with the lipid metabolism displayed by the C. closterium in the present study. The decrease of total 

lipid content in the C. closterium could possibly be explained by the rapid cellular reproduction 

within 12 h, which would require a significant amount of energy. Therefore, lipids, i.e., energy 

storage compounds, were consumed to provide energy due to the deficiency of photosynthetic 

ATP production.  

 

5.5.2 Fatty acids profile under nitrogen starvation 

 

Although Scenedesmus sp. and C. closterium were characterized by different fatty acids 

compositions, the concentrations of polyunsaturated fatty acids decreased in both species after 96 

h of nitrogen starvation, but the saturated and monounsaturated fatty acids increased in response 
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to a nitrogen-free environment. Similar alterations of fatty acids happened in Chlorella zofingiensis 

under nitrogen starvation with an elevated saturated and monounsaturated fatty acids but a 

diminished polyunsaturated fatty acids ratio (Zhu et al., 2015). Likewise, the synthesis of saturated 

fatty acid of P. tricornutum increased in a nitrogen-depleted medium at 96 h compared to nitrogen-

replete medium (Yodsuwan et al., 2017). Nevertheless, in another study, the levels of 

monounsaturated fatty acids (C14:1 and C16:1) decreased in the green algae E. oleoabundans 

under nitrogen deprived conditions (Matich et al., 2018). The decrease of polyunsaturated fatty 

could be considered as a consequence of the inhibition of the photosynthesis and degradation of 

the photosynthetic systems where PUFA are usually present. Since saturated/monounsaturated 

acyl chains are beneficial for biodiesel production and both the Scenedesmus sp. and the C. 

closterium feature high saturated/monounsaturated fatty acids contents, induced by nitrogen 

starvation, these two species appear to be suitable candidates for biodiesel production (Islam et al., 

2013). The odd-numbered chain fatty acids were detected in both species, although in low 

concentration. Despite the fact that odd-numbered chain fatty acids (C15:0 and C17:0) have been 

identified in other studies (Branco-Vieira et al., 2017), the synthesis pathway remains unclear.  

 

5.5.3 Relative quantitative analysis of glycerolipids and pigments 

 

The reduction of photosynthetic pigments and the decrease of plastidial membrane lipids in 

nitrogen-free media indicated an inhibition of photosynthesis in the Scenedesmus sp. and the C. 

closterium. The decline in pigments was due to the degradation of the essential enzymes and 

structural proteins in the photosynthetic pathway; meanwhile, the N in pigments, as N-rich 

compounds, were presumably redirected to protein synthesis under nitrogen starvation (Levitan et 

al., 2015). Another previous study observed a shrunk volume of chloroplast and an increased 

volume of lipid droplets in the diatom F. solaris in a  nutrient-starved environment (Liang et al., 

2015). 

 

In comparison to Scenedesmus sp., C. closterium adopted a different lipid mechanism triggered by 

nitrogen starvation. C. closterium in this study accumulated a high TAG content at 0 h, and as 

nitrogen starvation proceeded, TAG decreased to provide energy for the cell division. 

Scenedesmus sp. accumulated a very low amount of TAGs at 0 h, which then increased steadily.  



Chapter 5 

 105 

TAGs only accounted for 1.8 % of the dry biomass of the Scenedesmus sp., in a nutrient-replete 

environment, which indicated most of the photosynthetically fixed carbon was partitioned into 

protein and carbohydrate to enhance biomass.  

 

Plastidial membrane lipids were more abundant in Scenedesmus sp. than in C. closterium. As most 

of the MGDG, DGDG, and SQDG are mainly present in thylakoids membrane and have a 

substantial impact on the photosynthesis and growth, it can be proposed that photosynthetic 

apparatus in the Scenedesmus sp. is more developed in the C. closterium (Dormann et al., 1995). 

DGDG in Scenedesmus sp. increased within 48 h as a reaction of the compromised photosynthesis, 

but decreased during the whole process in C. closterium. The ratio of MGDG/DGDG in both 

species decreased significantly. Decreased MGDG, along with increased DGDG, was reported 

previously in Arabidopsis (Gaude et al., 2007) and P. tricornutum (Abida et al., 2015), yet both 

MDGD and DGDG decreased under nitrogen starvation in Chlamydomonas reinhardtii and F. 

solaris (Liang et al., 2015; Siaut et al., 2011).  This could be explained that a bilayer-lipid (DGDG) 

has superiority over a non-bilayer-lipid (MGDG) in maintaining the integrity of thylakoids under 

nitrogen stress (Webb and Green, 1991). However, as the nitrogen starvation proceeded, the more 

photosynthetic machinery was degraded, and the DGDG started to decrease at 48 h of nitrogen 

starvation, which was reflected by the declining MGDG/DGDG ratio described in this study. 

Consequently, it can be hypothesized that the structure of the photosynthetic system in the C. 

closterium is more subjected to the nitrogen stress than in the Scenedesmus sp., due to the 

immediate reduction of DGDG.  

