
;e3eJDlcJAXXYd[LH\b6cTlc2 6 JUL 2004 ENHANCED PRODUCTION OF LIPIDS
CONTAINING POLYENOIC FATTY ACIDS BY VERY HIGH DENSITY CULTURES OF
EUKARYOTIC MICROBES IN FERMENTORS  5 FIELD OF THE INVENTION The present
invention is directed to a novel process for growing microorganisms and
recovering microbial lipids. In particular, the present invention is
directed to producing microbial polyunsaturated lipids. l0 BACKGROUND OF
THE INVENTION Production of polyenoic fatty acids (fatty acids containing 2
or more unsaturated carboncarbon bonds) in eukaryotic microorganisms has
been generally believed 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
microorganisms involves a direct 15 oxygen-dependent desaturation reaction
(oxidative microbial desaturase systems). Other eukaryotic microbial lipids
that are known to require molecular oxygen include fungal and plant
sterols, oxycarotenoids (i.e., xanthophylls), ubiquinones, and compounds
made from any of these lipids (i.e., secondary metabolites). Certain
eukaryotic microbes (such as algae; fungi, including yeast; and protists)
have 2 o 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 maintaining high dissolved oxygen levels due to the high
oxygen demand developed by the high 2 5 concentration of microbes in the
fermentation broth. Methods to maintain higher dissolved 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 solutions generally increase the cost of lipid production and capital
cost of fermentation equipment, and can cause additional problems. For
example, increased aeration can easily lead to severe foaming problems in
the 3 0 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   2 6
JUL 2004 2 cell breakage is an increased problem in cells that have
undergone nitrogen limitation or . -. depletion to induce lipid formation,
resulting in weaker cell walls. ; As a result, when lipid-producing
eukaryotic microbes are grown at very high cell concentrations, their
lipids generally contain only very small amounts of polyenoic fatty acids.
5 For example, the yeast Lipomyces starkeyi has been grown to a density of
153 g/L with resulting lipid concentration of 83 g/L in l40 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 1 o concentration of only
about 3.5 g/L and an average 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. Another yeast, Rhodotorula glutinus, has been
demonstrated to have an average lipid productivity of about 0.49 g/L/hr,
but also a low overall polyenoic fatty acid content in its lipids 15 (
15.8% of total fatty acids, 14.7% C 18:2 and 1.2% C 18:3) 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 _ j culture. One of the present
inventors has previously demonstrated that certain marine microalgae in the
order Thraustochytriales can be excellent producers of polyenoic fatty
acids in fermentors, 2 0 especially when grown at low salinity levels and
especially at very low chloride levels. Others have described
Thraustochytrids that exhibit an average polyenoic fatty acid (DHA,
C22:6n-3; and DPA, C22:Sn-6) productivity of about 0.158 g/L/hr, when grown
to cell density of 59 g/L 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. 2 5
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:Sn3, C22:Sn-3, C22:Sn-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 concentrations and the higher temperatures needed
to achieve high 3 0 productivity. 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.   2 6 JUL
2004 3  5 10 



-~ SUMMARY OF THE INVENTION The present invention provides a process for
growing eukaryotic microorganisms that are capable of producing at least
about 20% of their biomass as lipids and a method for producing the lipids.
Preferably the lipids contain one or more polyenoic fatty acids. The
process comprises adding to a fermentation medium comprising eukaryotic
microorganisms a carbon source, preferably a non-alcohol carbon source, and
a limiting nutrient source. Preferably, the carbon source and the limiting
nutrient source are added at a rate sufficient to increase the biomass
density of the fermentation medium to at least about 100 g/L. In one aspect
of the present invention, the fermentation 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
limiting nutrient source, and the lipid production stage comprises adding
the carbon source without adding the limiting nutrient  source to create
conditions which induce lipid production. 15 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. In yet another aspect of the present
invention, microorganisms are selected from the group consisting of algae,
fungi (including yeasts), protists, bacteria, and mixtures thereof, 2 0
wherein the microorganisms are capable of producing polyenoic fatty acids
or other lipids that had been generally believed to require molecular
oxygen for their synthesis. Particularly useful microorganisms of the
present invention are eukaryotic microorganisms that are capable of
'producing lipids at a fermentation medium oxygen level of about less than
3% of saturation. In still another aspect of the present invention,
microorganisms are grown in a fed-batch 2 5 process. 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 the
second half of the fermentation process. Another embodiment of the present
invention provides a process for producing 3 0 eukaryotic microbial lipids
comprising:   2 0 JUL 2004 4 (a) growing eukaryotic microorganisms in a
fermentation medium to increase -. the biomass density of said fermentation
medium to at least about 100 g/L; (b) providing fermentation conditions
sufficient to allow said microorganisms to produce said lipids; and 5 (c)
recovering said lipids, wherein greater than about 15% of said lipids are
polyunsaturated lipids. Another aspect of the present invention provides a
lipid recovery process that comprises: (d) removing water from said
fermentation medium to provide ~ dry microorganisms; and 10 (e) isolating
said lipids from said dry microorganisms. Preferably, the water removal
step comprises contacting the fermentation medium directly on a drum-dryer
without prior centrifugation. Another aspect of the present invention
provides a lipid recovery process that comprises: (d) treating the
fermentation broth to permeabilize, lyse or rupture the 15 microbial cells;
and (e) recovering the lipids from the fermentation broth by gravity
separation, and preferably centrifugation, with or without the aid of a
water-soluble solvent to aid in breaking the lipid/water emulsion.
Preferably, the microbial cells are treated in step (c) in a fermentor or a
similar vessel. 2 0 In a further aspect of the present invention, a method
for enriching the polyenoic fatty acid content of a microorganism is
provided. The method includes fermenting the microorganisms in a growth
medium having a level of dissolved oxygen of less than 10%. A further
aspect of the invention is a heterotrophic process for producing products
and microorganisms. The process includes culturing the microorganisms
containing polyketide 2 5 synthase genes in a growth medium and maintaining
the level of dissolved oxygen in the culture at less than about 10 percent.
BRIEF DESCRIPTION OF THE DRAWINGS Figure 1 is a table and a plot of various
lipid production parameters of a microorganism 3 0 versus the amount of
dissolved oxygen in a fermentation medium.   



