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Útdráttur 

Áhugi á fjólómettuðum fitusýrum (PUFAs) hefur aukist með meiri 

þekkingu á mikilvægi þeirra í þroska og sem vörn gegn ýmsum 

heilsukvillum hjá mönnunum. Því hafa PUFAs verið notaðar í fæðu 

fyrir bæði menn og dýr. Sýnt hefur verið fram á að olíumyndandi 

örverur af ætt Thraustochytriaceae geti nýtt sér aukaafurðir sem falla 

til úr iðnaði, t.d. frá bakaríum og bruggverksmiðjum. Olía þessi 

inniheldur fjölómettaðar fitusýrur (PUFAs) t.d docosahexaenoic sýru 

(DHA). Markmið verkefnisins var að athuga hvort Sicyoidochytrium 

minutum gætu nýtt sér aukaafurðir sem falla til í landbúnaði sem fæðu. 

Í þessu verkefni voru innyflum úr nautgripum (lunga og milta) og 

sauðfé (bris) safnað og brisið notað sem ensímhvati við niðurbrot 

innyflanna. Tær próteinlausn fékkst eftir nokkrar tilraunir, þar sem 

innyflunum (lungu eða milta) var blandað saman í jöfnum hlutföllum 

við ensímgjafann (bris) og þynnt með eimuðu vatni, alls í 12 hlutföll. 

Próteinlausnir frá aukaafurðunum (BYPP) voru mældar við ljósþéttni 

280 nm (OD280nm) og staðall notaður með Kjeldahl mælingu og 

OD280nm til að meta próteinstyrk BYPP fyrir ræktunartilraunir. 

Frumumassinn var spunninn niður eftir ræktunartilraunir, þveginn og 

frostþurrkaður, áður en sýni voru undirbúin fyrir fitusýrugreiningu í 

GC-FID tæki. 

Niðurstöður sýna að S. minutum gat nýtt sér aukaafurðir frá 

landbúnaði þar sem þurrvigt eftir vöxt í BYPP milta æti var 1,44 g/L 

og  1,14 g/L í BYPP lunga æti, samanborið við 1,92 g/L í viðhaldsæti. 

S. minutum ræktað í BYPP lunga æti innihélt 28,17% olíu af þurrvigt, 

þar af 25,24% docosahexaenoic sýru (DHA), 34,96% palmitic sýru and 

5,7% eicosapentaenoic sýru (EPA). DHA magn var marktækt minna í 

frumumassa ræktuðum í BYPP lunga æti miðað við ræktun í 

viðhaldsæti. Fitusýrugreiningar sýna að S. minutum ræktaðar í æti úr 

BYPP lunga geta búið til langar fjölómettaðar fitusýrur, til dæmis 

DHA og EPA og því áhugaverðar sem fæðubót fyrir menn og dýr.  

  



 

  



 

Abstract 

Polyunsaturated fatty acids (PUFAs) have been linked to lower 

occurrence of several health problems in humans, and play an 

important role in nerve development. Due to their apparent health 

benefits, they are incorporated into food supplements for humans and 

also used to enrich animal feed. Microorganisms, such as 

Thraustochytriaceae, are able to utilize by-products from industry, e.g. 

breweries and bakeries, to synthesize various PUFAs. The aim of this 

project is to investigate whether oil producing Thraustochytriaceae, 

specifically Sicyoidochytrium minutum, could utilize by-products from 

agriculture, thus converting a low value by-product into high value 

PUFAs.  

 By-products from cattle (lungs and spleens) and sheep (pancreas) 

were gathered and used as a nitrogen source for S. minutum. Clear by-

product peptone (BYPP) solutions received after incubation with 

intestines, lung or spleen, mixed with equal amount of enzyme 

catalyst, pancreas, and diluted with dH2O in 12 ratios were used in 

growth experiments. Kjeldahl and optical density at 280nm 

measurements were used to estimate protein concentration before 

conducting growth experiments. Cell biomass was spun down, washed 

and freeze-dried before samples were fatty acid analyzed with GC-FID 

instrument.  

Results show S. minutum were able to utilize BYPP made from 

pancreatic digestion of lung and spleen, resulting 1.14 g/L and 1.44 

g/L respectively, compared to 1.92 g/L in basal medium (BM). Fatty 

acid analysis of S. minutum biomass grown in lung BYPP contained 

28.17% oil, thereof 25.24% docosahexaenoic acid (DHA), 34.96% 

palmitic acid and 5.7% eicosapentaenoic acid (EPA), calculated from 

total fatty acid content. DHA content was significantly lower than 

received in BM. Fatty acid analyses show that S. minutum cultivated in 

lung BYPP can produce long chain polyunsaturated fatty acids, for 

instance DHA and EPA, desirable to enrich diet for human and 

animals.  
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Introduction 

 

Human population has never been greater, estimated around 7 billion 

people are living on this planet (World Population Data Sheet, 2016). 

Demand for food and good nutrition has increased substantially. Fats, 

one of the three main nutrient groups along with carbohydrates and 

proteins, include fatty acids (Horrocks & Yeo, 1999). Various kinds of 

fatty acids exist which differ in their length, structure and bonds. Fatty 

acids are carbon atoms linked together, these bonds can consist entirely 

of either single bonds (C-C, saturated) or double bonds (C=C, 

unsaturated) or a mixture of the two. Fatty acids which have two or 

more double bonds are defined as polyunsaturated fatty acids 

(PUFAs). The interest in PUFAs, especially those classed as omega-3 

(ω-3), e.g. docosahexaenoic acid (DHA), has increased substantially in 

recent years as their role within the body becomes better understood. 

Intake of DHA has been linked to lower occurrence of several health 

problems, for example asthma, macular degeneration, diabetes, stroke, 

rheumatoid arthritis (Barclay, Weaver, & Metz, 2005; Ruxton, Reed, 

Simpson, & Millington, 2004) along with unipolar depression, 

cardiovascular diseases, aggressive hostility and adrenoleukodystrophy 

(Horrocks & Yeo, 1999). Recommendations on PUFAs intake from 

The European Food Safety Authority (2009) are 250 mg/day for DHA, 

along with other ω-3 fatty acids (2 g/day of alpha-linolenic acid (ALA) 

and 250 mg/day of eicosapentaenoic acid (EPA)). For omega-6 (ω-6), 

the intake recommendation is 10 g/day for linoleic acid (LA). 

DHA, along with other ω-3 fatty acids e.g. EPA, have mainly been 

extracted from fish oil for human consumption (Armenta & Valentine, 

2012) but that source is inadequate at current consumption levels and 

supply is unstable (Cohen, 2005). Fish oil and fishmeal is also used as 

an industrial aquafeed to enrich the feed of DHA and EPA in 

production of farmed fish. The proportion of global production of fish 

oil used in aquafeed has more than doubled over the past ten years 

reaching 88%. The proportion of global fishmeal used in aquafeed is 

68%. In 2009, aquaculture supplied around half of total shellfish and 
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fish consumed by humans. Consumers are seeking for low health risk 

products which do not include polychlorinated biphenyls (PCBs) or 

dioxins. Toxic chemicals can build up, when moving from one 

organism to another, therefore have been associated with fishmeal and 

fish oil. Aquaculture producers have also been seeking solutions which 

reduce production costs which are largely connected to feed (Naylor, 

Hardy, Bureau, Chiu, Elliott, Farrell, Forster, Gatlin, Goldburg, Hua & 

Nichols, 2009). Therefore, alternative non-fish sources for feed in 

aquaculture are promising, e.g. single cell organisms. It has also been 

recognized that ω-3 source in fish is primarily synthesised by plankton 

or single cell microorganisms which they consume (Barclay et al., 

2005). Wild captured fisheries ratio to farmed fish has decreased from 

1.04 to 0.63 since 1995 with a greater use of various plant- and animal-

based alternatives. This ratio still remains as 5.0 for production of 

Atlantic salmon (Naylor et al., 2009), meaning that for producing 1 kg 

of Atlantic salmon, 5 kg of wild fish is needed. Aquaculture industry is 

rapidly increasing and is estimated to reach 62% of all fish consumed 

by humans by 2030. Production from capture fisheries has remained 

relatively stable at around 90 million tonnes since 1990, but 

aquaculture production has increased year after year. Total global fish 

production, from both aquaculture and captured, had therefore almost 

reached 160 million tonnes in 2012 (Fao, 2014).  

