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ABSTRACT 

present invention provides a process for groWing 
eukaryotic microorganisms Which are capable of producing 
lipids, in particular lipids containing polyenoic fatty acids. 
The present invention also provides a process for producing 
eukaryotic microbial lipids. 
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ENHANCED PRODUCTION OF LIPIDS 
CONTAINING POLYENOIC FATTY ACID BY VERY 
HIGH DENSITY CULTURES OF EUKARYOTIC 

MICROBES IN FERMENTORS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] The present application claims the bene?t of pri 
ority under 35 U.S.C. §119(e) from Provisional Patent 
Application Serial No. 60/178,588, ?led on Jan. 28, 2000. 
Provisional Patent Application Serial No. 60/178,588 is 
incorporated herein by reference in its entirety. 

FIELD OF THE INVENTION 

[0002] The present invention is directed to a novel process 
for growing microorganisms and recovering microbial lip 
ids. In particular, the present invention is directed to pro 
ducing microbial polyunsaturated lipids. 

BACKGROUND OF THE INVENTION 

[0003] Production of polyenoic fatty acids (fatty acids 
containing 2 or more unsaturated carbon-carbon bonds) in 
eukaryotic microorganisms is generally knoWn to require the 
presence of molecular oXygen (i.e., aerobic conditions). This 
is because it is believed that the cis double bond formed in 
the fatty acids of all non-parasitic eukaryotic microorgan 
isms involves a direct oxygen-dependent desaturation reac 
tion (oXidative microbial desaturase systems). Other eukary 
otic microbial lipids that are knoWn to require molecular 
oXygen include fungal and plant sterols, oXycarotenoids 
(i.e., Xanthophyls), ubiquinones, and compounds made from 
any of these lipids (i.e., secondary metabolites). 

[0004] Eukaryotic microbes (such as algae; fungi, includ 
ing yeast; and protists) have been demonstrated to be good 
producers of polyenoic fatty acids in fermentors. HoWever, 
very high density cultivation (greater than about 100 g/L 
microbial biomass, especially at commercial scale) can lead 
to decreased polyenoic fatty acid contents and hence 
decreased polyenoic fatty acid productivity. This may be due 
in part to several factors including the difficulty of main 
taining high dissolved oXygen levels due to the high oXygen 
demand developed by the high concentration of microbes in 
the fermentation broth. Methods to maintain higher dis 
solved oXygen level include increasing the aeration rate 
and/or using pure oXygen instead of air for aeration and/or 
increasing the agitation rate in the fermentor. These solu 
tions generally increase the cost of lipid production and can 
cause additional problems. For eXample, increased aeration 
can easily lead to severe foaming problems in the fermentor 
at high cell densities and increased miXing can lead to 
microbial cell breakage due to increased shear forces in the 
fermentation broth (this causes the lipids to be released in 
the fermentation broth Where they can become oXidiZed 
and/or degraded by enZymes). Microbial cell breakage is an 
increased problem in cells that have undergone nitrogen 
limitation or depletion to induce lipid formation, resulting in 
Weaker cell Walls. 

[0005] As a result, When lipid producing eukaryotic 
microbes are groWn at very high cell concentrations, their 
lipids generally contain only very small amounts of poly 
enoic fatty acids. For eXample, the yeast Lipomyces starkeyi 
has been groWn to a density of 153 g/L With resulting lipid 
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concentration of 83 g/L in 140 hours using alcohol as a 
carbon source. Yet the polyenoic fatty acid content of the 
yeast at concentration greater than 100 g/L averaged only 
4.2% of total fatty acids (dropping from a high of 11.5% of 
total fatty acid at a cell density of 20-30 g/L). Yamauchi et 
al., J. Ferment. TechnoL, 1983, 61, 275-280. This results in 
a polyenoic fatty acid concentration of only about 3.5 g/L 
and a polyenoic fatty acid productivity of only about 0.025 
g/L/hr. Additionally, the only polyenoic fatty acid reported 
in the yeast lipids Was C18:2. 

[0006] Another yeast, Rhodotorula glutinus, has been 
demonstrated to have a lipid productivity of about 0.49 
g/L/hr, but also a loW overall polyenoic fatty acid content in 
its lipids (15.8% of total fatty acids, 14.7% C182 and 1.2% 
C18:3) resulting in a polyenoic fatty acid productivity in 
fed-batch culture of only about 0.047 g/L/hr and 0.077 
g/L/hr in continuous culture. 

[0007] Present inventors have previously demonstrated 
that certain marine microalgae in the order Thraustochytri 
ales can be eXcellent producers of polyenoic fatty acids in 
fermentors, especially When groWn at loW salinity levels and 
especially at very loW chloride levels. Others have described 
Thraustochyrids Which exhibit a polyenoic fatty acid (DHA, 
C22:6n-3; and DPA, C22:5n-6) productivity of about 0.158 
g/L/hr, When groWn to cell density of 59 g/L/hr in 120 hours. 
HoWever, this productivity Was only achieved at a salinity of 
about 50% seaWater, a concentration that Would cause 
serious corrosion in conventional stainless steel fermentors. 

[0008] Costs of producing microbial lipids containing 
polyenoic fatty acids, and especially the highly unsaturated 
fatty acids, such as C18:4n-3, C20:4n-6, C20:5n3, C22:5n-3, 
C22:5n-6 and C22:6n-3, have remained high in part due to 
the limited densities to Which the high polyenoic fatty acid 
containing eukaryotic microbes have been groWn and the 
limited oxygen availability both at these high cell concen 
trations and the higher temperatures needed to achieve high 
productivity. 
[0009] Therefore, there is a need for a process for groWing 
microorganisms at high concentration Which still facilitates 
increased production of lipids containing polyenoic fatty 
acids. 

SUMMARY OF THE INVENTION 

[0010] The present invention provides a process for groW 
ing eukaryotic microorganisms Which are capable of pro 
ducing at least about 20% of their biomass as lipids and a 
method for producing the lipids. Preferably the lipids con 
tain one or more polyenoic fatty acids. The process com 
prises adding to a fermentation medium comprising eukary 
otic microorganisms a carbon source, preferably a non 
alcoholic carbon source, and a nitrogen source. Preferably, 
the carbon source and the nitrogen source are added at a rate 
sufficient to increase the biomass density of the fermentation 
medium to at least about 100 g/L. 

[0011] In one aspect of the present invention, the fermen 
tation condition comprises a biomass density increasing 
stage and a lipid production stage, Wherein the biomass 
density increasing stage comprises adding the carbon source 
and the nitrogen source, and the lipid production stage 
comprises adding the carbon source Without adding the 
nitrogen source to induce nitrogen limiting conditions Which 
induces lipid production. 
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[0012] In another aspect of the present invention, the 
amount of dissolved oxygen present in the fermentation 
medium during the lipid production stage is loWer than the 
amount of dissolved oxygen present in the fermentation 
medium during the biomass density increasing stage. 

