DIRECT CHEMICAL MOBDIFICATION
OF MICROBIAL BIOMASS AND MICROBIAL OILS

CROSS-REFERENCE TO RELATED APPLICATIONS

{6001} The present application is & noaprovisional and claims the benefit of 61/043,620, filed
April 9, 2008 and 61/074610 filed June 20, 2008 incorporated by reference in their entirety
for all purposes.

: REFERINCE TO A SEQUENCE LISTING

[0002] This applicstion includes a sequence listing as shown in pages 1-12, appended
hereto.

-FIELD OF THE INVENTION
[00603] The invention resides in the fields of genetic engineering, aguaculture, and the
chemical modification of lipid-containing microbial biomass.
BACKGROUND OF THE INVENTION

[0004] Increased demend for energy by the global economy has placed increasing pressure
on the cogt of fossil fuels. This, along with increasing interest in reducing air pollution, has
spurred the development of domestic energy supplies and triggered the development of non-

petroleum fuels for internal combustion engines. For compressien ignition (diesel) engines, it

alternative diesel fuel. Biodiesel has a higher oxygen content than diesel derived from fossil
fuels, and therefore reduces smissions of particulate matter, hydrocarbons, and carbon
monoxide, while also reducing sulfur emissions due to a low sulfur content (Shechan, J., et
al,, Life Cycle Tnventory of Biodiesel and Petroleum Diesel for Use in an Urban Bus,
National Renewsble Energy Laboratory, Report NREL/SR-580-24089, Golden, Colo. (1998);
Graboski, M. 8., and R. L. McCormick, Prog, Energy Combust. Sei., 24:125-164 (16983}
[0005] Initial efforts at the production, testing, and use of biodiesel employed refined
edible vegetable oils (expelled or recovered by solvent extraction of oilseeds) and animal fats
(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 Agriculiure, 13: 71-79 (1997},
Further refinement of the methods has enabled production of fatty acid methyl esters (FAME)
from cheaper, less highly refined lipid feedstocks such as spent restaurant grease and soybean
soapstock (see, e.g., Mittelbach, M., arid P, Tritthart, J. Am Oif Chem, Soc., 65(7):1185-1187
{1988); Graboski, M. 8., ef al,, The Effect of Biodiesel Composition on Engine Emissions
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from a DDC Series 60 Diesel Engine, Fina! Repori to USDOE/Naticnal Renewabie Energy
Laboratory, Contract No. ACG-8-17106-02 (2000).

{0006] For decades, photoautofrophic growth of algae has been proposed as an attractive
method of manufacturing biodiesel from algae; see A Look Back at the 11.5. Department of
Energy’s Aquatic Species Program: Biodiesel from Algae, NREL/TP-580-24190, John
Sheehan, Terri Dunabay, John Benemann and Pau! Roessler (1998). Many researchers
believe that because sunlight is a “free” resource, photoautotrophic growth of algae is the
most desirable method of culturing microalgac as a feedstock for biofuel production (see, for
exarmple Chistl, Biotechnol Adv. 2007 May-Jun;25(31:294-306: “heterotrophic production 1s
not as efficient as using photosynthetic microaigae . . . because the renewable organic carbon
sources required for growing heterotrophic microorganisms are produced ultimately by
photosynthesis, vsually in crop plants™. Other research has not only assumed that
photoautotrophic growth is the best way to grow microalgae for bicfuels, but also that there is
no need to transesterify any material from microaigal biomass before introduction into &
diesel engine (see Screagg et al., Enzyme and Microbial Technology, Vol. 33:7, 2003, Pages
884-880).

[0067] Photosynthetic growth methods have been the focus of considerable research over
the past several decades, spurred in parl by the U.S, Department of Energy's Office of Fuels
Develonment, which funded a program to develop renewable transportation fuels from sloae
around a sertes of shaliow outdoor sunlight-driven ponds designed as "raceways" in which
algae, water and nutrients were circulated around a cireular pond in proximity to a source of
waste CO2 (e.g., a fossil fuel powered electricity generating plant).

