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ABSTRACT 

DHA/EPA producing marine protists have recently become more attractive due to their 

additional high-value products, including extracellular enzymes, extracellular polymeric 

substances (EPS), and astaxanthin. In this study, Thraustochytrium striatum ATCC 

24473 was studied and the cultivation conditions were been optimized to achieve high 

biomass and fatty acid yield. Results showed that seawater salinity, neutral pH and mild 

rotation speed favored biomass growth, while better lipid accumulation was observed 

under high C/N ratio, higher salinity or high pH. Comparison in different carbon sources 

showed starch and glycerol improved fatty acid accumulation the most, and ammonia 

chloride was the best nitrogen source for fatty acid accumulation. In fed-batch 

cultivation, 12-day incubation under nitrogen depletion condition elevated the content of 

total fatty acids from 28 to 38% compared to the batch. The qualitative and quantitative 

analysis of enzymes from T. striatum indicated that at least seven extracellular enzymes 

including lipase and six polysaccharases (i.e., amylase, cellulase, xylanase, chitinase, 

pectinase, and κ-carrageenase) were formed during cultivation. The carbon and nitrogen 

concentrations and salinity significantly affected the kinetics of enzyme activities. 

Enzyme-specific polysaccharide substrates including starch, CMC, xylan, κ-carrageenan, 

pectin, and chitin did not induce the production of corresponding enzymes by T. striatum. 

Moreover, with the investigation of components of EPS under different growth phases, 

enzymes appeared to correlate with the production and monosaccharide composition of 

EPS from T. striatum. The EPSs from T. striatum mainly contained polysaccharide (41-

64%, w/w) and protein (25-40%, w/w) contents. The monosaccharide profile of the EPS 
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polysaccharide consisted of glucose, galactose, arabinose, and trace amount of xylose. 

Bioactivity tests showed that EPSs had anti-tumor, antioxidant, anti-inflammatory, and 

antibacterial activity. The comprehensive studies of astaxanthin formation from T. 

striatumn indicated that glucose plus yeast extract/peptone was the optimum combination 

for both cell mass and astaxanthin production. In the batch model low C/N ratio and 

temperature condition, 100% ASW salinity and neutral pH favored cell mass growth, 

however, high C/N ratio, acidic or strong alkaline pH, high salinity and high cultivation 

temperature improved astaxanthin accumulation. In addition, the presence of H2O2, 

blue/white light illumination and oxygen favored astaxanthin accumulation, while dry air 

can only improve cell growth. In the pulsed fed-batch cultivation, the highest cell mass, 

astaxanthin and total carotenoids concentrations were achieved after 15 days of 

cultivation. No growth inhibition observed when corn stover hydrolysate was utilized as   

a carbon source for fed-batch cultivation, but 25% of astaxanthin content reduction was 

found compared with glucose-based fed-batch process. Finally, a Monod-equation based 

biokinetic model with/without substrate inhibition was established, and it can simulate 

substrate consumption, cell mass growth, total fatty acid accumulation, and astaxanthin 

formation rate under glucose concentration from 2.5-50 g/L.  
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Chapter 1 Literature Review 

Marine protists are osmo-heterotrophic unicellular fungoid microorganisms and have 

been found in various habitats, including plant detritus (e.g., mangrove and brown algae), 

fecal pellets of zooplankton, rocky shores, coral reefs, salt marshes, sandy sediment, 

coastal waters, and deep sea (Raghukumar and Raghukumar, 1999; Raghukumar et al., 

1995; Raghukumar et al., 1994). This group of microorganisms received extensive 

research and industrial interest because they are potential producers of polyunsaturated 

fatty acids (PUFAs) [e.g., docosahexaenoic acid (DHA) and eicosapentaenoic acid 

(EPA)]. Besides long chain fatty acids (LCFA), marine protists can also accumulate other 

high-value bioproducts such as extracellular enzymes (e.g., amylase, cellulase and 

lipase), extracellular polymeric substances (EPS) and antioxidants (e.g., astaxanthin and 

β-carotene). All these products are of potential pharmaceutical, clinical and industrial 

applications.  

1.1 Long chain fatty acids from marine protists 

Thraustochytrids, one of the marine heterotrophic protists have recently received a great 

deal of research as oleaginous microorganisms for lipid production especially for long 

chain polyunsaturated fatty acids (LC-PUFAs). DHA and EPA can be used as 

pharmaceuticals and nutraceuticals as well as additives for aquaculture. In addition to 

LC-PUFAs, thraustochytrid lipids also contain a large quantity of monounsaturated (e.g., 

palmitoleic and oleic acids) and saturated fatty acids (e.g., palmitic acid), which make 

thraustochytrids exceptionally promising lipid producers for biofuel production.  
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The most studied lipid-producing thraustochytrids belong to the genera of Schizochytrium 

(known as Aurantiochytrium after 2007), Ulkenia and Thraustochytrium (Raghukumar, 

2002). Of these protists, Schizochytrium and Ulkenia genera have been developed as 

alternative commercial sources of DHA for infant formula, food and/or feed (Gunstone, 

2006). Depending on the species and strain, Schizochytrium genus cell mass 

concentration can reach up to 140 g/L (Chi et al., 2009). Major fatty acids of 

Schizochytrium included palmitic acid and DHA (~50% of total fatty acids, TFAs) (Chi et 

al., 2007a; Ganuza and Izquierdo, 2007; Liang et al., 2010; Ryu et al., 2013). The highest 

reported DHA concentration was produced by Aurantiochytrium sp. SD116, reaching 

17.4 g/L (35% of TFAs) which was accompanied by palmitic acid (26% of TFAs) (Gao 

et al., 2013). Compared to Schizochytrium, lipids from Ulkenia genus can also contain up 

to 50% DHA (FDA, 2010) with similar fatty acid composition (mainly in palmitic acid 

and DHA), but their cell mass concentration is lower in general. For instance, a native 

thraustochytrid strain with high similarity to Ulkenia sp. showed DHA and palmitic acid 

levels of 46% and 30% in TFAs, similar to the ones reported for Ulkenia sp. in industrial 

scale (Kiy et al., 2005; Quilodrán et al., 2010a). Ulkenia sp. and Schizochytrium sp. have 

been found to grow much faster and achieve higher cell mass than Thraustochytrium sp. 

(Fan and Chen, 2007), which may be the reason underlying the apparent preferential 

utilization of the former two for industrial LC-PUFA production (Martins et al., 2013). 

The previously studied Thraustochytrium strains mainly include T. arueum, T. roseum, T. 

striatum, and Thraustochytrium sp. ONC-T18 (Shene et al., 2013). Typically, the cell 

mass concentration of Thraustochytrium strains is less than 10 g/L (Anbu et al., 2007; 
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Bajpai et al., 1991; Iida et al., 1996; Jeh et al., 2008; Li and Ward, 1994; Taoka et al., 

2011) except for Thraustochytrium sp. ONC-T18 that showed the best performance with 

superior cell mass up to 28 g/L and DHA content of 31.4% of TFA (i.e., 4.6 g/L) (Burja 

et al., 2007; Burja et al., 2006). The common fatty acids produced by these strains include 

palmitic acid, stearic acid, oleic acid, EPA, docosapentaenoic acid (DPA), and DHA 

(Anbu et al., 2007; Bajpai et al., 1991; Burja et al., 2007; Burja et al., 2006; Iida et al., 

1996; Jeh et al., 2008; Li and Ward, 1994; Shene et al., 2013; Taoka et al., 2011). 

Of Thraustochytrium strains, T. striatum gained much less research attention than other 

strains due to their lower yield of DHA and EPA. Li and Ward (Li and Ward, 1994) 

reported that T. striatum ATCC 24473 was able to produce 34 % (of TFAs) of palmitic 

acid and 48% of oleic acid but only 0.75% of DHA (22:6). This high yield of palmitic 

and oleic acids indicates the potential of T. striatum for use in biodiesel production. Our 

recent research on T. striatum ATCC 24473 found this strain is highly versatile that it can 

use a broad range of carbon sources including monomeric 5C/6C sugars, glycerol, 

organic acids, and various polysaccharides, which could be ascribed to its capability of 

producing diverse extracellular enzymes. The most attractive fact is this strain can 

metabolize aromatic compounds as sole carbon and energy sources to accumulate lipids 

and pigments under certain stress conditions, which implies the potential of this strain for 

lignocellulosic biomass degradation for biorefinery applications and bioremediation for 

pollution control. T. striatum can also use a variety of nitrogen sources alternative to 

yeast extract and peptone, including urea, ammonia chloride, nitrate, etc. with ammonia 

chloride the best for lipid accumulation. From the product point of view, this strain can 
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produce not only lipid, but also protein, carbohydrate and carotenoids as well as bioactive 

extracellular cellular compounds.    

Therefore, it is noteworthy to conduct further research on T. striatum to explore its 

potential applications. One of focuses of this research was to examine the influence of 

critical cultivation conditions on cell growth and lipid production, including the source 

and concentration of carbon and nitrogen, temperature, salinity, pH, and rotation speed. 

Except for cultivation conditions, cultivation method can also affect microbial cell 

growth and product yield. For instance, fed-batch operation has been used to enhance cell 

growth and product yield (Cheirsilp and Torpee, 2012; Chen and Zhang, 1997; Hsieh and 

Wu, 2009; Kim et al., 2013a; Qu et al., 2013; Xiong et al., 2008) because it can mitigate 

substrate inhibition and/or create stress (e.g., nitrogen and phosphorus deficiency) during 

the cultivation process to stimulate product accumulation.  The fed-batch has been used 

to effectively increase cell mass and lipid production of Schizochytrium sp., Aurantiochy 

trium sp. KRS101 and Thraustochytriidae sp. TN5 (Kim et al., 2013a; Qu et al., 2013; 

Shene et al., 2013). 

1.2 Extracellular enzymes from marine protists  

In recent years, thraustochytrids have been recognized to play an important role in the 

degradation and mineralization of highly refractory organic matter in marine ecosystems 

because of their ability to decompose plant detritus by means of extracellular hydrolytic 

enzymes, such as amylase, cellulase, lipase, protease, pectinase, chitinase, κ-

carrageenase, and xylanase (Bongiorni et al., 2005; Nagano et al., 2011; Taoka et al., 

2009). Therefore, an emerging interest in thraustochytrids is their diverse extracellular 
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enzymes. Compared to traditional chemical catalysts, enzyme catalytic reactions can 

occur under much milder conditions, e.g., lower operating temperature, neutral pH 

condition, lower energy cost, lower environmental impact, and/or less impurity in the 

products. Currently, the majority of the industrial enzymes are from bacteria and fungi, 

but research is lacking on the marine protist enzymes toward their production and 

applications. The enzymes from thraustochytrids may possess uniqueness and potential 

for industrial applications, including detergent, fuel, food, animal feed, beverage, textile, 

paper, chemical, cosmetics, and pharmaceuticals. Therefore, it is interesting and 

important to examine enzymes from thraustochytrids from the physiological and 

industrial viewpoints. 

Bongiorni et al. (2005) studied eleven thraustochytrid strains on their enzymes and found 

that different strains displayed different spectra and intensities of enzymatic activities. All 

investigated strains exhibited capability of degrading a large variety of substrates via a 

wide spectrum of enzymes including lipase, esterase, arylamidase, alkaline phosphatase, 

acid phosphatase, and protease. However, rare of the strains generated carbohydrate 

degradation enzymes. In the investigation of enzymes produced by six strains of three 

thraustochytrid genera, Thraustochytrium, Schizochytrium and Aurantiochytrium, Taoka 

et al. (2009) detected five to eight kinds of extracellular enzymes depending on the 

species and none of the strains had cellulase (i.e., insoluble cellulose specific cellulase). 

For instance, all the strains formed protease, lipase, urease, phosphatase, and α-

glucosidase, however, only genus Thraustochytrium secreted amylase. They also found 

chitinase was detected only in T. striatum, and enzymes of genus Aurantiochytrium did 
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not contain gelatinase activity. More recently, Nagano et al. (2011) observed 

carboxymethyl cellulase (CMCase) produced by fourteen out of the nineteen strains of 

eight thraustochytrid genera examined except for genus Aurantiochytrium. Kanchana et 

al. (2011) attempted to optimize the production of alkaline lipase from two strains of 

Thraustochytrium and indicated that lipase was substrate-inducible enzyme because the 

presence of glucose in the medium had strong inhibition on enzyme production, but olive 

oil enhanced lipase production significantly. Other conditions, such as time, temperature, 

pH, salinity, and concentration of nitrogen source also had significantly effect on lipase 

production, i.e., optimum conditions [i.e., T=30 °C, pH=6.0, t=168 h, and salinity=3.4% 

(w/v)] resulted in a three-fold increase of lipase production (Kanchana et al., 2011). 

Devasia and Muraleedharan (2012a) demonstrated that twelve isolates of 

Thraustochytrium can produce a variety of polysaccharides-degrading enzymes such as 

amylase, xylanase, cellulase, pectinase, and agarase. The production of such enzymes 

was observed in the presence of different carbon sources, which reflected that the enzyme 

production by these marine protist isolates appeared to be constitutive (Devasia and 

Muraleedharan, 2012a). 

Although thraustochytrid protists exhibited potentials to be promising enzyme producers 

in addition to bacteria and fungi, still very limited research has been done to 

comprehensively study enzyme production by thraustochytrids compared to bacteria and 

fungi. Based previous research, the variety and activity of thraustochytrid enzymes 

appear to vary significant among different genus and species. Most studies on the 

extracellular enzymes of thraustochytrids were focused on qualitative identification. The 
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kinetics of enzyme production from thraustochytrids is also lacking, and the effects of 

operation conditions and carbon/nitrogen concentration on the enzyme production were 

understudied. The polysaccharide substrate-induced production of specific enzymes 

received little research. In addition, thraustochytrid protists was found to produce a large 

amount of extracellular polymeric substances (EPS) which could play an important role 

of energy/carbon sinks to be degraded by extracellular enzymes to support cell growth 

and also provide extracellular matrix where enzymes interact with substrates (Chang et 

al., 2014; Jain et al., 2005; Xiao and Zheng, 2016). A thraustochytrid strain of interest in 

this paper is T. striatum because it was reported to be a superior enzyme producer which 

produced the most kinds of enzymes, such as polysacchamerases, lipase, proteases, 

urease, and so on (Taoka et al., 2009). Such wide spectrum enzymes suggest that T. 

striatum be able to utilize various carbon (e.g., lignocellulosic biomass) and nitrogen 

sources to produce enzymes of broad applications, e.g., biofuels and bioproducts. 

However, T. striatum did not attain much research attention on its enzyme production.  

1.3 Extracellular polymeric substances (EPS) from marine protists 

Many microorganisms can excrete extracellular polymeric substances (EPSs) into their 

immediate environment during their metabolism. Generally, the EPSs have been 

observed in bacteria (including cyanobacteria), Cryptophyta, mushroom, yeast, 

basidiomycete, and protist (Jain et al., 2005; Mishra and Jha, 2009a). The EPSs are 

composed of a complex high-molecular-weight mixture of biopolymers, such as 

polysaccharides, proteins, nucleic acids, and lipids. They can hold microbial cells 

together to form a heterogeneous matrix and affect the physicochemical properties of cell 



8 
 

aggregates, including flocculation, structure, surface charge, viscosity, and settling 

properties (Flemming and Wingender, 2010; Xiao and Zheng, 2016). The EPSs are 

versatile, natural biopolymers that can function as anticoagulants to protect the host cells 

against dewatering and toxic substances, and that can serve as extracellular carbon and 

energy sinks in response to environmental stress (Xiao and Zheng, 2016). The presence 

of EPSs can immobilize cells in close proximity in a matrix, induce the formation of cell 

aggregates, promote cell adhesion to a substrate and gliding motility along the substrate, 

and create ensheathment within the biofilm matrix (Parker, 2013).  

In addition to the role in the metabolism of host cells, the EPSs, e.g., the polysaccharide 

component also represent a biotechnologically important class of renewable source of 

structurally and compositionally diverse biopolymers that possess unique bioactivities for 

potential high-value biological applications, including antivirals, anti-tumor agents, 

antioxidants, anticoagulants, anti-bacteria, and anti-inflammatories (de Jesus Raposo et 

al., 2015b). In recent years, interest in EPSs has been increasing for various industrial 

applications, such as detoxification of heavy metals and radionuclides from contaminated 

water, removal of solid matter from water reservoirs, and improvement of soil water 

holding capacity (Bender and Phillips, 2004). The superior rheological properties also 

make the EPSs particularly useful in food science/engineering (e.g., thickener and 

preservatives) and mechanical engineering (e.g., biolubricants and drag reducers) (Arad 

and Atar, 2015; Arad et al., 2006; Gasljevic et al., 2008; Ha et al., 1988; Yaron et al., 

1992). 
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Extensive research has been focused on the EPSs from bacteria and microalgae, and EPSs 

that have been applied at industrial scale are mainly obtained from bacteria including 

cyanobacteria. However, the increased demand for natural polymers has resulted in 

growing interest in exploiting new EPS sources. Thraustochytrids are one group of 

marine microorganisms that are an extremely common component of microbial consortia 

in the sea, and their biomass production capability is comparable to that of bacteria (Jain 

et al., 2005). They are a diverse group of heterotrophic, obligate marine protists, and they 

have been found in microbial films on submerged surfaces in the sea (Raghukumar, 2002; 

Raghukumar et al., 2000). Due to their abundance in the marine environment, it is of 

intrinsic interest to investigate the applications of Thraustochytrids from the perspective 

of their biotechnological importance in addition to their ecological role. Thraustochytrids 

have been the subject of recent studies in that they can use biomass-derived sugars to 

produce nutraceuticals (DHA,EPA and astaxanthin) and lipids [e.g., palmitoleic acid 

(C16:1) and oleic acid (C18:1)] for biodiesel production (Aki et al., 2003; Burja et al., 

2007; Byreddy, 2016; Byreddy et al., 2015; Carmona et al., 2003; Singh et al., 2015). The 

author has recently found Thraustochytrium striatum can consume lignin compounds to 

produce pigments and lipids. However, very limited studies reported the production and 

characterization of EPSs from these protists (Chang et al., 2014; Jain et al., 2005; Liu et 

al., 2014). It was found that many thraustochytrid strains from the genera 

Aurantiochytrium, Schizochytrium, Thraustochytrium, and Ulkenia can produce EPSs 

(Xiao and Zheng, 2016). Therefore, it is important to conduct research on the 

physiochemical properties and applications of EPSs such as bioactivity and biomedical 
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applications. The potential biotechnological and industrial applications of EPSs could 

enhance the value of thraustochytrids as promising candidates for commercial production 

of valuable coproducts alongside biofuels and nutraceuticals from lignocellulosic 

biomass.  

1.4 Astaxanthin production from marine protists 

Carotenoids are a group of organic pigments mainly including lutein, α/β/ɤ-carotene, 

cryptoxanthin, zeaxanthin, and astaxanthin. They are of great potential applications in 

various areas (e.g., pharmaceuticals and nutraceuticals) due to their antioxidant activities 

against free-radical mediated damage  (Burja et al., 2006; Carmona et al., 2003). Among 

these pigments, astaxanthin is the most valuable with a market price of around 

$2,500~7,000/kg (Nguyen, 2013). Currently, the most studied astaxanthin-producing 

microorganisms include green microalgae (e.g., Haematococcus pluvialis)  (Harker et al., 

1996; Nghiem et al., 2009; Orosa et al., 2005; Sarada et al., 2002) and yeast (e.g., Phaffia 

rhodozyma)  (Fang and Cheng, 1993; Ni et al., 2007; Ramı́rez et al., 2001). Previous 

study showed that the general astaxanthin content of H. pluvialis and P. rhodozyma was 

around 1.0-30 mg/g DCM. The disadvantages of H. pluvialisis are slow 

growth/astaxanthin accumulation rates and low astaxanthin yield while astaxanthin from 

P. rhodozyma has three different stereoizomers resulting in low astaxanthin purity, 

quality and value (Fang and Cheng, 1993; Ni et al., 2007; Ramı́rez et al., 2001; Sarada et 

al., 2002). The low cell mass productivity/purity and requirement of long cultivation time 

have negative impacts on astaxanthin yield and operating cost in the industrial scale. 
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Thus, research is need to study new microorganism species with high biomass and 

astaxanthin productivity. 

 

It was found that many species of marine protist genera (e.g., Aurantiochytrium, Ulkenia 

and Thraustochytrium) can produce orange and red pigments naturally (Chatdumrong et 

al., 2007; Oclarit and Belarmino, 2009; Quilodrán et al., 2010b). Among these species, 

Thraustochytrium striatum received little research on carotenoids due to its low DHA and 

EPA yield because people has been interested in PUFAs. The primary fatty acids in T. 

striatum were palmitic acid (C16:0) oleic acid (C18:1) (Anbu et al., 2007; Xiao et al., 

2018) which can be used for biodiesel production. The culture was also observed to be in 

orange to red due to the formation of carotenoids (Arafiles et al., 2011), and the primary 

component was proven to be astaxanthin (3S, 3’S). That indicates T. striatum may be a 

potential candidate for the production of natural astaxanthin. It is meaningful to conduct 

an in-depth study to explore both the synthesis of astaxanthin by T. striatum and the 

factors that could be manipulated to stimulate astaxanthin production.  

 

Currently the astaxanthin content of most marine protists is relatively low compared with 

commonly studied microalgae and yeast. The previous studies were also limited to batch 

process in flask using glucose as carbon source and yeast/peptone/MSG/tryptone as 

nitrogen sources. Cell growth and astaxanthin production would be influenced by various 

factors including types of carbon and nitrogen sources, C/N ratio, salinity, pH, 

temperature, aeration rate, illumination, and reactive oxygen species (ROS) (Fang and 
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Cheng, 1993; Harker et al., 1996; Johnson and Lewis, 1979; Ni et al., 2007; Ramı́rez et 

al., 2001; Sarada et al., 2002), while no optimization regarding these factors has been 

done on T. striatum. In addition, the replacement of traditional carbon sources with 

cheaper alternatives is a feasible way to reduce the cost of fermentation process, of which 

lignocellulose (e.g., corn stover) is a good choice for its high availability and low cost. 

The main components of lignocellulose are cellulose, hemicellulose and lignin, and 

pretreatment is typically required prior to utilization to reduce the recalcitrance. Among 

various pretreatment methods, alkaline pretreatment was proven to be highly efficient for 

removal of lignin and keep most cellulose for the following enzymatic hydrolysis. In the 

study by Chen et al. (2009a), alkaline pretreatment on corn stover [12.5% solid loading 

(w/v), 2% NaOH (v/v), 120 °C, for 30 mins] achieved 70% of lignin with 98% of 

cellulose left in pretreated solid. In the following enzymatic hydrolysis, reducing sugars 

of 64 g/L were released which mainly contained glucose (50%) and xylose (15%) as well 

as a trace of amount of acetic acid. Furfural was not detected in the stock solution. Given 

these facts, the enzymatic hydrolysate from lignocellulosic biomass could be a promising 

carbon source for cultivation of T. striatum to produce cost-effective astaxanthin.  

 

1.5 Kinetic modeling of high valuable products formation  

1.5.1 Introduction of biokinetic modeling for valuable bioproduct formation 

Bioproducts, such as lipids, pigments (e.g. astaxanthin, β-carotene and lutein), succinic 

acid, and polyhydroxyalkanoates from microbial fermentation have received extensive 

research interest in past decades due to their potentials to replace petroleum-based 
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counterparts for various industrial applications (Dutta et al., 2015; Gumel et al., 2014; 

Lazarova and Ignatova, 1991; Lin et al., 2008; Liu and Wu, 2008; Luedeking and Piret, 

1959; Quilodrán et al., 2010b; Shi et al., 2000). Most studies on bioproducts still stay in 

lab scale because of technical and/or economic issues. A large number of research plus 

technoeconomic (TEA) analysis is needed to further advance bioproducts to 

commercialization. For biological processes, however, implementation of experiments 

and collection/analysis of experimental data are usually labor-intensive, time-consuming, 

and analytically challenging, and it is sometimes difficult even impossible to conduct 

experiments to obtain data for optimization and economic evaluation of bioprocesses. In 

this context, a kinetic mathematical model can be a useful forecasting tool. Within 

bioprocesses (e.g., fermentation), variable factors, such as source/concentration of 

substrate and nitrogen, pH, temperature, and environmental stress are important to 

develop a powerful kinetic model to accurately predict the cell growth and product 

formation, but it is usually challenging or unnecessary to do so because of the difficulties 

in precisely quantifying the effects of such factors on microbial metabolism. As a result, a 

simplified kinetic model based on observable, macroscopic properties of the overall 

bioprocessing system could be sufficiently useful in process design and economic 

analysis.  The mathematic modeling of fermentation processes has been extensively used 

to describe yeast, bacteria and microalgae bioprocesses for extracellular product 

formation, such as ethanol, organic acids, hydrocarbons, and various solvents. However, 

little modeling effort has been taken to simulate the growth and intracellular carotenoid 

accumulation of the marine protist.  
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1.5.2. Overview of Kinetic Modeling of Fermentation 

The kinetic modeling of fermentation mainly includes mass flows of microbial cells, 

substrate consumption and product formation. Monod equation is the most used equation 

to quantify cell growth. It relates the specific cell growth rate to the substrate 

concentration with an assumption of no substrate inhibition. Because of this assumption, 

Monod equation is unable to accurately describe cell growth when substrate 

concentration reaches inhibitory level (Gumel et al., 2014; Shi et al., 1999; Zhang et al., 

1999). Therefore, two different solutions had been put forward to modify Monod 

equation. One is to use logistic equation (Eq. 1) to describe the cell growth in which the 

substrate concentration is not considered as a parameter (Saithi et al., 2016a). 

𝜇 = 𝜇𝑚𝑎𝑥(1 −
𝑋

𝑋𝑚𝑎𝑥
)𝑋       (1) 

Where, X, Xmax, µ, and µmax represent the cell mass concentration (g/L), maximum cell 

mass concentration (g/L), specific cell growth rate (h-1), and maximum specific cell 

growth rate (h-1). Another type of modification was directly made on Monod equation to 

create new equations adapting to both normal and inhibitory substrate concentrations. 

Such previously developed equations are listed in Table 1.2 including Andrews, Aiba, 

Moser, Edward, Webb, Luong, Yano Haldane, and Wayman-Tseng equations. All of 

these equations are continuous functions except Wayman-Tseng equation that is a 

discrete function depending on the substrate concentrations such as Sθ (partial inhibition) 

and SI (complete inhibition). The assumption of Wayaman-Tseng equation was that 

substrate concentration lower than Sθ does not inhibit growth and can use Monod 
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equation, while substrate concentration between Sθ and SI, a modified inhibition equation 

should be used (see Table 1.2). Specific growth rate will turn to zero when substrate 

concentration exceeds SI (Alagappan and Cowan, 2001). Due to low predictability and 

inconvenience in simulation via discrete function, Luong equation was proposed to 

replace Wayman-Tseng equations (Alagappan and Cowan, 2001). The Luong model is a 

Monod style equation with an additional term to account for substrate inhibition. The 

relation between µ and S can be defined as linear, concavity upward or concavity 

downward depending on the value of n (see Table 1.2). Moser equation engaged an 

index, n, on the substrate term to reflect the inhibition degree without considering the 

inhibition constant or critical substrate concentration. The Aiba and Edward equations 

used exponential function to simulate cell growth. Andrews, Yano and Haldane 

considered substrate inhibition by modifying the denominator of Monod equation. Webb 

equation is different from Yano equation by moving (1+S/K) term from denominator to 

numerator. All these modified equations had different performances on predicting cell 

growth with various substrate concentration and were broadly utilized to simulate 

fermentation for bioproduct production, wastewater treatment and bio-removal of 

pollutants (Goudar et al., 2000; Lazarova and Ignatova, 1991; Lin et al., 2008; Mohanty 

et al., 2018).  

 

Leudeking-Piret equation (Eq. 2) (Luedeking and Piret, 1959) has been used broadly to 

depict intra/extracellular product formation by microorganisms. The equation was first 

developed for modeling lactic acid production by Lactobacillus delbrueckii. The basic 
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assumption of this equation was the lactic acid synthesis was both growth- and 

maintenance-related (Luedeking and Piret, 1959).  

𝑑𝑃

𝑑𝑡
= 𝛼

𝑑𝑋

𝑑𝑡
+ 𝛽𝑋                       (2) 

Where, t is time (h), α is a growth associated coefficient (g product/g cell), β is a non-

growth associated coefficient (g product/g cell/h), and P is product concentration (g/L). 

This equation has been used to simulate product formation for pigment, lipid, ethanol, 

succinic acid, and enzymes from yeast, microalgae and bacteria (Lin et al., 2008; Liu and 

Wu, 2008; Luedeking and Piret, 1959; Saithi et al., 2016b; Shi et al., 2000; Tevatia et al., 

2012).  