 

5.5.4 Lipid and pigment molecules alteration 

 

Results showed that the PUFA were mainly present in membrane lipids at 0 h in both species, 

while TAGs with PUFA acyl chain increased significantly at 96 h. Hence, we suggested that PUFA 

acyl chains were recycled by TAGs in both algae, which was observed in a previous study 

(Goncalves et al., 2016). Glycolipids, such as MGDG, DGDG, and SQDG, possess a variety of 

bioactive effects and high nutritional values due to the PUFA content, yet a lipidomic study of 

glycerol lipids has been only performed in a limited number of microalgae as reviewed by da Costa 

E. et al. (da Costa et al., 2016). Herein, we propose two new candidates to produce high-value 
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lipids for health by providing the annotation of glycolipid molecules in Scenedesmus sp. and C. 

closterium. Diacylglycerols, as precursors of TAG de novo synthesis, were synthesized by the 

acylation of the sn-2 position of lysophosphatidic acid catalyzed by lysophosphatidic acid 

acyltransferases (LPAAT) (Nobusawa et al., 2017). LPAAT in different organelles showed varied 

specificity. LPAAT in the chloroplast showed specific preference to C16 moiety substrate – which 

represents the “prokaryotic” pathway, while LPAAT in the endoplasmic reticulum preferred C18 

– representing the “eukaryotic” pathway (Allen et al., 2014). As shown in Table 1, although TAGs 

were synthesized in both pathways, the ratio of TAGs from the two pathways differed during 

nitrogen starvation. Before the beginning of nitrogen starvation, TAGs were synthesized in both 

the “eukaryotic” and “prokaryotic” pathway in the Scenedesmus sp., but the decreased ratio of 

TAG with C16/C18 in the sn-2 position indicated that more TAGs were assembled in the 

endoplasmic reticulum than chloroplast during nitrogen starvation. In contrast, a majority of the 

TAGs in the C. closterium were synthesized by the “prokaryotic” pathway in the chloroplast at 0 

h. During the nitrogen starvation, the ratio of TAG with C16/C18 in sn-2 position remained 

constant during the first 24 h. A significant increase of the ratio was observed at 48 h caused by 

an increase of TAGs synthesized by the “prokaryotic” pathway in the chloroplast. Compared to 

the rapid increase of TAGs in the Scenedesmus sp., the significant increase of TAGs only happened 

at 96 h in the C. closterium, revealing Scenedesmus sp., can switch to lipids production faster than 

C. closterium. The concentration of DGDG increased within 48 h in the Scenedesmus sp., while 

DGDG decreased at 24 h in the C. closterium. Interestingly, the concentration of DGDG 34:3 

(16:0/18:3) increased at 96 h in Scenedesmus sp. indicating its essential function in photosystems 

of the Scenedesmus sp.. DGTS molecules in Scenedesmus sp. dropped immediately after nitrogen 

starvation as the first response of nitrogen starvation.  
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Table 1. The content of TAGs (% dry biomass) with C16 or C18 FA in the sn-2 position 

and ratio of TAG with C16 and C18 in the sn-2 position 

Time (h) Scenedesmus Sp. C. closterium 

 % C16  

sn-2 

% C18  

sn-2 

Ratio of 

C16/C18 sn-2 

% C16  

sn-2 

% C18  

sn-2 

Ratio of 

C16/C18 sn-2 

0 0.75±0.06 0.99±0.15 0.76±0.1 11.89±0.1 1.75±0.06 6.79±0.16 

12 1.08±0.16 1.46±0.15 0.74±0.04 8.66±0.63 1.28±0.08 6.77±0.21 

24 1.19±0.06 1.88±0.17 0.64±0.04 9.25±0.20 1.42±0.04 6.53±0.21 

48 2.00±0.11 4.11±0.18 0.49±0.01 10.22±0.10 1.01±0.05 10.09±0.57 

96 3.49±0.17 7.53±0.23 0.46±0.01 14.84±1.36 1.41±0.04 10.53±1.17 

 
If two or three molecules shared one mass/charge ratio, they were represented by the dominant one based 
on the fragment information in the calculation. Data were shown as mean±SD (n=3). 
 

 

Our results suggest that Scenedesmus sp. and C. closterium adopted a different strategy to cope 

with nitrogen stress, specifically regarding TAG accumulation mechanisms. The TAGs content of 

the C. closterium decreased at 12 h, which might be induced by the rapid cell reproduction. The 

unique lipid metabolism that observed in the C. closterium is probably due to its benthic 

characteristics. Diatoms are more competitive in absorbing nutrients than other phytoplankton. 

Large diatoms, in particular, tend to have a relatively larger vacuole than in a small diatom where 

nitrogen could be stored (Litchman, 2007; Raven, 1987; Sicko-Goad et al., 1984). The growth of 

Scenedesmus sp. slowed down, but C. closterium duplicated rapidly during the first 48 h of 

nitrogen starvation. Furthermore, a decrease of cell size at 96 h compared to cells at was observed 

under a microscope (Fig. S3). Larger cells could be beneficial for ciliates defense, but they will 

have a lower area/volume, compared to smaller cells. A lower area/volume ration will not be 

harmful in a nutrient-rich environment, however, in a nutrient-limited environment, smaller cells 

are more favorable for nutrients uptake (Banse, 1976; Raven, 1998). Therefore, C. closterium 

improved the capability of nitrogen assimilation by reproducing smaller cells.  Likewise, algae 

under nitrogen stress tended to strengthen the nitrogen assimilation apparatus as described in other 

studies, which supported this hypothesis (Levitan et al., 2015). 
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Apart from the knowledge we gained on lipid synthesis pathway, the shift from fast-growing to a 

lipid-producing mode which was observed in Scenedesmus sp. reflected its potential application 

in wastewater treatment in the next step. The synergy of wastewater treatment with algae 

cultivation was recognized as a sustainable and cost-efficient approach for biofuel production. In 

an ideal strategy, Scenedesmus sp. could be fed with the nutrients in the wastewater and at the 

same time fix carbon dioxide. The harvested biomass could be subject to nitrogen starvation before 

lipid extraction. 