[0013] In yet another aspect of the present invention, 
microorganisms are selected from the group consisting of 
algae, fungi, protists, and mixtures thereof, Wherein the 
microorganisms are capable of producing polyenoic fatty 
acids or other lipids Which requires molecular oxygen for 
their synthesis. A particularly useful microorganisms of the 
present invention are eukaryotic microorganisms Which are 
capable of producing lipids at a fermentation medium oxy 
gen level of about less than 3% of saturation. 

[0014] In still another aspect of the present invention, 
microorganisms are groWn in a fed-batch process. Moreover, 

[0015] Yet still another aspect of the present invention 
provides maintaining an oxygen level of less than about 3% 
of saturation in the fermentation medium during second half 
of the fermentation process. 

[0016] Another embodiment of the present invention pro 
vides a process for producing eukaryotic microbial lipids 
comprising: 

[0017] (a) groWing eukaryotic microorganisms in a 
fermentation medium to increase the biomass den 
sity of said fermentation medium to at least about 
100 g/L; 

[0018] (b) providing a fermentation condition suf? 
cient to alloW said microorganisms to produce said 
lipids; and 

[0019] (c) recovering said lipids, 

[0020] Wherein greater than about 15% of said lipids are 
polyunsaturated lipids. 
[0021] Another aspect of the present invention provides a 
lipid recovery step Which comprises: 

[0022] (d) removing Water from said fermentation 
medium to provide dry microorganisms; and 

[0023] (e) isolating said lipids from said dry micro 
organisms. 

[0024] Preferably, the Water removal step comprises con 
tacting the fermentation medium directly on a drum-dryer 
Without prior centrifugation. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0025] FIG. 1 is a table and a plot of various lipid 
production parameters of a microorganism versus the 
amount of dissolved oxygen level in a fermentation medium. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0026] The present invention provides a process for groW 
ing microorganisms, such as, for example, fungi (including 
yeast), algae, and protists. Preferably, microorganisms are 
selected from the group consisting of algae, protists and 
mixtures thereof. More preferably, microorganisms are 
algae. Moreover, the process of the present invention can be 
used to produce a variety of lipid compounds, in particular 
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unsaturated lipids, preferably polyunsaturated lipids (i.e., 
lipids containing at least 2 unsaturated carbon-carbon bonds, 
e.g., double bonds), and more preferably highly unsaturated 
lipids (i.e., lipids containing 4 or more unsaturated carbon 
carbon bonds) such as omega-3 and/or omega-6 polyunsatu 
rated fatty acids, including docosahexaenoic acid (i.e., 
DHA); and other naturally occurring unsaturated, polyun 
saturated and highly unsaturated compounds. As used 
herein, the term “lipid” includes phospholipids; free fatty 
acids; esters of fatty acids; triacylglycerols; sterols and sterol 
esters; carotenoids; xanthophyls (e.g., oxycarotenoids); 
hydrocarbons; and other lipids knoWn to one of ordinary 
skill in the art. 

[0027] More particularly, processes of the present inven 
tion are useful in producing eukaryotic microbial polyenoic 
fatty acids, carotenoids, fungal sterols, phytosterols, xantho 
phyls, ubiquinones, other compounds Which require oxygen 
for producing unsaturated carbon-carbon bonds (i.e., aerobic 
conditions), and secondary metabolites thereof. Speci?cally, 
processes of the present invention are useful in groWing 
microorganisms Which produce polyenoic fatty acid(s) and 
for producing microbial polyenoic fatty acid(s). 

[0028] While processes of the present invention can be 
used to groW a Wide variety of microorganisms and to obtain 
polyunsaturated lipid containing compounds produced by 
the same, for the sake of brevity, convenience and illustra 
tion, this detailed description of the invention Will discuss 
processes for growing microorganisms Which are capable of 
producing lipids comprising omega-3 and/or omega-6 poly 
unsaturated fatty acids, in particular microorganisms Which 
are capable of producing DHA. More particularly, preferred 
embodiments of the present invention Will be discussed With 
reference to a process for groWing marine microorganisms, 
in particular algae, such as Thraustochytrids of the order 
Thraustochytriales, more speci?cally Thraustochytriales of 
the genus Thraustochytrium and SchiZochytrium, including 
Thraustochytriales Which are disclosed in commonly 
assigned US. Pat. Nos. 5,340,594 and 5,340,742, both 
issued to Barclay, all of Which are incorporated herein by 
reference in their entirety. It is to be understood, hoWever, 
that the invention as a Whole is not intended to be so limited, 
and that one skilled in the art Will recogniZe that the concept 
of the present invention Will be applicable to other micro 
organisms producing a variety of other compounds, includ 
ing other lipid compositions, in accordance With the tech 
niques discussed herein. 

[0029] Assuming a relatively constant production rate of 
lipids by an algae, it is readily apparent that the higher 
biomass density Will lead to a higher total amount of lipids 
being produced per volume. Current conventional fermen 
tation processes for groWing algae yield a biomass density of 
from about 50 to about 80 g/L or less. The present inventors 
have found that by using processes of the present invention, 
a signi?cantly higher biomass density than currently knoWn 
biomass density can be achieved. Preferably, processes of 
the present invention produces biomass density of at least 
about 100 g/L, more preferably at least about 130 g/L, still 
more preferably at least about 150 g/L, yet still more 
preferably at least about 170 g/L, and most preferably 
greater than 200 g/L. Thus, With such a high biomass 
density, even if the lipids production rate of algae is 
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decreased slightly, the overall lipids production rate per 
volume is signi?cantly higher than currently knoWn pro 
cesses. 

[0030] Processes of the present invention for growing 
microorganisms of the order Thraustochytriales include add 
ing a source of carbon and a source of nitrogen to a 

fermentation medium comprising the microorganisms at a 
rate suf?cient to increase the biomass density of the fermen 
tation medium to those described above. This fermentation 
process, Where a substrate (e.g., a carbon source and a 

nitrogen source) is added in increments, is generally referred 
to as a fed-batch fermentation process. It has been found that 

When the substrate is added to a batch fermentation process 
the large amount of carbon source present (e.g., about 200 
g/L or more per 60 g/L of biomass density) had a detrimental 
effect on the microorganisms. Without being bound by any 
theory, it is believed that such a high amount of carbon 
source causes detrimental effects, including osmotic stress, 
for microorganisms and inhibits initial productivity of 
microorganisms. Processes of the present invention avoid 
this undesired detrimental effect While providing a suf?cient 
amount of the substrate to achieve the above described 
biomass density of the microorganisms. 

[0031] Processes of the present invention for groWing 
microorganisms can include a biomass density increasing 
stage. In the biomass density increasing stage, the primary 
objective of the fermentation process is to increase the 
biomass density in the fermentation medium to obtain the 
biomass density described above. The rate of carbon source 
addition is typically maintained at a particular level or range 
Which does not cause a signi?cant detrimental effect on 

productivity of microorganisms. An appropriate range of the 
amount of carbon source needed for a particular microor 

ganism during a fermentation process is Well knoWn to one 
of ordinary skill in the art. Preferably, a carbon source of the 
present invention is a non-alcoholic carbon source, i.e., 
carbon source that does not contain alcohol. As used herein, 
an “alcohol” refers to a compound having 4 or less carbon 

atoms With one hydroxy group, e.g., methanol, ethanol and 
isopropanol. More preferably, a carbon source of the present 
invention is a carbohydrate, including, but not limited to, 
fructose, glucose, sucrose, molasses, and starch. Other suit 
able simple and complex carbon sources and nitrogen 
sources are disclosed in the above-referenced patents. Typi 

cally, hoWever, a carbohydrate, preferably corn syrup, is 
used as the primary carbon source. 

