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ABSTRACT 

Poly unsaturated fatty acid such as ω-3 and ω-6 fatty acids possess numerous health benefits and 

are associated with many health disorders. Currently fish is the main source to obtain ω-3 fatty 

acids and fish resources are very much limited by massive exploitation. Microorganisms 

naturally produce these ω-3 fatty acids and in fact they are the primary producers in the food 

chain. Marine micro algae such as Thraustochytrium, Schizochytrium and Crypthecodinium 

cohnii accumulates ω-3 fatty acids such as docosahexaenoic acid in large proportions. While 

fungi Morteriella are good sources of ω-6 fatty acids such as arachidonic acid. This study 

describes the biosynthesis pathway of the fatty acids, depicts the major factors affecting the 

production and presents a comprehensive review of the production process in microbial systems. 
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1. INTRODUCTION 

Fatty acids are long chain aliphatic carbons with a carboxylate group in the end. The fatty acids 

that are produced by microorganism vary in their length from 12 carbons to 22 carbons and they 

are either saturated or unsaturated. In general, the ratio of unsaturated fatty acids to saturated 

fatty acids is 2:1 in microorganisms. Polyunsaturated fatty acids (PUFAs) in  general are 

indispensable cell membrane components and they play a major role in offering important 

membrane features such as flexibility, fluidity and selective permeability.
1
 They co-ordinates and 

moderates the functioning of membrane bound receptors, ATPases, transport proteins and ion 

channels. Along with these functions, they also play an inevitable role in the fatty acid 

biosynthesis by acting as precursor for a broad spectrum of metabolites.
2
 The various sources of 

PUFAs include plants, animals and wide variety of microorganisms. Cultivating microorganisms 

to the production of PUFAs have several advantages such as process control, seasonal 

independence, simple extraction and purification process and genetic modifications.
3
 The 

common PUFAs have 18 to 22 carbon atoms in their chain and they are categorized as ω-3 and 

ω-6 depending on the position of double bond from the methyl end of the acyl chain (ω end).
4
 

The structures of the PUFAs are illustrated shown in the Figure 1. An overall view of occurrence 

and production of various PUFAs in microorganisms are described below. 

 

Figure 1: Structures of Polyunsaturated fatty acids (PUFAs)
3
 .LA – Linolenic acid ; GLA –γ-linolenic acid ; DHGLA – Dihomo-γ-

linolenic acid ; AA – Arachidonic Acid ; ALA –α –linolenic acid ; EPA – Eicosapentaenoic acid ; DPA – Docosapentaenoic acid ; 
DHA – Docosahexaenoic acid 
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1.1. Biosynthesis of Microbial PUFAs 

The general biosynthesis pathway for the formation of PUFAs is an aerobic mechanism 

involving desaturation and elongation reactions. A general scheme for the reactions involved in 

the pathway
5
 is given in the Figure 2. The synthesis is associated with membrane bound enzymes 

and the desaturation system of the aerobic pathway comprise of three membrane namely 

NAD(P)H-cytochrome b5 reductase, cytochrome b5  and terminal cyanide-sensitive desaturase. 

Three types of desaturases which are involved in this pathway are Acyl-CoA desaturase, Acyl-

ACP desaturase and Acyl-lipid desaturase.
2
 The desaturase enzymes involved in this pathway 

among various microorganisms lack structural similarity though three histidine-rich motifs are 

highly conserved. The functions of these enzymes have been elucidated by heterologous 

expression in different species. The elongase enzymes perform the same function as the enzymes 

in involved in fatty acid synthesis (FAS) except they are membrane bound like desaturases. The 

specificity of elongase enzymes and the rate limiting reaction step are different from the enzymes 

in FAS.
6
 In photosynthetic algae, the first step of desaturation is the formation of oleoyl-CoA 

/oleoyl-ACP using stearoyl-CoA/stearoyl-ACP takes in chloroplast and the following 

desaturation reactions which leads to formation of PUFAs takes place in the endoplasmic 

reticulum.
2
  

Many classes of bacteria, few species of algae and fungi have been reported to synthesize PUFAs 

in an alternative pathway called Polyketide synthase pathway (PKS). Polyketides contain several 

building blocks of ketide groups (─CH2 ─CO─) and are synthesized by polyketide synthase 

enzyme.
7
 The major difference between elongation, desaturation pathway and PKS is that the 

latter doesn’t require molecular oxygen for the aerobic saturation reaction for the synthesis of 

double bond in the fatty acid chain.
8
 However it should be carefully noted that many literature 

terms this pathway as “anaerobic pathway”. This shouldn’t be misinterpreted with the anaerobic 

growth or anaerobic nature of the microorganisms. Five open reading frames constituting a gene 

cluster from a bacteria Shewanella putrefaciens that exhibits PKS pathway was cloned in E.coli 

and the latter syntehsized EPA (20:5) without the contribution of its FAS intermediate 16:0 

ACP.
6
 This PKS pathway produces polyunsaturated fatty acids like EPA and DHA without the 

intermediate fatty acyl chain groups. A brief account of this postulated pathway is explained in 

the sections 2.2.2 and 3.2.2.  
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Figure 2: General pathway for PUFAs synthesis by desaturation and elongation pathway microorganisms
5
 

 

1.2. Fermentation techniques 

The two types of fermentation strategies have been developed for the microbial production of 

PUFAs. 

1.2.1. Submerged fermentation 

The submerged fermentation technique commonly called as “fermentation” utilizes free flowing 

liquid substrate such as cultivation broth and it is most suited for the microorganisms that require 

high water activity. The large quantities of water which is used for the fermentation helps in the 

transport of molecules in and out of the cell, enhances molecular interaction, powers the 
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formation of membranes and also generates surface tension due to its polarity.
9
 The selection of 

culture medium important step since it will affect the economics of PUFA production. This 

technique is widely suited for the production of PUFAs. A detailed account of the different types 

of fermentation is explained in the subsequent sections. 

1.2.2. Solid State fermentation 

In this technique solid substrates like bran, bagasse and purple are used to cultivate 

microorganism which doesn't require high water activity and can grow with less water content. 

The two advantages with this method are the recycling of nutrient waste and low substrate 

utilization rate which allows the substrate to be available for long fermentation periods.
10

 

However this method is not as widely used as submerged fermentation. With the help of fungi 

which partially hydrolyze substrate polymers, the prefermented biomass containing high 

percentage of PUFA could be used as an expensive food and feed supplement. However, there 

are major problems with this method even in the laboratory scale level. The oxygen transfer and 

nutrient transfer within the solid mass need to be addressed first. In addition to that, hindrances 

such as medium sterilization, aeration and agitation, pH control and downstream processing have 

to be overcome. Nevertheless, production of PUFAs such as γ-linolenic acid (GLA) and EPA 

have been produced with the solid state fermentation. 

1.3. Downstream processing 

The process of extracting and purifying one particular fatty acid without the inclusion of other 

intermediates is case specific. However common steps involved in the downstream processing of 

polyunsaturated fatty acids are briefly described.  

The important measure when harvesting poly unsaturated fatty acids containing biomass is to 

avoid high temperature for a prolonged period of time. This is because to avoid any damage 

caused by oxidation of the oils during the extraction. The most common harvesting methods 

which are suited for the polyunsaturated fatty acids are centrifugation and filtration.
11

 

Centrifugation step is done at the expense of power and energy and it can be expensive when 

employed at very large scale. Among rotary vacuum filtration and pressure filtration, the latter 

consumes less energy and are reliable than the former. Membrane and ultra-filtration are difficult 

to employ for harvesting biomass from large scale cultivation processes.
12

 When the biomass is 
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harvested, large volumes of the water are separated and the biomass still can time 80 percent of 

water.
11

 About 20 to 30 percent of the total cost involved in the production process can be 

attributed to this particular step of recovering biomass.
12

  

 

Figure 3: Over-all scheme for various downstream steps for the extraction of fatty acids.
13

 PEF – pulsed electric field; MAE – 
Microwave assisted extraction 

As soon as polyunsaturated fatty acids containing biomass is harvested it should be stabilized by 

drying process. This is done as soon as the first step of harvesting biomass is completed in order 

to avoid the enzymatic activities of lipases and esterases that are present in the biomass. These 

enzymes could get activated while removing the biomass from the nutrient medium and can 

catalyze the lipids that are accumulated in the cells which can results in the loss of the product. 

Spray drying, drum drying and freeze drying are commonly deployed methods. Spray drying is 

the efficient technique as freeze drying of biomass at large scale has several disadvantages such 
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as high cost to install cooling apparatus and high energy consumption to produce the cooling 

effect. In some cases, the extractions of fatty acids are done by extracting from the wet biomass 

rather than the dry biomass which reduces the cost of the drying process involved. However, the 

extraction of fatty acids from dry biomass are proficient than from the wet biomass.
12

 Cell 

disruptor such as, high pressure homogenizer is also employed for obtaining the intracellular 

fatty acids. For the extraction of fatty acids from the cell, organic solvents are commonly used 

example, hexane, ethanol, chloroform and diethyl ether. However, alkaline lysis using KOH-

ethanol mixture is also found to be efficient to extract free fatty acids.
12

 Supercritical fluid 

extraction using CO2 is a recently developed method which produces highly purified extracts. 