 

5.6 Conclusions 

 

A detailed comparative lipidomic analysis of algae from different classes yielded information at 

the molecular level. Results revealed that the two algae species in our study (freshwater green alga 

and marine benthic diatom) exhibited different strategies of lipid metabolism in response to 

nitrogen starvation. Nitrogen starvation induced an increased level of saturated/monounsaturated 

fatty acids and decreased the production of polyunsaturated fatty acids, which is beneficial for 

biofuel production. TAG increased by more than 600 % and 20 % in the Scenedesmus sp. and C. 

closterium respectively after 96 h of nitrogen starvation. After nitrogen starvation, the TAGs of 

the Scenedesmus sp. and the C. closterium attributed 11 % and 17 % to the dry biomass, 

respectively. In comparison to the concomitant decrease of MGDG and DGDG in C. closterium, 

the increased DGDG in the Scenedesmus sp. indicated the important role in maintaining the 

integrity of photosystems in green algae. By providing the most abundant TAG profiles in the two 

species of oleaginous algae, more insights have been brought into the different metabolisms of 

lipid production. Under nitrogen stress, more TAGs were synthesized by the “eukaryotic pathway” 

than “prokaryotic pathway” in the Scenedesmus sp.. On the contrary, the increased TAGs were 

mainly synthesized by the “prokaryotic pathway” in the chloroplast of C. closterium reflecting the 

different strategies of de novo TAG biosynthesis in freshwater green algae and diatom. 
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5.8 Supplementary material 
 

 

Figure S1: Representative chromatograms of A) lipid extract of Cylindrotheca closterium at 0 h (left 
panel) and its corresponding Two-dimensional (2D) map of reverse-phase high-resolution MS, and 
B) lipid extract of Cylindrotheca closterium at 96 h (left panel) and its corresponding Two-dimensional 
(2D) map of reverse-phase high-resolution MS. 
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Figure S2: Representative chromatograms of a) lipid extract of Scenedesmus sp.  at 0 h (left panel) 

and its corresponding Two-dimensional (2D) map of reverse-phase high-resolution MS, and b) lipid 

extract of Scenedesmus sp. at 96 h (left panel) and its corresponding Two-dimensional (2D) map of 

reverse-phase high-resolution MS. 
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Figure S3. Microscopic observation of C. closterium cells before nitrogen starvation and after 96 h 

nitrogen starvation. A:  Cells before nitrogen starvation; B: Cells after 96 h nitrogen starvation.  

50 µm 50 µm

A B



Chapter 5 

 118 

Table S1. Lipid molecular species in Scenedesmus sp. subdivided into homologous series 

No. Rt (min) 
Molecular 

formulae 

Theoretical 

mass 

[M+NH4] + 

Experimental 

mass 

[M+NH4] + 

Error 

[ppm] 
Common Name 

1 36.3 C47H94NO6 768.7076 768.7076 0.1 TAG 45:0 (15:0/16:0/14:0) * 
2 40.6 C49H98NO6 796.7389 796.7372 2.1 TAG 46:0 (14:0/16:0/16:0) 
3 42.6 C50H100NO6 810.7545 810.7522 2.9 TAG 47:0 (15:0/16:0/16:0) 
4 45 C51H102NO6 824.7702 824.7691 1.3 TAG 48:0 (16:0/16:0/16:0) 
5 47.2 C52H104NO6 838.7858 838.7856 0.3 TAG 49:0 (17:0/16:0/16:0) & 

TAG 49:0 (15:0/16:0/18:0) 
6 49.1 C53H106NO6 852.8015 852.8024 1.1 TAG 50:0 (18:0/16:0/16:0) 
7 52.4 C55H110NO6 880.8328 880.8344 1.9 TAG 52:0 (18:0/18:0/16:0) 
8 36.2 C49H96NO6 794.7232 794.7215 2.1 TAG 46:1 (14:0/14:0/18:1) * 
9 38.7 C41H94N9O6 808.7322 808.7333 1.5 TAG 47:1 (14:0/15:0/18:1) * 

10 40.4 C51H100NO6 822.7545 822.7523 2.7 TAG 48:1 (14:0/16:0/18:1) * 
11 41.9 C52H102NO6 836.7602 836.7681 2.4 TAG 49:1 (15:0/16:0/18:1) * 
12 44.1 C53H104NO6 850.7858 850.7858 0 TAG 50:1 (16:0/16:0/18:1) & 

TAG 50:1 (16:0/16:0/18:1) 
13 46.3 C54H106NO6 864.8015 864.7986 3.3 TAG 51:1 (17:0/16:0/18:1) & 

TAG 51:1 (15:0/18:0/18:1)  
14 48.6 C55H108NO6 878.8171 878.8178 0.7 TAG 52:1 (18:0/16:0/18:1) 
15 50.1 C56H110NO6 892.8328 892.8320 0.9 TAG 53:1 (17:0/18:0/18:1) 
16 51.7 C57H112NO6 906.8484 906.8487 0.3 TAG 54:1 (18:0/18:0/18:1) & 