[0032] A particularly preferred nitrogen source is inor 
ganic ammonium salt, more preferably ammonium salts of 
sulfate, hydroxide, and most preferably ammonium hydrox 
ide. 

[0033] When ammonium is used as a nitrogen source, the 
fermentation medium becomes acidic if it is not controlled 
by base addition or buffers. When ammonium hydroxide is 
used as the primary nitrogen source, it can also be used to 
provide a pH control. The microorganisms of the order 
Thraustochytriales, in particular Thraustochytriales of the 
genus Thraustochytrium and SchiZochytrium, Will groW 
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over a Wide pH range, e.g., from about pH 5 to about pH 11. 
A proper pH range for fermentation of a particular micro 
organism is Within the knoWledge of one skilled in the art. 

[0034] Processes of the present invention for groWing 
microorganisms can also include a production stage. In this 
stage, the primary use of the substrate by the microorgan 
isms is not increasing the biomass density but rather using 
the substrate to produce lipids. It should be appreciated that 
lipids are also produced by the microorganisms during the 
biomass density increasing stage; hoWever, as stated above, 
the primary goal in the biomass density increasing stage is 
to increase the biomass density. Typically, during the pro 
duction stage the addition of the nitrogen substrate is 
reduced or preferably stopped. 

[0035] It Was previously generally believed that the pres 
ence of dissolved oxygen in the fermentation medium is 
crucial in the production of polyunsaturated compounds by 
eukaryotic microorganisms including omega-3 and/or 
omega-6 polyunsaturated fatty acids. Thus, a relatively large 
amount of dissolved oxygen in the fermentation medium 
Was generally believed to be preferred. Surprisingly and 
unexpectedly, hoWever, the present inventors have found 
that the production rate of lipids is increased dramatically 
When the dissolved oxygen level during the production stage 
is reduced. Thus, While the dissolved oxygen level in the 
fermentation medium during the biomass density increasing 
stage is at least about 8% of saturation, and preferably at 
least about 4% of saturation, during the production stage the 
dissolved oxygen level in the fermentation medium is 
reduced to about 3% of saturation or less, preferably about 
1% of saturation or less, and more preferably about 0% of 
saturation. In one particular embodiment of the present 
invention, the amount of dissolved oxygen level in the 
fermentation medium is varied during the fermentation 
process. For example, for a fermentation process With total 
fermentation time of from about 90 hours to about 100 
hours, the dissolved oxygen level in the fermentation 
medium is maintained at about 8% during the ?rst 24 hours, 
about 4% from about 24th hour to about 40th hour, and about 
0.5% or less from about 40th hour to the end of the fermen 
tation process. 

[0036] The amount of dissolved oxygen present in the 
fermentation medium can be controlled by controlling the 
amount of oxygen in the head-space of the fermentor, or 
preferably by controlling the speed at Which the fermenta 
tion medium is agitated (or stirred). For example, a high 
agitation (or stirring) rate results in a relatively higher 
amount of dissolved oxygen in the fermentation medium 
than a loW agitation rate. For example, in a fermentor of 
about 14,000 gallon capacity the agitation rate is set at from 
about 50 rpm to about 70 rpm during the ?rst 12 hours, from 
about 55 rpm to about 80 rpm during about 12th hour to 
about 18th hour and from about 70 rpm to about 90 rpm from 
about 18th hour to the end of the fermentation process to 
achieve the dissolved oxygen level discussed above for a 
total fermentation process time of from about 90 hours to 
about 100 hours. A particular range of agitation speeds 
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needed to achieve a particular amount of dissolved oxygen 
in the fermentation medium can be readily determined by 
one of ordinary skill in the art. 

[0037] A preferred temperature for processes of the 
present invention is at least about 20° C., more preferably at 
least about 25° C., and most preferably at least about 30° C. 
It should be appreciated that cold Water can retain a higher 
amount of dissolved oxygen than Warm Water. Thus, a higher 

fermentation medium temperature has additional bene?t of 
reducing the amount of dissolved oxygen, Which is particu 
larly desired as described above. 

[0038] Certain microorganisms may require a certain 
amount of saline minerals in the fermentation medium. 

These saline minerals, especially chloride ions, can cause 
corrosion of the fermentor and other doWnstream processing 
equipment. To prevent or reduce these undesired effects due 
to a relatively large amount of chloride ions present in the 
fermentation medium, processes of the present invention can 
also include using non-chloride containing sodium salts, 
preferably sodium sulfate, in the fermentation medium as a 

source of saline (i.e., sodium). More particularly, a signi? 
cant portion of the sodium requirements of the fermentation 
are supplied as non-chloride containing sodium salts. For 
example, less than about 75% of the sodium in the fermen 
tation medium is supplied as sodium chloride, more prefer 
ably less than about 50% and more preferably less than 
about 25%. The microorganisms of the present invention can 
be groWn at chloride concentrations of less than about 3 g/L, 
more preferably less than about 500 mg/L, more preferably 
less than about 250 mg/L and more preferably betWeen 
about 60 mg/L and about 120 mg/L. 

[0039] Non-chloride containing sodium salts can include 
soda ash (a mixture of sodium carbonate and sodium oxide), 
sodium carbonate, sodium bicarbonate, sodium sulfate and 
mixtures thereof, and preferably include sodium sulfate. 
Soda ash, sodium carbonate and sodium-bicarbonate tend to 
increase the pH of the fermentation medium, thus requiring 
control steps to maintain the proper pH of the medium. The 
concentration of sodium sulfate is effective to meet the 
salinity requirements of the microorganisms, preferably the 
sodium concentration is (expressed as g/L of Na) at least 
about 1 g/L, more preferably in the range of from about 1 g/L 
to about 50 g/L and more preferably in the range of from 
about 2.0 g/L to about 25 g/L. 

[0040] Various fermentation parameters for inoculating, 
groWing and recovering microorganisms are discussed in 
detail in US. Pat. No. 5,130,242, Which is incorporated 
herein by reference in its entirety. Any currently knoWn 
isolation methods can be used to isolate microorganisms 
from the fermentation medium, including centrifugation, 
?ltration, decantation, and solvent evaporation. It has been 
found by the present inventors that because of such a high 
biomass density resulting from processes of the present 
invention, When a centrifuge is used to recover the micro 
organisms it is preferred to dilute the fermentation medium 
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by adding Water, Which reduces the biomass density, thereby 
alloWing more effective separation of microorganisms from 
the fermentation medium. 