Substrate concentration is an essential parameter in kinetic models because it affects cell 

growth and product formation. The common substrate consumption is expressed as Eq. 3 

(Mitra et al., 2017; Shi et al., 2000; Yang et al., 2011). Three terms are involved to 

describe substrate mass flow, including cell growth (
1

𝑌𝑋𝑆

𝑑𝑋

𝑑𝑡
), conversion to products 

(
1

𝑌𝑃𝑆

𝑑𝑃

𝑑𝑡
) and cell maintenance (msX).  

−
𝑑𝑆

𝑑𝑡
=

1

𝑌𝑋𝑆

𝑑𝑋

𝑑𝑡
+

1

𝑌𝑃𝑆

𝑑𝑃

𝑑𝑡
+𝑚𝑠𝑋          (3) 

Where, S is the substrate concentration (g/L), YXS is cell mass yield (g cell/g substrate), 

YPS is products yield (g product/g substrate) and ms is maintenance energy coefficient (g 

substrate/ g cell h). When multiple products are considered, additional product formation 

terms can be added into Eq. 3. 
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Chapter 2 Comprehensive Study of Cultivation Conditions and Methods on Lipid 

Accumulation of a Marine Protist, Thraustochytrium striatum 

2.0 Introduction 

Thraustochytrium strains, as one of the EPA/DHA producers which the main fatty 

acids are palmitic acid (C16:0), oleic acid (C18:1) and few of EPA and DHA (total around 

15%)(Anbu et al., 2007). Due to lack of investigation of T. stratuim ATCC 24473, there is 

no optimization study had been done for this strain, but only starch and glucose had been 

investigated as carbon sources(Anbu et al., 2007; Ward, 1994). The potential of DHA and 

EPA production may not promising, however, the abundance of 16 and 18 carbon fatty 

acids can be utilized for other purposes like biodiesel (Yamaoka et al., 2004). Moreover, 

the incubation method for T.stratum is still stagnating at batch reactor, without any 

modification. Fed-batch as an optional growing method is promising for biomass yield and 

other high value byproducts producing (lipid, protein and carotinoids)(Cheirsilp and 

Torpee, 2012; Chen and Zhang, 1997; Hsieh and Wu, 2009; Kim et al., 2013b; Qu et al., 

2013; Xiong et al., 2008). The primary mechanism of fed-batch process is to stimulate 

biomass yield and accumulating more byproducts by varying the C/N ratio (mainly to 

increase the ratio) during the incubation periods. Algae like Chlorella protothecoides, 

Chlorella sp., Nannochloropsis sp. and a Cheatoceros sp. were widely investigated under 

fed-batch process and has a certain level of lipid content increasing (10~20%) (Cheirsilp 

and Torpee, 2012; Hsieh and Wu, 2009; Xiong et al., 2008);  the application of fed-batch 

process in marine protists are mainly focus on Schizochytrium sp., Aurantiochy trium sp. 

KRS101 and Thraustochytriidae sp. TN5 similar result of 10 ~20% of lipid increasing as 

algae studies (Kim et al., 2013b; Qu et al., 2013; Shene et al., 2013). Considering the results 
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above, it is essential to investigate T. striatum and characterization it’s growth and fatty 

acid profile under different operating parameters and different carbon/nitrogen sources 

conditions; and a fed-batch processing should be operated to compare with traditional flask 

batch process. 

The objectives of this chapter are to: 1) comprehensively explore the effect of major 

cultivation conditions and carbon and nitrogen sources on cell growth, lipid production 

and fatty acid composition of T. striatum; 2) qualitatively characterize the extracellular 

enzymes of T. striatum; 3) study the performance of fed-batch operation mode on cell 

growth, lipid accumulation and substrate utilization. Through this study, the optimum 

cultivation conditions (glucose/nitrogen concentration, temperature, initial pH, salinity, 

and rotation speed) to achieve maximum cell mass concentration and/or lipid production 

can be determined. Various carbon (xylose, sucrose, sodium acetate, glycerol, and starch) 

and nitrogen sources [monosodium glutamate (MSG), ammonium chloride, urea, and 

sodium nitrate] were compared with glucose and yeast extract/peptone, respectively on 

cell growth and lipid production of T. striatum. This result could help find inexpensive 

and effective alternatives to glucose and yeast extract/peptone, respectively to produce 

lipids with lower cost. Fed-batch was expected to create a nitrogen deficiency condition 

and reduce the inhibition of substrate to effectively promote lipid accumulation and 

substrate consumption.  
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2.1 Materials and Methods 

2.1.1 Microorganism and cultivation  

T. striatum ATCC 24473 was purchased from the American Type Culture Collection 

(ATCC, Rockville, MD, USA). It was sub-cultured every 7 days and maintained on an 

artificial sea water (ASW) agar medium. The cultivation was carried out in the ASW 

medium which had glucose (30 g/L), yeast extract (YE) (6 g/L) and peptone (6 g/L). The 

100% strength of ASW contained (per liter): 30 g of NaCl, 0.7 g KCl, 10.8 g of 

MgCl2•6H2O, 5.4 g of MgSO4•7H2O, and 1 g of CaCl2•2H2O (Nagano et al., 2009a). The 

phosphate buffer was used to maintain pH 7.0 of the medium. Such medium was denoted 

as standard culture medium in this paper. The inoculum was prepared in 250-mL 

Erlenmeyer flasks with 50 mL medium and was maintained at 25 °C for 5 days in a 

shaking incubator at 120 rpm. All the media were sterilized by filtration before used. The 

cell growth was monitored at 24-h intervals by measuring the optical density at λ=660 nm 

(OD660). The dry cell mass (DCM) was also measured by the following procedure: an 

aliquot of 2 mL fermentation broth was withdrawn and centrifuged, and the cell pellet 

was washed with deionized distilled water (DDI) for three times and dried at 105 °C 

overnight before weighing. All reported cell mass values in this paper are dry basis unless 

specified, otherwise. 

 

2.1.2 Effect of cultivation conditions on cell growth and lipid production in batch 

operation 

 

The temperature effect on cell growth was investigated at the levels of 15, 20, 25, 30, and 

35 °C. It was found that 15, 20 and 25 °C did not have significant difference in cell mass 
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concentration (~4.8 g/L), but further increase of temperature to 30 and 35 °C reduced cell 

mass significantly to approximate 3.0 g/L and even lower. Therefore, temperature was 

fixed at 25 °C for all other experiments in this study. The effect of cultivation conditions 

including glucose concentration, nitrogen concentration [yeast extract+peptone 

(YEP)=1:1, w/w], salinity, initial medium pH, and rotation speed were studied on the cell 

growth and lipid production. The tested levels of different conditions were as follows: 

glucose concentration (5, 10, 30, 50, 80, and 100 g/L), YEP (1, 2, 4, 8, 16, and 20 g/L), 

initial medium pH (5.0, 6.0, 7.0, 8.0, and 8.5) without pH control during cultivation, 

salinity (25%, 50%, 100%, 150%, and 200% of ASW), and rotation speed (50, 120, 200, 

and 300 rpm). Each parameter was tested separately by keeping other parameters the 

same as the standard culture medium. 

To study the effect of carbon source, six different carbon sources were tested at 10 g/L 

including glucose, xylose, sucrose, sodium acetate, starch, and glycerol with 4 g/L of 

YEP as a nitrogen source. Except for digesting monomers, T. striatum was able to 

metabolize different types of polysaccharides. As such, we analyzed the extracellular 

enzymes qualitatively, which could indicate if T. striatum would be a promising new 

enzyme producer. In the nitrogen source study, YE, peptone, MSG, ammonium chloride, 

urea, and sodium nitrate were tested at 4 g/L with 10 g/L of glucose as a single carbon 

source. All other conditions were kept the same as the standard culture medium. In this 

study of cultivation condition, lipid content was measured when cell mass reached the 

maximum at day 6.  
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2.1.3 Fed-batch cultivation 

Nitrogen starvation is a commonly used approach to enhance lipid accumulation in 

oleaginous microorganisms, such as microalgae and yeast. To facilitate the accumulation 

of lipids in T. striatum, fed-batch operation was also used to create nitrogen deficiency 

condition and avoid potential inhibition of high glucose loading. The culture was initially 

incubated for 6 days in the standard culture medium. The cell biomass was then harvested 

by centrifugation, washed with DDI water for three times, and resuspended in modified 

fresh standard culture medium with only 10 g/L of glucose and zero nitrogen 

concentration. This fed-batch operation was repeated every two days until 12 days. All 

other operation parameters (salinity, pH, temperature, and ration speed) and nutrients 

were kept the same as the standard culture medium. For comparison, a batch cultivation 

was performed simultaneously throughout 12 days without medium replacement. Cell 

biomass and glucose concentration were monitored every day, while the lipid content of 

T. striatum cells was measured daily after day 6 when the fed-batch operation was 

started. 

2.1.4 Lipid analysis  

The cell biomass was harvested by centrifugation at 10,000 rpm for 5 min. The pellets 

were washed three times with DDI water followed by freeze-drying. Direct 

transesterification method was used for lipid measurement. The total lipid was expressed 

as TFAs, the sum of fatty acid methyl esters (FAMEs) and TFA content was reported 

based on DCM (%, g/g DCM). The individual FA was represented with the relative 

proportion of TFAs (%, g FA/g TFAs). To measure FAMEs, 20 mg of freeze-dried cell 
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biomass was mixed with 3 mL of transesterification solution (methanol/hydrochloric 

acid/chloroform=10:1:1, vol/vol/vol) and vortexed for 10 s. Transesterification was 

conducted at 90 °C for 2 h, and the reaction mixture was cooled down to room 

temperature. To the mixture, 1 mL of DDI water was added and vortexed. The FAMEs 

were then extracted by adding 2 mL extraction solution (hexane/chloroform=4:1, vol/vol) 

and centrifuged at 3,000 rpm for 3 min for phase separation. This extraction process was 

repeated three times. All the supernatants were combined for FAME measurement by 

using gas chromatography (GC-2010, Shimadzu) which is equipped with a flame 

ionization detector. The analytical column was Rt-2560 (Restek, Bellefonte, PA) with 

helium being a carrier gas. The temperature for both injector and detector was 240 °C. 

The initial oven temperature was 100 °C being held for 5 min and increased to 240 °C 

with the ramp rate of 4 °C/min. The Supelco® 37 component FAME mix was purchased 

from Sigma as the FAME standard. Pentadecane (100 µg/mL) and tridecanoic acid 

(C13:0) (200 µg/mL) were used as an internal standard and a recovery standard, 

respectively.  

2.1.5 Qualitative enzyme assays 

Given that T. striatum can use a wide spectrum of substrates especially polysaccharides, 

it is important to detect its extracellular enzymes that are possibly involved in the 

utilization of different carbon sources. The enzymes of interest included amylase, lipase, 

cellulase, xylanase, chitinase, pectinase, and κ-carrageenase that were qualitatively 

measured with the conditions in Table 2.1. During cultivation in the standard culture 

medium, an aliquot of 2 mL fermentation broth was withdrawn at day 5 and centrifuged, 
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and 150 µL of supernatant was dropped to the substrate (5 g/L) specific and dye 

indicator-containing agar plate in a petri dish and incubated for 12 hr at 40 °C. The 

appearance of clear zone indicated the existence of enzyme (Devasia and Muraleedharan, 

2012a). 

2.1.6 Data analysis 

Statistical significance was determined by analysis of variance (ANOVA, α=0.05) using 

JMP Pro 12 (SAS Institute, Cary, NC, USA) with pcritical=0.05. All treatments were 

conducted in two replicates in this study unless specified, otherwise. 

2.2 Results and Discussion 

2.2.1 Growth analysis of T. striatum  

As show in Figure 2.1, there was a lag phase in the 1st day of growth followed 

immediately by a 5-day long log phase during which the cell mass increased from 0.1 to 

4.0 g/L. At day 6, the T. striatum growth started to slow down indicating the end of the 

log phase. After this stage, the cell mass started to decline indicating stationary phase. 

The maximum cell mass reached 4.3 g/L at day 6. Meanwhile, the substrate glucose 

concentration was also monitored during cell growth. The glucose concentration began 

decreasing in the 1st day, which inferred that initial glucose consumption was used to 

maintain and activate the cells. After day 1, the glucose concentration dropped gradually 

from 30 to 16 g/L until day 6. However, it remained unchanged afterwards, i.e., glucose 

may be used for cell maintenance instead of cell growth (Figure 2.1). The fact that the 

cell mass and glucose concentration leveled off at the same time could reflect that the 

carbon/nitrogen ratio (C/N) of the seed culture medium [glucose/YEP=30/12] was 
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unfavorable (too low) for cell growth. Therefore, the effects of glucose and YEP 

concentrations on cell growth were also studied in this research. In addition, the medium 

we used might lack sufficient trace elements (particularly Fe and Zn in seawater but not 

in our ASW), minerals (e.g., phosphate) and/or vitamin to support cell growth, which was 

reported by Manikan et al. (Manikan et al., 2015) on a thraustochytrid and by Stoklosa et 

al. (Stoklosa et al., 2018) on a yeast for DHA and astaxanthin production, respectively.  

2.2.2 Effect of glucose concentration 

As a sole carbon source in the medium, the glucose concentration affected cell growth 

and lipid accumulation significantly. When the glucose concentration increased from 5 to 

30 g/L, the cell mass exhibited 20% increase from 3.7 to 4.6 g/L. However, further 

increase of glucose concentration (up to 100 g/L) resulted in significant decrease of cell 

mass, indicating the inhibition of high glucose concentration on cell growth (Figure 

2.2A). Such findings are in agreement with results obtained for Thraustochytrium sp. 

whose maximum cell mass was 7 g/L with 30 g/L of glucose (Arafiles et al., 2011). On 

the contrary, T. aureum can only tolerate glucose concentration of 10 g/L (Iida et al., 

1996), but achieved 5.7 g/L cell mass. In addition, the cell mass of Thraustochytrium sp. 

ONC-T18 was found to reach 28 g/L at the optimal glucose concentration of 60 g/L 

(Burja et al., 2006), and the growth of Aurantiochytrium BL10 was not even inhibited at 

140 g/L of glucose which led to cell mass of 50 g/L (Yang et al., 2010). Such difference 

in the effect of glucose concentration on cell mass could be resulted from distinct features 

of different protists and/or cultivation conditions used in different research. For lipid 

production, the increase of glucose concentration from 5 to 80 g/L resulted in a 16-fold 



25 
 

increase of TFA content from 0.9 to 14.3%, while further increase of glucose 

concentration to 100 g/L reduced TFA to 12.4% (Figure 2.2A). Therefore, the influence 

of glucose on TFA content was different from that on cell growth. The high C/N ratio 

(i.e., nitrogen limitation) at high glucose concentration repressed the cell growth but was 

conducive to lipid accumulation. The glucose concentration also affected FA composition 

and proportion in TFAs (Table 2.2). Overall, the proportions of both saturated (e.g., C16-

18:0) and unsaturated (e.g., dihomo-γ-linolenic acid, EPA and DHA) FAs increased with 

the increase of glucose concentration and peaked at 80 g/L of glucose concentration. For 

composition, more types of FAs occurred at high glucose concentration, e.g., C20:1-3 

was not detected until glucose reached 80 g/L. High C/N ratio appeared to benefit the 

production of FAs for biodiesel and high-value PUFAs (e.g., EPA and DHA) from T. 

striatum. 

2.2.3. Effect of YEP concentration 

The YEP containing YE and peptone at 1:1 ratio (w/w) was used as a nitrogen source to 

study the effect of nitrogen loading on cell growth and lipid accumulation. When YEP 

concentration was increased from 1 to 4 g/L, the cell mass increased from 3 to 5 g/L. 

However, no significant change of cell mass was observed (Figure 2.2B) and the lag 

phase extended from 1 to 2 days (data not shown) with the nitrogen concentration above 

4 g/L, which could be because the reduction of C/N ratio resulted in the inhibition on cell 

growth. This finding corresponded to the study of Anbu et al. (Anbu et al., 2007) that 

reported a similar level of cell mass of T. striatum, but lower cell mass of other species 

with 10 g/L of glucose and 2 g/L of YEP. On the other hand, lower YEP concentration 
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was more favorable for lipid accumulation (Figure 2.2B). Although high nitrogen 

loading can stimulate cell grow, limit the accumulation of secondary products (e.g., 

lipids). With 1 g/L of YEP, the maximum TFAs reached 26% of cell mass. In the tested 

range of YEP concentration, the predominant FAs were palmitic, oleic and linoleic acids, 

and their total proportion were about 80% of TFAs (Table 2.3). With the increase of YEP 

concentration, the proportions of palmitic and oleic acids firstly decreased and then 

increased while linoleic acid proportion changed in a reverse trend at the YEP turning 

point concentrations of 8, 2 and 4 g/L, respectively. The total proportion of unsaturated 

FAs (C20 and longer chain FAs) were always lower than 10% except for 2 g/L of YEP at 

which it was 18%. According to Figures 2.2A, B and Tables 2.2, 2.3, the C/N ratio in the 

medium can affect both cell growth and FA composition and proportion, thus 

manipulating the C/N ratio can be an effective way to tailor the FA profile toward 

specific lipid applications. 

2.2.4. Effect of salinity 

The salinity of medium between 25 and 100% ASW did not have significant effect on 

cell growth while further increase of salinity to 150% ASW significantly reduced the cell 

mass from 5.2 to 4.5 g/L (Figure 2.2C). It was found that the cell growth was completely 

inhibited at the salinity of 200% ASW (Data not shown). Although no significant 

difference on cell growth was observed within the salinity range of 25 to 100%, the TFA 

content increased from 4 to 11%. Therefore, salinity control could be used to effectively 

induce lipid production without compromising cell growth. The FA profile showed high 

salinity was conducive to the production of short chain FAs (e.g., C16 and C18), while 
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low salinity was inclined to generate more long chain unsaturated FAs [e.g., arachidonic 

acid (ARA), EPA and DHA] (Table 2.4). Most short chain FAs were palmitic and oleic 

acids and long chain unsaturated FAs included ARA and DHA. There was decent amount 

of EPA with the salinity being 25 and 50% ASW. Such variation of FA composition 

could be one of strategies for adaptive response of T. striatum to salinity change, which 

may be associated with maintaining the membrane fluidity and resistance to osmotic 

pressure variation since unsaturated, shortened and branched FAs have lower melting 

points than saturated straight long chain FAs (Zhu et al., 2007). Similarly, microalgae, 

such as Dunaliella sp. (Xu and Beardall, 1997), Isochrysis sp. and Nannochloropsis 

oculate (Renaud and Parry, 1994) also produced more FAs especially saturated and 

monounsaturated species as the concentration of NaCl increased in their medium. The 

possible reason behind this finding was that these microalgae adjusted their FAs 

composition and proportion in TFAs to reduce the fluidity and permeability of cell 

membranes in response to high salinity stress (Renaud and Parry, 1994; Xu and Beardall, 

1997).  

2.2.5 Effect of initial medium pH  

The initial culture pH was varied from 5 to 9 to test the responses of cell growth, lipid 

production and FA composition. No pH control was used during fermentation. Cell did 

not grow at pH 5 or 9 (Data not shown). Maximum cell mass reached 4.4 g/L at pH 6 and 

7 and increasing pH to 8 and 8.5 led to cell mass decrease significantly (Figure 2.2D). T. 

striatum appeared to prefer neutral and slightly acidic pH for growth, which is similar to 

Schizochytrium sp. (Arafiles et al., 2011; Wu et al., 2005), but different from 
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Thraustochytrium sp. that adapted to a broad range of pH 4-8 (Arafiles et al., 2011). For 

lipid production, pH 6 achieved the highest TFA content of 15% whereas pH 7 resulted in 

the minimum TFA content of 8.5%. Therefore, pH 6 seemed to be the optimum pH for T. 

striatum to achieve both maximum cell growth and TFA content. The comparison 

between pH 6 and 7 could indicate that some carbon source was used to maintain cell 

growth at pH 7, instead of lipid production. Alkaline pH may cause stress on this strain so 

that it inhibited cell growth but induced lipid accumulation. It was found that T. striatum 

converted some carbon source into lipids and metabolic acids secreted in the broth 

(indicated by pH decrease to 5 because no pH control) during fermentation which could 

be accumulated as energy sinks by the host cells and would be consumed when carbon is 

deficient (Wu et al., 2005). The initial alkaline pH could impair the production of 

metabolic acids by T. striatum so that more carbon substrate was converted into more 

lipids for energy storage instead of acids, which could be the reason why cell mass was 

low but TFA content was high at pH 8 and 8.5. Compared to pH 6 and 7, alkaline pH 

seemed to be favorable to achieve higher content of saturated (palmitic and margaric 

acids) and long chain unsaturated (C20:3-5 and DHA) FAs (Table 2.5). It could imply 

that the enlongase and desaturase responsible for the production of long chain unsaturated 

FAs were more active under alkaline pH.  

2.2.6 Effect of rotation speed 

In this study, it was found that T. striatum cell mass increased by 4 folds with the rotation 

speed being increased from 50 to 120 rpm, while further increase to 200 and 300 rpm 

exhibited little effect on cell mass (Figure 2.2E). Chi et al. (Chi et al., 2009) reported that 
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variation of rotation speed can result in different dissolved oxygen (DO) in the medium 

which can significantly affect cell growth and product formation of aerobic 

microorganisms. With low rotation speed (e.g., 50 rpm), DO could be too low in the 

medium to support cell growth. Although high rotation speed (e.g., 200 and 300 rpm) 

could increase DO in the medium, the DO might be saturated when the rotation speed 

exceeded a certain level (e.g., 120 rpm) (Jeong et al., 2014). Another reason why high 

rotation speed did not improve cell mass could be that high DO resulted in the increased 

number of cells with reduced cell density and size, thus the overall cell mass (g/L) which 

is the product of cell number (cell number/L) and cell weight (g per cell) did not increase 

(Chi et al., 2009). The shear stress at high rotation speed may also reduce cell viability. 

For lipid production, 120 rpm of rotation speed achieved the maximum TFA content 

(11%) followed by 50, 200 and 300 rpm in that order. Working on S. mangrovei, Jeong et 

al. (Jeong et al., 2014) also found the highest TFA accumulation occurred at 120 rpm, 

and slightly decreased when rotation speed increased to 200 rpm. This result was 

consistent with that revealed by Bailey et al. (Bailey et al., 2003) and Chi et al. (Chi et al., 

2009) who found high DO was preferred for cell reproduction of Schizochytrium sp. 

whereas low DO was more favorable for lipids production. Chi et al. (Chi et al., 2009) 

also pointed out that long exposure to high DO (e.g., high rotation speed) would induce 

more secretion of organic acids that could lower FA accumulation in cells. As shown in 

Table 2.6, the change of rotation speed altered the FA composition. The proportions of 

total saturated FA at 50, 120 and 300 rpm were similar (approx. 50%), which was much 

higher than that at 200 rpm (approx. 18%). Of saturated FAs, palmitic acid was the major 
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one taking up 50%. In contrast, the total unsaturated FAs and DHA increased with the 

increase of rotation speeds up to 200 rpm and then decreased when the rotation speed 

reached 300 rpm at which oleic acid and DHA became the only two unsaturated FAs. In 

addition, oleic and linoleic acids dominated the unsaturated FAs. Overall, high DO 

derived from high rotation speed in the range of 50-200 rpm appeared to enhance the 

desaturation of FAs, but further increase of DO reduced the denaturation. Such 

phenomena were also found by Bailey et al. (Bailey et al., 2003) and Roux et al. (Roux et 

al., 1995) on Schizochytrium sp. and Mucor circinelloides for lipid production, 

respectively. 

2.2.7 Effect of different carbon and nitrogen sources 

Monosaccharides, disaccharides, polysaccharides, and other organic compounds (e.g., 

oleic acid, glycerol and acetic acid) had been widely investigated as carbon sources for 

cultivation of protists, e.g., C. cohnii, Schizochytrium sp. and Thraustochytrium sp. (De 

Swaaf et al., 2003; Huang et al., 2001; Liang et al., 2010; Okuda et al., 2013; Ratledge et 

al., 2001b; Wu et al., 2005; Yokochi et al., 1998). In this study, six different carbon 

sources including glucose, sucrose, xylose, glycerol, sodium acetate, and starch were 

tested. All carbon sources could support T. striatum growth and lipid accumulation 

(Figures 2.3A, B). Starch and glycerol achieved the maximum cell mass followed by 

glucose, xylose, sucrose, and sodium acetate. The cell masses with starch and glycerol 

were 20 and 15% higher than that with glucose, respectively (Figure 2.3A). In addition, 

we also tested five polysaccharides such as cellulose, xylan, pectin, chitin, and 

carrageenan as carbon sources and found T. striatum could grow well on all 
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polysaccharides except for carrageenan (unpublished). This finding was consistent with 

Arafiles et al. (Arafiles et al., 2011) that found T. striatum could produce extracellular 

enzymes to hydrolyze polysaccharides, which was confirmed by our results on qualitative 

extracellular enzyme analysis (Table 2.7). The effect of carbon source on lipid 

production was similar to that on cell mass except that sodium acetate was better than 

xylose and sucrose for lipid production instead of being worse for cell growth (Figure 

2.3B). The FA composition was significantly influenced by the carbon source. It was 

found that lipids generated from all carbon sources contained palmitic acid and DHA, but 

only glycerol, sodium acetate and starch produced both EPA and DHA and only glucose 

and starch produced oleic acid (Figure 2.3B). When glycerol and starch were used as 

carbon sources, the contents of EPA/DHA reached 14%/39% and 11%/27% of the TFAs, 

respectively. Lipid from glucose had the most different types of FAs with palmitic and 

oleic acids as the major ones. The results for glucose was contradictory to that reported 

by Anbu et al. (Anbu et al., 2007) who found palmitic acid, stearic acid and DHA as well 

as EPA, but no oleic or linoleic acid in the lipid of T. striatum. Our starch results were 

also different from previous research conducted by Li and Ward (Li and Ward, 1994) that 

showed only palmitic and oleic acids with a trace amount of long chain FAs in the lipid. 

The total unsaturated FAs were dominant in the lipids from glucose, glycerol, sodium 

acetate, and starch while xylose- and sucrose-derived lipids were mainly composed of 

saturated FAs. To obtain more EPA and DHA, glycerol, sodium acetate and starch could 

be good carbon sources. The diversity of carbon source for T. striatum makes it possible 

to replace glucose with cheap and abundant carbon sources to produce lipids, resulting in 



32 
 

enhanced cost effectiveness and sustainability. For instance, glucose and xylose from 

lignocellulosic biomass and crude glycerol from biodiesel production can be used as 

alternative carbon sources. In addition, T. striatum could be a new promising enzyme 

producer for industrial applications in bioenergy, food and feed (Cherry and Fidantsef, 

2003; Jegannathan and Nielsen, 2013; Kirk et al., 2002; Treichel et al., 2010).  

The most common nitrogen sources used to grow marine protists included tryptone, yeast 

extract, peptone, urea, MSG, nitrate, and ammonium chloride (De Swaaf et al., 2003; 

Huang et al., 2001; Liang et al., 2010; Okuda et al., 2013; Ratledge et al., 2001a; Wu et 

al., 2005; Yokochi et al., 1998). Several strains of Schizochytrium could use these 

nitrogen sources and achieved 6~10 g/L of cell mass and 30~40% fatty acid content (Wu 

et al., 2005; Yokochi et al., 1998), whereas the strains of Crypthecodinium and 

Thraustochtrium preferred yeast extract, peptone, tryptone, and nitrate over ammonium 

chloride and urea (Huang et al., 2001; Okuda et al., 2013). In this study of T. striatum, 

yeast extract achieved the maximum cell mass of 4.5 g/L as expected while peptone and 

ammonia chloride obtained similar cell mass of 3.9 g/L (Figure 2.3C). The cell mass 

from other nitrogen sources were all lower than 3.0 g/L. For lipid production, ammonia 

chloride achieved much higher TFA content (approx. 22%) than other nitrogen sources 

that generated less than 4% TFA content (Figure 2.3D). The FAs of ammonia chloride-

derived lipid mainly contained palmitic, oleic and linoleic acids. Similarly, Chi et al. (Chi 

et al., 2007a) also observed that a trace amount of ammonium chloride improved cell 

growth and lipid accumulation of S. limacinum. It is worthwhile to note that T. striatum 

ATCC 24473 can use a wider range of nitrogen sources compared to the strains of 
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Crypthecodinium and Thraustochtrium. In addition, the capability of metabolizing urea 

could make T. striatum a potential novel microorganism for biocementation process to 

make construction materials (Irwan and Othman, 2013), which is under study. 

