DIRECT CHEMICAL MODIFICATION
OF MICROBIAL BIOMASS AND MICROBIAL OILS

CROSS-REFERENCE TO RELATED APPLICATIONS
{00681] The present application 19 & nonpravisional and claims the benefit of 61/043,620, fijed
April §, 2008 and 61/074610 filed June 20, 2008 incorporated by reference tn their entirety
for all purposes.
’ REFERENCE TO A SEQUENCE LISTING
{0002) This application includes a sequence listing as shown in pages 1-12, appended
hereto,
-FIRLD OF THE INVENTION
{00603] The invention resides in the feclds of penetic engineering, aguaculturs, and the
chemical modification of lipid-containing microbial biomass.
BACKGROUND OF THE INVENTION
[0004] Increased demend for energy by the global econony hes placed increasing pressure
on the cost of fossil fiuels, This, along with Increasing interest in reducing air pollution, has
spurred the development of domestic energy supplies and wiggerad the development of non-
petrolenm fuels for internal combustion engines. For compression ignition {diesel} engines; it~
has been shown that the simple aleohol esters of fatty acids {biodiesel) are acceptable as an
alternative diegel fuel. Biodiese] has a higher oxygen content then diese! derived from fossit
fuels, and therefore reduces emissions of particulate matter, hydrocarbons, and carbon
monoxide, while slse reducing sulfir emissions due to & low sutfor content (Sheehan, J,, e
al,, Life Cycie Inventory of Biodiese] and Petrolevan Diesel for Use in an Urban Bus,
National Renewable Energy Laboratory, Report NREL/SR-580-24089, Golden, Colo. (1998);
Grabogki, M. 8., and R. L. McConmick, Prog, Energy Combust. Sei,, 24:125-164 (1698)).
{6005] Initinal efforts at the production, testing, and use of biodiesel employed refined
edible vegetable oils (expelled or recovered by solvent extraction of oilseeds) and anima! fars
{e.g., beef tallow) as feedstocks for fuel synthesis {see, e.g,, Krawezyk, T., INFORM, 7: 800-
815 (1996); and Peterson, C. L., et al., Applied Engineering in Agriculinre, 13. 71-79 (1997
Further refinerpent of the methods has enabled production of fatty avid methyl esters (FAME)
from cheaper, less highly refined lipid feedstocks such as spent restaurant grease and soybean
soapstock {see, e.g., Mittelbach, M., end P, Tritthart, J. 4m Of Chem, Soc., 65(7):1185-1187

(1988); Graboski, M. 8., 2t al,, The Effect of Biodiesel Compasition on Engine Emissions
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from 2 DDC Series 60 Dieszl Engine, Final Report to USDOFE/National Renewabic Energy
Laboratory, Contract No. ACG-8-17106-02 (2000).

10006] For decades, photoautotrophic growth of algae has been proposed as an attractive
method of manufacturing bicdiesel from algae; see A Look Back at the 11,5, Department of
Energy's Aquatic Species Program: Biodiesel from Algae, NREL/TP-580-2415¢, John
Sheehan, Terri Dunshay, John Benemann and Paul Roessler (1998). Many researchers
believe that because sumlight is a “fres™ resource, photoantotrophic growth of algas is the
most destrable method of culturing micrealgec a8 a feadsiock for biofuel production (ses, for
example Chisti, Biotechnol Adv. 2007 May-Jun;25(3):294-306: “heterotrophic production is
not as efficient as using photosynthetic microalgae . . . because the renewable organic carbon
sources required for prowing hetsrotrophic microorganisms are produced ultimately by
photesynthesis, usunlly in crop plants™), Other research bas not only assomed that
photoautotrophic growth is the best way to grow microalgae for biofesls, but also that there Is
0o need to transesterify any material from micreaigal biomass before introduction into &
diesel engine (see Sereagg et ul., Enzyme and Microbial Technology, Vol. 33:7, 2003, Pages
§84-389).

D007 Photosynthetic growth methods have been the focus of considerabie ressarch over
the past several decades, sputred in part by the U.S, Department of Energy's Office of Fuels
Development. which funded a nrogram to develop renewable transnortation fuels from sleae
during the period spanning 1978 to 1996. The principal production design was centered
around a geries of shallow outdoor sunlight-driven ponds designed as "raceways™ in which
algae, water and nuirients were cirewlated around a circular pond in proxinyity to & source of
waste CO» (e.g., a fossil fuel powered electricity generating plant).

[pO08] Trapsesterification of extracted/refined plant oils {s conventionally performed by
reacting a iriscylglyeerol ("TAG") with a lower-alky! alcohol (e.g., methanol) in the presence
of a catalyst (¢.g., a strong acid or strong base) to yield fatty acid alkyl esters {e.g., fatry acid
methyl esters or "FAME") and glycerol.

{0089]  As described ahove, traditional biodiesel production has relied on extracted and/or
refined oils (expelied or recovered by solvent extraction of oilseeds) as a feedstock for the
transesterification process. Off sources, inclunding soy, palm, cocont, and canols, are
commonly used, and extraction is performed by drying the plant material and pretreating the
material {2.g., by flaking) to facilitete penetration of the plant structure by a solvent, such as
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hexane. Extraction of these oils for use as a starting material contributes significantly to the
cost of traditional biodiesel production.
[0010] Similar to the solvent extraction processes utilized to extract oils from dried plant
materials, solvent extraction of oils from microbial biomass is carried out in the presence of
an organic solvent. Solvent extraction in this context requires the use of a solvent that is
essentially immiscible in water, such as hexane, to produce a solvent phase, in which the oil
is soluble, and an aqueous phase, which retains the largely non-lipid portion of the biomass.
Unfortunately, in an industrial scale production, the volume of volatile, potentially
carcinogenic, and flammable organic solvent that must be used for efficient extraction creates
hazardous operating conditions having both environmental and worker safety aspects.
Moreover, the solvent extraction process generates a substantial solvent waste stream that
requires proper disposal, thereby increasing overall production costs.
[0011] Alternatively, "solventless" extraction processes have been reported; these employ
an aqueous solvent comprising no more than about 5% organic solvent for extracting lipids
from microorganisms for use as a feedstock in a transesterification process for the production
of biodiesel. Briefly, the "solventless" extraction process includes contacting a lysed cell
mixture with an aqueous solvent containing no more than about 5% organic solvent {e.g.,
hexane) to produce a phase separated mixture. The mixture comprises a heavier aqueous
layer and a lighter layer comprising emulsified lipids. The extraction process is repeatedly
performed on the lighter lipid layer until a non-emulsified lipid layer is obtained.
Unfortunately, the repeated isolation and washing of the lipid layer makes the "solventless”
process particularly laborious.
[6012] There remains a need for cheaper, more efficient methods for extracting valuable
biomolecules derived from lipids produced by microorganisms. The present invention meets
this need.

SUMMARY OF THE INVENTION
[0013] In a first aspect, the present invention refers to a method of making a chemically
modified lipid, comprising:

(a) providing a microalgal lipid comprising no more than 500 ppm color-
generating impurities, wherein the lipid is obtained from microalgae cultured under
heterotrophic growth conditions in a bioreactor substantially in the absence of light; and

(b) subjecting the microalgal lipid to a chemical reaction to produce the modified

lipid,
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wherein the microalgae are selected from strains of Parachlorella, Prototheca,or
Chlorella or strains having at least 85% nucleotide sequence identity in 23S rRNA sequences
to a Parachlorvella, Prototheca, or Chlorella strain.
[0013a] Also described herein is the discovery that direct chemical modification of lipid-
containing microbial biomass can dramatically increase the efficiency and decrease the cost
of obtaining valuable materials derived from those lipids. Thus, in a first example, the
disclosure provides a method of chemically modifying lipid-containing microbial biomass
including the steps of culturing a population of microbes, harvesting microbial biomass that
contains at least 5% lipid by dry cell weight (DCW), and subjecting the biomass to a

chemical reaction that covalently modifies at least 1% of the lipid. In some



examples, the method further includes separating the covalently modified lipid from other
components of the biomass.

[0014] In various examples, the ratio of the covalently modified lipid to the biomass from
which it is separated is between 10% lipid and 90% biomass and 90% biomass and 10% lipid
by dry weight. In some examples, the step of separating the lipid from other components of
the biomass includes a phase separation step in which the covalently modified lipids form a
lighter non-aqueous phase and components of the biomass form one or more heavier phases.
In some examples, the biomass is subjected to the chemical reaction without a step of prior
enrichment that increases the ratio of the lipids to the non-lipid material by more than 50% by
weight. In other examples, the biomass is subjected to the chemical reaction with a step of
prior enrichment that increases the ratio of the lipids to the dry weight of the microbes. In
some examples, the harvested biomass is not subjected to any treatment other than the
removal of water and/or lysis of the cells before the chemical reaction. In some examples, the
biomass subjected to the chemical reaction contains components other than water in the same
relative proportions as the cell culture. In some examples, the lipid content of the biomass is
less than 90% of the biomass subjected to the chemical reaction.

[0015] In one example, chemical modification of the lipid-containing microbial biomass
comprises transesterifying the biomass to generate a lipophilic phase containing fatty acid
alkyl esters and a hydrophilic phase containing cell material and glycerol. In some examples,
the method further comprises removing water from the biomass prior to subjecting the
biomass to the transesterifying chemical reaction. In other examples, the method further
comprises removing water from the biomass after the disrupting of the biomass. In some
examples, removing water from the biomass is performed using a method selected from the
group consisting of lyophilization, drum drying, and oven drying the biomass.

[0016] In some examples, in which the chemical modification of the lipid-containing
microbial biomass comprises transesterifying the biomass, the method further comprises
disrupting the biomass prior to transesterifying the biomass. In some examples, water is
removed from the biomass prior to the disrupting of the biomass. In some examples,
disrupting the biomass comprises heating the biomass to generate a lysate. In other examples,
disrupting the biomass comprises contacting the biomass with an acid or base sufficient to

generate a lysate. In still other examples, disrupting the biomass comprises



contacting the biomass with one or more enzymes to generate a lysate. In some examples, the
biomass is contacted with at least one protease and at least one polysaccharide-degrading
enzyme. In some examples, disrupting the biomass comprises mechanically lysing the
population of microbes to generate a lysate. In other examples, disrupting the biomass
comprises subjecting the biomass to osmotic shock to generate a lysate. In still other
examples, disrupting the biomass comprises infecting the population of microbes with a lytic
virus to generate a lysate. In other examples, disrupting the biomass comprises inducing the
expression of a lytic gene within the population of microbes to promote autolysis and
generation of a lysate.

[0017] In some examples of the chemical modification method in which the chemical
reaction comprises transesterification, the fatty acid alkyl esters are fatty acid methyl esters or
fatty acid ethyl esters. In some examples, transesterifying the biomass comprises contacting
the biomass with an alcohol and a base. In some examples, the alcohol is selected from
methanol, ethanol, propanol, isopropanol, and mixtures thereof. In some examples, the base is
selected from NaOH, KOH, and mixtures thereof. In one example, the alcohol is methanol
and the base is NaOH. In some examples, transesterifying the biomass comprises contacting
the biomass with an alcohol and a lipase. In some examples, the lipase is expressed from an
exogenous lipase gene within the population of microbes. In some examples, expression of
the exogenous lipase gene is induced by contacting the biomass with a stimulus to activate an
inducible promoter controlling expression of the exogenous lipase gene.

[0018] In various examples, the amount of calcium and magnesium, combined, by weight
in the lipophilic phase is no greater than 5 parts per million. In some examples, the amount of
phosphorous in the lipophilic phase 1s no greater than 0.001%, by mass. In some examples,
the amount of sulfur in the lipophilic phase is no greater than 15 parts per million. In some
examples, the amount of potassium and sodium, combined, by weight in the lipophilic phase
is no greater than 5 parts per million. In some examples, the total carotenoid content of the
lipophilic phase is no greater than 100 micrograms of carotenoid per gram. In some
examples, the total chlorophyll content in the lipophilic phase is no greater than 0.1 mg/kg.
[0019] In some examples, subjecting the biomass to a chemical reaction includes
contacting the biomass with an enzyme to catalyze the chemical reaction. In some examples,

the enzyme is a lipase. In one example, the method further comprises
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separating a lipophilic phase containing the covalently modified lipids from hydrophilic cell
material of the biomass.

{0020] In various examples of the present disclosure, the microbes and the resulting
microbial biomass are selected from the group consisting of bacteria, cyanobacteria,
eukaryotic microalgae, oleaginous yeast, and fungi. In some examples, the microbes are
selected from the group consisting of the eukaryotic microalgae listed in Table 1. In some
examples, the microbes are a species of the genus Chlorella, and in various examples, the
species is selected from the group consisting of Chlorella fusca, Chlorella protothecoides,
Chlorella pyrenoidosa, Chlorella kessleri, Chlorella vulgaris, Chlorella saccharophila,
Chlorella sorokiniana and Chlorella ellipsoidea. In one example, the species is Chlorella
protothecoides. In some examples, the microbes is a species of the genus Profotheca, or the
species is selected from the group consisting of Profotheca wickerhamii, Prototheca
stagnora, Prototheca portoricensis, Prototheca moriformis, and Prototheca zopfii. In some
examples, the microbes are selected from the group consisting of the oleaginous yeast listed
in Table 2, and in other examples, the microbes are selected from the group consisting of the
fungi listed in Table 3. In some examples, the microbial biomass comprises a mixture of
biomass from two distinct strains or species of microbes that have been separately cultured.
In one example, at least two of the distinct strains or species of microbes have different
glycerolipid profiles. In some examples, the species has a high degree of taxonomic
similarity to members of the Chlorella or Prototheca genera, such as at least 95% nucleotide
identity at the 23S rRNA level, as disclosed in the examples.

[0021] In various examples of the present disclosure, the harvested biomass comprises a
lipid content of at least 5%, at least 10%, at least 15%, at least 20%, at least 25%, at least
30%, at least 35%, at least 40%, at least 45%, at least 50%, at least 55%, at least 60%, at least
65%, at least 70%, at least 75%, at least 80%, at least 85%, or at least 90% by DCW. In some
examples, at least 20% of the lipid is C18. In some examples, at least 30% of the lipid is C18.
In some examples, at least 40% of the lipid is C18. In some examples, at least 50% of the
lipid is C18. In some examples, at least 50% of the lipid is C16 or longer chain lengths. In
some examples, at least 10% of the lipid is C14 or shorter chain lengths. In some examples, at
least 20% of the lipid is C14 or shorter chain lengths.

[0022] In some examples of the present disclosure, the population of microbes expresses an
exogenous sucrose utilization gene. In some examples, the gene is a sucrose invertase. In

some examples, the population of microbes expresses an exogenous lipid



pathway enzyme. In some examples, the lipid pathway enzyme comprises an acyl-ACP
thioesterase. In some examples, the population of microbes further expresses an exogenous
“naturally co-expressed” acyl carrier protein that is co-expressed with the acyl-ACP
thioesterase. In some examples, the lipid pathway enzyme has a specificity for acting on a
substrate having a specified number of carbon atoms in a chain.

[0023] In some examples, chemical modification of the lipid-containing microbial biomass
comprises hydrogenating the biomass to saturate at least a subset of unsaturated bonds in the
lipid. In some examples, chemical modification of the lipid-containing microbial biomass
comprises interesterifying the biomass to generate a mixture of glycerolipids having a
modified arrangement of fatty acid constituents relative to the glycerolipids in the harvested
biomass. In some examples, chemical modification of the lipid-containing microbial biomass
comprises hydroxylating the biomass to generate hydroxylated lipids. In some examples, at
least a portion of the hydroxylated lipids are esterified to generate estolides. In some
examples, chemical modification of the lipid-containing microbial biomass comprises
hydrolyzing the biomass to generate free fatty acids from the lipid. In some examples, the
free fatty acids are subjected to further chemical modification. In one example, chemical
modification of the lipid-containing microbial biomass comprises deoxygenation at elevated
temperature in the presence of hydrogen and a catalyst, isomerization in the presence of
hydrogen and a catalyst, and removal of gases and naphtha compounds.

[0024] In another example, chemical modification of the lipid-containing microbial
biomass comprises saponifying the biomass to generate fatty acid salts from the lipid. In one
example, the biomass is derived from a microalgae of the genus Profotheca. In some
examples, saponifying the biomass comprises contacting the biomass with a base sufficient to
convert at least a portion of the glycerolipid and/or fatty acid ester components of the lipid to
fatty acid salts. In some examples, the base is an alkali metal hydroxide, such as NaOH or
KOH. In some examples, the method further comprises contacting the biomass with a salt to
precipitate the fatty acid salts from solution. In some examples, the salt comprises a water-
soluble alkali metal halide, such as NaCl or KCI.

[0025] In some examples, two distinct strains or species of microbes are separately
cultured, and biomass from both cultures is mixed prior to subjecting the biomass to a
chemical reaction that modifies at least 1% of the lipid. In some examples, at least two of the

distinct strains of microbes have different glycerolipid profiles.



[0026] In one example, the present disclosure is directed to a saponification method for
making a soap. In some examples, the method includes culturing a population of microbes,
harvesting microbial biomass that contains at least 5% lipid by DCW, including glycerolipids
or fatty acid esters, and subjecting the biomass to an alkaline hydrolysis reaction to produce a
soap from the chemical conversion of at least a portion of the glycerolipids or fatty acid esters
to fatty acid salts. In some examples, the alkaline hydrolysis reaction includes contacting the
biomass with a base and optionally heating the biomass. In some examples, the base is an
alkali metal hydroxide such as NaOH or KOH. In some examples, less than 100% of the
glycerolipids and fatty acid esters in the biomass are converted to fatty acid salts. In some
examples, less than 1% of the glycerolipids and fatty acid esters in the biomass are converted
to fatty acid salts.

[0027] In some examples of the saponification method, the method further comprises
substantially separating the fatty acid salts from other components of the biomass. Some
methods of the disclosure further comprise boiling the separated fatty acid salts in water and
re-precipitating the fatty acid salts by introducing a salt into the aqueous solation to produce a
purified soap. In some examples, the salt is a water-soluble alkali metal halide, such as NaCl
or KCL

[0028] Some saponification methods of the disclosure further comprise combining the
purified soap or saponified oil composition with one or more additives selected from the
group consisting of essential oils, fragrance oils, flavor oils, botanicals, extracts, CO,
extracts, clays, colorants, titanium dioxide, micas, tinting herbs, glitters, exfoliants, fruit
seeds, fibers, grain powders, nut meals, seed meals, oil beads, wax beads, herbs, hydrosols,
vitamins, milk powders, preservatives, antioxidants, tocopherols, salts, sugars, vegetable oils,
waxes, glycerin, sea vegetables, nutritive oils, moisturizing oils, vegetable butters, propylene
glycol, parabens, honey, bees wax, aloe, polysorbate, cornstarch, cocoa powder, coral
powder, humectants, gums, emulsifying agents, and thickeners. In one example, the mixture
is packaged as a cosmetics product. In another example, the cosmetic product comprises a
facial cleanser.

[0029] In some examples of the saponification method, the ratio of fatty acid salts to the
biomass from which they are separated is between 10% fatty acid salts to 90% biomass and
90% fatty acid salts to 10% biomass by dry weight. In some methods, the biomass is
subjected to the alkaline hydrolysis reaction without a step of prior enrichment that increases

a ratio of lipid to non-lipid material in the biomass by more than 50% by weight. In some



methods, the harvested biomass is not subjected to treatments other than lysis before the
alkaline hydrolysis reaction. In other methods, the biomass is subjected to the alkaline
hydrolysis reaction with a step of prior enrichment that increases the ratio of lipid to non-lipid
material in the biomass as compared to the ratio at harvesting. In some examples, the biomass
subjected to the alkaline hydrolysis reaction contains components other than water in the
same relative proportions as the biomass at harvesting. In some examples, lipid comprises no
more than 90% of the biomass subjected to the alkaline hydrolysis reaction.

[0030] In some examples of the saponification method, the harvested biomass comprises a
lipid content of at least 5%, at least 10%, at least 15%, at least 20%, at least 25%, at least
30%, at least 35%, at least 40%, at least 45%, at least 50%, at least 55%, at least 60%, at least
65%, at least 70%, at least 75%, at least 80%, at least 85%, or at least 90% by DCW. In some
examples, the lipid comprises at least 50%, at least 60%, at least 70%, at least 80%, at least
90%, or at least 95% saturated fatty acid constituents.

[0031] In some examples, the saponification method further comprises disrupting the
biomass prior to subjecting the biomass to the alkaline hydrolysis reaction. In some
examples, disrupting the biomass comprises mechanically lysing the population of microbes
to generate a lysate. In some examples, the oil is extracted from the biomass before
saponification. In some examples, the extracted oil is substantially free of color or pigments.
[0032] In another example, the present disclosure is directed to a composition comprising a
lighter phase containing fatty acid alkyl esters, and at least one heavier phase containing
microbial biomass.

[0033] In various examples of the composition, at least 20% of the fatty acid alkyl esters
are C18. In some exampies, at least 30% of the fatty acid alkyl esters are C18. In some
examples, at least 40% of the fatty acid alkyl esters are C18. In some examples, at least 50%
of the fatty acid alkyl esters are C18. In some examples, at least 50% of the fatty acid alkyl
esters are C16 or longer chain lengths. In some examples, at least 10% of the fatty acid alkyl
esters are C14 or shorter chain fengths. In some examples., at least 20% of the fatty acid alkyl
esters are C14 or shorter chain lengths.

[0034] In another example, the present disclosure is directed to a composition comprising a
lighter phase containing completely saturated lipids and at least one heavier phase containing
microbial biomass. In another example, the present disclosure is directed to a composition

comprising a lighter phase containing lipids and at [east one heavier phase containing



microbial biomass from more than one species or strain. In another example, the present
disclosure is directed to a composition comprising a lighter phase containing hydroxylated
lipids,and at least one heavier phase containing microbial biomass. In another example, the
present disclosure is directed to a composition comprising a lighter phase containing free
fatty acids and at least one heavier phase containing microbial biomass.
[0035] In another example, the present disclosure is directed to a composition comprising
saponified oil derived from the alkaline hydrolysis of biomass produced by culturing a
population of microbes. In some examples, the composition further comprises at least one
and optionally more than one oil selected from the group of oils consisting of soy, rapeseed,
canola, palm, palm kernel, coconut, corn, waste vegetable, Chinese tallow, olive, sunflower,
cotton seed. chicken fat, beef tallow, porcine tallow, microalgae, macroalgae, Cuphea, flax,
peanut, choice white grease, lard, Camelina sativa, mustard seed cashew nut, oats, lupine,
kenaf, calendula, hemp, coffee, linseed (flax), hazelnut, euphorbia, pumpkin seed, cortander,
camellia, sesame, safflower, rice, tung oil tree, cocoa, copra, pium poppy, castor beans,
pecan, jojoba, jatropha, macadamia, Brazil nuts, avocado, a fossil oil or a distillate fraction
thereof.
[0036] In various examples, the saponified oil composition can be a solid (including a
powder), or a liquid. In some examples, the composition further comprises carotenoids
derived from the biomass, and/or unsaponified glycerolipids derived from the biomass,
and/or polysaccharides derived from the biomass. In some examples, the saponified oil
comprises at least 50% of the composition's total mass. In some examples, the saponified oil
comprises at least 75% of the composition's total mass. In other examples, the saponified oil
comprises less than 50% of the composition's total mass. In other examples, the saponified oil
comprises less than 25% of the composition's total mass. In some examples, components
derived from the biomass constitute at least 50% of the composition's total mass. In some
examples, components derived from the biomass constitute no more than 50% of the
composition's total mass.
[0037] In another example, the present disclosure is directed to a kit comprising a
saponified oil composition as described herein and an oral supplement. In some examples, the
oral supplement comprises a vitamin or an herb.

BRIEF DESCRIPTION OF THE DRAWINGS
[6638] Figure 1 shows DCW per liter of multiple species and strains of Chlorella when

cultured in the presence of various types of glycerol with and without additional glucose.
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0639] Figure 2 shows DCW per liter of multiple species and straing of Chlorella when
cultured in the proseace of various types of ghycerol with additions) glucose.

{0046] Figure 3 shows relative lipid concentration of culiures of multiple species and
strains of Chlorella when cultured in the presence of various types of glycerol with additional
glucose.

{00417 PFigure 4 shows lipid concentzation of culturss of multiple species and strains of
Chiorelia when cultured in the presence of various fypes of glyeerol with and without
additional ghucose.

[0042] Figure 5 shows lipid a5 a percent of DCW of two species and straing of Chlorella
when cultured in the presence of various types of giycerol with additionel glucose, whergin
glycerol is added sequentially after ghucose.

10043] Figure 6 shows Hpid as a percent of DCW of two species and strains of Chiorels
when cnltured in the presence of various fypes of glycerol with additional glucose,

[4844] Figure 7 shows refative lipid concentration of cultures of multiple species and
strains of Chlorella when cuitured in the presence of 2% glucose and 1% glucose + 1%
reagent grade glycerol.

[6645] Figure 8 shows lipid as a percent of DCW of multiple species and strains of
Chlorella when culnured in the presence of glucose with and without reagent grade glycerol,
wherein glycerol is added sequentially or in combination with glucose.

[6046) Figure 9 shows relative lipid concentration of cultures of multiple species and
straing of Chlorelle when cultured in the presence of various types of glycerol with additional
pglucose, whersin glycerol is added seguentially or in combination with glucose.

{0047} Figure 10 shows DCW per liter of multiple species and straing of Chlorella when
cultured in the presence of varfous types of glycerol with additional glucose, whesein glycerol
is added seyuentially or in combination with glucose,

{6048] Figure 11{a) shows lipid as a percent of DCW of Spiruding platensis when culfured
in the presence of glucose, reagent grade glycerol, non-acidulated biodiesel byproduct
glyeerol, and 2 combination of glycerol and glucose,

10049) Figure 11(b) shows lipid as a percent of DCW of Naviewla pellicvlosa when
cullured in the presence of various types of glycerot and in the presence of combinations of

glyeerol and glucose.



{0050} Figure 12(2) shows hipid a5 a percent of DCW of Scenedesmus armatus when
cultured in the presence of various types of glycerol and in the presence of 2 combination of
glycerol and gluense.

8051}  Figore 12(0) shows DCW per liter of Scenedesmus armatus when cultured in the
presence of varions types of glycerol and in the presence of a combination of biodiesel
byproduct giveerol and glucose.

[0652] Figure 13 shows DCW per liter of Naviculs pelliculose when cultured i the
presence of various types of glyeerol and in the presence of a combination of non-acidulated
biodizsel byproduct glycero} and ghucose.

[0053] Figures 14(a)-and (b) shows DCW par liter of Scenedesmus armatus and Naviewla
pelliculosa when culiured in the presence of aciduiated and non-acidulated biodiesel
byproduct glycerol with additional glucose, wherein glycerol is added sequentially o in
combination with glucose.

10054)  Bigars 15 shows o synergiste effect of s combination of xylose and glacose on
growth of Chiorella commpared fo xylose or glacose slone.

{0085] Figure 16 shows growth of Chiorella protothecoides on ghucose and fructose.
{0056} Figure 17 shows DCW per fiter of Chlorella protothecoides when cultured in the
presence of glucose, sucrose, or one of several molasses samples (designated BS1, BS2 and
HTM) in the presence or absence of a sucrose invertage.

[0057F Figure 18 shows growth of Chiorelia prototheosides when cultured m the presence
of glucose, sucrase, or one of several molasses samples {dwignamd BRI, BSZ and HTMj} in
the presence or absence of a sucrose invertase &g measured by relative cell density.

{0058] Figure 19 shows 2 visual comparison of oif that was hexane extracted from strain
UTEX 1435 compared 1o oi] extracted from UTEX, 250.

[0059] Figure 20 shows bigh oil algae cells embedded in soap.

[G06€} Figures 21a-c show a Cladogram comparing the genomic DNA sequences of 235
tRNA from 8 different siraine of Chlorells protothecvides,

f0061]  Figures 22-27 show the growth curve of different strains of microalgae grows on
three different concentrations of pure sorghum as the sole carbon source.

[0062] Figure 28 shows a sumary of diversity of lpid chains in microalgal species.
[6863] Figures 29a-1 show & Cladogram comparing the genomic DNA sequences of 238
TRNA from 23 strains of microaigas.
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DETAJLED DESCRIPTION OF THE INVENTION
L DEFINITIONS
[8064] Definitions of certain texms used herein are provided below for the convenience of
the reader,
f0065) “Active in microalgae,” with reference o 2 nucleie scid, refers to 2 nucleic acid that
is functional in microaigae. For example, a promoter that has been used to drive an anfibiotic
yesistance gene o iupart antibiotic resistance to a transgenic microalgae is active in
microaigas, Examples of promoters active in microalgae include promoters endogenous to
ceriain algae spesies and promoters found in plant viruses.
[0066]  "Acyl carder protein” or "ACP™ is a protein thet binds a growing acyl chadn during
fatty acid synthesis as 2 thiol ester at the distal thiél of the 4'-phosphopantetheine mojety and
sommprises 2 component of the fatty acid synthase complex. The phrase "naturaily co-
expressed” with reference to an acyl carrier protein in conjunsiion with a fatty acy-ACP
thioesterase means that the ACP and the thicesterase are co-expressed naturally {in nature) in
a tissue or organism from which they are derived, e.g, because the genes encoding the two
enzymes are under the control of  comumon regulatory sequence or because they are
expressed in response to the same stimulug,
{60671  "Acyl-CoA molecule® or "acyl-CoA™ is & molecule comprising an acyl moiety
covalently attached to coenzyme A through a thiol ester linkage at the distal thicl of the 4'-
phosphopantstheine moicty of coenzyme A,
faécs} *Axenic” means a culture of an organism that is free from contamination by other
living organistas.
{00697 “Blodiesel” refers to & fatty acid ester produced from the transesterification of lpid,
The ester can be a methyl ester, ethy! ester, or other ester depending on the components of the
transesterification reaction.
[0678] “Biomuass” refers to material produced by growth and/or propagation of cells.
Biomass may contain cells and/or infracellular contents as well as extraceltular material.
Extracellular material includes, but is not limited to, compornds secreted by a ceil.
[0071] “Bioreactor” mesns an enclosure or partial enclosure in which cells, ¢.g,
microorganisms, are cultured, optionally in suspension.
[0072]  “Catalyst” refers to an agent, such as a molecule or macromolecular complex,
capabie of faciliteting or promoting 2 chemical reaction of a reactant to a product without

becoming a part of the product. A catalyst thus increases the rats of a reaction, after which,
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the cataiyst may act on another reactant to form the product. A catalyst generally kowers the
overall activation energy required for the reaction such that the reaction proceeds more
quickly or at a lower temperatore and/or a reaction equilibrinm may be more quickly atiained.
Examples of catalysts inciude enzymes, which are biological catalysts, and heat, whichis g
non-hiological catalyst.