TAG 54:1 (20:0/16:0/18:1) 
17 32.2 C49H94NO6 792.7076 792.7080 0.5 TAG 47:2 (15:0/16:1/16:1) 
18 36.3 C51H98NO6 820.7389 820.7386 0.3 TAG 48:2 (14:0/18:1/16:1) 
19 39.8 C53H102NO6 848.7702 848.7699 0.3 TAG 50:2 (14:0/18:1/18:1) 
20 41.1 C54H104NO6 862.7858 862.7847 1.3 TAG 51:2 (15:0/18:1/18:1) 
21 43.3 C55H106NO6 876.8015 876.8003 1.4 TAG 52:2 (16:0/18:1/18:1) 
22 45.5 C56H108NO6 890.8171 890.8163 0.9 TAG 53:2 (17:0/18:1/18:1) 
23 48 C57H110NO6 904.8328 904.8326 0.2 TAG 54:2 (18:0/18:1/18:1) 
24 51.3 C59H114NO6 932.8641 932.8646 0.6 TAG 56:2 (20:0/18:1/18:1) 
25 36.1 C53H100NO6 846.7545 846.7539 0.7 TAG 50:3 (16:0/16:0/18:3) 
26 39.1 C55H104NO6 874.7858 874.7848 1.2 TAG 52:3 (16:0/18:1/18:2) 
27 40.4 C55H104NO6 874.7858 874.7859 0.1 TAG 52:3 (16:0/18:0/18:3) 
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28 42.7 C57H108NO6 902.8171 902.8162 1 TAG 54:3 (18:1/18:1/18:1) 
29 43.5 C57H108NO6 902.8171 902.8157 1.5 TAG 54:3 (18:1/18:0/18:2) 
30 44.8 C57H108NO6 902.8171 902.8168 0.4 TAG 54:3 (18:0/18:0/18:3) 
31 35.4 C55H102NO6 872.7702 872.7693 0.9 TAG 52:4 (18:1/16:1/18:2) * 
32 38.3 C57H106NO6 900.8015 900.7992 2.5 TAG 54:4 (18:1/18:2/18:1) 
33 34.8 C57H104NO6 898.7858 898.7840 2 TAG 54:5 (18:1/18:2/18:2) & 

TAG 54:5 (18:1/18:1/18:3) 
34 24.4 C53H92NO6 838.6919 838.6909 1.3 TAG 50:7 (C16:4/C18:3/C16:0) 
35 26 C53H94NO6 840.7076 840.7074 1.8 TAG 50:6 (C16:3/C18:3/C16:0) 
36 27.2 C53H94NO6 840.7076 840.7073 0.3 TAG 50:6 (C16:4/C18:2/C16:0) 
37 28.7 C53H96NO6 842.7232 842.7217 1.9 TAG 50:5 (C16:4/C18:1/C16:0) 
38 30.5 C53H96NO6 842.7232 842.7223 1.1 TAG 50:5 (C16:3/C18:2/C16:0) 
39 31.7 C53H98NO6 844.7389 844.7377 1.3 TAG 50:4 (C16:3/C18:1/C16:0) 
40 32.2 C53H98NO6 844.7389 844.7389 0 TAG 50:4 (C16:1/C18:3/C16:0) 
41 24 C55H94NO6 864.7076 864.7062 1.5 TAG 52:8 (C16:4/C18:3/C18:1) 
42 25.6 C55H96NO6 866.7232 866.7239 0.8 TAG 52:7 (C16:3/C18:2/C18:2) 
43 26.4 C55H96NO6 866.7232 866.7241 1 TAG 52:7 (C16:3/C18:3/C18:1) 
44 26.7 C55H96NO6 866.7232 866.7217 1.8 TAG 52:7 (C16:4/C18:2/C18:1) 
45 27.7 C55H96NO6 866.7232 866.7212 2.4 TAG 52:7 (C16:4/C18:3/C18:0) 
46 28.2 C55H98NO6 868.7389 868.7379 1.1 TAG 52:6 (C16:3/C18:2/C18:1) 
47 28.6 C55H98NO6 868.7389 868.7378 1.2 TAG 52:6 (C16:0/C18:3/C18:3) 
48 29.1 C55H98NO6 868.7389 868.7374 1.7 TAG 52:6 (C16:0/C18:2/C18:4) 
49 30.3 C55H98NO6 868.7389 868.7370 2.2 TAG 52:6 (C16:4/C18:1/C18:1) 
50 31.6 C55H100NO6 870.7545 870.7522 2.7 TAG 52:5 (C16:0/C18:2/C18:3) 
51 32.7 C55H100NO6 870.7545 870.7529 1.9 TAG 52:5 (C16:3/C18:1/C18:1) 
52 34.5 C55H100NO6 870.7545 870.7531 1.6 TAG 52:5 (C16:0/C18:1/C18:4) 
53 34.9 C55H102NO6 872.7702 872.7697 0.5 TAG 52:4 (C16:0/C18:2/C18:2) 
54 36.2 C55H102NO6 872.7702 872.7702 0.1 TAG 52:4 (C16:0/C18:1/C18:3) 
55 25 C57H98NO6 892.7379 892.7379 1.1 TAG 52:8 (C18:2/C18:3/C18:3) * 
56 26 C57H98NO6 892.7379 892.7397 1 TAG 52:8 (C18:1/C18:4/C18:3) * 
57 28.1 C57H100NO6 894.7545 894.7522 2.6 TAG 52:7 (C18:1/C18:3/C18:3) 

&TAG 52:7 (C18:1/C18:4/C18:2) 
58 29.7 C57H100NO6 894.7545 894.7553 0.9 TAG 52:7 (C18:2/C18:2/C18:3) * 
59 31 C57H102NO6 896.7706 896.7712 1.1 TAG 52:6 (C18:1/C18:3/C18:2) & 