[0008] Transesterification of extracted/refined plant oils is conventionally performed by
reacting a triacylgtycerol ("TAG") with a lower-alkyl alcohol (e.g., methanol) in the presence
of a catalyst (e.g., a strong acid or strong base) to vield fatty acid alkyl esters {e.g., fatty acid
methyl esters or "FAME") and glycerol.

[0609]  As described above, traditional biodiese! production has relied on extracted and/or
refined oils (expelied or recovered by solvent extraction of oilsceds) as a feedstock for the
transesterification process, Oil sources, including soy, palm, coconit, and canola, are
commonly used, and extraction is performed by drying the plant material and pretreating the

material (e.g., by flaking) to facilitate penetration of the plant structure by 2 solvent, such as



hexane. Extraction of these oils for use as a starting material contributes significantly to the
cost of traditional biediesel production.
[0818] Similar to the solvent extraction processes wiilized 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 sxiraction in this context requires the use of a solvent that is
essentially immiscible in water, such as hexane, to produce 2 solvent phase, in which the oi}
is soluble, and an aqueous phase, which retaing the largely non-lipid portion of the biomass.
Unfortanately, in an industrial scale production, the volume of volatile, potentially
carcinogenic, and flammabie organic sotvent that must be used for efficient exivaction creates
hazardous operating conditions having both environmental and worker safety aspects.
Moreover, the solvent extraction process generates & substantial solvent waste stream that
requires proper disposal, thereby increasing overall production cosis.
[6811} Alternatively, "solventless" extraction processes have been reporled; these employ
un aqueous solvent comprising no more than about 5% organic solvent for extracting lipids
from microorganisms for vse as 2 feadstock in 2 transesterification process for the production
of biodiesel. Briefly, the "soiventless” extraction process includes contacting a Jysed cell
mixture with an agueous solvent containing no more than ebout 5% organic solvent {e.g.,
hexane) to produce a phase separated mixture, The mixture comprises & heavier agueous
E IO S I IPOUE SRR S S UE7- SO D PSS OO S ST I
pUrlUl‘ﬂltﬂU O G182 FBEIET LIPIA Ja Yol WILE 8 NOO~SIRUSILCU MU IEYE 18 OULAIned.
Unfortunately, the repeated isolation and washing of the lipid layer malces the "solventless”
process particularly taborious.
[6612] There remains a need for cheaper, more efficient methods for extracting valuable
biomolecules derived from Hpids produced by microorganisms. The present invention mests
this need.

SUMMARY OF THE INVENTION
[0013] In = first aspect, the present invention relates to the discovery that direct chemical
modificafion of lipid-containing microbial biomass can dramatically increase the efficiency
and decrease the cost of ohiaining valuable materigls derived from those lipids, Thus, in a
first embodiment, then invention provides a method of chemically modifying lipid-containing
microbial biomass including the steps of culturing & population of microbes, harvesting
microbial biomass that containg at least 5% lipid by dry csli weight (DCW}, and subjecting

the biomass to a chemical reaction that covalently modifies at feast 1% of the lipid. In some



embodiments, the method further includes separating the covalently modified lipid from other
components of the biomass.
[0014} In various embodiments, 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 embodiments, the step of separating the lipid from other
components of the biomass inchudes a phase separation step in which the covalently modified
lipids form a lighter non-aqueous phase and compoenents of the biomass form one or more
heavier phases. In some embodiments, the biomass is subjected to the chemical reaction
without & step of prier enrichment that increases the ratio of the lipids to the non-lipid
material by more than 50% by weight. In other emboediments, 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 micrebes. In some embodiments, 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 embodiments, the biomass subjected to the chernical reaction contains
components other than water in the same refative proportions as the cell cuiture. In some
embodiments, the lipid cortent of the biomass is less than 90% of the biomass subjected to
the chemical reaction.
{6015] In one embodiment, chemical modification of the lipid-containing microbial
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ac1d alkyl esters and a hydrOpnlIc PRase COMAINNgG Ceil MAateria) ant gycerosn, i some
embodiments, the method further corprises removing water from the biomass prior to
subjecting the biomass to the transesterifying chemical reaction. In other embodiments, the
method farther comprises removing water from the biomass after the disrupting of the
biomass. In some embodiments, removing water from the biomass is perfornmed using a
method selected from the group consisting of tyophilization, drum drying, and oven drying
the homass.
[0016] In some embodiments, 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 embodiments, water i3
temoved from the biomass prior to the disrupting of the biomass. In some embodiments,
disrupting the biomass comprises heating the biomass to generate a Iysate. In other
embodiments, disrupting the biomass comprises contacting the biomass with an acid or base