[8073]  “Cellnlosic material™ means the products of digestion of collulose, such as glucose,
xylose, arabinose, disaccharides, oligosaccharides, lgnin, furfurals and other molecules.
[0074]  “Co-culiure”, and variants thereof such as “co-cultivate”, refer to the presence of
two or mors types of cells in the same bioreactor, The two or more types of cells may both be
microorganisims, such as microalgae, or may be a microalgal cell cultured with a different cefl
type. The culture conditions may be those that foster growth and/or propagation of the twe or
more cell types or those that facilitate growth and/or propagation of one cell type, or a subset
of the cell types, of the two or more cell types while maintaining celiular growth for the
remeinder,

[8875] “Cofactor” is used herein to refer to any molecule, other than the substrate, that is
required for an enzyme fo carry out its enzymatic activity.

[0076] “Complercentary DNA” (“cDNA") is 2 DNA copy of an mRNA, which can be
obtained, for example, by reverse transcription of messenger RNA (mRNA) or amplification
(e.g., via polymerase chain reaction (“FCR™)).

{06777 “Cultivated” and variants thereoi rsier 1o the mtentional 1o0sterng 01 growth
{increases in cell size, cefiular contents, and/or celtular activity) endfor propagation (increases
in cell numbers via mitosis) of one or more cells by vse of appropriate culture conditions. The
combination of both growth and propagation may be termoed proliferation, The one or more
celis may be those of a microorganism, such as microalgae. Exampies of appropriate
conditions inclade the use of o defined medium (with known characteristics such as pH, ionic
strength, and carbon source), specified temperature, oxygen tensior, and carbon dioxide
{evels in a bioreactor. The term does not refer to the growth or propagation of
microorganisms in nature or otherwise without direct human intervention, such as natural
growth of an organism that ultimately becomes fossilized o produce geological crude ofl,
[6078] ‘“Exogenous gene” refers to a nucleic acid wrensformed (introdused) into a cell, A
transformed cell may be referred to as a recombinant cell, into which additional exogenous
gene(s) may be infroduced. The exogenous gene may be from a different species {and 5o

heterologous) or from the same species (and so homologons) relative to the cell being
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transformed. In the case of 2 homologous gene, the introduced gene ocoupits & different
iocation in the genome of the cell relative to the endogenous copy of the gene ar is under
different regulatory controls of the endogenous gene it replaces or both. The exogenous gene
may be present in more than one copy in the cell. The exogencus gene may be maintained in
a cel) as an inserlion oo the genome of as an episomal molecyle,

[6479) “Exogenously provided” describes a molecule provided o the cultwre media of &
cell culture.

[0080] “Bxtracted” refers to oil or Hpid separated from agqueous biomass with or without
the use of selvents,

10081] "Famty acyl-ACP thivesterase® is an enzyme that catalyzes the cleavage of a fatty
acid from an acyl carrier protein (ACP} during lipid synthesis.

[0082] “Fixed carbon source” means molecule(s) containing carbon, typically organic
molecates, that are present at ambient temperatare end pressure in sokd or liguid form.
J6083] “Fungus," as used herein, means heterotrophic organisms characterized by a
chitinous ceil wall from the kingdom of fungi.

{0084} “Hetercatom” means an atom other than carbon or hydrogen. Examples of’
heterpatoms are magnestum, calctum, potassium, sediven, sulfur, phospborus, iron, and
copper.

{0085} “Homogenate” reans biomass that has been physically distupted.

[0086} “Hydrophobic fraction” refers o the portion, or fraction, of a material that is more
solubla in 2 hydrophobic phase than in an aqueous phase. A hydrophébic fraction is
substantiaily immiscible with water and usnally nog-poler.

{6887} “Increased lipid yield” refers to an increase in the ipid productivity of a microbial
culture, which can be achieved by, for example, increasing dry weight of edlls per liter of
culture, increasing the percentage of cells that constitute lipid, or increasing the overall
amount of lipid per liter of culture volume per unit ime.

{00881 “Inducible promoter” is a promoter that mediates transcription of an operably linked
gene in response o g particular stimulius,

[008Y9] *In operabie linkags™ refers to z functional linkage berween two nucleie acid
sequenices, such as a control sequence (typically a promoter) and the linked sequence. A
promozer is in opersble linkage with an exogenous gene if it can mediate transcription of the
gene.
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[0096]  “In situ”™ means “in place” or “in its original position™. For example, a culiure may
centain a first microorganism, such as a microalgas, secreting a catalyst and & second
microerganism secreting a substrate, wherein the first and second microorganisms produce
the components necessary for a particular chemical reaction to occur in situ in the co~culturs
without requiring further separation or processing of the maserials,

0091} “Lipase” is an enzyme that catalyzes the hydrolysis of ester bonds in lipid
substrates. Lipases catalyze the hydrolysis of lipids into glycerols and fatty acids, and can
function to catalyze the transesterification of TAGs to fatty acid alkyl esters.

[6692]  “Lipids” are Hpophilic molecules that can be obtained from microorganisms. The
main biclogical functions of lipids include storing energy, acting as structursl components of
cell mernbranes, and serving as signaling molecules, sithough they perform other functions as
well. Lipids are soluble in nonpolar solvents (such as ether and chioroform) and are relatively
insoluble in water. Lipids consist largely of long, hydrophobic hydrocarbon “tails.” Examples
of lipids include fatty acids (saturated and unsaturated); glycerides or glyverolipids (such as
monoglycerides, diglycerides, triglycerides (including TAGSs) or newral fais, and
phosphogliyeerides or glycerophospholipids); nonglyeerides {sphingolipids, sterol lipids
including cholestero! and steroid hormones, prenol Iipids including terpenoids, waxes, and
polyketides); and compiex lipid derivatives (sugar-linied Ypids, or glycolipids, and protein-
linked lipids). Other examples of lipids include free fatty acids; esters of fatty acids; sterols;
pigments {c.g., carotenoids and oxycarstenoids), xanthophylls, phytosterols, ergothioning,
lipoie acid, antioxidants including beta~carotene and toéophero]. Also included are
polyunsatureted fatty acids such as arachidonic acid, stearidonic acid, cholesterol,
desmesterol, astaxanthin, canthaxanthin, end 0~6 and n-3 highly unsatorated fatty acids such
a5 eicosapentaenoic acid (EPA), docosapeniaenoic acid end docosshexaenoic acid (DHA).
[0093] A “lipid pathway enzyme™ is an enzyme involved in lipid metabolism, i.e., either
lipid synthesis, modification, or degradation, and includes, without Himitation, lipases, fatty
acyl-ACP thicesterases, and acyl carrier proteins,

{0094} A “limiting concentration of a putrient” is & mitdent concentration in a culiure that
timits the propagation of 8 oultured organism. A “non-limiting concentration of a mutrient” is
& nuirient concentraiion that can support maximal propagation during & given culture pericd.
Thus, the number of cells produced during a given culture petiod is lower in the presence of a

limiting concentration of a nutrient than when the nutrient is non-Himiting. A nutrient is said
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to be “in excess™ in a calture when the nutrient is present at a concentration greater than that
which supports maximal propagation,

§0095] “Clycerolipid profile” refers to the distribution of different carbon chain lengths and
saturation levels of glycerolipids in a particular sample of biomass, For example, a sample
could contain glycerolipids in which approximately 60% of the giycérclipid is C18:1,20% is
C18:0, 15% is C16:0, and 5% is C14:0, Where a carbon length is referenced without regard
to saturation, as in “C18”, such reference can include any amount of saturation; for example,
microbial biomass that contatns 20% lipid ag C18 can include C18:0, C18:1, C18:2, etc., in
equal or varying amounts, the sum of which constitute 20% of the microbial biomass.

j0096] “Lysate” refers to v solution containing the conteats of Iysed cefls. “Lysing” refers
to disrupting the cellular membrane and optionalty cell wall of a cell sufficient to release at
least sowme intraceflular contents. “Lysis” refers to the breakage of the plasma membrane gnd
optionally the cell wall of a biclogical organism sufficient to release & least some
intraceiular contents, often by mechanical, viral or osmotic mechanisms that compromise ifs
integrity.

jo997)  “Microalgee” means a microbial organism that iy either (a) eukaryotic and coniaing
a chioroplast or chloroplast remmant, or (b) a cyanobacteria. Microrigee include obligate
photosutotrophs, which cannot metabolize a fixed carbon source as energy, as well as
heterotrophs, which can live solely off of a fixed carbon source. Microalgae can refer to
uniceljular orgamsms that separate Jrom. SISter CEis SHOTILY aXter ¢l rvison, Sucn as
Chiamydomonas., as well as to microbes such as, for example, Volvox, which is a simple
multicethalar photosyntheric microbe of two distinet cell types. “Microalgae” also includes
other microbial photosynthetic organisms that exhibit cell-cell adhesion, such as dgmenelium,
Ancbaena, avd Pyrobotrys, sy well as organisias that contain chloroplast-like strucmures that
are no lenger capable of performing photosynthesis, such as microalgae of the genus
Prototheca and some dinoflagellates,

[0098] “Microorganism® and “micsobe” are used interchangeably herem to refer to
raicroseopic unicellular organisms.

{0099] "Oil" means a hydrophobis, lipophilic, nonpolar catbon-containing substance
including but not limited to geologicalty-derived crude oil, distitlaie fractions of geologically-
derived crude oil, vegetahle ofl, algal oil, and microbial Lipids.

[o108]  "Cleaginous yeast,” as used herein, mieans yeast that can accurmulate more than 10%
of DOW as lipid. Oleaginous yeast includes yeasts such as Yorrowia lipolytica, as well as
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. engineered strains of yeast such as Saccharomyces cerevisine that have been engineered to
accutnulate more than 10% of the DCW as tipid.
[0101]  “Osmotic shock™ refers to the ruptare of bacterial, algal, or other cells in a solution
following a sudden reduction in osmotic pressure. Osmotic shock is sormetimes induced o
release cellutar components into @ solution.
[0182] “Photobioreactor™ refers to a container, at least part of which is st leest partiaily
transparent or pariially open, thereby allowing ight to pass through, in which one or more

- microaigae cells are cultured. Photobioresctors may be closed, as in the instance of &
polyéthyieme bag or Erlenmeyer flask, or may be open to the environment, as in the instance
of an outdoar pond,
{6103] A Spolysaccharide-degrading enzyme” refers o an enzyme capable of catalyzing
the hydrotysis, or depolymerization, of any polysaccharide. For example, cellulases are
polysaccharide degrading enzymes that catalyze the hydralysis of celluloss,
{0104} “Polysaccharides” (or “glycans™) are carbohydrates made up of monosaccharides
joinéd together by glycosidic linkages. Cellulose is an example of a polysaccharide that
makes up certain plant cell walls. Celluiose can be depolymerized by enzymes to yield
monosaccharides such as xylose and glucose, as well ag larger dissccharides and
oligosaccharides.
[0105]  “Port,” in the context of & bioreactor, refers to an opening in the bioreactor that
allows influx or efflux of materials such as gases, liquids, and cells, Ports are usually
connecred to tbing leading from the photobioreactor.
{0186] -“Recombinant,” when used with reference, €.g., to a cell, or sucleic acid, protein, or
vector, indicates that the cell, nucleic acid, protein, or vecior, has been modified by the
inroduction of a heterologous nucleic acid of prateit or the alterafion of a native (naturally
ocenrring) nucleie acid or protein, or that the cell is derived from a cell so modified. Thus,
e.g., Tecommbinant eells oxpress nop-native genes, genes not found in the native (non-
Tecombinant) form of the cell, or express native genes differently than does the non-
recombinant cell, 1.e., the native gene is over-expressed, under-expressed or not expressed at
all, relative to gene expression in the non-recombinant cell, “Recombinemt nucleic acid”
refers fo & sucleic acid, typically formed in vitro by the manipulaion of pucleic acid, e.g.,
using polymerases and endonucleases, in a form not found in nature (and can inchude porified
preparations of naturally oceurring nucleic scids). Thus, an isolated mucleic gcid, in a iinear

form, or an expression vector formed in vitre by ligating DNA molecules that are not
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noxmally joined (for example to place two different nucleic acids in opersble linkage with
one another), are recombinant. Once a recombinant nucleic acid is introduced into a host cell
or organism, it may replicate non-recombinantly, 1.e., vsing the i vivo cellular machinery of
the host celi; however, such nucizic seids, produced recombinantly and subsequently
replicated non-recombinantly, are still considered recombinant. Similarly, & “recorbinant
proteir” is a protein made using recombinant technigues, i.e., through the expression of &
recombinent sucleic acid,

6167] “Saponified 0il” refers to the carboxylic acid salta and associated compounds that
are created during saponification of fatly acid esters from mierobiel souress, Fatty acid esters
can be derived from the triacylgyleerols (TAGs) produced by micréorganims. Compounds
associated with oifs from microbial sources include carotenoids, tocopherols, tacotrienals,
and other compounds of biological origin.

{108] ““Somication” refers to a process of disrupiing biologic materials, such as a cell, by
use of sound wave energy.

[8109]  “Stover” refers to the dried stalks and leaves of & crop remaining after a grain bas
been harvested.

{81K6] A “sucrose utilization gene” is & gene that, when expressed, aids the ability of & celt
1o ufilize sucrose as an energy source, Sucrose transporters, sucrose invertases, and
hexokinases such as glucokinases and fructokinases are examples of sucrose utilization
genes.

1L GENERAL

103113}  Cermin mivroorganisms can be used to produce lipids in large quantiies for use in
the transportation fuel and petrochemical Industries, among other applications. The present
invention provides methods that significantly decrease the cost and increase the efficiency of
obtaining lipids and valuable lipid-dexived compounds ferm microorganisms, Seitable
microorganisms for vse in the methods of the invention include microaigae, oleaginous yeast,
fungl, bacteria, and cyanobacterin. A genus of microalgae for use in the invention is the lipid-
producing microalgae Chiorella. The present invention also provides methods for the in sifa
transesterification of triacyiglycerols (TAGS) to fatty acid alkyl esters, which are useful as
biodiesel fuels and/or for other applications, as well as other methods for chemical
muodification of the lipids in microbial biomass,

{6112} The present invention also provides methods of making fatty acid alky! esters {e.g.,
fatty acid methyl esters (FAME)) by culturing a population of microbes that generate at least
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5% of their DCW as lipid, such as miglycerides. In this method, the microbial biomass is
harvested from the culture and optionally dred to remove water. Transesterification is then
accomphished by the addition of a lower-alkyl alcokol and a catalyst (e.g., NaOH) to generate
& lipophilic phase containing the fatty acid alleyl esters and & hydrophilic phase containing
hydrophilic cell material. The lipophilic phase can be readily separated from the hydrophilic
phase,

[6313] The direct transesterification of the biomass, without an intervening separation
process step in which the lipophilic components are extracted from the biomass prior to
transesterification, permits production of bicdiesel at greatly reduced costs, a3 compared fo
methods which employ traditional extraction and refining steps prior to transesterification.
[0114] The methods of the present invention provide firther advantages i the generation
of biodiesel via the in situ transesterification of plyceroiipids to fatty acid sky! esters. In
parieular, the microbes of the present invention can be cultared under conditions which
permit modulation of the glycerolipid content of the cells. Surprisingly, it has been
discovered that a greater proporiion of tote! glycerolipids can be converted to falty acid alkyl
esters in cells which comprise increasingly higher oil:non-oil ratios as a function of DCW,
Moreover, these higher oilmon-oil ratios also lead to another unexpecied advantage: fairy
acid alkyl esters penerated from ceils that comprise increasingly higher oilinon-oil ratios have
a lower concentration of heteroatoms than those produced from cells with lower oil:non-oil
ratios. The methods provided contrast markedly with current dogma i the Deld, namery wat
photoautotrophiz growth of microalgae is the best method of microalgae cultivation for
biofuel produoction (ses for example, Rodolfi, et al,, Biotechnology & Bioeﬂgfneeriﬁg
102(13:100-112 (2008) for digcussion on soreening mieréaigal strains for their biomass
productivity snd Ypid content for growth in @ cutdoor photobioreactor). 1t was also
discovered that the higher the ofl content of the biomass, the higher quality of the resulting
product after direct chemical modification. The present invention provides heterotrophic
maethods of eutturing microbes {&.g., microzlgae) 1o achisve higher oil conten for direct
chernical modification for the production of higher guatlity chemical products,

10115} The present invention also provides other methods of chenueally modifying Jipid-
containing microbial biomass, including without limiwtion, hydrogenation,
interesterification, hydroxylation, hydrolysis, and saponification. These methods can be used
with the various microorganisms and culturing condifions set forth herein to produce 2 wide
variety of cherical produets for a muliitude of appiications.
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[9116] The present inventon also provides useful compositions, including: a composition
comprising a lighter phase containing fatty acid alkyl esters and al least one heavier phase
containing microbial biomass; a composition comprising a lighter phase containing
compietely saturated Eipids' and at least one fteavier phese containing microbial biomass; s
composition comprising 2 lighier phase containing lipids and at least one heavier phase
containing microbial biomass from more than one speciss or strain; & composition comprising
a Hghter phase contatning hydroxylated lipids and at least one heavier phase containing
micrabial biomass; and a composition comprising a lighter phase containing free fatty acids
and at least one heavier phase containing microbial biomass. The present invention alse
provides compositions cornprising saponified off derived from the alkaline hydrolysis of
bicmass produced by culturing a popalation of microorganisms. '

118 MICROORGANISMS

[0317] Microorganisms usefisd in the invention produce Iipids suitable for cliemical
modification for bicdiesel production and for production of fatty neid esters for other
purposes such as industrial chemical feedstocks and edible oils, ag wel) as the production of
other chemical entities. Suitabls lipids for biodiesel and chemicals production include TAGs
containing fatty acid molecules. In some embodiments, suitable fatty acids contain at feast §,
at Jeast 10, at feast 12, av least 14, at least 16, at least 18, at least 20, st least 22, at teast 24, at
least 26, at least 28, at least 30}, at least 32, or at least 34 carbon atoms or more, Preferred
fatty acids for biodiese! generally contain 16 and 18 carbon atoms, In certain embodiments,
the above: fatty acids are sanrrated (with no carbon-cerbon dounble or triple bonds); mono
unsaturared (single double bond); polyunsaturated {two or more double bands); are linear {not
cyclie); and/or have litile or no branching in their structures,

[0118]  Insome embodiments, culturing microorganisms usefel in the in sitm
transesterification and modification methads of the present invention vields s biomass that,
when dry, comprises an oil content of at least 5%, at least 10%, at least 15%, at least 20%, or
at least 23%. In otber embodiments, the dried biomass comprises an ol content of at least
30%, atleast 35%, a1 least 405, af lsast 45%, at least 50%, at least 55%%, af jeast 60%, at least
65%, at lenst T0%, at least 75%, at least 80%, at least 85%, or at least 20%. "Dry® or *dried,”
as used inx this context, refers (o the absence of substantially all water. Biomass can also be
chemically modified without being dried; for example, biomass inctudes a centrifuged cell
paste.
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{0119]  In some embodimentis, culturing microorganisms useful in the o sity
transesteri§cation and other chemical modification methods of the invention yields 2 biomass
in which at least [0% of the lipid is C18, at least 15% of the lipid is C18, at least 20% of the
lipid is C18, or at least 25% of the lipid is C18. In other embodiments, the biornass comprises
a lipid constituent which is at least 30% CI8, at least 35% C18, at least 4% C18, af least
45% C18, or af least 50% C18. I stili ofher embodiments, the biomass can comprise  lipid
component that is et teast 10%, at least 15%, at Jeast 20%, at ieast 25%, at least 30%, at least
35%, at teast 40%, at teast 45%, or at least 50% C14 and/or C14, or longer chain lengths.
Alternatively, the blomass can comprise a lipid component that is at least 10% or at least 20%
Ci4, or shorter chain Jengths.

{0120] The microorganims useful in the methods of the present invention can be naturelly
occurring or genetically engineered to increase lipid yield, to génerate TAGs comprising
higher proportions of desireble carbon chain Jength (e.g., C18) fatey zcids, or to use particular
feedstocks (e.z., molasses) as an energy and carbon source. Such genetic engineering
modifications are deseribed below under the header "Lipid Pathway Enginesring.”

[6121] Any species of microorganism that produces suitable lipid can be used in the
methods of the Invention, aithough microorganisms that naturally produce high levels of
suitable lipid are typically preferred. In addition, microorganisms that can produce high levels
of lipid as a percentage of DCW when subjected to specific fermentation conditions are algo
preferred. Microalgae can be used in the methods of the invention, and nonlimiting examples
of microalgae, both genus aﬁd species, that can be used in the methods of the present
invention are listed in Table 1.

{6122} Table 1. Exampies of microaigas,

Achnanthes vriemtalis, Agmenelhon, Amphiprore hyaline, Amphora coffeiformis, Amphora
coffeiformis linea, Amphora cofjeiformis punciate, Amphora coffeiformis raylori, Amphora
coffeiformis tenuis, Amphora delicatissima, Amphora delicatissima capitata, Amphora sp.,
Anabaena, Ankistrodesmus, Ankistrodesmus falcatus, Boekelovia hooglandii, Boredinells
sp., Botryococous bravmii, Botryococeus sudeticus, Carteria, Chaetocerps gracilis,
Chaetoceros muelleri, Chaeloceros muelleri subsalsum, Chaetoceros sp., Chiorella
artitrata, Chlorella Antaretica, Chlorella aureoviridis, Chlorella candida, Chlorells
copsulare, Chlovelia desiceare, Chiorella ellipsoidea, Chlorelia emersonii, Chlorella fusca,
Chiorella fusca var. vacuolata, Chlorella ghicotropha, Chlorella infusionum, Chlorella

infusionum var. actophila, Chlorella infusionum var. auxenophila, Chlorella kessteri,

22



Chlorella lobophora (strain SAG 37.88), Chlorella luteoviridis, Chlorella luteoviridis var.
aureoviridis, Chlorella luteoviridis var. lutescens, Chlorella miniata, Chlorella
minutissima, Chlorella mutabilis, Chlorella nocturna, Chlorella parva, Chiorella
photophila, Chlorella pringsheimii, Chlorella protothecoides (including any of UTEX
strains 1806, 411, 264, 256, 255, 250, 249, 31, 29, 25}, Chlorella protothecoides var.
acidicola, Chiorella regularis, Chlorella regularis var. minima, Chlorella regularis var.
umbricara, Chlorella reisiglii, Chloreilu saccharophila, Chlorella saccharophila var.
ellipsoidea, Chlorella salina, Chlorella simplex, Chlorella sorokiniana, Chiorella sp.,
Chiorella sphaerice, Chlorella stigmatophora, Chlorella vanniellii, Chlorella vulgaris,
Chlorella vulgaris, Chlorella vulgaris [ tertia, Chlorella vulgaris var. autotrophica,
Chiorella valgaris var. viridis, Chlorella vidgaris var. vulgaris, Chlorella wigaris var.
vilgaris . tertia, Chilorella vulgaris var. valgaris 1 viridis, Cllorella xanthelle, Chlorella
zofingiensis, Chlorella trebouxivides, Chlorella vulgaris, Chloroceccum infusionum,
Chlorococcum sp., Chlorogonium, Chroomonas sp., Chrysosphaera sp., Cricosphaera sp.,
Crypthecodinium cohnii, Cryptomonas sp., Cyclotella cryptica, Cyclotella meneghiniana,
Cyclotella sp., Dunaliella sp., Dunaliella bardawil, Dunaliella bioculata, Dunalielia
granulate, Dunaliella maritime, Dunaliella minuta, Dunaliella parva, Dunaliello peircei,
Dunaliella primolecta, Dunalietla salina, Dunaliella terricola, Dunaliella tertiolecta,
Dunalielln viridis, Dunaliella tertiolecta, Eremosphaera viridis, Eremosphaera sp.,
Ellipsoidon sp., Euglena, Franceia sp., Fragilaria crotonensis, Fragilaria sp., Gleocapsa
sp., Gloeothamnion sp., Hymenomonas sp., Isochrysis aff. galbana, Isochrysis galbana,
Lepocinclis, Micractinium, Micractinium (UTEX LB 2614), Monoraphidium minutum,
Monoraphidium sp., Nannochloris sp., Nannochloropsis salina, Nannochloropsis sp.,
Naviculg geceptata, Navicula biskanterae, Navicula pseudotenelloides, Navieula
pelliculosa, Navicula saprophila, Navicula sp., Nephrochloris sp., Nephroselmis sp.,
Nitschia communis, Nitzschia alexandrina, Nitzschia communis, Nitzschia dissipata,
Nitzschia frustulum, Nitzschia hantzschiana, Nitzschia inconspicua, Nitzschia intermedia,
Nitzschia microcephala, Nitzschia pusilla, Nitzschia pusilla elliptica, Nitzschia pusilla
monoensis, Nitzschia quadrangular, Nitzschia sp., Ochromonas sp., Qocystis parva,
Oocystis pusilla, Oocystis sp., Oscillatoria limnetica, Oscillatoria sp., Oscillatoria
subbrevis, Pascheria acidophila, Paviova sp., Phagus, Phormidium, Platymonas sp.,
Plewrochyysis carterae, Pleurachrysis dentate, Pleurochrysis sp., Prototheca wickerhamii,

Prototheca stagnora, Prototheca portoricensis, Prototheca moriformis, Prototheca zopfii,
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Pyramimonas sp., Pyroboirys, Sarcinoid chrysophyte, Scenedesmus armatys,
Schizochyrrium, Spivogyra, Spiruling platensis, Stichococeus sp.,, Synechococcus sp.,
Tetraedron, Tereselmis sp., Tetraselmis suecica, Thalassiosira weissflogii, and Viridielle

Jridericiane

10123] Nonlimiting examples of olcaginous yeast that can be used in the methods of the
present inveniion are listed in Table 2.

[0124] Tabie 2. Examples of oleaginous yeast.

Cryptococeus curvatus, Cryplococeus terricolus, Candida sp., Lipomyces starkeyi,
Lipomyces lipafer, Endomycopsis vernalis, Rhodotorula glutinis, Rhodotorula gractlis, and

Yarrowia lipolytica

{01258} Nonlimiting examples of fungi that can be used in the methods of the present
invention are listed in Table 3,
0126} Teble 3. Examples of fungl.

Mortierella, Mortierrla vinacea, Mortierella alpine, Pythium debaryarm, Mucor
circinelloides, Aspergillus ochraceus, Aspergillus terreus, Pennicillium filacinum,

Hensemdo, Chaetomium, Cladosporium, Malbranchea, Rhizopus, and Fythium

181271 Considerations affecting the selection of & microorganism for use s the invention
include, in addition to production of suitable lipide for biediesel production: {1} high lipid
content &s 2 percentage of cell weight; (2) ease of growth;; and (3) ease of processing.
Preferred microorganisms grow heterotrophically {on sugar in the absence of 1ight) or have
been engineered to do so using, for exarnple methods disclosed in U.5. Patent Application
Nos. 60/941,581 (filed Fane 1, 2007), 607959, 174 (filed July 10, 20G67), 66/968, 291 (filed
Axugust 27,2007) and 611024, 069 {filed January 28, 2008},

[0128] Processing considerations can include, for example, the avallability of effective
means for lysing the cells. Bacteria can also be used in the methods of the invention
invention, particularly oleaginous bacteria such as species of the genus Rhodococcus, such as
Rhodecoceus opacus and Riodacoccies sp.

6128}  Species of microalgae for use in the methods of the invention can be jdentified by
amplification of certain target regions of the genome of a test microalgae. For example,

identification of  specific species or strain of microalgae can be achicved through
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amplification and sequencing of nuclear and/or chloroplast DNA using primers and
methodology using any region of the genome (see, e.g., Wu et al,, Bot. Bull. Acad, Sin.

(2001) 42:115-121 “Identification of Chlorelln spp. Isolates using ribosomal DNA
sequences”™). Well established methods of phylogenetic analysis, such as amplification and
sequencing of ribosomal internal ranscribed spacer (TTS1 and IT82 tDNA), 235 1RNA, 18s
rRNA, and other conserved penomic regions can be nsed to identify species of microalgal

and uther hydrocarbon and Hpid producing organisms that can be used in the methods
disciosed herein. For examples of methods of identification. and classification of algae, see
alsa, e.g., Genetics, 2005 Augy 170(4):1603-10 and RNA, 2005 Apr,11(4):361-4.

[0%30] Genomic DNA comparisons can also be used to identify sujtable species of
microalgae for use in the methods of the present invention. Regions of conserved DNA,
including, but not limited to, DNA encoding 238 rRNA, can be amplified from mieroalgal
species znd compared to consensus sequences to soreen for microalgal species that are
taxonomically related to a microaigae used in & method of the present invention. Examples of
such DNA sequence comparison for species within the Chlarella and Protatheea genus are
shown below in the Examples.