2 6 J~~ 2004 s DETAILED DESCRIPTION OF THE INVENTION The present invention
provides a process for growing microorganisms, such as, for example, algae,
fungi (including yeast), protists, and bacteria. Preferably, microorganisms
are selected from the group consisting of algae, protists and mixtures
thereof. More preferably, I 5 microorganisms are algae. Moreover, the
process of the present invention can be used to I, produce a variety of
lipid compounds, in particular 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
carboncarbon bonds) such as omega-3 and/or omega-6 polyunsaturated fatty
acids, including 10 docosahexaenoic acid (i.e., DHA); and other naturally
occurring unsaturated, polyunsaturated 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; I xanthophylls (e.g., oxycarotenoids); hydrocarbons;
isoprenoid-derived compounds and other ~ ~ j lipids known to one of
ordinary skill in the art. 15 More particularly, processes of the present
invention are useful in producing eukaryotic ~ I microbial polyenoic fatty
acids, carotenoids, fungal sterols, phytosterols, xanthophylls,
ubiquinones, and other isoprenoid-derived compounds which had been
generally believed to 'I require oxygen for producing unsaturated
carbon-carbon bonds (i.e., aerobic conditions), and secondary metabolites
thereof. Specifically, processes of the present invention are useful in 2 0
growing microorganisms that produce polyenoic fatty acid(s), and for
producing microbial polyenoic fatty acid(s). 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 illustration, this detailed
description of the ,. I 2 5 invention will discuss processes for growing
microorganisms which are capable of producing i lipids comprising omega-3
and/or omega-6 polyunsaturated fatty acids, in particular microorganisms
that are capable of producing DHA (or closely related compounds such as
DPA, ~ ' EPA or ARA). Preferred microorganisms include microalgae, fungi
(including yeast), protists and bacteria. One group of preferred
microorganisms is the members of the microbial group 3 0 called
Stramenopiles which includes microalgae and algae-like microorganisms. The
Stramenopiles include the following groups of microorganisms: Hamatores,
Proteromonads, Opalines, Developayella, Diplophrys, Labrinthulids,
Thraustochytrids, Biosecids, Oomycetes,   z 6 ~uL 1~~~ 6 -
Hypochytridiomycetes, Commation, Reticulosphaera, Pelagomonas,
Pelagococcus, Ollicola, _ -. Aureococcus; Parmales, Diatoms, Xanthophytes,
Phaeophytes (brown algae), Eustigmatophytes, : .; :,.;:.,, _,
Raphidophytes, Synurids, Axodines (including Rhizochromulinaales,
Pedinellales, Dictyochales), Chrysomeridales, Sarcinochrysidales,
Hydrurales, Hibberdiales; and 5 Chromulinales. Other preferred groups of
microalgae include the members of the green algae and dinoflagellates,
including members of the genus Crypthecodium. 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 specifically
Thraustochytriales of the genus Thraustochytrium and _;;,:-; : v:v 10
Schizochytrium, including Thraustochytriales which are disclosed in
commonly assigned U.S. Patent Nos. 5,340,594 and 5,340,742, both issued to
Barclay, all of which are incorporated herein by reference in their
entirety. It should be noted that many experts agree that Ulkenia is not a
separate genus, but is in fact part of the genus Schizochytrium. As used
herein, the genus Schizochytrium will include Ulkenia. 15 Preferred
microorganisms are those that produce the compounds of interest via
polyketide synthase systems. Such. microorganisms include microorganisms
having an endogenous polyketide synthase system and microorganisms into
which a polyketide synthase system has been genetically engineered.
Polyketides are structurally diverse natural products . that have a wide
range of biological activities, including antibiotic and pharmacological 2
0 properties. Biosynthesis of the carbon chain backbone of polyketides is
catalyzed by polyketide synthases. Like the structurally and
mechanistically related fatty acid synthases, polyketide synthases catalyze
the repeated decarboxylative condensations between acyl thioesters that
'extend the carbon chain two carbons at a time. However, unlike fatty acid
synthases, polyketide synthases can generate great structural variability
in the end product. Individual polyketide 2 5 synthase systems can do this
by using starting units other than acetate, by utilizing methyl- or
ethyl-malonate as the extending unit and by varying the reductive cycle of
ketoreduction, dehydration and enoyl reduction on the beta-keto group
formed after each condensation. Of particular interest here is that the
carbon-carbon double bonds that are introduced by the dehydration step can
be retained in the end product. Further, although these double bonds are 3
0 initially in the trans configuration, they can be converted to the cis
configuration found in DHA (and other polyenoic fatty acids of interest) by
enzymatic isomerization. Boxh the dehydrase and isomerization reactions can
occur in the absence of molecular oxygen.   Z ~ JUL 2004 7 Preferably, in
accordance with the present invention a heterotrophic process is provided
-. for producing I p g products and microorganisms. The process preferably
comprises culturing the 



microorganisms in a growth medium wherein the microorganisms contain a
polyketide synthase system. Preferably, the level of dissolved oxygen is
maintained at less than about 8 percent, ' 5 more preferably at less than
about 4 percent, more preferably at less than about 3 percent, and more
preferably at less than about 1 percent. I 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 microorganisms producing a variety of
other compounds, including 10 other lipid compositions, in accordance with
the techniques discussed herein. 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 fermentation 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 15 processes of the present invention, a
significantly 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 2 0
production rate of algae is decreased slightly, the overall lipids
production rate per volume is significantly higher than currently known
processes. Processes of the present invention for growing microorganisms of
the order "Thraustochytiiales include adding a source of carbon and a
source of a limiting nutrient to a fermentation medium comprising the
microorganisms at a rate sufficient to increase the biomass 2 5 density of
the fermentation medium to those described above. As used herein, the term
"limiting i nutrient source" refers to a source of a nutrient (including
the nutrient itself) essential for the growth of a microorganism in that,
when the limiting nutrient is depleted from the growth , medium, its
absence substantially limits the microorganism from growing or replicating
further. However, since the other nutrients are still in abundance, the
organism can continue to make and 3 0 accumulate intracellular and/or
extracellular products. By choosing s specific limiting nutrient, one can
control the type of products that are accumulated. Therefore, providing a
limiting nutrient source at a certain rate allows one to control both the
rate of growth of the    2 6 JUL 20D4 s microorganism and the production or
accumulation of desired products (e.g., lipids). This -~ fermentation
process, where one or more substrates (e.g., a carbon source and a limiting
nutrient ege~ source) are 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 5 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 10
sufficient amount of the substrate to achieve the above-described biomass
density of the microorganisms. 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 15 biomass density described above. The rate of carbon
source addition is typically maintained at a particular level or range that
does not cause a significant detrimental effect on productivity of
microorganisms, or the viability of the microorganisms resulting from
insufficient capabilities of the fermentation equipment to remove heat from
and transfer gases to and from the liquid broth An appropriate range of the
amount of carbon source needed for a particular microorganism 2 0 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-alcohol
carbon source, i. e., a 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 isopropanolbut
for the ' purpose of this invention does not include hydroxy organic acids
such as lactic acid and similar 2 5 compounds. More preferably, a carbon
source of the present invention is a carbohydrate, including, but not
limited to, fructose, glucose, sucrose, molasses, and starch. Other
suitable simple and complex carbon sources and nitrogen sources are
disclosed in the above-referenced patents. Typically, however, a
carbohydrate, preferably corn syrup, is used as the primary carbon source.
Fatty aids, in the form of hydroxy fatty acids, triglycerides, and di- and
mono 3 0 glycerides can also serve as the carbon source Particularly
preferred nitrogen sources are urea, nitrate, nitrite, soy protein, amino
acids, protein, com steep liquor, yeast extract, animal by-products,
inorganic ammonium salt, more   2 6 JUL 2004 9 preferably ammonium salts of
sulfate, hydroxide, and most preferably ammonium hydroxide. -- Other
limiting nutrient sources include carbon sources (as defined above),
phosphate sources, vitamin sources (such as vitamin B~2 sources,
pantothenate sources, thiamine sources and trace metal sources (such as
zinc sources, copper sources, cobalt sources, nickel sources, iron sources,
5 manganese sources, molybdenum sources), and major metal sources (such as
magnesium sources, calcium sources, , sodium sources, potassium sources,
and silica sources, etc.). Trace metal sources and major metal sources can
include sulfate and chloride salts of these metals (for example but not
limited to MgS047H20; MnCl24H20; ZnS047H20; CoCl26H20; Na2Mo042H20;
CuS04SHZO; NiS046H20; FeS047H20; CaCl2; K2S04; KCI; and NazS04). 



10 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 over a wide pH range, e.g.,
from about pH 5 to about pH 11. A 15 proper pH range for fermentation of a
particular microorganism is within the knowledge of one skilled in the art.
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 microorganisms is not increasing the biomass density but rather
using the substrate to produce lipids. It should be 2 0 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 production stage the addition of the limiting nutrient substrate
is reduced or preferably stopped. It was previously generally believed that
the presence of dissolved oxygen in the 2 5 fermentation medium is crucial
in the production of polyunsaturated compounds, including omega-3 and/or
omega-6 polyunsaturated fatty acids, by eukaryotic microorganisms. 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 3 0
production stage is reduced. Thus, while the dissolved oxygen level in the
fermentation medium during the biomass density increasing stage is
preferably at least about 8% of saturation, and preferably at least about
4% of saturation, during the production stage the dissolved oxygen in    2
6 J~JL 2004 to 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. At the beginning of the ~.:.. fermentation the DO
can be at or near saturation and as the microbes grow it is allowed to
drift down to these low DO setpoints. In one particular embodiment of the
present invention, the 5 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 first 24 hours, about 4% from
about 24`h hour to about 40`h hour; and about 0.5% or less from about 40`h
hour to the end of the fermentation process. 10 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 fermentation 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 l4,000 15
gallon capacity the agitation rate is set at from about 50 rpm to about 70
rpm during the first 12 hours, from about S 5 rpm to about 80 rpm during
about 12`" hour to about 18`h hour and from about 70 rpm to about 90 rpm
from about 18"' 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 l00 hours. A particular range of
agitation speeds needed to achieve a 2 0 particular amount of dissolved
oxygen in the fermentation medium can b  readily determined by one of
ordinary skill in the art. A preferred temperature for processes of the
present invention is at least about 20C, V more preferably at least about
25C, and most preferably at least about 30C. It should be appreciated that
cold water can retain a higher amount of dissolved oxygen than warm water.
2 5 Thus, a higher fermentation medium temperature has the additional
benefit of reducing the amount of dissolved oxygen, which is particularly
desired as described above. 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 3 0 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 sodium. More
particularly,   2 6 JUL 2004 11 - a significant portion of the sodium
requirements of the fermentation is supplied as non-chloride -- containing
sodium salts. For example, less than about 75% of the sodium in the
fermentation medium is supplied as sodium chloride, more preferably less
than about 50% and more preferably less than about 25%. The microorganisms
of the present invention can be grown at 5 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. Non-chloride containing sodium salts can include soda ash
(a mixture of sodium carbonate and sodium oxide), sodium carbonate, sodium
bicarbonate, sodium sulfate and 10 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 15 about
50 g/L and more preferably in the range of from about 2 g/L to about 25
g/L. Various fermentation parameters for inoculating, growing and
recovering microorganisms are discussed in detail in U.S. Patent 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, filtration, 2 0
ultrafiltration, 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 microorganisms it is preferred to dilute the fermentation
'medium by adding water, which reduces the biomass density, thereby
allowing more effective separation of microorganisms from the fermentation
medium. 2 5 The very high biomass densities achieved in the present
invention also facilitate "solventless" processes for recovery of microbial
lipids. Preferred processes for lysing the cells in the fermentor are
described in U.S. Provisional Patent Application Serial No. 60/177,125
entitled "SOLVENTLESS EXTRACTION PROCESS" filed January 19, 2000, U.S.
Patent Application Serial No. entitled "SOLVENTLESS EXTRACTION PROCESS" 3 0
filed January 19, 200l, and PCT Patent Application Serial No. entitled
"SOLVENTLESS EXTRACTION PROCESS" filed January 19, 2001, which are
incorporated herein by reference in their entirety. Preferred processes for
recovering the lipids once the cells 