Polyunsaturated fatty acids 

The human brain consists partly of PUFAs, with a high proportion of 

DHA, which makes cell membranes fluid and is necessary for cell 

function and signalling systems (Ruxton et al., 2004; Lewis, Nichols, 

& McMeekin, 1999). Humans and most other animals lack the ability 

to synthesise DHA in large quantities, making them essential and 

nutritionally important to humans (Sinclair, Attar-bashi, Jayasooriya, 

Gibson, & Makrides, 2005; Hull, 2011). 

Humans have to consume both ω-3 and ω-6, but ω-6 is mainly 

found in land-based flora and fauna. World Health Organization has 

now recommended intake ratio between 3:1 and 4:1 for ω-6 to ω-3 

fatty acids, but that ratio is well above 10:1 in USA (Horrocks & Yeo, 

1999). Due to health benefits mentioned above, there has been greater 

focus on the promotion of ω-3 consumption (Ruxton et al., 2004).  



15 

Fatty acids in biological tissues typically contain somewhere 

between 16-26 carbon atoms. They contain carboxylic acid on one end 

and methyl group on the other and as mentioned before are linked 

together with several single or double bonds. The naming of PUFAs 

follows a particular nomenclature. Their names are dictated by the 

number of carbon atoms, the number of double bonds and the position 

of the first double bond from the methyl group. DHA is, for example, 

an ω-3 fatty acid which has the first double bond located between the 

third and fourth carbon atom, contains six double bonds and contains 

22 carbon atoms, therefore it is given the name docosahexaenoic acid 

and the abbreviation C22:6 n-3 (Ruxton et al., 2004). 

 

Single cell oils 

Oils which are edible and extracted from microorganisms are defined 

as single cell oils (SCO). Microorganisms found in the ocean gained 

more attention when it was discovered that their oils contain relatively 

high amount of PUFAs (Cohen, 2005). SCO also often contain 

significant amount of natural antioxidants (i.e. carotenoids and 

tocopherols), making SCO less prone to oxidation than oils derived 

from marine animals or plants (Ratledge, Streekstra, Cohen, & 

Fichtali, 2005). Both hetero- and phototrophic microorganisms can 

produce various oils during their lifecycle but the amount of oil varies 

between species. Botryococcus braunii, Nannochloropsis sp., 

Phaeodactylum tricornutum and Neochloris oleoabundans are 

examples of such species which can produce oil during their lifecycle. 

Their total oil content of dried weight biomass can vary from 20 to 

75%. Some of these oils contain significant amounts of ω-3 fatty acids 

such as DHA and EPA (Armenta & Valentine, 2012).  

Phototrophic organisms, such as microalgae, use light as an energy 

source and photosynthesis whereas heterotrophic microorganisms, 

such as Thraustochytriaceae (Thraustochytrids), use organic 

compounds as energy. Therefore, microalgae have been grown in 

outdoor ponds and photobioreactors. For better access to the energy 

source, microalgae need low cell concentration which includes large 

quantities of water needed to be centrifuged during harvest resulting in 

more expense and low productivity. Control of culture conditions in 
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outdoor ponds can be difficult (Barclay et al., 2005) and light can also 

be limited during the winter at high latitudes.  

Thraustochytriaceae, are microorganisms which produce significant 

quantities of PUFAs, e.g. DHA (Barclay et al., 2005). PUFAs profiles 

of some Thraustochytriaceae are rather simple, containing few type of 

fatty acids which makes the oil ideal for preparation of high purity 

PUFAs oils (Lewis et al., 1999). Oil extracted from 

Thraustochytriaceae in well processed and defined media should also 

contain lower levels of heavy metals and other dangerous chemicals 

than oils which are extracted from fish, e.g. cod which is higher in the 

food chain (Ryu, Kim, Kim, Han, & Yang, 2013). This makes 

Thraustochytriaceae a promising alternative source for PUFAs 

production (Lewis et al., 1999).  

New species are regularly being discovered and other species 

redefined (Burja, Radianingtyas, Windust, & Barrow, 2006; Quilodrán, 

Hinzpeter, Quiroz, & Shene, 2009; Quilodrán, Hinzpeter, Hormazabal, 

Quiroz, & Shene, 2010) indicating that knowledge in this field is in its 

infancy. Strains of Thraustochytriaceae which grow rapidly, have high 

proportion of lipids in their biomass and contain substantial amounts of 

PUFAs, e.g. DHA, are desirable (Lewis et al., 1999). It is claimed that 

strains isolated from temperate environments differ from stains from 

colder environments, with temperate strains producing more biomass 

whereas strains from colder environments form higher percentage of 

oil (Rosa, Galvagno, & Vélez, 2010)  

Thraustochytriaceae 

Thraustochytriaceae was first described by Dr. Frederick Kroeber 

Sparrow Jr. (1936), former American Professor Emeritus of Botany, 

specialising in marine fungi. During research work at Woods Hole, 

Sparrow collected and isolated marine fungi, including 

Thraustochytrium proliferum (Paterson, 1978). He drew figures and 

took photographs, describing T. proliferum as saprotroph that are only 

found on dead algal cells, e.g. Bryopsis plumose. Their height were 

between 15.6-18 μm and diameter around 10-13 μm. Following 

discharge, zoospores were angular but later became spherical and were 

around 4 μm in diameter  (Sparrow, 1936).  

Thraustochytriaceae exist in variable sea environments 

(Raghukumar, 2002) and as mentioned earlier they were originally 
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placed within Kingdom Fungi due to their heterotrophic ability. Later, 

with molecular (DNA) technology, they were classified as heterokonta 

but are chemoorganotrophic like fungi (Cavalier-Smith, 1993; Barclay 

et al., 2005).  

Thraustochytriaceae belong to the Kingdom Chromista and Class 

Labyrinthulomycetes. They are classified under Phylum Stramenopiles 

and produce spores which have two different sized flagella (Table 1) 

(Armenta & Valentine, 2012; Burja et al., 2006; Ncbi, 2016). The 

Thraustochytriaceae family is divided into 12 genera, including 

Sicyoidochytrium and one genus with unclassified Thraustochytriidae 

(Ncbi, 2016).  