{01313 In some embodiments, microalgae for use in the methods of the present invention
have genomic DNA sequences encoding 235 rRNA that have at least 99%, at least 98%, at
least 97%, at least 96%, at Jeast 95%, at least 94%, at least 93%, at least 92%, at least 91%, at
least 90%, at least 89%, at least 88%, at least 87%, or at least 86% nucleotide identity to at
jeast one of the sequences listed in SEQ ID NOs:3.6. In other embodiments, microalgae for
use in the methods of the present invention have genomic DNA sequences enseding 238
tRNA that have at least 85%, at least 80%, at Jeust 75%, ut least 70%, at least 65% or at least
60% nucleotide identity to ut Jeast one of the sequences listed i SEQ ID NOg;3-28,

[0132]  Chiorelln is a genus of single-celled green algee, belonging to the phytum
Chiorophyta, that can be used in the methods of the present invention. Chlorella is spherival
in shape, sbout 2 1o 10 ym in diameter, and is without flagella. Some species of Chloreila are
naturally heterotrophic. Chlorelia, particulary Chilorella protothecoides, is a preferred
microorganism for use in the invention because of its high composition of Tipid, particularly
long~chain lipid suitzble for bivdicse]l and chemical modification into other molecules, In
‘addition, this microalgae grows heterotrophically.

{6133}  Prototheca is 2 genus of single-cell microalgae thought to be a non-photesynthetic

mutant of Chioreila that is useful in the methods of the present invention. While Chiorefla
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can obain its energy through photosynthesis, species of the genus Prototheca areobligate
beterotrophs. Prototheca are spherical in shape, about 2 to 15 micrometers in diameter, and
without flagelia. Prototheca, particolarly Prototheca moriformis, is s preferred
microorganism for use in the invention bevause of its lipid composition, periicularly saturated
lipids suitable for saponification. In addition, the lipid exiracted from this microalgae has
very few colorant contaminems, further making it suitable for saponification.
[0134]  As with both plants and animals, algae and other microbes store excess energy in
the form of lipids for use when other sources of energy (e.g., sunlight) are wnavailable.
Moreover, modulation of off content allows algae living in an agueous epvironment to float
znd thereby optimize access to sunlight to carry out photosynthetic processes. The ability to
modify buoyancy via modulation of ofl content has jed to microdigal cells that can generate
high cellular off concentrations as compared to higher plants. The characteristic of high oil
content is advantageous for in situ chemical modification of oil-bearing biomass, becanse, as
demonstrated herein, high-oil bio
mass vields higher purity TAG derivatives compared to low-0i] biomass, partieularly
photesynthetically-derived low-oil biomass. Accordingly, micmorganisms that can beusad to
generste high-oil biomass are preferrad for use in the methods of the present invention.

4. Growth Methods
[06135] Microrganisms can be cultured both for purposes of conducting optional genetic
manipulations and for the production of lipids, The former type of culture is conducted on a
small scale and, at least initially, undex conditions in which the starting microorganism can
grow, For example, if the starting microorganism is a photoautotroph, the inifial culture is
conducted in the presence of light. The culture conditions can be changed if the
microorganism is evolved or engineered to grow independentiy of Hght. Culiure for purposes
of lipid production is usaally conducted on a large scale.

%, Photosynthetic Growth Methods

[3136] Photosynthetic microorganisms, such as microslgae, can be grown in the presence
of ight in e liquid coltre medium that may be contained, for example, in z photobiorsactor.
The number of photons siriking a culture of microalgae cells can be manipulated, as well as
other parameters, such as the wavelength spectram and ratio of dark:tight hours per day.
Microalgas can also be cultured in natural light, as well as stmultaneous and/or alternating

combinations of natural light and ariificial light. For example, microalgae of the genus
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Chiorella can be cultured wider natural light during daylight hours and under artificial light
during night hours.

[6137) The gas content of a photobioreactor to grow microorganisms such as microalgae
can be manipulated. Part of the volume of & photobioreactor can contain gas rather than
Yiguid, Gas inlets can be used 1o punp gases into the photobioreactor. Any gas canbe
pumped inio & photobioreactor, including air, air/CO, mixtures, noble gases such as argon
and other gases. The rate of entry of gas into a photobioreactor ean also be manipulated.
Increasing gas flow into a photobioreactor increases the turbidity of 8 culiure of microalgae.
The placement of ports conveying gases into 2 photobiorezctor can alse affect the turbidity of
a calture at g given gas flow rate, Air/CO; mixtures can be modulated to generaie optimal
smounts of CO» for maximal growth by & particular organism, Microalgee grow significantly
faster in the ighy under, for example, 3% C0/97% air than in 100% air. 3% CO./57% air bas
spproximately 100-fold more COy than air. For example, air:CO, mixtures of about $9.75%
#r0.25% COx, sbout 99.5% aiv:0.5% CQy, about 99.0% air: 1 .00% CO», bt 98.0%
2ir:2.0% COy, gbout 97.0% &ir:3.0% CO,, about 96.0% air:4.0% CO,, and about 95.00%
air:5.0% CO- can be infused into & bioreactor or phowbioreactor in accordance with the
present methods. A $% CO,:95% adr mixture infused into & photobioreactor containing
Botryococeus cells is reported in J Agric Food Chem. 2006 Jun 28;54(13):4593-9; J Biosci
Bioeng. 1999;87(6):811-5; and J Nat Prod. 2003 Jun;66(6):772-8).

{0138]. Microaigae can be grown and meintained in closed photobIOTSactors made OF gny of
aA variety of dilf'ﬂ:rmt types of transparent or semitransparent rmaterial. Such material 'includes
Plexiglas® enclosures, glass enclosures, bags made from substances such as polyethylene,
transparent or semitransparent pipes, and other materials. Microalgae can also be grown and
wmuaintained i open. photobioreactors such as raceway ponds, setthing ponds, and other non-
enclosed coptainers.

[0139]  “algal shading” refers to the inability of 2 light source to penetrate and reach all
cells of a photosynthetic eulinre. Cells nearest the light source will "shade” (by virtue of their
physical presence and absorption of photons in the chloroplasts) those cells further from the
light source and thereby Hinit the exposure of those other cells to the energy needed to
convert & carbon feedstock into lipids or other materials necessary for cell growth and
reproduciion. By mixing the culture, one can provide a mechanism to expose all celis o the
Hight source, but "shading" nevertheless impacts the tota} duration of exposure, Jeading to

slower growth and lower oil content as a percentage of DCW. As aresult, longer growth
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periods may be required to achieve high densities of cells and/or high oil content. Bven after
exiended periods of growth, cells grown on light as & sole energy source rarely confain more
than 15% oil as 2 percentage of DCW. In addition, photosynthetic growth of microalgae
results in high levels of chloraphyll in the biomass, leading o much higher quantities of
magnesium in directly transesterified biomass, because magnesium is 2 component of
chicrophyl, and chiorophyll is « highly hydrophabic compound thet sccomulates in the
lipophilic phase. In addition, higher carotencid levels aceumulate in slgae grown
. photosynthetically than in algae grown heterotrophically.

2. Heterotrophic Growth Methods for Lipid Production
[0746) I contrast to photosynihetic growlh methods, microalgae can be cultured in Yiquid
media with the colture contained in a bioreactor that does not allow light to enter,
Heterotrophic culture methods such as these tely on the use of 2 fixed cartbon souree {e.g.,
ghucose, glyeerol, cellulosics, et} to provide energy for growth and lipid production. Culture
condition parameters can be manipulated o optimize total lipid-production.
19148]  Microalgal culture media typically contain components such as & fined nitrogen
source, trace ejements, optionally a buffer for pB maintenance, and phosphate. Other
components can include a fixed carbon source such as acetate or glucose and salts such ag
sodium chioride, particutarly for seawater microalgae. Examples of trace elements include
zine, boron, cobalt, copper, manganese, and molybdenum in, for example, their respective
forms of ZnCly, HyBO;, CoCly 61H:0, CuCl-2H,0, MnCly-4H,0 and (NHy)sMorOug-4H,0.
These and other cultare parameters, such a8 (e pH of the culture medis, the identity and
concantration of trace clements and other media cdnsﬁmems, can algo be manipulated in the
methods of the ipvention to achieve  desired production result.
8142} For organisms able fo grow on a fixed carbon source, the fixed carbon source can
be, for example, glacose, fructose, sucrose, galactose, xylose, mannose, thamnose, glycerol,
celinlosic sources, and/or floridoside. The one or more carbon source(s) can be supplied at a
concentration of at ieast aboul 50 1M, at least about 100 piM, af least about 500 pM, at ienst
about 5 mM, at least abont 50 mbi, and at least about 500 mM, of one or more exogenously
provided fixed carbon source(s). For multiple species of Chicretin, for exaraple,
hetsrotrophic growth results in high production of biomass and accumulation of high lipid
content in cells,
{81431  For lipid production, cells, including recombinant cells, are typically coltured or

formented in large guantities, The cultoring may take place in large Yiguid volumes, such as in
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suspension culiures as an example. Other examples inclode starting with a smell calture of
cells that is expanded into a large biomass by cell growth and propagation concurrently with
Iipid production. Bioreactors or sieel fermentors can be used to accormunadate large cudture
volumes. A fermentor similar those used in the production of beer and/er wine is suitable, as
are the very large fermentors used in the production of ethanol.

[0244]  Appropriate nuirient sources for culture in a fermentor are provided. These include
rew materials such as one or more of the following: a fixed carbon sowrce such as glucose,
cOrR: st&ch, depolymerized celfulose, sucrose, sugar cane, sugar beet, lactose, mitk whey, or
miolasses; a fat source, such as fats or vegetable oils; a nitrogen source, such as protein,
soybean meal, comnsteep liguor, ammonie (pure or in salt formy), nitrate or nitrate salt, or
molecular nittogen; and a phosphorus source, such as phosphate salts. Additgonally, a
fermentor allows for the control of cultare conditions such as temperature, pH, oxygen
tension, and carbon dioxide levels. Gaseous components, like oxygen or nitrogen, can be
bubbled through a liquid culture.

{0145] A fermentor can be used to attow cells to undergo the various phases of their growth
oycle. As an exaruple, an inoculum of hpid-producing cells can be inooduced into 8 medium
followed by a lag period (lag phase) before the cells begin growth. Following the lag period,
the growth rete increases steadily and enters the log, or exponential, phase. The exponental
phase is typicatly followed by a slowing or conplete cessation of cell division due to
decreases in nutrienis, nitrogen in particular, Afier slowing, growth stops, and the cells enter
a steatdy state of converting a fixed carbon feedstock into a desired product, such as o TAG,
Maintaining the steady state for a longer period of time results in # higher percentage of
DCW being the desired product, such as lipid in the case of the microorganisms described
herein. In some instances, it is desirabis to maintain the microbia] cells in z steady state in
which the cells convert a carbohiydrate such as glucose into lipid while not undergoing cell
division for an extended period of time to generate microbial biomass with more than 30%,
more than 40%, more than 50%, or more than 60% Tipid as a percentage of the dry weight of
the cells, Nitrogen Hmitation is generally sufficient to prevent cells from undergoing cell
division,

[0146] Microorganisms grown using conditions described herein and known in the arf can
comprise at least 20% lipid by weighi, preferably at least 40% lipid by weight, more
preferably at least 50% lipid by weight, more preferably at least 60% lipid by weight, more
preferably at least 70% lipid by weight, and most preferably at least 80% lipid by weight, In
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some embodiments, microorganisms are coltured using conditions described herein to atiain 2
lipid component of at Jeast 20% by weight within a culture period of no more than 1 week. In
some embaodiments, the culture period is no more than 14 days, no more than 13 days, no
more than 12 days, no more than 11 days, no more than 10 days, no more thay 2 days, no
mote than § days, no more than 6 days, no more than 3 days, no more than 4 days, or no more
than 3 days. In any one of the foregoing culture periods, the microorganisms may yield at
least 20%, at least 25%, at least 30%, at least 35%, of least 40%, at jeast 45%, at least 50%, at
Yeast 55%, at least 60%, at least 65%, at least 70%, ot least 75%, af least 80%, af least 85%, ox
ar Jeast 90% lipid by DCW. In some embodiments, microorganisms are cultured using
conditions described herein to attain a Tipid component of at lecast 20% by weight within 2
culture period of at least 2 days. In some embodiments, the cultture period is ol Teast 3 days, at
ieast 4 days, at lesst 5 days, at least 6 days, at least 7 days or at Jeast & days. In any one of the
foregoing cuiture periods, the microorganisms may yield at leest 20%, at least 25%, at least
30%, at least 35%, af least 40%, at least 45%, af least S0%, af least 55%, at least 60%, at least
65%, at least 70%, at least 75%, at least 80%, af least 85%, or at least 90% lipid by DUW.
[8147} Process conditions can be adjusted to increase the yield of Yipids suitable for use as
biodiesel or other target molecules and/or to reduce production cost, For example, in certain
embadiments, 8 microbe {e.g., 2 microaigae) ts cultured in the presence of a limiting
concentration of one or more nutrients, such as, for example, nitrogen. This condition tends 10
incraase microbisl lipid vield over microbial lipid yield 1 a culture sn wiich nitrogen 15
provided in excess. In particular embodiments, the increase in Yipid vield is at lenst about:
10%, 20%, 30%, 40%, S0%, 75%, 100%, 200%, 300%, 400%, or 500%. The microbe can be
cultured in the presence of 2 Bmdting amount of the nutrient for a portion of the total culivre
period or for the entire period. In perticular embodiments, the nutsient concentration is cycled
between @ Iimiting concentration and a non-limiting concentration af least twice during the
total culture period. In addition and ss shown in the Figures, certain fixed catbon feedstocks
such as ghyserol can he employed to increase the pereentage of cel! weight that ie lipid
compared fo comparable quantities of other fixed carbon feedstocks.

10348} To increase Hpid yield, acetic acid can be employed in the feedstock for a lipid-
producing microbe (e.g., 2 microalgae). Acetic acid feeds directly into the point of
metabolism that initiates fatty acid gyntbesis {i.¢., acety}-CoA}; thus, providing acetic acid in
the culture can increase fatty acid production, Generaliy, in this embodiment, the microbe is

eultured in foe presence of a sufficient amount of acetic acid 1o increase microbial lipid yield,

30



and/or microbial fatty acid yield, specifically, over microbial lipid (e.g., fafty acid) vield in
the sbsence of acetic acid.

[0149]  In another embodiment, lipid yield is increased by culhuring a lipid-producing
Tnicrabe (e.g., microalgae) in the presence of one or more cofactor(s) for a lipid pathway
enzyme (e.g., & fatty acid synthetic enzyme). Generally, in this embodiment, the
concentration of the cofactor(s) is sufficient to increase microbial lipid (e.g., fatiy acid) yield
Gver microbial lipid vield in the sbsence of the cofactor(s), In a particular embodiment, the
oofactar(s) 1s provided to the culture by nchuding in the culture a micrebe {¢.g., microalgas)
containing an exogenous gene encoding the cofactor(s). Alternatively, cofactor(s) may be
provided to a culture oy inctuding a microbe (e.g., microalgae) containing an exogenous gene
that encodes a protein that participares in the synthesis of the cofactor. Int certsin
embodiments, suitzble cofactors include any vitamin required by & lipid pathway enzyme,
such as, for example, biotin or pantothenate. Genes encoding cofactors suitable for nse in the
invention or that participate in the synthesis of such cofactors ave well known and can be
iniroduced into microbes {e.g., microalgae) using constructs and techniques known to those
in the art.

[0150) Mieroalgal biomuass with a high percentage of oil/lipid accamulaton by dry weight
has been generated using a variety of different methods of cultare known in the srt.
Microalgal biomass with a higher percentage of accurnulated oil/lipid is useful in accordance
with the present invention. Li et al. describe Chlorella vulgaris cultures with up to 56.6%
lipid by DCW in stationary cultures grown under sutotrophic conditions (i.e., photosynthetic
growth conditions) using high iron concentrations (Li et al., Bioresource Technology
99(111:4717-22 (2008)). Rodolfl et al, describe Nancchlorapsis sp. and Chaetoceros
calciirans culmres with §0% lipid DCW and 39.8% lipid DCW, respectively, grown in a
photobiareactor under nitrogen starvation condinions (Rodolfi ef al., Bistechnology &
Bioengineering 102(1%:100-112 (2008} ). Solovchenko et al. describe Parietpchiorts incise
culmres with approximately 30% lipid accumulation (OCW) when grown phototrophically
znd under low nitrogen conditions (Solovehenks ef al., Journal of Applied Pheology 20:245-
251 (2008)). Chloretla protothecoides can produce up to 55% lipid (DCW) grown wnder
certain heterotrophic conditions ﬁaith nitrogen starvation (Miao and W, Bioresource
Fechnology 97:841.846 (20063). Other Chlorella species including Chiorella emersonii,
Chiorella sorokiniana, and Chlorelin minufissima have been desoribed 1o have accumulated
up 1o 63% oil (DCW) when grown i stired tank bioreactors under low-nitrogen media
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conditions (Dlman et al,, Engyme and Microbial Technology 27:631-635 {2000)). Still higher
percent lipid accumulation by RXCW has been reporied, inchuding 70% lipid (DCW)
aceumulation in Dumedielln tertiolerta coltures grown in increased NaCl conditions {Takagi
et al., Jowrnal of Rioscience and Bioengineering 101(3): 223-226 {2006)) and 75% lipid
accumulation in Botrpococews braunii cultures (Banerjee et al., Critical Reviews in
Biotechnology 22(33: 245-279 (2002)). These and similar methods can be used for
photosynthetic and heterotrophic growth of microalgae to produce oil.
[8151] Microalgal biomass generated by the enlture methods described herein and useful in
accordance with the present invention comprises at least 10% microalgal oil by dry weight. In
some embodiments, the microalgal biomass copprises at teast 15%, at least 25%, at least
35%, at least 45%, at lsast S0%, at least 55%, or at least 60% microaigakvoi! by dry weight. In
some embodiments, the microalgal biomass contains from 10-90% ncroaigal oil, fom 25
75% raicroalgal oil, from 40-75% microalgal oil, or from 30-70% microalgal oil by dry
weight,
{0152}  In various embodiments, the microalgal biomass comprises at least 25% at least
26%, al least 27%, af least 28%, at least 20%, at least 30%, at least 31%, at least 32%, af least
33%, al least 34%, af least 35%, at least 36%, at least 37%, at least 38%, af least 38%, at least
40%, at least 41%, at least 42%, at least 43%, at least 44%, at Jeast 45%, at least 46%, at Jeast
47%, at least 48%, at least 49%, or at least 50% microalgal oil by dry weight. In other
embodiments, the microalgal biomass comprises at least 51%, at least 5%, at Ieastl 539%, at
least 54%, af least 55%, at east 56%;, at least 57%, &t least 58%, at least 50%, ai least 60%, af
east 61%, at least 62%, at least 63%, at least 64%, at least 65%, at least 66%, at Jeast 67%, at
least 68%, at least 69%, at least 70%, at least 71%, at least 72%, at least 73%, at least 74%, at
least 75%, at least 76%, at least 77%, at least T8%, at least 79%, at least 80%, at least §1%, at
ieast 82%, at least 83%, at Jeast 84%, at least 85%, at least 86%, at least §7%, at least §8%, at
least 89%, or at least 90% microaigal oil by dry weight,

2. Use of Non-Traditional Carbor Seurces
[0153] Microorganism can naturally grow on, or engineered to grow on, non-traditional
carbon sources, such as sucrose, xylose, cellulosic materials, sorghum syrup and waste
marerials, Suitable celluiosic materials include residues from herbaceons and woody energy
crops, as well as agricultural crops, i.e., the plant parts, primarily statks and leaves, that are
not the primery food or fiber produet. Examples include agricultural wastes such as sugarcane

bagasse, rice hulls, comn fiber (inciuding stalks, leaves, husks, and cobs), wheat straw, rice



straw, sugar beet pulp, citrus pulp, citrus peels; forestry wastes such as hardwood and
sofiwood thinnings, and hardwood and softwood residues from timber operations; woad
wastes such as saw mill waste (wood chips, sawdust) and pulp mill waste; urban wastes such
88 paper fractions of municipal sofid waste, urban wood waste, and urban green waste such as
municipal grass clippings; and wood construction waste. Additional cellulosics include
dedicated celiulosic erops such as switchgrass, hybrid poplar wood, and miscanthus, fiber
cane, and fiber sorghmm. Five-carbon sugars that are produced from such materials include
xylose.
[6154]  In anaiher heterotrophic growih method, microalgal species can utilize mixed
carbon sources such as sorghum syrup or pure sorghum. Sorghuns syrup is produced from the
Juice of sweet sorghum cane. Is sugar profile consists of mainly glucoss (dextrose), fructose,
" and sucrose. Mieroal gal strains can be screened for the capability to utilize sorghum as the
sole carbon sourcs. As non-himiting examples, microalgae from severa! strains of Chiorefla
protothecoides, Chlorella luteovirdis, Prototheca moriformis, Chlovella kessleri,
Pearachivrella kessleri, and Prototheca stagnora can utilize sorghum syrup in heterowophic
conditions, as described in the Examples below.
{6155] Some microorganisms naturally grow on or can be enginesred to grow on a fixed
carbon source that is a heterogencous source of compounds, such as municipal weste,
secondarily treated sewage, wastewater, and other sources of fixed carbon and other nutrients
such as sulfates, phosphates, and nitrates, The sewage component serves as a nutrient source
in the production of lipids, and the culture provides an inexpensive source of lipids for in sita
transesterification and the production of biodiesel or for other chemical modification in
accordance with the methods of the invention.
[6156] To reduce the cost of producing biodiese] or other chemicalty-modified lipids,
crude, pariislly purified, or purified glycerol produced as a byproduct of lipid
transesterification can be employed as 2 feedstock for fermenting, for example, lipid-
producing microbial cultures. Thus, the invention provides methods involving the steps of
culturing a microbe (e.g., & microalgae) in & first microbial culture; subjecting the microbial
biomass to transesterification to produce fatty acid ester(s) and ghycerol, as described below;
and adding the plyeerol to a second microbial culturs gs a feedstock. The first and second
microbial cultures can, but need not, be cultures of the same microbe. If desired, 2 continuous
_ system can be implemented in accordance with the invention whereby glycerol produced

from the lipid recovered from a colture can be fed back into the same cultore.



{0157 Improved culture parameters incorporating the use of glycerol for fermentation of
multiple genera of both eukaryotic and prokaryotic microbes, including microbes of the
genera Chiorelln, Navicula, Scenedesmus, and Spiruling, ave described herein. As the
exarnpies demonstrate, microbes of extremely divergent evolutionary lineage, including
Chlorelin, Navicula, Scenedesmus, and Spiruling as well as cultures of multiple distinet
Chiorella species grow very well on not only purified reagent-grade glycorol, but aiso
acidulated and non-acidulated glycerol byproduct From biodiese! iransesterification. In some
ixstances microalgae, such as Chloralla strains, undergo cell division faster in the presence of
glycero! than in the presence of glucose.

[0158] The methods of the present invention can utilize microorganisms, for exampie,
cultured vis two-stage growth processes in which cells are first fed glycerol to increase cell
density rapidly, and are then fed ghucose to accumnlate lipids. This can provide significant
economic benefits in that the glycerol byproduct of the transesterification process is put back
inte the production process. Other feeding methods are provided as well, such a8 methods in
whith mixtures of ghycerol and glucose are fed, and methods in which glacose is fed during
the growth phase and glycerol is fed during the lipid production phase, Feeding suck mixiures
can provide economic benefit. In addition, the methods of the invention include methods in
whish microorganisms are fed aliernative sugars such as sucrose in various combinations
with glycerol. These alternatives have been demonstrated with microbes from extremely
divergent evolutionary lineage, including both prokaryotes and eukaryotes, demonstrating the
feasjbility of these aliernative culture conditions for microbial fermentation in alcwrdance
with the methods of the present invention.

[0159] Multiple Chiorella species, and multiple strains within 2 species of Chlorella,
perform better in the presence of glycerol byproduct from transesierification than in an
equivalent amount of reagent grade glycerol. Glyceral byproduct from transesterification
usually contains residual wethanot and other contsminants in addition to giycerol, For
example, Figures 1-6 demonstrate that strains of Chlorella protothecaides and Chlorelln
fessler: exhibit better productivity on acidulated and non-acidulated glycerol byproduct ffom
biodiesel transesterification than when grown or pure reagent grade glyeerol, Other
microbes, such as Scenedesmus and Navicula microalgae, can also perform betier in fhe
presence of giveerol byproduct from transesierification than in an equivalent amount of

reagent grade glycerol.
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[0160] Figure 1 demonstrates that dry celf weight per liter (DCW per L) was higber on
biodiesel glycerol byproduct than on pure glycerol, and this trend held true when the cells
were grown in glycerol by itself or in combinetion with glucose. Figore 2 shows the seme
trends with additional steatns of Chlorelin. Figure 12(b} demonsirates that DCW per L of
Scenedesmus armarns is higher on acidnlated and non-acidulated biodiese] byproducts
glycerol than on pure reagent grade glyserol. Figure 13 demonstrates that DCW per L of
Naviewla pelficulosa is higher on non-acidulated biodiesel byproduct glycerol than on pure
reagent grade glycerol, : .
{0161} Figures 3 and 4 demonstrate that, with multiple species of Chlorells and multiple
sirzins within & species of Chiorellu, lipid levels (or lipid content) per Hter arc higher when
the cells are cultured in the presence of biodiess! glycerol byproduct than when cultured in
the presence of equivalent concentrations of pure reagent grade glycerol.

{016%] Figures 5 and 6 demonstrate that multiple species of Chiorella and roultiple strains
within & speaies of Clilorelle scoumulate a bngher percentage of DCW as lipid (Lipidasa
Percentage of Cell Weight) when cultured in the presence of biodiesel glycerol byproduct
than when cuttwred in the presence of equivalent concentrations of pure reagent grade
glycerol. Figare 11 demonstrstes that both Spiruling plazensis and Navicula pelliculosa can
accumulate & higher poreentage of DCW as Hipid when cultured in the presence of biodiesel
glycerol byproduct than when cultured in the presence of equivalent concentrations of pure
reagent grade glycerol. Figure 12(a) demonstrates that Scenedesmus armatus can scowmulate
a higher percentage of DCW s lipid when cultured in the presence of biodiese] glycerol
byproduct than when cultured in the presence of egaivaient concentrations of pure reagent
grade glycerol. ’

[0163} Moreover, multiple species of microbes, including microaigae such as Chilorella,
Scenedesrmus, Navicwln, and Spirulina exhibit better characteristics as biodiesel producers in
tbe presence of mixtures of glycerof and glucose than in the presence of only glucese. Thus,
Figure 7 demonstrates that Chlorella can acoumulate higher lipid levels (content) per liter of
culture in the presence of 1% glyeerol/1% glucose thas in the presence of 2% ghucose, Figure
12(b) demonstrates that DCW per L of Scenedesmus armatus is higher when cultured in the
presence of 1% biodiesel byproduct glycerol/1 % glucose than in the presence of 2% glucose.
Figure 13 demonstrates that DCW per L of Nevienla pelliculosa is higher when enltured in
the presence of 1% biodiesel byproduet glycerol/1% ghicose than in the presence of 2%

gincose.
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19164} Figure 8 demonstrates that Chlorella can sccumulate a higher percentage of DCW
as lipid when coltured in the presence of an equal concentration {weight percent) mixture of
glycerol and ghacose than when cultured in the presence of only glucose. Figore 11(z)
demonsirates that Spiruling platensis can acaumulate a higher percentage of DCW as lipid
when cultured in the presence of an equal concentraiion {(weight percent) mixture of biodiese]
byproduct glycerol and glucose than when cultured in the presence of only glucose. Figure
11(b) demonstrates that Navicula pelliculose con accumulate a higher percentage of DCW as
lipid when coltured in the presence of anchnak concenmration {weight percent) mixtare of
reagent grade ghycero! and glucose, as well es biodiesel byproduct glyeceral and giucoss, then
when cultured in the presence of only glucose. Figure 12{b) demonsirates that Scenedesmus
armates can accumnulate a higher percentage of DCW as lipid when cultured in the presence
of an equal concentration (weight percent) mixture of biodiese! byproduct ghycerol and
glucose than when cultured in the presence of only glucose, Such methods of increasing the
Tipid as a percentage of DCW are useful in generating biomass that yields a lower amount of
heteroatorns in biodiesel than lower percentage lipid biomass when the biomass is subjecred
{o direct transesterification,

{8163] M has further been discovered that, by edding glyeerol and glucose to microbes,
including microalgae such as Chlorella, Scenedesyus, and Novicula sequentially, rather then
as 2 single batch mixture of giycerol and glucoss, can generate additional yield gains. This
attribute of multiple species of Chlorella and multiple strains within a species of Chlorelln
was tested in the pregence of both biodiese! glycerol byproduct and reagent grade glyoeral,
{8166} Thus, Figure 8 dernonstrates that Chlorelfs can acoumulate a higher percentage of
DCW as ¥ipid when glycerol is added o & enlture for & fivst period of time, followed by
addition of glucose and continved cultning for a second period of time, than when the same
guantities of glycero! and glucose are added together at the beginming of the experiment.
Suck methods of increasing the lipid as a percentnge of DCW are useful in generating
biomass that yields & Jowsr amount of beteroatoms in biodiesel or ather products than lower
percentage Yipid biomass when the biomass is subjectad to direct transesterification or ofher
methods of chemical modification. Figure ¢ shows Chiorelin exbibit higher lipid levels
{content) per Yiter of culture when ghycerol angd glucese are added sequentially fhar when the
same quantities of glycerol and glucose are added rogether at the beginning of the culture,
This trend was observed when acidulated biodiesel byproaduct ghycerol, non-acidulated

biodiegel byproduct ghycerol, or reagent grade glycero! was used.
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{0167) Figure 10 demmonstrates four different siwains of Chlorella of two different species
accumulating higher DCW per L of culture when plycerol and glucose are added sequentially
than when the same quantities of glycerol and ghicose are added together at the beginning of
the experiment. This trend was observed when acidulated biodiese! byproduct giycerol, non-
acidulated biodiese! byproduct glycerol, or reagent grade glycero! was used. Figere 14(g) snd
(b) demonstraie that both Scenedesmus armatus and Navicula pelliculosa can exbibit
increases in DCW per L when biodiesel byproduct glyeerol only is added to a cuttore for a
first period of time, followed later by addition of glucose, compared to adding identical
amounts of giyesrol end glucese at the beginning of the fermentation

[6168] Thus, three different markers of productivity (DCW per L, grams per L of lipid, and
percentage of DCW as liiaid) in microbial lipid production are improved by the use of
biodiesel byproduct and temporal separation of carbon seurces.