This method is quick and efficient and the processed crude extract is free from solvents used.
13

 

Then the purification step is performed on the crude extract from the extraction step using 

various chromatographic methods such as reverse phase and silica gel adsorption 

chromatography. In most cases, an antioxidant is added in order to prevent the oxidation of the 

final product. In some process the wet biomass can be directly subjected to extraction.
12

  

1.4. Microbial production of ω-6 fatty acids 

The two major fatty acids of the ω-6 fatty acids are γ-linolenic acid (18:3) and arachidonic acid 

(20:4) [Refer Figure 1]. A brief account of these two fatty acids are explained in this section 

1.4.1. γ- Linolenic acid 

γ- Linolenic acid also known as GLA occur in fungi class zygomycetes and the first commercial 

scale production was developed using M.javanicus. The organism when cultivated in 200 kL 

fermentor accumulated 20% lipid in the biomass which contained 15-18% GLA. However due to 

lack of proper product marketing, the production process was suspended.
2
  

Morteriella was grown in both shake flask and in continuous cultivation in fermenter gave an 

insight of the optimal process conditions used for the production of GLA.  Glucose, molasses 

and decane were identified as efficient carbon sources for Mortierella. Decane, however, had 

drawbacks such as low solubility and some proportion of decane was lost in evaporation due to 

the aeration in the reactor. Very high glucose concentrations up to 300 g L
-1

 was tolerated by 

Mortierella and it resulted in high biomass and high GLA at the expense of slower growth rate. 

The growth rate when grown at a glucose concentration of 25 g L
-1

 was higher. This might be 
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due to the inhibition at very high glucose concentrations and no trials were performed to analyze 

if there is any over flow metabolite produced. Out of the nitrogen sources such as potassium 

nitrate, urea and ammonium nitrate used, a high yield of GLA was obtained with urea in shake 

flask cultures. The optimal pH for the lipid accumulation was found to 2.5. The reason for such 

an acidic environment for the production isn’t explained.  In agreement with the general opinion 

that the lipid accumulation is favored at low temperature was observed as the GLA content was 

higher when grown in 20°C than at 30°C.  Lab scale continuous cultivation involving two stage 

fermenter system of capacity (5 L and 20 L) was used to cultivate fungi M.ramanniana. Highest 

volumetric productivity of 106 mg L
-1

 h
-1 

was attained using a dilution rate of 0.15 h
-1

 with a feed 

glucose concentration of 100 g L
-1

.
14

 But the yield of lipid/glucose was very low. This  can be 

avoided by optimizing the production at low concentrations of glucose. Alternative fermentation 

strategies such as solid state fermentation were used to cultivate fungi Mortierella isabellina 

using cereals such as barley as substrate. This process resulted in the GLA accumulation of 

18.6% in total oil.
2
 From an engineering perspective, the process control and optimizing the 

parameters is unfeasible in this fermentation technique.  

1.4.2. Arachidonic acid 

Arachidonic acid also known as ARA or AA is naturally produced by a fungal class Mortierella. 

Among them Mortierella alpina was found to contain high composition of ARA and the highest 

productivity of 1-1.4g L
-1

d
-1 

was reported. Algae, on the other hand, were incapable of reaching 

high biomass because it could be able to produce ARA with a low volumetric productivity of 

0.15 g L
-1

d
-1

.
6
 Though with the optimized trials, growth rate, ARA content and biomass in algae 

such as Pithium insidiosum were increased in the pilot scale experiments, it is not suited for the 

commercial production because of its low productivity.
6
 The industrial scale production has been 

successfully carried out by fedbatch cultivation Mortierella alpina-IS 4 in a 10 kL ferementor. 

The highest cell mass, ARA yield and volumetric productivity obtained by this cultivation were 

62 g L
-1

, 11 g L
-1 

and 1.3 g L
-1

d
-1

 respectively.
15

 Also, the culture broth was separated into pellet 

fraction and filament fraction by a sieve apparatus in this cultivation and morphology was 

analyzed through image analysis technique. It was found that the arachidonic acid content in the 

pellet fraction was higher than the filament fraction because of the mycelial damage occurred 
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during the cultivation. The filaments detached from the mycelia were supposed to undergo cell 

membrane repair.  

 

The biosynthesis pathway for the formation of arachidonic acid is given in the Figure 4. All the 

desaturase and elongase enzymes involved in the biosynthesis pathway in Mortierella alpina 

have been characterized. It follows the conventional FAS pathway which results in the formation 

of palmitic acid (16:0). Then it is elongated with the stearic acid (18:0) by the elongase enzyme. 

Then stearic acid is desaturated by ˠ∆9 desaturase. In Mortierella alpina three genes are reported 

to encode for ∆9 desaturase. Two of them use palmitate as a substrate and the third gene that 

encodes for desaturase which uses stearic acid as substrate. The next step by ∆12 desaturase 

results in the formation of linolenic acid (18:2) and this desaturase is reported to shorter than ∆9 

desaturase because of the lack of cytochrome b5 domain. The conversion of linolenic acid to γ-

linolenic acid (18:3) is performed by ∆6 desaturase. Then it is elongated to form dihomo-

linolenic acid (20:3) by the successive elongation sequence similar to fatty acid synthase. The 

final step is the desaturation of dihomo-linolenic acid to form arachidonic acid (20:4) by ∆5 

desaturase. ∆6 and ∆5desaturase introduced double bond at the carboxyl end while the ∆9 and 

∆12 desaturase performs desaturation at the methyl-end.
6
 

 

Figure 4: Biosynthesis pathway of arachidonic acid in Mortierella alpina 16 
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Lion Corportation (Japan) carried out the pilot scale production of arachidonic acid (AA) using 

the fungi Mortierella alpina and obtained high productivity. In a 500 L fermenter, 300 L of the 

medium containing 2% wheat bran, 1% peptone, 750 mg/L CaCl2.H2O and 10% dextrose was 

cultivated at a agitation speed of 200 rpm, aeration rate of 0.5 VVM and at a temperature of 

20°C.The cultivation was carried out for 16 days and at the end of the cultivation, cells were 

centrifuged and wet cell mass was subjected to solvent extraction (hexane/ethanol) process to 

extract lipids. Then they were esterified to methyl esters and was purified urea adduct separation 

to remove shorter chain fatty acids using methanol and urea at a ratio of 10:4 w/w to one part of 

fatty acid methyl ester. HPLC was used to separate non-adducted fatty acid methyl esters using 

elution mixture of methanol/H2O at the ratio 93:7 v/v. The cultivation process yielded cell dry 

weight of 49 g L
-1

 and a purity of 90% was achieved using one-step urea adduct separation 

process. The final ARA yield obtained was 11.1 g L
-1

 with 71.2% of total fatty acid contained 

AA.
17

 

 

Figure 5: Flow chart for a typical production of fungal oil with high Arachidonic Acid content.18 
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The key factors that affect the productivity are found to be aeration rate, agitation speed, inlet 

oxygen concentration and morphological control of the cells. Since the biosynthesis of ARA 

takes place by elongation and desaturation pathway, enzymatic reactions by desaturases require 

oxygen. The oxygen mass transfer needs to be enhanced by means of adequate gas dispersion, 

avoiding concentration gradients in the cultivation and also controlling the mycelia morphology 

of the fungi. The DO concentration range of 10-15 ppm was found to be optimum for the 

production of ARA.
16

 A new technique which involves the detection of oil accumulation through 

a dielectric sensor has been developed and tested. It is reported to have many advantages over 

the conventional time consuming chromatography technique. This sensor detects only viable 

cells and measures cell concentration. It also measures the oil content of the cell by predicting 

cytoplasmic conductivity which decreases with the increase in the accumulation of the oil. This 

technique has been described as a useful tool in estimating the oil content of the cell and also 

helps to follow the cell concentration.
16

  

A detailed description of the production of major ω-3 fatty acids DHA and EPA in microbial 

systems is documented in the sections 2 and 3 respectively. 
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2. Microbial production of DHA 

Docosahexanoic acid (DHA) is a polyunsaturated ω-3 (22:6) fatty acid (Refer Figure 1). It is the 

primary fatty acid in the membrane of neurological tissues and it is necessary for the 

neurological development of infants.
19,20

 DHA also has been associated with many health 

benefits such as lowering blood pressure, hypertension, arthritis and thrombosis.
20

 The 

significance of using microorganisms to produce DHA is becoming evident as there are many 

problems associated with fish as a primary source.
20

 The important aspects of production of 

DHA by microorganisms are detailed in the following sections. 