TAG 52:6 (C18:1/C18:4/C18:1) 
60 32.1 C57H102NO6 896.7702 896.7711 1 TAG 52:6 (C18:1/C18:4/C18:1) * 
61 5.1 C49H82NO15 924.5679 924.5683 0.4 DGDG 34:7 (16:3/18:4) 
62 5.6 C49H84NO15 926.5835 926.5812 2.5 DGDG 34:6 (16:3/18:3) 
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63 6.6 C49H86NO15 928.5992 928.5987 0.6 DGDG 34:5 (16:3/18:2) 
64 6.6 C51H88NO15 954.6148 954.6162 1.4 DGDG 36:6 (18:3/18:3) 
65 7.7 C49H88NO15 930.6148 930.6153 0.5 DGDG 34:4 (16:0/18:4) 
66 9.2 C49H90NO15 932.6305 932.6307 0.3 DGDG 34:3 (16:0/18:3) 
67 10.7 C49H92NO15 934.6461 934.6472 1.1 DGDG 34:2 (16:0/18:2) 
68 13 C49H94NO15 936.6618 936.6610 0.8 DGDG 34:1 (16:0/18:1) 
69 5.6 C43H72NO10 762.5151 762.5146 0.6 MGDG 34:7 (16:4/18:3) 
70 6.1 C43H74NO10 764.5307 764.5312 0.7 MGDG 34:6 (16:3/18:3) 
71 6.7 C43H74NO10 764.5307 764.5332 3.3 MGDG 34:6 (16:4/18:2) 
72 7.3 C43H76NO10 766.5464 766.5448 2.1 MGDG 34:5 (16:3/18:2) 
73 9.2 C42H74NO7 704.546 704.5440 2.7 DGTS 32:4 (16:0/16:4) 
74 10.1 C44H78NO7 732.5773 732.5771 0.3 DGTS 34:4 (16:0/18:4) 
75 11.8 C44H80NO7 734.5929 734.5905 3.3 DGTS 34:3 (16:0/18:3) 
76 4.8 C44H70NO7 724.5147 724.5151 0.5 DGTS 34:8 (16:4/18:4) * 
77 6.7 C44H72NO7 726.5303 726.5302 0.2 DGTS 34:7 (16:4/18:3) 
78 7.3 C44H74NO7 728.546 728.5452 1.1 DGTS 34:6 (16:4/18:2) * 
79 7.6 C44H74NO7 728.546 728.5471 1.6 DGTS 34:5 (16:4/18:1) * 
80 6.5 C39H79NO10P 752.5436 752.5460 3.2 PG 34:7 (16:4/18:3) * 
81 7.5 C39H81NO10P 754.5593 754.5610 2.2 PG 34:6 (16:3/18:3) * 
82 8.4 C39H83NO10P 756.5749 756.5750 0.1 PG 34:5 (16:2/18:3) 
83 9.4 C39H85NO10P 758.5911 758.5919 1.1 PG 34:4 (16:2/18:2) * 
84 9.9 C39H85NO10P 758.5911 758.5918 0.9 PG 34:4 (16:1/18:3) 
85 11.4 C39H87NO10P 760.6067 760.6055 1.6 PG 34:3 (16:1/18:2) * 
86 12.2 C39H87NO10P 760.6067 760.6050 2.2 PG 34:3 (16:0/18:3) * 
87 9.9 C44H77NO8P 778.5381 778.5377 0.5 PE 36:6 (C18:3/18:3) 
88 11 C44H79NO8P 780.5538 780.5534 0.5 PE 36:5 (C18:3/18:2) 
89 12.4 C44H81NO8P 782.5694 782.5682 1.5 PE 36:4 (C18:2/18:2) 
90 14.6 C44H83NO8P 784.5851 784.5860 1.2 PE 36:3 (C18:2/18:1) 
91 3 C26H44NO6 466.3163 466.3154 1.9 LysoDGTS 16:2 
92 3.3 C28H48NO6 494.3476 494.3466 2 LysoDGTS 18:2 
93 3.7 C28H50NO6 496.3633 496.3627 1.1 LysoDGTS 18:3 
94 10.3 C55H71MgN4O6 907.5219 907.5231 1.4 Chlorophyll b_1 
95 11.1 C55H71MgN4O6 907.5219 907.5221 0.3 Chlorophyll b_2 
96 13.4 C55H73MgN4O5 893.5426 893.5425 0.1 Chlorophyll a_1 
97 14.9 C55H73MgN4O5 893.5426 893.5430 0.5 Chlorophyll a_2 
98 19.7 C57H75MgN4O2 871.5735 871.5718 2 Pheophytin a_1 
99 20.9 C57H75MgN4O2 871.5735 871.5719 1.8 Pheophytin a_2 

*tentatively assigned  
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Table S2. Lipid molecular species in C. closterium subdivided into homologous series 