{61651 The cost of producing biodiesel or other chemjcally-modified linids can aiso be
reduced by using cellulosic biomass as a feedstock. Cellulosic biomass (e.g., stover, such as
cam staver) is inexpensive and readily available; however, attempts to use this material asa
feedstock for yeast have failed. In particular, such feedstocks have been found to be
inthibitory to yeast growth, and yeast cannot use the S~carbon sugars produced from cellulosic
materials {e.g., xylose from hemi-celiulose). By contrast, microalgae can grow on processed
cellulosic material. Accordingly, the invention provides 2 method of culturing a microalgae in
the presence of a cellulosic material and/or a 5-carbon sugar for the production of lipids that
can be transesterified according to the methods described herein. Cellulosic materials
generally include cellulose (40-60% dry weight); hemicellulose (20-40% dry weight); and
lignin {10-30% dry weight),

[0176) Surprisingly, Chioreila protothecoides can exhibit higher ievels of productivity
when eultured on a combination of glucose and xylose than when cultured on either glucose
or xylose alone. This synergistic effect provides a significant advantage in that it allows
culdivation of Chiorella on combinations of xylose and glucose, such as cellulosic material,
as shown in Figure 15,

[6171] The specific examples of process conditions to increase the yield of lipids suitable
for use as biediesel and/or 10 reduce production cost can be used individuslly, as described
above, or in combination. In addition, the nvention inciudes the selection and/or genetic
engineering of microbes, such as microalgss, to produce microbes that are cven more suitable

for use in the above-described methods. For example, the use of microbes having a greater
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abitity to utilize any of the above-described feedstocks for inereased profiferation and/or Hpid
production are within the scope of the methods of the invention,
{0172} The cost of producing biodiesel or other chemically-modified lipids can also be
reduced by using sucrose as a feedstock, including sucrose produced, for example, from sugar
cane. The methods of the invention include the use of engineered species of Chilarells that
can uiilize sucrose as & carbon source. For exarnple, expression of & sucrose tramsporter and @
sucrose invertase allows Chlorella to transpori sucross into the cell from the culture media
and hydrolyze sucrose to yield ghucose and fructose. Qptionally, a fructokinase can be
expressed a8 well in instances where endogenous hexokinuase activity 18 insufficient for
maximum phosphorylation of fructose. Examples of suitable sucrose transporters include
those described under Genbank accession mumbers CADS1334, CABS2307, and CAAS3300.
Examples of suitable sucrose invertases include those deseribed under Genbank aceession
numbers CABSS010, MP_012104 and CAAD6839. Examples of suitable fructokinases
include those described under Genbank accession numbers P26984, P26420 and CAA43322.
Vectors for transformation of microalgae, inchuding Chlorella, encoding one or more of such
genes can be designed as deseribed in, for example, intemational publication number
WO2008/151148,
11731  Secretion of a sucrose invertase can obviate the need for expression of a transporter
that can transport sucrose into the cell. This is because a secreted invertase catalyzes the
conversion of a molecule of sucrose into a moleculs of ghucose and a mojecule vi tructose,
both of which can be transported and utilized by microbes disclosed herein. Expression of &
sucrose invertase with a secretion signal generates invertase activity outside the coll, See
Hawkins et al., Currvent Microbiology Vol. 38 (1999}, pp. 335-341, for examples of secretion
signals active in Chlorelia. Expression of such a protein allows cells already capsble of
utilizing extracellular glucose as an energy source to vtilize sucrose as an extracelinlar energy
source. In cells such as Chlorella protothecoides, which as desnonstrated herein can use both
exwacellular fructose and extracelluler glucose as an enexgy source, secretion of an invertase
can provide the sole catalytic activity necessary for use of sucrose a8 an efficient, inexpensive
©NETEY SOLTCE.
{6174} The growth potential of microorganisms expressing an exogenous secretable
sucrose invertase is illustrated by the addition of an nvertase fo the culture medium of
Chlorella protothecoides. Addition of the invertase permits cells to be fermented on a sugar

source containing lignin (e.g., molasses). Algae or other microorganisms can be engineered



as described herein to grow as well an molasses as they do on pure glicose, and the uge of
this low-vaiue waste product of sugar cane processing can provide significant cost savings in
the production of hydrocarbons. Figures 19-20 show the growth of cells on three sources of
molasses {designated BS1, BS2 and HTM}, as compared to growth on glucose or sucrose in
the presence or sbsence of an extracellular sucrose invertage.

[6175] A sucrose invertase can also be expressed intraceliularly in cells that express a
suexoss fransporter, as well as in cells that express any carbobydrate transporter that aliows
snerose 1o enter the cell.

B. Lipid Pathway Engineecing
[6176)  As described berein, microorganisms nseful in acoordance with the methods of the
present invention can optionally be engineered to express particuiar genes that can be
beneficial in culturing the microorganisms (e.g., expression of 2 sucrose inverase gene to
facilitate the utilization of a sucrose feedstock) or in perfonming the direct chemical
modification methods of the invention {e.g.. expression of a lytic gene to Tacilitate biomass
disruption, and/or expression of & lipage gene to catalyze transesterification), In addition,
optional genetic engineering can be used advantageously to engineer amicrou;'ganism‘s [ipid
pathway. This pathway can be modified to alter the properties and/or proportons of lipids
produced and/or to increase carvon flux into lipids.
1. Alteration of P.ropcrﬁes and/or Preportions of Lipids Produced

[03177]  In the case of microalgae, some wild-type cells already have good growth
characteristics but do not produce the desired types or quantities of lipids. Examples include
Pyrobotrys, Phormidium, Agmenellum, Carteria, Lepocinclis, Pyroborrys, Nitzschia,
Lepecinelis. Anabaena, Euglena, Spirogyra, Chlorococcur, Tetraedron, Oscillatoria,
Phagus, and Chioregonium, which bave the desirable growth characteristic of growing in
municipal sewage or wastewntsy. Such cells can be engineered to have improved lipid
production characteristics, Desired characteristics include optimizing lipid yield per unit
volume and/or per unit fime, carbon chain Iength {e.g., for biodiess] producton or for
industrial applications requiring hydrocarbon fesdstock), reducing the nurmber of double ar
tripie bonds, cptionally to zero, removing or eliminating rings end cyclic structures, and
increasing the hydrogen:carbon ratio of 2 paricular species of lipid or of a population of
distinet lipids. In addition, microalgae that produce desirable lipids can siso be engineered to
have even more advantageous outputs. Examples of such rnicmalgaé include species of the
gemis Chiorella,
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{01781  In particuler ernbodiments, one ov more key enzymes that control branch points in
metabolism to fatty acid synthesis can be up-reguiated or down-regulated to improve Hpid
production. Up-regulation can be achieved, for example, by transforming cells with
expression construsts in wiich a gene encoding the enzyme of interest is expressed, e.g.,
using 2 strong promoter and/or enhancer slements that increase transcription. Such constructs
can inciude a selectable marker such that the transformants can be subjected to selection,
which can tesult in amplification of the construct and an increase in the expression level of
the encoded enzyme. Bxamples of enzymes snitabie for up-reguiation according to the
metheds of the invention include pyruvate debrydrogenase, which plays a role in converting
pyruvate {0 acetyl-CoA {sxamples, some from microalgss, include those described under
Genlyank accession numbers NP_415392; AAAS3047; Q1XDMI; and CAF05587)., Up-
regulation of pyruvate dehydrogenase can increase production of acetyl-CoA, and thereby
increese fatly acid symthesis. Acetyl-CoA carboxylase catalyzes the initial step in fatty acid
synthesis. Accordingly, this enzyme can be up-regulated to increase production of fatty acids
(exampies, some from microal gas, includs those described under Genbank aceession
numbers BAAS4T52; AAATES28; AAABLATL; YP_537052; YP_536879; NP_045833; and
BAA57908). Fatty acid production can also be increased by up-regulation of acyl carrier
protein (ACP), which carries the growing acyl chains during fatty acid synthesis (examples,
some from microaigae, include those described under Genbank accession numbers ACTOFE;
P51280; NP_849041; YP_874433) . Glyceral-3-phosphate acylransferase catalyzes the rate-
limiting step of facty acid synthesis. Up-regulation of this enzyme can increese fatty acid
production {examples, some from microalgas, include those described under Genbank
accession numbers AAAZ4319 AAAS3122; ASASTOAT, PA48ST; and ABO4442). The
preceding proteins are candidates for expression in microalge, incinding species of the genus
Chiorella.

{6179 Down-regulation of an enzyme of interest can achieved using, e.g., antisenss,
catalytic RNA/DNA, RNA interference (RIAY), “knock-out,” “knock-down,” or othier
mutagenests technigues. Buzyme expression/function can alse be iﬁ:}iibited using intrabodies,
Examples of enzymes suitebie for down-regulation according to the methads of the invention
inchude citrate synthase, which consumes acetyl-CoA as part of the tricarboxylic acid (TCA)
cvele. Down-regulation of eitrate synthase can force more acety-CoA into the fatty acid

synthetic pathway.
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[3180] Global regulators modulates the expression of the genes of the fatiy acid biosynthetic
pathways. Accordingly, one or more plobal regulators of fatty acid syathesis can be up- ot
down-regulated, as approprizte, to inhibif or enhance, respectively, the expression of a
plurality of fatty acid synthetic genes and, ultimately, to increase lipid production. Bxamples
include sterol regutatory element binding proteins (SREBPy), such ss SRERP-1a and
SREBP-1c (for examples, see Genbank those described under accession sumbers NP_035610
and QYWTN3). Global regulators can be up- or down-regulated, as described above with
regpect 1o regutation of conwol point enzymes. .

[0181] Themethods of the invention can also be practiced using microbes (e.g.,
microalgas, oleaginous yeast, bacteri or fungi) that have been genetically engingerad to
SXPress 0ne or more exogenous genes encoding lipid pathway enzymes such as, for example,
1 fatty acyl-ACP thioesterase (see examples in Table 4 with accession numbers} or an acyl
carrier protein (ACP}, which can failitate the cleavage of Tatty acids having desirable carbon
chain lengths from the acyl carrier protein during lipid synthests. The fatty acyl-ACP
thicesterase can be chosen based on its specificity for a fetty acid having # particular carbon
chain length. In some embodiments, the fatty acyl~ACP thioesterase can be expressed from a
gene operably linked to an inducible promoter, and/or can be expressed in en intraceftular
compartment. In some embodiments, genes encoding a fatty acyl-ACP thioesterase and a
naturally co-expressed ACP may be transformed into a cell, optionally with one or more
genes encoding other lipid pathway enzymes, as described above. In other embodiments, the
ACP and the fatty acyl-~ACP thioesterase may have an affinity for one another that imparts an
advantage when the two are used together in the microbes and methods of the present
invention, irrespective of whether they are or are not naturally co-expressed in a particular
tissue or organism. Thus, the methods of the present invention can be practiced with cells
expressing both naturaliy co-expressed pairs of such enzymes as welf as with pairs that share
an affinity for interacting with one another o facilitare cleavage of a length-specific carbon
chain from the ACP. '
{0182] Examples of fuzther modifications suitable for use in the present invention are
described in now abandoned U.S. Provisional Application No. 60/837,839, filed 15 Aug 06,
and U.S. Patent Application No. 11/893,364, filed 15 Aug U7, each of which is incorporated
berein by reference. This application discloses genetically engineering strains of microalgae
0 SXpress two or MOre exogenous genes, ong encoding a twunsporier of & fixed carbon source

{such a5 sucrose} and & secand encoding a sucrose invertase enzyme. The resulting
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fermentable organisms produce ipids at lower manufacturing cost than what has been
obtainable by previcusty known methods of production. This co-pending application also
teaches that the insertion of the two exogenous genes described above can be combined with
the disruption of polysaccharide biosynthesis through directed and/or random mutagenesis,
which steers ever greater carbon flux info lipid production. Individually and in combination,
trophic conversion, engineering to alter lipid production and treatment with exogenous
enzymes alter the lipid composition produced by a microorganism. The alteration can be a
change in the amount of lipids produced, the amount of one or more lipid species produced
relative to other lipids, and/or the types of lipid species produced in the microorganism. For
example, microalgae can be engineered to produce a higher amount and/or percentage of
TAGs, or TAGs wilh higher proportions of particular carbon length fatty acid molecules.
[3183] Fatly acyl-ACP thioesterases suitable for us¢ with the microbes and methods of the
invention include, without limitation, those listed in Table 4,

{0184} ‘Table 4. Fatty acyl-ACP thioesterases and GenBank accession numbers.

Umbellularia californica fatty acyl-ACP thioesterase (GenBank #AAC49001)
Cinnamomum camphora fatty acyl-ACP thioesterase (GerBank #(Q39473)
Umbellularia californica fatty acyl-ACP thioesterase (GenBank #Q41635)
Myristica fragrans fatty acyl-ACP thioesterase (GenBank #AAB71729)
Myristica fragrans fatty acyl-ACP thioesterase (GenBank #AAB71730)
Elaeis guineensis fatty acyl-ACP thioesterase (GenBank #ABD83939)

Elaeis guineensis fatty acyl-ACP thioesterase (GenBank #4AD42220)
Populus tomentosa fatty acyl-ACP thioesterase (GenBank #ABC47311)
Arabidopsis thaliana fatty acyl-ACP thicesterase (GenBank #NP_172327)
Arabidopsis thaliana fatty ecyl-ACP thicesterase (GenBank #CAAR3387)
Arabidopsis thaliana fatty acyl-ACP thioesterase (GenBauk #CAA85388)
Gossypium hirsutum fatty acyl-ACP thioesterase (GenBank #Q98QI3)
Cuphea lanceolata faity acyl-ACP thioesterase (GenBank #CAAS54060)
Cuphea hookeriona fatty acyl-ACP thioesterase (GenBank #AAC72882)
Cuphea calophylla subsp. mesostemon fatty acyl-ACP thioesterase (GenBank
#ABB71581)

Cuphea lanceolata fatty acyl-ACP thicesterase (GenBank #CAC19933)
FElaeis guineensis fatty acyl-ACP thioesterase (GenBank #AAL15645)
Cuphea hookeriana fatty acyl-ACP thioesterase (GenBank #Q39513)

42



Gossypium hirsutum fatty acyl-ACP thicesterase {GenBank #AADO1982)

Vitis vinifera fatty acyl-ACP thioesterase {GenBank #CAME1819)

Garcinia mangostona fatiy acyl-ACP thicesterase (GenBank #AABS1523)

Bragsica juncea fatty acyl-ACP thioesterase (GenBank #ABI18986)

Muodhuca longifolia fatty acyl-ACP thioesterase (GenBank #AAX51637)
-Brassica napus Tatty acyl-ACP thicssterase (GenBank #ABH11710)

Oryza sativa {indica cultivar-group) fatty acyl-ACP thivesterass {GenBank #EAY86877)
Oryza sativa (japonica cuftivar-group) fatty acyi-ACP thivesterase {GenBank
#NP_001068400)

Orpza sativa (indica cultivar-group) fatty acyl-~ACP thicesterase (GenBank #EAY99617)
Cuphen hookeriana fatty seyl-ACP thivesterase (GenBank #AAC40269)

[0I85] Other suitable enzymes for use with the microbes and the metheds of the invention
include those that have af least 70% amino acid identity with one of the proteins listed in
Tahle 4, and that exhibit the corresponding desired enzymatic activity (i.e., cleavage of a fatty
acid from an acyl carrier protein. in additiona) embodiments, the enzymatic activityis present
in & sequence that has at least about 75%, at least about B0%, at least about 85%, at least
about 90%, at least aboui 95%, or af least about 98% identity with one of the above described
sequences, all of which are hereby incorporated by referénce.

10184} The lipid pathway enzymes described above are useful in the production of various
lipids froms a microbe {e.g., & microalgas, an oleaginous yeast, or & fungus) or poputation of
microbes, whereby a fatty acvi-ACP thioesterase cleaves a fatty acid from an acyl carrier
protein {ACP) during lipid synthesis. These lipid patbway enzymes can have & specificity for
acting on a substrate which includes a specific number of carbon atoms. For example, a fatty
acyl-ACP thiosstersse may have a specificity for cleaving a fatty acid having 16 carbon
atoms from the ACP. Therefore, in various embodiments, the microbe can contain an
exogenous gene that encodes a protein with specificity for catatyzing an enzymatic acrivity
{e.g., cleavage of a fatty acid from an ACP)} with regard to the number of carbon atoms
contained in the substrate. The enzymatic specificity cary, in various embodiments, be fora
substrate having from & to 34 carbon atoms, preferably from 8 to 18 carbon atoms, and mare
preferably from 14 to 18 carbon atoms.

{03 §7] By selecting the desired combination of exogenous genes 1o be expressed, one can

tailor the lipid components generated by the microbe, The microbe, when cultured as
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described above, synthesizes a fatty =eid linked to an ACP and the fatty acyl-ACP
thioesterase cataiyzes the cleavage of the fatty acid from the ACP 1o yield, through further
enzymatic processing, a TAG incorporating the fatty acid molecule.

2. Increzsed Carbon Fiux into Lipid Pathway
[0188] Some microalgae produce significant quantities of non-lipid metabolites, such as,
for example, polysuccharides. Becanse polysaccharide biosynthesis can use & significant
proportion of the total metabolic energy availabie to cells, mutagenesds of lipid-producing
celts followed by screening for reduced or eliminated polysaccharide production generates
strains that are capable of producing higher vields of lipids.
[5189] Examples of expression of transgenes in Chioreila can be found in the itteratre
(see, Tor example, Curreni Microbiology Vol. 35 (1997), pp. 356-362; Sheng Wu Gong
Cheng Xue Bao. 2000 Jul;16(4):443-6; Current Microbiclogy Vol. 38 (1899}, pp. 335-341;
Appl Microbiol Biotechnol (2006} 72: 197-205; Marine Biatechnology 4, 6373, 2002;
. Current Gengtics 38:5, 365370 {2001); Plewt Cell Reports 189, 778-780, (1899); Biologia
Plantarium 42(2): 2082186, (1999); Plant Pathol. J 23(1}: 13-20, (2005)}. Any convenient
technique for introducing a transgene into Chorelie can be employed for parposes of the
present invention.
[0190] Examples of cxpression of transgenes in oleaginous yeast {e.g., Yarrowin lipolytica)
can be found in the literature {see, for example, Bordes et al., J Microbiol Methods, Jun 27
(2007)). Examples of expression of transgenes in fungi (e.g., Mortierella alpine, Mucor
cireinelioides, and Aspergillus ochraceus) can also be found in the Iiterature (see, for
examiple, Microbinlogy, Jul; 153(Pt. 7):2013-25 (2007); Moi Gener Genomics, Jux;
271(5):595-602 (2004); Curr Gener, Mar;21{3):215-23 (1992}; Current Microbiology,
30(2):83-86 (1995); Sakuradani, NISR Research Grant, "Studies of Metabolic Engineering of
Usefal Lipid-producing Microorganisms® (2004); and PCTAP2004/012021). Examyples of
expression of exogenous genes in bacteria such 2s E. coli are well known; see, for example,
Motecular Cloning: A Laboratory Manual, Sambrook et al. (34 edifion, 2001, Cold Spring
Harbor Press.
IR METHODS OF IN SITU TRANSESTERIFICATION
[0191]  In situ transesterification of TAGS to fatty acid alkyl esters in accordance with the
methods of the present invention can be performed on biomass generated from the micrebial
culiures described above. in some embodiments, the biomass may comprise biomass

combined from two or more cultures of distinct strains or species of miicroorganisms. Jo some
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embodiments, the distinct staing or speeies have different glycerolipid profiles, as liustrated
in Examples 22 and 24.

[6192] In some methods of the invention, the microbial biorass is first harvested from the
culture meding and dried, and then subjected to an optional biomass disruption process prior
o transesterification. In other methods of the invention, the microbial biomass 1s subjected to
a biomass disruption process pior to drying and transesterification. In some methods,
harvesting the biomass comprises separating the cellular components of the biomass from the
water ang ¢el} culture media by, for example, passing the contents of the cell culture
bioreactor through 2 screen or similar filtering apparatus. In some embodiments, harvesting

the biomass comprises processing the celhular components of the cell culture into 2 paste or- -

low moisture-content cotmposition.

A, B.:y’mg Methods
{6193] Drying the biomass generated from the culwred microorganistns deseribed herein
removes waler that would otherwise be available as 2 substrate during the transesterification
reaction, described in greater detail below, leading to the formation of free fatty acids, rather
than the desived fatty acid alkyl esters. The extent to which biomass vsed in fhe in sitn
transesterification methods of the present invention must be dried depends on the
alcohol:biomass ratic used in the transesterification process, the cost of the alcohol, and the
cost or other volume constraints placed on the size of the reaction vessel in which the
transesterfication is to be performed. As will be appreciated, these factors, balanced against
the costs of drying the biomass, determine an "acceptable dryness” for the biomass.
10194} In some embodiments, the biomass can be dried wsing a drum drver in which the
biomass is rotated in a drum and dried with the application of air, which may be heated to
cxpedite the drying process. In other embodiments, an oven or spray dryer can be used to
fagilitate drying of the biomass, Alternatively, the biomass may be dried via a Iyophilization
process. The Jyophilization process may summerily be described as a “fresze-Grying”
process, i Which the biomass is frozen in a freeze-drying chamber. The application of a
vacuuns 1o the freeze-drying chamber resulis in sublimation (primary drying) and desorption
{secondary drying) of the water from the biomass, resulting in 2 product sujtable for Ruther
processing #s described below. In stilt other embodiments a combination of the foregoing
may be ufilized to appropriately dry the biomass for further processing in accordance with the
methods deseribed herein.

B. Biomass Bisruption Methods
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[8195]  In some embodiments it may be desirable to distupt the biomass prior to in situ
transesterification 1o make the inwraceliular contents of the microorganisms more readily
recessible to the alcohol and catalyst wansesterification reagents, This can help to facilirate
the conversion of TAGS to fatty acid alkyl esters or siher molecules in accordance with the
methods of the invention.

{6196]  In some methods of the invention, disruption of the biomazs can be accomplished
prior 1o subjecting the biomass to one or more of the drying processes described above. Tn
other methods, disruption of the biomass can follow such a drying process. In somne mmethods,
water i removed from the biomass prior to or after disruption of the biomass, with or without
subjecting the biomass to & drying process, Following growth, the microorganisms are
opticnally isolated by cemrifiging the culture medium to generate a concentrated microbial
biomass. Distuption pf the biomass can be accomuplished by lysing the microbial cells 1o
produce a fysate, Cell lysis can be achieved by any convenient means including heat-induced
lysis, addition of a base, addition of an acid, via the use of enzymes such as proteases or
polysaccharide degradation enzymes such.as amylases, via the use of uttresound, mechanical
Iysis, via the use of osmotic shock, infection with a Iytic virus, and/or expression of one or
mozre Ivtic genes. Lysis is performed to release intraceliniar molecules which have been
produced by the microorganism. Each of these methods for lysing 2 microorganism can be
uged as a single method or in combination.

[0297] The extent of cell disruption can be observed by microscopic analysis. Using one or
more of the methods described herein, typicalty more than 70% cell breakage is observed.
Preferably, cell breakage is more then 80%, more preferably more than 90% and most
preferably about 100%.

[0198]  In particular embodiments, the microorganism is lysed afier growth, for example o
inerease the exposure of cellular lipid to a catalyst for transesterification such as & lipase or a
chemical catalyst, expressed as descrived beiow. The timing of Hipase expression {e.z., viaan
inducible promoter), cell fysis, and the adjustment of ransesterification reaction conditions
{e.z., removal of water, eddition of alcohol, ete.) can be adjusted to optimize the vield of fa@
acid esters from lipase-mediated transesterification.

1019%] In one exobodintent of the present invention, the process of lysing 2 microurganism
comprises heating a celbular suspension conteining the microorganisms. In this embodiment,
the eulture medium containing the microorganisms {(or 2 suspension of micrporganisms

isolated from the culiure medium} is heated until the microorganisms, 7.e., the cell walls and
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membranes of microorganisms, degrade or breakdown. Typicaily, temperatures applied are at
least 50°C. Higher temperatures, such as, at least 60°C, at feast 70°C, at least 80°C, at Jeast
Q0°C, at least 100°C, at least 110°C, at least 120°C, at least 130°C or higher are used for more
efficient cell lysis.

lﬁZﬂﬂil In another embodament of the present invention, the process of Tysing a
microorganism comprises adding a base fo a cellular suspension containing the
microorganism. The hase should be sirong enough to bydrolyze af Jeast a portion of the
proteinaceous compounds of the microorganisms used. Bases which are useful for
solubilizing proteins are known in the att of chemistry. Exemplary bases which are useful in
these methods include, but are not Hmited (o, hydroxides, carbonates and bicarbonaies of
Tithivmm, sediurs, potassium, calcium, and mixtures thereof. A preferred base is KOH. In
another embodiment of the present invention, the process of lysing & microorganism
comprises adding an acid to a ceflular suspension containing the microorganism.

(8201} In another embodiment of the present inventios, the procsss of Tysing a
microorganisin comprises [ysing the microorganism with an enzyme. Enzymes for lysing a
microorganism include proteases and polysaccharide~degrading enzymes such as
hemicellulase, pectinase, celiulese, and drisclase, A polyseccheride-degrading enzyme,
optionally from Chiorelia or a Chlorelln virus, is preferred. & preferred pair of enzymes for
lysing oil bearing biomass are alcalase and mannaway (Novozyrnes).

{6202] In another embodiment of the present invention, the process of lysing a
microorganism is performed using uhtrasound, Le,, sonjeation. Cells can also by lysed with
high frequency sound. The sound can be produced electronically and transported through &
metallic tip to an appropriately concentrated cethular suspension. This sonication (or
ultrasonication) disrupts cellular mtegrity based on the creation of cavities in the ceil
Suspension.

10203] In another embodiment of the present invention, the process of lysing 2
microorganism is performed by mechanical means. Cells can be lysed mechanically and
optionally homogenized to facilitate lipid transesterification. For example, a pressure
distupter can be wsed to pump a cell containing shury through a restricted orifice valve. High
pressure (up 1o 1500 bar) ts applied, followed by an instant expension through an exiting
nozzle. Cell disruption is accomplished by three different mechanisms: impingement ox the
valve, high liquid shear in the orifice, and sudden pressure drop upon discherge, causing an

explosion of the cell. The method releases intracellular molecules. Alternatively, & ball mill



can he used, In a ball mill, cells are agitated in suspension with small abrasive particles, such
as beads. Cells break because of shear forces, grinding between beads, and collisions with
beads. The beads disrupt the cells to release celtular contents. Cells can also be disrupted by
shear forces, such as with the use of blending {e.g., with a high speed or Waring blender), the
french press, or even centrifugation in case of weak cell walls.

{6204}  In another embodiment of the present invention, the process of lysing a
microorganism it performed by applying an osmotic shock.

{0265} In another embodiment of the present invention, the process of Iysing &
microorganism is performed by steam treatment, i.e., through addition of pressurized steam.,
Steam treatment of microalgae for cell disruption is described, for example, in U.S, Parent
No. 6,750,048,

[6206] In another embodiment of the present invention, the process of lysing &
microorganism comprises infection of the microorganism with a Iytic virua. A wide variety of
viruses are known o Tyse microorganisms suitable for use in the methods of the present
invention, and the selection and use of & particular lytic virus for a particular microorganism
is within the level of skill in the art. For example, paramecium bursaria chlorelia virus
(FBCV-1) s the prototype of & group (family Phycodnaviridae, genus Chioroviras) of lurge,
icosehedral, plaque-forming, double-stranded DNA viruses that replicate in, and lyse, cortain
uniceliular, eukaryotic chlorella-like green algae. Accordingly, any susceptible microalgae,

such as C. protothecoides, can be lysed by infecting the culture with 2 suitable chiorelia virus.
Msthods of infecting species of Chloreliz with 2 chiorella vires are known. See for example

Adv. ¥irus Res. 2006;66:293-336; Virology, 1999 Apr 25.257(13:15-23; Virology, 2604 Jan
5;318¢1):214-23; Nucleic Acids Symp. Ser, 200054431612, J, ¥irol. 2006 Mar;80(5):2437-
44 and Anny. Rev. Microbiol, 1999,53:447-94.