 

Table 1 – Taxonomy of S. minutum (Ncbi, 2016), 

used in this project (Eiríksdóttir, Stefánsson, & Einarsson, in prep)  

Domain Eukaryota 

Kingdom Chromista 

Phylum Stramenopiles 

Class Labyrinthulomycetes 

Family Thraustochytriaceae 

Genus Sicyoidochytrium 

Species Sicyoidochytrium minutum 

 

The Sicyoidochytrium minutum (S. minutum), species used in this 

project, was isolated and identified from Icelandic waters 

(Eyjafjordur). This genus had never been isolated before from 

Icelandic waters (Baldursson, Einarsson, Magnússon, & Eyþórsdóttir, 

2011). The Sicyoidochytrium genus was originally classified within 

genus Ulkenia but in 2007, with 18S rRNA gene phylogeny and 

morphology, studies indicated separation of those two genera along 

with two others. Botryochytrium and Parietichytrium, which also were 

classified within genus Ulkenia got their own genera (Yokoyama, 

Salleh, & Honda, 2007). Johnson (1974) reported that 

Thraustochytriaceae could easily be recovered from sea water, from 

the surfaces of the thallose marine algea and from marine mud and 

sand with heat-sterilized pine pollen. Baldursson et al. (2011) also 

isolated Thraustochytrium kinnei but that species along with 6-7 other 

species had already been isolated from Icelandic waters by Gaertner 

(Johnson, 1974). Their life cycle consists of a vegetative cell, a 
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zoosporangium, and a biflagellate heterokont zoospore (Yamasaki, 

Aki, Shinozaki, Taguchi, Kawamoto & Ono, 2006) which varies 

between strains and has been used to identify and characterize them 

(Yokoyama et al., 2007). 

Yokoyama et al. (2007) described Sicyoidochytrium minutum 

species by their profiles of polyunsaturated fatty acids and carotenoid 

pigments along with colony and cell morphology. Both vegetative cells 

and colonies are somewhat small and their ectoplasmic nets are 

unbranched and not well developed. When cells reach maturity, their 

wall deliquesces completely and the protoplast becomes entirely 

naked, which divides several times before zoospores are formed. Their 

division is described as dumbbell-like binary cell division. Zoospores 

are heterokont, about 2.0-2.5 μm x 3.0-4.0 μm size. Yokoyama also 

observed amoeboid cells. This strain can produce canthaxanthin, β-

carotene and echinenone. Figure 1 displays results from light 

micrographs which Yokoyama et al., (2007) took of strain S. minutum 

SEK 354 at different cell stages along with a figure of unbranched 

ectoplasmic net.  

The name, Sicyoidochytrium, is derived from the two Latin words 

sicyoideus meaning gourd-shaped and chytrion meaning pot, which 

refers to the cell shape at the final division of zoospore formation. The 

second name, minutum, is Latin and means small or little (Yokoyama 

et al., 2007).  

 



19 

 
Figure 1 – Figures of different life stages, taken with light micrographs of S. 

minutum SEK 354. a Simple unbranched ectoplasmic nets and cells in a pine 

pollen culture. b Amoeboid cell. c Zoospore. d–i Continuous observation of 

zoospore formation through cell division [d mature sporangium; e cell division; 

f eight daughter cells; g synchronous, dumbbell-like binary cell division; h 

sixteen spores without motility; i zoospores obtaining two flagella and 

releasing.] j The dumbbell-like binary cell division. Bars for figure a is 30 µm 

but bars for figures b–d, j are 5 µm (Yokoyama et al., 2007). 

 

Use of Thraustochytriaceae 

Thraustochytriaceae have been used to enrich feed for animals with 

DHA. Barclay & Zeller (1996) fed rotifers and Artemia nauplii with 

spray-dried DHA rich strain of Schizochytrium sp. The results showed 

that it was possible to enrich both rotifers and Artemia nauplii with 

DHA and also that they could convert DHA into EPA and DPA to 

arachidonic acid (ARA) via β-oxidation. Rotifers and Artemia nauplii 
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have been used as a feed in aquaculture along with fishmeal and/or fish 

oil. In some cases, fishmeal and fish oil have been replaced by rotifers 

and/or Artemia nauplii (Naylor et al., 2009). These organisms are now 

used worldwide, also as a poultry feed to enrich eggs and poultry meat 

with DHA, along with feed for dairy cows for DHA enriched milk 

(Barclay et al., 2005). DHA extracted from Thraustochytriaceae has 

also been used in infant formula, dietary supplements and beverages 

(Horrocks & Yeo, 1999; Ratledge et al., 2005). 

Culture conditions  

Several species of Class Labyrinthulomycetes have been investigated 

in order to maximize their growth by focusing on cultivation 

conditions. Those conditions are carbon source, nitrogen source, 

acidity (pH), salinity, dissolved oxygen, incubation time and 

temperature, and culture mode (Armenta & Valentine, 2012). Culture 

mode refers to shaking or aeration, size of flasks, fermentor or 

bioreactor. Culture conditions can be batch or continuous culture. In 

the present project (Eiríksdóttir et al., in prep), nutrients were added in 

the beginning of the cultivation and harvested after incubation 

(Quilodrán et al., 2009; Thyagarajan, Puri, Vongsvivut, & Barrow, 

2014). Others add more nutrients and harvest continuously (Jung & 

Lovitt, 2010). 

Life cycles can vary due to nutrient availability and conditions. It is 

common that oleaginous microorganisms have two life cycle stages. At 

first the cells grow and divide and contain rather low amount of lipids 

but in the second stage, when nitrogen is limited, the cell gets 

“stressed” and starts to produce oil (Armenta & Valentine, 2012). 

When cells “starve” from lack of nitrogen they cannot produce new 

DNA and protein, which are important for cell division, so instead, 

produce lipids to store energy (Jakobsen, Aasen, Josefsen, & Strøm, 

2008; Gupta, Barrow, & Puri, 2012).  

Commercial media and other possible sources 

Thraustochytriaceae are considered to be saprotroph and able to utilize 

organic and decaying compounds. They secrete extracellular 

hydrolytic enzymes such as amylase, lipase, cellulose and protease 

(Burja et al., 2006). As mentioned earlier, Thraustochytriaceae need 
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organic carbon and nitrogen source for growth. Commercial media 

contain various peptones which are expensive, e.g. Tryptone used as 

basal medium (BM) in this project costs 406 EUR/kg and 1 L of 

Glycerol costs 183 EUR (Sigma, 2016). By-product peptone, or BYPP, 

could be used as a feed source for these microorganisms as they are 

saprotroph. Studies of different kinds of by-products have been done to 

cultivate oil producing strains of Thraustochytriaceae family, e.g. 

bread crumbs (Thyagarajan et al., 2014; Fan, Chen, Jones, & 

Vrijmoed, 2000), soymilk residues (Fan, Chen, Jones, & Vrijmoed, 

2001), organic waste from brewery (Ryu et al., 2013; Yamasaki et al., 

2006) and sorghum juice (Liang, Sarkany, Cui, Yesuf, Trushenski & 

Blackburn, 2010).  

By-product peptone from agriculture as a nitrogen source for 

Thrausto-chytriaceae 

By-products from beef production account for around 40% of the 

animal live weight. Some parts of those by-products are disposed of, 

but agricultural by-products contain peptones and fat which have been 

used as feed for fish farming and as mink feed (Jónsson, Árnason, 

Þórarinsdóttir, & Sigurgísladóttir, 2011). In this project, lung and 

spleen by-products from cattle (Bos taurus) were obtained from a 

slaughterhouse (SAH) in Blönduós, in northern Iceland. Pancreas, 

which is known to contain enzymes (Xia & Cailian, 2011), were 

gathered from sheep (Ovis aries) at a farm in Eyjafjarðarsveit and used 

as an enzyme catalyst to break by-products down to peptones. BYPP 

received were used as a nitrogen source in growth experiments 

(Eiríksdóttir et al., in prep).   

By-products and waste have been used as a source for growing 

several strains of the family Thraustochytriaceae. Thyagarajan et al. 