2.2.8 Fed-batch cultivation 

The nitrogen effect shown in Figure 2.2B implied that nitrogen deficiency could be 

effective to improve lipid production of T. striatum. In this study, we used fed-batch 

operation to create nitrogen deficiency condition to promote lipid accumulation after cell 

growth began entering the stationary phase, which was compared to batch operation 

(Figure 2.4). In addition, the utilization of fed-batch can increase the glucose loading 

without substrate inhibition. Prior to the start of fed-batch, the cell mass reached 4.6 g/L 

with only 13% TFA content and 33% glucose consumption in the initial 6-day incubation 

(Figures 2.4A, B). As a control, batch mode was continued until 12 days in which cell 

growth remained almost stagnant between the 7th and 11th day, followed by the start of 

decay phase. The glucose concentration decreased almost linearly during the whole batch 

process from 30 to 10 g/L with the consumption rate of 1.8 g/L/day while TFA content 

kept increasing from 13 at the 6th day to 27% at the end of batch process.  

To start fed-batch operation, the spent medium was discarded at the 6th day and replaced 

with fresh modified standard medium in which glucose and nitrogen were reduced to 10 

and 0 g/L, respectively. Afterwards, concentrated standard nitrogen deficiency medium 

was added to fermentation medium every 2 days for twice to keep glucose concentration 

at about 10 g/L (Figure 2.4B). To retain the fermentation volume constant during fed-

batch operation, the sampling loss was compensated by adding the same volume of 
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concentrated standard medium. It was shown in Figure 2.4B, the glucose consumption 

rate increased from 1.8 in batch to around 4.0 g/L/d in fed-batch while the cell mass 

demonstrated slightly increase from 4.8 to 5.4 g/L and TFA content increased from 13 to 

38%, i.e., 41% higher than that obtained in batch. Such results indicated that fed-batch 

with nitrogen deficiency was highly effective to enhance lipid accumulation in cells with 

high overall glucose loading, and the consumed glucose were used for both cell 

maintenance and lipid accumulation.  

Compared to batch operation, fed-batch did not change the composition of FAs, but the 

proportion of TFAs instead (Figure 2.4C). The change of total unsaturated or saturated 

FAs was negligible. Of all FAs, oleic acid had the most increase from 18 to 45% and 

palmitic and linoleic acids had slight increase, while the content of the rest of FAs 

decreased more or less, especially EPA, DPA and DHA. The lipids from fed-batch appear 

to be better than that from batch for biodiesel production, whereas batch can produce 

lipid containing higher EPA and DHA contents. Fed-batch was also reported to elevate 

lipid accumulation of other marine protists including Schizochytrium sp., 

Aurantiochytrium sp. KRS101 and Thraustochytriidae sp. TN5 by approximately 30% 

compared with batch operation (Kim et al., 2013a; Qu et al., 2013; Shene et al., 2013). 

More efficient feeding strategies could be explored to achieve high lipid accumulation 

and cell growth, and tweaked to obtain FAs with desired compositions (e.g., high content 

of valuable EPA and DHA for nutraceuticals or palmitic and oleic acids for biodiesel 

application) (Kim et al., 2013a; Qu et al., 2013; Shene et al., 2013).  
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2.3. Conclusions 

The growth of T. striatum ATCC 24473 had a one-day lag and achieved maximum dry 

cell mass of 4.6 g/L after 6 days of cultivation with 30 g/L of glucose and 12 g/L YEP. 

The effect of concentration of glucose and YEP showed that C/N ratio is important for 

cell growth and FA accumulation. Overall, high C/N ratio benefited FA production, but 

low C/N ratio was favorable for cell growth, which is expected that nitrogen deficiency 

induced FA accumulation. The highest FA content of 25% of DCM was achieved at C/N 

of 30/1. The cultivation conditions had significant effects on cell growth and FA 

production and composition. T. striatum grew the best at 25 °C. Salinity of 100% ASW 

and pH6 achieved the optimum cell mass and FA production while salinity and pH 

exceeding 100% ASW and pH8 stimulated FA accumulation. The moderated rotation 

speed at 120 rpm resulted in both high cell mass and FA production. The stress of 

nitrogen, salinity and pH appeared to be effective to induce FA accumulation of T. 

striatum. Among tested carbon sources, starch and glycerol were better carbon sources 

for FA accumulation especially for DHA and EPA. YEP was the best nitrogen source for 

cell growth, while ammonium chloride was superior to other nitrogen sources for FA 

production. YEP and ammonia chloride could be used together as a nitrogen to achieve 

high cell mass and FA production. Fed-batch was an effective technique to create a 

nitrogen deficiency condition to induce FA accumulation with high glucose loading, 

leading to 29% increase of FA content compared to batch. The major FAs of T. striatum 

included palmitic, stearic, oleic, and linoleic acids, which implies that T. striatum lipid is 
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suitable for biofuel production. T. striatum was also found to be a promising hydrolytic 

analyze producer. 
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Chapter 3 Investigation of Extracellular Enzyme Production by Thraustochytrium 

striatum 

3.0 Introduction 

Thraustochytrium can produce a variety of polysaccharides-degrading enzymes such as 

amylase, xylanase, cellulase, pectinase, and agarase. The production of such enzymes 

was observed in the presence of different carbon sources, which reflected that the enzyme 

production by these marine protist isolates appeared to be constitutive (Devasia and 

Muraleedharan, 2012a). Although thraustochytrid protists exhibited potentials to be 

promising enzyme producers in addition to bacteria and fungi, still very limited research 

has been done to comprehensively study enzyme production by thraustochytrids 

compared to bacteria and fungi. In addition, thraustochytrid protists was found to produce 

a large amount of extracellular polymeric substances (EPS) which could play an 

important role of energy/carbon sinks to be degraded by extracellular enzymes to support 

cell growth and also provide extracellular matrix where enzymes interact with substrates 

(Chang et al., 2014; Jain et al., 2005; Xiao and Zheng, 2016). 

The objectives in this chapter are to: (1) qualitatively identify seven different 

extracellular enzymes including lipase and six polysacchamerases (i.e., amylase, 

CMCase, xylanase, chitinase, pectinase, and κ-carrageenase); (2) study the kinetics of all 

seven enzymes under different concentrations of glucose, nitrogen and salinity; (3) 

attempt to correlate enzyme production with EPS and their monosaccharide components; 

and (4) examine temporal enzyme production induced by enzyme specific polysaccharide 

substrates, including starch, carboxymethyl cellulose (CMC), xylan, κ-carrageenan, 

pectin, and chitin. In addition, enzyme production was also investigated under carbon-
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starved condition. The results from this research will reveal the enzyme production 

characteristics of T. striatum and provide important data to direct the optimization of 

enzyme production in the future.  

3.1 Materials and Methods 

 

3.1.1 Microorganism and cultivation 

The marine protist T. striatum ATCC 24473 was purchased from the American Type 

Culture Collection (ATCC). It was sub-cultured every 7 days and maintained on an 

artificial sea water (ASW) agar medium. The seed culture was prepared in 250-mL 

Erlenmeyer flasks with 50 mL standard medium in 100% ASW (per liter): 30 g of glucose, 

6.0 g of yeast extract, and 6 g of peptone. The ASW comprised (per liter): 30 g of NaCl, 

0.7 g of KCl, 10.8 g of MgCl2•6H2O, 5.4 g of MgSO4 •7H2O, and 1.0 g of CaCl2•2H2O. 

The pH of the medium was 7.0 controlled by phosphate buffer. All the cultivation media 

were sterilized by filtration before used. The culture was incubated in the dark under 25 °C 

with the shaking speed of 150 rpm.  

3.1.2 Analysis of enzymes produced by T. striatum 

The protist like T. striatum ATCC 24473 was often found to thrive on dead autochthonous, 

allochthonous and plant material such as macroalgae and submerged mangrove leaves, 

which suggests that T. striatum ATCC 24473 play an important role as saprobes by virtue 

of extracellular enzymes to degrade detritus (Raghukumar, 2002). Therefore, T. striatum 

may be a new potential enzyme producer for the production of hydrolytic enzymes (e.g., 
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high salinity tolerance enzymes) for lignocellulosic biomass degradation. Thus, we were 

interested in studying enzymes produced by T. striatum.  

The cell growth and enzyme activity were monitored at 24-h intervals. During cultivation, 

aliquots of 10 mL culture were withdrawn periodically and centrifuged at 4,000 rpm for 5 

minutes. The supernatants were transferred to a series of new tubes for further enzyme 

assay. The cell pellets were then washed with deionized distilled (DDI) water for three 

times and dried at 105 °C overnight before weighing. The weight of dry cell pellets was 

converted to dry cell mass (DCM) concentration to reflect the cell growth. All reported cell 

concentrations in this paper were dry basis and all DCM and enzyme activity values were 

the mean of triplicate measurements unless specified, otherwise. 

3.1.2.1 Qualitative enzyme assay  

The types of enzymes that T. striatum can produce were first determined qualitatively. 

The supernatants from the DCM measurement at day 3 of cultivation in the STM were 

collected for analyzing amylase, lipase, cellulase, chitinase, and pectinase, but xylanase 

and κ-carrageenase were determined by using the day 5 supernatants of which activities 

were strong enough for this qualitative assay. The substrates for the assays of these 

enzymes included soluble starch, emulsified olive oil, CMC, xylan, chitin, 

polygalacturonic acid (PGA), and κ-carrageenan, respectively. The cellulase activity for 

insoluble cellulose such as Avicel and 𝛼-cellulose was not detected; thus, no further 

experiment was conducted. Such enzyme assays were carried out in agar plates 

containing enzyme specific substrates, i.e., in analyzing specific enzymes, glucose in the 
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standard agar medium was replaced with corresponding substrates at the concentration of 

5 g/L together with specific dyes. The iodine (10% v/v) was used for amylase detection, 

0.1 g/L of phenol red was used for lipase detection, 1 g/L of Congo red was used for 

cellulase, xylanase and chitinase detection, and 5 g/L of cetylpyridinium chloride was 

used for carrageenase detection. The pHs of the agar media for the enzyme assay were 

adjusted to 7.0, 8.0, 7.0, 7.5, 6.5, 7.0, and 7.0 for the detection of amylase, lipase, 

cellulase, xylanase, chitinase, pectinase, and κ-carrageenase, respectively. Prior to the 

assay, the agar plates in the petri dishes were punched to make two to four holes 

(diameter=5 mm), 150 µL of supernatants obtained from the DCM measurement were 

added into the holes, and the agar plates were then incubated at 40 °C for 12 hours except 

that amylase assay took only 30 minutes. Afterwards, the agar plates were immersed in 

enzyme-specific dye solution for 30 minutes and the solution was discarded before visual 

observation. A color-fade zone around the holes would appear if enzymes were present in 

the cultivation broth. In doing so, enzymes can be detected qualitatively.  

3.1.2.2 Enzyme activity quantification  

In enzyme quantification, the substrates were the same as those used in the qualification 

assays in Section 3.1.2.1 except that lipase activity was measured by using p-nitrophenyl 

butyrate (pNPB) as a substrate. To measure timely enzyme activity, aliquots of 2 mL 

culture were taken periodically, and the enzyme-containing supernatants were collected by 

following the DCM measurement procedure. One unit of lipase activity was defined as 1 

µmol of p-nitrophenol released per minute (Baba et al., 2011); one unit of amylase and 

cellulase activities were determined by the 1µmol of glucose released per minute (Ghose, 
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1987); one unit of xylanase activity was determined by the 1 µmol of xylose released per 

minute (Devasia and Muraleedharan, 2012a); one unit of κ-carrageenase activity was 

defined as 1 µmol of D-galactose released per minute (Yao et al., 2013); one unit of 

pectinase activity was determined by the 1 µmol of galacturonic acid released per minute 

(Kashyap et al., 2000); and one unit of chitinase activity was quantified by the 1 µmol of 

N-acetyl-D-glucosamine(NAG) released per minute (Liu et al., 2002). The released 

glucose, xylose, D-galactose, galacturonic acid and NAG were measured by using DNS 

method (Miller, 1959). All the enzyme activity measurements were conducted at 40 °C in 

a shaking incubator with the shaking speed of 250 rpm. The generation rate (µmol/minute) 

of the enzymatic hydrolysis products were determined in the first 30-60 minutes by 

periodical sampling and was used to represent the enzyme activities.  

3.1.3 Effect of carbon and nitrogen concentrations and salinity on the production of 

extracellular enzymes 

Single-factor experiment design was used for this study, i.e., only one factor [e.g., glucose 

concentration, nitrogen [yeast extract + peptone (YEP), 1:1, w/w] concentration or salinity] 

was varied at a time, and other factors and operation conditions remained the same as the 

standard medium. Glucose concentrations were 5, 15 and 30 g/L, nitrogen (i.e., YEP) 

concentrations included 3, 6 and 12 g/L, and the tested salinity represented by the ASW 

strength included four levels of 25, 50, 100, and 150% ASW. The daily cell growth (as 

DCM) and activities of seven extracellular enzymes were monitored during 7-day 

cultivation.  
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3.1.4 Relationship between extracellular polymeric substances and enzymes 

The extracellular polymeric substrates can play a role as extracellular energy and carbon 

sinks which can be bio-degraded and utilized by host cells (Xiao and Zheng, 2016). It is 

natural to consider that there may be some relationship between enzyme and EPS 

productions. Therefore, we monitored the temporal EPS production together with enzymes. 

Cell cultures were centrifuged at 4,000 rpm for 5 min, and supernatants were collected and 

filtered through 0.45-µm glass filter paper. The filtrates were then purified and 

concentrated by ultrafiltration using a membrane with molecular weight cut-off (MWCO) 

of 10 kDa and dialyzed against DDI water. The concentrated EPS were lyophilized and 

stored under -20 °C until analyzed (Jain et al., 2005). 

Total carbohydrate of EPS was determined by using phenol-sulfuric acid method with 

glucose as a standard (Masuko et al., 2005). To measure compositional monosaccharides, 

5 to 10 mg of lyophilized EPS were hydrolyzed with 2 M H2SO4 at 121 °C for 5 h (Mishra 

and Jha, 2009b). After hydrolysis, the hydrolysates were neutralized to pH 6.0 by using 

CaCO3. Monosaccharide composition of the hydrolysate was determined by using a HPLC 

(Dionex UltiMate 3000, Thermo Scientific, CA, USA) equipped with a sugar separation 

column (Sugar SP0810, Showa Denko America, NY, USA) and a refractive index (RI) 

detector (Shodex RI-101, Showa Denko America, NY, USA). The separation temperature 

was 80 °C, and HPLC grade water was used as mobile phase at a flow rate of 0.6 mL/min. 

A deashing guard column (Shodex Sugar SP-G 6B, Showa Denko America, NY, USA) 

was installed prior to the analytical column to prevent column contamination. 
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3.1.6 Polysaccharide-induced production of extracellular enzymes 

To improve the production of enzymes by T. striatum, six enzyme specific polysaccharides 

were used as carbon sources to induce the secretion of extracellular enzymes including 

starch, CMC, xylan, κ-carrageenan, pectin, and chitin. Due to different viscosity and 

solubility of each polysaccharide, the tested polysaccharide concentrations were 5.0, 2.5, 

5.0, 1.0, 2.5, and 1.0 g/L, respectively. In addition, carbon-starvation condition (without 

the addition of any carbon source) was also conducted for enzyme production. Other 

medium conditions and operation parameters were the same as that used for polysaccharide 

carbon sources. During cultivation, the daily activities of seven enzymes including amylase, 

lipase, cellulase, xylanase, chitinase, pectinase, and κ-carrageenase were quantified using 

the method described in Section 3.1.2.2, and the corresponding DCM was also determined 

every day in 7 days. 

3.2 Results and Discussion  

 

3.2.1 Qualitative analysis of extracellular enzymes of T. striatum 

The color-fade zones around the holes on each agar plate qualitatively indicated that T. 

striatum can produced the seven enzymes tested in this research, including amylase, 

lipase, cellulase, xylanase, κ-carrageenase, chitinase and pectinase (Figure 3.1). The 

color-fade zones for lipase, cellulase, chitinase, xylanase, κ-carrageenase, and pectinase 

appeared in 12 h upon incubation; however, such a zone for amylase occurred in only 30 

min of incubation. The similar result was reported by (Taoka et al., 2009) except that 

these authors found some other enzymes such as urease, phosphatase and α-glucosidase, 

but not cellulase because they used insoluble cellulose instead of CMC for cellulase 
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analysis. T. striatum might be responsible for the degradation of various macromolecules 

(e.g., chitin, xylan and pectin) in the marine environment. Given the results from 

literature and this research, we can see T. striatum can produce a complex enzyme system 

including more than ten different enzymes, which reflects its important roles in the 

oceanic ecosystem and potential value-added applications such as biorefinery for biofuels 

and bioproducts (due to polysaccharide hydrolytic enzymes) and biocementation 

(because of urease production).  

 

3.2.2 Effect of carbon and nitrogen concentrations and salinity on extracellular enzyme 

production by T. striatum 

 

As shown in Figure 3.2, glucose and nitrogen concentrations and salinity had significant 

impact on both cell growth and extracellular enzyme production. In general, the cultures 

showed characteristic sigmoidal growth curves, with a lag phase of about 1 day, and 

reached the stationary phase after 4-5 days, followed by the death phase after 5-6 days. The 

overall activities of different enzymes followed the similar trend to the cell growth. The 

maximum activities of different enzymes and even the same enzyme occurred at different 

time. They were also different under different conditions. The decrease of enzyme 

activities after a certain period of cultivation may result from the metabolite repression 

and/or cell decay. 

The glucose effect was shown in Figures 3.2a-c. The temporal enzyme activities had 

similar trend to the cell growth in general, which could indicate that the production of 

enzymes is growth-related. Among the tested glucose levels, the highest DCM (3.4 g/L) 

was found at day 5 with 15 g/L of glucose (Figure 3.2b), while the maximum enzyme 



45 
 

activities were achieved at the highest glucose concentration of 30 g/L (Figure 3.2c). It 

was also found that amylase was the strongest enzyme among all enzymes with the activity 

of 540, 230 and 120 U/L when the glucose concentration decreased from 30 to 15 and 5 

g/L, respectively. Overall, the activities of other enzymes were close to each other (except 

for lipase at 30 g/L and lipase/chitinase at 15 g/L of glucose), and all were lower than 200, 

100, and 40 U/L at glucose concentrations of 30, 15, and 5 g/L, respectively. Increasing 

glucose concentration seemed to be an effective way to increase enzyme production. 

Therefore, the substrate carbon catabolite repression was not found in this study when 

glucose was used as a single carbon source, i.e., glucose can be a good inducer for enzyme 

production by T. striatum. Figures 3.2c, d, e showed the DCM and enzyme activity 

variations vs. time under different nitrogen concentrations where their progressive trends 

were similar to each other. The nitrogen concentration did not have significant effect on 

the maximum DCM (about 2.8 g/L at all nitrogen concentrations) in the tested range. 

Similar to the study of glucose effect, amylase was the strongest among seven enzymes at 

all nitrogen concentrations. The highest amylase activity (750 U/L) occurred at day 4 with 

the nitrogen concentration of 6 g/L (Figure 3.2e). In general, other enzymes also achieved 

their maximum activities at 6 g/L of nitrogen (but the peaking time varied) except that 

lipase showed negligible activity at all nitrogen concentrations. Thus, enzyme activities did 

not change monotonically with nitrogen concentration. The carbon/nitrogen ratio (C/N) is 

a critical factor affecting the cell growth and product yield during fermentation (Chen et 

al., 2009b). Given the effects of glucose and nitrogen concentrations (Figures 2a-e), it can 

be found that the C/N ratio by weight [glucose/YEP] had significant effect on the cell 
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growth and enzyme activities. The C/N=1.25 attained the maximum DCM (Figure 3.2b), 

while the C/N=5 (Figure 3.2e) generated the optimum enzyme activities during 

fermentation. Therefore, it would be convenient to adjust glucose and/or nitrogen 

concentration based on the C/N ratio to achieve desired goals, e.g., cell growth and/or 

product concentration without running additional experiments to find both optimum 

glucose and nitrogen concentration.  

The salinity had significant effect on the maximum DCM which increased from 2.4 to 2.8 

g/L with the increase of salinity from 50 to 100% ASW while it altered the cell growth 

pattern (Figures 3.2c, f-h). High salinity reduced the growth rate, i.e., the log phase 

extended from 4 to 6 days with the increase of salinity from 25 to 150% ASW. The enzyme 

activities followed the similar trend to the cell growth. The amylase was demonstrated to 

be the most active among all enzymes within the tested range of salinity, and the highest 

amylase activity (580 U/L) was achieved at 150% ASW. The maximum xylanase activity 

increased from 260 to 280 U/L with the increase of the salinity from 25 to 50% ASW, and 

decreased to 200 U/L and 105 U/L at 100 and 150% ASW, respectively. Salinity had little 

effect on lipase activity which was always negligible at all salinity levels. In addition, the 

increased salinity resulted in the increase of the optimum activities of other enzymes such 

as cellulase, κ-carrageenase, chitinase, and pectinase. In sum, using high salinity is an 

effective method to produce high DCM and enzyme activities except for xylanase.  

 

3.2.3 Relationship between enzyme production and EPS 
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The biofilm mode of existence is an essential stage in the life cycle of Thraustochytrid 

fungoid protists such as T. striatum and Thraustochytrium kinnei (Jain et al., 2005). The 

reproduction mode of these protists is by means of motile zoospores that settle on suitable 

substrata that offers organic nutrients. Vegetative cells develop from encysted zoospores 

and flourish on the nutrient surfaces by producing extracellular hydrolytic enzymes in the 

biofilm matrix formed by their EPS. It is well known that high levels of nutrients, 

particularly carbohydrates, induce the production of elevated quantities of EPS by 

microorganisms (Sutherland, 1985). The EPS are the major structural and functional 

components of the biofilms. The formation of biofilms is a highly complex process in 

which motility of the cells, nutrition, EPS/enzymes interactions, and quorum sensing play 

important roles to obtain the architecture of mature biofilms (Flemming and Wingender, 

2010; Wingender and Jaeger, 2002; Xiao and Zheng, 2016). The biofilm matrix acts as an 

external digestion system, keeping extracellular enzymes close to the host cells, capable of 

metabolizing dissolved, colloidal and solid biopolymers (Flemming and Wingender, 2010). 

As shown in Figures 3.1 and 3.2 and Taoka et al. (2009), the extracellular enzymes of T. 

striatum showed diverse classes of hydrolytic activities, such as amylase, cellulase, 

glucosidases, phosphatases, proteases, xylanase, and lipases which are expected to be 

involved in extracellular degradation of polymers into assimilable mono- or oligomers for 

nutrient acquisition by host cells. 

As shown in Figure 3.3, the EPS and its carbohydrate were observed at all stages of growth, 

and the overall concentrations increased with the age of the culture under the same 

conditions, reaching the highest values in the stationary phase. The variation trend of both 
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EPS and carbohydrate concentrations vs. glucose, YEP and salinity levels were coincident 

with the variation of DCM and enzymes activities, i.e., positive correlation with growth 

conditions in the testing ranges (Figures 3.2 and 3.3). In the study of EPS produced by 

other Thraustochytrium and Schizochytrium species, Jain et al. (Jain et al., 2005) reported 

similar findings. The carbohydrate was a major component of the EPS from T. striatum. 

We also found protein was another major component of the EPS (Chapter 4). However, we 

did not identify the extracellular proteins of the EPS in this paper, but at least some of them 

was expected to be extracellular enzymes (Figure 3.2), which in general are ubiquitous in 

biofilms. Decho and Gutierrez (2017) also observed significant hydrolytic enzyme activity 

in the EPS of many marine microorganisms. Some indications were reported that 

extracellular enzymes can accumulate in the biofilm matrix due to their interaction with 

exopolysaccharides (Wingender and Jaeger, 2002). For example, extracellular enzymes 

can bind to exopolysaccharides in the biofilm matrix, resulting in an increase in enzyme 

stability and the accumulation of enzymes in the EPS matrix (Wingender, 1990). Xiao and 

Zheng (2016) reported that secretions of EPS can sequester and concentrate nutrients and 

help to localize and maintain activity of extracellular enzymes. In addition, a potential role 

of these enzymes in biofilm formation and architecture, and their influence on the 

biosynthesis and composition of the EPS may change the physicochemical properties of 

the EPS. The carbohydrates of the EPS may serve as a carbon and energy sources for cells 

during conditions of oligotrophy when extracellular enzymes can degrade EPS to digestible 

nutrients to support cell growth. It was observed that cells could grow exclusively on EPSs 

provided as nutrients. Tielen et al. (2010) showed rhamnolipids in the EPS as extracellular 
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lipid compounds which contain ester bonds potential served as substrates for esterase. 

Therefore, we quantified the EPS, total carbohydrate of the EPS and compositional sugar 

content of the carbohydrate (Figures 3.3 and 3.4) and tried to find out the correlation 

between the EPS and extracellular enzymes. 

The investigation of monosaccharide components of EPS showed that arabinose, glucose 

and/or galactose were always the major mono-sugars with a trace amount of xylose under 

different conditions (Figure 3.4). The glucose, YEP and salinity levels as well as the 

cultivation time did not seem to have direct relation with mono-sugar content of 

carbohydrate of the EPS. The major structural linkages of the carbohydrates in EPS were 

found to be 1→6-β-glucan and 1→4-α-galactan branched with L-α-arabinose according to 

our HSQC NMR analysis (Chapter 4). These results appeared to correlate with enzyme 

activities of EPS, i.e., the majority of enzyme activities was amylase (for hydrolyzing 

glucan to glucose) with less κ-carrageenase and minor xylanase activities that were 

responsible for producing galactose and xylose, respectively. Similarly, Devasia and 

Muraleedharan (2012a) reported that polysaccharase can be stimulated by specific 

monosaccharides . Higher enzymatic activities have been found in marine “snow particles” 

(i.e., EPS of microorganisms) than that in the surrounding sea water (Grossart et al., 2003; 

Jatt et al., 2015; Ploug et al., 1999; Smith et al., 1992), which suggested that marine snow 

be hotspots for remineralization of organic and inorganic materials (Azam and Long, 2001; 

Thornton et al., 2010). Tielen et al. (2013) reported that extracellular lipase was protected 

against heat denaturation and its activity was enhanced via complexation with the EPS 

alginate by physically bound to EPS at non-active sites on the enzyme. Therefore, the 
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generation of extracellular enzymes might induce the production of EPS to form more 

biofilms for housing more enzymes. Overall, these results clearly indicated that 

extracellular enzymes can affect the production and composition of EPS from T. striatum. 

However, the detailed mechanisms of the interactions between extracellular enzymes and 

EPS still remains unclear and need to be further studied, such as how are enzyme activities 

maintained outside the cells, do the functional equivalents of extracellular chaperones help 

stabilize activities (i.e., prevent denaturation) of enzymes, and how extracellular enzymes 

modify the EPS? 

3.2.4 Polysaccharide induction of extracellular enzyme production 

 

Six different polysaccharides including starch, CMC, xylan, κ-carrageenan, pectin, and 

chitin were used separately as a single carbon source for the production of seven enzymes. 