2 6 JUL 2004 12 are permeabilized, broken or lysed in the fermentor (which
enables the lipid emulsion to be -. broken, and the lipid-rich fraction to
be recovered) include the deoiling process outlined in WO 96/05278 which is
incorporated herein by reference in its entirety. In this process a water
soluble compound, e.g., alcohol or acetone, is added to the oil/water
emulsion to break the 5 emulsion and the resulting mixture is separated by
gravity separation, e.g., centrifugation. This process can also be modified
to use other agents (water and/or lipid soluble) to break the emulsion.
Alternatively, the microorganisms are recovered in a dry form from the
fermentation medium by evaporating water from the fermentation medium, for
example, by contacting the 10 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 w biomass density of the
fermentation medium is preferably at least about 130 g/L, more preferably
15 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
recovery process because at a lower biomass density, the fermentation
medium comprises a sufficient amount of water to cool the drum
significantly, 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. 2 0 Processes of the present invention provide
an average 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. Moreover, lipids produced by
processes of the 'present invention contain polyunsaturated lipids in the
amount greater than about 15%, preferably greater than about 20%, more
preferably greater than about 25%, still more preferably ~i, 2 5 greater
than about 30%, and most preferably greater than about 35%. Lipids can be
recovered from either dried microorganisms or from the microorganisms in
the fermentation medium. Generally, at least about 20% of the lipids
produced 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 3 0 preferably at least about 40% of the lipids are omega-3
and/or omega-6 polyunsaturated fatty ' acids, and most preferably at least
about 50%of the lipids are omega-3 and/or omega-6 polyunsaturated fatty
acids. Alternatively, processes of the present invention provides an   2 6
J~fL 2004 13 average omega-3 fatty acid (e.g., DHA) production rate of at
least about 0.2 g of omega-3 fatty .~ _, acid (e.g., DHA)/L/hr, preferably
at least about 0.3 g of omega-3 fatty acid (e.g., DHA)/L/hr, '"' more
preferably at least about 0.4 g of omega-3 fatty acid (e.g., DHA)/L/hr, and
most preferably at least about 0.5 g of omega-3 fatty acid (e.g.,
DHA)/L/hr. Alternatively, processes of the 5 present invention provide an
average omega-6 fatty acid (e.g., DPAn-6) production rate of at least about
0.07 g of omega-6 fatty acid (e.g., DPAn-6)!L/hr, preferably at least about
0.1 g of omega-6 fatty acid (e.g., DPAn-6)/L/hr, more preferably at least
about 0.13 g of omega-6 fatty acid (e.g., DPAn-6)/L/hr, and most preferably
at least about 0.17 g of omega-6 fatty acid (e.g., DPAn-6)/L/hr. Still
alternatively, at least about 25% of the lipid is DHA (based on total fatty
10 acid methyl ester), preferably at least about 30%, more preferably at
least about 35%, and most preferably at least about 40%. 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 15 goods; nutritional supplement (in
capsule or tablet forms); feed or 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 2 0 is derived from,
without limitation, fish, shrimp and shellfish. 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,
polyunsaturated lipids can be incorporated into the Mesh, milk, eggs or
other products of such animals to increase their content of these lipids.
Additional objects, advantages, and novel features ofthis invention will
become apparent 2 5 to those skilled in the art upon examination of the
following examples thereof, which are not intended to be limiting. EXAMPLES
The strain of Schizochytrium used in these examples produces two primary
polyenoic 3 0 acids, DHAn-3 and DPAn-6 in the ratio of generally about 3:
l, and small amounts of other polyenoic acids, such as EPA and C20:3, under
a wide variety of fermentation conditions. Thus,   z s ~uL zoo4 



14 while the following examples only list the amount of DHA, one can
readily calculate the amount ... of DPA(n-6) produced by using the
above-disclosed ratio. ' Example 1 This example illustrates the effect of
oxygen content in a fermentation medium on lipid 5 productivity.
Fermentation results of Schizochytrium ATCC No. 20888 at various levels of
dissolved oxygen content were measured. The results are shown in Figure l,
where RCS is residual concentration of sugar, and DCW is dry-cell weight.
l0 Example 2 This example also illustrates the effect of low oxygen content
in the fermentation medium on DHA content (% dry weight) of the final
biomass product. A "scale-down" type experiment was conducted in 250 mL
Erlenmeyer flasks to mimic the effect of low oxygen content on the DHA
content in Schizochytrium sp. cells cultured in 15 large-scale fermentors.
Schizochytrium sp (ATCC 20888) was cultured in 04-4 medium. This culture
media consisted of the following on a per liter basis dissolved in
deionized water: Na2S04 12.61 g; MgS047H20 1.2g; KCl 0.25 g; CaCl2 0.05 g;
monosodium glutamate 7.0 g; glucose 10 g; KHzP04 0.5 g; NaHC03 0.1 g; yeast
extract 0.1 g; vitamin mix 1.0 mL; PII metals 1.00 mL. PII metal mix
contains (per liter): 6.0 g Na2EDTA, 0.29 g FeCl36H20, 6.84 g H3B03, 2 0
0.86 g MnC124H20, 0.06 g ZnClz, 0.026 g CoClz6H20, 0.052 g NiS04H20, 0.002
CuS04H20 and 0.005 g NaZMo042H20. Vitamin mix contains (per liter): 100 mg
thiamine, 0.5 mg biotin and 0.5 mg cyanocobalamin. The pH of the culture
media was adjusted to 7.0 and Vit was then filter sterilized. The idea
behind this scale-down experiment was to culture the cells in shake flasks
with 2 5 different volumes of culture media in the flasks - almost full
flasks (e.g. 200 mL in a 250 mL shake flask) would not mix well on a shake
table and therefore as the cells grew, low dissolved oxygen conditions
would be generated. Therefore 4 treatments were established in the
experiment, each conducted in duplicate: ( 1 ) 250 mL flasks filled with 50
mL culture medium; (2) 250 mL flasks filled with 100 mL culture medium; (3)
250 mL flasks filled with 150 mL 3 0 culture medium; and (4) 2S0 mL shake
flasks filled with 200 mL culture medium. Each of the eight flasks was
inoculated with cells from a 48 hour old culture of Schizochytriui cultured
in 04-4 medium under the conditions in treatment 1, and at 28C and 220 rpm
on a shaker table.   2 6 JUL 2004 is . All eight flasks for the experiment
were placed on a shaker table (220 rpm) in a incubator (28C) ~, , . and
cultured for 48 hours in the dark. At the end of the experiment, dissolved
oxygen (DO) levels in each flask were measured with a YSI dissolved oxygen
meter, pH of the culture medium was also determined, and the dry weight of
cells and their fatty acid content was also 5 measured. The results of the
experiment are outlined in Table 1. Table 1. Results of scale-down
experiment examining effect of low dissolved, oxygen concentrations on the
long chain highly unsaturated fatty acid content (DHA % dry weight) of
Schizochytrium sp. 10 15 20 25 mL MediumFAME (%TFA)DHA (% dry wt)Biomass
(g/L)Final PHDO (%
sat)5016.5__7.44.27.43110017.06.53.97.22915022.49.22.77.01120035.9l4.51.86.
93 The results indicate that the lipid content (as % FAME) and DHA content
(% dry weight) were higher for cells cultured at low dissolved oxygen
levels - the lower the dissolved oxygen level the higher the lipid and DHA
content. This is unexpected because oxygen had been generally believed to
be necessary to form desaturated (double) bonds. It is surprising that so
much DHA was formed at low dissolved oxygen level, because DHA is one of
the most unsaturated fatty acids. Although the biomass production decreases
as the dissolved oxygen level is decreased, the DHA content is increased.
Therefore, it is advantageous to have a growth phase with higher dissolved
oxygen levels to maximize the formation of biomass and then lower _ _ _ _
the dissolved oxygen level to maximize long chain fatty acid production.
Example 3 This example illustrates the reproducibility of processes of the
present invention. Microorganisms were produced using fermentors with a
nominal working volume of 