(2014) as mentioned earlier used bread crumbs as a potential carbon 

source for Thraustochytriaceae. Others have used waste or by-products 

which contain more nitrogen (Fan et al., 2001; Zhu, Zhang, Ren, & 

Zhu, 2008; Pleissner, Lam, Sun, & Lin, 2013; Liang et al., 2010; Jung 

& Lovitt, 2010; Ryu et al., 2013). Different by-products are listed in 

Table 2. 

By-products or waste often need to be pre-treated before becoming 

suitable for use as media for microorganisms. For example, oven dry  

bread crusts (Fan et al., 2000; Fan et al., 2001), boil and mince cull 
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potato and centrifuge to get rid of solids (Chi, Hu, Liu, Frear, Wen & 

Chen, 2007). Filtration has also been used to get rid of solids, with 

cheesecloth (Unagul, Assantachai, Phadungruengluij, Suphantharika, 

Tanticharoen & Verduyn, 2006) or finer filters, such as mechanical 

filters (Jung & Lovitt, 2010). Liang et al. (2010) used mill to squeeze 

stalk juice from sweet sorghum which was then used as a feed for 

Schizochytrium limacinum SR21. Hydrolysis has also been used to 

break down by-products. Enzymes, e.g. α-amylase and glucoamylase, 

can break down starch to glucose (Chi et al., 2007) and other enzymes, 

e.g. protamex and flavourzyme, can break peptides down to amino 

acids (Kechaou, Dumay, Donnay-Moreno, Jaouen, Gouygou, Bergé & 

Amar, 2009). It was common to combine a few methods before by-

products were used as a feed to grow strains of family 

Thraustochytriaceae. Preparation of BYPP solution from agriculture 

for growth studies in the present project growth studies is described in 

the manuscript attached (Eiríksdóttir et al., in prep). 

The results from other studies of growing strains of 

Thraustochytriaceae on by-products are summarised in Table 2. Ryu et 

al., (2013) received the greatest productivity, 0.367 g/L/h, compared to 

other studies. With higher concentration of spent yeast from brewery in 

media for Aurantiochytrium sp. KRS101, more biomass was obtained. 

Interestingly, DHA content calculated from total fatty acids did not 

reflect productivity, whereas highest DHA was received in the second 

lowest spent yeast from brewery concentration of 50 g/L. Use of sweet 

sorghum juice from stalk in a concentration of 50% resulted in both the 

highest biomass and DHA production (Liang et al., 2010). However, 

higher concentration (100%) seemed to inhibit growth of S. limacinum 

SR2. Highest dry weight biomass received after growth in aquaculture 

wastewater along with yeast extract and glycerol in a batch culture was 

58 g/L (Jung & Lovitt, 2010). Interestingly, that is the same strain as 

Liang et al., (2010) used.   



23 

Table 2 – Genera, sources, concentrations, culture volumes, biomass weights, DHA production and productivities compared 

from several studies using different microorganisms and by-products.  

Genus Source
1
 

Media 

concentration 

(g/L)
2
 

Culture volume / vessels 

Dry weight 

Biomass  

(g/L)
 3
 

DHA
4
 

Productivity 

(g/L/h) 
Reference 

Sicyoido-

chytrium 

minutum 

 

Lung 

BYPP  

2.29 

 

 

100 mL/ 250 mL erlen-

meyer flask 

 

0.64 

 

25.24% of 

TFAC
5
 

 

0.005 

(Eiríksdóttir 

et al., in 

prep) 

Sicyoido-

chytrium 

minutum 

 

Spleen 

BYPP  

2.45 

 

100 mL/ 250 mL erlen-

meyer flask 
1.44 ND

6
 0.012 

(Eiríksdóttir 

et al., in 

prep) 

                                                 
1
 Source of by-product 

2
 Initial media concentration used in growth studies.  

3
 Final dry weight of biomass at the end of each growth study 

4
 Unit stated in each row 

5
 Total fatty acid content - TFAC 

6
 No data - ND 
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Sicyoido-

chytrium 

minutum 

 

Lung 

BYPP  

2.15 

 

 

100 mL/ 250 mL erlen-

meyer flask 
1.14 ND 0.009 

(Eiríksdóttir 

et al., in 

prep) 

Thraustochyt

riidae sp. 

M12-X1 

 

Residues 

from beer 

processing 

Liquid residues 

based media 

100 mL /250 mL shaking 

flask 

1.7 

2.3 

16 mg/g
7
 

72.5 mg/g 

0.024 

0.032 

(Quilodrán 

et al   ., 

2009) 

Thraustochyt

riidae sp. 

M12-X1 

 

Resudues 

from 

potato 

processing 

Liquid residues 

based media 

100 mL /250 mL shaking 

flask 

0.6 

0.6 

1.0 

1.0 

25.3 mg/g 

29.8 mg/g 

73 mg/g 

58 mg/g 

0.008 

0.008 

0.014 

0.014 

(Quilodrán 

et al   ., 

2009) 

Thraustochyt

rium sp AH-2 

 

Bread 

crumbs 

5 

10 
50 mL /250 mL flasks 

2.530 

4.760 

2.4  mg/g 

1.3 mg/g 

0.015 

0.040 

(Thyagaraja

n et al., 

2014)) 

 

                                                 
7
 DHA content in biomass 
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Schizochytriu

m sp. KH105 

 

Sterile 

Barley 

Shochu 

50%  

wastewater 
2 L /3 L jar fermentor 30 

25.8% of 

TFAC 
0.313 

(Yamasaki 

et al., 2006) 

 

Schizochytriu

m mangrovei 

KF6 

 

Bread 

crusts 
10 50 mL /250 mL flasks ND 

11.2% of 

TFAC 
ND 

(Fan et al., 

2000) 

Schizochytriu

m mangrovei 

KF6 

 

Okara 

powder 
10 

50 mL /250 mL 

flasks 
ND 

3.8% of 

TFAC 
ND 

(Fan et al., 

2000) 

-  

Schizochytriu

m mangrovei 

KF6 

 

Brewing 

grain 
10 

50 mL /250 mL 

flasks 
ND 

6.0 % of 

TFAC 
ND 

(Fan et al., 

2000) 

 

Schizochytriu

m mangrovei 

Sk-02 

 

Coconut 

water 

 

Concentration 

33% 

100 mL/250 mL 

erlenmeyer 
28.6 

19.2% of 

TFAC 
0.298 

(Unagul et 

al., 2006) 

 

S. limacinum 

SR21 

 

Aqua-

waste 

effluent 

Liquid residues 

based media 
Retention 58 

34.3% of 

TFAC 
0.166 

(Jung & 

Lovitt, 2010) 
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S. limacinum 

SR21 

 

Sweet 

sorghum 

juice from 

stalk 

 

Concentration 

25% 

50% 

100% 

100 mL/250 mL 

erlenmeyer flask 

  

 

8.97 

9.38 

3.08 

% of 

TFAC 

ND 

34.28 

33.74 

 

 

0.075 

0.078 

0.026 

(Liang et al., 

2010) 

 

S. mangrovei 

KF1 

KF2 

KF4 

KF5 

KF6 

KF7 

T. striatum 

KF9 

Ulkenia 

spKF13 

S. mangrovei 

KF14 

 

Okara 10 
50 mL/250 mL 

flask 

 

7.84 

7.67 

7.68 

7.86 

7.54 

7.51 

5.88 

5.62 

7.54 

% of 

TFAC 

 0.5 

4.1 

4.9 

3.7 

3.8 

2.3 

3.0 

3.9 

4.9 

 

 

 

0.082 

0.080 

0.080 

0.082 

0.079 

0.078 

0.061 

0.059 

0.079 

 

(Fan et al., 

2001) 
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S. limacinum 

OUC88 

 

 

Soybean 

cake 

hydrolysat

e, 

 

10 

 

100 mL / 250 mL 

 

 

8.25 

8.58 

12.25 

13.27 

 

g/L
8
 

0.81 

0.57 

0.78 

0.80 

 

 

0.069 

0.072 

0.102 

0.111 

 

(Zhu et al., 

2008) 

 

Schizochytriu

m limacinum 

SR21 

 

Hydrolyze

d potato 

broth 

concentration 

50% 

55 mL/250 mL 

erlemeyer flask 

 

21.7 

g/L 

5.35 

 

0.151 

(Chi et al., 

2007) 

 

 

Aurantiochytr

ium sp. 