No. Rt (min) 
Molecular 

formulae 

Theoretical 

mass 

[M+NH4] + 

Experimental 

mass 

[M+NH4] + 

Error 

[ppm] 
Common Name 

1 32.5 C45H90NO6 740.6763 740.6752 1.4 TAG 42:0 (14:0/14:0/14:0) 
2 34.3 C46H92NO6 754.6919 754.6904 2.1 TAG 43:0 (15:0/14:0/14:0) 
3 36.3 C47H94NO6 768.7076 768.7054 2.9 TAG 44:0 (16:0/14:0/14:0) 
4 38.3 C48H96NO6 782.7232 782.7256 3.1 TAG 45:0 (15:0/16:0/14:0) 
5 40.5 C49H98NO6 796.7389 796.7402 1.7 TAG 46:0 (16:0/16:0/14:0) 
6 42.6 C50H100NO6 810.7545 810.7544 0.2 TAG 47:0 (16:0/16:0/15:0) 
7 45 C51H102NO6 824.7702 824.7709 0.9 TAG 48:0 (16:0/16:0/16:0) & 

TAG 48:0 (14:0/16:0/18:0) 
8 47.3 C52H104NO6 838.7858 838.7822 4.4 TAG 49:0 (16:0/16:0/17:0) & 

TAG 49:0 (15:0/16:0/18:0) 
9 49.2 C53H106NO6 852.8015 852.8029 1.7 TAG 50:0 (16:0/18:0/16:0) & 

TAG 50:0 (14:0/18:0/18:0) 
10 52.3 C55H110NO6 880.8328 880.8310 2 TAG 52:0 (18:0/16:0/18:0) 
11 31.8 C47H92NO6 766.6919 766.6920 0 TAG 44:1 (14:0/16:1/14:0) 
12 33.6 C48H94NO6 780.7076 780.7099 3 TAG 45:1 (14:0/16:1/15:0) 
13 35.6 C49H96NO6 794.7232 794.7217 1.9 TAG 46:1 (14:0/16:1/16:0) 
14 37.5 C50H98NO6 808.7389 808.7383 0.7 TAG 47:1 (15:0/16:1/16:0) & 

TAG 47:1 (15:0/18:1/14:0) 
15 39.8 C51H100NO6 822.7545 822.7555 1.2 TAG 48:1 (16:0/16:1/16:0) & 

TAG 48:1 (16:0/18:1/14:0) 
16 41.8 C52H102NO6 836.7702 836.7692 1.2 TAG 49:1 (16:0/18:1/15:0) & 

TAG 49:1 (14:0/18:1/17:0) 
17 44.1 C53H104NO6 850.7858 850.7873 1.7 TAG 50:1 (16:0/16:0/18:1) & 

TAG 50:1 (18:0/18:1/14:0) 
18 48.6 C55H108NO6 878.8171 878.8192 2.4 TAG 52:1 (16:0/18:1/18:0) & 

TAG 52:1 (14:0/18:1/20:0) 
19 51.6 C57H112NO6 906.8484 906.8484 0 TAG 46:1 (14:0/16:1/16:0) 
20 31.3 C49H94NO6  792.7076 792.7068 1 TAG 46:2 (14:0/16:1/16:1) 
21 33.1 C50H96NO6  806.7232 806.7213 2.4 TAG 47:2 (15:0/16:1/16:1) 
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22 34.9 C51H98NO6  820.7389 820.7386 0.4 TAG 48:2 (16:0/16:1/16:1) & 

TAG 48:2 (14:0/18:1/16:1) 
23 37 C52H100NO6  834.7545 834.7528 2.1 TAG 49:2 (17:0/16:1/16:1) & 

TAG 49:2 (15:0/16:1/18:1) 
24 39.1 C53H102NO6  848.7702 848.7697 0.6 TAG 50:2 (16:0/18:1/16:1) & 

TAG 50:2 (14:0/18:1/18:1) 
25 43.3 C55H106NO6  876.8015 876.8030 1.8 TAG 52:2 (16:0/18:1/18:1) & 

TAG 52:2 (18:0/18:1/16:1) 
26 47.9 C57H110NO6 904.8328 904.8321 0.7 TAG 54:2 (18:0/18:1/18:1) & 

TAG 52:2 (20:0/18:1/16:1) 
27 26 C51H92NO6  814.6919 814.6925 0.7 TAG 48:5 (14:0/16:2/18:3) * 
28 27.1 C51H92NO6 814.6909 814.6909 1.2 TAG 48:5 (14:0/14:0/20:5) 
29 28.7 C51H94NO6 816.7076 816.7073 0.4 TAG 48:4 (14:0/16:1/18:3) 
30 29 C51H94NO6 816.7076 816.7071 0.5 TAG 48:4 (14:0/16:0/18:4) * 
31 29.8 C51H94NO6 816.7076 816.7059 2 TAG 48:4 (14:0/14:0/20:4) 
32 31.5 C51H96NO6 818.7232 818.7229 0.4 TAG 48:3 (16:1/16:1/16:1) 
33 32.6 C51H96NO6 818.7232 818.7226 0.7 TAG 48:3 (14:0/14:0/20:3) * 
34 25.6 C53H94NO6 840.7089 840.7079 1.2 TAG 50:5 (14:0/16:2/20:4) * 
35 26.7 C53H94NO6 840.7089 840.7083 0.8 TAG 50:6 (14:0/16:1/20:5) 
36 29.3 C53H96NO6 842.7232 842.7256 2.8 TAG 50:5 (14:0/16:1/20:4) 
37 30.4 C53H96NO6 842.7320 842.7246 1.7 TAG 50:5 (14:0/16:0/20:5) 
38 32.1 C53H98NO6 844.7389 844.7401 1.4 TAG 50:4 (16:0/16:1/18:3) 
39 33.4 C53H98NO6 844.7389 844.7387 0.2 TAG 50:4 (14:0/16:0/20:4) & 