sufficient to generate a lysate. In stili other embodiments, disrupting the biomass comprises



contacting the biomass with one or more enzymes lo generate a lysate. In some embodiments,
the biomass is contacted with at least one protease and at least one polysaccharide-degrading
enzyme. In some embodiments, distupting the biomass comprises mechanically lysing the
population of microbes (o generate a lysate. In other embodiments, disrupting the biomass
comprises subjecting the biomass to osmotic shock to generate a lysate. In still other
embodiments, disrupting the biomass comprises infecting the population of microbes with a
Iytic virus to generate a lysate. In other embodiments, 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 embodiments of the chemical modification method in which the chemieal
reaction comprises transesterification, the fatty acid ally! esters are fatty acid methy] esters or
fatty acid ethy! esters. In some embodiments, transesterifying the biomass comprises
contacting the biomass with an alcohol and a base. In some embodiments, the alcohol is
selected from methanol, ethanol, propanol, isopropanol, and mixtures thereof. In some
embodiments, the base is selected from NaOH, KOH, and mixtures thereof. In one
embodiment, the alcohol is methano! and the base is NaOH. In some embodiments,
transesterifying the biomass comprises contacting the biomass with an alcohol and a lipase.
In some embodiments, the lipase is expressed from an exogenous lipase gene within the
induced by contacting the biomass with & SHInuias 10 acTivVaTe an naueinie Promaoeret
controlling expression of the exogenous lipase gene.

[0018] In various embodiments, the amount of caicium and magnesium, combined, by
weight in the lipophilic phase is no greater than 5 parts per million. In some embodiments,
the amount of phosphorous in the lipophilic phase is no greates than 0.001%, by mass. In
some embodiments, the amount of sulfur in the lipophilic phase is no greater than 15 parts
per million. In some embodiments, the amount of potassium and sodium, combined, by
weight in the lipophilic phase is no greater than 5 parts per million. In some embodiments,
the total carotenoid content of the lipophilic phase is no greater than 100 micrograms of
carotencid per gram. In some embodiments, the {otal chlorophyll content in the lipophilic
phase is no greater than 0.1 mg'ke.

[6019] In some embodiments, subjecting the biomass o a chemical reaction includes
contacting the biomass with an enzyme to catalyze the chemical reaction. In some

embodiments, the enzyme is 2 lipase. In one embodiment, the method further comprises



separating z lipophilic phase containing the covalenfly modified lipids from hydrophilic cell
matenial of the biomass.