[0041] Preferably, the microorganisms are recovered in a 
dry form from the fermentation medium by evaporating 
Water from the fermentation medium, for example, by 
contacting the fermentation medium directly (i.e., Without 
pre-concentration, for example, by centrifugation) With a 
dryer such as a drum-dryer apparatus, i.e., a direct drum 
dryer recovery process. When using the direct drum-dryer 
recovery process to isolate microorganisms, typically a 
steam heated drum-dryer is employed. In addition When 
using the direct drum-dryer recovery process, the biomass 
density of the fermentation medium is preferably at least 
about 130 g/L, more preferably at least about 150 g/L, and 
most preferably at least about 180 g/L. This high biomass 
density is generally desired for the direct drum-dryer recov 
ery process because at a loWer biomass density, the fermen 
tation medium comprises a sufficient amount of Water to 

cool the drum signi?cantly, thus resulting in incomplete 
drying of microorganisms. Other methods of drying cells, 
including spray-drying, are Well knoWn to one of ordinary 
skill in the art. 

[0042] Processes of the present invention provide a lipid 
production rate of at least about 0.5 g/L/hr, preferably at 
least about 0.7 g/L/hr, more preferably at least about 0.9 
g/L/hr, and most preferably at least about 1.0 g/L/hr. More 
over, lipids produced by processes of the present invention 
contain polyunsaturated lipids in the amount greater than 
about 15%, preferably greater than about 20%, more pref 
erably greater than about 25%, still more preferably greater 
than about 30%, and most preferably greater than about 
35%. Lipids can be recovered from either dried microor 
ganisms or from the microorganisms in the fermentation 
medium. Generally, at least about 20% of the lipids pro 
duced by the microorganisms in the processes of the present 
invention are omega-3 and/or omega-6 polyunsaturated fatty 
acids, preferably at least about 30% of the lipids are 
omega-3 and/or omega-6 polyunsaturated fatty acids, more 
preferably at least about 40% of the lipids are omega-3 
and/or omega-6 polyunsaturated fatty acids, and most pref 
erably at least about 50% of the lipids are omega-3 and/or 
omega-6 polyunsaturated fatty acids. Alternatively, pro 
cesses of the present invention provides a DHA production 
rate of at least about 0.2 g of DHA/L/hr, preferably at least 
about 0.3 g of DHA/L/hr, more preferably at least about 0.4 
g of DHA/L/hr, and most preferably at least about 0.5 g of 
DHA/L/hr. Still alternatively, at least about 25% of the lipid 
is DHA (based on total fatty acid methyl ester), preferably 
at least about 30% more preferably at least about 35%, and 
most preferably at least about 40%. 

[0043] Microorganisms, lipids extracted therefrom, the 
biomass remaining after lipid extraction or combinations 
thereof can be used directly as a food ingredient, such as an 

ingredient in beverages, sauces, dairy based foods (such as 
milk, yogurt, cheese and ice-cream) and baked goods; 
nutritional supplement (in capsule or tablet forms); feed or 
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feed supplement for any animal Whose meat or products are 

consumed by humans; food supplement, including baby 
food and infant formula; and pharmaceuticals (in direct or 
adjunct therapy application). The term “animal” means any 
organism belonging to the kingdom Animalia and includes, 
Without limitation, any animal from Which poultry meat, 
seafood, beef, pork or lamb is derived. Seafood is derived 
from, Without limitation, ?sh, shrimp and shell?sh. The term 
“products” includes any product other than meat derived 
from such animals, including, Without limitation, eggs, milk 
or other products. When fed to such animals, polyunsatu 
rated lipids can be incorporated into the ?esh, milk, eggs or 
other products of such animals to increase their content of 
these lipids. 

[0044] Additional objects, advantages, and novel features 
of this invention Will become apparent to those skilled in the 

art upon examination of the folloWing examples thereof, 
Which are not intended to be limiting. 

EXAMPLES 

[0045] The strain of SchiZochytrium used in these 
examples produces tWo primary polyenoic acids, DHAn-3 
and DPAn-6 in the ratio of generally about 3:1, and small 
amounts of other polyenoic acids, such as EPA and C20:3, 
under a Wide variety of fermentation conditions. Thus, While 
folloWing examples only list the amount of DHA, one can 
readily calculate the amount of DPA produced by using the 
above disclosed ratio. 

Example 1 

[0046] This example illustrates the affect of oxygen con 
tent in a fermentation medium on lipid productivity. 

[0047] Fermentation results of SchiZochytrium ATCC No. 
20888 at various levels of dissolved oxygen content Were 

measured. The results are shoWn in FIG. 1, Where RC5 is 

residual concentration of sugar, and DCW is dry-cell Weight. 

Example 2 

[0048] This example illustrates the reproducibility of pro 
cesses of the present invention. 

[0049] Microorganisms Were produced using fermentors 
With a nominal Working volume of 1,200 gallons. The 
resulting fermentation broth Was concentrated and microor 
ganisms Were dried using a drum-dryer. Lipids from aliquots 
of the resulting microorganisms Were extracted and puri?ed 
to produce a re?ned, bleached, and deodoriZed oil. Approxi 
mately 3,000 ppm of d-1-ot-tocopheryl acetate Was added for 
nutritional supplementation purposes prior to analysis of the 
lipid. 

[0050] Nine fermentations of SchiZochytrium ATCC No. 
20888 Were run and the results are shoWn in Table 1. The 

dissolved oxygen level Was about 8% during the ?rst 24 
hours and about 4% thereafter. 
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TABLE 1 

Fed-batch fermentation results for the production of DHA. 

Age 
Entry (Hrs) Yield1(g/L) DHA (%) FAME2 (%) Productivity3 

1 100.3 160.7 17.8 49.5 0.285 

2 99.8 172.4 19.4 51.3 0.335 

3 84.7 148.7 14.4 41.4 0.253 

4 90.2 169.5 19.7 53.9 0.370 

5 99.0 164.1 12.5 38.9 0.207 

6 113.0 187.1 19.7 47.2 0.326 

7 97.0 153.5 13.7 41.0 0.217 

8 92.8 174.8 16.4 48.6 0.309 

Avg4 97.1 166.4 16.7 46.5 0.288 

Std5 8.4 12.3 2.9 5.4 0.058 

CV6 (%) 8.7 7.4 17.3 11.7 20.2 

1actual yield of biomass density. 
2total fatty acid methyl esters. 
3(grams of DHA)/L/Hr. 
4average. 

5standard deviation. 
6coef?cients of variability. Coefficients of variability values beloW 5% 
indicates a process Which has excellent reproducibility, values between 5% 
and 10% indicates a process Which has good reproducibility and values 
between 10% and 20% indicates a process Which has reasonable reproduc 
ibility. 

[0051] Corn syrup Was fed until the volume in the fer 

mentor reached about 1,200 gallons, at Which time the corn 

syrup addition Was stopped. The fermentation process Was 

stopped once the residual sugar concentration fell beloW 5 

g/L. The typical age, from inoculation to ?nal, Was about 
100 hours. 