TAG 50:4 (16:0/16:0/18:4) 
40 34.3 C53H100NO6 846.7545 846.7547 0.3 TAG 50:3 (16:1/16:1/18:1) 
41 35.7 C53H100NO6 846.7545 846.7549 0.4 TAG 50:3 (16:0/16:0/18:3) 
42 20.1 C55H92NO6 862.6919 862.6906 1.6 TAG 52:9 (16:1/16:3/20:5) 
43 21.5 C55H92NO6 862.6919 862.6915 0.5 TAG 52:9 (14:0/18:4/20:5) * 
44 22.9 C55H94NO6 864.7076 864.7065 1.3 TAG 52:8 (16:1/16:3/20:4) * 
45 23.5 C55H94NO6 864.7076 864.7087 1.3 TAG 52:8 (16:1/16:2/20:5) 
46 24.6 C55H94NO6 864.7076 864.7088 1.5 TAG 52:8 (16:0/16:3/20:5) 
47 26.3 C55H96NO6 866.7232 866.7266 3.9 TAG 52:7 (16:1/16:1/20:5) 
48 27 C55H96NO6 866.7232 866.7246 1.6 TAG 52:7 (16:0/16:2/20:5) 
49 27.3 C55H96NO6 866.7232 866.7251 2.2 TAG 52:7 (16:0/16:3/20:4) * 
50 28.8 C55H98NO6 868.7398 868.7394 0.6 TAG 52:6 (16:1/16:1/20:4) 
51 29.9 C55H98NO6 868.7398 868.7412 2.7 TAG 52:6 (16:0/16:1/20:5) 
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52 32.9 C55H100NO6 870.7545 870.7539 0.7 TAG 52:5 (16:0/16:1/20:4) 
53 34.2 C55H100NO6 870.7545 870.7550 0.6 TAG 52:5 (16:0/16:0/20:5) 
54 37.3 C55H102NO6 872.7702 872.7711 1.1 TAG 52:4 (16:0/16:0/20:4) 
55 20.4 C57H94NO6 888.7089 888.7058 2 TAG 54:10 (18:4/16:1/20:5) 
56 21.6 C57H94NO6 888.7089 888.7081 0.6 TAG 54:10 (18:4/16:2/20:4) * 
57 23.6 C57H96NO6 890.7232 890.7240 0.9 TAG 54:9 (18:3/16:1/20:5) 
58 24.9 C57H96NO6 890.7232 890.7234 0.2 TAG 54:9 (18:4/16:0/20:5) & 

TAG 54:9 (18:3/16:1/20:4) 
59 26.3 C57H98NO6 892.7389 892.7423 3.8 TAG 54:8 (18:4/16:1/20:3) * 
60 27.4 C57H98NO6 892.7389 892.7392 0.3 TAG 54:8 (18:4/16:0/20:4) & 

TAG 54:8 (18:3/16:0/20:5) 
61 29.4 C57H100NO6 894.7545 894.7551 0.6 TAG 54:8 (18:3/16:1/20:3) * 
62 30.6 C57H100NO6 894.7545 894.7555 1 TAG 54:7 (18:3/16:0/20:4) & 

TAG 54:7 (18:2/16:1/20:3) 
63 32.3 C57H102NO6 896.7702 896.7716 1.7 TAG 54:6 (18:2/16:1/20:3) * 
64 33.4 C57H102NO6 896.7702 896.7734 3.6 TAG 54:6 (18:1/16:0/20:5) & 

TAG 54:6 (16:1/16:0/22:5) 
65 36.8 C57H104NO6 898.7858 898.7858 0 TAG 54:5 (18:1/16:0/20:4) & 

TAG 54:6 (16:0/16:0/22:5) 
66 38.3 C57H104NO6 898.7858 898.7800 1 TAG 54:5 (18:1/18:1/18:3) * 
67 24.4 C59H98NO6 916.7389 916.7410 2.3 TAG 56:10 (20:4/16:1/20:5) & 