1,200 gallons. The resulting fermentation broth was concentrated and
microorganisms were dried using a drum-dryer. Lipids from aliquots of the
resulting microorganisms were extracted and purified to produce a refined,
bleached, and deodorized oil. Approximately 3,000 ppm of d1-a-tocopheryl
acetate was added for nutritional supplementation purposes prior to
analysis of the lipid. u.:: ::~s:~: ~: . x.,:'. ,..y.... .':~:_ Y'...   2 6
J~JL 2004 16 Nine fermentations of Schizochytrium ATCC No. 20888 were run
and the results are -. shown in Table 2. The dissolved oxygen level was
about 8% during the first 24 hours and about - -'' 4% thereafter. Table 2.
Fed-batch fermentation results for the production of DHA from
Schizochvtrium sn_ 5 10 15 EntryAge (Hrs)Yield (g/L)DHA (%)FAME
(%)Productivity1100.3160.717.849.50.28S299.8172.419.45l.30.33S384.7148.714.
441.40.2S3490.2169.519.753.90.370S99.0164.112.538.90.2076113.0187.119.747.2
0.326797.0153.513.741.00.217892.8174.816.448.60.309Aver.'97.1166.416.746.S0
.288Std.8.412.32.95.40.058CV'(%)8.7 __, __._, , ,., .7.4l7.31 l.720.2 1.
actual yield of biomass density 2. DHA content as % cell dry weight. 3.
total fatty acid content as % cell dry weight (measured as methyl esters).
4. (grams of DHA)/L/Hr. S. average. 6. standard deviation 7. coefficients
of variability. Coefficients of variability values below S% indicate a
process which has excellent reproducibility, values between S% and 10%
indicate a process which has good reproducibility and values between 10%
and 20% indicate a - process which has reasonable reproducibility. Corn
syrup was fed until the volume in the fermentor 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 final, was about 100
hours. 2 0 The fermentation broth, i. e., fermentation medium, was diluted
with water using approximately a 2:1 ratio to reduce the ash content of the
final product and help improve phase separation during the centrifugation
step. The concentrated cell paste was heated to 160 F   2 r7 (about 71  C)
and dried on a Blaw Knox double-drum dryer (42"x36"). Preferably, however,
-- microorganisms are dried directly on a drum-dryer without prior
centrifugation. The analysis result of lipids extracted from aliquots of
each entries in Table 2 is summarized in Table 3. 5 Table 3. Analysis of
the microbial biomass produced in the fed-batch fermentations outlined in
Table. 2. 1. 2. 3. 4. 10 



Entry% DHA relative to FAMETotal Lipid % by
wt.136.072.3237.870.3334.861.5436.5
_74.832.152.8641.767.7733.449.9833.761.4Average35.863.8Std.
Deviation'3.0g:lCV`' (%)8.514.2 see i aoie ~. see discussion above.
standard deviation. coefficients 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 reproducibility. 15 Unless otherwise stated, the
fermentation medium used throughout the Examples section includes the
following ingredients, where the first 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.S5); MgS047Hz0 2 g/L
(1.8-2.2); Hodag K-60 antifoam 0.35 g/L (0.3-0.4); KzS04 0.65 g/L
(0.60-0.70); KHZP04 1 g/L (0.9-1.1); (NH4)ZS04 1 g/L (0.95-1.1); CaCl22Hz0
0.17 2 0 g/L (0.15-0.19); 95 DE corn syrup (solids basis) 4.5 g/L (2-10);
MnCl24H20 3 mg/L (2.7-3.3); ZnS047H20 3 mg/L (2.7-3.3); CoCl26H20 0.04 mg/L
(0.03S-0.045); Na2Mo0a2H20 0.04 mg/L (0-0.045); CuS04SHzO 2 mg/L (1.8-2.2);
NiS046H20 2 mg/L (1.8-2.2); FeS047H20    ~ ~z ~~~ 2004 5 to 15 18 10 mg/L
(9-11); thiamine 9.S mg/L (4-1S); vitamin B,Z 0.1S mg/L (0.0S-0.2S) and ;.
Calcium.~Pantothenate 3.2 mg/L (1.3-S.l). In addition, 28%NH40H solution is
used as the nitrogen source. The ash content of the dried microorganisms is
about 6% by weight. Example 4 This example illustrates the effect of
reduced dissolved oxygen level in the fermentation medium on the
productivity of microorganisms at the l4,000-gallon scale. Using the
procedure described in Example 3, 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
U.S. Patent Nos. 5,340,594 and S,340,742. The dissolved oxygen level in the
fermentation medium was about 8% during the first 24 hours, about 4% from
the 24`" hour to the 40`" hour and about O.S% from the 40`" hour to the end
of fermentation process. Results of this lower dissolved oxygen level in
fermentation medium processes are shown in Table 4. Table 4. Results of
14,000-gallon scale fed-batch fermentations of Schizochytrium at reduced
dissolved oxygen concentrations.  Entry Age (Hrs) Yield (g/L) %DHA
%FAME%DHA rel. to FAMEDHA Productivity (g of
DHA/L/hr)182.0179.32l.7S2.441.40.474299.0183.122.3SS.O40.S0.4l2372.01S9.3--
40.9-477.0161.3--43.2-S100.0l73.023.9S3.344.90.4136l02.0183.321.6S0.842.60.
3887104.0185.l23.7SS.O43.10.422888.0179.322.3S2.642.4
~0.4S49100.0166.422.S53.542.10.3741097.0l 82.622.8S
1.644.10.4291187.S176.S19.84S.643.S0.3991267.0170.818.848.139.10.479    2 6
JAIL 2004 19 _. ,, 