[6820} In various embodiments of the present invention, the microbes and the resulting
microblal biomass are selected from the group consisting of bacteria, cyanobacieria,
eukaryotic microalgae, oleaginous veast, ard fungi. In some embodiments, the microbes are
selected from the group consisting of the evkaryotic microalgae listed in Table 1. In some
embodiments, the microbes are a2 species of the genus Chlorella, and in various cmbodiments,
the species is selected from the group consisting of Chiorelln fusca, Chlorella protothecoides,
Chiorella pyrenoidosa, Chlorella kessleri, Chlorella vulgaris, Chlorella saccharophila,
Chlorella sorokiniana and Chlorella ellipsoidea. In one embodiment, the species is Chiorella
protothecoides. In some embodiments, the microbes is a species of the genus Prototheca, or
the species is selected from the group consisting of Prototheca wickerhamii, Prototheca
stagnora, Profotheca portoricensis, Proiotheca maoriformis, snd Prototheca zopfii. In some
embodiments, the microbes are seiected from the group consisting of the oleaginous yeast
listed in Table 2, and in other embodiments, the microbes are selected from the group
consisting of the fungi listed in Table 3. In some embodiments, the microbial biomass
comprises a mixture of biomass from two distinct strains or species of microbes that have
been separately cultured. In one embodiment, at least two of the distinct strains or species of
degree of taxonomic SIMHANTY to MEmbErs o1 the CAlorelid o Frofotheca geners, such as at
feast 95% nucleotide identity at the 238 tRNA level, as disclosed in the examples.

[0621] In various embodiments of the present invention, the harvested biomass comprises a
lipid content of at feast 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%, al least 50%, at least 55%, at least 60%, at least
65%, af least 70%, at least 75%, at least 80%, at least 85%, or at least 90% by DCW. In some
embodiments, at least 20% of the lipid is C18. In some embodiments, at feast 30% of the lipid
is C18. In some embodiments, at least 40% of the lipid is C18. In some embodiments, at least
50% of the Tipid is C18. In some embodiments, at least 50% of the lipid is C16 or longer
chain lengths. In some embodiments, at least 10% of the lipid is C14 or shorter chain lengths.
In some embodiments, at least 20% of the lipid is C14 or shorter chain lengths.

[6022] In some embodiments of the present invention, the population of microbes
expresses an excgenons sucrose utilizafion gene. In some embodiments, the gene is a sucrose

invertase. In some embodiments, the population of microbes expresses an exogenous lipid



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

[0023] In some embodiments, chemical modification of the Hpid-conteining microbial
biomass comprises hydrogenating the biomass to saturate at least a subset of unsaturated
bonds in the lipid. In some embodiments, chemical modification of the Hpid-containing
microbial biemass 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 embodiments, chemical medification of the
lipid-containing microbial biomass comprises hydroxylating the biomass to generate
hydroxylated lipids. In some embodiments, at least a portion of the hydroxylated lipids are
esterified to generate estolides. In some embodiments, chemical modification of the lipid-
containing microhisl biomass comprises hydrolyzing the biomass to generate free fatty acids
from the lipid. In sorne embodiments, the free fatty acids are subjected to further chemical
modification. In one embodiment, chemical modification of the lipid-containing microbial
biomass comprises deoxygenation at elevated temperature in the presence of hydrogen and 2
naphtha compounds.

[6024} In another embodiment, chemical modification of the lipid-containing microbial
biomass comprises saponifying the bicmass to penerate fatty acid salts from the lipid. In one
embodiment, the biomass is derived from a microalgae of the genus Prototheca. In some
embodiments, saporifying 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 embodiments, the base is an alkali metal hydroxide,
such as NaOH or KOH. In some embodiments, the method further comprises contacting the
biomass with a salt to precipitate the fatty acid salts from solution. In some embodiments, the
salt comptises a water-soluble alkali metal halide, such as NaCl or KCI,

[0023] In some embodiments, two distinet strains ar species of microbes are sgparately
culeured, and biomass from both cnltures is mixed prier to subjecting the biomass to a
chemical reaction that modifies at least 1% of the lipid. In some embodiments, at least two of

the distinet strains of microbes have different glveerolipid profiles.



[0026] In one aspect, the present invention is directed to a saponification method for
making a soap. In some embodiments, the method includes culturing a population of
microbes, harvesting microbiat biomass that contains at least 3% 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 embodiments, the alkaline
hydrolysis reaction includes contacting the biomess with a base and optionally heating the
biomass. In some embodiments, the base is an alkali metal hydroxide such as NaOH or KOH.
In some embodiments, less than 100% of the glycerclipids and fatty actd esters in the
biomass are converted to fatty acid salts. In some embodiments, less than 1% of the
glycerolipids and fatty acid esters in the biomass are converted to fatty acid salts.