TAG 56:10 (18:3/18:3/20:4) & 

TAG 56:10 (18:3/18:1/22:6) 
68 25.6 C59H98NO6 916.7389 916.7371 1.9 TAG 56:10 (20:5/16:0/20:5) & 

TAG 56:10 (18:4/16:1/22:6) 
69 27.1 C59H100NO6 918.7545 918.7555 1.1 TAG 56:9 (20:3/16:1/20:5) 
70 28.1 C59H100NO6 918.7545 918.7552 0.7 TAG 56:9 (20:4/16:0/20:5) 
71 30 C59H102NO6 920.7702 920.7697 0.5 TAG 56:8 (20:3/16:1/20:4) 
72 30.9 C59H102NO6 920.7702 920.7692 1.1 TAG 56:8 (20:4/16:0/20:4) 
73 6 C51H86NO15 952.5992 952.5988 0.4 DGDG 36:7 (C16:2/C20:5) 
74 7 C51H88NO15 954.6148 954.6124 2.6 DGDG 36:6 (C16:1/C20:5) 
75 8.1 C51H90NO15 956.6305 956.6307 0.2 DGDG 36:5 (C16:0/C20:5) 
76 10.7 C47H90NO15 908.6305 908.6314 1 DGDG 32:1 (C16:0/C16:1) 
77 8.8 C47H88NO15 906.6148 906.6127 2.4 DGDG 32:2 (C16:1/C16:1) 
78 8.9 C45H86NO15 880.5992 880.6004 1.4 DGDG 30:1 (C14:0/C16:1) 
79 8.5 C51H90NO15 956.6305 956.6282 2.4 DGDG 36:5 (C18:2/C18:3) * 
80 4.9 C45H72NO10 786.5151 786.5152 0.2 MGDG 36:8 (16:4/20:5) 
81 5.7 C45H74NO10 788.5307 788.5302 0.7 MGDG 36:8 (16:3/20:5) 
82 6.5 C45H76NO10 790.5456 790.5480 2.1 MGDG 36:8 (16:2/20:5) 
83 7.7 C45H78NO10 792.5620 792.5612 1.1 MGDG 36:8 (16:1/20:5) 
84 6.8 C41H80NO12S 810.5396 810.5373 2.8 SQDG 32:1 (16:0/16:1) 
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85 5.9 C43H80NO12S 834.5396 834.5398 0.3 SQDG 34:3 (16:0/18:3) 
86 5.2 C37H74NO12S 756.4926 756.4903 3.1 SQDG 28:0 (14:0/14:0) * 
87 6.9 C39H78NO12S 784.5239 784.5257 2.3 SQDG 30:0 (14:0/16:0) 
88 4.8 C43H78NO12S 832.5239 832.5220 2.3 SQDG 34:4 (16:1/18:3) 
89 13.4 C55H73MgN4O5 893.5426 893.5408 2 Chlorophyll a_1 
90 14.8 C55H73MgN4O5 893.5426 893.5438 1.3 Chlorophyll a_1 
91 19.7 C55H75N4O5 871.5735 871.5724 0.9 Pheophytin a_1 
92 21 C55H75N4O5 871.5735 871.5710 2.6 Pheophytin a_1 

*tentatively assigned 
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6. Conclusions and Prospective Researches 
 

Humans are increasingly exposed to multi-resistant bacteria, which emphasizes the need for the 

discovery of alternative antibacterial substances. Metabolites synthesized by microalgae hold the 

promise as the feedstock for novel antibiotics with the progressing development in cultivation 

technology of microalgae. With the purification and identification methods developed in Chapter 

3, the discovery of novel antibacterial substances can be conducted in microalgae from different 

classes with minor modifications. Additionally, P. tricornutum biomass could be tested as food 

supplements or feeds for animals as a substitution of antibiotics.  In particular, P. tricornutum, due 

to its inhibitory effect against Vibrio species, could be of great interest in marine aquacultures, 

which are often contaminated by different Vibrio species. 

 

The results on optimization of pigment synthesis in C. closterium in Chapter 4 suggested that 

LED light illumination led to fucoxanthin yields comparable to those obtained with fluorescent 

light at the same photosynthetic active radiation and light regime. The use of blue LED light 

consumed considerably less energy as compared to fluorescent light illumination. Thus, our study 

proved that the application of LED light with a specific spectrum is a practical way to save energy 

in algal cultivation and allows indoor cultivation in “Algae Tower”. Nevertheless, the productivity 

of fucoxanthin decreased in our bag PBRs compared to bottle PBRs, which necessitated a 

modification of the LEDs configuration for current PBRs. For instance, a LED light with better 

penetration rate, novel materials for bag manufacturing, or the implementation of high-frequency 

pulsed LED might be suitable way on how to improve this situation. Due to the excellent property 

of rapid sedimentation, C. closterium could be easily harvested from our PBRs as a concentrated 

algal suspension before centrifugation. A significant amount of dewatering cost and energy could 

be saved in this stage. Consequently, implementing a low-cost and effective extraction and 

purification approach towards large-scale production would be developed in the next step. 

Furthermore, results of our study allowed the conclusion that fucoxanthin production was 

promoted by an increased photosynthetic efficiency. It is therefore tempting to speculate that future 

genetic engineering of the algae could help to upregulate the expression of key photosynthesis 

genes coded in the genome of the chloroplast. An increase in the bioavailability of CO2 may also 
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favor the fucoxanthin synthesis by accelerating the turnover of photosynthesis. More 

transcriptomic and proteomic information is needed to elucidate the de novo biosynthesis pathway 

of fucoxanthin in diatom.  

 

Two different mechanisms of lipid accumulation displayed by Scenedesmus sp. and C. closterium, 

under nitrogen starvation were unraveled by lipdiomic analysis in Chapter 5. Neutral lipids in 

forms of triacylglycerols increased significantly in Scenedesmus sp. biomass after 96 h of nitrogen 

starvation. Scenedesmus sp. was initially isolated from a sewage plant in Germany exhibiting high 

resistance to adverse environmental conditions as well as a high growth rate at the same time. 

Therefore, it could serve as a valuable candidate to mitigate nutrients and harmful compounds 

from industrial wastewater. The biomass could subsequently be used for biofuels production after 

stress. In contrast, one had to harvest C. closterium at the late-exponential phase to get a lipid 

faction rich in both fucoxanthin and the neutral lipid. 

 

To summarize, the identified products, developed techniques, and determined culture conditions 

in this thesis intended to make progress towards an economically feasible large-scale production 

of algal biomass and high-value compounds. An ideal way of sustainable utilization of microalgal 

biomass is based on a bio-refinery concept (Chew et al., 2017). High-value compounds could be 

fractionated from total lipids after lipid extraction from algal biomass. Carbohydrates could be 

used as stock to produce bio-ethanol and bio-hydrogen by fermentation, while microalgal proteins 

have a broad prospect in animal feeds and food industry.  
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