KRS101 

 

Spent yeast 

from a 

brewery 

 

25 

50 

75 

100 

150 

200 

100 mL / 250 mL 

Baffled hybrid flask 

 

3.75 

7.85 

10.70 

13.40 

18.95 

26.40 

% of 

TFAC 

39.58 

43.96 

43.62 

40.85 

34.04 

35.32 

 

 

0.052 

0.109 

0.149 

0.186 

0.263 

0.367 

(Ryu et al., 

2013) 

                                                 
8
 Unit – grams of DHA production per liter  
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Results of this study 

In the present project S. minutum grew to a final dry weight biomass of 

1.92 g/L in BM (Eiríksdóttir et al., in prep). Productivity from growth 

experiments in lung BYPP media was 0.009 g/L/h and of spleen it was 

0.012 g/L/h which are similar to results from Quilodrán et al. (2009) 

when using residues from potato processing (0.008 and 0.0014 g/L/h). 

Highest dry weight biomass received in lung and spleen BYPP media 

were 1.14 g/L and 1.44 g/L, respectively (Figure 7) (Eiríksdóttir et al., in 

prep). This indicates that spleen was a better nitrogen source for S. 

minutum cultivation. On the other hand, fatty acid analyses were not 

conducted on the final dry weight biomass received after growth in spleen 

BYPP media, only on dry weight biomass received from growth in lung 

BYPP media. Fatty acids profiles from fatty acid analysis are shown in 

the appendix. Interestingly, the dry weight biomass obtained after growth 

study conducted in lung BYPP media contained significantly more lipid, 

calculated from dry weight biomass, than in BM (Figure 11) (Eiríksdóttir 

et al., in prep). Productivity and dry weight were therefore quite low 

compared to results from other studies. Both Unagul et al. (2007) and 

Jung & Lovitt (2010) were able to grow their strains (Schizochytrium 

mangrovei SK-01 and Schizochytrium limacinum SR21 respectively) in 

media from by-products, converting by-products to the valuable product, 

DHA. DHA percentage of total fatty acid composition received from this 

project is similar to the results of Yamasaki et al., (2006). These results 

show that Thraustochytriaceae can be used as an alternative source of 

DHA, when grown on by-products, and therefore turning waste into 

valuable products. On the other hand, hazardous waste for human 

consumption should not be used, e.g. brain or spine which have been 

linked to diseases (Jónsson et al., 2011). 

Conclusions 

Peptones made from agricultural by-products can adequately support 

the growth of the Thraustochytriaceae strain, S.minutum. When included 

in a medium together with glycerol the test strain produced significant 

amounts of PUFAs, especially DHA. Thus using well specified and 

developed conditions, a low value by-product can be converted to a high 

value food and feed ingredient that is in high demand. 
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Manuscript, Cultivation of PUFAs producing Sicyoidochytrium 

minutum strain using by-products from agriculture (Eiríksdóttir et al., in 

prep), is attached as a part of this thesis.  
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Abstract  

Demand for novel sources of marine oils, which contain polyunsaturated 

fatty acids (PUFAs), have increased due to a realisation of the importance 

of PUFAs, e.g. docosahexaenoic acid (DHA) in the human diet. However, 

the natural supply from traditional sources, such as fish, is limited. In this 

study by-product peptones (BYPP) intended as growth media for PUFAs 

producing strain Sicyoidochytrium minutum of family Thrausto-

chytriaceae were produced after several experiments by pancreatic 

digestion of bovine lungs and spleens. S. minutum was able to utilize 

BYPP made from pancreatic digestion of lung and spleen, resulting in 

growth yields of 1.14 ±0.03 g/L and 1.44 ±0.24 g/L respectively after 5 

days of incubation at 25°C. Lipid content, obtained after growth in lung 

BYPP media with glycerol as carbon source, were significantly higher 

(28.17% ±1.33 of dry weight) than in basal medium (BM) (21.72% 

±2.45). DHA percentage calculated from total fatty acid content in dry 

weight biomass was significantly lower in lung BYPP media (25.24% 

±1.56) than BM media (33.02% ±2.37).  

 

Keywords: Sicyoidochytrium minutum · By-product peptone · 

Polyunsaturated fatty acids · Single Cell Oils  
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Abbreviations 

BSA – Bovine serum albumin 

BM – Basal medium  

BYPP – By-Product Peptone  

DHA – Docosahexaenoic acid 

dH2O – Distilled water 

EPA – Eicosapentaenoic acid 

FAME – Fatty acid methylester 

GC-FID - Gas Chromatography–Flame Ionization Detector 

OD – optical density 

PUFAs – Polyunsaturated fatty acids 

SCO – Single cell oil 

S. minutum – Sicyoidochytrium minutum 

w:v – weight:volume 

ω – Omega 
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Introduction 

Marine oils are important ingredients in food and feed, and as dietary 

supplements. The natural supply from fatty fish is limited and growing 

demand (e.g. from aquaculture) requires novel sources [11]. Marine algae 

and heterotrophic protists have been identified as alternative candidates 

for the production of marine oils.  

Both hetero- and phototrophic microorganisms can produce various 

oils during their lifecycle, but the amount and type of oils varies between 

species. Phototrophic organisms, such as algae, use light as an energy 

source [1]. Light can be limited during winter at high latitude. 

Thraustochytriaceae are epibiotic and some strains can produce high 

amounts of polyunsaturated fatty acids (PUFAs), e.g. omega-3 (ω-3) such 

as docosahexaenoic acid (DHA) [1,19]. Traditionally, ω-3 fatty acids are 

mainly extracted from fish oil [1] but supply can be unstable e.g. due to 

fluctuations in fish stocks. Oils which are extracted from microorganisms 

are called single cell oils (SCO). SCO often contain significant amounts 

of natural antioxidants (i.e. carotenoids and tocopherols), which can 

protect ω-3 fatty acids from oxidation, compared to oils derived from 

marine animals or plants [1].  

Thraustochytriaceae, which are heterotrophic microorganisms, are able 

to utilize organic and decaying compounds and they secrete extracellular 

hydrolytic enzymes such as amylase, lipase, cellulase and protease [5]. 

Thraustochytriaceae were first described by Sparrow [25], and exist in 

variable sea environments [19,1].  Thraustochytriaceae were originally 

classified within the Kingdom Fungi but genetically Thraustochytriaceae 

are not related to fungi, though they are chemoorganotrophic [7]. 

Thraustochytriaceae belong to the Kingdom Chromista and Class 

Labyrinthulomycetes. They are classified under Phylum Stramenopiles 

(Heterokonts) which have two different sized flagella spores during 

motile life cycle stage [1,5,16]. 