1397.0184.923.252.744.00.44214l02.0181.923.6S2.944.60.42l1S102.0l86.919.947
.841.80.3651697.0184.419.64S.S43.00.3731798.0l74.719.74S.143.70.3S
118103.S178.818.344.54l.2 .0.31619102.0173.71
S.843.136.70.2692094.0190.419.346.941.10.3912172.0172.S22.8S2.843.20.S46227
S.0l73.121.0S 1.740.80.48S237S.01S2.720.3S0.340.40.413247S.S172.S21.9S
1.742.30.S002S61.0l56.417.34S.737.80.4442674.5150.620.2S0.140.20.4082770.S1
34.3
.14.840.636.60.282287S.S146.121.349.742.80.4122982.0174.321.450.442.S0.4SS3
010S.0l82.321.7S0.742.80.3773166.0146.216.444.636.70.363Avg87.2171.S20.649.
S41.60.409Std13.914.12.43.82.3 -0.061CV16.0%8.2%11.6%7.7%S.S%15.0% Example
5 This example illustrates the effect of reduced dissolved oxygen level in
the fermentation medium on the productivity of microorganisms on a
41,000-gallon scale. 5 The same procedures as Example 4 were employed
except that the fermentation was conducted in a 41,000-gallon fermentor.
Culture media volumes were increased to maintain target compound
concentrations at this scale. Results are shown in Table S. Table S.
41,000-gallon scale fermentation of Schizochytrium   2 6 JUL 2004 20  5
Entry Age (Hrs) Yield (g/L) %DHA %FAME%DHA rel, to FAMEDHA Productivity (g
of
DHA/L/hr)175.011.6.1l7.346.137.40.268299.0159.3l7.447.037.10.2803103.0152.6
16.047.233.80.237468.0l36.817.9_4S.939.10.360584.0142.017.547.037.20.296Avg
85.814l.417.246.636.90.288Std15.1l6.60.70.61.90.046CV17.5%11.84.2%1.3%5.2%1
5.8% Example 6 This example illustrates the affect of extra nitrogen on the
fermentation process of the present invention. Four sets of 250-L scale
fed-batch experiments were conducted using a procedure similar to Example
4. Two control experiments and two experiments containing extra ammonia
(1.1 Sx and 1.25x the normal amount) were conducted. Results are shown in
Table 6. Table 6. Affects of extra ammonia on fermentation of
Schizochytrium. Age (hrs)Yield (g/L)Biomass ProductivityConversion
EfficiencyDHA ContentFAME ContentDHA ProductivitySugar target: 7 g/L, Base
pH set point: 5.5, Acid pH set point: 7.3, I.OX NH3 '481783.71
g/L/hr51.5%10.7%37.8%0.40 g/L/hr601853.08 g/L/hr46.9%16.3%47..2%0.50
g/L/hr722052.85 g/L/hr45.2%17.4%47.4%0.50 g/L/hr842l92.61 g/L/hr
~43.8%17.1%45.5%0.45 g/L/hr902212.46 g/L/hr44.1%18.4%48.9%0.45 g/L/hrSugar
target: 7 g/L, Base pH set point: 5.5, Acid pH set point: 7.3, 1.15X
NH348l713.56 g/L/hr5S.6%12.0%36.3%0.43 g/L/hr60l973.28
g/L/hr54.6%9.4%38.4%0.31 g/L/hr   



2 6 JUL 200 21 ..:ae 721912.65 g/L/hr52.8%9.4%40.0%0.25 g/L/hr841902.26
g/L/hr52.5%10.0%42.5%0.23 g/L/hr901892.10 g/L/hr52.2%9.2%43.3%0.19
g/L/hrSugar target: 7 g/L, Base pH set point: 5.5, Acid pH set point: 7.3,
1.25X NH3481783.71 g/L/hr56.4%11.5%33.7%0.43 g/L/hr601792.98
g/L/hr48.6%10.3%36.0%0.31 g/L/hr721802.50 g/L/hr48.8%12.0%37.6%0.30
g/L/hr841812.15 g/L/hr46.1 %13.6%40.1 %0.29 g/L/hr901852.06
g/L/hr45.7%12.6%40.7%0.26 g/L/hrSugar target: 7 g/L, Base pH set point:
5.5, Acid pH set point: 7.3, 1.0X NH348l583.29 g/L/hr55.7%13.1%36.5%0.43
g/L/hr601742.90 g/L/hr48.9%17.9%39.2%0.52 g/L/hr721892.63
g/L/hr4S.7%21.0%39.4%0.55 g/L/hr841962.33 g/L/hr44. I %22.4%40.1 %0.52
g/L/hr902062.29 g/L/hr44.8%22.1%40.3%0.51 g/L/hr In general, extra nitrogen
has a negative effect on fermentation performance, as significant
reductions were observed in the DHA productivity for the two batches where
extra ammonia was added. As shown on Table 6, the control batches resulted
in final DHA levels of 18.4% and 5 (22.1% of total cellular dry weight
versus the 9.2% (1.15x ammonia) and 12.6% (1.25x ammonia) _ _ _ for extra
nitrogen supplemented batches. Example 7 This example shows a kinetic
profile of a fermentation process of the present invention. 10 A
1000-gallon scale fed-batch experiment was conducted using a procedure
similar to Example 4. Kinetic profile of the fermentation process is shown
in Table 7.   2 6 JUG 200 . Table 7. _. Schizochytrium. r; 22 ' Kinetic
Profile for a 1,000-gallon scale Fed-Batch fermentation of Age (hrs)Yield
(g/L)Biomass ProductivityConversion Efficiency%DHA Content%FAME ContentDHA
Productivity241184.92 g/L/hr78.2%7.418.80.36 g/L/hr301384.60
g/L/hr60.3%10.630.90.49 g/L/hr361383.83 g/L/hr. 46.6%11.636.S0.44
g/L/hr421754.17 g/L/hr49.8%13.44l.70.56 g/L/hr481783.71 g/L/hr45.1
%18.752.80.69 g/L/hr48*1643.42 g/L/hr41.5%15.333.10.52 g/L/hr54l963.63
g/L/hr45.7%16.651.20.60 g/L/hr601903.17 g/L/hr41.7%16.933.90.54
g/L/hr721892.62 g/L/hr39.1%15.631.80.41 g/L/hr841952.32
g/L/hr38.5%16.432.70.38 g/L/hr902002.22 g/L/hr39.0%18.833.30.42
g/L/hr901711.90 g/L/hr33.3%22.26l.60.42 g/L/hr ** ~ Two separate samples
were analyzed at 4~ hrs. ' ** This is for a washed dry-cell weights (DCW)
sample. Other reported values are for 5 unwashed samples. Example 8 This
example illustrates affect of the amount of carbon source on productivity..
. _ , Three different fermentation processes using the process of Example 4
were conducted 10 using various amounts of carbon source. Results are shown
on Table 8. Table 8. Fermentation results for various amounts of carbon
source on fermentation of Schizochytrium. Age (hrs)Yield (g/L)Carbon
ChargeConversion Efficiency%DHA Content%FAME ContentProductivity
(g/L/hr)9017151.3%33.3%22.261.60.429412240.5%30.1%19.l57.30.25597320.0%36.5
%11.940.80.15 



rr,. . j I   2 ~ J~l. 2004 23 ::. -. Example 9 This example illustrates the
effect of nutrient limitation on carbon conversion efficiency to biomass,
lipid and most specifically DHA. 5 A continuous culture experiment to
investigate the effect of nutrient limitation was performed by culturing
Schizochytriaim ATCC No. 20888 in a 2-liter volume Applikon fermentor in
basal growth (ICM-2) medium consisting of the following compounds (nominal
concentration): Group I ingredients: Na2S04 ( 18.54 g/L), MgSO.~7H20 (2.0
g/L) and KCL (0.572 g/L); Group II ingredients (each prepared separately):
glucose (43.81 g/L), KHZPO4 ( 1.28 10 g/L), CaCl22H20 (0.025 g/L) and
(NH4)ZS04 (6.538 g/L); Group III ingredients: Na2EDTA (6.0 mg/L), FeCl36H20
(0.29 mg/L), H3B03 (6.84 mg/L), MnCl24H20 (0.86 mg/L), ZnS047H20 (0.237
mg/L), CoCl22H20 (0.026 mg/L), Na2Mo042H20 (0.005 mg/L), CuSO~SH20 (0.002
mg/L) and NiS046H20 (0.052 mg/L); and Group IV ingredients: thiamine HCl
(0.2 mg/L), Vitamin B 12 (0.005 mg/L), Calcium pantothenate (0.2 mg/L).
Groups I and II were autoclave 15 sterilized, while Groups III and IV were
filter sterilized prior to adding to the fermentor. The growth medium was
then inoculated with Schizochytrium and grown under controlled conditions
of 30C, pH 5.5 and dissolved oxygen of 20% of saturation until maximum cell
density was achieved. A continuous operation mode was then established by
simultaneously pumping sterile 2 0 ICM-2 feed medium into the fermentor and
removing the broth containing Schizochytrium cells at a flowrate sufficient
to maintain a dilution rate of 0.06hr ~, until a steady state is reached.
To investigate the effect of nutrient limitation, the compound containing
the specified required nutrient is lowered in the ICM-2 feed medium such
that this nutrient is depleted in the outlet cell-containing broth, so that
growth of the cells is limited by absence of the particular required 2 5
nutrient. Once steady state operation was established for each condition,
final broth dry biomass, residual glucose, and limiting nutrient
concentrations, lipid content of the cell and DHA content of the cells were
measured. The conversion efficiency of glucose to biomass was calculated by
dividing the total glucose consumed by the total dried biomass formed, and
expressed on a percentage basis. 3 0 The effects of limiting growth by each
individual nutrient were studied by repeating this experiment for each
individual nutrient listed in the following table. Final results are
summarized in the following table:    2 6 JUL 2004 24 Table 9. Effect of
nutrient limitation on the biomass yield, conversion efficiency ,. (glucose
-> biomass), lipid content and DHA content of Schizochytrium sp. . pl,<,
Limitin Nutrient Biomassl /I Y,~SZ RCS3 1Lipid ContentDHA
ContentGlucosel8.746.80.019.87.3Nitrogen14.536.30.647.510.3Phosphate17.844.
50.837.08.2Thiamine7.518.87.711.l4.0
.Zinc16.040.01.327.87.2Copperl4.035.010.413.85.3Cobalt14.536.30.022.26.9Nic
kel17.844.50.021.98.0Iron15.939.83.518.57.2Manganese12.531.33.426.18.0Magne
siuml3.934.85.3l8.76.4Calciuml6.741.84.318.76.4Vitamin B
1219.649.00.017.56.3Molybdenum18.947.30.019.3
~7.0Pantothenate19.248.00.020.46.7Sodium17.944.81.821.88.2Potassium13.032.5
8.814.l5.3 i. concentration of dry biomass (grams/liter) 2. yield
coefficient (% biomass produced/glucose consumed) 5 ,3. residual glucose
concentration in broth (grams/liter) . . _ _ 4. lipid content of dry
biomass (g lipid (as FAME)/g dry biomass) 