2.1. Potential microorganisms 

Bacteria are generally considered as poor sources of DHA. Bacteria primarily produced DHA at 

extreme cultivation conditions such as 2°C and at very high pressures (10
5
 Pa) which aren’t 

suitable for feasible production process. Therefore they are labeled as unconventional sources for 

production.
21

 Amid the classes of fungi, species of the genus Thraustochytrium and 

Schizochytrium are identified as potential producers of DHA. Among Thraustochytrium, three 

species namely T.aurem, T.roseum and T.striatum accumulate 42-52% of total fatty acids as 

DHA.
22

 High levels of DHA are associated with many algal classes such as Dinophyceae, 

Haptophyceae and Cryptophyceae. Among Dinophyceae four species Crypthecodinium cohnii, 

Gonyaulax catenella, Gymnodinium simplex and Gyrodinium cohnii are acknowledged as good 

sources containing 30% or more of DHA in total lipids.
22

 Martek Corporation (USA) is involved 

in the commercial production of DHA using Schizochytrium sp and Crypthecodinium cohnii.
20

   

2.2. Biosynthesis of DHA 

The biosynthesis of DHA is proposed to vary between different species. A clear picture 

regarding all the reaction pathways that lead to the formation of DHA hasn’t been documented 

yet. This section consists of overall scheme for the steps in two different pathways. The first 

section 2.2.1 is the conventional elongation and desaturation pathway which involves the 

sequential elongation and desaturation reactions that result in the formation of DHA. This 

pathway is proposed to be aerobic since the molecular oxygen is believed to a requirement for 

the desaturation reactions for the formation of double bond. The second section 2.2.2 is an 

alternative pathway that is suggested to limited number of microorganisms. 
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2.2.1. Elongation and Desaturation pathway 

The first step starts from the FAS synthase complex where two carbon compound acetyl-CoA 

synthesized from acetate or pyruvate gets converted into malonyl-CoA. Then it is elongated to 

stearic acid by the fatty acid synthase complex. The general pathway for the formation of DHA 

is described in Figure 6. The role of ∆6 saturase, ∆5 saturase and elongases has been proven in 

microorganisms such as M.alpina, supporting the aerobic pathway (Refer 1.4.2 ). Therefore, the 

elongation and desaturation reactions that lead to the formation of DHA in M.alpina is fairly 

understood. But the next step, which is the formation of DHA, was a subject of debate especially 

concerning the role of ∆4 desaturase. Then the genetic studies involving isolation of cDNA from 

Thraustochytrium, when expressed in yeast and plants, revealed that it encodes a desaturase 

which inserts a ∆4 double bond into the 22:5 producing DHA.
7
 The role of has been further 

endorsed in the recent studies of many microalgae such as Pavlova salina, Pavlova lutheri and 

Euglena gracilis in which ∆4 desaturase has been cloned and characterized.
4
 On contrast, the 

formation of DHA and its biosynthesis pathway in microalgae Crypthecodinium cohnii hasn’t 

been clearly documented yet. The conventional fatty acid synthesis by FAS complex was 

identified as active but it produced only saturated fatty acids. A purified cytosolic enzyme 

complex produced only saturated fatty acids containing 14 and 16 carbon atoms (14:0 and 

16:0).
23

 This indicates FAS complex is operative in C.cohnii and the synthesis occurs in cytosol. 

When radiolabelled 14 C fatty acids with varying lengths from 10 to 18 carbons were added to 

the growth medium, they were elongated and converted to 18:1 but not to 22:6 (DHA).
24

 Even 

exogenous supplied oleic acid (18:1) wasn’t used for DHA synthesis although it was 

incorporated into the lipid of the microorganism.
25

 De Swaaf et al. proposed three different 

compartmentalized pathways that are tightly regulated. First step is the production of saturated 

fatty acids and the next is the conversion of saturated fatty acids into monounsaturated fatty acid. 

The final step is probably de novo synthesis of DHA.
24

 It should be noted that the proposed 

pathway is a hypothesis and several studies would have to be implemented to investigate the role 

of all the enzymes and organelles involved.  
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Figure 6: Biosynthesis of DHA by desaturation and elongation pathway
26

 

2.2.2. Polyketide Synthase Pathway (PKS) 

DHA formation by PKS pathway was suggested to occur in fungal species Schizochytrium sp, 

Ulkenia sp and in C.cohnii.
8
 The description of this pathway in Schizochytrium sp is shown in 

Figure 7. In the first cycle of this pathway, similar to FAS, β-ketobutryl-ACP is formed by the 

condensation of malonyl-CoA with acetyl-ACP. It is then reduced to β-hydroxybutyryl-ACP by 

NADPH-dependent reductase enzyme KR. The next step involves the formation of trans2-enoyl 

ACP by dehydratase enzyme DH. Then, enoyl reductase ER carry out reduction to form trans2-

enoyl-ACP intermediate which is a NADPH dependent reaction.
27

 These set of reactions are 

similar to what occurs in conventional FAS pathway except the successive additions of malonyl-
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CoA, DH enzyme helps to retain the introduced double bond.
8
 DH enzymes are assumed to 

perform dual function which is isomerization in addition to dehydration. This is because the 

introduced double bond by DH would be in trans configuration at 2,3 position and it needs to be  

converted to cis configuration moving the double bond to 3,4- position.
8
 PKS system is a 

possible explanation why the above mentioned microorganisms accumulate high proportions of 

DHA without the formation of intermediate chain-length fatty acyl groups. A possible 

explanation could be that fatty acyl chain holds the intermediates as a tightly bound system so 

that it cannot be released as free CoA esters.
8
 

 

Figure 7: Proposed biosynthesis of DHA by PKS pathway in Schizochytrium sp8. KS: keto synthase; KR: keto reductase; 

DH:dehydratase; ER: enoyl reductase 
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2.3. Factors affecting DHA production 

The main factors that affect the DHA production are nutritional factors such as medium 

components, environmental factors such as pH, temperature and salinity, cultivation parameters 

such as aeration, agitation, cultivation time and the effect of culture age. A detailed account of 

these factors is documented in the following sections. 

2.3.1. Nutritional factors 

The nutritional factors affecting growth and production of DHA are supplied in the form of 

macro nutrients such as carbon source, nitrogen source, phosphorus source and micro nutrients in 

the form of inorganic salts such as sodium, potassium, calcium and trace elements and vitamins.  

2.3.1.1. Influence of carbon sources 

Carbon sources such as glucose, acetate, ethanol, sodium acetate and glycerol are used for the 

growth of C.cohnii.
28

  Glucose is the most commonly used carbon source for the production of 

DHA in C.cohnii. Many reports have emerged with varying opinion about the optimum 

concentration of glucose that is required for the growth of C.cohnii. De Swaaf et al observed 

decreased in growth rate when glucose concentration exceeds 25 g.L
-1

.
29

 But the industrial scale 

production is being reported to be performed at a glucose concentration of 50 g.L
-1

.
30

 On the 

other hand Kwok et al.documented increased DHA content on 1% glucose when compared to 

10% glucose.
31

 Apart from glucose, other carbon sources such as acetic acid, ethanol, dextrose, 

sodium acetate and carbon pulp syrup have been tested for the growth of C.cohnii. Highest 

biomass and DHA concentration was obtained when acetic acid was used as the principle carbon 

source and ethanol yielded highest volumetric productivity. The reason why acetate and ethanol, 

being C-2 compounds, results in high volumetric productivity of DHA and high biomass can be 

explained by their ability to directly involve in the formation of acetyl-CoA which bypasses the 

conventional route. This conventional route involves the conversion of supplied glucose into 

pyruvate by glycolysis in cytosol and then transport of pyruvate to mitochondria for TCA cycle 

leading to the formation of Acetyl-CoA. Then it is then converted to citrate which again has to be 

transported to cytosol for the formation of Acetyl-CoA.
32

 However this is a general perspective 

and the role of subcellular organelles involved in the DHA synthesis by C.cohnii is not well 

understood. Moreover, in case of large scale fermentation, use of acetic acid is very much limited 

by its corrosive nature which leads to many issues such as careful handling, high capital 
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investments and maintenance costs for fermentation hardware. High flammability of ethanol in 

its undiluted form during transportation and storage and also strict regulations makes it not so 

advantageous for the usage. Therefore acetic acid and ethanol has their own limitations for their 

usage as the principal carbon source.
28

 However it should be noted that the highest quality lipid 

(% in DHA) was obtained with glucose.
28

 Since DHA is a nutraceutical and often used in infant 

formula, purity of DHA is of utmost importance and hence glucose is suited for commercial 

DHA production. 