Different strains of Thraustochytriaceae have been used worldwide to 

enrich products such as eggs, meat and milk with DHA.  Either extracted 

oil or whole biomass from microorganism cultivation can be added to 

poultry feed and in feed for dairy cows [2]. Barclay & Zeller, [3] fed 

rotifers and Artemia nauplii with spray-dried DHA rich strain of 
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Schizochytrium sp. The results showed that it was possible to enrich both 

rotifers and Artemia nauplii with DHA. Those organisms can be used as a 

feed in aquaculture which reduces demand for wild fish for cultivation of 

Atlantic salmon. Demand for PUFAs, e.g. DHA and arachidonic acid 

(AA), for production of human diet has increased due to better knowledge 

of their essential role in functional development and growth of the brain 

[20]. 

Cultivation of heterotrophic organisms requires nutrients like peptones, 

carbohydrates, vitamins and minerals. These ingredients can be expensive 

and therefore alternative cheaper sources are being sought. By-products 

from food industry (agriculture and aquaculture) are rich in protein and 

fat and could provide valuable ingredients for cultivation of heterotrophic 

microorganisms. Several kinds of by-products have been used to cultivate 

oil producing microorganisms, e.g. bread crumbs [26,9], soymilk residues 

[10], organic waste from brewery [21,29] and sorghum juice [14]. By-

products received from beef production are about 40% of the animal live 

weight. Some parts of those are disposed of but agricultural by-products 

contain peptones and fat that have been used as feed for fish and as mink 

feed [12]. By-product peptone (BYPP) from agriculture could therefore 

be used as a feed source for microorganisms.  

The aim of this project was to produce BYPP from agricultural by-

products (lung, spleen and pancreas) to cultivate the oil producing strain 

Sicyoidochytrium minutum (S. minutum).  
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Materials and methods 

Test strain and chemicals 

The S. minutum test strain was obtained from BioPol Itd’s. strain 

collection (ST30). The test strain was maintained and cultivated in a basal 

medium (BM) consisting of: Glycerol or glucose (50 g/L); Yeast extract 

(4 g/L); Tryptone (4 g/L) and KH2PO4 (2 g/L). Agar (15 g/L) was used to 

make solid medium when needed and Tryptone replaced with Peptone in 

the agar. The ingredients were dissolved in 30% filtered natural sea water 

(Hunafloi, Iceland) and adjusted to pH 7 (using HCl or NaOH) prior to 

sterilization (121°C for 15 min). Penicillin & Streptomycin (329.67 mg/L 

& 549.45 mg/L), was added after sterilization. Glycerol BM was also 

used in growth studies as a control media. All chemicals were purchased 

from Sigma-Aldrich. 

By-products from agriculture 

By-products (intestines) were obtained from a slaughterhouse (SAH) in 

Blonduos (Iceland), and from a farm in Eyjafjardarsveit (Iceland). Lung 

and spleen were gathered from cattle (Bos taurus) in SAH and pancreas 

from sheep (Ovis aries) at the farm. All intestines, lung, spleen and 

pancreas, were minced separately and stored at -18°C. Pancreas was 

cooled in the mincing process to prevent autolysis.  

Development of digestion method for By-Product Peptone (BYPP) 

Homogeneous by-product mince was dissolved in distilled water (dH2O) 

and treated in several ways (e.g. filtered, spun and incubated) in order for 

a clear solution to form. Enzyme degradation was also tested using 

commercial enzymes (Flavourzyme, Protamex & Alcalase, (Novozyme, 

Denmark)) and pancreas. BYPP solutions were sterilized with autoclave 

before growth studies, but resulted with precipitation. Therefore, the 
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BYPP solutions were centrifuged at 10.000g for 5 min after sterilization 

to remove precipitation. Figure 2 shows a flowchart with the development 

process and the final method is described in the chapter Preparation of 

BYPP for growth studies. 

 

 

Figure 2 – Flow chart of developing by-product preparation process. 

Preparation of BYPP for growth studies 

Intestines (lung, spleen and pancreas) were thawed at +4°C overnight. 

Pancreas was used as an enzyme catalyst, where as four grams of lung or 
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spleen was mixed thoroughly with four grams of pancreas and dH2O in a 

glass beaker. Different ratios of raw material to dH2O were made (1:4, 

1:5, 1:6, 1:7, 1:8, 1:9, 1:10, 1:11, 1:12, 1:13, 1:14, 1:15). Three replicates 

were made for each digestion. The mixtures were incubated for 20 hours 

at 50°C and shaken at 150 rpm. The mixtures were then heated to 95°C to 

stop all enzyme activity and cooled down to room temperature. The 

cooled mixtures were filtered through two layers of cheese cloth and the 

filtrate centrifuged at 10.000g for 40 min at 4°C. The filtrate was adjusted 

to pH 7.0 and then filtered (Whatman grade 3) on a Buchner funnel. The 

solutions were sterilized in autoclave and spun down again.  

The resulting clear mixture was used instead of Tryptone and yeast 

extract in the glycerol BM (basal medium – see Test strain and chemicals) 

giving final protein concentration in BYPP media on average 2.18 g/L for 

lung and 2.40 g/L for spleen. 

Protein measurements  

Protein was estimated by measuring optical density of the clear solutions 

in a spectrophotometer (Epoch [4]) at 280nm (OD280nm) [8]. To 

standardize the measurements, solutions of the digest (from both lung and 

spleen) were measured using Kjeldahl method (N x 6.25) [13]. A linear 

regression gave the following equations (y = a + bx, where as y = protein, 

g/L and x = OD280): 

 

Lung:                                 (Eq 1) 

Spleen:                                (Eq 2) 

 

Protein was also estimated using Bradford’s method [23] using 96 % 

clean Bovine Serum Albumin (Sigma-Aldrich), and Bradford Reagent 

[24]. A linear regression gave the following equation (x= BSA g/L and 

y=OD595). 

 

                               (Eq 3) 

 

 Theoretical protein concentrations in the different mixtures were also 

estimated with information from the United States Department of 

Agriculture food composition database [28] (Table 3).  
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Table 3 – By-products composition from agriculture used in media for S. 

minutum. Information was retrieved from the United States Department of 

Agriculture food composition database [28]  

Per 100 g 
Lung, 

Beef 

Spleen, 

Beef 

Pancreas, 

Lamb 

Protein g 16.2 18.3 14.84 

Carbohydrate g    0   0   0 

Total lipid g   2.5   3   9.82 

Saturated g   0.86   1   4.44 

Monounsaturated g   0.64   0.78   3.54 

Polyunsaturated g   0.34   0.22   0.48 

 

Growth studies 

Inoculation for growth studies was prepared by transferring a colony of S 

minutum from a BM agar plate to a 20 mL glucose BM and incubating at 

25°C for 7 days at 150 rpm. Thereafter all 20 mL were transferred to 100 

mL glycerol BM and incubated at 25°C for 3 days at 150 rpm. The three 

day old cultures were pooled and adjusted to 0.300 OD660nm. Ten mL of 

this dilution was inoculated to 90 mL BM and media made from BYPP 

solution. The flasks were incubated at 25°C, rotating at 150 rpm. After 5 

days the cultures were spun down, the pallet washed three times (two 

times with about 25 mL of 1% NaCl and once with about 5 mL of dH2O) 

and then freeze dried. Growth was estimated as dry weight biomass (g/L).  