[0267} In another embotdment of the present invention, the process of lysing #
microorganism comprises aatolysis. In this embodiment, a microorganism useful in the
methods of the invention is genetically engineered w produce 2 iytic gene that will lyse the
microorganism. This lytic gene can be expressed using an inducible promoter, so that the
cells can Brit be grown to a desireble density in a culture medivm and then harvested,
followed by inducticn of the promoter to express the fytic gene to lyse the cells. In one
embodiment, the lytic gene encodes a potysaccharide-degrading enzyme. In certain other
embodiments, the lytic gene is g gene from a lytic virus. Thus, for exampls, & Iytic gene from

a Chlorella virus can be exprossed in a Chiorella such as C. prototheceides.
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[(208] Expression of lytic genes is preferably done using an inducible promoter, such as a
premoter active in microalgas that 1s mduced by a stimulus such as the presence of a small
meolecule, light, heat, and other stimuli. Lytic genes from chiorellz viruses are known. For
example, see Virology 260, 308-315 (1999); FEMS Microbiology Letters 130 (1999) 45-53;
Virology 263, 376-387 (19993; and Virology 230, 361368 (1997).
{0268  In particular ermbodiments, the microoganisms are lysed after growth, for exampie
0 increase the exposure of cellular Hpid to a catalyst for transesterification such zs & Iipase,
discossed below, or a chemical catalyst. The timing of lipase expression (e.g., via an
inducible promoter), cell lysis, and the modification of transesterification reaction conditions
(e.g., removal of water, addition of alcohol, ete.) can be adjnsted to opuimize the yield of fatty
acid esters from lipase-mediated transesterification.

C. Tramsesterification
{06210} Lipids produced by microorganisms as described above are subjected to a process of
transesterification in accordance with the methods of the invention 0 generate a lipophilic
phese containing fatty acid alleyl esters and 2 hydrophilic phase comprising cefl material and
glycerol. In some methods of the invention, the Hpophilic phase is then separated from the
hydrophilic cell material,

1. General Chemical Process

f0211] .Animal and plant oils are typically made of trincylglyeerols (TAGS), which are
esters of free fatty acids with the trihydric alcohol, glycerol. In transesterification, the
ghycerol in a TAG is replaced with a lower alky! alcobol such as methanol, ethanol or
isopropancl. A typicel reaction scheme is as follows:

ey OCR
; cal. huse
— ——-—--m»g —— R,CO0: + RCO0Et =+ R,CODR b CabixfOHin
—DCRy ' Etnyi eaters of feity acids Glyzerol
Trighyceride

{6212} In this scheme, the alcohol is deprotonated with a base to make i & stronger
nueleophile, Commonty, efbanol or methanol is used in vast excess {up w 50-fold).
Normatly, this reaction will proceed sither exceedingly slowly or not f all. Heat, as well ag
an acid or base, can be used to help speed the reaction. The acid or base is not consumed by
the transestenfcation reaction; thus, they are not reactants bwt catalysts, Almost ail biodiese!
has traditionally been produced nsing the base-catalyzed technique, as it reguires only low
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temperatures and pressures and produces over 98% conversion yield (provided the starting oil
is low in moisture and free fatty acids).
{02131 A special case of transesterification is glycerolysis or the the use of
glycerol{glycerin) to break chemical bonds. The glycerolysis reaction is usually catalyzed by
the addition of an acid or 2 base. Glycerolysis can be performed on simple esters, fats, free
fatty acids or TAGs, wherein the methyl esters react with excess glycerol to form mono-
and/or diglycerides, producing methano} as a by-product. Mono- and diglycerides are uscful
as emulsifiers and are commonty added to food products.

2. Using Recombinant Lipases for Transesterification
{0214] Transesterification has also been carried out experimentalfy vsing an enzyme, such
as a lipase, instead of & base, Lipase-catalyzed transesterification can be carried out, for
example, at a temperature between the room temperature and 86° C, and a molar ratio of the
TAG to the lower alcohol of greater than 1:1, preferably about 3:1. Lipases suitable for use in
transesterification in accordance with the methods of the present invention include, but are
not limited to, those listed in Table 5. Other examples of lipases useful for transesterification
are found in, e.g. U.S. Patent Nos. 4,798,793; 4,940,845 5,156,963; 5,342,768, 5,776,741 and
WOR9/01032, each of which is incorporated herein by reference.
{0215} Table 5. Lipases for use in transesterification.

Aspergillus niger lipase ABG73614, Candida antarctica lipase B (novozym-435)
CAA83122, Candida cylindracea lipase AAR24090, Candida lipolytica Yipase (Lipase L;
Amano Pharmaceutical Co., Ltd.), Candida rugosa lipase (¢.g., Lipase-OF; Meito Sangyo
Co., Ltd.), Mucor michei lipase (Lipozyme IM 20), Psevdomonas fluorescens lipase
AAA25882, Rhizopus japonicas lipase (Lilipase A-10FG) Q7M4UT_1, Rhizomucor
miehei lipase B34959, Rhizopus oryzae lipase (Lipase F) AAF32408, Serratia marcescens
lipase (SM Enzyme) ABI13521, Thermomyces lanuginosa lipase CAB58509, Lipase P
{Nagase ChemteX Corporation), and Lipase QLM (Meilo Sangyo Co., Lid., Nagoya,

Japan)

{6216] One challenge to using a lipase for the production of fatty acid esters suitable for
biodiesel is that the price of lipase is much higher than the price of sodium hydroxide
(NaOH) used by the strong base process. This challenge has been addressed by using an
immobilized lipase, which can be recycled. However, the aclivity of the immobilized lipase

must be maintained after being recycled for 2 minimum number of cycles to allow a lipase-
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based process to campete with the strong base process in terms of the production cost.
Immobilized lipases are subject to poisoning by the lower alcohols typically used in
transesterification, U.S. Patent No. 6,398,707 (issued June 4, 2002 to W et al.}, incorporated
herein by reference, describes methods for enhancing the activity of immaobilized lipases and
regenerating immotilized lipases having reduced activity,

19217 In pardenlar embodiments, a recombinant lipase is expressed in the same
micmorganisms that produce the lipid on which the lipase acts. Suitable recombinant lipases
inchude those listed sbove in Table 5 and/or those described under the GenBenk Accession
numbers listed above in Table 5, or a potypeptide that has at least 70% amizo acid identity
with ong of the lipases listed above in Table 5 and that exhibits lipase activity. In additional
embodiments, the enzymatic activity is present in a sequence that has at least about 75%, at
Jeast about 80%, at least about 85%, at least about 90%, at least about 95%, or at least about
99% idcntiiy with one of the sbove described sequences, all of which are hereby incorporated
by reference.

[0218]  An exemplary vector design for expression of a lipase gene in 2 microorganisin such
as a microalgas contains a gene encoding a lipase in operable linkage with a promoter active
in nricroaigae. Alternatively, if the vector does not contain a promoter in operable Hukage
with the lipase gene, the lipase gene can be fransformed into the cells such that it becomes
operably linked to an endogenous promoter at the point of vector integration. The
promoteriess method of transformation has been demonstrated in microalgae (see, for
example, Plant Journal 14:4, {1998), pp.441-447). The vector can diso confain a second gene
that encodes a protein that imparts resistance to an antibiotic or herbicide, ie., a selectable
marker, Optionally, one or both gene(s) isfare followed by a 3" unwansiated sequence
containing @ polyadenylation signal. Expression casseties encoting the two genes can be
physicaliy linked in the vector or on separate vectors. Co-transformation of microalgae can
also be ueed, in which distinet vector molecules are simultaneously nsed to transform cells
{see, for example, Protist 2004 Dec; 155(4):381-93). The transformed cells can be optionally
selected based upon the ability to grow in the presence of the antibiotic or other selectable
markéf under conditions in which cells lacking the resigtance casseite would not grow.
[62197 DNA encoding the lipase and seicetable marker can be codon-optimized cDNA.
Methods of recoding genes for expression in microalgae are described in US Patent

7,135,290, Additional information is available at the web address www kazusa.or.jp/codon.



[0220] Many promoters are active in microalgas, including promoters that are endogenous
t0 the algae being transformed, as well as promoters that are not endogenous to the algac
being transformed (i.e., promoters from other algae, promoters from higher plants, and
promoters from plant viruses or algee viruses). Exogenous andior endogenous promoters that
are active in misroalgae, and sntibiotic resistance genes fonctional in microalgae are known
in the art. The promoter used to express an exogenious gene can be the promoter natuyally
linked to that gene or cat be 3 heterologous gene. Some promoters are active in more than
one species of microalgae. Other promoters are species-specific. Preferved promoters include
promoters such s RBCS2 fromn Chlamydamonas reinhardtii and viral promoters, such as
cauliflower moseic virus {CMV) and chiorelia virus, which have been shown 10 be active in
multiple spectes of mictoalgae {see, for example, Planr Cell Rep, 2005 Mar23(10-111:727-
35; J Microbiol. 2005 Aug;43(4):3618; Mor Biotechno} (NY). 2002 Jan;4(1):63-73).

[0221} Promoters, cDNAs, and 37UTRs, as well as other elements of the vectors, can bs
generated through cloning techniques using fragrments isolated from native sources (see, for
example, Molecular Cioning: A Laboratory Marrual, Sambrook et al, (3d edition, 2001, Cold
Spring Harhor Press; and 1.8, Patent 4,683,202). Alternatively, elements can be generated
synthetically using known methods {see, Tor example, Gene 1995 Ot 16;1684(1):48.53).
[0222] Cells can be transformed by any suitable technique including, e.g., biolistics,
electroporation, glass bead transformation and silicon carbide whisker transformation.
{6223} Inparticular embodiments, the lipase is expressed in an inducible and/or targeted
manner, The use of an inducible promoter 10 express & lipase gene permits production of the
lipase after growih of the microorganism when conditions have been adjusted, if necessary, w
enhance transesterification, for example, after disruption of the cells, reduction of the water
content of the reaction mixture, and/or addition sufficient aleobol 1o drive conversion of
TAGs t faty acid esters. Inducibie promoters useful in the invention include those that
mediaie transceription of an opersbly linked gene in response to a smmius, such as an
exogenousty pravided small molecule, temperature (heat or cold), light, ete. Switable
promoters cen activate franscription of an essentialfy silent gene or upreguiate, preferably
substantially, franseription of an operably linked gene that is transcribed at & low level. In the
Jatter case, the level of transcription of the Hpase preferably does not significantly imterfere
with the growth of the microorganism in which it is expressed.



[8224) Y can be advantageous, in particular embodiments, to target expression of the lipase
to one or move cellular compartments, where it is sequestered from the majority of cellular
tipids umtil initiation of the ransesterification reaction,

3. Advantages of Biomass with Higher OihiNon-Gil Ratio
{0225] Direct transasterification of agricultural products hes been performed as reported in
S Patent Application Publication Nos. 20030229237 (published December 11, 2003) and
20050020842 (published January 27, 2005). These processes employ materials such as soy,
coctnut, palm, comn, cofton, flax, rapeseed/canols, safflower, sunflower or other seed-oil
feedstocks or animal fats as the subs&ate for a transesterification process to produce fatty acid
alkyl esters.
{0226} A perticular advantage of using microorganisms, as described herein, for the
generation of TAGs useful in the transesterification methods of the present invention, is the
ability to modulate the ratio of oil fo nop-oil in the biomass, which has been unexpectedly
found fo impart two advantageons characteristics, First, as shown in the examples beiow,
transesterification of biomass having a higher oilinon-oil ratio leads to an increased efficiency
* in the conversion of TAGs to fatty acid alkyl esters. Second, as also shown in the examples
below, transesterification of biomass having  higher oilmon-oil matio produces a biodiese]
product with reduced proportions of undesirable heterostoms, In the latter cage, the lipophilic
phase generated by the transesterification comprises phosphorous in an amount, by weight,
no greater than 60 parts per million. In some embodiments, the amount of phosphorous by
weight in the lipophilic phase is no greater than 235 parts per million. In some embodiments,
the amount of phosphorous by weight in the lipophilic phase is no greater than 10 parts per
miltion. In other embodiments, the amount of sulfur by weight in the lipophilic phase is no
greatey than B0 parts per million, and in siil} other embodiments, the smount of sulfor by
weight it the lipophilic phase is no greater than 60 perts per million. In some embodiments,
the amount of sulfar by weight in the lipophilic phase is no greater than 15 paris per million.
In some embodiments, the amount of iron by weight in the lipophilic phase is no greater than
2 parts per millior. In some embediments, the amount of zine by weight in the lipophitic
phase is no greater than 40 parts per million, In some embodiments, the amount of zinc by
weight in the Hipophilic phase is no greater than 12 parts per million. In some erbodiments,
the combined amount of magnesivm and calcium by weight in the lipophilic phase is no
greater than 5 parts per millior. In some emmbodiments, the combined amount of sodium and

potassium by weight in the lipophilic phase is no greater than 50 parts per million. In some
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ernbodiments, the combined amount of sodium and potassitim by weight in the lipophilic
phase is no greater than 15 parts per million. Some methods of the invention yield a product

" in which two or more of the following heteroatoms or combinations of beteroatoms are
Hinited in concentration in the Iipophilic phase of the transesterified material to the following
concentrations: sulfur is less than 13 parts per mittion; phosphorous is less than 2 0.001%
total mass; the eombined amount of magneshun and caleium is no greater than 5 parts per
million; and the combined amount of sodivm and potassivm is no greater than 15 parts per
million. .
{02271 Another aspect of high oil biomess grown heterotrophically, partieularly
microalgae, is the amount of carotenoids resulting in the lipophilic phase after
transesterification. In some exbodiments of the present inverntion, the amount of Iutein is no
greater than 400 migrograms per gram of Hipophilic phase. In some embodiments, fhe amount
of lutein is no greater than 200 micrograms per gram of Yipophilic phase. In some
embodimenis, the amount of tutein is no greater than 100 micrograms per gram of lipophilic
phase. In some embodiments, the amount of lutein is no greater than 40 micrograms per gram
of lipophilic phase. In soxe embodiments, the amount of lutein is uo less than 5 micrograms
per gram of lipophilic phase, In some embediments, the amount of utein is no less than 10
micrograms per gram of lipophilic phase. In some embodiments, the amount of lntein is no
less than 30 muicrograms per gram of lipophilic phase. In some embodiments, the lipophilic
phase contains an amount of Jutein at between any combination of the maximum and
minimum levels recited above, such as below 400 and af least § micrograrms per gram of
Hpophilic phase. In some embodiments, the amount of hutein is approximately 35 micrograms
per gram of lipophilic phase.
197287 In some embodiments, the amount of zeaxanthin is no grester than 275 micrograms
per gram of lipophilic phese. In some embodiments, the amonnt of zeaxanthin is no greater
than 130 microgrems per gram of lipophilic phase. In some embodiments, the amount of
zeaxanihin is no greater thar 75 micrograms per gram of lipephilic phase. In some
embodiments, the amowmmt of zeaxanthin is no greater than 25 micrograms per gram of
lipophilic phase. In some embodiments, the amoun of zeaxanthin is no less than 0.5
micrograms per gram of lipophilic phase. In some embodiments, fhe amount of zeaxanthin is
1o less than 10 micrograms per gram of lipophilic phase. Inx some embodiments, the amount
of zeaxanthin, is no less than 20 micrograms per gram of lipophilic phese. In some

embodiments, the lipophilic phase contains an amount of zeaxanthin at between any
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combination of the maximum and reinimam levels vecited above, such as below 275 and at
least 0.5 micrograms per gram of lipophilic phase. In some embodiments, the amount of
zeaxanthin is approximately 23 micrograms per gram of pophilic phase.
{02261  In some embodiments, the amount of o-Cryptoxanthin is no greater than &
migrograms per gram of lpophilic phase. In some embodiments, the amount of a-
Cryptoxenthin is no greater then § micrograms per gram of lipaphilic phase. In some
embodiments, the amount of a-Cryptoxanthin is no preater than 2 micrograms per gram of
lipophilic phase. In some embodiments, the amount of o-Cryptoxanthin is no greater than (.1
micrograms per gram of lipophilic phase. In some embodiments, the smownt of o~
Cryptoxanthin is oo less than 0.601 micrograms per gram of Tipophilic phese. In some
embodirnents, the amownt of a-Cryptoxanthin is o less than 0,01 micrograms per gram of
Iipophilic phase. In some embodiments, the amount of o-Cryptoxanthin is no Jess than 0,05
micrograms per gram of lipophilic phase. In some embediments, the lipophilic phase contains
2n amount of u-Cryptoxanthin at between any combination of the maximm and minimum
levels tecited shove, such as below 8 and at least 0.01 micrograms per gram of lipophilic
phase. In some embodiments, the smount of e~Cryptoxanthin is approximately 0.06
micrograms per gram of lipophilic phase.
[8230} In some embodiments, the amount of B-Cryptoxanthin is no greater than 18
migrograms per gram of lpophilic phase. In some embodiments, the amount of f-
Cryptoxanthin is ne greater than § micrograms per gram of tipophilic phase. in some
embodiments, the amount of B-Cryptoxanthin is no greater than 4 micrograms per gram of
lipophilic pﬁase, In some embodiments, the amount of B-Cryptoxanthin 4s no greater than 2
micrograms per gram of lipoptilic phase. In some embodiments, the amount of -
Cryptoxanthin is no less than 0.1 micrograms per gram of Hpophilic phase. In some
ambodiments, the amount of B-Cryptoxanthin is no less then 1 micrograms per gram of
lipophilic phase. In some embodiments, the amonnt of B-Cryptoxanthin is no Jess than 1.5
micrograms per gram of lipophilic phese. Tu some embodiments, the lipophilic phase contains
an amount of B-Cryptoxanthin at between any combination of the maxinmun and minimum
levels recited above, such as below 18 and at least 0.1 micrograms per gram of lipophilic
phase. In some embodiments, the amount of B-Cryptoxanthin is approximately 1.8
micrograms per gram of lipoghilic phase.
{6231} In some embodiments, the amount of e-Carotene is no greater than 1.9 migrograms
per gramn of lipophilic phase. In some embodiments, the amount of ¢-Carotene is no greater
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than | micrograms per gram of lipophilic phase. In some embodiments, the amount of ¢~
Carotene is no greater then 0.1 micrograms per gram of lipophilic phase. In some
embodiments, the amount of o~Carotene is no greater than .09 micrograms per gram of
lipophilic phase. In some embodiments, the amount of o~Carotene is no less than 0.0005
micrograxas per gram of Hpophilic phase. In some embodiments, the amount of o-Carotens is
no less than 0,01 micrograms per gram of lipophilic phase. In some embodiments, the amount
of e~-Carotene is 1o lass than 0.05 micrograms per gram of iipophilic phase. In some
emhodiments, the lipophilic phase containg an amount of a-Cayotens at between any
combination of the maximum and minimum levels recited above, such as below 1.9 and at
Teast 0.0005 micrograms per gran of Bipophilic phese. In some embodiments, the amount of
o-Carotene is approxx’m#tely 0.08 micrograms per gram of Hpophitic phase.

{6232} tn some embodiments, the amount of B~Carotene is no greater than 14 migrograms
per gram of Hpophilic phase. In some embodiments, the ameunt of H-Carotene is no greater
than 10 micrograms per gram of Hpophilic phase. In some embodiments, the amount of fi-
Carotene s no greater than 4 micrograms per gram of lipophilic phase. In some
embodiments, the amount of B-Carotene is no greater than 1.5 micrograms per gram. of
Iipophitic phase. In some enbodiments, the amount of B-Carotene is no Jess then 0.1
micrograms per gram of lipophilic phase. In some embodiments, the amonnt of P-Carotene is
1o less than 0.9 micrograms per gram of lipophilic phase. In some embodiments, the amount
of B-Carotene is no less than 1 microgram per gram of Hpophilic phase. In some
embodiments, the lipophilic phase contains an amounnt of B-Carotene at between any
combination of the maximum and minimum levels recited above, such as below 14 and at
jeast 0.1 micrograms per gram of lipophilic phase. In some embodiments, the amownt of §-
Carotene is approximately 1.2 micrograms per gram of lipophilic phase.

[0233} The increased efficiency with which TAGs are converted to fatty acid alky! esters,
and the reduced proportion of heteroatoms introduced into the lipophilic phase, vie
application of the methods of the present invention to biomass comprising 2 high oibnon-oil
ratio are unexpected advantages. Examples showing the improved efficiency with which ol
can be transesterified, and the reduced proportion of heteroatoms in the transesterified
product, are described below,

{6234] In some embodiments, the oil:non-oil ratio of the dried biomass subjecied to
transesterification or other methods of chemical modification is at least 1;20, at least 1:19, at

least 1:18, at lenst 1:17, at least 1,16, at least 1:15, at leagt 1:14, at least 1:13, at least 1112, at
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least 1:11, at lemst 1:10, at least 1:9, at least 1:8, ut least 1.7, at jeast 116, at least 1.5, af least
1:4, 8 Jeast 1°3, at feast 1.2, or at least 1:1. In other embodiments, the oil:non-oil ratio of the
dried biomass subjected to transesterification is at least 1.1:1, at jeast 1.2:1, at least 1.311, at
least 1.4:1, at least 1.5:1, at least 1.6:1, at least 1.7:1, at least 1.8:1, at least 1,9:1, at least 211,
1 least 3:1, at least 4:1, at least 5:1, at least &1, at least 7.1, at least §:1, at least 91}, or at
Jeast 10:1.
v, OTHER METEODS OF CHEMICAL MODIFICATION OF LIPID-

CONTAINING BIOMASS
{0235] ‘The present invention provides methods of chemical modification other than
transesterification that yield products useful in a variety of industrial and other applications,
including hydrogenation, interesterification, hydroxylation, and hydrolysis plus
derivatization. In a manner simailar to that described above with reference to
transesterification, these chemical modifications can aise be performed on biomass generated
from the microbial cultures described herein. In some embodiments, fre biomass may
comprise biomass combined from two or more cultures of distinct sraing or species of
microorganisms. o some embodiments, the distinet strains or species have different
glycerolipid profiles, as llnstrated in Exampie 22. In some methods of the invention, the
microbial biomass is first harvested from the culture medium, and then subjected to a
chemical reaction that covalently modifies at least 1% of the lipid. In some embodiments, at
least 2%, at least 3%, at least 4%, at least 5%, at least 10%, at least 20%, at least 30%, at least
40%, at least 50%, af least 60%, af least 70%, at leest 80%, or at least 90% of the lpid is
modified by the chemical process. o

A. Bydrogenstion: Ssturation of Double Bonds
j0236] Hydrogenation is the addition of hydrogen to double bonds in the fatty acid
constituents of glycerolipids or of free fatty acids. The hydrogenation process permits the
transformation of liquid oile Into semi-solid or solid fats, which may be more suitable for
specific applications. Hydrogenation is & well-known chemical process, and generally
comprises contacting as ofl minture with a finely divided transition metal {e.g., nickel,
palladium, pletimun, or rhodium) catalyst at an elevated temperature (2.g,, 140-225°C) in the
presence of hydrogen.
{62371 Hydrogenation of biomass produced by the methods described herzsin can be
performed in conjunction with one or more of the methods and/or materials provided herein,

including microbial biomass with a percentage of DCW as lipid at least 20%, or (¢ produce
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products, as reported in the following: US Patent Nos. 7,288,278 (food additives or
medicaments); 5,346,724 (lubrication products); 5,475,160 (fatty alcohols); 5,091,116 {edible
oils); 6,208,737 (structural fats for marparine and spreads); 5,298,637 (reduced-calorie fat
substitutes); 6,391,815 (hydrogenation catalyst and sulfix adsorbent); 5,233,099 and
5,233,100 '(fatty aleohols); 4,584,120 (hydrogenation catalysts); 6,057,375 (foam suppressing
agents); and 7,118,773 (edible emulsion spreads), each of which is incorporated herein by
reference,
B. Interesterification: Interchanging Fattv Acid Components of
Glyeerolipids .
16238] Natorally produced glycerolipids typically do not have 4 uniform distribution of
futty acid constiteents. In the context of oils, interesterification refers to the exchange of acyl
radicals between two esters of different glycerolipids. The interesterification process provides
amnechanism by which the fatty acid constituents of a mixture of glycerolipids can be
rearranged to modify the distribution pattem. Inferesterification is a well-known chemical
process, and generally comprises heating (to ebout 200°C) & mixture of ofle for & period (e.g,
30 mimtes) in the presence of a catalyst, suck as an alkali metal or alkali metal alkylaze (e.g.,
sodium methoxide). This process can be used to randomize the distribution pattern of the
fatty acid constituents of an oil mixture, or can be directed to produce 2 desired distribution
pattern. This method of chemical modification of lipids can be performed on materials
provided herein, such as microbial biomass with a lipid percentage of DCW of at least 20%.
(62381 Directed interesierification, in which a specific distribution pattern of fatty acids is
sought, can be performed by maintaining the oil mixtire at & temperature below the melting
point of some TAGs that might be present. This results in selective crysialiization of these
TAGs, which effectively removes them from the seaction mixmre as they crysialiize. The
process can be continued untif most of the fatry acids in the oil heve precipitated. A directed
interesterification process can be used to produce, for example, & product with & Jower calorie
sontent via the substitution of longer-chain fatty acids with shorter-chain counterparts.
Directed interesterification can alsoe beused to produce a product with a mixture of fats that
can provide desired melting characteristics and structural features sough! in food additives or
food products (e.z., margarine} without resorting to hydrogenation, which can produce
unwanted fans isomers,
[0240]  Interesterification of biomass produced by the methods described herein can be

performed in conjuction with one or more of the methods and/or materials, or to produce
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products, as repotied tn the following: US Patent Nos, 6,080,853 (nondigestible fat
substitutes); 4,288,378 (peanut butter stabilizer); 5,391,383 {edible spray oil); 6,022,577
(edible fats for food products); 5,434,278 {edible fats for food products); 5,268,192 (low
calorie nut products); 5,258,197 (reduced calorie edible compositions); 4,335,156 (edible fat
producty; 7,288,278 (food additives or medicaments}; 7,115,760 (fractionation process);
6,808,737 (structural fats); 5,888,547 {engine lubricanis); 5,686,131 (edible oil mixtures); and
4,603,188 {cursble urethene compositions), each of which is incorporated herein by
reference.
{6241} In one embodiment of the invention, transesterification of the biomass, as deseribed
above, is followed by reaction of the transesterified product with polyol, as reported in US
Patent No. 6,463,642, incorporated herein by reference, fo produce polyol fatty acid
polyesters. Transesterification can also be performed on microbial biomass with short chain
fatty acid esters, as reported in U.S, Patent 6,278,006, incorporated herein by reference.

. Hvdrexvlation: Saturation via the Addition of Water to Double Bonds
[0242] Hydroxylation involves the addition of water to 2 double bond resulting in
saturation and the incorporation of a hydroxyl moiety. The hydroxyiation process provides a
mechanism for converting one or more fatty acid constituents of a glycerolipid to a hydroxy
fatty acid. Hydroxylation can be performed, for example, via the method reported in US
Patent No. 5,576,027, incorporated herein by reference. Hydroxylated fatty acids, including
castor oil and its derivatives, are nseful as components in several industrial applications,
inclnding as food additives, surfactants, pigment welting agents, defoarning agenis, water
proofing additives, plasticizing agents, cosmetic emulsifying and/or deadorant agents, as well
as in clectronics, pharmaceuticals, paints, inks, adbesives, and Jubricants.
[6243] Hydroxylation of microbial biomass produced by the methods described herein can
be performed in conjuction with one or more of the methods and/or materials, or to produce
products, as reported in the following: US Paient Nos. 6,590,113 (oil-based coatings and
ink); 4,049,724 (hydroxylation process); 6,113,971 {olive ofl butter); 4,992,189 (ubricants
and lube additives); 5,576,027 {bydroxylated milk); and 6,869,597 {cosmetics), each of which
is incorporated herein by reference.
{02441 Hydrozylated glycerolipids can be converied to estolides. Bstolides consist of a
giyeerslipid in which = hydroxytated fatty acid constituent has been esterified to another fatty
acid molecule. Conversion of hydroxylated glyeerclipids to estolides can be carried out by

warming a mixture of glycerolipids and fatty acids and contacting the mixture with 2 mineral
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acid, as deseribed by Isbell et al., JAOCS 71{2):169-174 (1994}, incorporated hersin by
reference. Estolides are useful in z variety of applications, including without Iimifation thase
raported in the following: US Patent Nos. 7,196,124 (elastomeric materials and floor
coverings); 5,458,795 (thickened ofls for high-temperature applications); 5,451,332 (finids
for indusivial applications); 5,427,704 (fuel additives), and 5,380,894 (ubricants, greases,
plasticizers, and printing inks), each of which is incorporated herein by reference.

B, . Hydrolysis plus Derivadzation: Cleavage and Medification of Free Fagty

Acidg .

{0245] Hydrolysis of the fatty acid constituents from the glycerolipids produced by the
methods of the invention yields free fatty acids that can be derivatized to produce other usaful
chemical entities. Hydrolysis occurs in the presence of water and an acid or base catalyst. The
Hberated Tree fatty ncids can be derivatized fo yiei& & variety of products, as reported in the
following: US Patent Nos. 5,304,664 (highly sulfated fatty acids); 7,262,158 (cleansing
composifions}; 7,115,173 (fabric softener compositions); 6,342,208 (emulsions for treating
skin); 7,264,886 (water repellant compositions); 6,924,333 {paint additives); 6,596,768 {lipid-
enriched ruminant feedstock); and 6,380,410 (surfactants for detergents and cleaners), cach of
which i incorporated herein by reference.