Starch and glucose are major carbon sources for the different species of fungi Thraustochytrium 

that produces DHA. T.aureum and T.roseum yielded maximum DHA with starch while 

Thraustochytrium ATCC 20892 yielded maximum DHA when grown on glucose. Vegetable oils 

such as linseed, corn and canola supported high biomass and lipid yields but DHA content was 

found to be low among the cultures of Thraustochytrium.
22

  

2.3.1.2.  Effect of nitrogen source 

Inorganic nitrogen sources haven’t been utilized by the species of Thraustochytrium but organic 

nitrogen sources such as sodium glutamate has been efficiently assimilated. On the other hand, 

amino acids such as aspartate and glutamine reduced the growth of T.aureum ATCC 34304.
22

 

For the growth of C.cohnii nitrogen sources such as yeast extract, glutamic acid, waste molasses, 

corn steep liquor, ammonium chloride and potassium nitrate were tested.
28

 The use of in-organic 

nitrogen salt as a nitrogen source is a long standing debate and their influence on the growth 

medium was validated by contrasting observations from Provasoli and Takuchei.
28

  Among all 

the nitrogen source used for cultivation, C.cohnii showed limited ability to utilize in-organic 

nitrogen sources such as ammonium and nitrate.
33

 The optimum growth was not observed in 

nitrate solution, whereas slow growth was seen in the presence of ammonia.
33

 The lack of growth 

observed in C.cohnii in minimal medium could be attributed to the extremely polluted marine 

environment in which C.cohnii grows and natural habitat of C.cohnii is rotting sea weed 
33

 where 

it is exposed to many complex nutrients and harsh conditions. The inability of C.cohnii to grow 

with the help of in-organic salts as a source of macro-elements has led to the usage of organic 

nitrogen sources such as yeast extract
32

 and amino acids such as glutamic acid
34

 for the 

production of DHA. The main problem with the yeast extract is that it can’t be subjected to any 

quantifiable analysis because of the lack of well-defined composition and also it varies with 
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batch. Nevertheless, yeast extract has been extensively used as a form of nitrogen source in 

commercial production of DHA by Martek Corporation.
30

 The main advantage of using yeast 

extract is that it rich in micro and macro nutrients and it brings down the production cost by 

fulfilling the need of other in-organic salts, trace elements and vitamins.  

2.3.1.3. Vitamins 

The requirement of vitamin is found to be an obligate requirement especially when defined 

medium is employed for the cultivation process as few microorganisms like C.cohnii are found 

to be auxotroph for vitamins. However when yeast extract is added in the medium vitamins isn’t 

a necessity for this particular microorganism. On the other hand even though yeast extract was 

present in the medium, vitamin mixture containing thiamine, biotin and cyanocobalamine is 

added for the large scale cultivation of Schizochytrium sp  and very high volumetric productivity 

was obtained.
35

 The reason for the use of vitamins might be because of the presence of yeast 

extract at very low concentration (0.4 g.L
-1

) which isn’t sufficient to provide all the 

micronutrients needed. But C.cohnii was found to be auxotrophic for thiamine and biotin. Lack 

of thiamine in the medium resulted in slow growth for an indefinite period of time and C.cohnii 

divided rapidly in the presence of thiamine.
33

 Therefore thiamin and biotin are usually present in 

the defined medium for the growth of C.cohnii but these vitamins aren’t usually added when 

complex medium with yeast extract is used.
30,36

 Effects of addition of thiamine-HCl and 

cyanocobalamine were tested in many species of Thraustochytrium and it was found to enhance 

biomass formation.
22

 From an economic perspective the inclusion of the vitamins especially in 

the large scale production elevates the medium costs. Therefore it is advisable to use yeast 

extract for the growth as the advantages are explained in 2.3.1.2 

2.3.2. Environmental factors  

The growth of the microorganisms and the accumulation of DHA are affected by several 

environmental factors such as temperature, pH and salinity to varying degree. The extent to 

which these factors play a role in the production are briefly explained below 

2.3.2.1. Effect of temperature 

The optimum temperature for the growth and production of DHA varied between 

microorganisms. In general, DHA accumulation increased with decrease in temperature. This 
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common condition is observed in all the microorganisms. There are two reasons that are believed 

to cause this phenomenon. Most microorganisms are believed to produce more unsaturated fatty 

acids as an adaption to the low temperature conditions. Since these fatty acids are an integral 

portion of cell membranes, the change helps them to maintain membrane fluidity. The second 

reason is an increase in the solubility of oxygen at low temperature thereby enhancing the 

availability of oxygen to the cells. This increases the rate of oxygen-dependent desaturation 

enzymes which catalyzes more efficiently.
22

 On the other hand from a design perspective the low 

temperature requires high cooling mechanisms which are both expensive to build and also 

difficult to maintain. The strategy of growing microorganisms at higher temperature for a 

particular period of time until an optimal cell concentration is reached and then shifting to lower 

temperature resulted in increase in the accumulation of DHA. This so called temperature shift 

trials enhanced DHA content in unison among the various classes of microorganisms. When 

C.cohnii was grown at 25°C for 48 hours and then shifted to 12°C for 24 hours resulted in 20% 

increase in DHA content when compared to the cultures that were maintained at 25°C for 72 

hours.
37

 Likewise results were observed among Mortierella, Entomophthora exitalis and 

Isochrysis galbana which improved the accumulation of DHA with the temperature shift trials.
22

 

Since all the trails were tested in laboratory scale, this temperature shift strategy doesn’t provide 

any significant insight when it comes to scaling up the process. It is reported that C.cohnii can 

grow at a broad temperature range of 15-30°C. Some strains of C.cohnii such as ATCC 3056 

grew at the highest specific growth rate 0.092h
-1 

when cultivated at 30°C but the highest DHA 

content was obtained when it was cultivated at 15°C.
28

   

2.3.2.2. Influence of pH 

When C.cohnii was cultivated in shake flasks, Tuttle et al. reported an optimum pH of 6.6
36

 and 

Jiang et al. obtained highest specific growth rate and highest cell dry weight at pH of 7.2.
38

 Kyle 

et al reported pH range between 7.0-7.8 for the growth for the industrial scale production of 

DHA in C.cohnii.
30

 First author also stated that the initial growth tends to decrease the pH of the 

medium and it becomes alkaline during the later stages of the fermentation.
30

 In theory it is 

contradictory since yeast extract contains a mixture of amino acids, the utilization of yeast 

extract should result in increase of pH especially in the initial stages. Also the first author stated 

that the addition of yeast extract will help to maintain the pH.
30

 This is also contradictory with 
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respect to the first author’s own statement that in order to induce nitrogen limitation, yeast 

extract should get depleted from the medium and also the ratio of C: N in the form of glucose 

and yeast extract is crucial for inducing the DHA accumulation phase.
30

 If yeast extract is added 

to maintain pH, then both the above mentioned conditions can’t be maintained. In the 

commercial scale production of DHA in Schizochytrium sp ammonium hydroxide which is a 

nitrogen source is used to maintain pH.
39

 The pH of medium decreases when ammonium 

hydroxide is used because the cells accumulate the nitrogen in the ammonia leaving hydrogen 

ions in the medium. Thus the medium becomes acidic and in-order to neutralize a base is 

required. Ammonium hydroxide not only provides nitrogen for the microorganisms but also 

helps to maintain pH, thereby performing dual function.  

2.3.2.3. Effect of Salinity 

Since most of the microorganisms that produce DHA are marine organisms, salinity appropriate 

to that of natural sea water is an essential requirement to cultivate these microorganisms. A broad 

range of salinities (0 to 5% NaCl) were tested among the genus phycomycetes and it was found 

that the optimum concentration of NaCl to be 2.5%.
22

 Many species didn’t exhibit growth over 

very high (5% NaCl) and very low (0-1% NaCl) salinities. Similarly growth of C.cohnii was 

inhibited at 0.3% and 5% NaCl. Interestingly, C.cohnii produced more oleic acid (18:1) at high 

salinities and DHA content was more at low salinities.
22

 The optimal salinity of C.cohnii ATCC 

30772 was found out to be half of the salinity of the sea water (17.8 g.L
-1

).
29

 In the commercial 

production of DHA, in order to reduce the effect of chloride ions, the salinity is maintained 

between ½ to ¼ of the seawater and also high grade stainless steel has been employed (types 

317L, 2205, or AL6XN).
40

 Due to corrosive nature of stainless steel bioreactors, the requirement 

of saline conditions is a hindrance from a design perspective. Therefore special grade stainless 

steel bioreactor that can withstand high salinities is an absolute necessity and this requirement 

plays a major role in planning a cost effective production process. Inorder to overcome this 

drastic effect of chlorine in the bioreactor corrosion, an alternative method has been patented by 

Bailey et al for the large scale cultivation of Schizochytrium sp.
39

 In order to meet the 

requirements of sodium ions which are essential for the growth of marine microorganisms, first 

author used non-chloride salt sodium sulfate at a concentration of 11-13 g.L
-1

. 
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2.3.3. Cultivation parameters  

2.3.3.1. Effect of aeration rate 

The oxygen supply plays an important role in the production of DHA. The oxygen supply during 

a fermentation process is often monitored by means of DO (dissolved oxygen) in the form of 

percentage of air saturation. Different microorganisms that produce DHA require different air 

saturation levels. The commercial production of DHA using Schizochytrium sp and C.cohnii is 

carried out at contrasting air saturation levels. In-order to obtain high yields of DHA in the large 

scale cultivation of C.cohnii, DO levels from 10% to 50% of air saturation levels is proposed.
30

  

On the contrary the commercial production of DHA by Schizochytrium sp is carried out at very 

low oxygen levels of air saturation.
39

 Further this process of growing Schizochytrium sp is 

patented by Bailey et al. of Martek Biosciences and it is performed at two different stages. 