Fatty acid analysis 

For fatty acid analysis, S. minutum were grown in a separate experiment 

from the growth studies. S. minutum were grown as described in the 

chapter Growth studies, in 6 flasks of glycerol BM and in addition in 3 

flasks containing lung BYPP media. BYPP solution from lung digested 

with pancreas was also analysed to investigate whether the solution 

contained fatty acids, which could influence the fatty acid composition of 

S. minutum after growth studies.  
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Lipid extractions were performed before methylations. Freeze-dried 

biomass (around 0.06 g) was crushed in mortal, placed in tubes with a 

Teflon screw cap, Tris-EDTA (pH7 at 20°C), chloroform and methanol 

were added (1.6 mL, 2 mL and 4 mL respectively) with 20 sec vortex in 

between chemicals before the mixtures were incubated for an hour at 

room temperature. Two mL of chloroform and two mL of Tris-EDTA 

were added separately with 20 sec vortex in between before the glasses 

were centrifuged at 2000g at 4°C for 5-10 min. Bottom layer, lipids, were 

carefully transferred with Hamilton syringe to dry glass and N2 gas used 

to evaporate solvent before lipid containing glasses were dried at 50°C for 

15 min and cooled in desiccators. Cool dried glasses were weighed and 

total lipid content estimated.  

Methylation of the lipids extraction to fatty acid methylesters (FAMEs) 

was done by adding 3 mL of Trans-esterification solution (containing 30 

mL methanol, 3.0 mL chloroform and 1.0 mL concentrated H2SO4) and 

vortexed briefly before the mixtures were incubated for 90 min at 90°C. 

After cooling, FAMEs were extracted three times using 2 mL isooctane 

and washed with 2 mL of dH2O. Sodium sulphate was used to dry solvent 

before glasses were centrifuged for five min at 2000g at 4°C and FAMEs 

transferred to GS-instrument vials. Gas Chromatography-Flame 

Ionization Detector was used for fatty acid composition analysis.  

Statistical analyses 

Statistical analyses were done using R [18] and SAS [22]. Data from 

growth studies were calculated to g/L and then compared. ANOVA TEST 

was used to find if there were any significant differences between 

treatments, and Tukey’s test to locate the differences. The linear range of 

protein concentrations and OD280nm was calculated via linear regression 

analysis [22]. 
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Results & discussion 

Preparation of BYPP and protein measurements for studies 

Peptones intended for microbial growth media were produced by 

pancreatic digestion of bovine lungs and spleens. After several 

experiments, a method which resulted in a clear peptone solution was 

developed. The method was based on post digestion filtration, heating and 

centrifugation (Figure 2). Initial experiments which showed better results 

were obtained in diluted solutions. Therefore, pancreatic digest was 

performed with different ratios of dH2O to raw material in order to find 

the optimal composition. The protein contents in different by-

products:dH2O ratio solutions are shown in Figure 3 (lung) and Figure 4 

(spleen). Theoretical maximum protein content in BYPP was calculated 

with information from the USDA food composition database (Table 3). 

During preparation of BYPP, especially through filtering step of two 

layered cheese cloth, undigested tissues and precipitation were filtered 

away. This most likely contained protein which explains why maximum 

theoretical protein content was not obtained. BYPP solutions were 

measured as optical density at 280 nm, where three amino acids, cysteine, 

tyrosine and tryptophan, only absorb significantly at OD280nm [17]. 

Therefore, Kjeldahl method along with OD280nm measurements was used 

to standardize the unknown BYPP solutions received after pancreatic 

digestion, using linear regression which gave the equations 1 and 2. 

Similar protein concentrations were received in lung:dH2O ratios of 1:11 

to 1:15, indicating that proportionally more protein yield was in BYPP 

ratio 1:15 than 1:11 (Figure 3). Protein concentration decreases relatively 

to higher dH2O ratio in BYPP solution retrieved from spleen (Figure 4).  

Bradford’s method showed lower than expected protein concentration 

in BYPP (triangle in Figure 3 and Figure 4). This may be because the 

BYPP solutions did not contain enough aromatic residues, therefore the 

dye would not bind to the proteins leading to an underestimation of the 

protein concentration [6]. It could also have been that pancreas was able 

to digest the by-products forming BYPP solution including proteins 
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smaller than 3-5 k Dalton, therefore Bradford was unable to detect the 

proteins [23].  

 
Figure 3 - Peptide content in BYPP solutions obtained after pancreatic digestion 

of lung in lung:dH2O ratios (1:4-15) estimated using OD280nm measurements (dashes 

─) and Bradford‘s method (triangles ▲).  Calculated theoretical protein 

concentration is also shown (Rhombuses ♦).  

 
Figure 4 – Peptide content in BYPP solutions obtained after pancreatic digestion 

of spleen in spleen:dH2O ratios (1:4-15) estimated using OD280nm measurements 

(dashes ─) and Bradford‘s method (triangles ▲).  Calculated theoretical protein 

concentration is also shown (Rhombuses ♦). 
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Growth studies 

Results from growth studies can be seen in Figure 5 & Figure 6. Figure 5 

shows average dry weight biomass after growth in lung BYPP digested 

with pancreas media and Figure 6 shows corresponding results for spleen. 

Significant differences were obtained between ratios in both by-

products:dH2O. Tukey’s test indicated that the difference in lung:dH2O 

ratios were between the greatest dry weight biomass in ratio 1:12 and the 

four lowest dry weight biomasses in ratios 1:6, 1:7, 1:8 and 1:9. Dry 

weight biomass in ratio 1:15 was also significantly higher than dry weight 

biomasses in ratios 1:7, 1:8 and 1:9 (Figure 5). For growth in 

spleen:dH2O ratios, ratio 1:14 was significantly higher than ratios 1:4, 

1:5, 1:6, 1:7, 1:10, 1:11, 1:12 and 1:15. Ratio 1:9 was also significantly 

higher than ratios 1:4, 1:5, 1:6, 1:11 and 1:15 (Figure 6). 

 

 
Figure 5 – Average dry weight biomass in different lung:dH2O ratios. Sample 

size is n=3 in each ratio. Standard deviation is shown in error bars. ANOVA test 

(p= 0.00194). The letters show statistically significant difference (P<0.05, Tukey’s 

test) between measurements, where “a” shows the lowest value and “c” the highest. 
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Figure 6 – Average dry weight biomass in different spleen:dH2O ratios. Sample 

size is n=3 in each ratio. Standard deviation is shown in error bars. ANOVA test 

(p= 2.22e-05). The letters show statistically significant difference (P<0.05, Tukey’s 

test) between measurements, where “a” shows the lowest value and “c” the highest. 

 

Figure 7 shows comparison between the highest dry weight biomass 

obtained in BYPP media, lung:dH2O ratio 1:12 and spleen:dH2O ratio 

1:14, and dry weight biomass received in glycerol BM. These results 

indicate utilization of by-products from agriculture by microorganism S. 

minutum. Dry weight biomass was 1.44 ±0.24 g/L in media made from 

spleen:dH2O ratio 1:14. No significant difference was obtained between 

spleen:dH2O ratio and BM (1.92 ±0.25 g/L) dry weight biomass. On the 

other hand, dry weight biomass in media made from lung:dH2O ratio 1:12 

was less (1.14 ±0.03 g/L) and was significantly lower than dry weight 

biomass in BM. There was no significant difference between highest dry 

weight biomass in by-product:dH2O (Figure 7). Dry weight biomass after 

growth in spleen BYPP media was in average higher than dry weight 

biomass received in lung BYPP media, indicating spleen being a better 

nitrogen source for S. minutum cultivation.  
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Figure 7 – The average dry weight biomass in different media. Highest dry 

weight biomass in BYPP media was selected, lung:dH2O ratio 1:12 and 

spleen:dH2O ratio 1:14, and compared to dry weight biomass in glycerol BM. 

Sample size is three for all media. Standard deviation is shown in error bars. 

ANOVA test (p=0.00926). The letters show statistically significant difference 

(P<0.05, Tukey’s test) between measurements, where “a” shows the lowest value 

and “b” the highest. 