{0027] In some embodiments of the saponification method, the method further comprises
substantially separating the faity acid salts from other components of the biomass. Some
methods of the invention further comprise boiling the separated fatty acid salts in water and
re-precipitating the fatty acid saits by introducing a salt into the aqueous solution to produce a
purified soap. In some embodiments, the salt is 2 water-soluble alkali metal halide, such as
NaCl or KCL

{0628} Somne saponification methods of the invention further comprise combining the
group consisiing of essential ous, tragrance os, Havor ous, Dotanicals, eXwacts, LU
extracts, clays, colorants, litanium dioxide, micas, tinting herbs, glitters, exfoliants, fiuit
seeds, fibers, grain powders, mut meals, seed meals, oil beads, wax beads, herbs, hydroscls,
vitamins, itk powders, preservalives, antioxidants, tocopherols, salts, sugars, vegetable oils,
waxes, ghycerin, sea vegetables, mutritive oils, moisturizing oils, vegetable butters, propylene
glycol, parabens, honey, bees wax, aloe, polysorbate, comstarch, cocoa powder, coral
powder, humectants, gums, emulsifying agents, and thickeners. In one embodiment, the
mixture is packaged as a cosmetics product. In another embodiment, the cosmetic product
comnprises a facial cleanser.

{0628] In some embodiments of the saponification method, the ratio of fatty acid salts to
the biomass from which they are separated is between 1% fatty acid salts to 90% bicmass
angd 90% fatty acid salis lo 10% biomass by dry weight. In some methods, the biomass i3
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



mathods, the harvested biomass is not subjected fo treatments other than lysis before the
alkaline hydrolysis reaction. In other methods, the biomass is subtected o the alkaline
hydrolysis reaction with a step of prior enrichment thet increases the ratio of lipid to non-lipid
material in the biomass as compared 1o the ratio at harvesting. In some embodiments, the
biomass subjected to the alkaline hydrolysis reaction containg components other than water in
the same relative proportions as the biomass at harvesting. In some embodiments, lipid
comprises no more than 90% of the biomass subjected to the alkaline hydrolysis reaction.
{8030] In some embodiments 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%, af 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 embodiments, the Hpid comprises at least 30%, at least 60%, af least ‘.79%, at least
R0%, at least 90%, or at Ieast 95% saturated fatty acid constituents.

[6031] Jnsome embodiments, the saponification method further comprises disrupting the
biomass prior to subjecting the biomass to the alkaline hydrelysis reaction. In some
embodiments, disrupting the biomass comprises mechanically lysing the population of
microbes to generate a lysate. In some embodiments, the oil is extracted from the biomass

before saponification. In some embodiments, the extracted oil is substantiaity free of color or

{0032} In another aspect, the present mvention 15 directed 10 4 COMPOSIION COMPTISING a
lighter phase containing fatty acid alky! esters, and al least one heavier phase containing
microbial blomass.

[6033] In various embodiments of the composition, at least 20% of the fasty acid alkyl
esters are C18. In some embodiments, at least 30% of the fatty acid alleyl esters are C18. In
some embodiments, at least 40% of the fatty acid alkyl esters are C18. In some embodiments,
at Jeast 50% of the fatty acid ally] esters are C18. In some embodiments, at 1sast 50% of the
fatty acid alkyl esters are C16 or longer chain lengths. In some embodiments, at least 10% of
the fatty acid allkyl esters are C14 or shorter chain lengths. In some embediments., af least
20% of the fatty acid alkyl esters are C14 or shorter chain lengths,