The cell growth and production of hydrolytic enzymes strongly depended on the nature of 

carbon source and peaked at different time, but their temporal variation followed the 

similar trend (Figure 3.5). Starch was the best carbon source to support cell growth and 

reach the maximum DCM of 4 g DCM/L at day 5 followed by CMC, xylan, pectin, κ-

carrageenan, and chitin in that order (Figure 3.5). Enzyme activities varied significantly 

among different polysaccharides, and they were not necessary to achieve the maximum 

levels with the corresponding polysaccharides as the carbon source. For instance, only 

amylase attained its highest activity of 200 U/L when starch was the carbon source (Figure 

3.5a); however, pectinase/xylanase and carrageenase reached their optimum activities 

(85/75 and 90 U/L) when ĸ-carrageenan and xylan were the carbon sources, respectively 

(Figures 3.5c, f). Interestingly, the highest lipase activity of 65 U/L was detected in κ-
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carrageenan medium (Figure 3.5f), while negligible lipase was detected in the medium 

with other carbon sources even with lipid (e.g., olive oil) as a carbon source (data not 

shown). It was also found that amylase, pectinase and carrageenase were the major 

enzymes with all polysaccharide carbon sources except for κ-carrageenan where all 

enzyme activities were close or exceeded 50 U/L (Figures 3.5a-f) with amylase still being 

the predominant enzyme (i.e., maximum amylase activity=210 U/L). The mechanisms 

behind these findings were unclear. One possible explanation could be that mono- and/or 

oligosaccharides generated by the enzyme specific for one polysaccharide substrate could 

be an inducer or repressor for genes encoding other substrate specific enzymes. For 

example, amylase in CMC and pectin media seemed to be repressed whereas all enzymes 

might be induced in ĸ-carrageenan medium. Devasia and Muraleedharan (2012a) used 

CMC and xylan as carbon sources to stimulate the production of respective polysaccarase 

and found the presence of glucose was conducive for both enzyme syntheses (Devasia and 

Muraleedharan, 2012a). However, Kobakhidze et al. (2016) reported that the addition of 

glucose or glycerol to the Avicel-induced cultures led to a catabolite repression of CMCase 

and xylanase formation by Pseudotrametes gibbosa and Pseudotrametes lecometei. Thus, 

the effect (induction or catabolite repression) of a certain compound (e.g., glucose) on 

enzyme production might be determined by the microorganism. Among the tested 

polysaccharides, none of them except for starch was appropriate substrates for the synthesis 

of substrate specific enzymes. According to Figures 3.2 and 3.5, the enzymes of T. striatum 

appeared to be constitutively expressed while could be induced by appropriate substrates 

(e.g., glucose) which may not be enzyme specific substrates.   
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In addition to the study of polysaccharide induction, we also researched the enzyme 

production under carbon-starved condition. All seven enzymes of interest were detected in 

the medium (Figure 3.6). This finding suggested again that enzymes of T. striatum be 

constitutively-expressed during growth. The response of T. striatum to carbon starvation 

changed over time. It was surprisingly found that all enzyme activities even lipase were 

higher than that in polysaccharide-based media except for starch and ĸ-carrageenan 

(Figure 3.6 vs. Figure 3.5). Carbon starvation appeared to allow high level expression of 

a set of polysaccharase and lipase, which might scout for available substrates in the direct 

environment of the carbon starved T. striatum and act on them to release small molecules 

which supported cell growth, but could induce or repress the enzyme formation depending 

on the substrate and enzyme. However, the carbon starvation-induced enzymes might be 

involved in autolytic degradation of the T. striatum cell wall under carbon deficiency 

condition (van Munster et al., 2014) because they exhibited increased level until day 6 or 

7 (e.g., xylanase, pectinase and chitinase) even though the cell biomass started decreasing 

after day 4. The carbon starvation was probably an important factor in the early response 

to polysaccharide substrates. Understanding the responses of T. striatum to polysaccharide 

substrates can help us develop new strategies to improve enzyme mixtures for their 

applications in biofuel and food industries as well as organic waste treatment, by doing 

further research on genomic, transcriptomic and proteomic analyses of T. striatum. 

 

3.3 Conclusions 

 

T. striatum can produce a complex enzyme system which comprises multiple 

polysaccharases, such as amylase, CMCase, xylanase, chitinase, pectinase, and κ-
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carrageenase which may render it capability of degrading various organic matters in 

marine ecosystems. The medium conditions such as glucose/nitrogen concentrations and 

salinity had significant effect on the kinetics of enzyme production and activities. 

Amylase was the predominant enzyme under almost all conditions. In the tested ranges, 

the increases of glucose concentration and salinity were found to be an effective way to 

enhance enzyme production while the optimum enzyme activities occurred at the medium 

level of nitrogen. By combing the effect of carbon and nitrogen, C/N ratio could be a 

convenient parameter to be manipulated to achieve optimum enzyme production. For 

instance, low (i.e., C/N=1.25) and high (i.e., C/N=5) C/N ratios were found to generate 

the highest cell growth and enzyme production, respectively. As such, high C/N ratio 

appeared to be conducive for enzyme production. In addition, the interaction between 

extracellular enzymes and EPS of T. striatum is worth being further studied to enhance 

the production of enzymes and/or EPS. Polysaccharide substrates were ineffective to 

induce the production of respective enzymes even less effective than the carbon-starved 

condition, which indicates that T. striatum’s extracellular enzymes are constitutive. By 

comparing glucose with polysaccharides as a substrate for enzyme production, the mono-

sugars (e.g., glucose) seem to be much more effective to stimulate T. striatum to secrete 

more extracellular enzymes. The results of this research demonstrate that T. striatum 

could be a promising enzyme producer in addition to bacteria and fungi to produce 

enzymes for broad industrial applications, such as biofuel, food, feed, textile, 

biocementation, and so on by using inexpensive feedstocks, such as food waste and 

lignocellulosic biomass.  
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Chapter 4 Investigation of Composition, Structure and Bioactivity of Extracellular 

Polymeric Substances from Marine Protist Thraustochytrium striatum 

4.0 Introduction 

Extracellular polymeric substances (EPS) are a group of polymers including 

polysaccharides, protein, uronic acid, sulfate compound and fatty acids which are of 

potential anti-bacteria, anti-virus, anti-flammable and anti-cancer properties. Generally, 

the EPSs have been observed in bacteria (including cyanobacteria), Cryptophyta, 

mushroom, yeast, basidiomycete, and protist (Jain et al., 2005; Mishra and Jha, 2009a). 

Thraustochytrids are one group of marine microorganisms that are an extremely common 

component of microbial consortia in the sea, and their biomass production capability is 

comparable to that of bacteria (Jain et al., 2005). They are a diverse group of 

heterotrophic, obligate marine protists, and they have been found in microbial films on 

submerged surfaces in the sea (Raghukumar, 2002; Raghukumar et al., 2000). Due to 

their abundance in the marine environment, it is of intrinsic interest to investigate the 

applications of Thraustochytrids from the perspective of their biotechnological 

importance in addition to their ecological role. Thraustochytrids have been the subject of 

recent studies in that they can use biomass-derived sugars to produce nutraceuticals (e.g., 

docosahexaenoic acid-DHA, eicosapentaenoic acid-EPA, and astaxanthin) and lipids 

[e.g., palmitoleic acid (C16:1) and oleic acid (C18:1)] for biodiesel production (Aki et al., 

2003; Burja et al., 2007; Byreddy, 2016; Byreddy et al., 2015; Carmona et al., 2003; 

Singh et al., 2015). 
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This research for this section was focused on a thraustochytrid strain of T. striatum of 

which EPSs have never been studied. The objectives of this work are to: 1) examine the 

production and composition of the EPSs from T. striatum; (2) characterize the chemical 

structure of the EPSs; and (3) study the bioactivities of the EPSs including anti-tumor, 

antioxidant, anti-inflammatory, and antibacterial activities. The present research also 

involved the effect of culture growth condition (i.e., MgSO4 concentration) on the 

production, characterization and bioactivity of EPSs, and the dose-dependency of EPS 

bioactivity was determined as well.  

4.1 Materials and Methods  

4.1.1 Protist culture preparation 

The EPSs in this research were produced by T. striatum ATCC 24473 that was purchased 

from ATCC. The culture was prepared by following the guidelines provided by ATCC. 

Briefly, T. striatum culture was grown in a glucose-yeast extract-peptone (GYP) medium 

prepared in 100% artificial seawater (ASW) at 25 °C and pH 7.0 in the dark with the 

agitation speed of 150 rpm. The GYP medium contained 30 g/L of glucose, 6 g/L of yeast 

extract and 6 g/L of peptone. The ASW was prepared by dissolving the following salts in 

deionized distilled water (per liter): 30 g of NaCl, 0.7 g of KCl, 10.8 g of MgCl2•6H2O, 

5.4 g of MgSO4•7H2O, and 1.0 g of CaCl2•2H2O (Nagano et al., 2009b). Since the 

increased sulfur content of EPSs was reported to correlate with enhanced bioactivity (de 

Jesus Raposo et al., 2015a), we tried to increase the sulfur content of the EPSs for 

achieving higher bioactivity by increasing MgSO4•7H2O concentration to10.8 g/L and 

16.2 g/L in the GYP medium. In this research, two strains of T. striatum were used to 
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produce EPSs. The one was the original strain from ATCC, and the other was a high-

biomass strain induced by nitrogen stress, which was done in our lab. The high-biomass 

strain has much higher biomass yield, substrate utilization efficiency and EPS yield than 

the original strain. To produce EPSs, both strains were cultivated under the same 

aforementioned cultivation conditions for comparison. In this paper, we use “ori” and 

“mut” to represent the original and high-biomass strains, respectively unless specified, 

otherwise.  

4.1.2 Preparation of EPSs  

When T. striatum culture reached the late stationary phase in 7 days (turning point to 

death phase), the culture was harvested and centrifuged at 4,000 rpm for 5 min. The pellet 

was discarded, and the supernatant was first filtered through a 0.45-µm filter paper. The 

filtrate was then concentrated about ten times in an Amicon® stirred cell by ultrafiltration 

through a PES membrane (Sterlitech, Kent) with a molecular cutoff of 10 kDa and 

dialyzed against deionized distilled (DDI) water. The purified concentrated EPSs were 

lyophilized and stored at -20 °C until used (Jain et al., 2005). 

4.1.3 Characterization of EPSs  

Total carbohydrate was determined by using phenol-sulfuric acid method with glucose as 

a standard (Masuko et al., 2005). The protein content of EPSs was determined by using 

Pierce™ Modified Lowry Protein Assay Kit (ThermoFisher Scientific). The sulfate 

content of EPSs was quantified by modifying the method developed by Dodgson 

(Dodgson, 1961). Initially, 20 mg of EPS sample was hydrolyzed by 3 mL of 60% formic 

acid (v/v) for 8 hrs under 100 °C, and the hydrolysate was collected for sulfate content 
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measurement by using colorimetric method. The color development resulted from the 

reaction between sulfate and the gelatin-BaCl2 reagent. To prepare the reagent, 2 g of 

gelatin was dissolved in 400 mL of DDI water under 60 °C and stood at 4 °C overnight 

followed by dissolving 2 g of BaCl2 into the gelatin solution and holding for 3 hrs prior to 

use. During the sulfate analysis, 500 µL of sulfate samples were mixed with 3.8 mL of 

trichloroacetic acid (TCA) (4%, w/v) and 1 mL of gelatin-BaCl2 reagent for 15 minutes 

for color development. The absorbance was measured at λ=500 nm. Potassium sulfate 

was used as a standard with the concentration in the range of 0-100 µg SO4
2-/mL.  

To analyze the compositional monosaccharides, lyophilized EPSs of 5-10 mg were 

hydrolyzed with 2 M H2SO4 for 5 h at 121 °C (Mishra and Jha, 2009a). After complete 

hydrolysis, content was neutralized by using CaCO3 to pH 7.0 and filtered into HPLC 

vials through 0.2-µm syringe filters.  Monosaccharide composition of the hydrolysate 

was measured by HPLC (Sluiter et al., 2008) (Dionex UltiMate 3000, Thermo Scientific) 

equipped with a refractive index (RI) detector (Shodex RI-101, Showa Denko America) 

and a Shodex carbohydrate analytical column (Sugar SP0810, Showa Denko America). 

The separation temperature was 85 °C, and HPLC grade water was used as mobile phase 

at a flow rate of 0.6 mL/min. A deashing guard column (Shodex Sugar SP-G 6B, Showa 

Denko America) was installed prior to the analytical column to prevent column 

contamination. 

Uronic acid of the EPSs was measured according to the method used by Mojica et al. 

(2007).  
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The lipid was measured as the sum of fatty acid methyl esters (FAMEs) which was 

determined using the direct transesterification method (Burja et al., 2006). The GC 

(Shimadzu GC-2010) had a flame ionization detector (FID) and a FAME analytical 

column (Rt-2560, Restek). The carrier gas was helium. The temperature for both injector 

and detector was 240 °C. The programmed temperature for the column oven started from 

100 °C held for 5min and increased to 240 °C with the ramp rate of 4 °C/min. Supelco® 

37 component FAME mix was used as the FAME standard (Sigam-Aldrich, U.S.A) with 

methyl tridecanoate (200 µg/mL) as an internal standard for recovery correction. 

The molecular weights of the EPSs were determined by gel permeation chromatography 

(GPC) (Alliance GPCV 2000, Waters). Two analytical columns were used in series, i.e., 

a Waters Styragel® HT5 column followed by an Agilent PolarGel-L column. The mobile 

phase was 0.05 M lithium bromide in N, N-dimethylformamide at a flow rate of 1 

mL/min. Poly-(ethylene glycol) (PEG) was used as a calibration standard for 

determination of the number average (Mn) and the weight average (Mw) molecular 

weights. The polydispersity index (PDI) was equal to the ratio of Mw/Mn. Prior to GPC 

analysis, EPS samples were dissolved in the mobile phase at a concentration of 1 mg/mL 

and filtered through 0.2-μm nylon-membrane filter. The signals were detected by 

refractive index using a Waters differential refractometer. 

Fourier transform infrared (FTIR) spectroscopy was performed using an instrument 

(Thermo Nicolet 6700 spectrometer, Thermo Scientific) equipped with a single bound 

diamond attenuated total reflectance (ATR) cell (Smart iTR, Thermo Scientific) at room 

temperature. Around 2 mg of freeze-dried EPS powder (obtained at 5.4 g/L of 
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MgSO4•7H2O) was deposited on the diamond platform and dried further by air prior to 

measurement. Background and sample spectra were acquired at 4 cm−1 resolution with 64 

scans from 600 to 4000 cm−1.  

NMR spectra were recorded at 30 °C on a Bruker Avance III HD 500 spectrometer, and 

spectral processing was carried out using a Bruker Topspin 3.5 (Mac) software. The EPS 

samples (50 mg obtained at 5.4 g/L of MgSO4•7H2O) were dissolved in D2O (99.9%) for 

deuterium exchange before freeze-drying. The lyophilized sample was then dissolved in 

0.5 mL D2O (99.9%) for data acquisition in 5 mm NMR tube. The 1H and 13C NMR 

spectra were recorded at 500 MHz and 125.75 MHz cryoprobe (BBO 1H&19F-5mm), 

respectively. The 2D heteronuclear single quantum coherence (HSQC) NMR experiments 

were conducted with a standard Bruker pulse sequence (hsqcetgpspsi2.2) using the 

following acquisition parameters: spectra width 12 ppm in F2 (1H) dimension with 1024 

data points (acquisition time 85.2 ms), 166 ppm in F1 (13C) dimension with 256 

increments (acquisition time 6.1 ms), a 1.0-s delay, a 1JC-H of 145 Hz, and 128 scans. 

Acetone (δH =2.23 ppm and δC =30.89 ppm) were used as internal calibration standards 

for 1H, 13C and HSQC NMR chemical shifts. The peaks were assigned according to the 

literature (Gharzouli et al., 2013; Lowman et al., 2011; Nie et al., 2013). 

4.1.4 EPS bioactivity assay 

4.1.4.1 Anti-tumor activity analysis  

Cancer cell preparation: Mouse melanoma B16-F0 cells, human prostate carcinoma 

DU145 cells, and human cervical carcinoma Hela cells were cultivated in DMEM 

(Dulbecco’s Modified Eagle Medium) high glucose cell culture medium containing 10% 
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fetal bovine serum and 100 µg/mL gentamicin. Human lung epithelial NL20 cells were 

cultivated in Ham’s F12 medium which contained 1.5 g/L of sodium bicarbonate, 2.7 g/L 

of glucose, 2.0 mM of L-glutamine, 0.1 mM of nonessential amino acids, 0.005 mg/mL 

of insulin, 10 ng/mL of epidermal growth factor, 0.001 mg/mL of transferrin, 500 ng/mL 

of hydrocortisone, and 10% fetal bovine serum. Human lung carcinoma A549 cells were 

cultivated in F-12K medium containing 10% fetal bovine serum and 100 µg/mL of 

gentamicin. All cancer cells were incubated at 37 °C with the aeration of 5% CO2 unless 

specified, otherwise.  

Cell cytotoxicity assay: Cells in triplicates were cultivated in 96-well plates for 24 hrs to 

achieve a density of 10,000 cells per well. Once ready, cells were incubated with varying 

concentrations of EPS samples (0.1 to 100 µg/mL) in cell culture medium for another 48 

hrs. The blank controls without EPS addition were also conducted for comparison. Cell 

death was then measured using CellTiter 96 AQueous non-radioactive cell proliferation 

assay (Promega, Madison, WI) by following manufacturer’s directions. The absorbance 

spectra (λ=490 nm) were collected using a microplate reader (BioTek Eon, BioTek, 

Winooski, VT) equipped with Gen5 All-in-One data analysis software.  

4.1.4.2 Total antioxidant capacity 

The total antioxidant capacity (TAC) of EPS samples with varying concentrations (10, 30 

and 100 μg/mL) was determined with the QuantiChromTM Antioxidant Assay Kit 

(BioAssay Systems, CA, USA) by following manufacturer’s instructions. TAC of each 

EPS sample was calculated and expressed as μM trolox equivalents against a trolox 

standard curve.  
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4.1.4.3 Anti-inflammatory activity  

Mouse macrophage Raw 264.7 cells were cultivated in DMEM high glucose cell culture 

medium containing 10% fetal bovine serum and 100 µg/mL of gentamicin. Raw 264.7 

cells were cultivated in 96-well plates for 24 hrs, and lipopolysaccharide (LPS) was 

added to the cell cultures at a concentration of 0.5 μg/mL to induce inflammation. After 

24-hr incubation, EPS samples with varying concentrations (10, 30 and 100 μg/mL) were 

added to cell cultures followed by overnight incubation. Here, two controls were also 

conducted in parallel including a blank control (cell cultures without LPS or EPSs) and a 

LPS control (cell cultures with LPS but without EPSs). The mixtures were centrifuged 

and the supernatant from each treatment was collected for anti-inflammation activity 

measurement using Griess Reagent Kit for Nitrite Determination (Molecular Probes) with 

a microplate reader (λ=548 nm) (BioTek Eon, BioTek, Winooski, VT) by following the 

manufacturer’s directions. To distinguish the potential decrease of nitric oxide (NO) 

production caused by EPS-induced macrophage cell death, the cell proliferation assay 

was also performed according to the method in Section 4.1.4.1.  

4.1.4.4 Antibacterial activity  

Bacterial strains 

The bacterial strains used in this study were Enterococcus faecalis ATCC 47077, Listeria 

monocytogenes 10403S serotype 1/2a, Staphylococcus aureus ATCC 25923, Escherichia 

coli O157:H7 ATCC700927, Pseudomonas aeruginosa ATCC 27853, Salmonella 

enterica ATCC 29631, and Vibrio cholerae C6706 (O1 El Tor).  E. faecalis, L. 

monocytogenes, S. aureus, and S. enterica were cultured in Brain-heart infusion medium 
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(BHI). E. coli O157:H7, P. aeruginosa and V. cholerae C6706 were cultured in 

Lysogeny Broth (LB). The EPS samples used in this section for antibacterial analysis 

were obtained from the cultures of both original and high-biomass strains cultivated with 

5.4 g/L of MgSO4•7H2O in the GYP medium. 

Zone of inhibition (ZOI) assay: The tested bacteria were grown in either LB or BHI 

medium overnight at 37 °C. The overnight cultures were 1:100 diluted into fresh medium 

and incubated until reaching mid-log stage. A 100-L of the cell culture was mixed with 

3 mL of 0.7% soft LB or BHI agar and poured onto the bottom agar in a petri dish. When 

the top agar was solidified, a piece of filter disc ( = 6 mm) was placed on the top of the 

agar, and 10 L of EPSs (1, 10, 20, and 50 mg/mL) was dropped onto the filter disc. The 

petri dishes were incubated overnight at 37 °C and were observed the next day. A clear 

zone around the filter disc indicated the growth inhibition of the tested bacteria.  

Minimal inhibitory concentration (MIC) assay: Since only P. aeruginosa was found 

sensitive to the EPS samples in the ZOI test, it was selected for MIC assay. Overnight P. 

aeruginosa culture was 1:100 diluted into fresh LB medium with increasing 

concentrations of EPSs (0, 78, 156, 312.5, 625, 1250, 2500, 5000, and 10,000 g/mL). 

The growth of each culture was observed after overnight incubation at 37 °C with 

shaking at 100 rpm. The bacterial growth was detected by optical density (OD) at λ=600 

nm. 
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4.1.5 Data analysis 

All measurements were implemented in triplicate unless specified, otherwise. Statistical 

differences were determined using one way ANOVA with Tukey’s post-test using 

Graphpad Prism software (GraphPad Software Inc., CA). Statistical differences were 

represented as ***p<0.001, **p<0.01 and *p<0.05. 

4.2 Results and Discussion  

4.2.1. Compositional characteristics of EPSs 

The protist cultures showed characteristic sigmoidal growth curves while EPS production 

was observed at all stages of growth and the concentration increased with age (Data not 

shown), reaching the maximum values at the 7th day of cultivation during the stationary 

phase. We speculate that the high level of EPS accumulation in the later developmental 

stages provides an important substrate for the heterotrophic protist. For both ori and mut 

strains, the increasing MgSO4 concentration in the medium was highly effective method 

to enhance the EPS production, i.e., the EPS concentration was increased by 45% and 

15% for ori and mut strains, respectively with the increase of MgSO4•7H2O concentration 

from 5.4 to 16.2 g/L (Table 4.1). Compared to the ori strain, the mut strain achieved 

much higher EPS concentration. Especially, the lowest EPS concentration (1825.5 mg/L) 

for the mut strain with 5.4 g/L of MgSO4•7H2O was still higher than the highest EPS 

concentration (1004.5 mg/L) for the ori strain with 16.2 g/L MgSO4•7H2O, which 

indicates that nitrogen stress can stimulate the EPS production. Therefore, both nitrogen 

stress and increasing MgSO4 concentration could be used to optimize EPS production in 

future research. Compared to other Thraustochytrid protists (Schizochytrium sp. and 
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Thraustochytrium sp.) reported by Jain et al. (2005), the EPS yield of the ori strain in our 

study is similar to that of different species of Thraustochytrium genus, but  lower than 

that of the strains of Schizochytrium genus. However, the mut strain produced much 

higher EPSs than the strains of both Thraustochytrium and Schizochytrium genera. 

Although the EPS yield in this study is far lower than that of some bacteria (e.g., 33 g/L 

in Xanthomonas speccies and 22 g/L in cyanothece sp. 113) (Chi et al., 2007b; 

Sutherland, 1998), it should be aware that we have not attempted to optimize EPS 

production. It is likely that T. striatum in our study would produce larger amount of EPSs 

under optimal conditions.  

In the characterization of EPSs, we analyzed total carbohydrate, protein, uronic acid, and 

sulfate, and lipid that are commonly present in EPSs from other organisms (e.g., bacteria 

and microalgae) (Xiao and Zheng, 2016). As shown in Table 4.1, carbohydrate and 

protein contents took up about 80-90% of the EPSs from both ori and mut strains. 

Overall, increasing MgSO4 concentration reduced carbohydrate content, but raised other 

components. Compared with the ori strain, the mut strain had much lower protein content 

in its EPSs while its carbohydrate content was much higher, which implies that nitrogen 

stress can induce carbohydrate synthesis while suppressing protein formation in the EPSs 

of T. striatum. This mechanism may be used by T. striatum to balance the C/N ratio of 

the EPSs in response to the nitrogen stress because EPSs can serve as carbon and energy 

sources for cell growth under stress, which needs to be further studied, e.g., gene 

sequencing to distinguish if nitrogen stress causes mutagenesis or gene expression change 

of T. striatum.  
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It was revealed that sulfate and uronic acid conferred an overall negative charge and 

acidic property to the EPSs (Geresh et al., 1997; Geresh et al., 1990). Hydrated sulfated 

polysaccharides were known to be able to retain moisture and protect host cells from 

desiccation (Decho, 1990). Such EPSs produced by T. striatum could help prevent cells 

from dehydration. Sulfated polysaccharides from other microorganisms such as 

cyanobacteria (e.g., Aphanocapsa halophytia) and red alga (e.g., Porphyridium 

cruentum) are also of biotechnological importance (e.g., anti-inflammatory, 

antimicrobial, blood anticoagulants, and antivirus) (Fábregas et al., 1999; Guzman et al., 

2003; Raposo et al., 2013; Sogawa et al., 1998). The increase of sulfation level can lead 

to higher bioactivity (Damonte et al., 2004; Ghosh et al., 2008), therefore, the EPSs with 

different sulfate contents were obtained in this research by varying MgSO4 concentration 

in the GYP medium (de Jesus Raposo et al., 2014). It was found that the increase of 

MgSO4•7H2O concentration from 5.4 to 16.2 g/L in the medium increased the sulfate 

content of the ori EPSs, but caused only slight sulfate increase in the mut EPSs (Table 

4.1). 

The profile of constituent monosaccharides of T. striatum EPSs is simple. Only four 

sugars including two aldohexoses (i.e., glucose and galactose) and two pentoses (i.e., 

xylose and arabinose) were detected by HPLC analysis in the EPSs of both T. striatum 

strains (Table 4.1). The major monosaccharides were glucose and arabinose (up to about 

90% of total carbohydrates) followed by galactose and a small amount of xylose. 

Negligible mannose peaks were also found in HPLC spectra (Data not shown). The mut 

strain had much lower glucose, but much higher arabinose contents in its EPSs than the 
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ori strain, which may correlate with nitrogen stress, i.e., nitrogen stress may result in 

glucose conversion to arabinose in the EPSs. Overall, the sugar composition profile of the 

T. striatum EPSs is as simple as that of Schizochytrium genus and most microalgae (Jain 

et al., 2005; Xiao and Zheng, 2016) while it is different from that of the cyanobacteria 

EPSs which could consist of 6-12 monosaccharides (Pereira et al., 2009). In addition, the 

presence of ribose in the EPSs is unique among cyanobacteria, but cyanobacteria EPSs 

may lack arabinose and/or galactose (Parikh and Madamwar, 2006). 

The molecular weight of EPSs was reported to affect their bioactivities, e.g., low 

molecular weight can stimulate the proliferation of macrophages and the production of 

NO which is involved in human immune system response (i.e., the activity strength 

increased with the decrease of EPS molecular weight) (Sun et al., 2009; Sun et al., 2012). 

Therefore, we also measured the EPS molecular weight of T. striatum strains. As shown 

in Table 4.1, varying MgSO4 concentration in the medium didn’t lead to significant 

change of the molecular weight of the ori EPSs, however, the molecular weight of the 

mut EPSs increased by 2.6 and 2.5 folds with MgSO4•7H2O being increased from 5.4 to 

10.8 and 16.2 g/L, respectively. As a result, the effects of sulfate content and molecular 

weight on bioactivities of EPSs were analyzed in the Sections 4.2.2-4.2.5.  

4.2.2 Structural characteristics of EPSs 

The FTIR spectra of EPSs from both ori and mut strains had similar shape, but difference 

in absorbance intensity, indicating that there was little variation in the composition but 

significant variation in quantity of each individual component (Figure 4.1). The big peak 

at 3305 cm-1 was due to the bending and stretching of O-H bond in the hydroxyl 
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functional groups (Wang et al., 2009). The small peaks at 2945 cm-1 revealed a low level 

of lipids in ori and mut EPSs (Jiao et al., 2010) while the ori strain had a slightly bigger 

lipid peak for its EPSs than the mut strain. Strong amide group peaks (I & II) appeared at 

1653 and 1550 cm-1, respectively (Wang et al., 2009; Zhu et al., 2012), indicating the 

protein as one of major components of EPSs. The two small peaks at 1465 and 1418 cm-1 

represented methyl group and carboxylic groups respectively, and the carboxylic groups 

may attribute to uronic acid (Tesson et al., 2008). It was also shown that the ori EPSs had 

higher peak intensities for protein and uronic acid than the mut EPSs. A large absorbance 

peak between 1038 and 900 cm-1 indicated the existence of carbohydrates in EPSs (Zhu 

et al., 2012). Two small shoulders at 1126 and 970 cm-1 were ascribed to sulfate groups 

(S=O and C-O-S bonds) in EPSs (Contreras et al., 2006). The FTIR spectrum of taurine, 

a sulfur-containing β-amino acid from red algae Porphyra yezoensis also showed these 

sulfur peaks (Wang et al., 2015). Such sulfate groups were believed to render the EPSs of 

microalga Graesiella sp. antioxidant capacity (Trabelsi et al., 2016). The information 

shown by FTIR (Figure 4.1) and Table 4.1 is consistent with each other in terms of 

composition and relative content (ori vs. mut strain) of different components in the EPSs. 

For instance, the ori EPSs had higher protein but lower carbohydrate contents than the 

mut EPSs, which was reflected by the fact that the ori EPSs had higher protein but lower 

carbohydrate peak intensities than the mut EPSs.   