During the first stage of growth air saturation level is maintained at 4% to 8%. During the later 

stages of fermentation in which is DHA accumulation occurs the air saturation level is brought 

down to less than 1% and even to 0%.
39

 This is because Schizochytrium sp is postulated to 

produce DHA through Polyketide synthase pathway which is an oxygen independent pathway 

(Refer 2.2.2). On the other hand, though Ratledge postulated C.cohnii might exhibit PKS 

pathway for DHA production,
8
 the demand for high air saturation levels during the cultivation 

give an insight that C.cohnii indeed require oxygen for the activation of desaturation enzymes to 

introduce double bond in the pathway leading to the formation of DHA. However, low levels of 

oxygen supply didn’t have any significant impact on the levels of DHA in Entomophthora 

exitialis.
22

  The height of the bioreactor affects the oxygen partial pressure which behaves as both 

linear fashion and in complex manner especially in the large scale reactors.
9
 

2.3.3.2. Impact of agitation 

Agitation plays an important role from a design perspective. The main factors which are affected 

by agitation are the oxygen mass transfer, shear sensitive nature of the microorganisms and also 

the viscosity of the medium. 

Agitation is usually implied in the form of impellers and it depends on the viscosity of the 

medium. If the medium is of low viscosity the impellers are positioned at a distance twice than 

the distance between the impellers in a high viscosity medium.
9
 De Swaaf et al. reported the 
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secretion of extracellular polysaccharides produced during the batch cultivation of C.cohnii in a 

bioreactor which was carried out for 120 hours. It was observed that the concentration of 

extracellular polysaccharides increased linearly with the increase of viscosity of the medium and 

these are produced more during the stationary phase (77-120 hours). This resulted in the decrease 

of kLa (volumetric oxygen transfer coefficient) thereby affecting the oxygen mass transfer rate.
41

   

There are contradictory views regarding the shear sensitivity of the cells of C.cohnii. Shear 

sensitive nature of the cells also determines the type of the impeller that should be used for the 

cultivation process. In general, C.cohnii is considered to be a shear sensitive organism which is 

believed not to with stand high hydrodynamic forces when the high rates of agitation are applied. 

Though C.cohnii is generally believed not to withstand high shear forces leading to growth 

inhibition, C.cohnii have been grown successfully with high mechanical agitation levels in both 

shake flask (150 rpm) and in bioreactor scale (1250 rpm).
28

 The agitation tip speeds no greater 

than 300 cm/sec is considered as appropriate according to Kyle et al of Martek Corporation 

which successfully produces DHA in stirred tank bioreactors with mechanical agitation.
30

 Hu et 

al studied the effect of hydrodynamic force on the cells of C.cohnii. The first author concluded 

that cells can sustain high hydrodynamic forces when compared to mammalian cells such as 

Chinese Hamster Ovary cells. First author further backed up his conclusion by referring to Kwok 

article which states  that C.cohnii possess delicate theca formed of cellulosic plates and contains 

many layers of membranes and they offer resistant against the hydrodynamic forces from the 

agitation.
42

 On the other hand, Hillig et al. observed C.cohnii are susceptible to shear 

sensitiveness.
43

 These contradictory reports regarding the shear sensitiveness of the organism 

undermines the influence of the agitation on the organism. There is an alternative strategy to 

handle effective mixing and the shear sensitivity. Use of up-pumping and down-pumping 

impellers which enhances the axial flow of the medium ensures bulk mixing. These impellers 

can be tilted to 45° to improve blending.
9
 These impellers are an alternative to marine propellers 

and they can be more suited for the shear sensitive cells.  
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2.4. Reactor types 

2.4.1. Stirred Tank Bioreactor 

Stirred tank reactor is the most commonly employed bioreactor and its high functionality meets 

two main criteria that are crucial for the production process namely adequate blending to avoid 

concentration gradients and efficient oxygen transfer. The use of mechanical agitator helps in 

fulfilling the above mentioned factors at the expense of high input of energy applied for 

agitation. Commercial production of DHA by Martek Corporation uses stirred tank bioreactors 

for cultivation of C.cohnii and Schizochytrium sp. Since these microalgae grow 

heterotrophically, they are well suited for cultivating in the stirred tank reactor. On the other 

hand there are some limitations in using a stirred tank reactor. The high power input that is 

required for an efficient mixing and agitation increases the production costs. The high grade 

stainless steel that is required with stand corrosion effects results in the highest investment costs. 

The assembly parts are complicated and these components have to be replaced regularly due to 

corrosion and they can increase the cost of maintenance. An alternative approach using glass 

reactors in order to overcome the salinity effects is hindered by the scale up volume.
44

 

Nevertheless stirred tank reactors are commonly employed for the production of DHA which is a 

high end product and it can cover up the costs involved in the setting up and maintenance of 

these reactors. 

2.4.2. Airlift Bioreactor 

The pilot scale cultivation of Aurantiochytrium sp. KRS101 using a 6000 L air lift reactor with a 

working volume of 3000 L yielded the DHA highest volumetric productivity next to the 

commercial scale production (5.6 g.L
-1

d
-1

).
45

 The cell growth, glucose consumption rate, rate of 

lipid accumulation and volumetric productivity were higher than those obtained from the 5000 L 

stirred tank reactor.
45

 The reason for such an increase in the volumetric productivity was only 

attributed to the decrease in the “shearing force” in the airlift reactor. It is hard to interpret what 

the term stands for. Since Aurantiochytrium sp. KRS101 belong to the micro algae class of 

Thraustochytrid, DHA synthesis is believed to occur by PKS pathway,
8
 the need for the choice 

of airlift reactor to grow these organisms under the complete influence of air isn’t understood. 

However the total oxygenation is comparatively less effective since large parts of the reactor 

remains ungassed. This results in the reduced levels of oxygen supply which might be suited for 
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the formation of DHA by PKS pathway. The choice of the airlift reactor for very large scale 

production is advisable from an economic standpoint. The reactor setup doesn’t require any 

complicated set up or parts making them a cost effective choice. Nevertheless microalgae are 

prone to contamination and the product DHA is very much targeted as a nutritional supplement, 

the sterilization and proper cleaning are the drawbacks for airlift reactor. 

2.5. Cultivation strategies 

2.5.1. Batch cultivation 

Rosa et al. obtained the second highest volumetric productivity of DHA 3.7 g L
-1

 d
-1

 documented 

till date by growing Aurantiochytrium limacium SR21 in 3.5 L medium in 5.6 L bioreactor. The 

cultivation process was carried out in two stages where the organism is grown for three days in a 

shake flask with a growth medium containing glucose and corn steel liquor (CSL) at C: N ratio 

of 10:1 and then 350 mL of the grown culture was inoculated in 3.5 L bioreactor containing 

glucose and ammonium acetate at C: N ratio of 55:1 and cultured for three more days.
46

 The 

cultivation method is not a straight forward approach and involves several variables that are 

unaccounted for e.g. use of complex nitrogen source such as CSL in the growth medium and the 

production medium which contains ammonium acetate and yeast extract. Only ammonium was 

quantified but the corn steep liquor and yeast extracts aren’t taken into account. The effect of 

carbon from the complex nitrogen sources such as CSL, ammonium acetate and yeast extract 

isn’t also cinvestigated. The effect of the culture age isn’t also studied since a batch culture 

contains cells that are in different stages of growth.  

2.5.2. Fed Batch Cultivation 

Using fed batch cultivation, Martek Corporation has developed a process for producing DHA 

which involves two stages. First stage is the active growth phase where cells grow exponentially 

using glucose and yeast extract. In this stage, cells accumulate lipid by 20% w/w of its dry 

weight. Once yeast extract starts getting depleted, the cells cease to divide. As the glucose is 

continuously supplied, the cells starts to accumulate the supplied glucose into triacylglycerol 

(TAG) which is the storage lipid containing DHA.
40

 Fed batch cultivation with acetate as a 

carbon source is patented by Ratledge et al.
47

 This process of supplying acetate as a carbon 

source thereby balancing the increase in pH of the medium, yielded DHA volumetric 
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productivity (48 mg
-1

L
-1

h
-1

). With glucose, the volumetric productivity is only (19 mg
-1

L
-1

h
-1

). 

Similarly ethanol is employed in the fed batch cultivation technique to produce DHA and this 

resulted in the highest volumetric productivity of DHA (53 mg
-1

L
-1

h
-1

).
28

 However acetic acid 

and ethanol carry a risk in the handling during the cultivation process and also they are limited 

by use at high concentrations. 