[0634] In another aspect, the present invention is directed to 2 composition comprising 2
lighter phase containing completely saturated lipids and at jeast one heavier phase containing
microbial biemass. In another aspect, the present invention is directed to a composition

comprising a lighter phase containing lipids and at Jeast one heavier phase containing



microbial biomass from more than one species or strain. In ancther aspect, the present
invention is directed to a composilion comprising a highter phase containing hydroxylated
lipids,and at least one heavier phase containing microbial biomass. In another aspect, the
present invention is directed to a composition comprising a lighter phase containing free fatty
acids and at Jeast one heavier phase containing microbial biomass.
[0035] In ariother aspect, the present invention is directed to 2 composition comprising
saponified oil derived from the alkaline hydrotysis of biomass produced by culturing a
population of microbes. In some embodiments, the composition further comprises at least one
and opticnally more than one ol selected from the group of oils consisting of soy, rapeseed,
canola, palm, palm kernel, coconut, eom, waste vegstable, Chinese tallow, olive, sunflower,
cotion seed. chicken Tat, beef tallow, porcine tallow, microalgae, macrosigae, Cuphea, flax,
peanut, choice white grease, lard, Camelina sativa, mustard seed cashew nuf, oats, lupine,
kenaf, calendula, hemyp, coffee, linseed (flax}, hazeinut, euphorbia, pumpkin seed, coriander,
camellia, sesame, safflower, rice, tung oil tree, cocoa, copra, pium poppy, castor beans,
pecan, jojoba, jatropha, macadsmia, Brazil nuts, avocade, a fossil oil or 2 distiliate fraction
thereof.
[0036] In various embodiments, the sapenified oil composition can be a solid (including a
powder), or 2 Houid. In some embodiments, the composition further comprises carotenoids
and/or polysaccharides derived from the biomass. In some embodiments, the seponilied oil
comprises at least 50% of the composition's total mass. In some embodiments, the saponified
oil comprises at least 75% of the composition's 1otal mass. In other embodiments, the
saponified oil comprises less than 50% of the composition's tofal mass. In other
embodiments, the saponified oil comprises less than 25% of the composition's total mass. In
some embodiments, components derived from fhe biomass constitute at leasi 50% of the
composition's fotal mass. n some embodiments, components derived from the biomass
constitute no more than 50% of the composition's total mass,
[0037]  In another aspect, the present invention is directsd to a kit comprising a saponified
0il composition as described herein and an oral supplement. In some embodiments, the oral
supplement comprises a vitamin or an herb.

. BRIEF DESCRIPTION OF THE DRAWINGS
[0038] Figure | 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 presence of various types of glycerol with additional glucose.

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

{0041} Figurc 4 shows lipid concentration of cultures of multiple species and strains of
Chlorella when cultured in the presence of various types of glyoerol with and without
additional glucose.

0042} Figure 5 shows lipid as a percent of DCW of two species and strains of Chlorella
when cultured in the presence of various types of glyceroi with additional glucose, wherein
glycerol is added sequentially after glacose.

{043} Figure 6 shows lipid as a percent of DCW of two species and strains of Chiorslla
when cultured in the presence of various types of glyeerol with additionat glucose,

[#044] Figure 7 shows relative lipid concentration of cuttures of maltiple species and
straing of Chloredla when cultured in the presence of 2% glucose and 1% glucose + 1%
reagent grade glycerol.

[6045] Figure 8 shows lipid as a percent of DCW of multiple species and strains of

Chlorella when cultred in the presence of glucose with and without reagent grade glycerol,

[6046]) Figure © shows relative lipid concentration of cultures of mullipie species and
straing of Chlorella when cultured in the presence of various types of glycerol with additional
glucose, wherein gtycerol is added sequentially or in combination with glucose.

[#047] Figure 10 shows DCW per liter of multiple species and sirains of Chiorella when
cultured in the presence of various types of glycerol with additional glucose, wherein giycerot
is added sequentially or im combination with glucose.

[0648] Figure 11(a) shows lipid as a percent of DCW of Spiruding platensis when cultured
in the presence of glucose, reagent grade glycerol, non-acidulated biodiesel byproduct
glycerol, end & combination of glycerol and glucose.