[0052] The fermentation broth, i.e., fermentation medium, 
Was diluted With Water using approximately a 2:1 ratio to 

reduce the ash content of the ?nal product and help improve 
phase separation during the centrifugation step. The con 
centrated cell paste Was heated to 160° F. (about 71° C.) and 
dried on a BlaW Knox double-drum dryer (42“><36“). Pref 

erably, hoWever, microorganisms are dried directly on a 
drum-dryer Without prior centrifugation. 

[0053] The analysis result of lipids extracted from aliquots 
of each entries in Table 1 is summariZed in Table 2. 

TABLE 2 

Analysis of lipids from microorganisms of Table 1. 

% DHA relative Total Lipid % 
Entry to FAME1 by Wt. 

1 36.0 72.3 
2 37.8 70.3 
3 34.8 61.5 
4 36.5 74.8 
5 32.1 52.8 
6 41.7 67.7 
7 33.4 49.9 
8 33.7 61.4 

Avg 35.8 63.8 
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TABLE 2-continued 

Analysis of lipids from microorganisms of Table 1. 

% DHA relative Total Lipid % 
Entry to FAME1 by Wt. 

Std.3 3.0 9.1 
CV4 (%) 8.5 14.2 

1see Table 1 
2. see discussion above 

3standard deviation 
4coef?cients of variability Coe?icients of variability values beloW 5% indi 
cates a process Which has excellent reproducibility, values betWeen 5% 
and 10% indicates a process Which has good reproducibility and values 
betWeen 10% and 20% indicates a process Which has reasonable reproduc 
ibility. 

[0054] Unless otherwise stated, the fermentation medium 
used throughout the Examples section includes the folloW 
ing ingredients, Where the ?rst number indicates nominal 
target concentration and the number in parenthesis indicates 
acceptable range: sodium sulfate 12 g/L (11-13); KCl 0.5 g/L 
(0.45-0.55); MgSO4.7H2O 2 g/L (1.8-2.2); Hodag K-60 
antifoam 0.35 g/L (0.3-0.4); K2504 0.65 g/L (0.60-0.70); 
KHZPO4 1 g/L (0.9-1.1); (NH4)2SO4 1 g/L (0.95-1.1); 
CaCl2.2H2O 0.17 g/L (0.15-0.19); 95 DE corn syrup (solids 
basis) 4.5 g/L (2-10); MnCl2.4H2O 3 mg/L (2.7-3.3); 
ZnSO4.7H2O 3 mg/L (2.7-3.3); CoCl2.6H2O 0.04 mg/L 
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(0035-0045); Na2MoO4.2H2O 0.04 mg/L (0-0.045); 
CuSO4.5H2O 2 mg/L (1.8-2.2); NiSO4.6H2O 2 mg/L (1.8 
2.2); FeSO4.7H2O 10 mg/L (9-11); thiamine 9.5 mg/L 
(4-15); vitamin B12 0.15 mg/L (0.05-0.25) and Ca1/2 Pan 
tothenate 3.2 mg/L (1.3-5.1). In addition, 28% NH4OH 
solution is used as the nitrogen source. 

[0055] The ash content of the dried microorganisms is 
about 6% by Weight. 

Example 3 

[0056] This example illustrates the effect of reduced dis 
solved oxygen level in the fermentation medium on the 

productivity of microorganisms using G-tank scale. 

[0057] Using the procedure described in Example 2, a 
14,000 gallon nominal volume fermentation Was conducted 
using a Wild-type strain SchiZochytrium, Which can be 
obtained using isolation processes disclosed in the above 
mentioned US. Pat. Nos. 5,340,594 and 5,340,742. The 
dissolved oxygen level in the fermentation medium Was 
about 8% during the ?rst 24 hours, about 4% from the 24th 
hour to the 40th hour and about 0.5% from the 40th hour to 
the end of fermentation process. Results of this loWer 
dissolved oxygen level in fermentation medium processes 
are shoWn in Table 3. 

TABLE 3 

14 000 gallon scale fermentation of Schizochvtrium. 

% DHA DHA Productivity 
Entry Age (Hrs) Yield (g/L) % DHA % FAME rel. to FAME (g of DHA/L/hr) 

1 82.0 179.3 21.7 52.4 41.4 0.474 
2 99.0 183.1 22.3 55.0 40.5 0.412 
3 72.0 159.3 — — 40.9 — 

4 77.0 161.3 — — 43.2 — 

5 100.0 173.0 23.9 53.3 44.9 0.413 
6 102.0 183.3 21.6 50.8 42.6 0.388 
7 104.0 185.1 23.7 55.0 43.1 0.422 
8 88.0 179.3 22.3 52.6 42.4 0.454 
9 100.0 166.4 22.5 53.5 42.1 0.374 

10 97.0 182.6 22.8 51.6 44.1 0.429 
11 87.5 176.5 19.8 45.6 43.5 0.399 
12 67.0 170.8 18.8 48.1 39.1 0.479 
13 97.0 184.9 23.2 52.7 44.0 0.442 
14 102.0 181.9 23.6 52.9 44.6 0.421 
15 102.0 186.9 19.9 47.8 41.8 0.365 
16 97.0 184.4 19.6 45.5 43.0 0.373 
17 98.0 174.7 19.7 45.1 43.7 0.351 
18 103.5 178.8 18.3 44.5 41.2 0.316 
19 102.0 173.7 15.8 43.1 36.7 0.269 
20 94.0 190.4 19.3 46.9 41.1 0.391 
21 72.0 172.5 22.8 52.8 43.2 0.546 
22 75.0 173.1 21.0 51.7 40.8 0.485 
23 75.0 152.7 20.3 50.3 40.4 0.413 
24 75.5 172.5 21.9 51.7 42.3 0.500 
25 61.0 156.4 17.3 45.7 37.8 0.444 
26 74.5 150.6 20.2 50.1 40.2 0.408 
27 70.5 134.3 14.8 40.6 36.6 0.282 
28 75.5 146.1 21.3 49.7 42.8 0.412 
29 82.0 174.3 21.4 50.4 42.5 0.455 
30 105.0 182.3 21.7 50.7 42.8 0.377 
31 66.0 146.2 16.4 44.6 36.7 0.363 
Avg 87.2 171.5 20.6 49.5 41.6 0.409 
Std 13.9 14.1 2.4 3.8 2.3 0.061 

CV 16.0% 8.2% 11.6% 7.7% 5.5% 15.0% 
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Example 4 

[0058] This example illustrates the effect of reduced dis 
solved oxygen level in the fermentation medium on the 
productivity of microorganisms on a 41,000 gallon scale. 

[0059] Same procedure as Example 3 in a 41,000 gallon 
fermentor Was performed. Results are shoWn in Table 4. 