NMR analysis including 1H, 13C and 2D HSQC in this study allowed us to determine the 

configuration of carbohydrates and most of the linkages in the polysaccharides. The 13C 

NMR spectra of the EPSs showed that the ori EPSs had a very similar polysaccharide 
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structure to the mut EPSs (Figure 4.2). The spectra revealed that the EPS was comprised 

of a variety of components and functional groups including carbohydrates, carbonyl, 

carboxyl, peptide, N-containing groups, etc. The presence of polysaccharides repeating 

units containing Glc (glucose), Gal (galactose) and Ara (arabinose) was further assigned 

in the 2D HSQC spectra (Figure 4.3). By comparing the contour size of anomeric 

carbons, stronger signals of Glc units were observed in the ori EPSs whereas the signals 

of Ara units were much stronger in the mut EPSs than the ori EPSs. As shown in Figure 

4.2, the ori EPSs had a small amount of C1 (anomeric carbon) of xylose whereas the mut 

EPSs did not have it. These results are in agreement with our chemical composition 

analysis in Table 4.1. The major structural linkages of the carbohydrates in both EPSs 

were deduced to be 1→6-β-glucan and 1→4-α-galactan branched with L-α-arabinose 

according to the HSQC NMR chemical shifts assigned in published literature (Gharzouli 

et al., 2013; Lowman et al., 2011). Due to the complex compositions of EPS (i.e., several 

types of saccharide and protein residues), a few other cross peaks likely from 

carbohydrate derivatives, lipids, and protein related compounds have not been identified 

(black peaks in Figure 4.3). We speculate that protein and carbohydrate chemically 

connect to each other in the EPSs because ethanol or acetone did not separate 

carbohydrate or protein, respectively while LC-MS failed to separate carbohydrate from 

protein (Data not shown). To achieve a complete assignment of peaks and linkages, we 

would need to find other ways to further purify the EPSs prior to the NMR analysis in our 

future work. 
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4.2.3 Anti-tumor activity  

Uncontrolled proliferation is a key feature of malignant tumors. Anti-tumor proliferation 

capacity of EPS samples was determined against multiple cancer cell lines in vitro. 

Cytotoxicity assay of EPS samples from both ori and mut strains was first performed on 

B16 and DU-145 carcinoma cells. As shown in Figures 4.4a and 4.4b, the ori EPSs 

exhibited stronger anti-tumor proliferation ability than the mut EPSs with dose-dependent 

effect. In the treatment on B16 cells, 0.1 μg/mL ori EPSs did not inhibit cell proliferation 

while significant cell death was observed when the concentration of the ori EPSs 

increased to 1 μg/mL and higher where 1 and 10 μg/mL didn’t show significant 

difference, and 100 μg/mL achieved the strongest inhibition effect (Figure 4.4a). 

Compared to B16 cells, the ori EPSs showed stronger anti-cell proliferation activity on 

DU145 cells, i.e., the concentrations of 0.1 and 1 μg/mL achieved similar significant 

inhibition on DU145 cells while increasing concentrations to 10 or 100 μg/mL resulted in 

significantly further inhibition (Figure 4.4b). In contrast, the mut EPSs did not show 

significant inhibition effect on B16 or DU145 cells until their concentration reached 100 

μg/mL (Figures 4.4a and 4.4b). In the study of cytotoxicity on NL20 non-tumorigenesis 

epithelial cells, neither the ori nor mut EPSs was found to significantly inhibit NL20 cells 

until their concentrations reached 100 μg/mL (Figure 4.4c).  

In addition to B16 and DU145 cells, another batch of anti-tumor activity assay was 

conducted on A549 lung carcinoma and Hela cervical carcinoma cell lines by using both 

ori and mut EPSs that were obtained from T. striatum cultures grown in the medium with 

various MgSO4•7H2O concentrations (i.e., 5.4, 10.8 and 16.2 g/L). In the tested dose 
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range (0.1-100 µg/mL), all EPS samples except for the ori EPS sample with 5.4 g/L of 

MgSO4•7H2O (ori5.4_0.1- ori5.4_100) in the cultivation medium had significant effect 

on the inhibition of A549 cells at the EPS concentration of 100 µg/mL (Figure 4.5a). It 

was also found that the ori and mut EPSs with the same MgSO4•7H2O concentration had 

similar anti-tumor activity on A549 cells at the same dose level except for the EPSs with 

5.4 g/L of MgSO4•7H2O. As for Hela cells, the ori EPSs excluding the EPSs with 16.2 

g/L of MgSO4•7H2O (ori16.2_10-ori16.2_100) had significant inhibitions on cancer cells 

at 100 µg/mL (Figure 4.5b). However, the mut EPSs with three levels of MgSO4•7H2O 

(5.4, 10.8 and 16.2 g/L) inhibited Hela cells significantly at 100, 30 and 100 µg/mL, 

respectively (Figure 4.5b). Overall, the dose of EPSs was a critical factor affecting their 

anti-tumor activity on A549 and Hela cells, while MgSO4 concentration did not show 

significant effect on the anti-tumor activity of EPSs on both cancer cells. MTS assay was 

also conducted on NL20 non-tumorigenesis epithelial to demonstrate if EPS samples 

were able to target tumor cells selectively while sparing normal cells/tissues (Figure 

4.5c). The ori and mut EPSs had similar anti-tumor selectivity under the same conditions. 

For the EPSs with the same MgSO4 concentration, the increasing EPS dose reduced the 

selectivity. Among all the tested EPSs, only the ori and mut EPSs with 10.8 g/L of 

MgSO4•7H2O (ori10.8_100 and mut10.8_100) inhibited NL20 cells significantly at the 

dose of 100 µg/mL, i.e., their selectivity was the lowest. By analyzing Figure 4.5 against 

Table 4.1, the sulfate content and molecular weight of the EPSs did not appear to affect 

anti-tumor activities on B16 and DU145 cells.  
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4.2.4 Antioxidant activity 

As oxidative stress contributes to the development of many diseases including cancer, 

Alzheimer’s disease, Parkinson’s disease and neurodegeneration, the use of antioxidants 

in pharmacology has been intensively studied (Nishino et al., 2004). The trolox 

equivalent total antioxidant capacity (TAC) of varying EPS samples was measured to 

reflect the TAC of EPS samples (Figure 4.6). The higher trolox equivalent amount 

represented better antioxidant capacity. The results demonstrated that both ori and mut 

EPS samples yielded promising TAC at 100 μg/mL. To determine the TAC of EPSs at 

lower dose between 10 and 100 μg/mL, the same assay was repeated at the concentration 

of 30 μg/mL for the top three EPS samples (ori5.4, ori10.8 and mut5.4) which achieved 

the best TAC at 100 μg/mL. It was found the 30 μg/mL did not result in significant 

increase of TAC compared with 10 μg/mL (data not shown). The dose-dependent effect 

in the test indicated that the applied EPS dose was of more importance while the sulfate 

content and molecular weight of EPSs seemed insignificant in affecting the TAC values. 

4.2.5 Anti-inflammatory activity 

Inflammation plays an important role in the evolution of cancer (Coussens and Werb, 

2002) and many other diseases. Specifically, sustained production of NO endows 

macrophages with cytostatic or cytotoxic activity against viruses, bacteria, fungi, 

protozoa, and tumor cells (MacMicking et al., 1997). NO-based anti-inflammation test 

was performed on macrophage cells (Raw 264.7) to examine if EPSs exerted anti-

inflammation activity. In our experiment, LPS was utilized to induce inflammation on 

macrophages. The results indicated that all tested EPSs possessed the anti-inflammation 
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ability by significantly decreasing the NO production (Figure 4.7a). To rule out the 

possibility that decreased NO production was caused by the EPS-induced cell death, the 

cell proliferation assay was also performed. The results demonstrated that the EPS 

treatment did not affect macrophage cell proliferation (Figure 4.7b), which means it was 

the anti-inflammatory activity of EPS that reduced the NO production. It can be also seen 

that the ori and mut EPSs did not have significant difference on anti-inflammatory 

activity, and the dose-effect (except for the 10 μg/mL of the EPSs obtained at 5.4 g/L of 

MgSO4•7H2O) was insignificant in the testing range (Figure 4.7a). Only two levels of 

sulfate contents and molecular weight of EPSs were analyzed for the ori EPSs (obtained 

with 5.4 and 10.8 g/L of MgSO4•7H2O), and no significant difference was found between 

them.  

4.2.6 Antibacterial activity  

A list of Gram+ and Gram- bacterial pathogens were selected to test the antibacterial 

activity of the EPSs. The ZOI assays were used as an initial screening of EPS-sensitive 

bacteria. Of the bacteria tested, only P. aeruginosa was found sensitive to both the ori 

and mut EPSs, as indicated by a large clear zone around the EPS-impregnated filter disc 

(Figure 4.8). The dose of the EPSs had a significant effect on ZOI (i.e., the diameter was 

enlarged with the increase of the EPS concentration) (Table 4.2). In addition, the ori and 

mut EPSs showed similar ZOI results at the tested concentrations except for 1 mg/mL at 

which 22 mm ZOI of the mut EPSs was achieved in contrast to the 0 mm ZOI of the ori 

EPSs. We further tested the minimal inhibition concentration (MIC) of the EPSs on P. 

aeruginosa. However, no inhibition was observed even with the highest concentration of 
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EPS used (i.e., 10 mg/ml). Maybe the EPS is not stable when dissolved in LB broth. 

More research will be conducted to figure out the reasons for the difference between ZOI 

and MIC tests.  

4.3 Conclusions 

Through the comparison between the ori and mut strains, it was found that the stress of 

high nitrogen concentration could induce the EPS production of T. striatum while 

enhancing the polysaccharide and reducing protein contents in the EPSs.  Meanwhile, 

such nitrogen stress also altered the monosaccharide profile of the polysaccharide in the 

EPSs by reducing glucose while increasing arabinose content. Increasing sulfate 

concentration in the cultivation medium significantly increased the EPS yield of both 

strains and the molecular weight of the mut EPSs, but slightly altered the compositions of 

the EPSs. FTIR and NMR were effectively detected the structural linkages of the 

polysaccharides of the EPSs which was 1→6-β-glucan and 1→4-α-galactan branched 

with L-α-arabinose. It was also deduced that protein is chemically connected with 

polysaccharide in the EPSs. The bioactivity assay demonstrated that the EPSs from both 

the ori and mut strains are promising bioactive compounds with anti-tumor, antioxidant, 

anti-inflammatory, and antibacterial activities. Both reliefs of oxidative stress as well as 

the suppression of inflammation are important factors among cancer treatment strategies. 

The ori and mut EPSs did not show significance difference in the tested bioactivities 

except that the mut EPSs were more effective in inhibiting P. aeruginosa than the ori 

EPSs. The EPSs from T. striatum are a promising new class of marine 
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biopharmaceuticals with multiple important bioactivities, which would promote the 

research on the development of marine protist-based biopharma. 
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Chapter 5 Characterization of Astaxanthin Production from Marine Protist, 

Thraustochytrium striatum 

5.0 Introduction 

Currently the astaxanthin content in most strains of marine protists is still very low 

(50~200 µg/g DCM) (Table 5.1) compared with traditional microalgae and yeast strains. 

The related study is also limited to basic batch process in flask using glucose as carbon 

source and yeast/peptone/MSG/tryptone as nitrogen source. Cell growth and production 

of astaxanthin would be influenced by various factors including types of carbon and 

nitrogen sources, C/N ratio, salinity, initial pH, incubation temperature, aeration rate, 

illumination and reactive oxygen species (ROS) (Fang and Cheng, 1993; Harker et al., 

1996; Johnson and Lewis, 1979; Ni et al., 2007; Ramı́rez et al., 2001; Sarada et al., 

2002), while no optimization regarding these factors has been conducted on T. Striatum. 

In addition, the replacement of traditional carbon sources by cheaper alternatives is a 

feasible way to reduce the cost of fermentation process, of which lignocellulose (e.g. corn 

stover) is a good choice for its high availability and low price. The main components of 

lignocellulose are cellulose, hemicellulose and lignin, and pretreatment is typically 

required prior to utilization to reduce the recalcitrance. Among various pretreatment 

methods, alkaline pretreatment was proven to be most efficient for removal of lignin and 

part of hemicellulose and keep most cellulose for the following enzymatic hydrolysis. In 

the study of Chen et al. (2009a), alkaline pretreatment on corn stover [12.5% solid 

loading (w/v), 2% NaOH (v/v), 120 oC, 30 minutes] achieved 70% of lignin and 33.5% of 

hemicellulose removal while keeping 98% of cellulose. In the following enzymatic 

hydrolysis, reducing sugars of 64 g/L were released which mainly contained glucose 
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(50%) and xylose (15%) as well as a trace of acetic acid. Furfural was not detected in the 

stock solution. Considering that, the enzymatic hydrolysate from pretreated 

lignocellulose can be a promising carbon source for cultivation of T. striatum.  

 

This study is the first to comprehensively study astaxanthin production by T. striatum. 

The objectives were to: (1) preliminarily explore the biosynthesis pathway of astaxanthin 

by T. striatum, (2) comprehensively investigate the effects of carbon/nitrogen sources and 

cultivation conditions (i.e., carbon/nitrogen concentration, salinity, initial pH, and 

temperature) on cell growth and astaxanthin production; (3) stimulate astaxanthin 

production by using oxidative stress (light illumination, aeration and hydrogen peroxide); 

(4) examine fed-batch cultivation to promote both cell growth and astaxanthin 

accumulation with high carbon loading; and (5) investigate the suitability of enzymatic 

hydrolysate of alkaline pretreated corn stover for astaxanthin production by T. striatum. 

5.1 Material and methods 

5.1.1 Culture preparation 

 

In this study, T. striatum ATCC 24473 was purchased from American Type Culture 

Collection (ATCC), and the culture stock was stored in MV agar medium on petri dish 

(Devasia and Muraleedharan, 2012b). The standard cultivation medium was prepared in 

the artificial seawater (ASW) which contained (per liter): 30.0 g of glucose, 3.0 g of yeast 

extract (YE) and 3.0 g of peptone. The ASW comprised (per liter): 30.0 g of NaCl, 0.7 g 

of KCl, 10.8 g of MgCl2•6H2O, 5.4 g of MgSO4•7H2O, and 1.0 g of CaCl2•2H2O 

(Nagano et al., 2009b). The initial pH of the medium was adjusted to 7.0 by using 1M 
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NaOH. The medium were sterilized by filtration through 0.2-µm PES membranes before 

used. The inoculum was prepared in 250-mL Erlenmeyer flasks with 50 mL medium and 

was maintained at 25 °C for 7 days in a shaking incubator at 120 rpm. The cell growth 

was monitored with the measurement of optical density at λ=660 nm (OD660) at a 24-h 

interval. The dry cell mass (DCM) was also measured at the same time by using the 

following procedures. An aliquot of 1 mL fermentation broth was withdrawn and 

centrifuged under 5,000 rpm for 5 minutes, and the cell pellet was washed with deionized 

distilled water (DDI) for three times followed by drying at 105 °C overnight before 

weighing. All reported cell mass values in this paper is dry basis unless specified, 

otherwise. 

 

5.1.2. Effects of cultivation conditions on cell growth and astaxanthin production in batch 

operation 

 

The effects of cultivation conditions were studied on cell growth and astaxanthin 

production, including glucose concentration, nitrogen source concentration [yeast extract 

+ peptone (YEP)=1:1, w/w], salinity, initial pH, and temperature. The tested levels of 

these factors were: glucose concentration (5, 10, 30, 50, 80, and 100 g/L), YEP (0, 2, 4, 8, 

12, 16, and 20 g/L), initial medium pH (5.0, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, and 9.0) without 

pH control during cultivation, salinity (25, 50, 100, 150, and 200% of ASW), and 

temperature (15.0, 20.0, 25.0, 30.0, and 35.0 °C). In addition, we also studied the effects 

of carbon and nitrogen sources separately on cell growth and astaxanthin production by 

keeping other parameters the same as that in the standard cultivation medium (Section 

2.1). The carbon sources including glucose, xylose, arabinose, mannose, sucrose, 
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galactose, and glycerol were tested at 30 g/L, and the tested nitrogen sources at 6.0 g/L 

included YE, peptone, YEP, monosodium glutamate (MSG), ammonia chloride, sodium 

nitrate, and urea.  

 

5.1.3. Oxidative stress to stimulate astaxanthin accumulation 

 

Oxidative stress (e.g., light illumination and supplement of pure oxygen) was shown to be 

a stimulus to enhance the accumulation of carotenoids because it created ROS (Iigusa et 

al., 2005; Wang et al., 2004). Therefore, we examined the influence of oxidative stress on 

T. striatum for cell growth and astaxanthin production. The oxidative stress was created 

by using aeration (air and pure oxygen), the addition of H2O2 and illumination 

independently. Only the aeration experiments were carried out in 1-L fermenters with 

350-mL working volume while the studies of H2O2 and illumination were conducted 

under the standard cultivation conditions (Section 2.1). During the aeration with dry air, 

six levels of flow rate were used such as 0, 0.1, 0.2, 0.4, 0.6, and 0.8 L/min. For pure 

oxygen, the tested flow rates were 0.1, 0.2 and 0.4 L/min. The gas flow rate was 

regulated by using gas flow meters, and the gases were sterilized by filtration through 

0.2-µm in-line sanitary filters before bubbled into the medium in the fermenters. In flask 

batch process, only sponge stopper was used to prevent contamination, however, the 

reactors were sealed during aeration experiments. Upon the H2O2 effect, eight different 

dosages ranging from 0.025 to 0.6 mM were added into the fermentation medium at 

stationary phase (day 5 during standard cultivation). In studying the effect of 

illumination, we selected red (625 nm), blue (470 nm) and white LED light sources with 

the light intensity of 50 µmol/m2/s. Two different illumination methods were studied. In 
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the first method, illumination was applied throughout the entire cultivation process (0-8 

days) while illumination wasn’t applied in the second method until the beginning of the 

stationary phase (day 5-8).  

 

5.1.4. Influence of fed-batch operation on cell growth and astaxanthin production 

 

The fed-batch operation mode has been used to create nitrogen deficiency, which can be 

beneficial for the accumulation of secondary metabolism products such as lipid and 

carotenoids  from yeast (Yamane et al., 1997) and marine protists (Hong et al., 2011) 

while mitigating the potential substrate inhibition. Therefore, we studied the fed-batch 

operation to improve the production of astaxanthin by T. striatum. During the fed-batch, 

the operation and medium conditions were the same as that in the standard medium, 

except that the initial glucose and YEP concentrations were 10 g/L and YEP 6 g/L, 

respectively. The cell mass and residual glucose concentrations were monitored every 

day, and the fresh glucose solution without nitrogen source was added to the fermenters 

once every 3 days to bring the glucose concentration back to about 10 g/L. The contents 

of carotenoids were also monitored through the entire fed-batch process which lasted for 

15 days.  

5.1.5. Astaxanthin production from enzymatic hydrolysate of alkaline pretreated corn 

stover 

 

Corn stover was obtained from the Idaho National Laboratory in May, 2016. It was cut 

into small pieces followed by milling through a 40-mesh sieve with a knife mill (Thomas 

Wiley Mini-Mill 3383-L10, Thomas Scientific, NJ, USA). The particles were pretreated 
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by using NaOH (2%, w/v) with 10% solid loading (w/v) at 60 °C for 2 h. The pretreated 

slurry was thoroughly washed via vacuum filtration with DDI water until the pH of the 

filtrate reached about 7. The enzymatic hydrolysis was conducted with a solid loading of 

10% (w/v). Cellulase (Cellic CTec2) and hemicellulase (HTec2) which were provided by 

Novozyme Inc. (Franklinton, NC, USA) were loaded at 15 FPU and 60 IU per gram dry 

biomass, respectively. The pH for enzymatic hydrolysis was maintained at 4.8 by using 

50 mM sodium citrate buffer. Hydrolysis flasks were incubated in a shaking incubator at 

50 °C and 150 rpm for 72 hrs until negligible sugar was produced. After hydrolysis, the 

slurry was centrifuged under 12,000 rpm for 20 mins for solid/liquid separation, the 

supernatant hydrolysate was collected, measured for sugar concentration and 

supplemented with 6 g/L YEP. The salinity of hydrolysate was then adjusted to 100% 

ASW against the standard medium, and the pH was increased to 7.0 by using 1 M NaOH. 

The conditioned hydrolysate was then used as the medium for astaxanthin production by 

using a two-stage fermentation process for 15 days. In the first stage, batch fermentation 

lasted 6 days until glucose concentration was close to 1 g/L. Following the batch stage, 

the fed-batch stage was started by replacing the spent medium with fresh nitrogen-

deficient enriched hydrolysate, which was repeated when the glucose concentration 

decreased to about 1 g/L. The fed-batch loading was continued until the cell growth was 

insignificant. During the whole fermentation process, the concentrations of both cell mass 

and sugars were measured every day whereas the astaxanthin content/concentration was 

determined on day 6, 11 and 15.  
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5.1.6 Analytical methods 

The intracellular carotenoids were measured by using HPLC method. The cells were 

harvested by centrifugation at 5,000 rpm for 5 mins, and the pellet was washed with DDI 

water for three times followed by freeze-drying. To extract carotenoids from cells, 5 mL 

of dimethyl sulfoxide (DMSO) was mixed with 20 mg freeze-dried cells and vortexed for 

30 seconds in the presence of 200 mg glass beads for cell breakdown. The mixture was 

heated at 50 °C for 20 min in water bath, and then centrifuged at 4,000 rpm for 5 mins. 

The supernatants were collected into a series of new tubes. These steps were repeated 

until the color of cell pellets became pale (i.e., negligible pigment left). All collected 

supernatants were combined and subject to carotenoid analysis with a HPLC (Agilent 

1100 series) equipped with a diode array detector (G1315B, Agilent). The used analytical 

column was ZORBAX Eclipse plus C18 (4.6×100 mm and 3.5 µm) which was put in a 

thermostatted column chamber at 25 °C. The mixture of dichloromethane, acetonitrile, 

methanol and 1% formic acid was used as a mobile phase with flow rate of 1.5 mL/min. 

Programed procedures included:  (1) 0-2 min: dichloromethane/acetonitrile 

/methanol/formic acid=0/50/15/35 (v/v, %); (2) 2-5 min: dichloromethane/acetonitrile 

/methanol/formic acid=5/50/10/35; (3) 5-17 min: dichloromethane/acetonitrile 

/methanol/formic acid=40/30/10/20; and (4) finally the mobile phase composition resume 

to the initial values within 1 min. The peak signals were recorded at wavelength of 480 

nm. Standard carotenoids including astaxanthin (Sigma-Aldrich), zeaxanthin (Sigma-

Aldrich), canthaxanthin (ChromaDex, Inc.), β-cryptoxanthin (Alkemist Labs), 

echinenone (Sigma-Aldrich), and β-carotene (Alfa Aesar) were used to develop standard 

curves for carotenoid quantification.  
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Sugars (e.g., glucose, xylose, arabinose, and/or cellobiose) were analyzed with a HPLC 

(Dionex UltiMate 3000, Thermo Scientific, CA, USA) equipped with a refractive index 

(RI) detector (Shodex RI-101, Showa Denko America, NY, USA) and a Shodex 

carbohydrate analytical column (Sugar SP0810, Showa Denko America, NY, USA). 

Sugars were separated at 85 °C, and HPLC grade water was used as a mobile phase at a 

flow rate of 0.6 mL/min. A deashing guard column (Shodex Sugar SP-G 6B, Showa 

Denko America, NY, USA) was installed prior to the analytical column for preventing 

column from potential contamination.  

 

Statistical significance was determined by analysis of variance (ANOVA, α=0.05) by 

using JMP Pro 12 (SAS Institute, Cary, NC, USA) with pcritical=0.05. All treatments were 

conducted in two replicates in this study unless specified, otherwise. 

 

5.2 Results and discussion  

5.2.1 Carotenoid profile and astaxanthin biosynthesis pathway of T. striatum 

The HPLC analysis suggested that the profile of carotenoids from T. striatum ATCC 

24473 and relative content of each type (Figures 5.1a and b) as well as astaxanthin 

biosynthesis pathway (Figure 5.1c) were affected by nitrogen concentration. Figures 

5.1a and b show the carotenoid compositions with 2.0 and 20.0 g/L of YEP, respectively. 

Based on previous research, there are two major astaxanthin biosynthesis pathways both 

of which start from β-carotene (Armenta et al., 2006). In pathway I (blue arrows in 
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Figure 5.1c), β-carotene is converted to echinenone, canthaxanthin and phoenicoxanthin 

in sequence, ending up with astaxanthin. In pathway II (red arrows in Figure 5.1c), the 

major intermediates identified between β-carotene and astaxanthin included β-

cryptoxanthin, zeaxanthin and adonixanthin (Armenta et al., 2006). Most marine protists 

adopted pathway I (Aki et al., 2003; Armenta et al., 2006; Carmona et al., 2003; Gupta et 

al., 2013; Suen et al., 2014), while pathway II is also detected in several strains (Burja et 

al., 2006; Lemoine and Schoefs, 2010). In the comparison between Figures 5.1a and b, 

the synthesis process used by T. striatum was pushed to produce more astaxanthin when 

nitrogen concentration is low. Echinenone which was one of intermediates only found in 

pathway I, appeared distinctively under the condition of low nitrogen concentration. 

Other trace compounds like canthaxanthin and other three unknown peaks were also 

found. According to Armenta et al. (2006), the unknown peaks 1 and 2 may belong to 

phoenicoxanthin or adonixanthin, respectively, and the unknown peak 3 could be 

assigned to an intermediate, hydroxyechineonoe, which needs to be further identified. 

Under high nitrogen source concentration, another two carotenoids, β-carotene and β-

cryptoxanthin were detected, which may be due to the lower astaxanthin biosynthesis rate 

and yield under high nitrogen concentration at which more carbon was used for cell 

growth instead of carotenoid synthesis. These results could indicate that T. striatum uses 

two pathways for synthesizing astaxanthin, but the magnitude of both pathways depends 

on the cultivation conditions such as nitrogen concentration.  
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5.2.2 Effects of cultivation conditions on cell growth and astaxanthin production 

 

5.2.2.1 Effects of carbon and nitrogen sources 

 

Among the tested carbon sources, glucose was the best carbon source and achieved the 

maximum cell mass of 5.2 g/L followed by glycerol, xylose, sucrose, galactose, mannose, 

and arabinose in that order (Figure 5.2a). The cell mass from the last four carbon sources 

was all less than 2 g/L so that they may not be suitable carbon sources for the growth of 

T. striatum. The effects of carbon source on cell growth and astaxanthin accumulation 

were different from each other. Glucose was still the best carbon source, resulting in the 

highest astaxanthin concentration of 1.8 mg/L equivalent to 330 µg/g DCM followed by 

xylose glycerol/galactose, mannose/arabinose, and sucrose (Figure 5.2a). Overall, 

astaxanthin concentration and content had the same trend among the tested carbon 

sources, but the cell growth was inconsistent with astaxanthin production except for 

glucose. Although it is hardly to tell whether T. striatum prefers 5C or 6C sugars for 

growth or astaxanthin generation, glucose is always the most favorable carbon source for 

astaxanthin production by T. striatum. Low cost xylose and glycerol derived from 

cellulosic biorefinery and biodiesel production processes, respectively could be 

considered as cheap carbon sources for producing decent T. striatum growth and 

astaxanthin production.  

 

As a common nitrogen source, YEP was the most preferable for cell growth as expected 

to achieve the highest cell mass of 5 g/L. Surprisingly, peptone only achieved similar cell 

mass concentration to YEP. However, YE only resulted in significantly lower cell mass 
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(3.5 g/L) than both YEP and peptone, which indicated that peptone is essential for cell 

growth. Monosodium glutamate (MSG) obtained similar cell mass to YE while other 

nitrogen sources such as ammonia chloride, sodium nitrate and urea got much lower cell 

mass (less than 2 g/L) (Figure 5.2b). As shown in Figures 5.2b, high cell mass did not 

lead to high astaxanthin concentration or content, and astaxanthin concentration and 

content were inconsistent. For instance, although YEP achieved the highest cell mass and 

astaxanthin concentration, but it did not achieve the highest astaxanthin content. YE got 

lower cell biomass than peptone, while it produced similar astaxanthin concentration (1.4 

mg/L) to and higher astaxanthin content (360 µg/g DCM) than peptone, which would 

suggest that peptone contributes more to cell growth and YE is conducive for astaxanthin 

accumulation. Working on P. rhodzyma for astaxanthin production, Fang and Cheng 

(1993) found that the effects of YE and peptone were opposite, i.e., higher astaxanthin 

content was obtained with peptone as a nitrogen source whereas higher cell mass was 

obtained when YE was a nitrogen source. In addition, YE and MSG had similar cell mass 

whereas astaxanthin production with MSG was much lower than that with YE. Ammonia 

may not be a suitable nitrogen source to support cell growth whereas it was highly 

effective to stimulate the accumulation of astaxanthin in cells resulting in the highest 

astaxanthin content of 430 µg/g DCM of all tested nitrogen sources, which showed that 

ammonia could be used as a supplementary nitrogen to YEP, YE or peptone for T. 

striatum to produce high tier and content of astaxanthin. Ni et al. (2007) reported that P. 

rhodozyma favored ammonia chloride and sodium nitrate for astaxanthin accumulation, 

while H. pluvialis exhibited low cell and astaxanthin concentration when ammonium 
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nitrate was used as a nitrogen source (Sarada et al., 2002). It appears that different 

nitrogen sources play different roles for different microorganisms for cell growth and 

product formation. Based on the results from this section, glucose and YEP were selected 

as carbon and nitrogen sources, respectively for the following studies. 