5. DHA content of dry biomass (g DHA/g dry biomass) i_ It is clear from the
table that nitrogen limitation resulted in the highest accumulation of 1 o
DHA in the cells, followed by phosphate, sodium, nickel, manganese,
glucose(carbon), zinc and iron. This information can be employed
commercially by feeding one or more of these nutrients to a batch
fermentation at a rate sufficient to limit cell growth. In the most
preferred case, nitrogen is fed in a limiting manner to the batch
fermentation to maximize the DHA content of the cells. Other nutrients (or
mixtures thereof) can be fed in a limiting manner to maximize 15 production
of biomass or other valuable products. Other biologically required elements
or - .   2 6 J~JL 200 25 nutrients that were not evaluated, such as sulfur,
could also be employed as limiting nutrients in ~ ,. this fermentation
control strategy. ' The present invention, in various embodiments, includes
components, methods, processes, systems and/or apparatus substantially as
depicted and described herein, including 5 various embodiments,
subcombinations, and subsets 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, 10 e.g., for improving performance, achieving ease
and\or reducing cost of implementation. 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 embodiments and certain variations and
modifications, other variations and modifications 15 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, interchangeable and/or equivalent structures, functions,
ranges or steps are disclosed herein, and 2 o without intending to publicly
dedicate any patentable subject matter.   2 s ~u~ Zoos 26 I WHAT IS CLAIMED
IS: 1. A process for producing lipids containing polyenoic fatty acids from
eukaryotic `' . microorganisms capable of producing at least about 20% of
their biomass as lipids comprising adding to a fermentation medium
comprising said microorganisms a non-alcohol carbon source 5 and a limiting
nutrient source at a rate sufficient 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 I, increasing
stage and a production stage, wherein said biomass density increasing stage
comprises ', adding said carbon source and said limiting nutrient source
and said production stage comprises 10 adding said carbon source with no or
little additional said limiting nutrient source to induce nutrient limiting
conditions which induces lipid production. 3. The process of Claim 2,
wherein the amount of dissolved 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. 15 4. The process of Claim 3, wherein the amount of dissolved oxygen
in said fermentation medium during said biomass density increasing stage is
at least about 4%. I 5. The process of Claim 4, wherein the amount of
dissolved oxygen in said fermentation medium during said production stage
is less than about 1 %. 6. The process of Claim 1, wherein said non-alcohol
carbon source comprises a 2 0 carbohydrate. 7. The process of Claim 1,
wherein said limiting nutrient source is selected from the group consisting
of nitrogen sources, carbon_ sources, phosphate sources, vitamin sources
(such 'as vitamin B12 sources, pantothenate sources, thiamine sources);
trace metal sources (such as zinc sources, copper sources, cobalt sources,
nickel sources, iron sources, manganese sources, 2 5 molybdenum sources),
and major metal sources (such as magnesium sources, calcium sources, sodium
sources, potassium sources), silica sources and mixtures thereof. 8. The
process of Claim 7, wherein said trace metal sources and major metal
sources are selected from the group consisting of sulfate and chloride
salts of these metals (such as. , ii MgS047H20; MnCl24H20 ; ZnSOa7H20;
CoCl26H20 ; Na2Mo042H20 ; CuS04SHZO ; 3 0 NiSOa6H20 ; FeS047Hz0 ; CaCl2;
KZS04; KCI; and Na2S04) and mixtures thereof. 



9. The process of Claim 1, wherein said limiting nutrient source comprises
a nitrogen source. ..   2 6 JUL 2004 27 10. The process of Claim 9, wherein
said nitrogen source comprises an inorganic  ~ ammonium salt. ' ro `~~-r'J
11. The process of Claim 9, wherein said nitrogen source comprises ammonium
hydroxide. 5 12. The process of Claim 10, wherein pH of the fermentation
medium is controlled by said limiting nutrient source. 13. The process of
Claim l, wherein said fermentation medium is at a temperature of at least
about 20C. 14. The process of Claim 1, wherein said process produces lipids
at an average rate of 10 at least about 0.5 glL/hr. 15. The process of
Claim 14, wherein at least about 15% of said lipids are polyunsaturated
lipids. 16. The process of Claim 14, wherein the total amount of omega-3
and omega-6 fatty acids is at least about 20% of said lipids. 15 17. The
process of Claim 14, wherein at least about 25% of said lipids is
docosahexaenoic acid. 18. The process of Claim 1, wherein said
microorganisms are selected from the group consisting of algae, fungi
(including yeast), protists, bacteria and mixtures thereof, wherein said
microorganisms are capable of producing polyenoic fatty acids or other
lipids which had been 2 0 generally believed to require oxygen for their
synthesis. 19. The process of Claim 18, wherein said microorganisms are
capable of producing lipids at a fermentation medium oxygen level of about
less than 3% of saturation. 20. ~ The process of Claim 18, wherein said
microorganisms are grown in a fed-batch process. 25 21. The process of
Claim 20 further comprising maintaining an oxygen level of less than about
3% of saturation in said fermentation medium during the production phase of
said fermentation process. 22. The process of Claim l, wherein said
microorganisms are microalgae and algaelike microorganisms. 3 0 23. The
process of Claim 1, wherein said microorganisms are Stramenopiles. 24. The
process of Claim 1, wherein said microorganisms are of the order
Thraustochytriales.    2 0 JUL 2004 5 10 15 20 25 28 25. The process of
Claim 1, wherein said microorganisms are selected from the group --
consisting of Thraustochytrium, Schizochytrium, and mixtures thereof. 