E. Additional Chemica! Reactions to Modify Lipid-Containing Microbial

Biomass

[0246] Other chemical reactions that can be performed on lipid-containing microbial
iomass include reacting trizcylglycerols with & eyclopropanating agent to enhence finidity
and/or oxidative stability, as reported in U.S, Patent 6,051,539; mam:facturing of waxes from
trizcylghycerols, as reported in ULS. Patent §,770,104; and epoxidation of triacyiglyeerols, s
reporied in "The effect of fatty acid composition on the acrylation kisetics of epoxid
triacylglycerols”, Journal of the American Gil Chemists' Society, 7911, 59-63, (2001) and
‘Free Radical Biology and Medicine, 37:1, 104114 (2004), each of which is incorporated
herein by reference.
[0247] In some methods, the first step of modification is hydroprocessing to saturate double
bonds, followed by deoxygenation at elevated temperature in thé presence of hydrogen and &
catalyst. In some methods, hydrogenation and deoxygenation ocour in the same rauction. In
other methods deoxygenation occurs before hydrogenation. Isomerization is then optionally
performed, aise in the presence of hydrogen and a catalyst. Finally, gases and naphthe
comiponents can be removed if desired. For example, see U.8. Patents 5,475,160
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(hydrogeoation of triglycerides); 5,091,116 (deoxygenation, hydrogenation and gas removal};
6,391,815 (hydrogenation); and 5,888,947 {isomerization), each of which is incorporated
herein by reference.

.  Saponification of Of-Besrine Microbial Biomass and Extracted Of}

1. Basic Chemistry of Saponification

{6248]  Animal and plant oils are typically made of triacylglycerols (TAGs), which are
esters of faity acids with the tihydric aleohol, glycerol. In an alkaline hydrolysis reaction, the
glycerol in a TAG is removed, leaving three carboxylic acid anjons that can associate with
alicali metal cations such s sodium or potassinm to produce fatty acid salts. A typical
reaction scheme is as follows;

0 —— OCR,

KOH
O e QORy  mmomm————afpe ROOCTK ¢ ROOU'K + RCOOTK +  giyoero)

e Qe QR

[0249] In thix schieme, the carboxylic acid constiuents are cleaved from the glycerol

moiety and replaced with hydroxyl groups. The quantity of base {e.g., KOH) that is used in
the reaction js determined by the desired degree of sapenifiction. If the objective is, for
example, 10 produce a soap product that comprises some of the oils originally present in the
TAG coraposition, an amount of base insufficient to convert all of the TAGs to fatty acid
salts is infroduced into the reaction mixture. Normally, this reaction is performed in an
agueous selution and proceeds slowly, but may be expedited by the addition of hent.
Precipitation of the fatty acid salts can be facilitated by addition of salts, such as water-
soluble alkali metal halides (e.g., N2Cl or KC1), to the reaction mixture, Preferably, the base
is an alkuli metal hydroxide, such as NaOH or KOH. Alternatively, other bases, such as
alkanolmrines, including for example friefhanolamine end aminomethylpropanol, can be used
in the reaction scheme. In some embodiments, these alternatives may be preferred to produce
a clear soap product.

2. Saponification of Off Bearing Biomass

{0258] Saponification of oil bearing microbial bicmass can be performed in sccordance
with the moethods of the invention on intact biomass or biomass that has been disrupted prior
10 being sulbjected to the alkaline hydrolysis reaction. In the former case, intact microbial
bivmass generated via the culturing of microorganismis as deseribed herein can be directly
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contacted with 2 bese to convert ester-containing lipid components of the biomass to fatty

acid saits. In some embodiments, all or a portion of the water in which the microbes have

‘been cultured is removed and the biomass is resuspended in an agueous solution containing

an amount of base sufficient to saponify the desired portion of the glycerolipid and fatty acid

ester components of the biomass. In some embodiments, less than 100% of the glycerolipids
and fatty acid esters in the biomass are converted to fatty acid salts,

{0251} In some methods of the invention, the biomazs is disrupted prior © being subjected

to the alkaline hydrofysis reaction. Disruption of the biomass can be necomplished via any

one or more of the metheds described above for tysing eolls, incinding heat-induced tysis,
mecharnical lysis, or the hike, to make the intracellular contents of the microorganisms more
readily accessible to the base, This can help to facilitsts the conversion of TAGs or fatty acid
esters to fatty acid selts, Although acid-induced lysis can be used to disrupt the biomass prior
to seponification, other methods may be more desirable to reduce the possibility that
additional base will be consumed to peutralize any remaining acid during the alkaline
hydrolysis reaction, which may impact the conversion efficiency to fatty acid salts. Bocause
the application of hesat can expedite the alkaline hydrolysis reaction, hent-induced lysis ¢an be
used prior to or during the saponification reaction to produce the fatty acid salts.

{02521 In some embodiments of the invention, fhe biomass is not subjected 1o any
treatment, or any treatment other than distuption, prior to being subjected to the alkaline
hydrolysis reaction. In some embodiments, prior enrichment of the biomass to increase the

ratio of lipid to non-lipid material in the biomass to more than 50% {or by more then 50%) by

weight, is performed as described herein. In other enbodiments, the biomass is subjected to
the alkaline hiydrolysis reaction without a step of prior enrichwment. In some embodiments, the
biomass subjecied 10 the atkaline hydrolysis reaction contains components other than water in
the same relative proportions as the biomass st the point of harvesting. In those embodiments
in which substanially all of the water has been removed, the blomass comprises a cellular
emulsion or substantially-dried emulsion concentrate.

{6253] Any of the microorganisms described herein can be used to produce Hpid~containing

biomass for the production of saponified oile. In some embadiments, the microorgenisms can

also impart other cheracieristics to the saponifisd-oil compositions produced from the
" methods described herein. For example, microaigae of different species, as well as
microalgae prown under different conditions, vary in color, including green, yellow, orange,

red, and the like. Small guantities of the compounds that impart these colors to the
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microzlgas can be purposefully retained so that the resulting saponified-oil compositions and
thereby provide natwral colarants. In some embodiments, other constituents of the biomass,
including carotenoids and xanthophylls, can also be retained in smal] quantities i the
saponified-oil compositions.
102541 The extent of saponification of the biomass can vary in the methods of the
invention. In some embodiments, it is desirable to produce a saponified-oil composition that
also inclndes piycerolipid constitvents of the biomass. The appropriate quantity of bese {e.g.,
NaOH) for mse in the alkaline hydralysis reaction can be determined baged on an analysis of
the glyeerolipid and fatty acid ester content of the biomass. In some embodiments, it is
preferable to use an excess of base to saponify lipid-containing biomass directly, because
some of the buse may be consumed by reaction with other constiisents of the biomass. In
some embodiments, the use of excess quantities of base to saponify the ester-containing lipid
constiteents of the biomass results in 2 saponified oil composition that is undesirably alkaline.
Ins these instances, the comnposition can be purified to reduce the alkalinity of the composition
by boiling the saponified oil cormposition in water and re-precipitating fhe fatty acid salts via
addition of salts such as NaCl, KC, or the like. The purified soap composition can then be
subjected to farther processing, such as removing excess water, Infroducing various additives
into the soap composition, molding the soap into bars or other shapes, and the ke,
102551  In some embodiments, the fatty acid salis (also referred to as saponified oils)
generated from the methods described herein can be combined with one or more additives
selected from essential oils, fragrance oils, flavor oils, botanicals, extracts, CO, extracts,
clayé; colorants, titanium dioxide, micas, tinting berbs, glitters, exfoliants, fruit seeds, {ibers,
grain powders, rut meals, seed meals, olf beads, wax beads, herbs, hydrosols, vitamins, milk
powders, pressrvatives, antioxidants, focopherols, salts, sugars, vegetable oils, wares,
glycerin, sea vegetsbles, nutritive oils, moisturizing ofls, vegetable butters, propylene glyceol,
perabens, honey, bees wax, aloe, polysorbate, cornstarch, cocoa powder, coral powder,
humectarits, poms, emulsifying agents, and thickeners, or any other additives described
herein, )

3, Saponifiestion of Extracted O
[6256] The degree of saponification of extracted Hipid constituents of the biomass can be
tore readily controlled hecause of a reduced probability that the base will be consumed

through interaction with components other than ghycerolipids or fatty acid esters present in
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the extracted ofl. Extraction of the lipid constituents can be performed via conventional
hexane-extraction procedures, or via an oil-extraction or salventless-extraction procedure.
j0257] Conventional hexane-extraction (other suitable organic solvents can glso be used)
generally comprises contacting the biomass or lysate with hexane in an amount and for 2
period of time sufficient to allow the lipid to form a solution with the hexane. The mixture
can then be filtered and the hexane removed by, for example, rotoevaporation, Hexane
sxtraction methods are well known in the art.

[0258] Off extraction includes the addition of an oil directly to & lysate without prior -
separation of the Iysate components. Adter addition of the oil, the lysate separates either of its
own aceord or as z result of cenirifugation or the like into different layers. The Jayers can
inciude in order of decreasing density: 2 peliet of heavy solids, an aqueous phase, an
emulgion phase, and an oil phase. The emulsion phase is an emulsion of lipids and aqusous
phase. Depending on the percentage of oil added with respect to the Lysate (w/w or viv), the
foree of centrifugation, if any, volume of agueous media and other factors, sither or both of
the emulsion and oil phases can be present. Incubafion or treatment of the cell lysate or the
emulsion phase wilh the oil is performed for a time sufiicient to atlow the lipid produced by
the microorganism to become solubilized in the ofl to form & heterogeneous mixture.

[6259] In various embodiments, the oil used in the extraction process is selected from the
group consisting of il from soy, rapeseed, canola, palm, paim kernel, cocomt, corn, waste
vegetable oil, Chinese tatlow, olive, sunflower, cotfon seed, chicken fat, beef tallow, porcine
tallow, microalgae, macroaigae, Cuphen, flax, peanut, choice white grease (lard), Cameling
sativa mustard seedoashew nat, cats, Iopine, kenaf, calendula, hemp, coffes, Hinseed,
hazelizut, euphorbia, pumpkin seed, coriander, camellia, sesame, safflower, rice, tung oil tree,
©0C0a, COpTa, PRUIL POPPY, castor beans, pecan, jojobs, jatrophs, macadamia, Brazil nuts, and
avocado. The smount of oif added fo the lysate is typically greater than 5% (tmeasured by viv
and/or wiw) of the lysate with which the oil is being combined. Thus, & preferred viv or win
of the ofl is greater than 5%, or af least 6%, at least 7%, at least 10%, at least 20%, at least
25%, at lzast 30%. at least 40%, at least 50%, at least 60%, at least 70%, at least 0%, at least
90%, and at teast 95% of the the cell lysate.

{0260} Lipids can also be extracted from a lysate vie a solventiess extraction procedure
without substantial or any wse of organic solvents or ofls by cooling the lysate. In such
methods, the lysate is preferably produced by acid treatment in combination with above room

temperature. Sonication can alse be used, particularly if the temaperature is between room
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terperature and 65°C. Such a tysate on centrifugation or setfling can be separated into Jayers,
one of which is an aqueous:lipid layer (the “emulsion” layer). Other layers can include a solid
pellet, an aqueous layer, and a lipid layer, Lipid can be extracted from the emulsion layer by
freeze thawing or otherwise cooling the emulsion. In such methods, it is not necessary to add
any organic solvent or oil. If any solvent or oil is added, it can be below 5% viv or wiw of the
[ysate.

{6261} The separated or sxiracted lipids are then subjected to an alkaline hydrolysis
reaction as described above, in which the amount of base added to the reaction mixtore can '
be tailored to saponify a desired amount of the glycerolipid and fatty acid ester constituents
of the Hipid composition. A close approximation or guantification of the amount of esterified
lipid in the composiiion can be used 1o tailor the amount of base needed to saponify a
specified poriion of the oil, thereby providing an opportunity fo modulate the amount of
unsaponified oil remaining in the resulting composifion. In some embodiments, af least 1%,
al least 2%, at least 3%, at least 4%, at least 5%, at least 6%, at least 7%, at lenst 8%, at least
9%, or at least 10% of the o}, by weight, remains unsaponified in the resulting composition,
In other embodiments, i may be desirable to saponify all or substantially a1l of the oil, such
thef the resulfing composition contains no more than (0%, ne more than $%, no more than
8%, no more than 7%, no more than 6%, no more than 5%, no more than 4%, no more than
3%, no more than 2%, no more than 1%, or no more than 0.5% unsaponified oil by weight.
[0262] In various embodiments of the invention, the microbial biomass or ¢il can contain
lipids with varying carbon chain lengths, and with varying levels of saturation. The
characteristies of the lipids can result from the natural glycerolipid profiles of the one or more
Ticroorganism populations used to generate the biomass or oil subjected 1o the saponification
reaction, of can be the resuli of lipid pathway engineering, as descrived herein, in which
transgenic straing of microorganisms that produce particular lipids in greater proportions are
produced,

f0263] The microbial biomass subjected 1o twransesterification or other chernical
modification, as described herein, can optionally be subjected to & process of prior
envichtnent that increases the ratio of the Ypids to the dry weight of the microbes. I some
embodiments, the ratio of Tipids fo non-lipid materigiz in the biomass is increased by more
than 10%, by more than 20%, by more than 30%, by mose than 40%, by more than 50%, by
more than 60%, by more thao 70%, by mwore than 80%, by more than 90%, or by more then
100% by weight. In some methods of the invention, the biomass Is subjested to the chemical
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reaction without & step of pricr envichmment, o, in some embodiments, without a step of prior
enrichment that increases the ratio by more than 50%. Enzichment of the ratio of lipids to
non-lipld material can be accomplished by, for cxample, the addition of lipids obtained from
& source other than the microbial biomass {e.g., from & second microbial biomass culture,
from & ptant or seed-oi] source, or the Hke), Whether or not subjected to optional enrichment,

- the lipid component comprises 1o more than 50%, no more than 60%, 50 more ten 70%, no
more than 80%, ao more than 90%, or no more than 85% of the biomass subjected to the
chemical reaction, and preferably the lipid component comprises nio less than 15%, no Jess
than 20%, po less than 30%, no less than 35%, no Tess than 40%, or no less than 45% of the
biomass. In some embodiments, the harvested biomass comprises a lipid content of at least
5%, at least 10%, at least 15%, at feast 20%, at least 25%, at least 30%, at least 35%, at least
40%, at loast 45%, at least 50%, at ieast 55%, ai least 60%, &t least 65%, at least 70%, at least
75%, at least 80%, at least 85%, or at least 96% by DCW.

§6264] Insoms embodiments, water is rernoved from the biomass prior to sobjecting the
biomass to the saponification (or other chemical modification) reaction. In some

embodiments of the invention, the microbial biomass is not subjected to any treatment, other
thag removing water sndfor lysis, prior to subjecting the biomass to the saponification{or

other chemical modification) reaction. In some embodiments, the biomass subjectad to the
chemical reaction contains components other than water in the same relative proportions s
the biomass at the point of harvesting from the fermentation. In this context, “the same
relative proportions” means that the proportions of the components remain substantielly the
sarne after having accounted for changes associated with the cells’ use or metabolic

conversion of some components following harvesting of the biomass, chemical conversion of
some componenis within the harvested biomass (without the application of exogenous
reagents Or catalysts), the escape of gases from the harvested biomass, and/or similar
modifications of the relative proportions that are not rexdily controllable. The phrase "the
same relative propartions” is also meant fo account for some level of experimental variability,
e.g & 5%.

[0265] In some methods of the invention, the covalently modified lipid is separated fom
other components of the biomass following chemical modification of the lipid. In some
embuodiments, separating the ipid comprisss a phase separation whereby the covalently
modified lipids form a lighter nom-agueous phase and components of the biomass form ene or

more heavier phases. The lighter non-aqueons phase can then be removed to isolate the
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covalently modified lipid components. In some embodiments, separation of a lipophilic phase
contzining the covalently modified Lipids from hydrophilic cell material of the biomass can
be facilisated by centrifugation or other technigues. The ratio of the covalently modified lipid
to the biomass from which it is separated can be between 10% lipid to 90% biomass and 0%
lipid io 10% biomass by dry weight.

4, Advantages of Biomass with Higher Saturated Gl Content and

Fewer Colored Impurities

[0266] Alithough biomass and/or extracted oil for uge in the saponification methods
described herein ¢an be derived from any one of 2 number of microorganisms with varying
glyceralipid profiles and varying ratios of other constituents such as pigments, in a preferred
embodiment, the biomass andfor the extracted oil comprises a relatively high ratio of
saturated fatty acids within the TAGs and a relatively low ratio of constituents that impeart 2
color to the oil {e.g., pigments), In one embodiment, the biomass and/or extracted oil is
derived from microalgae of the genus Prototheca,
{02671 The saruration characteristics of the fatty acid constituents of a saponified oil, as
well as the presence of colored constituents, impact the shelf-life of compositions cornprising
the saponified ofl, as well a8 their aesthetic qualities. Saturated fatty acids are less prone to
oxidation than their unsaiurated counterparts. Thus, use of suponified oils with a relatively
higher ratio of saturated:unsaturated fatty acid constituents in the preparation of saponified oil
products results in a longer overall shelf-life and minimizes the development of oxidation
praducts, which ofien have an unpleasant odor. Similarly, the relative absence of colored
impuritics, which, upon oxidation tend to change the appearance of the saponified oil
composition in which they are incorporated, improves the aesthetic qualities of the
composition and consumer satisfaction with such products, particularty over en extended
shelf-life, Consumers of the resulting soap tend to zssociate 2 particular color or lack of color
with a brand of soap and come to expect the same color of product every tune, The lack of
color in the seponified vil allows for more consistency in the resulting saponified oil.
16268 Higher ratios of saturated fatty acids are particulurly adventagecus in the
preparation of saponified compositions, discussed below, in witich 2 portion of the
glyceralipids within the biomase (or the extracted ofl) remains unsaponified. As discussed
previously, & percentage of the glycerolipids can yemain vnmodified (unsaponified) by
adjusting the quantity of base used in the saponification reaction, thus producing 2 soap
product that retaing some proportion of the originally present glycerolipids, The presence of
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en excess of glycerolipids in a saponification reection is commonly referred to as
"suparfatiing” The extra oils remaining in the product following the saponification reaction
impart moistmrizing properties to the composition, but like any oil, are subjeet to oxidation,
which ¢an lead to the development of an unpleasant-smelling composition, Use of a higher
ratio of saturated:unsaturated fatty acid constituents gs the “superfatting” components of the
resction mixture results in 2 product with & relatively longer shelf-life and mimmizes the
production of malodorous oxidative products,

[0269] In various embediments, saturated fafty acid constituents comprise fom 1-100% of
the ester-containing lipid components of the microbial biomsass or extracted oil subjected 10
an alkaline hydrolysis reaction in ascordance with the methods of the present invention. In
preferred embodiments, saturated fatty acid constituents comprise at least 50%, ar Jeast 60%,
at least 70%, at least 8%, at least 90%, at least 95%, or at least 99% of the ester~containing
lipid components in the alkaline hydrolysis reaction.

{82701  In some embodiments, color-generating tmpurities {e.g., carptenoids) are present in
the microbial biomass or the extracted oil at a concentration of no more than 500 ppm, 1o
roore than 250 ppm, ne more than 100 ppm, no more than 73 ppm, or no mere than 25 ppm.
Color-generating impurifies include carotenoids such as Jutein, beta carotene, zeaxanthin,
astaxanthin and chlorophyll. In other embodiments, the amount of chiorophyll that is present
in the microbial biomass or the extracted oil is less than 0.1 mp/kg, less than 0.05 mg/kg, or
less than 0.01 mg/kg,

[8271] Insomc cnbodiments, the microbial oil or soap, before or after saponificaiion,
respectively, contains less than 60 micxograms, less than 59 micrograms, less than 58
micrograms, Jess than 57 micrograms, less than 56 micrograms, less than 55 micrograms, less
than 54 micrograras, less than 53 micrograms, less than 52 micrograms, less than 51
micrograms, less than 50 micrograms, less than 49 microgratns, less than 48 maicrograms, less
than 47 microgracas, less than 46 micrograms, less than 45 micrograms, less than 44
miicrograms, less than 43 icrograms, ess than 42 microgyams, less than 41 micrograms, less
than 40 micrograms, iess than 39 micrograms, less than 38 micrograms, less than 37
microgramns, less than 36 micrograras, less than 35 micrograms, less than 34 micrograms, less
than 33 micrograms, less than 32 micrograms, less than 31 micrograms, less than 30
micrograms, less than 29 micrograms, less then 28 micrograms, less than 27 micrograms, less
than 26 micrograms, less than 25 micrograms, Jess than 24 micrograms, less than 23
micrograms, less than 22 micrograms, less than 21 micrograms, less than 20 micrograms, less
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than 19 micrograms, less than 18 micrograms, fess than 17 micrograms, less then 16
micrograms, less than 15 micrograms, less than 14 micrograms, less then 13 micrograms, less
than 12 micrograms, less than 11 micrograms, less than 10 micrograms, less than 9
micrograms, lesp than § micrograms, less than 7 micrograms, iess than 6 micrograms, less
than 5 micrograms or less than 4 micrograms carotencids per gram of sapenified oil,

162721  Microalgae of the penus Prototheca, including without limiwtion, Prototheca
wickerhamii, Prototheca siagmora, Protothecn portoricensis, Frotothecu moriformis, and
Prosotheca zopfii naturelly produce higher ratios of satorated lipid constituents, as fllustrated
in Bxample 28. Moreoves, oils exiracted from micronigee of the genus Prototheca generally
inchude fewer color-genexating bmpurities, allowing for the production of coloriess
compositions comprising the saponified ofls, Thus, use of such microarganisms as the source
of biomass or oil for practicing saponification methods in accordance with the present
invention is preferred.

A% 8 COMPOSITIONS

{0273} The present invention also provides compositions that can be prepared by the
methods described herein. In each of the various compositions of the present invention, the
microbial bivmass is sefected from the group consisting of bacteria, cyanobacteria, enkaryotic
microalgae, oleaginous yeast, and fungl. In some embodiments, the microbial biomass is
selected from biomass derived from micz;obes in the group consisting of the eukaryotic
microalgae listed in Table 1. In some embodiments, the microbial biomass is a species of the
genus Chilorella, a4 in some embodiments, the species is selected from the group consisting
of Chiorella fusca, Chiorella protothecoides, Chlorella pyrenoidosa, Chlorella kessieri,
Chilorelia vulgaris, Chlorella saccharopkila, Chlorella sorokiniang and Chlorelln
ellipsoiden. In one embodiment, the species is Chiorelia protothecaides. In some’
embodiments, the microbial biomass is derived from 2 yeast selected from the group
consisting of the olcaginous yeast listed in Table 2, or is derived from & fungus selected from
the group consisting of the fungi listed in Table 3.

{6274]  In one embodiment, the present invention is directed to & composition comprising a
lighter phase containing fatty acid alky! esters and at Jeast one heavier phase containing
microbial biomass.

{02758}  In various embodiments of the cornposition, ut least 20% of the faity acid alicyl
esters are C18, In other embodiments, at least 30%, at Teast 40%, or at least 50% of the fatty
acid alky! esters are C18. In some embodiznents, at Jeast 50% of the fatty acid alkyl esters are
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C16 or longer chain lengths, In some embodiments, at least 10% of the fatty acid alkyl esters
are C14 oy shorter chain lengths, In sorse embodiments, st least 20% of the fatty acid allkyl
esters are C14 or shorter chain lengths.

j0276] [In some embodiments, the composition comprises heteroatoms in varying amounts.
In some embodiments, the amoum of calclum and magneshum combined by weight in the
lighter phase is no greater then 5 parts per million. In some embodiments, the amount of
phosphorous in the lighter phase is no greater than 0.001%, by mass. In some embodiments,
the amount of satfur in the lighter phase is no greater than 15 parts per miflion. In some
embodiments, the amount of potassium apd sodivwm combined by weight in the Iighter phase
is no greater than 5 paris per million, In some erubodiments, the fotal caratenoid content of
the lighter phase i no greaer than 100 micrograms of carotenoid per gram.

02777 In another embodiment, the present invention provides a composition comprising a
lightest phase containing completely sarurated Ypids, and at least one heavier phase
containing microbial biomass.

10278  Im still another engbodiment, the present invention prevides a comgposition
comprising a lighter phase containing lipids and af lsast one heavier phase containing
microbial biomass from more than one species or strain. In yet another embodiment, the
present inventjon provides a composition comprising 1 lighter phase containing hydroxylated
lipids and at least one heavier phase containing microbial biomass. In another embodiment,
the present invention provides a composition comprising a lighter phase containing free fatty
seids and at least one heavier phase containing microbial biomass.

{027%] In still ancther embodiment, the present invention provides 2 composition
comprising saponified oils derived from the alkaline hydrolysis of biomass produced by
culturing & population of microbes, as described above. In some embadiments, e biomass
from which the saponified oils are derived comiprises a mixture of biomass from two or more
distinct strains or species of microbes that have been separately cultured. In one embodiment,
at Jeast two of the distinct strains or species of microbes, the biomass from widch is
combined, comprise different glycerolipid profiles. In different embodiments, the
composition can be a solid (including a powé&‘) or a liquid.

16288]  Saponified oil compositions of the invention can include fatty acid sults derived
from one or more species of microorganisme, as described herein, and may include
carotenoids or other components derived directly fom the biomass from which saponified
oils were prepared. In some embodiments, the saponified oil compositions include, without
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limitation, B-carotene, o~cerotene, astasanthin, o-cryptoxanthin, B-cryptoxantbin, Jurein,
iycopene, phytoene, phyloffuene, and/or zeaxanthin. In some embodiments, the saponified oil
compositons inchide an algal polysaccharide, such as those described in intemational
publication number WO/2007/084769, incorporated herein by reference.

[6281] In some embodiments, the saponified oil compositions comprise various proportions
of unsaponified glycerolipids derived from the biomass. In various embodiments, the
unsaponified glycerolipids derived from the biomass comprise at least 2%, at least 3%, at
least 4%, at least 5%, at least 10%, at least 20%, at Jeast 30%, at least 40%, or at least 56% of
the saponified oil cormposition. In other embodiments, the unsaponified glycerolipids
comprise no more than 25%, no more than 20%, ne more than 15%, no more than 10%, no
more than 9%, no more than 8%, no more than 7%, 2o more than 6%, no more than 5%, no
more than 4%, no more than 3%, no more thay 2%, or no more than 1% of the seponified oil
COTRPOSitioN.

j0282] In various embodiments 6f the saponified oi compositions in accordance with the
invention, the saponified ofl comprises at least 5%, at least 10%, at least 15%, at least 20%, at
least 23%, at least 30%, at least 35%, at least 40%, at Jeast 45%, at least 50%, at least 55%, at
Ieast 60%, at least 65%, at least 70%, at least 75%, at least 80%, at least 85%, at Jeast 90%, or
at teast 95% of the composition's total mass. In sume smbodiments, the sapownified oil
comprises no rnore than 80%, no more than 75%, no more than 70%, no more than 65%, no
more thant 60%, no more than 55%, no more than 50%, no more than 45%, no more than
40%, no wmors than 35%, no more than 30%, no more than 25%, no more than 20%, no more
than 15%, no more than 10%, or no more than 5% of the composition's totel mass. Inn some
embodiments, components derived from the biomass, including without limitation, saponified
oils, unsaponified oils, carotenoids, and the ke, constitute at least 5%, at least 10%, at least
15%, at least 20%, at least 25%, at least 30%, at least 35%, at least 40%, at Jeast 45%, at Ieast
50%, at least 55%, at least 60%, at least 65%, ot least 70%, at Jeast 75%, at least 80%, at least
85%, at least $0%, or at least 95% of the composition's total mass. In other embodiments,
components derived from the biomass constifwie no more ihan 80%, no more thea 75%, no
more than 70%, no more than 65%, ne more than 60%, no more than 55%, no more than
50%, no more than 45%, no more than 40%, no more ﬁm 35%, no more than 30%, no more
than 25%, 110 mare thar 20%, no more than 15%, 1o more than 10%, or no more than 5% of
the composition's total mess.
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02831 In some embodiments of the saponified off composition, the composition further
inchudes at least one ol selected {rom soy, rapeseed, canola, patm, palm kernel, coconut,
corn, wasie vegetable, Chinese tallow, olive, sunflower, cotion seed. chicken fas, beef taliow,
poscine tallow, microalgse, macrogigae, Cupher, flax, peanut, choice white grease, lard,
Camelina sativa, mustard seed caghew nui, vais, lupine, kenaf, calendula, hemp, coffes,
linseed (flax), hazelnut, euphorbia, pumpkin seed, corander, camellia, sesame, safflower,
rice, fung oil tree, cocoa, copra, pium pappy, castor beans, pecan, jojoba, jatropha,
rnacadamis, Brazil nuts, or avocado, '

[6284] In some embodiments of the saponified oil composition, one or more additives are
combined with the fatty acid salts. In some embodiments, the additives are selected to
optimize the cleansing efficiency of the composition when used, for example, as a skin
cleanser, In other embodiments, the additives are selected with regard 1o a characteristic
imparted by the sdditive to the composition that appeals to 2 consumer. In some
embodimenty, addiives are selected for both optimization of cleansing efficiency and for
consumer appeal. In the various embodiments, the additives are sejected from essentia] oils,
fragrance oils, flavor oils, botanieals, exwacts, CO; extrants, clays; colorants, titanivm
dioxide, micas, tinting herbs, ghitters, exfoliants, fruit seeds, fibers, grain powders, mut meals,
seed meals, oi] beads, wax beads, herbs, hydrosols, vitamins, milk powders, preservatives,
antioxidants, tocopherols, salts, sugars, vegetable oils, waxes, glycerin, sea vegetables,
nutritive oils, moisturizing oils, vegetable butiers, propylene glycol, parabens, honey, bees
wax, alog, polysorbate, comnstarch, cocoa powder, coral powder, humectants, gums,
emulsifying agents, and thickeners, These sdditives ere commercially available fom a
number of skin care ingredient and bath accessory supplicrs.