5.2.2.2 Effects of concentration of carbon and nitrogen sources 

The effects of carbon (glucose) and nitrogen (YEP) concentration were explore 

respectively. Their concentrations affected both cell growth and astaxanthin production 

significantly. With YEP equal to 6.0 g/L, cell mass increased from about 0.8 to 4.9 g/L 

when glucose concentration was raised from 0 to 40 g/L, while cell mass decreased 

rapidly to 0.8 g/L when glucose concentration exceeded 50 g/L up to 100 g/L due to 

substrate inhibition on cell growth (Figure 5.3a). The variation of astaxanthin 

concentration exhibited similar trend to the cell mass, and the maximum value reached 

approx. 1.5 mg/L at glucose concentration of 40 and 50 g/L (Figure 5.3a). However, 

astaxanthin content kept increasing from 200 to 500 µg/g DCM in the whole range of 

glucose concentration of 0-100 g/L. These results indicated that high glucose 

concentration could stimulate astaxanthin accumulation in cells even though it caused 

inhibition stress on cell growth, i.e., high C/N ratio can benefit astaxanthin accumulation. 

Similarly, Yamane et al. (1997) reported that the increase of glucose concentration form 

10 to 80 g/L resulted in 50% increase of astaxanthin content by growing yeast, P. 

rhodozyma. Using brewery byproduct (RB) as a carbon source for the fermentation of 

Thraustochytriidae sp. AS4-A1, Quilodrán et al. (2010b) found the astaxanthin content 

increased from 21 to 35 mg/g DCM when RB loading was increased from 10 to 100% 
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(v/v). As a result, using high C/N appears to be an effective way to induce high yield of 

secondary metabolites such as astaxanthin.  

 

YEP in the range of 0-20 g/L was used to study the effect of nitrogen source 

concentration (Figures 5.3b) with constant glucose concentration of 30 g/L. T. striatum 

cells had negligible growth in the absence of YEP. A 3.5-fold increase of cell mass from 

2 to 7.0 g/L was observed when YEP concentration was increased from 2 to 16 g/L, while 

further increase of YEP to 20 g/L did not result in significant change of cell mass (Figure 

5.3b). For astaxanthin production, increased YEP concentration (2-20 g/L) reduced 

astaxanthin content of cells from 400 to 50 µg/g DCM (Figure 5.3b). However, the 

astaxanthin concentration peaked at 1.6 mg/L with 4 and 8 g/L of YEP and decreased 

significantly after YEP was over 8 g/L. The inconsistency between astaxanthin 

concentration and content was due to the difference of cell mass, i.e., high YEP (low C/N 

ratio) achieved high cell mass, but low astaxanthin accumulation in cells, leading to low 

astaxanthin concentration. These results were consistent with that from the glucose 

concentration study that high C/N ratio is favorable for astaxanthin accumulation in cells. 

Similar results were reported by Harker et al. (1996) on astaxanthin production by H. 

Pluvialis that cell mass experienced an 8-fold increase while astaxanthin content declined 

by 11 folds with the increase of nitrate concentration from 0.0 to 6.0 mM. 

 

Nitrogen-deficient condition is an effective and common-used strategy to induce the 

accumulation of secondary metabolites (Harker et al., 1996; Iwasaka et al., 2013; Orosa 
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et al., 2005; Quilodrán et al., 2010b). According to Yamane et al. (1997), most NADPH 

would be consumed in amino acid synthesis and cell growth under lower C/N ratio while 

cell growth would be inhibited and the majority of NADPH utilization will be shifted to 

secondary metabolism process under higher C/N ratio. The carotenoid profile (Figures 

5.1a and b) demonstrated that the synthesis of astaxanthin might be partially inhibited by 

high YEP concentration, as more than 50% of identified carotenoids was β-

cryptoxanthin. In contrast, astaxanthin accounted for 90% of total carotenoids at low YEP 

concentration (e.g., 2 g/L). The presence of enough nitrogen source is essential for cell 

growth as nitrogen is an indispensable element of important cell components such as 

protein. At the initial fermentation stage, the abundance of nitrogen could promote high 

cell growth whereas nitrogen-deficiency at late fermentation stage is more preferred for 

accumulation of secondary products such as astaxanthin. Therefore, two-stage cultivation 

technique could be effective to enhance the production of astaxanthin that the first stage 

with sufficient nitrogen is to encourage cell growth and the second stage can induce 

astaxanthin accumulation due to nitrogen depletion.   

 

5.2.2.3 Effects of salinity 

Since T. striatum was isolated from marine environment, salinity could affect both cell 

growth and astaxanthin production. The salinity effect was examined at 25, 50,100, 150, 

and 200% ASW. As shown in Figure 5.3c, cell mass had a 25% increase when the 

salinity rose from 25 to 100%, but further increase of the salinity caused decline in cell 

mass until negligible growth at 200% salinity. Since 50 and 100% salinity didn’t show 
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significant difference, 50% salinity seems to be enough to grow T. striatum. Upon 

astaxanthin production, the effect of salinity on astaxanthin concentration was similar to 

that on cell growth, i.e., 100% salinity achieved the maximum astaxanthin concentration 

of 1.6 mg/L (Figure 5.3c). However, the astaxanthin content of cells increased almost 

linearly vs. salinity, which meant high salinity induced astaxanthin accumulation in cells 

even though it inhibited cell growth. Similarly, Harker et al. (1996) acquired a 5-fold 

higher astaxanthin content in H. pluvialis cells by adjusting NaCl concentration from 0.0 

to 5.8 g/L. These phenomena could be resulted from one of functions of carotenoids to 

stabilize cell membrane structure and maintain the osmotic balance under high salinity 

condition (Fang et al., 2010; Raja et al., 2007). In sum, 100% salinity appears to be the 

best for both cell growth and astaxanthin production by T. striatum.  

5.2.2.4 Effect of initial pH 

Overall, the initial pH of medium ranging from 5.0 to 9.0 had significant effect on cell 

mass and astaxanthin production. The maximum cell mass of 3.8 g/L was observed at pH 

7.0, and both acidic and alkaline pHs reduced the cell growth, but pHs of 6.5-8.0 did not 

show significant difference statistically (Figure 5.3d). Little growth was detected at pH 

5.0. For astaxanthin production, the overall astaxanthin concentrations varied in the 

similar way to the cell mass vs. the pH in the range of 6.0-8.5, and the maximum and 

minimum concentrations of 1.7 and 1.2 mg/L occurred at pH 6.5/7.0 and 8.5, respectively 

(Figure 5.3d). Surprisingly, the astaxanthin concentration had a second peak of 1.5 mg/L 

at pH 9.0 after it passed its lowest value at pH 8.5. The variation trend of astaxanthin 

content showed a V shape, i.e., the highest astaxanthin content of approx. 600 µg/DCM 
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was achieved at pH 6.0 and 9.0, which was 30% higher than that at pH 7.0. Although pH 

6.0 and 9.0 were not favorable for cell growth, they achieved both high astaxanthin 

concentration and content which may be resulted from the pH stress under which some 

carbon source may be used to maintain cells’ physiological condition through the 

synthesis of secondary metabolites such as astaxanthin instead of cell growth. Therefore, 

pH stress could be used to induce astaxanthin production. Based on the current results, 

the initial pHs of 6.5-7 seem to be the best to grow T. striatum cells for astaxanthin 

production given the ease of harvesting high cell mass concentration from water. 

However, the optimum pH for astaxanthin production varies among different astaxanthin-

producing microorganisms. For instance, the optimum pHs for rhodozyma (Fang and 

Cheng, 1993; Johnson and Lewis, 1979) and Aurantiochytrium (Iwasaka et al., 2013) 

were 4.5 and 6, respectively while neutral pH was suggested to be appropriate for H. 

pluvialis (Sarada et al., 2002).  

 

5.2.2.5 Effect of temperature 

In the range of 15-35 °C, T. striatum showed preference towards low temperature. The 

maximum cell mass of 4.7 g/L was achieved under 15 °C, and it decreased gradually as 

temperature was elevated (Figure 5.3e). As shown in Figure 5.3e, the maximum 

astaxanthin concentration reached 2.0 mg/L at 15 °C, and it reduced by 50% with the 

increase of temperature from 15 to 30 °C. However, it went up again to 1.4 mg/L with 

further temperature increase to 35 °C. The variation of astaxanthin content vs. 

temperature demonstrated a similar trend to the astaxanthin concentration except that 20, 
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25 and 30 °C did not show significant difference between each other. In addition, 35 °C 

achieved the highest astaxanthin content of 510 µg/g DCM which was 46% higher than 

that at 20, 25 or 30 °C. These results indicated that low temperature favored high cell 

mass and astaxanthin concentration whereas high temperature benefited high astaxanthin 

content. It was also reported by (Giannelli et al., 2015) that both low temperature and/or 

high temperature could stimulate microorganisms to produce more carotenoids. For 

instance, H. pluvialis exhibited a 37% improvement in astaxanthin content as temperature 

was increased from 20 to 27 °C, and the decrease of temperature from 30 to 10 °C 

resulted in a 2-fold increase of β-carotene content in cells of microalga Dunaliella 

bardawil (Ben-Amotz et al., 1989). The effect of high temperature may be related to 

higher enzyme activities since biosynthesis of astaxanthin is a process catalyzed by a 

series of enzymes (Chi et al., 2015; Johnson and Lewis, 1979). Lower temperature may 

induce the accumulation of long-chain unsaturated fatty acids (LUFAs) (e.g., DHA and 

EPA) by cells to maintain their physiological activities, which in turn simulates the 

generation of antioxidant carotenoids such as astaxanthin and β-carotene to prevent 

LUFAs from being oxidized (Burja et al., 2006). In sum, low temperature like 15 °C is 

optimal to grow T. striatum for high cell mass and astaxanthin production, while 20 and 

25 °C might be more practical given the ease of operation and energy cost to maintain 

temperature. 
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5.2.3. Oxidative stress to stimulate astaxanthin production  

5.2.3.1. Effects of light illumination  

Illumination is one of the most significant factors influencing pigment formation by 

microalgae (Kobayashi et al., 1992; Raja et al., 2007). The effect of light source and 

intensity (5 ~200 µmol/m2/s) have been wildly investigated for carotenoid production by 

yeast, microalgae, bacteria, and marine protists (An and Johnson, 1990; Calegari-Santos 

et al., 2016; Chatdumrong et al., 2007; Harker et al., 1996; Kobayashi et al., 1992; Oclarit 

and Belarmino, 2009; Raja et al., 2007). In this study, three different light sources such as 

red (625 nm), blue (470 nm) and white light were investigated. A moderated level of 

intensity (50 µmol/m2/s) was selected for the all light sources to avoid photoinhibition 

(Data not shown). With illumination through the entire growth period (8 days), all three 

types of light caused severe inhibition on cell growth, and cell mass concentration 

reduced by 37%, 43% and 86% for red, white and blue light, respectively compared to 

the control without illumination (i.e., dark). On the contrary, illumination for 3 days 

starting at the beginning of stationary phase (day 5) showed different effects for different 

light resources. For instance, blue light did not have a significant effect on cell growth 

while white and red light stimulated cell growth resulting in the increase of cell mass by 

around 20% compared to dark cultivation (Figure 5.4a). Illumination tended to have a 

negative impact on cell growth especially during exponential phase because high light 

intensity could cause oxidative damage to cells that contain insufficient carotenoids to 

protect the host cells (Ben-Amotz et al., 1989). Harker et al. (1996) reported a high cell 

death rate of H. pluvialis when it exposed to light of 89 µmol/m2/s for 25 days.  
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As for astaxanthin production, it was found that 8-day illumination for all types of light 

led to significant decrease of astaxanthin concentration and content (Figure 5.4a). 

Although blue light got the lowest cell growth among all tested light resources, it had the 

highest astaxanthin content. This could indicate that blue light caused the most serious 

stress on cell growth of T. striatum, which induced the highest accumulation. However, 

3-day illumination after exponential phase improved both astaxanthin concentration and 

content significantly, except for red light that did not show significant effect. The highest 

astaxanthin concentration of 2.3 mg/L occurred with white light, 45% more than that with 

dark condition. Compared to dark cultivation, white and blue lights resulted in about 30% 

increase of astaxanthin content, reaching 580 µg/g DCM (Figure 5.4a). Blue and white 

lights have been widely recognized to be more effective than red light to induce 

astaxanthin accumulation. In the study of Oclarit and Belarmino (2009), 50% higher 

astaxanthin content of Schizochytrium sp. was acquired with blue light than red light. 

Kobayashi et al. (1992) also reported that carotenoid formation by H. pluvialis was more 

efficient under blue light than red light. In contrast to dark cultivation, a 2~2.5-fold 

increase of carotenoid content under a moderated fluorescence light intensity (~60 

µmol/m2/s) were achieved by marine protist (S. limacinum) and halophilic archaea 

(Calegari-Santos et al., 2016; Chatdumrong et al., 2007). Wang et al. (2003) reported that 

astaxanthin formation can protect DNA from being damaged by high irradiation intensity 

because DNA replication is sensitive to radical-mediated damage and the mechanism of 

astaxanthin protection is to provide a physicochemical barrier as a shield for nucleus 

against the damage by the oxidative radicals. 
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5.2.3.2 Effects of aeration 

As a kind of antioxidant, the accumulation of astaxanthin was believed to be stimulated 

by external oxidative stress such as oxygen and other oxidation agents. The effect of 

oxygen was firstly investigated by aerating the fermenters with dry air and then pure 

oxygen. Cell growth was shown to benefit from aeration of air, as cell mass concentration 

increased dramatically from 0.89 to 7.1 g/L when air flow rate changed from 0.0 to 0.8 

L/min (LPM). However, the aeration of pure oxygen led to poor cell growth (less than 2 

g/L) with flow rate being increased from 0.1 to 0.4 LPM (Figure 5.4b). It seems that 

excessive oxygen inhibited cell growth of T. striatum because the oxidation stress 

resulted from oxygen exceeded the antioxidant capacity of carotenoids in the cell 

(Mantzouridou et al., 2002). In contrast, P. rhodozyma had stronger tolerance to oxygen 

and proliferated with high aeration rate varying from 40 to 100 mmol O2 dissolved/L/h 

(Johnson and Lewis, 1979).  Moreover, the cell mass concentration (~1.78 g/L) under 0.1 

LPM of pure oxygen was far lower than that under dry air aeration at 0.6 and 0.8 LPM 

which was equivalent to the partial oxygen at 0.126 and 0.168 LPM, respectively. This 

finding may be due to the existence of other gases in the air like CO2 that could offer 

buffer capacity for oxidative stress during cell growth. 

  

The astaxanthin content under all aeration rates of dry air was around 120 µg/g DCM 

which was about one third of that under standard condition (Figure 5.3a), and significant 

increases of astaxanthin content was observed with 0.1 and 0.2 LPM pure oxygen 

aeration, reaching 578 and 425 µg/g DCM, respectively (Figure 5.4b). High dry air flow 
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rate appeared to favor the cell growth over the pigment accumulation (Chi et al., 2009). 

However, the pure oxygen resulted in higher astaxanthin content than dry air, but lower 

cell growth. Calegari-Santos et al. (2016) and Johnson and Lewis (1979) found that high 

oxygen concentration caused the enhancement of  hydroxylation reaction activity by 

adding hydroxyl functions at C-3 and C-3’ of carotenoids skeleton since hydroxyl 

function group from astaxanthin was formed only at the presence of oxygen (Johnson and 

Lewis (1979).  Moreover, many biosynthesis enzymes like sterol-synthesizing enzymes, 

such as 3-hydroxy-3-methyl-glutaryl CoA reductase may secret under high oxygen 

(Berndt et al., 1973), and Johnson and Lewis (1979)  reported that lots of enzymatic 

processes involved in sterol formation from acetyl-CoA were associated with carotenoids 

synthesis.  

 

Since dry air and pure oxygen benefited cell growth and astaxanthin production, 

respectively, a two-stage aeration approach was studied, i.e., 0.8 LPM aeration with dry 

air for the first 5 days followed by aeration of pure oxygen at 0.1 LPM for 2 days. This 

two-stage strategy achieved both high cell mass concentration of 6.9 g/L and astaxanthin 

content of 357 µg/g DCM (Figures 5.4b), 3 folds higher than that with dry air only. Also, 

this two-stage method resulted in the highest final astaxanthin concentration of 2.5 mg/L 

among all tested aeration methods, which was 2-fold higher than that under standard 

condition (Figure 5.3a). It was also found that the pH of T. striatum fermentation broth 

decreased during cell cultivation (data not showed). Therefore, the dry air aeration 
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process would lead to solubilizaton of carbon dioxide in the medium and decrease the pH 

which may be favorable for cell growth over the accumulation of astaxanthin. 

 

5.2.3.3 Effects of hydrogen peroxide  

Hydrogen peroxide has been successfully used as an oxidative stimulus to induce 

astaxanthin accumulation in green algae and yeast (Harker et al., 1996; Liu and Wu, 

2006; Ma and Chen, 2001). In this study, H2O2 ranging from 0.025 to 0.6 mM was added 

to the fermenters at the beginning of stationary phase during T. stratum cultivation. The 

presence of H2O2 slightly increased cell mass, but the variation was insignificant (Figure 

5.4c). For astaxanthin production, the addition of H2O2 significantly improved both 

astaxanthin concentration and content. The maximum astaxanthin concentration and 

content were achieved with 0.05 mM H2O2 loading. The increase of H2O2 concentration 

from 0.0 to 0.05 mM resulted in 43% and 34% increase of astaxanthin concentration and 

content, respectively (Figure 5.4c), while further increase of H2O2 reduced astaxanthin 

production. These results agreed with the findings from green microalgae H. pluvialis 

(Harker et al., 1996) and Chlorococcum sp. (Ma and Chen, 2001) that 40-50% 

improvement of astaxanthin accumulation was obtained when 0.5 µM and 0.1 mM H2O2 

were added to the fermentation medium, respectively. It was also found that long term 

exposure to H2O2 caused inhibition on the microalgal cell growth (Harker et al., 1996; 

Ma and Chen, 2001), and no inducing effect on astaxanthin accumulation by 

Xanthophyllomyces dendrorhous was detected with H2O2 being added during the late 

stationary phase (Liu and Wu (2006). Therefore, it should be cautious to select proper 
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concentration and timing for adding H2O2 to induce astaxanthin accumulation without 

impairing cell growth, e.g., at the beginning of the stationary phase when a majority of 

secondary metabolites start accumulation. The exact mechanisms of H2O2 stimulation on 

astaxanthin synthesis remain unclear. The possible reasons could be that H2O2 enhances 

β-carotene hydroxylase activity (Ma and Chen, 2001) and accelerate the transcription of 

genes that code enzymes involved in astaxanthin biosynthesis (Liu and Wu, 2006).    

 

5.2.4 Fed-batch cultivation 

Fed-batch fermentation was conducted to improve both cell growth and astaxanthin 

accumulation by gradually increasing glucose loading (final glucose concentration 

reached 50 g/L) to avoid substrate inhibition. Through the entire process, glucose 

utilization rate was consistent at about 4.0 g/L/d during each cycle while cell mass kept 

increasing to 9.6 g/L at day 11 with the growth rate of 0.87 g/L/d and stayed almost 

constant afterwards (Figure 5a). The synthesis of three major carotenoids were detected 

after the 2nd day, and their concentration increased continuously while the overall trend of 

both the total carotenoid and astaxanthin concentrations exhibited exponential growth to 

reach 6.4 and 3.6 mg/L, respectively at day 15 (Figure 5b). Of the total carotenoid after 

15 days, astaxanthin, zeaxanthin, and β-cryptoxanthin were 60, 22 and 19% (w/w), 

respectively with a trace amount of echinenone (~1%). Compared to the batch with 

glucose=50 g/L (Figures 3a), fed-batch enhanced both cell growth and astaxanthin 

production significantly, i.e., both cell mass and astaxanthin concentration increased by 

2.5 folds. Similar pulsed fed-batch was conducted by Moriel et al. (2005) to achieve high 
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cell mass of P. rhodozyma (optical density=30) with three pulsed glucose feedings (20 

g/L per feeding), and astaxanthin content from the fed-batch was close to that from the 

batch. Yamane et al. (1997) carried out a two-stage (batch plus fed-batch) substrate 

feeding operation process in which C/N ratio was elevated by 4 folds from stage one (2.8 

mole of glucose per mole ammonium) to stage two (11.2 mole glucose per mole 

ammonium), and achieved a 3-fold increase of astaxanthin content. Under high C/N ratio, 

cell growth was dramatically inhibited so that more NADPH flowed to astaxanthin 

production rather than microbial anabolism (Yamane et al. (1997). To further increase 

astaxanthin production, other stress stimuli such as pH and aeration were also applied 

during fed-batch process (Hu et al., 2007; Kim et al., 2003). Fed-batch is one of methods 

to create nitrogen deficiency (i.e., high C/N ratio) condition to induce astaxanthin 

accumulation. Engineering process design and optimization could be further explored to 

effectively achieve decent cell growth and astaxanthin production.  

 

5.2.5 Fermentation of enzymatic hydrolysate from corn stover 

The enzymatic hydrolysate of NaOH pretreated corn stover primarily included glucose, 

xylose, and cellobiose (18, 4 and 3.5 g/L, respectively) (Figure 6a). In batch mode, 

glucose concentration decreased almost linearly until day 6 when 93% of glucose was 

consumed, and glucose depleted after 8 days (Figure 6a). In the contrast, xylose and 

cellobiose had only slightly decrease of 15 and 20%, respectively. T. striatum appears to 

prefer glucose over xylose and cellobiose, and/or the presence of glucose suppresses the 

consumption of xylose and cellobiose to certain extent. According to Figure 2a, xylose is 
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the second best carbon source to glucose for T. striatum so that xylose concentration was 

supposed to decrease after glucose was completely consumed after 8 days. This result 

could imply cellobiose may affect xylose metabolism negatively. Alternatively, T. 

striatum may have diauxic growth in the presence of two or more sugar substrates, which 

will be further studied. No inhibition was observed when enzymatic hydrolysate of corn 

stover was used as a fermentation medium, and sugars in hydrolysate were usable for cell 

growth of T. striatum except for xylose and cellobiose. In fed-batch mode, the spent 

medium was replaced with fresh hydrolysate supplemented with YEP (6 g/L) and salinity 

(100% ASW) whenever 90% of glucose was consumed. Overall, the cell mass increased 

linearly until day 14 with the growth rate of approx. 0.7 g/L/day and leveled off 

afterwards (Figure 6b). The fed-batch after 6 days doubled final cell mass (10 g/L) 

compared to the batch in the first 6 days. The glucose consumption rate in both batch and 

fed-batch was about 3.8 g/L/day. The xylose and cellobiose only showed negligible 

decrease.  

 

The concentration of total carotenoids increased significantly from 2.0 to 3.8 mg/L from 

day 6 to 15, and 70% of the total carotenoids was astaxanthin while the astaxanthin 

content also increased simultaneously from day 6 (178 µg/g DCM) to 11 (256 µg/g 

DCM) and 15 (280 µg/g DCM) (Figure 6c). Through the comparison between the fed-

batch using pure glucose and corn stove hydrolysate as carbon sources (Figures 5 and 6), 

it can be seen that both carbon sources achieved similar final cell mass whereas glucose 

obtained higher astaxanthin production. In addition, β-cryptoxanthin was detected in fed-
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batch fermentation of glucose but not the hydrolysate. Therefore, the capability of corn 

stove hydrolysate for astaxanthin production was lower than that of glucose even though 

the hydrolysate contained even higher glucose concentration. The existence of xylose and 

cellobiose may have negative impact on astaxanthin synthesis. Also, some potential 

inhibitors in the hydrolysate, such as aromatic compounds, furfural, and acetic acid could 

impair astaxanthin synthesis. Meyer and Du Preez (1993) reported that small amount of 

acetic acid had negative effect on P. rhodozyma growth and astaxanthin formation. 

According to Chen et al. (2009a), the only potential growth inhibitor in the hydrolysate 

from NaOH pretreatment was acetic acid (~0.19 g/L). The negative impact of acetic acid 

is that it can be liposoluble under neutral pH condition and diffuses into the cytoplasm 

lead to impair cell body (Palmqvist et al., 1999). As a result, more research is needed to 

find out the inhibitory mechanisms of hydrolysate on astaxanthin production by T. 

striatum in order to use inexpensive carbon sources to produce high-value astaxanthin.  

 

5.3 Conclusions 

 

The astaxanthin biosynthesis pathway of T. striatum ATCC 24473 appears to vary with 

nitrogen source concentration. The possible pathways include β-

cryptoxanthin→zeaxanthin→donixanthin→astaxanthin and 

echinenone→canthaxanthin→phoenicoxanthin→astaxanthin. Glucose and YEP were the 

best carbon and nitrogen sources, respectively for cell growth and astaxanthin 

accumulation. The C/N ratio was important for cell growth and astaxanthin formation. 

Overall, high and low C/N ratios favored astaxanthin accumulation and cell growth, 
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respectively. T. striatum preferred to grow under lower temperature with 100% ASW 

salinity and neutral pH, while harsher conditions, such as acidic/strong alkaline pH, over 

100% salinity and high temperature were conducive for astaxanthin accumulation. 

Certain oxidative stress created by H2O2, illumination and aeration could improve 

astaxanthin formation significantly. Fed-batch was more effective than batch to achieve 

both high cell growth and astaxanthin production since it could avoid substrate inhibition 

and create high C/N ratio favoring the biosynthesis of astaxanthin. Enzymatic hydrolysate 

of NaOH treated corn stover was suitable to grow T. striatum for astaxanthin production, 

which is worth further study. Overall, T. striatum is a promising astaxanthin producing 

marine protist. 
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Chapter 6 Kinetic Modeling of Heterotrophic Growth and High Valuable Products 

Accumulation from Thraustochytrium striatum    

6.0 Introduction  

Currently, most of biokinetics model establishing were primarily basic on microalgae, 

yeast and bacteria due to wildly used in industrial fields and relative high growth rate. For 

yeast, one of the bio-fuel type product is ethanol which mainly focus on Candida 

pseudotropicalis and Kluyveromyces fragilis (Lazarova and Ignatova, 1991). The second 

majority pharmaceutical product from yeast, Xanthphyllomyces dendrorhous and Phaffia 

rhodozyma is astaxanthin (Johnson and Lewis, 1979; Liu and Wu, 2008). The second 

popular microorganism in bioprocess engineering field is bacteria. A large variety of 

acids-form raw materials are from bacteria, for instances the succinic acid, lactic acid, 

acetic acid and formic acid (Lee et al., 2008; Lin et al., 2008; Luedeking and Piret, 1959). 

Other bio-fuel products like ethanol (Lee et al., 2008) and potential bio-medical product 

like polyhrdroxyalkanoates (PHA) (Gumel et al., 2014) can also produce from bacteria. 

The products from microalgae have a significant contribution to biodiesel, 

pharmaceutical and animal feed fields, since plenty of C16/C18 fatty acid from Chlorella 

(Xu et al., 2006) is a promising raw material for biodiesel industrial and the high 

astaxanthin content from Haematococcus pluvialis (Boussiba and Vonshak, 1991) can be 

utilized for farming salmon and trout, also as a prophylactic agent against cancer(Zhang 

et al., 1999). The other microorganism like fungal is mainly focus on enzymes formation 

(e.g. amylase, cellulase and protease) (Saithi et al., 2016b; Sukumaran et al., 2008). 

Unfortunately, DHA/EPS producing marine protists, like Thraustochytrids, do not have 

related kinetic modeling study published yet.  
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The goal of this study is to develop a semi-mechanistic kinetic model to simulate cell 

growth, substrate consumption and product formation (i.e., lipid and astaxanthin) of T. 

striatum with glucose as a single substrate at different concentration levels. The specific 

objectives were to: (1) develop a kinetic model; (2) estimate kinetic parameters; and (3) 

validate the predictability of the kinetic model over various a range of substrate 

concentrations beyond standard experimental conditions.   

6.1 Materials and Methods 

6.1.1 Microorganism and cultivation 

The marine protist T. striatum ATCC 24473 was purchased from the American Type 

Culture Collection (ATCC). It was sub-cultured every 7 days and maintained on artificial 

seawater (ASW) agar medium plates. The seed culture was prepared in 250-mL 

Erlenmeyer flasks with 50 mL standard medium in 100% ASW (per liter): 20 g of glucose, 

3 g of yeast extract, and 3 g of peptone. The ASW comprised (per liter): 30 g of NaCl, 0.7 

g of KCl, 10.8 g of MgCl2•6H2O, 5.4 g of MgSO4 •7H2O, and 1.0 g of CaCl2•2H2O. The 

initial pH of the medium was adjusted to 7.0 using 1 M of NaOH and HCl. All the 

cultivation media were sterilized by filtration before used. The culture was incubated in the 

dark at25 °C with the shaking speed of 150 rpm. The data from the standard medium 

cultivation were used for kinetic parameter estimation. 