26. 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 limiting nutrient 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 an average rate of about 0.5 g/L/hr of lipids,
and wherein at least about 15% of the total lipids produced by said
microorganisms is polyunsaturated lipids. 27. The process of Claim 26,
wherein said process further comprises: (a) a biomass density increasing
stage, wherein the dissolved 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%.
28. The process of Claim 26, wherein said carbon source is a non-alcohol
carbon source. 29. The process of Claim 26, wherein said limiting nutrient
source is selected from the group consisting of nitrogen sources, carbon
sources, phosphate sources, vitamin sources (such as vitamin B,2 sources,
pantothenate sources, thiamine sources), trace metal sources (such as zinc
sources, copper sources, cobalt sources, nickel sources, iron sources,
manganese sources, molybdenum sources), and major metal sources (such as
magnesium sources, calcium sources, sodium sources, potassium sources), and
silica sources and mixtures thereof. 30. The process of Claim 29, wherein
said trace metal sources and major metal 'sources are selected from the
group consisting of sulfate and chloride salts of these metals (such as
MgS047H20; MnClz4H20; ZnS047H20; CoCl26H20; Na2Mo042H20; CuS04SH20;
NiS046H20; FeS047H20; CaCl2; KzS04; KCI; and Na2SOa) and mixtures thereof.
31. The process of Claim 26, wherein said limiting nutrient source
comprises a nitrogen source. 32. The process of Claim 31, wherein said
nitrogen source comprises an inorganic ammonium salt.  3 0 33. The process
of Claim 26, wherein said microorganisms are selected from the group
consisting of algae, fungi (including yeast), protists, bacteria and
mixtures thereof,    Z ~ JUL 200 5 10 15 20 29 wherein said microorganisms
are capable of producing polyenoic fatty acids or other lipids -~ which had
been generally believed to requireoxygen for their synthesis. 34. The
process of Claim 26, wherein said microorganisms are Stramenopiles. 35. The
process of Claim 26, wherein said microorganisms are microalgae. 36. The
process of Claim 26, wherein said microorganisms are of the order
Thraustochytriales. 37. The process of Claim 26, wherein said
microorganisms are selected from the group consisting of Thraustochytrium,
Schizochytrium, and mixtures thereof. 38. The process of Claim 26, wherein
the total amount of omega-3 and omega-6 fatty acids is at least about 20 %
of said lipids) 39. The process of Claim 26, wherein at least about 25 % of
said lipids is docosahexaenoic acid. 40. A process for growing eukaryotic
microorganisms comprising adding to a fermentation medium comprising said
microorganisms a carbon source and a limiting nutrient 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 (including yeast), protists, bacteria and
mixtures thereof, and wherein said microorganisms are capable of producing
at least about 20% of their biomass as lipids comprising some polyenoic
fatty acids. 41. The process of Claim 40, wherein said process produces
microbial lipids at an average rate of least about.0.5 g/L/hr. _ 42. The
process of Claim 41, wherein greater than about 15% of said lipids are
'polyunsaturated lipids. - ' - " 43. The process of Claim 41, wherein the
total amount of omega-3 and omega-6 25 polyunsaturated fatty acids are at
least about 20% of said lipids. 44. The process of Claim 41, wherein at
least about 25% of said lipids is docosahexaenoic acid. 



45. The process of Claim 40, wherein said process produces on average at
least about 0.2 g/L/hr of docosahexaenoic acid. 3 0 46. The process of
Claim 40, wherein said carbon source is not an alcohol. 47. The process of
Claim 46, wherein said carbon source is a carbohydrate.   2 6 JUL 2004 5 10
15 20 25 30 30 48. The process of Claim 40, wherein said limiting nutrient
source is selected from - ~ the group consisting of nitrogen sources,
carbon sources, phosphate sources, vitamin sources (such as vitamin B,2
sources, pantothenate sources, thiamine sources), trace metal sources (such
as zinc sources, copper sources, cobalt sources, nickel sources, iron
sources, manganese sources, molybdenum sources), and major metal sources
(such as magnesium sources, calcium sources, sodium sources, potassium
sources), silica sources, and mixtures thereof. 49. The process of Claim
48, wherein said trace metal sources and major metal sources are selected
from the group consisting of sulfate and chloride salts of these metals
(such as MgS047H20; MnCl24H20; ZnS047H20; CoCl26H20; Na2Mo042H20;
CuS04SHZO; NiS046H20; FeS047H20; CaCl2; KzS04; KCI; and NaZS04) and
mixtures thereof. 50. The process of Claim 40, wherein said limiting
nutrient sources comprises a nitrogen source. 51. The process of Claim S0,
wherein said nitrogen source comprises an inorganic ammonium salt. 52. The
process of Claim 40, wherein said nitrogen source comprises ammonium
hydroxide. 53. The process of Claim 40, wherein said microorganisms are
selected from the group consisting of algae, fungi (including yeast),
protists, bacteria and mixtures thereof, wherein said microorganisms are
capable of producing polyenoic fatty acids or other lipids which had been
generally believed to require oxygen for their synthesis. 54. The process
of Claim 40, wherein said microorganisms are microalgae and algae= like
microorganisms. _ _ __ 55. The process of Claim 40, wherein said
microorganisms are Stramenopiles. 56. A process for producing eukaryotic
microbial lipids comprising: (a) growing eukaryotic microorganisms in a
fermentation medium to increase the biomass density of said fermentation
medium to at least about 100 g/L; (b) providing fermentation conditions
sufficient to allow said microorganisms to produce said lipids; and (c)
recovering said lipids,wherein greater than about 15% of said lipids are
polyunsaturated lipids.    2 ~ JUL 2004 31 57. The process of Claim 56,
wherein a dissolved oxygen level in said fermentation ~,, -  ~ medium
during said microorganism growing step is higher than the dissolved oxygen
level in the _ .~.~ ...:,;.:-_ j fermentation medium during said lipid
producing step. 58. The process of Claim 56, wherein the dissolved oxygen
level in said fermentation 5 medium during the microorganism growing step
is at least about 4%. i 59. The process of Claim 56, wherein the dissolved
oxygen level in said fermentation 



medium during the lipid producing step is less than about 1%. 60. . The
process of Claim 56, wherein said microorganisms are selected from the
group consisting of algae, fungi (including yeast), protists, bacteria and
mixtures thereof, 10 wherein said microorganisms are capable of producing
polyenoic fatty acids or other lipids which had been generally believed to
require oxygen for their synthesis. 61. The process of Claim 56, wherein
said microorganisms are Stramenopiles. 62. The process~of Claim 56, wherein
said microorganisms are microalgae and algae like microorganisms. i 15 63.
The process of Claim 56, wherein said microorganisms are of the order
Thraustochytriales. 64. The process of Claim 56, wherein said
microorganisms are selected from the group consisting of Thraustochytrium,
Schizochytrium, and mixtures thereof. 65. The process of Claim 56, wherein
the total amount of omega-3 and omega-6 fatty 2 0 acids is at least about
20% of said microbial lipids. 66: The process-of Claim 56, wherein at least
about 25% of said microbial lipids is docosahexaenoic acid. 67. ~ The
process of Claim 56, wherein said process produces docosahexaenoic acid at
an average rate of at least about 0.2 g/L/hr. 2 5 68. The process of Claim
56, 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. 69. The process of Claim 68,
wherein said water removal step comprises contacting 3 0 said fermentation
medium directly on a drum-dryer without prior centrifugation.   2 0 JUL
2004 32 70. The process of Claim 56, wherein said lipid recovery step
comprises: (d) treating the fermentation broth to permeabilize, lyse or
rupture the microbial cells; and (e) recovering the lipids from the
fermentation broth by gravity separation, 5 with or without the aid of
anagent to aid in breaking the lipid/water emulsion. ' ~ . 71. The process
of Claim 70, wherein said microbial cells are treated in step (d) in a
fermentor or a similar vessel. 72. - The process of Claim 70, wherein said
gravity separation comprises centrifugation. l0 73. The process of Claim
56, wherein said microorganism growing step comprises adding a carbon
source and a limiting nutrient source. 74. The process of Claim 73, wherein
said carbon source is non-alcohol. 75. The process of Claim 74, wherein
said carbon source comprises a carbohydrate. 76. The process of Claim 73,
wherein said limiting nutrient source is selected from 15 the group
consisting of nitrogen sources, carbon sources, phosphate sources, vitamin
sources (such as vitamin B,2 sources, pantothenate sources, thiamine
sources), trace metal sources (such as zinc sources, copper sources, cobalt
sources, nickel sources, iron sources, manganese sources, molybdenum
sources), and major metal sources (such as magnesium sources, calcium
sources, sodium sources, potassium sources), silica sources, and mixtures
thereof. 2 0 77. The process of Claim 76, wherein said trace metal sources
and major metal sources are selected from the group consisting of sulfate
and chloride salts of these metals {such as MgSOa7H20; MnCl24H20;
ZnS047Hz0; CoCl26Hz0 ; Na2Mo042Hz0; CuS04SHZO; ~NiS046H20 ; FeS047H20 ;
CaCl2; KZS04; KCI; and NaZS04).and mixtures thereof. 78. The process of
Claim 73, wherein said limiting nutrient source comprises a 2 5 nitrogen
source. 79. The process of Claim 78, wherein said nitrogen source comprises
an inorganic . . ammonium salt. 80. The process of Claim 78, wherein said
nitrogen source comprises ammonium hydroxide. 3 0 81. A process for
producing eukaryotic microbial lipids comprising: (a) adding a non-alcohol
carbon source and a limiting nutrient source to a fermentation medium
comprising said microorganisms; , 