100491 Figure 11(b) shows lipid as a percent of DCW of Navicula pelliculosa when
cultured in the presence of various types of glycerol and in the presence of combinations of

glycerol and glucose.
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[0050] Figure 12(a) shaws lipid as a percent of DCW of Scenedesmus armatus when
cultured in the presence of various fypes of glycerol and in the presence of a combination of
ghycerol and glucose.

{0051] Figure 12(b) shows DCW per liter of Scenedesmus armatus when cultured in the
presence of various fypes of glycerol and in the presence of a combination of biediesel
byproduct glycerol and glucose.

[0652) Figure 13 shows DCW per liter of Navicula pelliculosa when cultured in the
presence of various types of glycerol and in the presence of a combination of non-acidulated
biodiesel byproduct glycerel and glucose.

{0053} Figures 14{a)-and (b) shows DCW per liter of Scenedesmus armatus and Navicula
pelliculosa when cultured in the presence of acidulated and nos-acidulated biodiesel
byproduct plycerol with additional glucose, wherein giycerol is added sequentially or in
combination with gincose.

{0054} Figure 15 shows a gynergistic effect of a combination of xylose and glucose on
growth of Chiorella compared to xylose or glucose alone.

[0955) Figure 16 shows growth of Chlorella protothecoides on ghacose and fructose.
[0056] Tigure 17 shows DCW per liter of Chlorella protothecoides when cultured in the
presence of glucose, sucrose, or one of several molasses samples (designated BS3, BS2 and
[0057} Fipure 18 shows growth of Chlorella protothecoides when cullured m the presence
of glucose, sucrose, or one of several molasses samples (c}esignaied BS), BS2 and H’fM) i
the presence or absence of a sacrose invertase as measured by relative celf density.

[0038] Figure 19 shows a visual comparison of ol that was hexane extracted from strain
UTEX 1435 compared o 0il extracted from UTEX 250,

[6059] Figure 20 shows high oil algae cells embedded in soap.

[0060] Figures 21a-c show a Cladogram comparing the genomic DNA sequences of 235
RNA from 8 different strains of Chlorella protothecoides.

j0061] Figures 22-27 show the growth curve of different strains of microalgac grown oa
three different concentrations of pure sorghum as the sole carbon source.

[6062] Figure 2§ shows a summary of diversity of lipid chains in microalgal species.
[0063] Figures 29a-i show a Cladogram comparing the genomic DNA sequences of 235
RNA from 23 strains of microalgae,
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DETAILED DESCRIFTION OF THE INVENTION
L DEFEINITIONS
[M64) Definitions of certain terms used herein are provided below for the convenience of
the veader,
{0065] “Active in microalgae,” with reference to a nucleic acid, refers fo a nucleic acid that
is functional in microalgae. For example, a promoter that has been used to drive an antibiotic
resistance gene to impart antibiotic resistance to & transgenic microalgae is active in
microalgae. Examples of promoters active in microalgae include promoters endogenous to
certain algae species and promoters found in plant vimses.
[0066] "Acyl carrier protein” or "ACP" is a protein that binds a growing acyl chain during
fatty acid synthesis as a thiol ester at the distal thiol of the 4'-phosphopantetheine moiety and
comprises a component of the fatty acid synthase complex, The phrase "natarally co-
expressed" with reference to an acyl carrfer protein in conjunction with a fatty acyl-ACP
thioesterase means that the ACP and the thioesterase 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 a common regulatory sequence or because they are
expressed in responge to the same stimuius.
[0067} "Acyl-CoA molecule” or "acyl-CoA" is a molecule comprising an acyl moisty
phosphopantetheine moiety of coenzyme A.
[0068] *Axenic” means a culture of an organism that is free from contamination by other
living organisms.
[0069] “Biodiesel” refers to a fatty acid ester produced from the transesterification of Hpid,
‘The ester can be a methyl ester, ethyl ester, or other ester depending on the comnponents of the
transesterification reaction.
{0670] “Biomass” refers to material produced by growth and/or propagation of cells.
Biomass may contain cells and/or intracellubar contents as well as extracellular material.
Extraceflutar material includes, but is not Hmited to, compounds secreted by a cell.
{6071] “Bioreactor” means an enclosure or partial enclosure in which cells, e.g.,
microorganisms, are cultured, optionally in suspension.
[0672] “Catalyst™ refers to an agent, such as a molecule or macromoleclar complex,
capable of facilitating or promoting a chemical reaction of a reactant to a product without