TABLE 4 

41,000 gallon scale fermentation of Schizochytrium 
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% DHA DHA Productivity 

Entry Age (Hrs) Yield (g/L) % DHA % FAME rel. to FAME (g of DHA/L/hr) 

1 75.0 116.1 17.3 46.1 37.4 0.268 

2 99.0 159.3 17.4 47.0 37.1 0.280 

3 103.0 152.6 16.0 47.2 33.8 0.237 

4 68.0 136.8 17.9 45.9 39.1 0.360 

5 84.0 142.0 17.5 47.0 37.2 0.296 

Avg 85.8 141.4 17.2 46.6 36.9 0.288 

Std 15.1 16.6 0.7 0.6 1.9 0.046 

CV 17.5% 11.8 4.2% 1.3% 5.2% 15.8% 

Example 5 
_ _ _ TABLE 5-continued 

[0060] This example illustrates the affect of extra nitrogen 

on the fermentanon process of the present lnvennon' Affects of extra ammonia on fermentation of Schizochytrium. 

[0061] Four sets of 250-L scale fed-batch experiments 
. . . Conver 

Were conducted using a procedure similar to Example 3. _ _ _ 
. . . . Age Yield Biomass sion DHA FAME DHA 

TWo control experiments and tWo experiments containing _ _ _ _ _ 
_ (hrs) (g/L) Productivity E?iciency Content Content Productivity 

extra ammonia (1.15>< and 1.25>< the normal amount) Were 

conducted. Results are shoWn in Table 5. Sugar target. 7 g/L, Base PH Set point. 55, 

Acid pH set point: 7.3, 1.0 x NH3 
TABLE 5 

Affects of extra ammonia on fermentation of Schizochytrium. 48 158 3'29 g/L/hr 557% 131% 365% 0'43 g/L/hr 

60 174 2.90 g/L/hr 48.9% 17.9% 39.2% 0.52 g/L/hr 
Conver 

Age Yield Biomass sion DHA FAME DHA 72 189 2.63 g/L/hr 45.7% 21.0% 39.4% 0.55 g/L/hr 

(hrs) (g/L) Productivity E?iciency Content Content Productivity 84 196 2-33 g/L/hr 441% 22-4 401% 052 g/L/hf 
_ 90 206 2.29 g/L/hr 44.8% 22.1% 40.3% 0.51 g/L/hr 

Sugar target: 7 g/L, Base pH set point: 5.5, 
Acid pH set point: 7.3, 1.0 x NH3 

48 178 3.71 g/L/hr 51.5% 10.7% 37.8% 0.40 g/L/hr _ _ 
60 185 308 g/L/hr 469% 163% 472% 050 g/L/hr [0062] In general, extra nitrogen has a negative effect on 
72 205 2-85 g/L/hr 452% 174% 474% 050 g/L/hr fermentation performance, as signi?cant reductions Were 
84 219 2.61 g/L/hr 43.8% 17.1% 45.5% 0.45 g/L/hr _ _ _ 
90 221 246 g/L/hr 44_1% 184% 489% 045 g/L/hr observed in the DHAproductivity for the tWo batches Where 

511%: Egg? 7 tg/L>_ 132631’? i? F013;: 55> extra ammonia Were added. As shoWn on Table 5, the control 
Cl Sc 0111 I . , . X , 

p p 3 batches resulted in ?nal DHA levels of 18.4% and 22.1% 

48 171 3-56 g/L/hr 556% 120% 363% 043 g/L/hr versus the 9.2% (1.15>< ammonia) and 12.6% (1.25>< ammo 
60 197 3.28 g/L/hr 54.6% 9.4% 38.4% 0.31 g/L/hr _ _ 
72 191 265 g/L/hr 528% 94% 400% 025 g/L/hr nia) for extra nitrogen supplemented batches. 
84 190 2.26 g/L/hr 52.5% 10.0% 42.5% 0.23 g/L/hr 
90 189 2.10 g/L/hr 52.2% 9.2% 43.3% 0.19 g/L/hr E 1 6 

Sugar target: 7 g/L, Base pH set point: 5.5, Xamp 6 
Acid pH set point: 7.3, 1.25 x NH3 _ _ _ 

[0063] This example shoWs a kinetic pro?le of a fermen 
48 178 3-71 g/L/hr 564% 115% 337% 043 g/L/hr tation process of the present invention. 
60 179 2.98 g/L/hr 48.6% 10.3% 36.0% 0.31 g/L/hr 
72 180 2.50 g/L/hr 48.8% 12.0% 37.6% 0.30 g/L/hr _ - 
84 181 21 5 g/L/hr 461% 136% 401% 029 g/L/hr [0064] A 1000 gallon scale‘ fed batch experiment‘ Was 
90 185 2.06 g/L/hr 45.7% 12.6% 40.7% 016 g/L/hr conducted using a procedure similar to Example 3. Kinetic 

pro?le of the fermentation process is shoWn in Table 6. 
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TABLE 6 

Kinetic Pro?le for a 1,000 gallon scale Fed-Batch fermentation of 
Schizochvtrium. 

Age Yield Biomass Conversion % DHA % FAME DHA 
(hrs) (g/L) Productivity Efficiency Content Content Productivity 

24 118 4.92 g/L/hr 78.2% 7.4 18.8 0.36 g/L/hr 
30 138 4.60 g/L/hr 60.3% 10.6 30.9 0.49 g/L/hr 
36 138 3.83 g/L/hr 46.6% 11.6 36.5 0.44 g/L/hr 
42 175 4.17 g/L/hr 49.8% 13.4 41.7 0.56 g/L/hr 
48 178 3.71 g/L/hr 45.1% 18.7 52.8 0.69 g/L/hr 
48* 164 3.42 g/L/hr 41.5% 15.3 33.1 0.52 g/L/hr 
54 196 3.63 g/L/hr 45.7% 16.6 51.2 0.60 g/L/hr 
60 190 3.17 g/L/hr 41.7% 16.9 33.9 0.54 g/L/hr 
72 189 2.62 g/L/hr 39.1% 15.6 31.8 0.41 g/L/hr 
84 195 2.32 g/L/hr 38.5% 16.4 32.7 0.38 g/L/hr 
90 200 2.22 g/L/hr 39.0% 18.8 33.3 0.42 g/L/hr 
90 171 1.90 g/L/hr 33.3% 22.2 61.6 0.42 g/L/hr** 

*TWo separate samples Were analyzed at 48 hrs. 
**This is for a Washed dry-cell Weights (DCW) sample. Other reported values are for 
unWashed samples. 

Example 7 

[0065] This example illustrates affect of the amount of 
carbon source on productivity. 

[0066] Three different fermentation processed using the 
process of Example 3 Were conducted using various 
amounts of carbon source. Results are shoWn on Table 7. 

TABLE 7 

Fermentation results for various amounts of carbon source on fermentation 

of Schizochvtrium. 

Age Yield Carbon Conversion %DHA %FAME Productivity 
(hrs) (g/L) Charge E?iciency Content Content (g/L/hr) 

90 171 51.3% 33.3% 22.2 61.6 0.42 
94 122 40.5% 30.1% 19.1 57.3 0.25 
59 73 20.0% 36.5% 11.9 40.8 0.15 

[0067] The present invention, in various embodiments, 
includes components, methods, processes, systems and/or 
apparatus substantially as depicted and described herein, 
including various embodiments, subcombinations, and sub 
sets thereof. Those of skill in the art Will understand hoW to 
make and use the present invention after understanding the 
present disclosure. The present invention, in various 
embodiments, includes providing devices and processes in 
the absence of items not depicted and/or described herein or 
in various embodiments hereof, including in the absence of 
such items as may have been used in previous devices or 
processes, e.g., for improving performance, achieving ease 
and\or reducing cost of implementation. 