2 6 JUL 2004 5 10 15 20 25 30 33 (b) providing conditions sufficient for
said microorganisms to produce said microbial lipids; and (c) recovering
said microbial lipids, wherein at least about 15% of said microbial lipids
are polyunsaturated lipids. 82. The process of Claim 81, 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 a lipid producing step. 83. _ The process of
Claim 81, wherein the dissolved oxygen level in said fermentation medium
during a biomass density increasing step is at least about 4%. 84. The
process of Claim 81, wherein the dissolved oxygen level in said
fermentation medium during a lipid producing step is about 1% or less. 85.
The process of Claim 81, wherein said microorganisms are selected from the
group consisting of algae, fungi (including yeast), protists, bacteria and
mixtures thereof. 86. The process of Claim 81, wherein said microorganisms
are selected from the group consisting of algae, fungi (including yeast),
protists, bacteria and mixtures thereof, wherein said microorganisms are
capable of producing polyenoic fatty acids or other lipids which had been
generally believed to require oxygen for their synthesis. 87. The process
of Claim 81, wherein said microorganisms are Stramenopiles. 88. The process
of Claim 81, wherein said microorganisms are microalgae and algae like
microorganisms. 89. The process of Claim 81, wherein said microorganisms
are of the order Thraustochytriales. ' 90. The process of Claim 81, wherein
said microorganisms are selected from the group consisting of
Thraustochytrium, Sclaizochytrium, and mixtures thereof. 91. The process of
Claim 81, wherein said process produces said microbial lipids at an average
rate of at least about 0.5 g/L/hr. 92. The process of Claim 91, wherein the
total amount of omega-3 and omega-6 fatty acids is at least about 20% of
said microbial lipids. 93. The process of Claim 81, wherein at least about
25% of said lipids is docosahexaenoic acid. 94. The process of Claim 81,
wherein said process produces docosahexaenoic acid at an average rate of at
least about 0.2 g/L/hr.   2 ~ JUL 2004 34 95. 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. 5 96. The process of Claim 95, wherein
said water removal step comprises evaporating water from said fermentation
medium without prior centrifugation. 97. The process of Claim 81, wherein
said lipid recovery step comprises: (d) treating the fermentation broth to
permeabilize, lyse or rupture the microbial cells; and 



10 (e) recovering the lipids from the fermentation broth by gravity
separation, with or without the aid of an agent to aid in breaking the
lipid/water emulsion. 98. The process of Claim 97, wherein said microbial
cells are treated in step (d) in a fermentor or a similar vessel. 99. The
process of Claim 97, wherein said gravity separation comprises
centrifugation. 15 l00. The process of Claim 81, wherein said non-alcohol
carbon source comprises a carbohydrate. l01. The process of Claim 81,
wherein said limiting nutrient source is selected from the _ _ group
consisting of nitrogen sources, carbon sources, phosphate sources, vitamin
sources (such as vitamin B,2 sources, pantothenate sources, thiamine
sources), trace metal sources (such as 2 0 zinc sources, copper sources,
cobalt sources, nickel sources, iron sources, manganese sources, molybdenum
sources), and major metal sources (such as magnesium sources, calcium
sources, sodium sources, potassium sources), silica sources, and mixtures
thereof. l02. ~ The process of Claim 101, wherein said trace metal sources
and major metal sources are selected from the group consisting of sulfate
and chloride salts of these metals (such 2 5 as MgS047H20; MnC124Hz0;
ZnS047H20; CoCl26Hz0; Na2Mo042H20; CuS04SH20 ; NiS046H20; FeS047H20; CaCl2;
KZS04; KCI; and Na2S04) and mixtures thereof. 103. The process of Claim 81,
wherein said limiting nutrient source comprises a nitrogen source. 104. The
process of Claim 103, wherein said nitrogen source comprises an inorganic 3
0 ammonium salt. 105. The process of Claim 103, wherein said nitrogen
source comprises ammonium hydroxide.   2 ~ JUG 2004 35 106. A process for
producing eukaryotic microbial lipids comprising: (a) adding a carbon
source and a limiting nutrient source to a fermentation -k . medium
comprising eukaryotic microorganisms and providing conditions sufficient to
maintain a dissolved oxygen level of at least about 4% in said fermentation
medium to 5 produce a biomass density of at least about 100 g/L; . , .. (b)
providing conditions sufficient to maintain a dissolved oxygen level of
about 1 % or less in said fermentation medium and providing conditions
sufficient to allow said microorganisms to produce said lipids; and (c)
recovering said microbial lipids, 10 wherein at least about 15% of said
microbial lipids are polyunsaturated lipids. 107. The process of Claim 106,
wherein said microorganisms are selected from the group consisting of
algae, fungi (including yeast); protists, bacteria and mixtures thereof.
108. The process of Claim l06, wherein said microorganisms are selected
from the group consisting of algae, fungi (including yeast), protists,
bacteria and mixtures thereof, 15 wherein said microorganisms are capable
of producing polyenoic fatty acids or other lipids which had been generally
believed to require oxygen for their synthesis. 109. The process of Claim
106, wherein said microorganisms are Strameoopiles. 110. The process of
Claim 106, wherein said microorganisms are microalgae and algae-like
microorganisms. 2 0 111. The process of Claim 106, wherein said
microorganisms are of the order Thraustochytriales. 112. The process of
Claim 106, wherein said microorganisms are selected from the group
consisting of Thraustochytrium, Schizochytrium, and mixtures thereof. 113.
The process of Claim 106, wherein at least about 20% of said microbial
lipids is 2 5 omega-3 and/or omega-6 fatty acids. 114. The process of Claim
106, wherein at least about 25% of said microbial lipids is docosahexaenoic
acid. 11 S. The process of Claim l06, wherein said process produces
docosahexaenoic acid at an average rate of at least about 0.2 g/L/hr. 3 0
116. The process of Claim 106, wherein the lipid recovery step comprises:
(d) removing water from said fermentation medium to provide dry
microorganisms; and a:;;:.:.::.::::::.:.. ::.:=-:.::,:~ .    



2 6 JUL 2004 36 (e) isolating said lipids from said dry microorganisms. -.
117. The process of Claim 116, wherein the water removal step comprises
evaporating the water directly from said fermentation medium without prior
centrifugation. 118. The process of Claim 106, wherein the lipid recovery
step comprises: 5 (d) treating the fermentation broth to permeabilize, lyse
or rupture the microbial cells; and (e) recovering the lipids from the
fermentation broth by gravity separation, with or without the aid of a
agent to aid in breaking the lipid/wster emulsion. 119. The process of
Claim 106, wherein said microbial cells are treated in step (d) in a 10
fermennor or a similar vessel. l20. The process of Claim 118, wherein said
gravity separation comprises centrifugation. 12l. A method for enriching
the polyeeoic fatty acid content of a microorganism comprising fermenting
said microorganism in a growth medium having a level of dissolved 15 oxygen
of less than 10%. 122. The process of Claim 12l, wherein said level of
dissolved oxygen is less than 5 percent. l23. The process of Claim 121,
wherein said level of dissolved oxygen is less than 1 percent. 2 0 l24. The
process of Claim 121, wherein during an initial growth phase, the level of
dissolved oxygen is greater than about 10 percent and during a subsequent
production phase the level of dissolved oxygen is less than 10 percent.
12S. ' The process of Claim 121, wherein said microorganism contains
pylyketide synthase genes. 2 5 l26. A heterotrophic process for producing
products and microorganisms comprising: a. culturing said microorganisms in
a growth medium wherein said microorganisms contain polyketide synthase
genes; and b. maintaining the level of dissolved oxygen at less than about
10 percent. 127. The process of Claim 126, wherein said level of dissolved
oxygen is less than 3 0 about 5 percent. 128. The process of Claim 126,
wherein said level of dissolved oxygen is less than about 1 percent.   2 ~
JUL 2004 37 129. The process of Claim 126, wherein said polyketide synthase
genes occur naturally -- in said microorganisms. " 130. The process of
Claim 126, wherein said polyketide synthase genes are genetically
introduced into the said microorganisms. 5 131. The process of Claim l26,
wherein during an initial growth phase, the level of dissolved oxygen is
greater than about 10 percent and during a subsequent production phase the
level of dissolved oxygen is less than about 10 percent.   2 6 JUL 2004 38
ABSTRACT The present invention provides a process for growing eukaryotic
microorganisms, which ~ f -.. _ , --=~' are capable of producing lipids, in
particular, lipids containing polyenoic fatty acids. The present invention
also provides a process for producing eukaryookk microbial lipids.
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