2.5.3. Continuous Cultivation 

Pleissner et al. recently studied the effect of various (carbon, nitrogen or phosphorous) nutrient 

limitations in C.cohnii by continuous flow cultures using a defined medium with glutamic acid 

as a nitrogen source. The percentage of DHA in lipid at glucose, glutamic acid and phosphorus 

limitations were found to be 25 mg g
-1

, 31 mg g
-1 

and 31 mg g
-1 

respectively.
34

 The term with 

which the first author defines as limitation is mis-leading. Even though the medium has high 

concentration of glucose, first author defined it as glucose limited medium only because glucose 

concentration in the medium is slightly lower when compared to other nutrient limited such as 

nitrogen or phosphorous. A glucose limited medium should contain glucose in low 

concentrations so that it gets depleted first and the concentration of glucose should be low when 

compared to other medium components in the medium. The production of DHA by continuous 

cultivation has been patented by Kawasaki Steel Corporation. Glucose is fed by controlling it at a 

concentration of 0.2 to 3.0% (w/w). Yeast extract is added at a concentration of 1/5 to 1/10
th

 of 

the glucose concentration. Maximum productivity is obtained at a dilution rate (D) of 0.1 to 0.2h
-

1
.
28

   

2.6. Industrial Production of DHA 

Martek Corporation produces DHA as single cell oil (DHASCO) with an enrichment of more 

than 40%. Wild type C.cohnii strain is used for this production using glucose as a carbon source 

and yeast extract as a nitrogen source.  

The state of art production process
30

 is described below 

 The fermentation is carried about 3-5 days with a target cell mass of 20 g L
-1

. 

 Concentration of the inoculum is about 10
6
 cells mL

-1
. 

 Initial concentration of glucose concentration is 10-50 g L
-1

 and is fed continuously.  
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 Initial concentration of yeast extract is 6-12 g L
-1

. In total 8 to 15 g L
-1 

is required for the 

cultivation 

 Temperature is maintained at 20-30°C 

 pH range is 6.0 – 7.0 

 D.O levels are maintained at the range 10-50% of air saturation. Aeration rate is 1 VVM. 

 Agitation tip speed is 150-200 cm/sec. 

A typical example of pilot scale cultivation process is described in the patent by Kyle et al.
30

 In 

the stirred tank fermenter with a working volume of 350 L, 4.3 kg of Instant Ocean (IO) brand 

artificial sea water is diluted with 230 liters of tap water which constitutes about 50% of the 

salinity of seawater. The fermenter containing the medium is sterilized and cooled to room 

temperature. Then 6.8 liters of concentrated yeast extract with a concentration of 400 gL
-1

and 

12.5 liters of glucose syrup with a concentration of 400 gL
-1 

are added to the fermenter 

containing medium. The medium is then inoculated with 30 liters of C.cohnii inoculum with a 

cell density of 1.3 gL
-1

. Agitation is set at 73 cm/sec and aeration is set to 280 L/min (1 VVM). 

Then 67.5 liters of glucose syrup (400 gL
-1

) is added in different time regimes. After first 44 

hours of cultivation 12 liters is added and another 43 liters is added in the next 32 hours. The tip 

speed of the impeller is increased to 175 cm/sec at 44 hours. Then it is further increased to 225 

cm/sec at 55 hours. It is reduced to 150 cm/sec at the end of 76 hours. 

2.7. Downstream Processing of DHA 

The downstream processing of biomass to extract DHA from inside of the cell begins by the 

centrifugation. Then the harvested biomass is subjected to the process of spray drying. Then the 

spray-dried biomass is frozen and stored under N2 until extraction. Since DHA is very prone to 

oxidation, avoiding the exposure to molecular oxygen is very important.
40

 The extraction process 

(Figure 8) involves the mixing to biomass with hexane. In-order to break the content of the cells 

to extract the intracellular DHA it is sent through disruptor. Then hexane/oil containing DHA 

mixture is subjected to the process of evaporation. Hexane gets evaporated and the crude oil is 

again stored at freezing temperature under N2 to avoid contact with oxygen. The crude oil is then 

processed by involving several steps (Figure 9) such as refining, bleaching, winterization and 

deodorization. Antioxidants such as tocopherols are added to the processed oil and it is then 

blended with high-oliec sunflower oil to yield 40% (w/w) DHA.
40

 From an engineering 
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perspective the process of freeze drying require more power to generate cooling and it is very 

expensive in large scale. 

 

 

 

Figure 8: Outline of extraction process involved in the production of DHA as DHASCO (DHA-single cell oil).
40

 

 

Figure 9 : Overall scheme of processing crude oil from the extraction process to produce and store DHASCO.
40
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An alternative to the extraction of DHA is documented by Mendes et al.
48

 It involves three steps. 

The first step is the direct solvent extraction of PUFA using ethanol-KOH. Then it is Trans 

methylated. The methyl esters are subjected to winterization technique which separates saturated 

fatty acids from unsaturated fatty acids like DHA based on melting point. The melting point of 

fatty acid varies due to difference in the degree of unsaturation. This process involves the cooling 

of oil so that the saturated fatty acids are crystallized and the PUFA which is in the liquid form is 

filtered and separated. The property of the urea to form solid-phase complex with saturated free 

fatty acids can be used to separate them from PUFA. A few advantages of this process are large 

volume can be processed with a simple equipment and relatively less cost. It is also proved to 

efficient as the yield in the non-urea complexing fraction. This has the potential to scale up to 

commercial production but the use of methanol should be avoided as DHA is a nutritional 

supplement.
48
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3. Microbial production of EPA 

3.1. Potential Microorganisms  

Most bacteria produce fatty acids containing 16 and 18 carbons as saturated and 

monounsaturated fatty acids.
49

 Though EPA is produced mostly by fungi and algae, marine 

bacteria species such as Alteromonas, Shewanella, Flexibacter and vibrio are identified to 

produce EPA but relatively lesser proportions. Among them one particular species Shewanella 

putrefaciens produced EPA up to 40% of total fatty acids.
50

 Genetic engineering of many 

bacterial strains including in E.coli was carried out. Since E.coli doesn’t possess enzyme system 

for desaturation and elongation unlike other eukaryotes and can only produce monounsaturated 

fatty acids, it was difficult to produce EPA from them.
27

 However many trials in laboratory scale 

have been done.
27

 It should be scalable to fermenter so the production can be studied better. 

Among fungi, Mortierella sp. was able to produce considerable amount of EPA. Highest yields 

were attained with Mortierella alpina and Mortierella hygrophila producing 29 and 41 mg EPA 

per g cells respectively. Another class of fungi Pythium yielded 25-34 mg EPA per g cells.
21

 

Very few species of fresh water algae are identified as suitable for EPA production on contrast 

most of the marine algae (both microscopic and macroscopic) produce high amounts of EPA.
50

 

Macroscopic algae are not preferred for accumulation of EPA because they aren’t easily 

cultivable under control conditions when compared to microscopic algae. Phototrophic algae 

such as Nannochloropis oculata and Chlorella minutissima produce EPA 45% of total fatty 

acids.
21

 The ability of heterotrophic algae to produce EPA was explored by Martek Corporation 

USA. The lack of chlorophyll for photosynthesis has been compensated by their ability to grow 

with carbon sources such as glucose. The production strain MK8909 produced only 5%of the 

total fatty acids but the oil content was 50% (w/w) of the cells.
21

 

3.2. Biosynthesis of EPA 

3.2.1. Desaturation and elongation pathway 

EPA like other PUFAs is considered to be formed from the series of desaturation and elongation 

acting on long chain saturated substrates. The detailed pathway is described in Figure 10. There 

is a serious of condensation reactions finally yielding saturated Stearic acid (18:0) which is 
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desaturated by ∆9 desaturase to form Oleic acid (18:1) with one double bond at the 9
th

 carbon 

from the carbonyl end. The second step involves the desaturation of Oleic acid (OA) by a ∆12 

desaturase to form linolenic acid (18:2) which is further desaturated by ∆15 desaturase to form α-

linolenic acid (18:3). OA, LA and ALA acts as parent chain for further desaturation for the 

production of PUFAs. The third step of desaturation by ∆6 desaturase is the limiting step in 

which one among the three substrates is used for EPA production. ALA has the highest affinity 

for ∆6 desaturase followed by LA and OA. EPA can either be synthesized from LA (n-6 route) 

or ALA (n-3 route).The resulting desaturation products of LA and OA are GLA (18:3) and SDA 

(18:4) respectively. This is followed by elongation of the fatty chain to DGLA (20:3) and ETA 

(20:4). Alternatively, EPA is produced as the final product either by direct desaturation of ETA 

(20:4) to EPA (20:5) by ∆5 desaturase or in two desaturation steps where DGLA is first 

desaturated to AA by ∆5 desaturase and then desaturated again by ∆17 desaturase connecting n-6 

and n-3 routes forming EPA. Fungi such as Mortierella alpina and Pythium irregulare produce 

EPA by n-6 route. Most of the eukaryotic algae and fungi possess membrane-bound desaturases 

and elongases to carry out the desaturation and elongation pathway.
27,26

 

 

Figure 10: Biosynthesis of EPA by desaturation and elongation pathway.
27

 SA - stearic acid;  OA - oleic acid;  LA - linolenic 
acid;  GLA - γ-linolenic acid;  EDA - eicosadienoic acid;  DGLA - dihomo-γ-linolenic acid;  AA - arachidonic acid; ALA, α-linolenic 
acid;  SDA - stearidonic acid; ETA - eicosatetraenoic acid. 
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3.2.2. PKS pathway 

Since class of bacteria such as Shewanella sp, Aeromonas sp and Photobacterium profundum 

found to produce EPA, an alternative pathway has been proposed to explain the occurrence of 

PUFAs like EPA in these prokaryotic microorganisms. The initial steps that are similar to FAS 

involving the condensation of malonyl-CoA and acyl-CoA followed by successive rounds of 

reduction, dehydration, reduction and condensation reactions resulting in the incorporation of 

two-carbon units each cycle, thereby extending the fatty acyl chain.
51

 The initial reactions are 

explained in section 2.2.2. After the formation of β-hydroxy ester, dual functioning 

dehydratase/isomerase bring catalyze the isomerization of trans-2, 3 cis and also dehydration. 