[0285] Essential oils include allspice, myﬁs, angelica root, anise seed, basil, bay,
bergamot, black pepper, cajsput, camphor, cananga, cardamonn, carot seed, cassia, catnip,
cedarwood, chamomile, cinnamon bark, cinnamon leaf, citronella java, clary sags, clovebud,
coriender, cornmint, cypress, davana, dill seed, elemi, eucalyptus, femel, fir, frankincense,
geranium bourbon, gevanium roast, gerantum, ginger, grapefiuit pink, grapefruit, gugum
balsam, hyssop, juniper berry, lavandin, lavandula, lavender, lemon myrtle, lemon ez tree,
lemon, lemongrass, ime, litsea cubeba, mandarin, marjoram, mullein, myrrh, neroli, nerolina,
niaouli, nutmeg, orange, palmarosa, patchouli, peppermint, petitgrain, pine needle, ravensars,

ravintsara, Yosalina, rose, rosemary, tosewond, sage, sandelwood, spearmint, spikenard, star
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enise, tangerine, fea tree, thyme, tulst, verbena, vetiver, ylang ylang, and zdravetz, or
combinations thereof.

{0286} Fragrance and flavor oils inctude absolute mlip, almond, emaréiio, amber, anais,
apple, apple cinnamon, apple spice, apricotl, apricet créme;, arabian musk, asian pear, asian
plum blossom, autumn woods, banana, basil, basil nectarine, bay rum, bayberry, bergamot,
berries and cream, birthday cake, black cherry, black tea, blackberry tea, blackeuerent, biue
nile, blueberry delight, brambleberry preserves, brown sugar, bubble gum, buttercream,
butterscoteh, calla By, canteloupe, carame! apple, camation, carrot cake, chai teg,
chamomile, ching musk, china rain, chinese peony, chrysanthemum, cinnamon, coconut,
covonut oream, cotton candy, crauberry, cucumber, cucumber melon, daffodi, dandelion,
delphinium, dewberry, dulce de lechie, earl grey tea, easter cookie, egg nog, eqyptian musk
enchanted forest, english Iavmdcn english pear, evergreen, fig, frangipan, ﬁ?mkmce'nse
french vanilla, fresh apple, fresh brewed coffes, fruit punch, gardenis, geranivm, ginger Iy,
gingerbread, grape, grapefiuit, green apple, green geask, green tea, guava, guava Hower,
hawatian white ginger, helictrope, hemp, herbaceous, holiday frettcake, hollyberry, honey
ginger, honey, honeysuckle, Jasmine, jasmine wea, juniper berries, kiwi, levender, leather,
lemon, lemon parsley, lilac, time, loganberry, lotus blossom, magnolia, mandarin, mango,
mango and kiwi, maple, milk chocolate, mimosa, minty lowe, mulberry, myreh, neroli,
oakmoss, oatmeal, ocean rain, orange blossom, orange sherbet, orange vanilla, papaya,
passion fruit, patchouli, peach, peaches and cream, pearverry, pepperosind, pikaki, pina
colada, pineapple, pomegranate, pumplkin pie, raisins and almonds, raspberry, roasted nuts,
rosewood, sege, sandalwood, sassaftas, sea moss, sesatne, siberian pine, snowberry, spanish
oy, spice, strawberry, sugar plum, suntan lotion, sweet clove, sweet grass, sweet pes,
tangerine, thai cocemut, timber, tomato leaf, vanilia, watermelon, white chocolate, wild
cherry, wisteria, wiiches brew, and yiang viang, or combinations thereof.

{2871 Exfoliants include particles that cen be used to dislodge dead skin celis, dirt, or
other materials from the surface of the skin, and include without Hmitation, fruit seeds and
fibers, grain powders, mut and seed meals, and oil or wax beads. Fruit fibers include
blueberry, cranberry, grape, kiwi, raspberry, blackberry, srawberry, and the like, Grain
powders include oat powder, and almond powder, or the like, milled to varying degrees of
cowrseness. Potymer beads, such as those made from polyethyiene, or the Hike, cen also be

used, The removal of deed skin cells and/or the outer most layer of skin can provide an
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opportunity for bioactive agents, such as carotenoids, which can also be present in the
compositions of the invention, to have greater access 1o deeper layers of the skin.

[0288] Exiracts and CO, extracts include hetbal extracts derived from conventional
extraction procedures, or via the nse of liquified carbon dioxide. Herbs include aloe vers leaf,
alfalfa leaf, alkanet root, annatto seed, arowroot, burdock root, calendula petals, can-c-;t root,
chamomile flowsr, comivey leaf, cornsilk, dutch blue poppies, fennel sesd, ginger raot,
ginseng, green tea leaf, jasmine flower, juniper berdes, lavender buds, lemon peel,
lemongrass, marshmallow root, nettles, oat siraw, orange peel, papriks, parsiey, peppermint
leaf, rose buds, rose petals, rosehip, rosemary keaf, shavegrass, spearmint leaf, and St. john's
worl, and combinations thereof.

{0289] Colorants and glitters include green #5, green #8, ovange #4, red #22, red #33, viclet
#2, blne %1, green #3, rod #40, yellow 5, yellow 46, green #6, red #17, as well as peariescent
micas and tinting herbs such as hemma leaf, sandalwood, mrmeric, cranberry, kiwi, raspberry,
alkanel, annaito, carrot root, nettles, paprika, and parsiey.

{62907 In various embodiments, the saponified oil composition containing one or more
additives, as described above, is formulated for use as a cosmetic product. In some
embodiments, the cosmetic product is a personal hygiene product, such as a cleansing
composition for use on: an individual's body or parts therenf (e.g., fac-e, tegs, etc.).

{02911 In one aspect, the invention is directed to a kit comprising a saponified oil -
composition, as described herein, and an oral supplement. in one embodiment, the otal
supplement is 2 vitanyin, In another ebodiment, the osal supplement is an herb,

{0292} In another aspect, the invention is directed to 2 method of using saponified oil
derived from the alkaline hydrolysis of biomass, produced as descrived herein, for admixture
with one or more additives, as described above, and packaging the mixture as & cosmetic
product. In one embodiment, the cosmetic product comprises a cleansing composition (e.g., @
facial cleanser).

{0293} Conventional DNA analysis methods can be nsed to detest the presence of
components derived from microbial biomass in accordance with the present invention,
[6294]  All references cited herein, including patents, patent applications, and publications,
are hereby incorporated by reference in their entirefies, regardiess of whether previously
specifically incorporated. The publications mentioned herein are cited for the purpose of
describing and disclosing reagents, methodologies and concepts that may be used in

consection with the present invention. Nothing herein {s to be construed as an admission that
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these references are prior art in relation to the inventions described herein. In particular, the
following patent applications are hereby incorporated by reference in their entireties for all
purpases; US Provisional Application Mo. 61/043,620 filed April 9, 2008, entitied “Direct
Chemical Modification of Microbial Biomass”; US Provisional Application No. 61/074,610,
filed June 20, 2008, entitled “Soaps and Cosmetic Products Produced from Oil-Bearing
vMiarcbiaf Biomass and Oils™; International publication number WO 2008/151149; and US
Provisional Application No. 61/112,464 filed November 7, 2008, entitled “Cosmetic
Compositions Comprising Microalgst Components™,
[6295] Although this invention has been describied in connection with specific
embodiments thereof, it will be understood that it is capable of further miodifications.
Variations, uses, or adaptations of the invention following, in general, the principles of the
“invention and including such departures from the present disclosure as come within known or
customary practice within the art to which the invention pertains and as may be applied to the
essential features hereinbefore set forth, are included in the scope of the claims below. The
following examples are oﬁ‘e\:ed' to illusirate, but not to limit, the claimed invention.
Vil EXAMPLES
EXAMPLE 1
[0296] Unless otherwise noted, all straing described in this and the following Examples
were obtained from the University of ’I"exas Culture Collection of Algae (Austin, TX). In this
example, Chlorella strains were tested for growth on glycerol and glucose. The following
Chlorelia species and strains were cultured: Chlorelln kesslert (strains 263, 397, 398, 2228);
Chiorella sorokiniana {sirains 1663, 1665, 1669, 1671, 1810}; Chivrella saccharophila
(2911; 2469Y; Chioretla protothecoides (31, 249, 250, 264}, Each strain was inoculated from
solid media tate 25 ml liquid base media {2 /L. veast extract, 2.94 mM NaNO;, 6,17 mM
CaClpr2H:0, 0.3 mM Mg8Q,TH,0, 0.4 M KoHPO;, 1.28 mM KM, PO, 0.43 mM Nall)
and grown shaking at 27°C for 72 hours under a light intensity of 75 pEm s™. These culrures
were used to inoculate each strain to & fnal density of 1x10° cefls per mil into 24-well plates
comtaining 2 ml of () base medie only; (b) base medis plus 0.1% glucose; and (c) base mediz
plus 0.5% reagent grade glycerol (EM Science, catalog #GX0185-6). Plates were placed in
the dark and growm for 72 hours shaking at 27°C. Samples of each siratn grown in the three
conditions were diluted 1.9:1 in distilied HO 2nd absorbance was read at 600mm in 2
Molecular Devices SpectrabMiax 340PC. All strains exiibited growth in the presence of
glucose and ghycevol compared to only base media,

75



EXAMPLE 2

[0297]  Strains and Medin: Chlorelia protothecoides #1 (STRAIN 250}, £2 (STRAIN 264)
and Chlorellg kessieri #1 {(STRAIN 398) stock cultures were mainiained on modified
Proteose medium, Modified Protense medium consisted (g/L) 0 0.25 g NaNQs, 0.09 g
KoHPOy, 0.175 g KHzPO: 0.025 g, 0,025 g CaCla 26,0, 0.075 g MgSO,7Ho0, and 2 g yeast
extract per liter. Glycerol wastes from biodiesel production (acidulated giveerol {AG) and

non-acidulated glyecerol (NAG)) were obiained from hnperial Western Products {Selms, CA,
USA). “Pure” or “reagent grade”™ glycerol was from EM Science (2 division of Merck KGA),
catalog #GX0185-6. For each strain, 1 mi of the following different media was prepared in
24-well plates,
1. Proteose + 1 % pure glycerol
Proteose + 1% scidulated glycerol
Protease + 1% non-acidulated glycerol
Proteose + 1 % purs glyeerol + | % glucase (added after 72 hry
Proteose + 1% acidulated glycerol + 1 % glucose (added after 72 Iir)
6, Proteose + 1% noracidulated glycerol + 1 % glucose (added after 72 hr)
16298} Each sirain was inoculated to different medie to 5 x 10° cells/ml concentration. The

LATEE S o

cuftures were kept in the dark and were agitated by orbital shaker from Labnet (Berkshire,
UK) at 430 rpm. After 72 hr of initial growth, 1% (w/v) glucose was added to samples #4, S,
and 6 and the cells cultured another 24 hr. To measure DCW, 1 mi of each culture was
pelieted by cenmrifugation at 5,000 rpm for 5 rain in an Hppendorf 5415C cenmifuge. Afier
removing supematent, cell pellets were frozen at -80 °C and Iyophilized ip 2 lab scale freeze
dryer {Labeonco, MO, USA). Results are shown in Figure 1.
EXAMPLE3
02997 Straing sod Media: Chloreila protothecoides #1 (STRAIN 250), #3 (STRAIN 249)
and Chlovella kessleri #2 (strain 397) stock culfures were mainiained on modified Proteose
medinm (see EXAMPLE 2). For each strain, 1 m! of the foliowing different media was
prepared in 24-well platss,

1. Proteose + I % pure glycero] +1 % ghucoge

2. Proteose + 1% acidulated glycerol +1 % ghucose

3. Protesse + 1% non-scidulated ghycerol +1 % glucose
{0306} Each strain was inocnlated to different media to 5 x 10° celivml concentration. The
cultures were kept in the durk and agitared by orbital shaker from Labnet (Berkshire, UK) at
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430 rpm. After 96 hr, cell growth was measured for DCW (see EXAMPLE 2}, Results are
shown in Figure 2.
EXAMPLE 4
[6301] Stains and Media: Chlorella protothecoides #3 (STRAIN 249), #4 (STRAIN 31),
and Chlorella kessieri #2 (STRATN 397) stock cultures were mainiained on modified
Proteose medium (see EXAMPLE 2). For each strain, 1 m) of the following different media
was prepared in 24-well plates.

1. Protesse+ 1 % pure glycerol +1 % glucose

2. Proteose~+ 1% acidulated glycerol +1 % glucose

3. Protepse + 1% nou-aciduiated glycerol +1 % ghacose
[0302} Each sirain was incoulaied to media containing different glyoerols {pure, aciduiated,
or now-acidulated) to 5 x 10° cells/ml concentration. The cultures were kept in the dark and
agitated by orbital shaker from Labnet (Berkshire, UK) at 430 rpm. After 96 hr, lipid contents
were megsured, To measure the amount of tipid content in oells, 100 ul of cultures were
collected and washed once with same volume of media. To each tube, 5 ul of washed cells
and 200 pl of sulfuric acid (18 M) were added. The tubes were incubated at 90°C in a water
bath for 30 min, and 1 mi of phosphoric acid-vanillin reagent was added to the tubes and
incubated at 37°C for 15 min. To prepare the phosphaoric acid—venillin reagent, 0.12 g of
vanillin was added to 20 ml of water, and the volume adjusted to 100 ml with 85%
phosphoric acid. The optical density at 530 nm was read in a glass cuvette against a reference
tube with 5 uf water as sample. Results are shown in Figure 3.
EXAMPLE S
10303] Strains and Media: Chlorella protothecoides #2 (STRAIN 264) and Chlorells
kessteri #1 (STRAIN 358) stock culiures were mabitained on modified Proteose medium {see
EXAMPLE 2). For each strain, 1 ml of the following different media was prepared in 24-well
plates.

1. Proteose + 1 % pure plycerol

2. Proteose + 1 % non-acidulated ghyeerol

3. Proteose + 1 % pure glycersl + 1 % glucose (added after 72 br)

4, Proteose + 1 % non-aciduiated glycerol + | % glucose (added after 72 by
[0304] Bach strain was inocalated to media containing different glycerols {pure or non-
acidulared) 10 5 x 10° cells/ml concentration. The cultures wers kept in the dark and agitated
by orbitel shaker from Labnet (Berkshire, UK} at 430 rpm. After 72 br of initial growth, 1%
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giucose was added to sample #3 and #4 and the cells coltured another 24 hr. Lipid contents
were measured in all samples (see EXAMPLE 4). The optical density at 600 nm was also
measured to check for nor-specific absorbance and subtracted from O.D. 530 nm to caloulate
the amount of lipid. The reference curve is composed of Triolein dissolved in chloroform
ranging from 1 to 10 pg. Resulls are shown in Figure 4.
EXAMPLE 6
[0305] Streing and Media: Chlorellu protothecoides #3 {(STRAIN 248} and Chiorella
Lessleri #2 (STRAIN 397) stock cultures were maintained on modified Proteose medium (see
EXAMPLE 2). For each strain, I mi of the following different media was prepared in 24-well
plates.

1. Protesse + 1 % pure glycsrol + 1 % ghicose {added afier 72 hr)

2, Proteose+ 1 % acidulaied glycerol + 1 % glucose {added after 72 b}

3. Protense + | % non-acidulated ghyeersl + 1 % glucoss (added afier 72 hr)
[i366] Each strain was inoculated to media containing different glycerals (pure, acidulated,
or non-aciduiated) to 5 x 10° cellsim} concentration. The cultures were kept in the derk and
agitated by orbital shaker from Labnet (Berkshire, UK) at 430 spm. Adfter 72 br of initiat
growth, 19 ghucose was added and the cells cultured another 24 hr. DCW and Jipid content
were measured in afl samples {see EXAMPLES 2 and 5). The ipid percentage was calculated
from total lipid amount divided by DCW. Results are shown in Figure 5.
EXAMPLE7
19397} Strains and Média: Chlorella proto thecaides 42 (STRAIN 264} and Chiorelia
Fesslert #1 (STRAIN 398) stock cultures were maintained on modified Proteose medium (see
EXAMPLE 2). For each strain, 1 ml of the following different media was prepared in 24-well
plates.

1. Proteose+ 1 % pure glycerol -+ 1 % glucose (added afier 72 b}

2. Proteose + 1 % non-acidulated giyeerol + 1 % glucose (added after 72 hr)
[0308] Each straim was inoculated to media containing either 1 % pure or | % non-
aciduiated glycerol to 5 x 10° cells/m] concentration. The cultures were kept in the dark and
agitated by orbital shaker from Labnet (Berkshire, UK) at 430 rpm. After 72 hr of initial
growth, 1% glucose was added and the cells cultured another 24 hr. DCW and lipid content
were measured in all samples (see EXAMPLE 1 and 4). The lipid percenizge was calculated
from total lipid amount divided by dried cell weight. Resulis are shown in Figure 6.
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EXAMPLE 8
{03097  Strains and Media: Chilorella profothecoides #1 (STRAIN 250}, #4 (STRAIN 31)
and C}zlarél!a kessteri #2 (STRAIN 397) stock cultores were maintained on modified
Proteose medium {see EXAMPLE 2} For sach strain, ) m! of the following different mediz
was prepared in 24-well plates.

. Protecse + 2 % glucose

2. Proteose + 1 % glycerol + 1 % glucose
[0310] Rach strain was inoculated to different media to 5 x 10° cells/mi concensration. The
cultures wexe kept in the dark and agitated by orbitat shaker from Labnet (Berkshire, UK) at
430 rpm. After 96 hr of iniéiai growth, linid contents were measured (see EXAMPLE 5).
Rexults are shown in Figure 7.

EXAMPLES
{0331} Sirains and Media: Chlorella protothecoides #3 (STRAIN 249), #4 (STRAIN 31}
and Chiorelln kessleri #1 (STRAIN 398) stack cultures were maintained on modified
Protense medium (see EXAMPLE 2). For each strain, 1 m! of the following different media
wag prepared in 24-well plates.

. Proteose+ 2% glucose
2. Proteose+ 1% glycerol + 1% glocose
3. Proteose + 1% glycerol + 1% glucose (added after 72 hr)

[0312] Each strain was inoculated to different media to 5 x 10° celis/ml concentration. The
cuitures were kept in the dark and aghiated by orbital shaker from Labnet (Berkshire, UK) at
430 rpm. After 72 by of indtial growth, 1% (w/iv) glucose was added to #3 media and the cells

. cultured another 24 hr, DCW and lipid contents were measured in all samples (see
EXAMPLES 2 and 5). The Lipid percentage was caiculated from totel lipid amownt divided
by dried cell weight. Results are shown in Figure 8.

EXAMPLE ¥¢
{0313] Strains and Media: Chlorella proiothecaides #1 (STRAIN 250), #3 (STRAIN 249),
and Chlorelin kessieri #2 (STRAIN 397) stock cultures were mainiained on modified
Proteose medivm (see KXAMPLE 2. For each strain, 1 il of the following different media
was prepared in 24-well plates.

1. Proteose + 1% pure glycsrol + 1% glucose

2. Protense + 1% pure glycerol + 1% giucose (added after 72 i)

3. Proteose+ 1% acidulated glycerol + 1% ghicose
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4. Proteose + 1% acidulated glycerol + 1% glucose {added after 72 hr)

3, Proteose+ 1% non-acidulated glyceral + 1% plucose

6. Proteose + 1% non-acidulated glycerol + 1% glucose (added after 72 hr)
[63%14] Each strain was inoculated to different media to 5 % 10° celis/mi concentration. The
culiures were kept in the davk and agitated by orbital shaker from Labnet {Berkshire, UK) at
430 rpra, After 72 br of initial prowth, 1% (w/v) glucose was added to #2, #4, and #6 media
and the cells cuttured another 24 hx. Lipid contents were measured in all samples (see
EXAMPLE 4). Results are shown in Figure 9,
BEXAMPLE 11
{63151 Strains and Media: Chlorella protothecoides #1 (STRAIN 250), #3 (STRAIN 249),
' #4 (STRAIN 31) and Chiorelia kessieri #2 (STRAIN 397) stock cultures were mainteined on

modified Proieosc medium (see EXAMPLE 2}, For each strain, 1 ml of the foliowing

different media was prepared in 24-well plates.

1. Proteose + 1% pure glycerol + 1% glacose

2. Proteose + 1% pure glycerol + 1% giucose (added after 72 hr)

3. Proteose + 1% acidulated glycerol + 1% glucose

4, Proteose + 1% acidulated giycerol + 1% glucose (added after 72 hr)

5. Proteose + 1% non acidulated glycersl + 1% glucose

6. Proteose + 1% non acidulated glycero! + 1% glucose (added after 72 hr)
{6316] Bach strain was inoculated to different media to 5 x 10° cells/ml conceniration. The
cultures were keptin the dark and agiteted by orbital shaker from Labnet (Berkshire, UK) at
430 tpra. After 72 br of initial growth, 1% (w/v) glucose was added to 2, #4, and #6 media
and the cells cultnred another 24 hr. DCW was measured in. il samples {see EXAMPLE 2.
Results are shown in Figors 10,
EXAMIPLE 12
[6317]  Streins and Media: () Spirwlina platensis (UTEX 2340) and (b) Navicule
pelliculose (UTEX 667) stock culture of Spiruling wes maintained in Spirulina medivm and
Navicula was maintained in soil extract mediwn (SEM). Spirufing medivm consisted of 162
mM NaHCO;, 38 mM NasCO;, 1.8 mM KHPO: 20 mM NalNO; |, 5.75 mM K804, 17.1
mM NaCl, 0.8 mM MgSO»7H,0, 0.25 mM CaCly2H,0, 2 mM Na;EDTA, 0.36 mM
FeCly-6H,0, 0.21 mM MnCL4 )0, 0.037 mM ZnCly, 0.0085 mii CoCly6H,0, 0.017 mM
NaloQq2H:0, 0.78 pM CuSO¢5H;0, 0.15 1M ZnS047H, 0, 10 uM H;3B0;s, and 0.001
mM Vitamin Bra. Soil extract medium consisted of 2.94 mi NaNO;, 0.17 mMCaCla-2H,0,
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0.3 mM MgSO4THa0, 0.43 mM K HPOy, 1.26 mM KHiPO,, 0.43 mM NaCl, and soil
exiract. Glycerol wastes from biadiesel production {acidulated plycerst (AG) and non-
acidulated ghycerol (NAG)) were obtained from Imperiel Western Products (Selma, CA,
USA). For each straip, I mi of the following different media was prepared in 24-well plates.

@

7. Spiralina medium -+ 2% glucose

8, Spirulina medium + 2% reagent grade glycerol

9. Spirding medivm + 2% non-acidulated glycerol

10. Spirntina medivim + 1% non-acidulated glycerol + § % glucose

{b)

t. SEM + 2% glucose
SEM + 2% reagent grade glycerol
SEM + 1% reagent prade giycerol + 1 % glucose
SEM -+ 2% acidulated glyceral
SEM + 1% acidulated glycerol + 1 % ghucose
SEM + 2% non-seidulated glycerol

7. SEM+ 1% nor-acidulated glycerol + 1 % glucose
{0318] Each strain was inoculated to different media to 5 x 10° cello/ml concentration. The
cultures were kept in the dark and agitated by orbital shaker from Labnet (Berkshire, UK) at
430 rpm. After 96 hr, lipid contents were measured. To measure the amount of lipid content
in cells, 100 pl of cultures were collected and weshed once with same volume of media. To
cach tube, 5 ul of washed cells and 200 ul of sulfuric acid 18 M were added. The tubes were

N

incubzted at 90 °C water bath for 30 min, and 1 ml of phosphoric acid-vaniliin reagent were
added fo the tubes and incubated at 37 °C for 15 min. To prepare the phosphoric acid-vanillin
reagent, 0.12 g of vanillin was added 1o 20 ml of water, and the volume adjusted to 100 m}
with 85% phosphoric acid. The optical density at 530 nm was read in g glass cuvette against &
reference tube with 5 ul water a5 sample. The reference curve is composed of Triolein -
dissolved in chioroform renging from 110 10 pg.

[@315] To measure DCW, 0.5 mi of esch culture was pelleted by centrifugation at 5000
1pm for 5 min. After removing superatant, cell pellets were frozen ar -80 °C and dried
ovemight in a Freeze Dry system {Labeonco, MO, USA). The lipid percentage was calcutated
from total lipid amount divided by dried cell weight. Resuits are shown in Figure {1,
EXAMPLE 13
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[0320) Stains and Media: Scenedesmus armatus (UTEX 2552) stock cultures were
maintained on modified Proteose medivm, Modified Proteose medivm consisted (/L) 0¥ 0.25
£ NalNOy, 0.09g KoHPO,, 0.175 g KELPOs 0.025 g, 0.025 g CaCly2Fa0, 6.075 g
MgSO0sTHR0, and 2 g yeast extract per liter, For each growth condition, 1 mb-of the
following different mediz was prepared in 24-well plates,

(2), (b}

1. Proteose + 2% glucose

2. Proteose + 2% glycerol

3. Proteose + 2% acidulated glycerol

4. Protense+ 2% non-aciduiated glyoerol

5. Proteose + 1% non-acidulated glycerol + 1 % glnéose
[0321)  Scenedesmus armatus (UTEX 2552) was inoculated to different media to § x 10°
cells/mi concentration. The cultores were kept i the dark and agitated by orbital shaker from
Lebnet (Berkshive, UK) at 430 rpm. After 96 hr, cell growth was measured by DCW, and
lipid content was measured by phosphor-vaniltin assay (see EXAMPLE 12}, The lipid
percentage was caloniated from total lipid amount divided by dried cell weight. Results are
shown in Figure 12,
EXAMPLE 14

[6322] Strains and Media: Navicula pelliculosa (UTEX 667) stock cultures were

rnainiained on soil extract medium (see EXAMPLE 12). For each growth condition, 1 ml of
the following different media was prepared in 24-weil plates.

1. BSEM + 2% glucose

S5EM + 2% glycerol

SEM + 2% acidutated glycerol

SEM + 1% acidulated glycerol + 1 % glucose

. SEM + 2% non-acidulated glycerol

6. SEM -+ 1% non-acidulated glycerol + 1 % glucose

A

Navicula pellicuosa (UTEX &67) was inoculated fo media containing glucose or different
glycerols {pure, acidulated, or non-acidulated) to 3 x 10° celiyml concentration. The cultures
were kept in the dark and agitated by orbital shaker from Labnet (Berkshire, UK) at 430 rpm.
After 96 b, cell growth was measured by DCW (see EXAMPLE 12), Results are shown in
Figare 13,

EXAMPLE 15
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[6323} Burains sand Media: Scenedosmus armatus (UTEX 2552) and Navicula pellizulosa
(UTEX 667) stock cultures were mainteined on modified Proteose medium for Scenedesmus
armatus and soil extract medium for Navicwla pelliculnsa (see EXAMPLE 1). For each
strain, 1 ml of the following different media was prepared in 24-well plates.

Scenedesmus armatus

5. Protense+ I % acidulated glycerol + 1 % glucose

6. Proteose + 1 % acidulated glycersl + 1 % ghucose (added after 72 b}

Nevieula pelliculosa

1, SBM + t % scidulated glycerol + 1 % ghucose

2. SBEM + I % acidulated glvcerol + 1 % glucose (added after 72 hir)
[0324] Bach strain was inoculated to media to 5 x 10° cells/ml concentration. The cultures
were kept in the dark and agitated by orbital shaler from Labnet (Betkshire, UK} at 430 rpm.
After 71 hr of initia) growth, 1% glucose was added to sample #2 and the cells cultured
another 24 br. Cell growth was measured by DCW (see EXAMPLE 12). Results are shown in
Figures 14 (a) and (b).

'EXAMPLE 16

[6325] Strains and Media: Chlorella protothecoides (UTEX 31) stock cultares were
maintained on modified Proteose medium (see EXAMPLE 1}, For each conditior, 1 mi of the
following different media was prepared in 24-well plates.

4. Proteose

5. Proteoss + 0.5 % ghucose

6. Protepse + 0.5 % xvlose

7. Proteose + .25 % glucose + .25 % xylose
{8326} Chioreila protothecoides #4 {UTEX 31) was inocutaied 1o media conthining
different sugars (glucosz, or xylose) 10 3 % 10° cells/m! concentration. The cultures were kept
in the dark and agitated by orbital shaker from Labnet (Berkshire, UK) at 430 rpm. After 72
hr of growth, celf growth was measured by counting cefl numbers of each culturs. Resulis ave
shown in Figure 15.
EXAMPLE 17
19327)  Chiorelia protothecoides strains #1, #3, and #4 stock cultures were maintained on
modified Proteoss roedivm (see EXAMPLE 1). For each condition, 1 mi of the following
different media was prepared in 24-well plates,

1. Proteose
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2. Proteose+ | % glucose

3. Proteose + 1 % fructose
[0328] Each strain was inoculated to media containing different sugars (glucose, or
froctose) 1o 1 x 10° cellml concenwation. The cultures were kept in the dark and agitated by
orbital shaker from Labpet (Berkshive, UK) at 430 rpm. After 96 hr of growth, cell density
was measured by counting cell nuenbers of each culture. Results are shown in Figure 16,
EXAMPLE 18
Chlerells on Sucrose
{03291 Chlorelic protothecordes (UTEX 249) was inoculsted into three 50 mi flagks of
Proteose media with 1% stcrose (2.34 mM NaNOQOs, ¢.428 mM KHPO,, 1.28 mM KHPO,,
0.427mM NaCl, 8,17 mM CaCiz-2Hp0, 0.3 mM Mg80.-7H,0, proteose peptone 1g/ll) to &
final cell density of 4x10° cells per ml. Inverizse (Sigma $14504) was added to two of the
cultures at 0.01 Ufml and 0,05 Uiml All three cultures were grown in the dask for ~80 hrs
sheking at 150 rpm. Final cell counts were performed on all three cultures after ~60 hrs of
sheking in the dark. The control flask reached 4.4x10° cells per ml while the 0.01 U/mi and
0.05 Urral flasks reached cell densities of 1x10° and 3x10%, respectively. Each flesk was

checked for contamination at the end of the experiment by microscopic analysis and all were
clean.