[0068] The foregoing discussion of the invention has been 
presented for purposes of illustration and description. The 
foregoing is not intended to limit the invention to the form 
or forms disclosed herein. Although the description of the 
invention has included description of one or more embodi 
ments and certain variations and modi?cations, other varia 
tions and modi?cations are Within the scope of the invention, 
e.g., as may be Within the skill and knowledge of those in the 
art, after understanding the present disclosure. It is intended 
to obtain rights Which include alternative embodiments to 

the extent permitted, including alternate, interchangeable 
and/or equivalent structures, functions, ranges or steps to 
those claimed, Whether or not such alternate, interchange 
able and/or equivalent structures, functions, ranges or steps 
are disclosed herein, and Without intending to publicly 
dedicate any patentable subject matter. 

What is claimed is: 
1. A process for producing lipids containing polyenoic 

fatty acids from eukaryotic microorganisms capable of pro 
ducing at least about 20% of their biomass as lipids com 
prising adding to a fermentation medium comprising said 
microorganisms a non-alcoholic carbon source and a nitro 
gen source at a rate suf?cient to increase the biomass density 
of said fermentation medium to at least about 100 g/L. 

2. The process of claim 1, Wherein said process comprises 
a biomass density increasing stage and a production stage, 
Wherein said biomass density increasing stage comprises 
adding said carbon source and said nitrogen source and said 
production stage comprises adding said carbon source With 
out adding said nitrogen source to induce nitrogen limiting 
conditions Which induces lipid production. 

3. The process of claim 2, Wherein the amount of dis 
solved oxygen present in said fermentation medium during 
said production stage is loWer than the amount of dissolved 
oxygen present in said fermentation medium during said 
biomass density increasing stage. 

4. The process of claim 3, Wherein the amount of dis 
solved oxygen in said fermentation medium during said 
biomass density increasing stage is at least about 4%. 

5. The process of claim 4, Wherein the amount of dis 
solved oxygen in said fermentation medium during said 
production stage is less than about 1%. 

6. The process of claim 1, Wherein said non-alcoholic 
carbon source comprises a carbohydrate. 

7. The process of claim 1, Wherein said nitrogen source 
comprises an inorganic ammonium salt. 

8. The process of claim 7, Wherein said nitrogen source 
comprises ammonium hydroxide. 

9. The process of claim 8, Wherein pH of the fermentation 
medium is controlled by said nitrogen source. 

10. The process of claim 1, Wherein said fermentation 
medium is at a temperature of at least about 20° C. 
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11. The process of claim 1, wherein said process produces 
lipids at a rate of at least about 0.5 g/L/hr. 

12. The process of claim 11, Wherein at least about 15% 
of said lipids are polyunsaturated lipids. 

13. The process of claim 11, Wherein the total amount of 
omega-3 and omega-6 fatty acids is at least about 20% of 
said lipids. 

14. The process of claim 11, Wherein at least about 25% 
of said lipids is docosahexaenoic acid. 

15. The process of claim 1, Wherein said microorganisms 
are selected from the group consisting of algae, fungi, 
protists, and mixtures thereof, Wherein said microorganisms 
are capable of producing polyenoic fatty acids or other lipids 
Which requires molecular oxygen for their synthesis. 

16. The process of claim 15, Wherein said microorganisms 
are capable of producing lipids at a fermentation medium 
oxygen level of about less than 3% of saturation. 

17. The process of claim 15, Wherein said microorganisms 
are groWn in a fed-batch process. 

18. The process of claim 17 further comprising maintain 
ing an oxygen level of less than about 3% of saturation in 
said fermentation medium during second half of said fer 
mentation process. 

19. The process of claim 1, Wherein said microorganisms 
are algae. 

20. The process of claim 19, Wherein said microorganisms 
are of the order Thraustochytriales. 

21. The process of claim 20, Wherein said microorganisms 
are selected from the group consisting of Thraustochytrium, 
SchiZochytrium, and mixtures thereof. 

22. A process for groWing eukaryotic microorganisms 
capable of producing at least about 20% of their biomass as 
lipids, said process comprising adding to a fermentation 
medium comprising said microorganisms a carbon source 
and a nitrogen source at a rate sufficient to increase the 
biomass density of said fermentation medium to at least 
about 100 g/L, Wherein said process produces at least about 
0.5 g/L/hr of lipids, and Wherein at least about 15% of the 
total lipids produced by said microorganisms is polyunsatu 
rated lipids. 

23. The process of claim 22, Wherein said process further 
comprises: 

(a) a biomass density increasing stage, Wherein the dis 
solved oxygen level in the fermentation medium is at 
least about 4%; and 

(b) a high lipid production stage, Wherein the dissolved 
oxygen level in the fermentation medium is less than 
about 1%. 

24. The process of claim 22, Wherein said carbon source 
is a non-alcohol carbon source. 

25. The process of claim 22, Wherein said nitrogen source 
comprises an inorganic ammonium salt. 

26. The process of claim 22, Wherein said microorganisms 
are algae. 

27. The process of claim 26, Wherein said microorganisms 
are of the order Thraustochytriales. 

28. The process of claim 27, Wherein said microorganisms 
are selected from the group consisting of Thraustochytrium, 
SchiZochytrium, and mixtures thereof. 

29. The process of claim 22, Wherein the total amount of 
omega-3 and omega-6 fatty acids is at least about 20% of 
said lipids. 
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30. The process of claim 22, Wherein at least about 25% 
of said lipids is docosahexaenoic acid. 

31. A process for groWing eukaryotic microorganisms 
comprising adding to a fermentation medium comprising 
said microorganisms a carbon source and a nitrogen source 
at a rate sufficient to increase the biomass density of said 
fermentation medium to at least about 100 g/L, Wherein said 
microorganisms are selected from the group consisting of 
algae, fungi, protists and mixtures thereof, and Wherein said 
microorganisms are capable of producing at least about 20% 
of their biomass as lipids comprising polyenoic fatty acids. 

32. The process of claim 31, Wherein said process pro 
duces microbial lipids at a rate of least about 0.5 g/L/hr. 

33. The process of claim 32, Wherein greater than about 
15% of said lipids is polyunsaturated lipids. 

34. The process of claim 32, Wherein the total amount of 
omega-3 and omega-6 polyunsaturated fatty acids is at least 
about 20% of said lipids. 