Then a trans-2,2-cis isomerization is believed to occur by methylene interrupted double-bond 

after reduction and dehydration reactions. These set of reactions are required to occur twice and 

the last step is the isomerization followed by elongation leading to the formation of EPA.
52

  

 

Figure 11: Possible biosynthetic pathway of EPA in Shewanella sp.
52

 Mal-CoA: malonyl-CoA; KS: keto synthase; KR: keto 
reductase; DH:dehydratase; ER: enoyl reductase;  2,3I: 2,3-isomerase;  2,2I: 2,2-isomerase. 
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3.3. Factors affecting EPA production 

The main factors that affect the EPA production are nutritional factors such as medium 

components, environmental factors such as pH, temperature and salinity. A detailed account of 

these factors is documented in the following sections. 

3.3.1. Nutritional factors 

Macro nutrients such as carbon source, nitrogen source, phosphorus source are the major source 

for the growth of microorganisms to produce EPA. The growth medium is also supplemented 

with micro nutrients in the form of inorganic salts such as sodium, potassium, calcium and trace 

elements and vitamins. A brief account of the important nutrients is given in the subsequent 

sections. 

3.3.1.1. Carbon sources 

Among fungal class Mortierella, Linseed oil was found to be the best producer of EPA since it 

contained 58% ALA which acts as a precursor for EPA synthesis.
21

 The optimum concentration 

of glucose grown using M.hygrophila and M.aplina was found to be 2 %( w/w) and it yielded 

11.1-11.3 EPA mg/g of dry mycelia. M.elongata when grown in a medium containing 2% (w/v) 

of linseed oil as carbon source produced 29.5% mg/g of biomass.
21

 Phototrophic algae use CO2 

as carbon source on the other hand heterotrophic algae needs a supply of carbon source which is 

usually an organic carbon source in the form of glucose or acetate. Oils such as linseed oil, corn 

oil can be used for EPA production.
21

 

3.3.1.2. Nitrogen sources 

On certain algae species such as Botryococcus sp, Dunaliella bardawal and D.salina produced 

higher amounts of EPA under low concentrations of nitrogen. But fresh water algae such as 

Scenedesmus and Chlorella produced PUFAs at higher nitrogen concentrations.
50

 Nitrate and 

urea were found to be suitable nitrogen sources for Phaedactylum tricornutum and N.laevis. 

Ammonium, when used as a nitrogen source, decreased the growth and EPA production due to 

significant fluctuations in pH
53

. The reason behind the change in pH is due to the utilization of 

nitrogen leaving hydrogen ions in the medium and hence there was a change in pH. It was 

observed as a hindrance to growth. The experiment was performed as shake flask experiments 

and obviously there would be change in pH as the organism continues to grow. Therefore the 
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first author claim of ammonium as a poor nitrogen source is ambiguous with the performed batch 

cultivation and need to study in a controlled fermenter environment to arrive at a conclusion. 

Yeast extract and peptone are suited for EPA production.
54

 High biomass production was 

achieved with the nitrogen sources such as meat extract and tryptone but there was a noticeable 

decrease in EPA content.
54

 With the usage of ammonium salts such as ammonium sulfate, lipid 

contents were higher in M.ramanniana but lower in M.isabellina. Use of organic nitrogen 

sources such as amino acids, didn’t support the production though it resulted in higher growth 

rate.
50

 

3.3.1.3. Phosphorus source 

High concentration of phosphorus promoted high EPA yield in algae Phaedactylum tricornutum 

but the yield of EPA is low with high concentration of phosphorus in Pythium irregular.
21

  

3.3.1.4. Micro-nutrients 

Supplement of vitamin B12 increased the EPA production by 65% in Phaedactylum 

tricornutum.
21

 Metal ions like manganese affected the production of EPA in phototrophic algae 

Euglena due to its low concentration.
50

 There are many PUFA producing diatoms which need 

silicates for their outer cell wall. These organisms have an intercellular silicon pool to support 

their physiological functions. Lipid content of marine diatoms was shown to increase with the 

decreased supply of silicate. One organism especially N.laevis produced high amounts of EPA 

with silicate limited cultures.
26

 

3.3.2. Environmental factors 

Environmental factors such as temperature, pH and salinity play a key role in the formation of 

EPA. The degree to which these factors affect the production are briefly explained below 

3.3.2.1. Temperature 

Effect of temperature was significant in the production of PUFAs in fungi and algae, especially 

at low temperatures (12°C). This is because of the presence of enzyme system (∆17 desaturase) 

catalyzing the conversion of ARA to EPA (20:4 to 20:5) and EPA is postulated to be crucial for 

the maintenance of membrane fluidity at low temperatures.
2
 Among, several classes of fungi and 

algae the optimal temperature for growth was found to be 25°C. Temperature shift trials were 
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performed where they are grown at high temperature 25°C till a particular cell density for certain 

days and then incubated at low temperature at 12°C to enhance the formation of EPA. Many 

species of Mortierella responded well to the temperature shift trials except M.alpina where EPA 

decreased with the low temperatures. Among algae, Porphyridium cruentum, Nannochloropis sp 

and pythium irregular also shown to produce more EPA when incubated at low temperatures. 

The increase in EPA content at low temperature is postulated to increase the availability of high 

level of intracellular oxygen for the microorganisms to carry out elongation and desaturation 

reactions thereby enhancing the formation of PUFAs.
21

  

3.3.2.2. pH  

In general, among fungi and algae, initial pH range between 6.0 - 7.6 is found to be optimal for 

the formation of EPA.
50

 The effect of pH on P.irregulare was studied by Stinson et al. and found 

the pH at the end of cultivation were similar (5.4) though initial culture pH (5 to 8) different. The 

first author observed that above pH 8, EPA formation was inhibited. The maximum EPA yield 

was obtained with the pH range 6-7.
55

 Since this experiment was performed at shake flask, the 

reason for the same pH at the end of cultivation couldn’t be determined. 

3.4. Cultivation systems 

The cultivation systems that are applied for culturing the microorganisms for the production of 

EPA depend on the nature of microorganism. In general, phototrophic algae possess chloroplast 

for performing photosynthesis and are light dependent. Some microalgae are heterotrophic which 

means that it doesn’t contain chloroplast and can’t perform photosynthesis. These classes of 

algae depend on the externally supplied carbon source for their growth and EPA production. The 

two types of cultivation systems for culturing algae and producing EPA are explained below 

3.4.1.1. Phototrophic cultivation 

Phototrophic cultivation systems are commonly used for growing algae which harnesses the light 

energy and use CO2 as the primary carbon source. There are many types of cultivation systems 

employed for the production of  EPA are open systems such as raceway ponds, lakes, glass tanks  

and reactors such as photobioreactors, flat plate reactors. The production of EPA in open pond 

has many advantages such as less capital cost, easy maintenance and large production capacity 

and robustness. The highest EPA volumetric productivity in open ponds was 1 mg.L
-1

d
-1

.
26

 The 
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disadvantages of an open pond culture system are many. It restricted depth of water level to 

receive sunlight, seasonal dependence, high energy required for mixing, contamination, lack of 

control over parameters such as temperature, light and inefficient mass transfer due to low 

percentage of carbon-di-oxide in atmosphere. On the other hand photobioreactors help to 

overcome the abovementioned problems. The highest EPA volumetric productivity obtained 

using one such cultivation system is growing Monodus subterraneus in a flat inclined modular 

photobioreactor consisting of a series of 14 L glass reactors measuring  90*2.8*70 cm 

(length*breadth*height). The overheating effect which is a major concern in the photobioreactor  

was overcome by spraying cold water on the front surface of the reactor thereby inducing 

evaporative cooling effect.
56

 In addition to overheating photobioreactors also have several 

drawbacks such as biofouling, oxygen accumulation, expensive and less possibility for scaling 

up. 

3.4.1.2. Heterotrophic cultivation 

Heterotrophic cultivation system is nothing but conventional bioreactor cultivation where the 

culturing of microorganisms takes place without the influence of light. This method possess 

many benefits such as light independence, possibility of growing high cell density cultures, high 

productivity and relatively simpler downstream techniques over phototrophic systems.
26

 This 

culturing method is most suited for the algae which don’t grow under the dependency of light 

and CO2 instead organic carbon sources. The cultivation strategies that can be employed by 

growing in heterotrophic cultivation systems are explained in the following section. 