6.1.2 Experiments to obtain kinetic data  

Sterilized medium with different glucose concentration (0.0, 2.5, 5.0, 10.0, 20.0, 30.0, and 

50.0 g/L) was inoculated with 1:14 (v/v) exponentially growing biomass from seed culture 
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(i.e.,1.7 g DCM/L). During cultivation, aliquots of 5-10 mL of culture was withdrawn and 

centrifuged at 4,000 rpm for 5 minutes. The supernatant was collected and stored under -

20 °C for glucose concentration measurement. The cell pellets was washed with DDI water 

for three times and used to determine cell mass concentration, total fatty acid and 

astaxanthin.  

6.1.3 Analytical methods 

The dry cell mass (DCM) was determined by measuring optical density at λ=660 nm 

(OD660) as mentioned in section 2.1.1. Glucose concentration was determined by using 

HPLC as mentioned in section 3.1.4. The total fatty acid concentration was monitored by 

using GC-FID as mentioned in section 2.1.4. The astaxanthin extraction and measuring 

methods were adopted from section 5.1.4.  

6.1.4 Model development 

Cell growth 

Considering the substrate inhibition effect on cell mass growth, Andrews substrate 

inhibition equation (Dutta et al., 2015), Eq.(1) was adopted to simulate specific growth rate 

of T. striatum:  

µ =  
µ𝑚𝑎𝑥𝑆

(𝐾𝑠+𝑆)(1+
𝐾𝐼
𝑆
)
            (1) 

Where, KS is half saturation constant (g/L), S is glucose concentration in this paper (g/L), 

and KI is substrate inhibition constant (g/L). Eq. (2) was used to simulate the cell growth 

in the modeling: 
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𝑑𝑋

𝑑𝑡
= µ𝑋 − 𝑏𝑋          (2) 

Where, X is cell mass (g DCM/L), and b is decay rate (h-1). 

 

Product formation 

Two different products were considered in this study such as total fatty acids (TFA) and 

astaxanthin (ATX). In this paper, we assumed the formation of these two metabolites are 

both growth and non-growth associated. Therefore, Luedeking-Piret equation (Luedeking 

and Piret, 1959), Eq. (2) was used to describe the product formation.   

In this study two different growth associated coefficients (α1 and α2) and non-growth 

associated coefficients (β1 and β2) were defined for TFA and ATX formation, respectively. 

The Eq. (6) was used to simulate TFA accumulation. For ATX formation, an additional 

term (1+S/KID2) named correction factor was multiplied (Eq. 7) to reflect the inducing 

effect of C/N ratio on the secondary metabolite (e.g., ATX) production. For instance, the 

value of S/KID2 will approach to 0 for low C/N ratio so that Eq. 7 will become Luedeking-

Piret Eq. 2 while high C/N ratio can induce the accumulation of ATX (Eq. 7). 

𝑑𝑃𝑇𝐹𝐴

𝑑𝑡
= 𝛼1

𝑑𝑋

𝑑𝑡
+ 𝛽1𝑋         (6) 

𝑑𝑃(𝐴𝑇𝑋)

𝑑𝑡
= (𝛼2

𝑑𝑋

𝑑𝑡
+ 𝛽2𝑋) ×(1 +

𝑆

𝐾𝐼𝐷2
)       (7) 

Where, PTFA (g/L) and PATX (mg/L) are concentrations of TFA and ATX, respectively. 

KID2 is ATX -inducing coefficient (g/L).  

 

(3) Substrate consumption 
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The general substrate consumption rate was descripted as Eq. (8) (Shi et al., 2000).  

−
𝑑𝑆

𝑑𝑡
=

1

𝑌𝑋𝑆

𝑑𝑋

𝑑𝑡
+

1

𝑌𝑃𝑆(𝑇𝐹𝐴)

𝑑𝑃𝑇𝐹𝐴

𝑑𝑡
+

1

𝑌𝑃𝑆(𝐴𝑇𝑋)

𝑑𝑃𝑃𝑀

𝑑𝑡
+𝑚𝑠𝑋       (8) 

Where, YXS (g cell/g substrate), YPS(TFA) (g TFA/g substrate) and YPS(ATX) (mg ATX/g 

substrate) are cell mass, TFA and ATX yield, respectively.  

In this study,  Eqs. 4-8 were fitted to the experimental data for kinetic parameter estimation 

and modeling validation. 

6.1.5. Kinetic parameter estimation 

The proposed kinetic model was solved using the Matlab programming (Matlab 2016a, the 

MathWorks, Natick, MA). In the equations of the kinetic model, µmax, Ks, b, α, and β were 

determined independently and served as inputs. µmax and Ks was determined from Eq. 9 

(transformation from Monod equation) by plotting 1/µ vs. 1/S using the data from 

experiments with initial glucose conditions of 2.5 to 20 g/L. The reciprocal of intercept 

from that linear equation is µmax, and Ks was determined by slope ×µmax. The decay rate, b 

was determined according to Eqs. (10) and (11) by plotting lnX vs. t (Eq. 11) for glucose 

concentration at 0.0 g/L after taking the natural logarithm at both sides of Eq. 11, and the 

slop of that linear equation is b. 

1

µ
=

1

𝑆

𝐾𝑠

µ𝑚𝑎𝑥
+

1

µ𝑚𝑎𝑥
     (9) 

                                                          𝑋 = 𝑋0𝑒
𝑏𝑡  (10) 

𝐿𝑛𝑋 = 𝑏𝑡 + 𝐿𝑛𝑋0   (11) 
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 α1, β1, α2, and β2 were estimated based on data from initial glucose concentration at 20.0 

g/L. After dividing X for both sides of Eq. 6, the plot of  
1

𝑋

𝑑𝑃

𝑑𝑡
 vs. 

𝑑𝑋

𝑑𝑡

1

𝑋
  gave a linear 

regression, in which α is slop, and β is intercept.  The growth and non-growth associated 

coefficients (α2 and β2) for ATX production used the format of Eq. 6 also; however, the 

simulation data did not fit with the experimental data well as initial glucose concentrations 

were 30 and 50 g/L (data not show). The experimental ATX data appeared higher than the 

simulated data under high substrate concentration condition (30 and 50 g/L). Therefore, a 

correction factor (1+S/KID2) was added to adjust the ATX formation under higher glucose 

concentration condition. The Matlab optimization function “lsqnonlin” was used to fit the 

data obtained from the standard fermentation conditions with the initial glucose 

concentration of 20.0 g/L to simultaneously estimate YXS, YPS(TFA), YPS(ATX), ms, KI, and 

KID2(codes were attached in Appendix E).  

6.1.6. Model Validation 

The data for model validation were obtained from the experiments under the conditions 

outside the range of the standard conditions with different initial glucose concentrations of 

2.5, 5.0, 10.0, 30.0, and 50.0 g/L. Other procedures and conditions were the same as the 

standard experiment for kinetic parameter estimation. The validation codes were attached 

in Appendix E.  
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6.2 Results and Discussion 

6.2.1 Kinetic Parameter Estimation  

As shown in Table 6.1, T. striatum had a relatively low µmax of 0.059 h-1 which was much  

lower than (e.g., 6-10 times lower) that of other marine protists species (Perveen et al., 

2006) and green algae (Bumbak et al., 2011). The small Ks value indicates that T. striatum 

prefers low to moderate level of glucose concentrations so that excessive glucose 

concentration can cause growth inhibition (Figure 6.1). The growth associated coefficients 

(α1 & α2) and  non-growth associated coefficients (β1 & β2)  for TFAs and ATX formation 

in Table 6.1 shows that the fatty acids accumulation is greatly associated with cell growth, 

since α1 is much higher than β1. For ATX formation, β2 (0.0034 mg/g) is a little 2-folds 

higher than α2 (0.0015 mg/g), which manifests that most ATX is formed during stationary 

phase, i.e., ATX accumulation is more non-growth associated. Meanwhile, α2 and β2 are 

within the same order of magnitude, which means cells start accumulating ATX during the 

growth period. This phenomenon is different from that happened to the traditional ATX 

producers, H. pluvialis (Harker et al., 1996; Nghiem et al., 2009; Orosa et al., 2005; Sarada 

et al., 2002) ) and P. rhodozyma (Fang and Cheng, 1993; Ni et al., 2007; Ramı́rez et al., 

2001) whose ATX formation were mainly at the stationary phase of cell mass growth. Most 

of marine protists start accumulating PUFAs in the late of exponential phase while the 

color of cells turn from pale white to orange or red , suggesting simultaneous carotenoid 

accumulation (Iwasaka et al., 2013; Oclarit and Belarmino, 2009; Suen et al., 2014). The 

accumulation of PUFAs by cells maintain their physiological activities, which in turn 

simulates the generation of antioxidant carotenoids such as ATX to prevent PUFAs from 
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being oxidized (Burja et al., 2006). Therefore, PUFAs and ATX are usually produced 

simultaneously. 

Compared to the microalga, Chlorella protothecoides (Shi et al. (2000), the estimated cell 

mass yield coefficient (Yxs=0.242 g cell/g substrate) for T. striatum under the initial glucose 

concentration of 20 g/L was similar, while the ATX yield and maintenance coefficients for 

T. striatum are 10 and 100 times larger and smaller than that reported by Shi et al. (2000), 

respectively. The time course simulation for the standard condition (Figure 6.1a) show 

that the model can accurately capture glucose consumption, TFAs and ATX formation 

trends, with a slightly underestimated cell mass concentration in the log phase period. The 

possible reason for such a deviation may be the overestimated inhibition of cell mass 

growth by substrate by using Andrews equation.  

6.2.2 Model Validation 

To assess the predictive capabilities of this model, it was validated against experimental 

data in a wider range of initial glucose concentrations including 2.5, 5.0, 10.0, 30.0, and 

50.0 g/L. The model predictions for the experimental results were presented in Figure 6.2. 

The overall predictability of the model was relatively better for the initial glucose 

concentrations over 2.5 g/L (Figures 6.2). The predicted substrate consumption for the 

initial glucose concentrations of 5.0, 10 and 20 g/L are close to the experimental data while 

the substrate consumption is underestimated and overestimated with the initial glucose 

concentrations are 2.5 and ≥30 g/L, respectively. The cell growth with low substrate 

concentration (≤20 g/L) is slightly underestimated especially during the exponential phase 
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while the simulation is improved with the increased substrate concentration, which may 

indicate that there exists a transition substrate concentration where the substrate inhibition 

would occur. That is the Wayman-Tseng (Alagappan and Cowan, 2001) model could be 

more suitable to describe T. striatum growth.  The simulation of TFAs and ATX improve 

with the increase of substrate concentration whereas they are overestimated during the 

stationary phase, which may be because cells consumed lipid and/or ATX as carbon 

sources to maintain their growth when carbon source is depleted during stationary phase. 

However, such consumption of TFAs and ATX is not considered in our models. 

6.3 Conclusions 

A kinetic modeling including substrate inhibition and product induction can simulate T. 

striatum growth, substrate utilization and products formation in the range of initial glucose 

concentration from 5 to 50 g/L with reasonable accuracy. However, the simulation of 

substrate inhibition needs to be further improved to predicate the cell growth more 

accurately. Discrete functions (e.g., Wayman-Tseng model) based on substrate 

concentration for cell growth may need to be used in the future modeling development to 

accommodate substrate inhibition. In addition, TFAs/ATX were overestimated during the 

stationary phase, which may infer the consumption of such secondary metabolites for cell 

maintenance with carbon source being depleted needs to be considered in the models of 

cell growth and intracellular secondary production formation 
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Chapter 7 Conclusions and Recommendations 

7.1 Major conclusions 

In this study, a variety of high-value products were investigated from a marine protist, T. 

striatum ATCC 24473. For fatty acid accumulation, the cultivation conditions have been 

optimized to achieve high biomass and fatty acids yield. The maximum biomass 

concentration was achieved under higher nitrogen source concentration, while the 

production of fatty acids reached the highest level under lower nitrogen concentration 

condition. The dominant fatty acids were palmitic acid (16:0), stearic acid (18:0), oleic 

acid (18:1), linoleic acid (18:2), along with a small amount of EPA and DHA.  High C/N 

ratio benefits fatty acid accumulation. Salinity of seawater, neutral pH and mild rotation 

speed favored biomass growth, while better lipid accumulation was observed under 

higher salinity or basic condition. Of tested carbon sources, starch and glycerol achieved 

the highest fatty acid accumulation, while ammonia chloride was the best nitrogen source 

for fatty acid accumulation. Compared with batch cultivation fed-batch significantly 

improved fatty acid content of T. striatum from 28% to 38%. More than 90% of the fatty 

acids were C16 and C18.  

T. striatum can produce at least seven extracellular enzymes including lipase and six 

polysaccharases (i.e., amylase, CMCase, xylanase, chitinase, pectinase, and κ-

carrageenase). The carbon (i.e., glucose) and nitrogen (i.e., yeast extract+peptone) 

concentrations and salinity significantly affected the kinetics of enzyme activities. T. 

striatum produced decent amount of polysaccharases at all conditions, but negligible 
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lipase. Amylase was the predominant enzyme and reached the highest activity of 750 U/L 

with glucose=30 g/L, YEP=6 g/L and salinity=100% sea water. Enzymes appeared to 

correlate with the production and monosaccharide composition of EPS from T. striatum. 

Enzyme-specific polysaccharide substrates including starch, CMC, xylan, κ-carrageenan, 

pectin, and chitin did not induce the production of corresponding enzymes by T. striatum. 

Enzymes from T. striatum were constitutive.  

The monosaccharide profile of the EPS polysaccharide was consisted of glucose, 

galactose, arabinose, and trace amount of xylose. Glucose and arabinose took up to 82-

90% (w/w) of the total polysaccharide. The major structural linkages of the 

polysaccharides of EPSs were 1→6-β-glucan and 1→4-α-galactan branched with L-α-

arabinose. Bioactivity tests showed that EPSs had anti-tumor activities against mouse 

melanoma B16-F0, human prostate carcinoma DU145, human cervical carcinoma Hela, 

and human lung carcinoma A549. The EPSs also showed antioxidant and anti-

inflammatory activities and antibacterial activity against P. aeruginosa.  

The studies from carbon and nitrogen sources indicated that glucose/yeast extract + 

peptone was the optimum combination for both cell mass and astaxanthin production, 

while ammonia chloride was the best nitrogen source to achieve the highest astaxanthin 

content with low cell mass. In the batch model, low carbon/nitrogen (C/N) ratio resulted 

in higher cell mass concentration while high C/N ratio achieved high astaxanthin content. 

Low temperature, 100% ASW salinity and neutral pH range favored cell mass growth, 

whereas acidic or strong alkaline pHs, high ASW strength and temperature improve 
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astaxanthin accumulation. Oxidative stress can stimulate astaxanthin accumulation. Fed-

batch enhanced the cell mass, astaxanthin and total carotenoids concentrations compared 

to batch operation. Corn stover hydrolysate is a suitable inexpensive carbon source for 

cultivation of T. striatum for astaxanthin production.  

A kinetic mathematical model was proposed to simulate the substrate (i.e., glucose) 

consumption, cell mass growth, total fatty acid, and astaxanthin formation of T. striatum. 

This model has good predictability in the glucose range of 5 to 50 g/L. 

7.2 Recommendations  

Large-scale cultivation in batch, continuous and fed-batch aim to optimize cell mass 

growth and avoid the high substrate inhibition with simultaneous high yield of high-value 

products. For product accumulation, enzymes such as amylase and EPS can be studied 

under continuous mode while the other products such as DHA/EPA and astaxanthin 

prefer fed-batch process. At the same time, economic carbon sources, including glucose, 

cellobiose, xylose, and even small molecule lignin from lignocellulosic material can be 

utilized by T. striatum to produce high-value products. In expensive nitrogen source to 

replace yeast extract/peptone would be further studied to reduce the cost of products. .  

Since T. striatum was found to be able to use lignin compounds, it would be interesting to 

study the mechanisms of lignin degradation and utilization. Further improvement of 

kinetic modeling for T. striatum growth and product formation will be needed to develop 

a model of high predictability under different and broader conditions, such as substrate 

and operation parameters (T, pH, salinity, etc.). 
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TABLES 

Table 1.1. 

Table 1.2. Substrate inhibition equations 

Model Equation Ref. 

Andrews 
µ =

µ𝑚𝑎𝑥𝑆

(𝐾𝑠 + 𝑆)(1 +
𝑆
𝐾𝐼
)
 

(Dutta et al., 

2015) 

Aiba 
µ =

µ𝑚𝑎𝑥𝑆

(𝐾𝑠 + 𝑆)
exp(

−𝑆

𝐾𝐼
) 

(Gumel et al., 

2014) 

Edward 
µ = µ𝑚𝑎𝑥𝑆[exp (

−𝑆

𝐾𝐼
) − exp(

−𝑆

𝐾𝑠
)] 

(Gumel et al., 

2014) 

Moser 
µ =

µ𝑚𝑎𝑥𝑆
𝑛

𝐾𝑠 + 𝑆𝑛
 

(Dutta et al., 

2015) 

Webb 

µ =
µ𝑚𝑎𝑥𝑆(1 +

𝑆
𝐾𝐼
)

𝐾𝑠 + 𝑆 +
𝑆2

𝐾𝐼

 

(Lazarova and 

Ignatova, 1991) 

Luong 
µ =

µ𝑚𝑎𝑥𝑆

(𝐾𝑠 + 𝑆)
[1 −

𝑆

𝐾𝐼
]𝑛 

(Dutta et al., 

2015) 

Yano 
µ =

µ𝑚𝑎𝑥𝑆

𝐾𝑠 + 𝑆 +
𝑆2

𝐾𝐼
(1 +

𝑆
𝐾)

 
(Dutta et al., 

2015) 

Haldane 
µ =

µ𝑚𝑎𝑥𝑆

𝐾𝑠 + 𝑆 +
𝑆2

𝐾𝐼

 
(Zhang et al., 

1999) 

Wayman-Tseng µ =
µ𝑚𝑎𝑥𝑆

𝐾𝑠+𝑆
when S ≤ Sθ 

µ =
µ𝑚𝑎𝑥𝑆

𝐾𝑠+𝑆
− 𝑖(𝑆 − 𝑆𝜃)   when Sθ < S ≤ SI 

µ = 0   when S ≥ SI 

(Alagappan and 

Cowan, 2001) 

       µ is specific growth rate; µmax is maximum specific growth rate; S is substrate concentration; Ks is 

half-saturated coefficient; KI is substrate inhibition coefficient; n is power constant; Sθ is partially inhibition 

concentration; SI is completely inhibition concentration. 
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Table 2.1. Conditions for enzyme assay 
Enzyme Substrate pH Indicator 

amylase soluble starch 7.0 Iodine 

lipase emulsified olive oil 8.0 Phenol red 

cellulase CMC 7.0 Congo red 

xylanase xylan 7.5 Congo red 

chitinase chitin 6.5 Congo red 

pectinase PGA 7.0 NO 

κ-carrageenase κ-carrageenan 7.0 Cetylpyridinium chloride 

Note: CMC-carboxyl methyl cellulose, PGA- polygalacturonic acid and NO- no indicator needed 

 

Table 2.2. FA composition of T. striatum at different glucose concentrations 
Glucose concentration (g/L) 5.0 10.0 30.0 50.0 80.0 100.0 

FA (common name a) Relative proportion of TFA (%, w/w) 

C16:0 (Palmitic acid) 31.5 25.2 0.0 22.7 15.3 14.4 

C17:0 (Margaric acid) 0.0 27.4 0.0 10.0 7.0 7.0 

C17:1 (cis-10 Heptadecenoic acid) 0.0 0.0 0.0 0.0 4.7 3.6 

C18:0 (Stearic acid) 0.0 0.0 0.0 0.0 4.4 5.2 

C18:1n9 (cis-Oleic acid) 0.0 0.0 0.0 12.3 13.3 17.4 

C18:2n6 (cis-Linoleic acid) 0.0 0.0 18.1 7.9 10.7 14.5 

C20:1 (cis-11-Eicosenoic acid) 0.0 0.0 0.0 0.0 4.4 2.7 

C20:2 (cis-11,14-Eicodadienoic acid) 0.0 0.0 0.0 0.0 6.5 6.5 

C20:3n6 (cis-8,11,14-Eicosatrienoic acid) 0.0 0.0 0.0 0.0 8.4 8.6 

C22:1n9 (cis-Erucic acid) 0.0 0.0 9.1 0.0 0.0 0.0 

C20:4n6 (cis-ARA) 0.0 0.0 20.8 10.5 8.1 7.8 

C24:0 (Lignoceric acid) 0.0 0.0 0.0 0.0 1.7 0.0 

C20:5n3 (cis-EPA) 25.6 18.4 15.8 11.8 7.6 5.6 

C22:6n3 (cis-DHA) 39.3 52.0 28.3 25.0 7.8 6.7 

TFA (%, g/g DCM) 0.9 1.2 2.9 5.5 14.3 12.4 
a Common names are the same as that in other Figures and Tables in this paper unless stated, 

otherwise. Thus, they were not added in other places.  

 

Table 2.3. FA composition of T. striatum at different nitrogen concentrations 
YEP concentration (g/L) 1.0 2.0 4.0 8.0 16.0 20.0 

FA Relative proportion of TFA (%, w/w) 

C16:0 28.8 24.9 21.4 4.3 9.9 9.3 

C17:0 3.3 7.2 4.2 6.7 3.8 3.4 

C17:1 1.8 3.4 2.8 0.0 4.5 3.6 

C18:0 6.1 5.3 5.4 6.2 7.8 9.1 

C18:1n9c 41.6 25.1 40.5 66.4 69.4 68.9 

C18:2n6c 13.5 16.0 16.7 7.5 3.1 3.0 

C20:2 0.0 2.3 0.0 0.0 0.0 0.0 

C20:3n6 1.5 3.6 2.5 0.0 0.0 0.0 

C20:4n6 0.0 2.6 2.8 3.8 0.0 0.0 

C24:0 0.0 0.0 0.0 1.5 0.0 1.8 
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C20:5n3 0.9 3.8 1.6 0.0 0.0 0.0 

C22:6n3 2.5 6.0 2.0 3.7 1.6 1.0 

TFA (%, g/g DCM) 26.4 23.9 19.9 12.8 14.7 13.0 

 

Table 2.4. FA composition of T. striatum at different salinities 
Salinity (% ASW) 25 50 100 150 

FA Relative proportion of TFA (%, w/w) 

C16:0 19.2 26.0 19.7 26.2 

C17:0 0.0 10.9 8.6 0.0 

C17:1 0.0 0.0 6.1 0.0 

C18:0 0.0 0.0 8.5 0.0 

C18:1n9c 11.3 9.6 24.6 32.0 

C18:2n6t 8.5 0.0 0.0 1.1 

C18:2n6c 0.0 6.6 10.6 17.6 

C20:1 0.0 0.0 3.3 0.0 

C20:4n6 25.5 18.3 9.0 10.4 

C20:5n3 10.4 12.3 3.3 3.6 

C22:6n3 12.8 16.2 6.3 9.0 

TFA (%, g/g DCM) 4.0 3.6 10.6 10.1 

 

Table 2.5. FA composition of T. striatum under different initial pHs 
Initial pH 6.0 7.0 8.0 8.5 

FA Relative proportion of TFA (%, w/w) 

C16:0 10.5 18.9 20.8 17.1 

C17:0 7.9 10.1 12.1 10.6 

C17:1 6.3 5.1 0.0 0.0 

C18:0 5.2 3.8 0.0 4.9 

C18:1n9c 16.8 33.0 7.7 11.9 

C18:2n6c 16.6 14.5 10.2 5.6 

C20:1 6.5 0.0 0.0 0.0 

C20:2 7.0 0.0 0.0 7.4 

C20:3n6 7.9 4.5 6.3 9.8 

C20:4n6 4.8 0.0 11.7 9.8 

C20:5n3 4.0 3.3 9.7 8.4 

C22:6n3 4.5 6.9 21.6 14.4 

TFA (%, g/g DCM) 14.5 8.5 8.0 11.6 

 

Table 2.6. FA composition of T. striatum at different rotation speeds 

Rotation speed (rpm) 50 120 200 300 

FA Relative proportion of TFA (%, w/w) 

C16:0 27.6 19.7 18.3 28.3 

C17:0 5.5 8.6 0.0 17.2 

C17:1 0.0 6.1 0.0 0.0 

C18:0 10.9 8.5 0.0 10.5 

C18:1n9c 24.1 24.6 10.1 29.7 
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C18:2n6c 16.6 10.6 23.3 0.0 

C20:1 0.0 3.3 0.0 0.0 

C20:2 3.5 0.0 16.4 0.0 

C20:3n6 5.6 0.0 0.0 0.0 

C20:4n6 0.0 9.0 13.6 0.0 

C20:5n3 0.0 3.3 0.0 0.0 

C22:6n3 6.4 6.3 18.3 14.3 

TFA (%, g/g DCM) 7.1 10.6 3.4 2.4 

 

 

Table 2.7. Quantitative assay of extracellular enzymes from T. striatum 
Enzyme Tested Substrate Enzyme Activity 

Lipase Olive Oil + 

Amylase Starch + 

Cellulase Carboxyl Methyl Cellulose (CMC) + 

Xylanase Xylan + 

Chitinase Chitin + 

Pectinase Polygalacturonic acid (PGA) + 

k-Carrageenase k-Carrageenan + 

Urease Urea + 

 

 

Table 4.1. Chemical compositions and molecular weights of EPSs from ori and mut 

strains of T. striatum under different MgSO4•7H2O concentrations in GYP medium 

Category Component 

MgSO4•7H2O concentration (g/L) 

Ori strain  Mut strain 

5.4 10.8 16.2  5.4 10.8 16.2 

Total EPSs 

(mg/L) 
Concentration  692.5±17.7 905.0±31.1 1004.5±21.9 

 
1825.5±43.1 2042.5±39.6 2107.3±24.0 

        

Composition of 

EPSs (wt%, dry 

basis) 

Carbohydrate 47.0±1.4 44.8±0.2 40.5±0.3  64.1±1.1 59.0±1.4 55.4±1.3 

Protein 37.4±0.2 39.9±0.6 40.3±3.4  25.0±1.1 28.1±1.4 26.5±0.6 

Uronic acid 6.2±0.6 8.9±0.7 13.2±0.6  3.4±0.6 7.7±0.2 10.7±0.2 
Sulfate 

content 
6.4±0.4 8.6±0.3 9.6±0.7 

 
5.2±0.5 5.2±0.1 6.6±1.1 

Lipid 1.0±0.0 0.8±0.0 1.4±0.2  0.7±0.0 0.3±0.0 0.4±0.0 
         

Monosaccharide 

content of EPS 
carbohydrate  

(wt%, dry basis) 

Glucose 43.2±1.4 36.5±0.5 45.0±1.3  11.5±0.2 11.8±0.1 19.8±1.8 

Xylose 2.8±0.9 5.6±0.8 14.6±1.1  ND 2.5±0.1 7.6±0.6 

Galactose 14.5±0.3 11.1±0.4 ND  8.3±0.2 8.3±0.5 11.4±1.8 
Arabinose 39.4±0.8 46.7±0.0 40.4±0.1  81.2±0.0 77.3±0.2 61.2±3.0 

         

Molecular 
weight (kDa) 

and PDI of 

EPSs 

Mw 375 367 374  160 414 398 

PDI 3.58 8.22 5.38 
 

4.41 7.49 7.90 

ND=Not detected. 

Table 4. 2. Diameters of the inhibition zones 
EPS concentration (mg/mL) Ori strain (mm) Mut strain (mm) 

50 30 30 

20 25 25 

10 22 22 
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1 0 22 

 

Table 5. 1. Carotenoids formation strains from Thraustochytrids 
Name of Species Total 

Carotenoids 

Astaxanthin Biomass 

Yield 

Specific 

Noted 

Carbon & 

Nitrogen 

Sources 

Reference 

Aurantiochytrium 

sp. MP4 

- 130 µg/g 

DCM 

OD 

660=0.7 

 2% Glu;  

1% YE 

(Suen et al., 

2014) 

Aurantiochytrium 

sp. KH105 

- 137 ug/g 8 g/L  3% Glu;  

0.6 PT;  

0.2 YE 

(Iwasaka et 

al., 2013) 

Aurantiochytrium 

sp 18 W-13a 

198 mg/g 

DCM 

- 6.5 g/L  2% Glu 

1.5%TP, 

0.5% YE  

(Kaya et al., 

2011) 

Aurantiochytrium 

sp 

Yonez 5-1 

318 mg/g 

DCM 

- 3.4 g/L  2% Glu 

1.5% TP, 

0.5% YE 

(Nakazawa et 

al., 2014) 

Schizochytrium. 

Mangrovei PQ6 

33 mg/g 

DCM 

- 30 g/L  9% GLu 

1% YE 

(Hoang et al., 

2014) 

Schizochytrium sp.  