 

In spite of the attempt to have the same protein concentration at the 

start of each growth study, the initial protein concentrations varied and 

were in average 2.18 (±0.25) g/L in media made from lung BYPP and 

2.48 (±0.30) from spleen BYPP. Therefore, the effect of initial protein 

concentration on biomass production was tested (Figure 8 and Figure 9). 

Dry weight biomass did not increase with higher starting protein 

concentration indicating that proteins were not a limiting growth factor. 

There was no significant correlation between initial protein concentration 

and dry weight biomass for either lung or spleen BYPP growth studies. In 

media made from lung BYPP higher dilutions resulted in higher biomass 

calculated on equal initial protein concentrations (p=0.000675), however 

dilutions of spleen BYPP showed none such effect (p=0.22726) (Figure 

10). 

Several different types of by-products have been used in other studies 

intended for growth experiments. Some by-products contain nitrogen in 

form of proteins, peptides or free amino acids whilst others include more 

carbohydrates. Coconut water contains carbohydrates and has been used 

as a carbon part in addition to nitrogen source such as peptone, tryptone 

and casitone [27]. By-product from soymilk industry, called okara 

powder, contained approximately 4.5% nitrogen and 47% carbon [10] 
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which can be calculated with the Jonas factor 5.71 to 25.7 % protein [15]. 

Raw by-product used in this project contained 16.2% protein in lung and 

18.3% in spleen. Those by-products did not contain carbohydrate as okara 

powder but did contain lipids (see Table 3). Fan et al. [10] received (7.51-

7.86 g/L), when different strains of Schizochytrium mangrovei were 

grown in media made from okara powder and cultivated for four days. 

That is greater dry weight biomass than was achieved in this project, 

possibly because of better growth conditions or due to different strains 

used. Okara powder media contained protein concentration around 2.5 

g/L which was similar to the protein concentration in the beginning of this 

project’s growth studies (in average 2.18 (±0.25) g/L for lung and 2.48 

(±0.30) for spleen). Soybean cake hydrolysate is also a cheap by-product 

which can be used as a nitrogen source. Zhu et al. [30] used that for 

Schizochytrium limacinum and received dry weight biomasses ranging 

from 8.25 g/L to 13.27 g/L, depending on pH level and salinity. By-

products which contain a carbon source have also been used for 

cultivating different strains of family Thraustochytriaceae. Cultivation of 

S. limacinum SR21 in sweet sorghum juice resulted in dry weight 

biomasses of 8.97, 9.38 and 3.08 g/L respectively to initial concentration 

of 25%, 50% and 100%, which indicated that higher initial concentration 

inhibited growth [14]. On the other hand, Ryu [21] used spent yeast from 

breweries, which resulted in an increase in biomass production and 

productivity with higher initial concentration.  
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Figure 8 – Effect of initial protein concentration on biomass production of S. 

minutum grown (5d at 25°C) in media made with lung BYPP. p=0.119. adjR
2
 = 

0.043. 

 
Figure 9 – Effect of initial protein concentration on biomass production of S. 

minutum grown (5d at 25°C) in media made with spleen BYPP. p=0.139. adjR
2
 = 

0.036. 

 



56 

 
Figure 10 – Effect of different by-product:dH2O ratio on calculated unit, dry 

weight biomass (g/L) divided by initial protein concentration (g/L). Growth in lung 

BYPP is shown with rhombuses (♦) (p=0.000675, adjR
2
=0.2708) and spleen with 

squares (■) (p=0.22726).  

Lipid production 

In growth media containing lung BYPP and glycerol the test strain 

accumulated 28.2% (±1.33) lipids (of dry weight biomass) compared to 

21.7% (±2.45) lipids (of dry weight biomass) in BM containing tryptone, 

yeast extract and glycerol (Figure 11). The BYPP solution contains 

initially some fat (5.5% ±0.61), which S. minutum could utilize. However 

fat content in BM is unidentified. These results are promising, using by-

products from agriculture to produce lipids by S. minutum. 

Analysis of fatty acids showed that the S. minutum strain produced 

significant amount of ω-3 fatty acids, both in BYPP media (34.48% ±1.90 

of total fatty acid content) and BM (43.43% ±2.91). Most of the ω-3 fatty 

acids were DHA (C22:6n3), 25.24% ±1.56 and 33.02% ±2.37 in BYPP 

and BM respectively. Eicosapentaenoic acids (EPA, C20:5n3) were 5.7% 

±0.43 and 7.2% ±0.33 in BYPP and BM respectively (Figure 12). The test 

strain also accumulated considerable amount of palmitic acid (C16:0), 

34.96% ±0.48 in BYPP medium and 27.35% ±2.20 in BM. All PUFAs 

reviewed were significantly higher in the BM except the palmitic acid 

which was higher in the lung BYPP medium.  
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Figure 11 – Lipid  percentage calculated from dry weight biomass obtained 

after 5 days growth of S.minutum at 25°C in BYPP media made from pancreatic 

digest of lungs (dark) and in a BM (light). Standard deviation is shown in error 

bars. The letters show statistically significant difference (ANOVA p=0.0042) 

between measurements, where “a” shows the lowest value and “b” the highest.  
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Figure 12 – Percentage of ω-3, ω-6, C16:0 (palmitic acid), C20:5n3 (EPA) and 

C22:6n3 (DHA) fatty acids calculated from total fatty acid content (TFAC) in 

S.minutum strain grown in BYPP from lungs and BM at 25°C for 5days. Dark 

column indicates results from lung media (n=3) and light column from BM (n=6). 

Standard deviation is shown in error bars. Different letters show statistically 

significant difference between columns (P<0.05, Tukey’s test), were as ns indicates 

no significant difference.  

 

The lipid content and the amount of PUFAs were higher in this 

experiment than previous studies using the same test strain. However, the 

results presented here are in line with results obtained by Fan et al., [10] 

which found high amount of DHA (31.1-41.1%) and palmitic acid (38.0-

48.1%) in a Schizochytrium mangrovei strain grown in okara powder 

residue. Another study, Yamasaki et al., [29], found that a Schizochytrium 

sp. strain KH105 grown in barley shochu accumulated 25.8% DHA of 

total fatty acid content. Zhu et al., [30] also analysed DHA yield after 

growth in soybean cake hydrolysate media and received 18.45%, 

calculated from freeze dried cell biomass.  

As mentioned earlier in results, Ryu [21] received more biomass with 

higher initial concentration of spent yeast from brewery. However, DHA 

percentage calculated from total lipid content showed accumulation of 

DHA were inhibited with higher initial concentration, with highest DHA 

content from 50 g/L of spent yeast. Growth in sweet sorghum juice 

resulted in a DHA content, calculated from TFAC, between 33.74% - 

34.28% [14]. 
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Conclusions 

Peptones made from agricultural by-products, meat production, were 

shown to adequately support the growth of Thraustochytriaceae, strain 

S.minutum. When included in a medium together with glycerol the test 

strain produced significant amounts of PUFAs especially DHA. Thus, 

using well specified and developed conditions, a low value by-product 

can be converted to a high value food and feed ingredient that is in high 

demand. 
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Appendix 

Below there are four examples of sheets that are received after samples 

have been run through GC-FID instrument.  

  

 

 

Appendix 1 – GC-FID output from S. minutum grown in BM. 
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Appendix 2 – GC-FID output from S. minutum grown in lung BYPP media 

(lung/pancreas:dH2O, 1:5 w:v).  
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Appendix 3 – GC-FID output from BYPP solution received from digested 

lung with pancreas.  

 