EXAMPLE 19

Chlorelly protothecoides Growth on Molasses with a Sucrose Invertase

[9330  Preparation of Chlorella cells for Inoculstion: A 10 mi liquid culiure of Chlorella
was siarted talang the inoculum from a solid Proteose plate. The eultures were grown in Hght
for approximately 2 days at 26°C. Growth was meagured vsing an optical densitomer (OD) at
750 s and by determining DCWe,
(0331} Erggarg@ig‘ n.of Molasses and Sngar Stock Solations: A 3% stock solution was
prepared with glocose, sucrose and three different roolesses samples (Izbeted BS1, BS2 and
HTM) obtained from the commercial processing of sugarcane into sugar, as showsn in the
foliowing Tuble 6. The pH of all stocks was verified fo be tn the range of 6-6.8, and the
stocks were then antoclaved.

HI332]  Table 6. Molasses and sugar solutions.

Molasses % Sugar 5% sugar dil.in 100mis !
Grams or mis
HTM, 78,72 64
BS1FL} 44.28 313
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BEZ (L5 51,55 9.7
Sucrose 100 S
i Glucose 100 S

10333} Preparation of Inveriase Solution: A 40 umits/ml stock solution ol invertase was

prepared by reconstituting 1 mg of a 400 unit/mg Invertase (Sigma} in 10 milliliters of

distilied water.

{0334} Experimental Conditions and Setyp: 10 mi cultures were prepared, each consisting

of 1% final molasses/sugar concentration, 0.05 units/ml Invertase, and 1,066 cells per mi of
Chlorella protothesoides in » base Protesse mediz, The cultures were munbered as follows:

{1) media only control; {2) 1% HTM; (3) 1% BS1; {4) 1% BS2; (5) 1% glacose; and (6) 1%
sucrose. A similar control set was also prepared without the addition of fnvertase. The

culturas were growh in darkness for five days shaking at 250 rpm at 28°C.

[6335] Results: Growth of the Chlorellz protothecoides cells wes evaluated following the five days
of incubation on the respective feedsiock in darkness. As shown in Figures 19-20, the cells can be
grown on molasses in the presence of a sucrose invertase with yields comparable to that of growth on
pure glucose. '

EXAMPLE 28

Generation of High-Qii and Low-Qil Biomass

[0336] Materials and Methods: Chiorella protothecoides #1 {STRAIN 250) biomass for

transesterification was grown heterotrophically in the presence of glucose as a fixed carbon
source as a fed-batch farmentation, essentially as described in Appl! Microbiol Biotecknol
78:29~36 (2008). Sample "LO-1" was taken during exponential growth (a1 60 hours) and
contains an oif content similar to that cbtained with photosynihefic growth. Sample "080020-
1™ was taken at 115 hours, after all nitrogen in the culture had been consumed and the colture
had entexed a steady state phase of lipid accamulation.

{6337] Livid Content: Total lipid content of oil {pre-transesterifacation) was determined by
HPLC analysis. Approximatety 10 mg of dried biomass were mixed with I m! of isopropanol
saturated with KOH and incubated at 80°C for 4 hours, Lipids from celi peliets were
extracted and hydrolyzed using ax isopropanol potassium hydroxide solution heated w 80°C
for four lrowrs. The extract samples were anatyzed with an Aglient 1100 HPLC using the
following method. The samples were derivatized with bromophenacyl bromide (60 mg/ml)
and loaded onto 2 Luna 5u C8(2) 100A 150x2 mm column (Phenomenex). The samples were
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stated from the cobumn using & gradient of water to 100% acetontiriletetrahydrofuran (95:5).
Signals were detected using & DAD array detector af 2 wavelength of 254 nm,
{0338] Sample "LO-1" cantained 8.6% oil, and sample “080020-1" contained 28% oil.
EXAMPLE 21 '
Direct Transesterification of Microbial Riomass
[6339] Sample Preparation: Wet pellets of bomass comprising low-oil content and high-
6il content, respectively, prepared as deseribed above, were Iyophilized, Dried biomass from
samples was ground o a coarss powder and dried again avemight at 55°C under vacuurn,
Percent moisture was determmined to be <3% for each sample using 2 Mettler Toledo Moisture
analyzer. ‘
[6340] Transesterification: Anhydrous methanol/IN NaOH was added to dried biomasy
(3% moisture) at a ratio of 1:5 in a screw cap glass bottle 4 times the volume of the biomass,
A gtir bar was placed in the bottle, which was then sealed Hightly. The mixture was stived
vigorously at 55°C for 7 hours. The biomass was filtered through Whatmarnn filter paper and
washed with methanol until filtrate was clear. All washes were combined in a batloon flask
with original filtrate, and methanol was distiiled off using a rotovap, Chloroforra (1 part) was
added and mixed well, and then poured into a separatory funnel, Methanol (2 parts) was then
added to the flask, mixed well, snd added to the separstory funmel, DT water (0.8 vohune) was
added to the flask, mixed, and added to the separatory funnel. The contents of the separatory
fannel were shaken vigorously (with venting) and allowed to separate. The lower layer
(chloroform/oil} was collected into a pre-weighed flask and fresh chloroform was added back
“fo the funnel for a secondary extraction. The chloroform was then distifled off using the
rotovap. Re-weighing the flask provided the yield determinasion. Lipid content was again
detenmined by HPLC, a5 described above. Analytical meesurements of the carotenoid
constituents of the transesterified composttions were made using an HPLC method, as
described by Schmid et al., J of Applied Phycology T:487-494 (1995). Blemental analysis was
performed by inductively coupled plasma mass spectrometry.
[0341] Results: Table 7 shows the results of the transesterified product from low-oil
{L.O-1- 8.6% lipid) and high-cil (080020-1-28% lipid) biomass. All carotenoids are in megfg,
of lipophilic phase containing fatly acid mefhyl esters,

[0342] Table 7. Composition of transesterified low-oil and high-oil biomass.

LO-1 0300201 ABTM 126751 Specification
% oit of biomass 8.4 28 .
%, of oil converted © FAME 03 10,5

{gram oil/gram dry cell wyt.) ' "
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Element {npmi
Sulfur 123 52 15 ppm max

Phosphorus 784 <2 0.001% mass max
Magnestum 2 3 Ca+ Mg 5 ppm max
Caleinm 4 <2 Ca+ My 5 prm may
Tron 3 <
Zine 40 12
Sodiumg 190 15 Ne + K ippmmax
Fotassiom 72 <2 Ne + K: 15ppm roax
Latem {(megy) 469 255
Zeexanthin (megfg} 288 233
o-Cryproxanthin (mog/e) 845 0.06
B-Cryproxenthin (mog/g} 2 1.30
-Carowne (meg/g) 1.96 0.08
B-Carotene (meg/g} 150 1.20
Total Ydentifind Carotencids {meg/g) 801 62.2
Towl Carotencids (meg/g) 1006 79.3

EXAMPLE 22

Culiivation of Microalpae to Achieve High Oil Content
{0343] Microalgae strains were cultivated (cultured) to achicve a high percentage of oil by
DCW. Cryopreserved cells were thawed at room temperature and 500 ! of cells were added
to 4.5 m! of medivm (4.2 g/L KsHPOy, 3.1 g/l NaH;POM 0.24 g/l MgBO¢TH0, 0.25 g/l
Citric Acid monohydrate, 0.025 g/L CaCly 2Ho0, 2 /L yeast extract) plus 2% glucose and
grown for 7 days at 28°C with agitation (200 rpm) i a 6-well plate, DCWs were determined
by centrifuging 1 ml of cuiture at 14,000 rpm for 5 min in a pre-weighed Eppendorf tube. The
culture supernatant was discarded and the resulitng cell pellet washed with 1 ml of defonized
water. The culture was again centrifsged, the supernatant discarded, and the cell peflets .
placed at -80°C until frozen. Samples were then Iyvophilized for 24 hes and DCWs caleulated.
For determinstion of tota] lipid in coltures, 3 md of culture wers removed and subjected to
analysis using an Ankom system (Ankom Inc.,, Macedon, NY) according to the

. mannfacturer’s protocol. Samples were subjected fo solvent extraction with an Amkom XT10
extractor according to the manufacturer’s protocol Toted lipid was determined as the
difference in mass between acid hydrolyzed dried samples and sclvent extracted, dried
sampies. Percent oil DCW measurements are shown in Table 8.
{8344} Table 8. Culiivation of microalgae to ashieve high oil content.

Species . Brrain Yo Gl Strain #
(Figures 28
and 28a-iy
Chiorelia kessleri UTEY 387 3942 4
Chiorella kessierl UTEX 2220 54.07 S
Chlorella iesslesi UTEX 358 41.67 [
Parschiorella kessleri SAG 11.30 317 7
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Parschiorella kassieri SAG 14,82 S0.70 §
Parachiorells kesslert SAG 21,11 H9 37.92 9
Protothcce SNoTa UTEX 327 1114 )
heca moriformis UTEX 1441 18.02 il !
Prototheca moriformis UTEX 1435 27.17 12
Chiorella minutissima UTEX 234} 3139 i3
Chiorella protothecotdes UTEX 250 3424 1
Chiorglia protothecoides UTEX 23S 4000 2
Chiorelia protothecoides CCAF 211/8D 4756 3
Chiorslia sp. UTEX 2068 4532 i4
Chioreliz s. CCAP 311792 4651 ]
Chlorelia sorokiniang SAG 211.40B 46.67 16
Parachiorells bejerinkil SAC 2046 3698 17
Chiorells Iuteovinidis SAG 2203 37.88 18
Chlgrellz vulgaris CCAP 21K 35.85 i9
Chlorella rejsighi CCAR 138 - - k)N 20
Chiorelia eltipsoidea CCAP 211/42 32.83 21
Chlorcla saccharophila CCAP211/3] 34.84 22
Chiorelle saccharophile 3 CCAY 211/32 3051 23
EXAMPLE 23

Genotyping of Microalgse wifh High Off Content

[0345] Microalgae samples from the 23 strains listed in Table 8 ebove were genotyped.
Genoraic DNA was isolated from algal biomass as follows. Cells (appraxtmaely 200 mg)
were centifoged frorm liquid eoltures 5 minutes at 14,000 2 g. Cells were then resuspended in
sterile distilled water, centrifuged 5 minutes at 14,000 x g and the supernatani discarded. A
single glass bead ~2 mm in diemeter was added to the biomass and tubes were placed at -
80°C for at least 15 minutes. Samples were removed and 150 pd of grinding buffer (1%
Sarkosyt, 0.25 M Sucrose, 50 mM NaCl, 20 mM EDTA, 100 mM Tris-HCI, pH 8.0, RNase A
1.5 ugrul) was added, Pellets were resuspended by vortexing briefly, followed by the addition
of 40 pt of 5 M NaCl. Samples were voriexed briefly, followed by the addition of 66 p of
5% CTAB (Cetyl mimethylammonium bromide) and a final brief voriex. Samples were next
incvbated at 65°C for 10 minutes affer which they were centrifuged at 14,000 x g for 10
minutes. The supernatant was iransferred to a fresh tube and extracted once with 300 ul of
Phenol:Chioroform:isoamyi alcohol 12:12:1, followed by cenmifugation for 5 minutes at
14,000 x g. The resulting aqueous phasc was transfersed to a fresh tube containing 6.7 vol of
isopropanol (~190 ul), mixed by nversion and incubated at room temperature for 30 minutes
or overnight at 4°C. DNA, was recovered via centrifugation at 14,000 x g for 10 minutes, The
resniting pellet was then washed twice with 70% cthanol, followed by 2 final wash with
100% ethanol. Peliets were air dried for 20-30 minutes at room temperaturs followed by
resuspension i 50 ¢l of 10mM TrisCl, 1mM EDTA (H 8.0).
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[0346] Five il of wia) algal DNA, prepared as described above, were difuted 1:50 in 10
mM Txis, pH B8.0. PCR reactions, final volume 20 yl, were set up as follows, Ten 1 of 2 x
iProof HF master mix (BIO-RAD) was added to 0.4 ul primer 8202613 (5~
TGTTCGAAGAATGAGCCGGCGAC-3” (BEQ I NO:1) at 10 mM stock concentration),
This primer sequence runs from position 567-388 in Gen Bank accession no. 143357 and is
highly conserved in higher plants and algal plastidh genornes. This was followed by the
addition of 0.4 I primer SZ02615 (5’-CAGTGAGCTATTACGCACTC-3® (SEQ 1D NO:2)
at 10 mM stock concentration). This primer sequence is complementary to position 1112-
1093 in Gen Bank accession no. L43357 and is highly conserved in higher planis and sigsl
plastid genomes, Mext, 5 1 of diluted total DNA and 3.2 pl dH,0 were added, PCR reactions
were run as follows: 98°C, 45%7; 98°C, 8"°; 53°C, 127%; 72°C, 20°” for 35 cyeles followed by
72°C for 1 min and holding at 25°C. Por purification of PCR produets, 20 1l of 10 mM Tiis,
pH 8.0, was added to each reaction, followed by extraction with 40 pl of
Phenal:Chloroform:isoamyl alcohol 12:12:1, vortexing and cenwifuging at 14,000 x g for 5
minutes. PCR reactions were applied to $-400 columns (GE Healtheare) and centrifuged for 2
rainutes at 3,000 x g. Purified PCR products were subseguently TOPO tloned into
PCRB/GW/TOPO and positive clones selected for on LB/Spec plates. Purified plasmid DNA

was sequenced in both divections using M13 forward and reverse primers. Sequence
alignments and unrooted trees, were generated using Geneious DNA analysis software, are

shown in Figures 29a-291. Sequences from strains 1-23 (designated in Example 22, Table 8}
are listed as SBEQ ID NOs:7-29 in the attached Sequence Listing.
EXAMPLE 24
Diversity of Lipid Chaing in Algal Species
10347}  Cuitures of various species of aigae were maintained, and ail experimenis were
carried out in Modified Protease media, as described above in EXAMPLE 2. For each strain,
10 mi cultures were setup in 50 mi flasks as follows:

1. Proteose growth media with no carbon addition;

2. Proteoss growth media with 1% glucose.
{0348] Each strain was grown in the two conditions described sbove, al an initial seeding
density of 1.0 x 10° cells/ml. The cultures were kept in the dark and agitated at 250 tpm for 7
days. The cells were harvested afier & 7 day growth period, and assessed for growth  the
dark relative to the conirol by measuring dried cell weight. DCWs were determined as
follows: One ml of culture was centrifuged and the resulting pellet was rinsed with water to

89



remove any salt or residual medie; the final, rinsed pellet was frozen at -80 degree Cyrand
subjected to freeze drying overnight in a Freeze Dry System (Labconco, MO, USA). All
species listed in Tuble 9 below grew on glucese as a carbon sovrce in the dark. No cells grew
in the absence of glucose (condition 1). Glycerolipid profile was determined as described in
Example 20,

§0345]  Table 9, Glycerolipid profiles of various algal species.

Spegies Cl26 €133 oag Q2 G cigit Cig0
Chiarelie protathecoides 0.0% A0% LI%  241%  1L3%  S49%  46%
Chiorella kessleri 156% 00% 4.9% 2% 26.6%  23.0%  46%
Chiorella trebouxiodes 20.0% 0.0%  10.7%  D0% 43.1% 193%  00%
Chlerells sorokiniana 34.8% 00% 00%  00% 462% 10.1% 0.0%
Proiothecs kmegani 1.5% 00% 12%  129%  150%  66.0% 3.3%
Protothecs stagnora 0.8% U0% 8% 15.6% 17.1% 61.5% 43%

{0350] Lipid samples from a subset of straing grown as described in Example 22, and shown
in Table 8, were also analyzed for lipld profile using HPLL. Results are shown in Figure 20.
EXAMPLE 25 -

Saponification of Hieh-Ofl Chiorella protothecoides Biomass

j0351) Biomass having & high-oil content is generated and analyzed according to the
method described in Example 20. The biomass comprises 45% lipid, 20% carbohydrates,
10% protein, 10% other cellular constituents, 10% water, and 5% salts. In an embodiment,
the biomass can comprise dried whole algal cells comprising lipid globules suspended in a
partially dehydrated cell mass.

[0352}  Prepazation of 2 Liguid Cellular Sggp_A : 'The biomass identified above is dispersed i
water to form an oil-in-cell emulsion concentrate. An excess of KOH sufficient v convert the
destred amount of glycerolipids and fatty acid esters to fatty acid selts is then dissolved in the
agueous sofution comprising the biorpass. The mixture is then stirred to facilitate completion
of the nlkaline hydrotysis reaction, and heated fo & temperature between B0-90°C for from 30
minutes to 12 hours to complete the conversion of lipids to fatty acid salts, Water Jost to
evaporation is replaced as necessary throughout the reaction process. Various additives can
be combined with the saponified composition, including giycerin (for clarity and to impart-a
moisturizing characteristc), ethylenediamine (EDTA, a chelating agent to enhance
performiance when used in hard waier conditions}, cocoamidopropy! betaine (an amphoteric

surfactant used to impart dleansing and rinsing properties), and a fragrance to produce a soap
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product. In some embodiments, the soap product comprises e cellular soap with components
as shown in Tahle 10 below,

{6353f Table 10, Components of ceflular soap made directly from biomass.

Component Quantity 1
Biomass (Whole Cells) 10-60%

KOH 1-5%

Glycerin : $-25%

Fragrance 12%

EDTA 1-5%
| Water t0 100%

[0354] The cellular soaps deseribed in this example include natural hydrating and skin
softening characteristios imparted by the presence of catbohydrates and proteins from. the
algal cells, as well as antioxidant properties derived from the incorporation of algal
carotenoids and other compounds into the composition.
[6355] Altematively, an organic base such as iriethanolamine can be used in the afkaline
hydrotysis reaction to produge a clearer product. The use of triethanolamine or another
organic base will 2lso generally produce a milder product, less likely to cause irritation o
skin when used as a cleanser,
6356} Optionally, the fatty acid salts can be precipitated from the mixwre by addition of
NaClar KCl salts, and separated for use in compositions in combination with various
additives as described herein.
{0357] Figure 20 shows a micrograph of soap made with 48% oil DCW Chlorella
protothecoides biomnss. The soap contained 10% w/w algal biomass.
EXAMPLE 26
Ssponification of Hexane Bxtracted Ofl from Chlorelia protothecoldes Biomass
[0358] Biomass is generated according to the mefhiod described in Example 20.
Conventional hexane extraction of the lipids+rom the biomass is performed. The hexane
extracted tipids are then saponified by mixing the lipids with an agueous solution of NaQH or
KOH conteining an amount of base sufficient to convert the desired amount of Hpid to fatty
acid salts, and optionally heating the mixtore to expedite the reaction, The fatty acid salts are
then precipitated by addition of NaCl or KCl. Compositions of saponified cils derived from
hexane-extracied biomass contain higher proportions of contaminating carotenoids due to the
efficiency with which hexane extracts such compounds from the microbial biomass.
EXAMPLE 27
Saponification of Solventiess-Fxiracted Oil from Chiorella protothecoides Binmass
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{0359

Biomass is generated secording to the method described in Example 20. A

solventiess extraction of the lipids from the biomass is performed by bysis and pressing of the

biomass through the use of physical pressure. The extracted lipids are then saponified by

mixing the Jipids with an agqueous solution of NeOH or KOH containing an amount of base

sufficient to convert the desired amount of lipid W fatty acid salis, and optionally heating the

mixture to expedite the reaction. The fatty acid salts are then precipitated by addition of NaCl

or KCl. Compositions of saponified oils derived from hexane-extracted biomass contain

relatively lower proportions of contarminating carotenoids, as compared to hexane-sxtracted

tipids, due to the decreased efficiency with which such compounds are exwacted from the

microbial biomass vsing the solventiess procedure.
EXAMPLE 28
Glyeerolipid Profile of Protothecs Strains

[63466)

Five Prototheca strains were cultivaied in media with 2% glucose and grown for 7

days at 28°C with agitation (200 rpm) in 2 6~well plate. Lipid profiles were determined using

standard HPLC methods. The Tipid profile for a particular strain did not change significantly

when grown in different culture media. The results are shown in Tabie 11, below.

103613

Origin
UTEX
327
UTEX
1439
UTEX
1441
UTEX
1435

UTEX
1437

Table 11, Glyeerolipid profile of Prototheca strains.

Species
Protothieca
stagnora
Prototheca
moriformis
Prototheca
moriformis

Prowtheca |

moriformnis
Prototheca
moriformis

C:12:9

Ci13:0 | Cildsf } C:36:6 § C16:1 | C:18:0 | C:18:1 | C:18:2 | C:18:3
% 0% 0% 15% 0% 0% 63% 22% %
0% 0% 0% 27% 0% 3% 57% 13% 0%
0% 0% 1% 28% 1% 3% 54% 12% %
0% 0% 1% 26% 2% 3% 35% 12% 2%
0% 0% 0% 25% 0% 2% 57% 12% 3%

{0362} Biomass from UTEX 1435 was subjected to hexane extraction. The sxtracted oil

conwained very little coloration. Figure 19 shows a sample of the UTEX 1435 oil in

comparison to oil from Chlorella prototheceoides UTEX 250,

ERANIPLE 29
Carotenoid and ChlorophyH Analvsis of Qi) Extracted from Protorheca moriformis UTEX

14335

{0363] FHexane extracted oil from Prototheca morifermis {UTEX 1435} viomass was

generated sccording to methods described in Example 26 sbove and was analyzed for

%2




carotenoids and chiorophyll using HPLC. Overall, the carotenoid levels were much lower
than the carotenoid levels in oiis described in Table 7 above. Additionally, the chiorophyll
content of the oil was less than 0.01mg/kg. Thiz result is consistent with the results shown in
Figure 19, with the extracted oif from UTEX 1435 biomass having very little coloration, The
carofenoid and chiorophyll analysis for oil extracied from UTEX 1435 biomsass is
summsarized in Table 12, below.

[a364] ‘Table 12, Carotenoid analysis of o1} exiracted frora Prorotheca moriformis UTEX
1435,

Lutein 0.382 meg/g
Zeaxanthin 1.23 meple
cis-Lutein/Zeaxanthin 0.446 meglg
aipha-Cryptoxanthun none detected
bete-Cryptoxanthin none detected
Lycopene none detected
alpha-Carotenic 0.057 megle
beta-Carotene 0.127 megip
cis-beta-Carotene 0.069 meg/g
Phytofluene 0,696 meg/g
Phytoene 0.689 meg/g
Total Identified 3.70 meg/g
Carotenoids

Chiorophyil <0,01 mgikg J
EXAMPLE 30

Genomic DNA Analysis 0f 23S rRNA from 8 Sirains of Chisrelle protothecoides

[0365] Genomic DNA from 8 strains of Chlorella protothecoides (UTEX 25, UTEX 249,
UTEX 250, UTBX 256, UTEX 264, UTEX 411, CCAP 211/17, and CCAP 211/8d) was
jsolated and genomic DNA analysis of 238 rRINA was performed according to the methode
described in Exanaple 23, above.
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{6366} Al strains of Chiorelia protothesoides tested were identical in sequence except for
UTEX 25. Results are summarized in the Cladogram shown in Figures 212-21c. Sequences
for all eight stratns are ligted as SEQ 1D NOs:3-4 in the attached Sequence Listing,

{0367] The 23s rRNA genomic sequence for Profotheca moriformis UTEX 1436 (SEQ ID
NO:5) was also compared to other Protothecn species sad Chiorella protothecoides. The
" comparisen showed fhat the 238 IRNA genomic sequence: for Prototheca moriformis UTEX

1436 was dissimilar to the other Prototheca genotypes (8EQ ID N(h6).

ESXAMPLE 3%

Sorghum Utilization Screen

0368} Stins: The following strains were used in the screen for identifying microalgae

straing capable of uiilizing sorghimn as a sole carbon source: 10 strains were Chlorella

protothecoides (UTEX 25, UTEX 31, UTEX 411, CCAP 221/8D, UTEX 249, UTEX 250,
UTEX 256, UTEX 264, SAG 211-10D, and CCAF 211/17). 6 strains were Prototheca
moriformis (UTEX 1435, UTEX 1437, UTEX 288, UTEX 1439, UTEX 1441 and UTEX

1434, Other strains included Chloreila luteoviridis (UTEX 22 and SAG 2214), Chiorella
kessleri {UTEX 2229), Parachlorella kessleri (SAG 12.80) and Frorotheca stagnore {UTEX

1442},

{0368} - Culture Conditions: Seed cultures of the microalgal sirains (identified above) weare
started as 1 mi Hiquid cultures in 24 well plates and were grown autotrophically for 45 hours
in light, agitating at ~350 rpm. Pure sorghum was purchased from Maasdam Sorghum Mills

{Lymarville, lowa) with a sugar profile of fructose 21.0% wiw, dextrose 28.0% w/w, suerose

16.0% whw and maltose <0.5% wiw, The cultures were then fransferred 1o liguid medium
containing 2%, 5% or 7% (v/v) pure sorghurn (diluted from the pure stock) as the sole carbon

sonree and the culiures were then grown heterotrophicaily in the derk, agitating at ~350rpm.

Samples from the cultures were pulled at 24, 40, 48, 67 end 89 howrs and growth was
measured using A750 resdings on 2 spectrophotometer. Growth was observed for each of the

strains tested, as shown in Figures 22-27.
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WHAT IS CLAIMED IS:

1. A method of making a chemically modified lipid, comprising:

(a) providing a microalgal lipid comprising no more than 500 ppm color-
generating impurities, wherein the lipid is obtained from microalgae cultured under
heterotrophic growth conditions in a bioreactor substantially in the absence of light; and

(b) subjecting the microalgal lipid to a chemical reaction to produce the modified
lipid,

wherein the microalgae are selected from strains of Parachlorella, Prototheca,or
Chlorella or strains having at least 85% nucleotide sequence identity in 23S rRNA sequences

to a Parachlorella, Prototheca, or Chlorella strain.

2. The method of claim 1, wherein the microalgal lipid is obtained from

microalgae cultured on sucrose.

3. The method of claim 2, wherein the microalgal lipid is obtained from

microalgae cultured on sorghum, sugar cane, sugar beet, or molasses.

4. The method of claim 1, wherein the microalgal lipid is obtained from

microalgae cultured on glucose.

5. The method of claim 2, wherein at least 10% of the microalgal or modified

lipid is C14 or a lipid of shorter chain length.

6. The method of claim 2, wherein at least 20% of the microalgal or modified

lipid is C14 or a lipid of shorter chain length.

7. The method of claim 2, wherein at least 50% of the microalgal or modified

lipid is C16 or a lipid of longer chain lengths.

8. The method of claim 2, wherein at least 20% of the microalgal or modified
lipid is C18.

9. The method of claim 2, wherein at least 30% of the microalgal or modified
lipid is C18.
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10.  The method of claim 2, wherein at least 40% of the microalgal or modified

lipid is C18.

11.  The method of claim 2, wherein at least 50% of the microalgal or modified
lipid is C18.
12. The method of claim 2, wherein the one or more chemical reactions

comprise an esterification, transesterification, interesterification, hydrogenation,

hydroxylation, cyclopropanation, epoxidation, deoxygenation, isomerization, or hydrolysis.

13. The method of claim 2, wherein the one or more chemical reactions
comprise an esterification, transesterification, interesterification, hydrogenation, or

hydroxylation.

14.  The method of claim 2, wherein the modified lipid is further blended with
at least one oil selected from soy, rapeseed, canola, palm, palm kernel, coconut, corn, waste
vegetable, Chinese tallow, olive, sunflower, cotton seed, chicken fat, beef tallow, porcine
tallow, microalgae, macroalgae, Cuphea, flax, peanut, choice white grease, lard, Camelina
sativa, mustard seed, cashew nut, oats, lupine, kenaf, calendula, hemp, coffee, linseed (flax),
hazelnut, euphorbia, pumpkin seed, coriander, camellia, sesame, safflower, rice, tung oil tree,
cocoa, copra, opium poppy, castor beans, pecan, jojoba, jatropha, macadamia, Brazil nuts,

avocado, and a fossil oil or a distillate fraction thereof.

15.  The method of claim 2, wherein the modified lipid is further biended with
one or more additives selected from the group consisting of essential oils, fragrance oils,
flavor oils, botanicals, extracts, CO; extracts, clays, colorants, titanium dioxide, micas, tinting
herbs, glitters, exfoliants, fruit seeds, fibers, grain powders, nut meals, seed meals, oil beads,
wax beads, herbs, hydrosols, vitamins, milk powders, preservatives, antioxidants,
tocopherols, salts, sugars, vegetable oils, waxes, glycerin, sea vegetables, nutritive oils,
moisturizing oils, vegetable butters, propylene glycol, parabens, honey, bees wax, aloe,
polysorbate, cornstarch, cocoa powder, coral powder, humectants, gums, emulsifying agents,

and thickeners.
16.  The method of claim 2, wherein the microalgae is Chlorella.

17.  The method of claim 2, wherein the microalgae is Parachlorella.
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18.  The method of claim 2, wherein the microalgae is incapable of performing

photosynthesis.
19. The method of claim 18, wherein the microalgae is Prototheca.
20.  The method of claim 19, wherein the microalgae is selected from the

group consisting of Prototheca wickerhamii, Prototheca stagnora, Prototheca portoricensis,

Prototheca moriformis, and Prototheca zopfii.

21.  The method of claim 20, wherein the microalgae is Prototheca moriformis.
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DIRECT CHEMICAL MODIFICATION OF MICROBIAL BIOMASS
AND MICROBIAL OILS

Abstract
Soap and cosmetic products can be made from oil-bearing microbial biomass
via the alkaline hydrolysis of glycerolipids and fatty acid esters to fatty acid salts. The
saponified oils can be combined with a variety of additives to produce compositions
for use as cosmetic products, which may also contain other constituents of the

biomass, including unsaponified oils, glycerol and carotenoids, among others.

Figure 1
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