CCTCC M209059 

50 mg/g 

DCM 

- 84 g/L  5% GLu 

0.4% YE 

(Ren et al., 

2014) 

Schizochytrium 

limacinum 

- 1.2 mg/g 

DCM 

9 g/L Muted by 

adding 

NTG 

 

2% Glu 

1.5%TP, 

0.5% YE 

(Chatdumrong 

et al., 2007) 

Schizochytrium 

DZAM 

- 70 mg/g 

DCM 

- Photo-

emission  

1% Glu; 

0.1% YE; 

0.1 PT 

(Oclarit and 

Belarmino, 

2009) 

Thraustochytrium 

CHN-1 

450 µg/g 

DCM 

200 µg/g 

DCM 

1.4 g/L  2% Glu 

0.3% YE 

(Carmona et 

al., 2003) 
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Thraustochytriidae 

sp. AS4-A1 

- 40 mg/g 

CDM 

15 g/L VB1, VB7 

and VB12 

added 

2% Glu 

0.2% YE 

0.2% 

MSG 

(Quilodrán et 

al., 2010b) 

Thraustochytrid 

strain ONC-T18 

50 µg/g 

DCM 

rare 10 g/L  2% Glu; 

0.2% YE; 

0.6% 

MSG 

(Armenta et 

al., 2006) 

DCM- dry cell mass; Glu- glucose; YE- yeast extract; TP- Tryptone; MSG- monosodium glutamate; PT- 

peptone 

 

Table 6.1. Kinetics coefficients value from modeling 

Kinetics parameters Values 

µmax (h
-1) 0.06 

Ks (g/L) 1.50 

b (h-1) 0.02 

α1 (g TFA/g cell) 0.1121 

β1 (g TFA/g cell h) 0.0003 

α2 (mg ATX/g cell) 0.0021 

β2 (mg ATX/g cell h) 0.0030 

YXS (g cell/g substrate) 0.24 

YPS(TFA) (g TFA/g substrate) 4.97 

YPS(ATX) (mg ATX/g substrate) 0.47 

ms (h
-1) 0.00001 

KI (g/L) 144.2 

KID2 (g/L) 20.7 
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FIGURES 

 
Figure 2.1.Variation of cell mass and glucose concentrations during fermentation in the 

standard culture medium 
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Figure 2.2. Cell mass concentration and TFA content of T. striatum under different 

cultivation conditions: (A) glucose concentration, (B) YEP concentration, (C) ASW 

strength, (D) initial pH value, and (E) rotation speed. Lowercase and uppercase letters 

represent cell mass and TFA respectively. Levels not connected by same letter are 

significantly different. 

 

     

  

 

Figure 2.3. Cell mass and FA composition under different carbon and nitrogen sources: (A) cell 
mass under different carbon sources, (B) FA composition under different carbon sources, (C) cell 
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mass under different nitrogen sources, and (D) FA composition under different nitrogen sources. 

Lowercase and uppercase letters represent cell mass and TFA respectively. Levels not 

connected by same letter are significantly different. 

 

 

 

 
Figure 2.4. Comparison between batch (A) and fed-batch (B) cultivation on substrate 

consumption, cell mass, lipid production, and (C) FA composition of batch and fed-batch. 
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Figure 3.1. Detection of extracellular enzymes from T. striatum in the standard medium. 

One hole in each agar plate without color-fade zone was the control which did not have 

enzyme addition (saline water only). (a) Amylase; (b) Lipase; (c) Cellulase; (d) Xylanase; 

(e) κ-Carrageenase; (f) Chitinase; and (g) Pectinase.  
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Figure 3.2. Effect of glucose and nitrogen (i.e., YEP) concentrations and salinity on DCM 

and extracellular enzyme activities of T. striatum. (a)-(c) Glucose concentrations were 5, 

15 and 30 g/L, respectively. Nitrogen and salinity were 12 g/L and 100%, respectively. 

The corresponding C/N ratios were 2.5, 1.25 and 0.4, respectively; (d)-(e) Nitrogen 

concentrations were 3 and 6 g/L [12 g/L was shown in (a)], respectively, and glucose 

concentration and salinity were 30 g/L and 100%, respectively. The corresponding C/N 

ratios were 5 and 10, respectively; (f)-(h) Salinity levels were 25, 50 and 150% ASW, 

respectively [100% ASW was shown in (a)], and glucose and nitrogen concentrations 

were 30 g/L and 12 g/L, respectively. 
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Figure 3.3. EPS concentrations at different: (a) glucose concentration; (b) yeast/peptone 

concentration; and (c) salinity level 
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Figure 3.4. Monosaccharide composition of total carbohydrate of EPS at different: (a) 

glucose concentration; (b) YEP concentration; and (c) salinity level 
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Figure 3.5. Effect of polysaccharide on cell growth and enzyme production: (a) starch; (b) 

cellulose (CMC); c) xylan; (d) pectin; (e) chitin; and (f) ĸ-carrageenan 
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Figure 3.6. Cell growth and extracellular enzyme activities under carbon-starved 

condition 

 

Figure 4.1. FTIR spectra of the EPSs from both ori and mut strains of T. striatum with 5.4 

g/L MgSO4•7H2O in the growth medium 
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Figure 4. 2. 13C NMR spectra of the EPSs from both ori (a) and mut (b) strains of T. 

striatum with 5.4 g/L MgSO4•7H2O in the growth medium 
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Figure 4.3. 13C-1H HSQC short range spectra of the EPSs from both ori (a) and mut (b) 

strains of T. striatum with 5.4 g/L MgSO4•7H2O in the growth medium revealing 

carbohydrates units and linkages 
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Figure 4.4. MTS cytotoxicity assay of EPS samples on B16 melanoma (a), DU145 prostate 

carcinoma (b) and NL20 lung epithelial cells (c). All EPS samples were obtained from the 

T. striatum cultures grown in the medium with 5.4 g/L of MgSO4•7H2O. The ori EPS 

samples are coded in orange (labeled as “ori”) and the mut EPS samples are coded in blue 

(labeled as “mut”). The numbers (0.1-100) in the labels denote EPS concentrations in 

μg/mL. The Ep statistical differences were determined between the treatment and the no-

treatment control bars (***p<0.001, **p<0.01 and *p<0.05). 
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Figure 4.5 MTS cytotoxicity assay of EPS samples on A549 lung carcinoma (a), Hela 

cervical carcinoma (b) and NL20 lung epithelial cells (c). The ori EPS samples are coded 

in orange (labeled as “ori”) and the mut EPS samples are coded in blue (labeled as “mut”). 

EPS samples were obtained from cultures grown in medium with different MgSO4•7H2O 

concentrations (5.4, 10.8 and 16.2 g/L) as labeled. The numbers (10, 30 and 100) in the 

labels denote EPS concentrations in μg/mL. The Ep statistical differences were determined 

between the treatment and the no-treatment control bars (***p<0.001, **p<0.01 and 

*p<0.05). 
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Figure 4. 6. Total antioxidant capacity (TAC) of EPSs. The ori EPSs are coded in orange 

(labeled as “ori”) and the mut EPSs are coded in blue (labeled as “mut”). The numbers 

(5.4, 10.8 and 16.2) in the labels are MgSO4•7H2O concentration (g/L) in the GYP 

medium, and 10 and 100 denote the dose of EPSs at 10 and 100 μg/mL, respectively. The 

Ep statistical differences were determined between the doses of each EPS samples 

(***p<0.001). 

 
Figure 4. 7. Anti-inflammation test on macrophage Raw 264.7 cells. (a) NO measurement 

was performed using Griess reagent kit (Molecular Probes), and (b) MTS assay was 

performed to evaluate the cell proliferation. The ori EPS samples are coded in orange 

(labeled as “ori”) and the mut EPS samples are coded in blue (labeled as “mut”). The blank 

and LPS controls are coded in white and grey, respectively. The numbers (5.4, 10.8 and 

16.2) in the labels are MgSO4•7H2O concentration (g/L) in the growth medium for T. 

striatum, and 10, 30 and 100 denote the dose of EPSs at 10, 30 and 100 μg/mL, respectively. 

The Ep statistical differences were determined between the treatment and the LPS control 

bars (***p<0.001, **p<0.01 and *p<0.05). 
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Figure 4. 8. Example ZOI of EPSs on P. aeruginosa. Left: the ori EPSs at 50 mg/mL; and 

middle and right: the mut EPSs at 50 mg/mL and 1 mg/mL, respectively. All tested EPSs 

here were obtained with 5.4 g/L MgSO4•7H2O in GYP medium 

 

 
Figure 5.1. HPLC peaks of carotenoids produced under low (a), and high (b) YEP 

concentrations, and the possible astaxanthin biosynthesis pathways of T. striatum in this 

study (c) [adopted and modified from Armenta et al. (2006)]. 
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Figure 5.2. Cell mass concentration, astaxanthin concentration and content of T. striatum 

under different (a) carbon sources and (b) nitrogen sources. Numbers, lowercase and 

uppercase letters represent cell mass, astaxanthin content and astaxanthin concentration 

respectively. Levels not connected by same number or letter are significantly different. 
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Figure 5.3. Astaxanthin concentration and content of T. striatum under different cultivation 

conditions: (a) glucose concentration, (b) YEP concentration, (c) salinity, (d) initial pH, 

and (e) temperature. Numbers, lowercase and uppercase letters represent cell mass, 

astaxanthin content and astaxanthin concentration respectively. Levels not connected by 

same number or letter are significantly different. 

 

 

 

 
Figure 5. 4. Astaxanthin concentration and content of T. striatum under different oxidation 

stress tests: (a) light illumination (b) aeration and (c) H2O2 concentration. Numbers, 

lowercase and uppercase letters represent cell mass, astaxanthin content and astaxanthin 
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concentration respectively. Levels not connected by same number or letter are significantly 

different. 

 
Figure 5. 5. Fed-batch cultivation of T. striatum on (a) glucose consumption and cell mass 

and (b) carotenoid formation. 
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Figure 5. 6. Fermentation of corn stover hydrolysate in batch and fed-batch cultivation of 

T. striatum: (a) sugar consumption and cell growth in batch process, (b) sugar consumption 

and cell growth in fed-batch process, and (c) carotenoids formation in fed-batch process.  

 
Figure 6.1. Simulation results for standard condition with the initial glucose concentration 

of 20 g/L. The blue cross, green circle, red diamond and black star symbols represent 

experimental data for glucose, cell mass, TFAs, and ATX concentrations, respectively. The 

solid lines are predicated data. 
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Figure 6.2. Simulation results for validation of initial glucose concentrations at a) 2.5 g/L, 

b) 5 g/L, c) 10 g/L, d) 30 g/L and e) 50 g/L. The blue cross, green circle, red diamond and 

black star symbols represent experimental data for glucose, cell mass, TFAs, and ATX 

concentrations, respectively. The solid lines are predicated data. 
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APPENDIX 

Appendix A 

Appendix A-1 37 Component FAME Mix standard preparing 

GC-FID Standard prepared by mixing 500 µL of 37 different fatty acid methyl esters 

standard with 500 µL of internal standard (IS), pentadecane (1000 mg/mL). The 

mixing reagent was stored in GC vial for measuring. Responding factors was 

calculated according to the main principle that each FAME peak area compared with 

IS (known concentration) so that every FAME compound has a unique response 

factor (RF). After that an efficiency test was operated by adding an existence and 

known concentration fatty acid (C13:0) for transesterification process, and 

measuring the concentration from GC. The efficiency of transferring was calculated  

by comparing calculated concentration with the exact added concentration, called 

recovery efficiency. In the sample (unknow concentration) measurement, the 

response factor can be used to determine the unknow concentration fatty acids in 

each sample, equations showed below: 

𝑹𝑭 =
[𝑺]/𝑷𝑨𝒔

[𝑰𝑺]/𝑷𝑨𝑰𝑺
 

[𝑿] =
([𝑰𝑺]/𝑷𝑨𝑰𝑺) × 𝑷𝑨𝒙 × 𝑪𝑭

𝑹𝑭 × 𝑬𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚
 

[S]: the concentration of one of the standard FAME (ug/mL); 

PAs: the peak area of one of the standard FAME; 

[IS]: the concentration of internal standard (ug/mL) 

PAIS: peak is of internal standard; 

RF: the response factor; 

[X]: one of the unknow sample concentration (ug/mL); 

PAx: the peak area of the unknow sample; 

CF: the conversion factor, which convert FAME to fatty acid; 

Efficiency: the efficiency for transesterification or recovery efficiency; 

 

Table A-1 The response factors for 37 mix FAME standards 

Formula 

Methyl ester 

compounds Fatty acid 

Conversion 

factor 

Retention 

time (min) 

Peak 

area 

(PA) 

Analytical 

concentration 

(ug/mL) 

Response 

factor (RF) 

C4:0 

Methyl 

butyrate Butyric 0.863 11.372 15037 205.05 1.68 
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C6:0 

methyl 

hexanoate Caproid 0.892 13.727 18465 204.15 1.36 

 

IS 

(Pentadecane)   16.086 61555 500 1.00 

C8:0 

Methyl 

octanoate Caprylic 0.911 17.749 21106 203.6 1.19 

C10:0 

Methyl 

decanoate Capric 0.925 23.075 23159 203.5 1.08 

C11:0 

Methyl 

undecanoate Undecanoic 0.930 25.906 11769 101.85 1.07 

C12:0 Methyl laurate Lauric 0.935 28.706 25271 204.05 0.99 

C13:0 

Methyl 

tridecanoate Tridecanoic 0.939 31.419 12718 101.7 0.98 

C14:0 

Methyl 

myristate Myristic 0.942 34.025 26826 203.3 0.93 

C14:1 

Myristoleic 

acid methyl 

ester Myristoleic 0.942 36.109 13122 101.65 0.95 

C15:0 

Methyl 

pentadecanoate 

Pentadecano

ic 0.945 36.51 13680 101.1 0.91 

C15:1 

Cis-10-

pentadecanoic 

acid methyl 

ester 

cis-10-

Pentadeceno

ic 0.945 38.538 13680 101.65 0.91 

C16:0 

Methyl 

palmitate Palmitic 0.948 38.887 42869 305 0.88 

C16:1 

Methyl 

palmitoleate Palmitoleic 0.948 40.54 14066 100.8 0.88 

C17:0 

Methyl 

heptadecanoate 

Heptadecano

ic 0.951 41.142 9510 94.5 1.22 

C17:1 

Cis-10-

heptadecanoic 

acid methyl 

ester 

cis-10-

Heptadeceno

ic 0.950 42.755 14430 101.6 0.87 

C18:0 Methyl stearate Stearic 0.953 43.309 29317 203.35 0.85 

C18:1n9t 

Trans-9-elaidic 

acid methyl 

ester Elaidic 0.953 44.272 14475 100 0.85 

C18:1n9

c 

Cis-9-oleic 

acid methyl 

ester Oleic 0.953 44.692 29649 203.35 0.84 

C18:2n6t 

Linolelaidic 

acid methyl 

ester Linolelaidic 0.952 45.786 12438 96.3 0.95 

C18:2n6

c 

Methyl 

linoleate Linoleic 0.952 46.711 14275 101.05 0.87 

C20:0 

Methyl 

arachidate Arachidic 0.957 47.36 29994 203.55 0.84 

C18:3n6 

Gamma-

linolenic acid 

methyl ester r-Linolenic 0.952 48.184 13940 101.6 0.90 

C20:1 

Methyl 

eicosanoate 

cis-11-

Eicosenoic 0.957 48.658 14623 101.8 0.86 

C18:3n3 

Methyl 

linolenate Linolenic 0.952 48.972 14011 100.8 0.89 

C21:0 

Methyl 

heneicosanoate 

Heneicosano

ic 0.959 49.261 14815 102.05 0.85 
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C20:2 

Cis-11,14-

eicosatrienoic 

acid methyl 

ester 

cis-11,14-

Eicosadienoi

c 0.957 50.572 14333 101.55 0.87 

C22:0 

Methyl 

behenate Behenic 0.961 51.102 29573 203.8 0.85 

C20:3n6 

Cis-8,11,14-

eicosatrienoic 

acid methyl 

ester 

cis-8,11,14-

Eicosatrienoi

c 0.956 51.965 13080 99.2 0.93 

C22:1n9 Methyl erucate Erucic 0.960 52.351 14658 101.8 0.86 

C20:3n3 

Cis-11,14,17-

eicotrienoic 

acid methyl 

ester 

cis-11,14,17-

Eicosatrienoi

c 0.956 52.716 11093 98.4 1.09 

C23:0 

Methyl cis-

5,8,11,14-

eicosatetraenoi

c acid methyl 

ester Tricosanoic 0.962 52.891 14582 102.05 0.86 

C20:4n6 

Methyl 

tricosanoate Arachidonic 0.956 53.06 13440 100.8 0.92 

C22:2 

Cis-13,16-

docosadienoic 

acid methyl 

ester 

cis-13,16-

Docosadieno

ic 0.960 54.261 10874 94.75 1.07 

C24:0 

Methyl 

lignocerate Lignoceric 0.963 54.74 29035 203.55 0.86 

C20:5n3 

Methyl cis-

5,8,11,14,17-

eicosapentaeno

ate 

cis-

5,8,11,14,17

-

Eicosapentae

noic 0.956 55.421 11793 98.25 1.03 

C24:1n9 

Methyl 

nervonate Nervonic 0.963 56.093 13411 101.9 0.94 

C22:6n3 

Cis-

4,7,10,13,16,19

-

docosahexaeno

ic acid methyl 

ester 

cis-

4,7,10,13,16,

19-

Docosahexa

enoic 0.959 61.171 10912 97.65 1.10 
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Appendix B 

 

 

 
Figure B-1. The standard of glucose, D-galactose, xylose, galacturonic acid and N-acetyl-

D-glucosemine for DNS solution method under 540nm; p-nitrophenol for lipase detection 

under 405 nm. 
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Appendix C 

Appendix C-1 The standards of sugars for HPLC 

 

 

 
Figure C-1. The HPLC standard of glucose, xylose, galactose, arabinose and mannose 

with their responding retention times.  
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Appendix C-2 The standards for EPS components measurements 

 
Figure C-2. The standard of glucose from phenol-sulfuric acid method. 

 
Figure C-3. The standard of protein from Pierce™ Modified Lowry Protein Assay Kit. 

y = 7.3371x + 0.0853
R² = 0.9967

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0.00 0.02 0.04 0.06 0.08 0.10 0.12

O
b

s

Glucose concentration (mg/mL)

y = -4E-07x2 + 0.0015x + 0.0405
R² = 0.9978

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

0 200 400 600 800 1000 1200 1400 1600

A
b
s

Protein concentration (ug/mL)



150 
 

 

 
Figure C-4. The standard of K2SO4 under 500 nm for sulfate measuring. 

 

Figure C-5. The standard of D-galacturonic acid under 520 nm for uronic acid measuring. 

y = 0.0027x + 0.0761
R² = 0.9993

0.0

0.1

0.1

0.2

0.2

0.3

0.3

0.4

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0

O
b

s

Sulfate concentration (ug/mL)

y = 3.494x + 0.0789
R² = 0.9962

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0.0 0.1 0.1 0.2 0.2 0.3 0.3 0.4

O
b

s

D-galacturonic acid concentration (g/L)



151 
 

Appendix D 

Appendix D-1 The standards of carotenoids
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y = 57.582x - 2.8909
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Figure D-1. The standard of carotenoids with responding retention times. 
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Appendix E 

Appendix E-1 The related biokinetics coefficients determine 

 

 

Figure E-1. The results of related Monod equation coefficients simulation a) the 

maximum specific growth rate (µmax, h
-1) and half-saturated coefficient (Ks, g/L) 

determination; b) the decay rate (b, h-1); c) the non-growth associated coefficient (α1, mg 

TFA/ g cell) and growth associated coefficient (β1, mg TFA/ g cell ) for total fatty acid 

formation; d) the non-growth associated coefficient (α2, µg ATX/ g cell) and growth 

associated coefficient (β2, µg TFA/ g cell ) for astaxanthin formation. 
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Appendix E-2 MATLAB Code for parameters estimation for kinetic model 

Definition of the specific model system, including measured concentration and initial 

guesses for the rate constants 

clear all 
global Yxs Yptfas Ypatxs ms KI KID2 KID1 i j 
global  mumax Ks b mu alfa1 beta1 alfa2 beta2 S X PTFA PATX S0 X0 PTFA0 

PATX0  
mumax=0.059; 
Ks=1.5; 
b=0.022; 
alfa1=0.11206; 
beta1=0.000317; 
alfa2=0.002113; 
beta2=0.002985; 
t=[0 24 48 72 96 120 144 168 192]'; 
span=t(length(t)); 
S_exp=[21.5 20.6 19.3 18.6 14.7 10.0 4.7 3.2 2.0]'; 
X_exp=[0.1025 0.3455 0.5164 1.2146 2.025 3.544 4.1016 4.1806 4.1199]'; 
PTFA_exp=[0.0010 0.0155 0.0264 0.1146 0.2150 0.404 0.5216 0.5506 

0.5209]'; 
PATX_exp=[0.004 0.0015 0.030 0.0975 0.223 0.470 0.754 1.048 1.170]'; 
S0=21.5; 
X0=0.1025; 
PTFA0=0.0010; 
PATX0=0.004; 
Y0=[S0 X0 PTFA0 PATX0]'; 
P0=[0.5 0.5 0.5 0.02 120 50]; 
lb=[0 0 0 0 0 0]; 
ub=[]; 
Y=[S_exp X_exp PTFA_exp PATX_exp]; 
options=[]; 
[P_est,RESNORM,RESIDUAL,exitflag,OUTPUT,LAMBDA,JACOBIAN]=lsqnonlin(@Thr

_loss_1,P0,lb,ub,options,t,Y,span,Y0); 
[tt, S_est X_est PTFA_est PATX_est]=Thr_solution_1(P_est,span,Y0); 
figure 
subplot (2,2,1) 
plot(tt,S_est,'b',t,S_exp,'+b'); 
xlabel('Time (h)') 
ylabel('Glucose concentration (g/L)') 
subplot (2,2,2) 
plot(tt,X_est,'g',t,X_exp,'og'); 
xlabel ('Time (h)') 
ylabel('Cell mass concentration (g/L)') 
subplot (2,2,3) 
plot(tt,PTFA_est,'r',t,PTFA_exp,'dr'); 
xlabel ('Time (h)') 
ylabel('Total fatty acid concentration (g/L)') 
subplot (2,2,4) 
plot(tt,PATX_est,'k',t,PATX_exp,'*k'); 
xlabel ('Time (h)') 
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ylabel('Astaxanthin concentration (mg/L)') 
P=[P_est(1),P_est(2),P_est(3),P_est(4),P_est(5),P_est(6)] 
cf=nlparci(P_est,RESIDUAL,JACOBIAN); 
kaas=[P_est' cf] 

 

Definition of differential equations  

function [dydt]=Thr_diff_equation_1(t,y,P) 
global Yxs Yptfas Ypatxs ms KI KID2 KID1 i j 
global  mumax Ks b mu alfa1 beta1 alfa2 beta2 S X PTFA PATX S0 X0 PTFA0 

PATX0 
Yxs=P(1); 
Yptfas=P(2); 
Ypatxs=P(3); 
ms=P(4); 
KI=P(5); 
KID2=P(6); 
dydt=zeros(size(y)); 
S=y(1); 
X=y(2); 
PTFA=y(3); 
PATX=y(4); 
dydt(2)=(mumax*S)/(Ks+S)/(1+S/KI)*X-b*X; 
dydt(3)=(alfa1*dydt(2)+beta1*X); 
dydt(4)=(alfa2*dydt(2)+beta2*X)*(1+S/KID2); 
r1=dydt(2)/Yxs; 
r2=dydt(3)/Yptfas; 
r3=dydt(4)/Ypatxs; 
dydt(1)=-(r1+r2+r3+ms*X); 
dydt=[dydt(1) dydt(2) dydt(3) dydt(4)]'; 

 

Numerical solution of differential equations 

function [tt, S_exp X_exp PTFA_exp 

PATX_exp]=Thr_solution_1(P,stop_time,Y0); 
global Yxs Yptfas Ypatxs ms KI KID2 KID1 i j  
global  mumax Ks b mu alfa1 beta1 alfa2 beta2 S X PTFA PATX S0 X0 PTFA0 

PATX0 
period=[0 stop_time]; 
tt=[]; 
S_exp=[]; 
X_exp=[]; 
PTFA_exp=[]; 
PATX_exp=[]; 
[t y]=ode15s(@Thr_diff_equation_1,period,Y0,[],P); 
tt=[tt;t]; 
S_exp=[S_exp;y(:,1)]; 
X_exp=[X_exp;y(:,2)]; 
PTFA_exp=[PTFA_exp;y(:,3)]; 
PATX_exp=[PATX_exp;y(:,4)]; 
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laatst=length(tt); 

 

Definition of loss function 
 
function diff=Thr_loss_1(P,t,Y,span,Y0) 
global Yxs Yptfas Ypatxs ms KI KID2 KID1 i j 
global  mumax Ks b mu alfa1 beta1 alfa2 beta2 S X PTFA PATX S0 X0 PTFA0 

PATX0 
[tt,S_exp X_exp PTFA_exp PATX_exp]=Thr_solution_1(P,span,Y0); 
diff=interp1(tt,[S_exp X_exp PTFA_exp PATX_exp],t)-Y; 

 

 

Appendix E-3 Validation of the developed kinetic model including obtained parameters 

 

Definition of the specific model system, including measured concentration and obtained 

parameters 

clear all 
global Yxs Yptfas Ypatxs ms KI KID2 KID1 i j 
global mumax Ks b alfa1 beta1 alfa2 beta2 S X PTFA PATX S0 X0 PTFA0 

PATX0 
mumax=0.059; 
Ks=1.5; 
b=0.022; 
alfa1=0.11206; 
beta1=0.000317; 
alfa2=0.002113; 
beta2=0.002985; 
tt=[0 24 48 72 96 120 144 168 192]'; 
S_exp=[50.92 48.10 46.75 45.79 44.48 40.18 34.52 26.21 21.07]'; 
X_exp=[0.115 0.3314 0.5376 0.782 1.4009 2.2597 3.5641 4.564 5.98]'; 
PTFA_exp=[0.002 0.0014 0.0076 0.032 0.0809 0.1697 0.3341 0.5445 

0.7343]'; 
PATX_exp=[0.0056 0.0095 0.0276 0.0694 0.2435 0.383 0.7972 1.354 

1.8562]'; 
t0=tt(1); 
tf=tt(9); 
P=[0.2417 4.97 0.4707 0.0000133 144.24 20.742]; 
Yxs=P(1); 
Yptfas=P(2); 
Ypatxs=P(3); 
ms=P(4); 
KI=P(5); 
KID2=P(6); 
S0=input('enter value for S0 (g/L)'); 
X0=input('enter value for X0 (g/L)'); 
PTFA0=input('enter value for PTFA0 (g/L)'); 
PATX0=input('enter value for PATX0 (mg/L)'); 
yz=[S0 X0 PTFA0 PATX0]; 
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[t,y]=ode15s(@Thr_validation_diff_1,[t0,tf],yz); 
S=y(:,1); 
X=y(:,2); 
PTFA=y(:,3); 
PATX=y(:,4); 
figure 
subplot (2,2,1) 
plot(t,S,'b',tt,S_exp,'+b'); 
xlabel('Time (h)') 
ylabel('Glucose concentration (g/L)') 
subplot (2,2,2) 
plot(t,X,'g',tt,X_exp,'og'); 
xlabel ('Time (h)') 
ylabel('Cell mass concentration (g/L)') 
subplot (2,2,3) 
plot(t,PTFA,'r',tt,PTFA_exp,'dr'); 
xlabel ('Time (h)') 
ylabel('Total fatty acid concentration (g/L)') 
subplot (2,2,4) 
plot(t,PATX,'k',tt,PATX_exp,'*k'); 
xlabel ('Time (h)') 
ylabel('Astaxanthin concentration (mg/L)') 

 

 

 

Definition of differential equations  

function [xdot]=Thr_validation_diff_1(t,x) 
global Yxs Yptfas Ypatxs ms KI KID2 KID1 i j 
global mumax Ks b alfa1 beta1 alfa2 beta2 S X PTFA PATX S0 X0 PTFA0 

PATX0 
S=x(1); 
X=x(2); 
PTFA=x(3); 
PATX=x(4); 
xdot=zeros(size(x)); 
xdot(2)=mumax*S/(Ks+S)/(1+S/KI)*X-b*X; 
xdot(3)=(alfa1*xdot(2)+beta1*X); 
xdot(4)=(alfa2*xdot(2)+beta2*X)*(1+S/KID2); 
r1=xdot(2)/Yxs; 
r2=xdot(3)/Yptfas; 
r3=xdot(4)/Ypatxs; 
xdot(1)=-(r1+r2+r3+ms*X); 
xdot=[xdot(1);xdot(2);xdot(3);xdot(4)]; 
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