35. The process of claim 32, Wherein at least about 25% 
of said lipids is docosahexaenoic acid. 

36. The process of claim 31, Wherein said process pro 
duces at least about 0.2 g/L/hr of docosahexaenoic acid. 

37. The process of claim 31, Wherein said carbon source 
is non-alcoholic. 

38. The process of claim 37, Wherein said carbon source 
is a carbohydrate. 

39. The process of claim 31, Wherein said nitrogen source 
comprises an inorganic ammonium salt. 

40. The process of claim 39, Wherein said nitrogen source 
comprises ammonium hydroxide. 

41. A process for producing eukaryotic microbial lipids 
comprising: 

(a) groWing eukaryotic microorganisms in a fermentation 
medium to increase the biomass density of said fer 
mentation medium to at least about 100 g/L; 

(b) providing a fermentation condition sufficient to alloW 
said microorganisms to produce said lipids; and 

(c) recovering said lipids, 

Wherein greater than about 15% of said lipids are poly 
unsaturated lipids. 

42. The process of claim 41, Wherein a dissolved oxygen 
level in said fermentation medium during said microorgan 
ism groWing step is higher than the dissolved oxygen level 
in said fermentation medium during said lipid producing 
step. 

43. The process of claim 42, Wherein the dissolved 
oxygen level in said fermentation medium during said 
microorganism groWing step is at least about 4%. 

44. The process of claim 42, Wherein the dissolved 
oxygen level in said fermentation medium during said lipid 
producing step is less than about 1%. 

45. The process of claim 41, Wherein said microorganisms 
are algae. 

46. The process of claim 45, Wherein said microorganisms 
are of the order Thraustochytriales. 

47. The process of claim 46, Wherein said microorganisms 
are selected from the group consisting of Thraustochytrium, 
SchiZochytrium, and mixtures thereof. 

48. The process of claim 41, Wherein the total amount of 
omega-3 and omega-6 fatty acids is at least about 20% of 
said microbial lipids. 
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49. The process of claim 41, wherein at least about 25% 
of said microbial lipids is docosaheXaenoic acid. 

50. The process of claim 41, Wherein said process pro 
duces docosaheXaenoic acid at a rate of at least about 0.2 
g/L/hr. 

51. The process of claim 41, Wherein said lipid recovery 
step comprises: 

(d) removing Water from said fermentation medium to 
provide dry microorganisms; and 

(e) isolating said lipids from said dry microorganisms. 
52. The process of claim 51, Wherein said Water removal 

step comprises contacting said fermentation medium 
directly on a drum-dryer Without prior centrifugation. 

53. The process of claim 41, Wherein said microorganism 
groWing step comprises adding a carbon source and a 
nitrogen source. 

54. The process of claim 53, Wherein said carbon source 
is non-alcoholic. 

55. The process of claim 54, Wherein said carbon source 
comprises a carbohydrate. 

56. The process of claim 53, Wherein said nitrogen source 
comprises an inorganic ammonium salt. 

57. The process of claim 53, Wherein said nitrogen source 
comprises ammonium hydroxide. 

58. A process for producing eukaryotic microbial lipids 
comprising: 

(a) adding a non-alcoholic carbon source and a nitrogen 
source to a fermentation medium comprising said 
microorganisms; 

(b) providing conditions sufficient for said microorgan 
isms to produce said microbial lipids; and 

(c) recovering said microbial lipids, 

Wherein at least about 15% of said microbial lipids are 
polyunsaturated lipids. 

59. The process of claim 58, Wherein the dissolved 
oXygen level in said fermentation medium during a biomass 
density increasing step is higher than the dissolved oXygen 
level in said fermentation medium during said lipid produc 
ing step. 

60. The process of claim 59, Wherein the dissolved 
oXygen level in said fermentation medium during said 
biomass density increasing step is at least about 4%. 

61. The process of claim 59, Wherein the dissolved 
oXygen level in said fermentation medium during said lipid 
producing step is about 1% or less. 

62. The process of claim 58, Wherein said microorganisms 
are selected from the group consisting of algae, protists, 
fungi and miXtures thereof. 

63. The process of claim 62, Wherein said microorganisms 
are algae. 

64. The process of claim 63, Wherein said microorganisms 
are of the order Thraustochytriales. 

65. The process of claim 64, Wherein said microorganisms 
are selected from the group consisting of Thraustochytrium, 
SchiZochytrium, and miXtures thereof. 

66. The process of claim 58, Wherein said process pro 
duces said microbial lipids at a rate of at least about 0.5 
g/L/hr. 

67. The process of claim 66, Wherein the total amount of 
omega-3 and omega-6 fatty acids is at least about 20% of 
said microbial lipids. 
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68. The process of claim 58, Wherein at least about 25% 
of said lipids is docosaheXaenoic acid. 

69. The process of claim 58, Wherein said process pro 
duces docosaheXaenoic acid at a rate of at least about 0.2 
g/L/hr. 

70. The process of claim 58, Wherein said lipid recovery 
step comprises: 

(d) removing Water from said fermentation medium to 
provide dry microorganisms; and 

(e) isolating said lipids from said dry microorganisms. 
71. The process of claim 70, Wherein said Water removal 

step comprises contacting said fermentation medium 
directly on a drum-dryer Without prior centrifugation. 

72. The process of claim 58, Wherein said non-alcoholic 
carbon source comprises a carbohydrate. 

73. The process of claim 58, Wherein said nitrogen source 
comprises an inorganic ammonium salt. 

74. The process of claim 58, Wherein said nitrogen source 
comprises ammonium hydroxide. 

75. A process for producing eukaryotic microbial lipids 
comprising: 

(a) adding a carbon source and a nitrogen source to a 
fermentation medium comprising eukaryotic microor 
ganisms and providing conditions sufficient to maintain 
a dissolved oXygen level of at least about 4% in said 
fermentation medium to produce a biomass density of 
at least about 100 g/L; 

(b) providing conditions sufficient to maintain the dis 
solved oXygen level of about 1% or less in said fer 
mentation medium and providing conditions sufficient 
to alloW said microorganisms to produce said lipids; 
and 

(c) recovering said microbial lipids, 
Wherein at least about 15% of said microbial lipids are 

polyunsaturated lipids. 
76. The process of claim 75, Wherein said microorganisms 

are selected from the group consisting of fungi, algae, 
protists and miXtures thereof. 

77. The process of claim 76, Wherein said microorganisms 
are algae. 

78. The process of claim 77, Wherein said microorganisms 
are of the order Thraustochytriales. 

79. The process of claim 78, Wherein said microorganisms 
are selected from the group consisting of Thraustochytrium, 
SchiZochytrium, and miXtures thereof. 

80. The process of claim 75, Wherein at least about 20% 
of said microbial lipids are omega-3 and/or omega-6 fatty 
acids. 

81. The process of claim 75, Wherein at least about 25% 
of said microbial lipids are docosaheXaenoic acid. 

82. The process of claim 75, Wherein said process pro 
duces docosaheXaenoic acid at a rate of at least about 0.2 
g/L/hr. 

83. The process of claim 75, Wherein said lipid recovery 
step comprises: 

(d) removing Water from said fermentation medium to 
provide dry microorganisms; and 

(e) isolating said lipids from said dry microorganisms. 
84. The process of claim 83, Wherein said Water removal 

step comprises contacting said fermentation medium 
directly on a drum-dryer Without prior centrifugation. 

* * * * * 