 

3.5. Cultivation strategies   

3.5.1.1. Fed-Batch Culture 

Fed-batch process developed for high-cell-density culture of N.laevis lead to a volumetric 

productivity of 50 mg.L
-1

d
-1

with final cell concentration of 22.1g.L
-1

.
57

 This is which makes it an 

unfavorable strategy for the successful commercial production. In this experiment, Wen et al. 

used the feed medium containing glucose, nitrate, tryptone and yeast extract at the ratio of 

32:1:2.5:1.3.
57

 There were few reasons that don’t agree with the general perspective. Even 

though the first author identified glucose as limiting nutrient, it was used at high concentrations. 



 

39 
 

Further, the effect of complex substrates like tryptone and yeast extract wasn’t taken into 

consideration. On the other hand fed-batch cultivation with glucose which was patented by Kyle 

et al produced 0.3 g.L
-1

d
-1

, the highest volumetric productivity reported by fed-batch 

cultivation.
58

 The strategy in this process is the control of the supply of glucose and silicate and 

the EPA accumulation phase is induced by the depletion of nitrogen. It led to the accumulation 

of cell mass of 40-50 g.L
-1

. 

3.5.1.2. Continuous culture 

Continuous cultivation for the production of EPA was approached by using both the 

phototrophic and heterotrophic cultivation systems. The volumetric productivity of EPA 73 

mg.L
-1

d
-1

 was obtained by growing Nitzschia laevis heterotrophically at a dilution rate of 0.5 g.L
-

1
 with an inlet glucose concentration of 20 g.L

-1
. When the same organism was grown with a cell 

recycle system volumetric productivity was 2.3 times higher (highest reported among the algae 

cultures). On the other hand phototrophic cultivation of Monodus subterraneus as explained in 

the section 3.4.1.1yielded 59 mg.L
-1

d
-1

. But in this method the algal suspensions were recycled 

using an air lift at each cascade where the end reactors were connected.
56

  

 

3.6. Industrial Production of EPA  

In spite of the potential of microorganisms to produce EPA, very few organizations have 

managed to apply for the commercial production. Martek Corporation used heterotrophic algae 

strain MK8909 for the production and obtained EPA 5% of the total fatty acids with oil content 

of 50% (w/w) of the cells. Since other PUFAs were not more than 3%, enrichment of EPA from 

the oil was done at relatively simpler steps.
21

 Innovalg Co in France developed commercial 

process from the diatom species O.aurita that contained 27% EPA of the total lipids along with 

4% DHA. This has been approved as a human food supplement
4
.Aurora Algae Inc claimed to 

have developed a novel algal product containing 60% EPA.
4
 

3.7. Downstream processing 

The downstream processing for the extraction of EPA in P. tricornutum and M. subterraneus is 

shown in the Figure 12. The harvested broth from the bioreactor is centrifuged to separate water 

from the biomass. A continuous flow disk stack centrifuge is used for this process and 80% of 
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moisture content is retained in the biomass paste. Then the wet-biomass is subjected to both 

extraction of EPA using hexane/methanol mixture and esterification is carried out using acetyl 

chloride in a single step.  This single step is advantageous in terms of process economics and 

also from an engineering perspective since it replaces two steps which are usually involved 

separately. Then it is centrifuged and EPA is purified from the crude extract using silver silica 

gel chromatography by which the solvents hexane and acetone are recovered and recycled. From 

an engineering perspective, the design for a large scale chromatography step is complicated and 

not feasible. The involvement of other polyunsaturated acids lowers the efficiency of the process.  

 

Figure 12: Downstream processing steps involved in the extraction and recovery of EPA 
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4. DISCUSSION 

From an engineering perspective there are many concerns that need to be addressed in the 

bioreactor cultivation. Fed batch cultivations are best used for industrial scale production since it 

offers high cell density. But the feeding strategy in the fed-batch cultivation need to be improved 

since there is a lack of well-defined substrate feed control. In the industrial scale production of 

DHA by C.cohnii glucose is added as pulse addition rather than controlling the feed supply.
30

 

There is no extensive studies on the cell’s physiological state due to this less controlled feed 

supply. Even though the excretion of viscous polysaccharides has been reported by de Swaaf et 

al
41

 by C.cohnii, no comprehensive studies regarding this rheological limitation has been taken 

into consideration. As mentioned before, the downstream processing involves freeze drying 

technique at industrial scale and efforts to reduce the large amounts of energy waste aren’t 

performed. Similarly the mechanism of surface adhesion of the cells in the reactor and aggregate 

formation which greatly influence the power/volume ratio of the agitator and hinder the oxygen 

supply needs to be addressed. The use of techniques such as use of dielectric sensors to measure 

the oil content of the cell which has been described in the earlier section, should be considered 

for efficient process control. 

More focus should be diverted to explore the possibilities of using inorganic nitrogen substrate 

for the growth of C.cohnii. The use of organic substrate not only diverts the true yield of cells per 

carbon, it also enhances the risk of contamination. Moreover, use of inorganic salts not only 

brings down the production cost but also clears the mystery behind the linear growth pattern 

which is claimed to be due to the undefined nutrient limitation since yeast extract is used. 

Pleissner et al, on the other hand, documented that nutrient limitation can affect the production of 

DHA only at the modest levels since the medium with the glucose limitation also produced DHA 

at comparable levels. 

Characterizing the DHA synthesis pathway in C.cohnii, Thraustochytrium and Schizochytrium 

and identifying the genes that encodes the enzymes involved in the pathway will open the door 

for engineering other well studied microbial systems such as E.coli for the genetic engineering of 

DHA. Identification of the genes will not only enable to use the potential of E.coli but also helps 

to optimize the process conditions such as oxygen mass transfer. 
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Batch cultivations are often used extensively to study various important parameters such as 

growth rate, temperature, pH, salinity and also most importantly effect of macro nutrients on the 

growth of the microorganism and production of fatty acids. The results from these kinds of 

experiments are widely used to accept or reject a hypothesis and also evaluate, criticize the work 

of the fellow researchers. More often the results are used to elucidate important conclusions 

regarding the above mentioned crucial process parameters.  However, batch cultivation which is 

performed either in the bioreactors or as shake flask experiments have several disadvantages. 

Normally in a batch culture the cells grow at different rates and often contain cells at different 

stages of the growth cycle. Hence the growth and fatty acid content of an individual cell of such 

cultures vary at large proportions making them very hard to interpret and arrive at a conclusion. 

However, these asynchronous conditions at most times haven’t been taken into account in the 

most of the literature. Only very few authors such as Kwok et al.
31

 compared the difference 

between asynchronous and synchronous cultures. In one such experiment the cellular DHA 

content at 1% glucose concentration was higher than 10% glucose concentration in asynchronous 

culture. However in synchronous culture there was no variation in the cellular DHA content at 

1% and 10% glucose concentration. The mentioned example helps to understand the importance 

of evaluating these effects especially in batch cultivations and the articles that doesn’t establish 

this correlation have to be approached with caution. Moreover shake flask experiments offer a 

poor control over process conditions such as pH and very often shake flask culture are used to 

describe important process parameters such as growth rate. For instance, Jiang et al. documented 

the highest DHA content and highest degree of unsaturation with a less growth rate when grown 

with a low glucose concentration 5 g.L
-1

.
38

  

DHA, EPA and ARA which are produced as singe cell oil are targeted only for a particular area 

in the market which is infant formulae. The production of these microbial oils adds upto 10-20% 

to the retail price because of this single market target. Since they are prone to oxidation, they 

can’t be incorporated directly into most liquid and dry foods that are available in the market. 

Therefore efforts should be focused on improving the stability of these single cell oils. This not 

only helps to reduce the price of infant formula but also expand the potential of these products in 

a wide range. One such example is the use of DHA from Schizochytrium is used as food 

beverages such as cheese, yoghurt and in breakfast cereals. 
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The whole sale market for infant formula is estimated to be $10 billion per year. Martek 

Biosciences is the only major player in the production of omega-3 and omega-6 fatty acids in a 

very large scale. The product is sold in the market as DHASCO (DHA single cell oil), ARASCO 

(ARA single cell oil). The microbial production of polyunsaturated fatty acids, though 

remarkable progress has been made, is still in initial stages. However, improvements such as 

metabolic engineering of EPA have been proven successful in laboratory conditions. When it is 

applied to industrial scale the trials failed. This is due to difficulties in understanding the overall 

metabolic pathway and more efforts should be directed to understand the fatty acid and lipid 

metabolism. Since single cell oil, defined by its name, represents a product of only one 

polyunsaturated fatty acid formed as oil. The absence of intermediate fatty acids is possible only 

in few organisms which exhibit PKS pathway. In other microbial systems, the downstream 

processing techniques has to be improved further to get one particular fatty acid as a 

concentrated product. 
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5. CONCLUSION 

The rising awareness around the globe about the health concerns and wellbeing hold enormous 

potential in the future for the production of microbial fatty acids. There are only few commercial 

production process exists which partially fulfills the ever growing demand. In-order to fully 

harness the natural ability of the microorganisms to produce the fatty acids, rapid progress in 

bridging the gap between the metabolic engineering and process engineering should be 

acknowledged. Further, advancements in the knowledge about the physiology of the 

microorganisms, biochemistry of accumulation, use of renewable sources and sustainable 

production systems will have to be accomplished.  
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