becoming & part of the product. A catalyst thus increases the rate of a reaction, after which,
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the catalyst may act on another reactant to form the product. A catalyst generally lowers the
overall activation energy required for the reaction such that the reaction proceeds more
quickly or at a lower temperature and/or a reaction equilibrium may be more quickly attained.
Examples of catalysts include enzymes, which are biclogical catalysts, and heat, whichisa
non-hiological catalyst.

[0073] “Cellulosic material” means the products of digestion of cellulose, such as glucose,
xylose, arabinose, disaccharides, oligosaccharides, lignin, furfurals and other molecules.
[0074] “Co-culture”, and variants thereof such as “co-cultivate”, refer to the presence of
two or more types of celis in the same bioreactor. The two or more types of cells may both be
raicroorganisms, such as microalgae, or may be a microakgal cell cultured with a different cell
type. The cenlture conditions may be those that foster growth and/or propagation of the two or
more cell types or those that facilitate growth and/or propagation of one cell type, or a subset
of the cclt types, of the two or more cell types while maintaining cellular growth for the
remainder.

[0075] “Cofactor” is used herein to refer to any molecule, other than the substrate, that is
required for an enzyme to carry ouf {ts enzymatic activity.

[0076} “Complementary DNA" (“eDNA™} is a DNA copy of an mRNA, which can be
obtained, for example, by reverse transcription of messenger RNA (mRNA) or amplification
{00771 “Cultivated” and variants thereot refer 10 the mtentional tosterng ot growth
(intreases in cell size, cellular contents, and/or cellular activity) and/or propagation {(increases
in cell numbers via mitosis) of one or more cells by use of appropriate cufture conditions, The
combination of both growth and propagation may be termed proliferation. The one or more
cells may be those of a microorganism, such as microalgae. Examples of appropriate
conditions include the use of 2 defined medimm (with known characteristics such as pH, ionic
strength, and carbon source), specified temperature, oxygen tension, and carbon dioxide
levels in a bioreactor. The term does not refer o the growth or propegation of
microorganisms in nature or otherwise without direct human interveation, such as natural
growth of an organism that ultimately becomes fossilized to produce geological crude oil.
[6078] “Exogenous gene” refers to a nucleic acid transformed {introdused) into a cell. A
mransformed 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 so

heterologous) or from the same species (and so homologous) relative to the cell being
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transformed. In the case of 2 homelogous gene, the infroduced gene ccoupies a different
iocation in the genome of the cell relative to the endogenous copy of the gene or is under
different reguiatory controls of the endogenous gene it replaces or both, The exogenous gene
may be present in more than one copy in the cell. The exegenous gene may be maintained in
a cell as an inseriion inte the genome or as an episomal molecule.

[0079] “Exogenously provided” deseribes a molecule provided io the culture media of &
cell culture.

[0080] ““Extracted” refors to oil or lipid separated from agqueous biomass with or without
the uge of solvents.

[0081] "Faity acyl-ACP thioesterase" is an enzyme that catalyzes the cleavage of a fatty
acid from an acyl carrier proteirt (ACF) during lipid synthesis.

[0082] “Fixed carbon source” means molecule(s) containing carbon, typically organic
molecules, that are present at ambient temperature and pressure in solid or liquid form.
|6083] "Fungus,” as used herein, means heterotrophic organisms characterized by a
chitinous cell wall from the kingdom of fungi.

[6084] “Heteroatom” means an atom other than carbon or hydrogen. Examples of
heteroatoms are magnesium, calcium, potassium, sodium, sulfur, phosphorus, iron, and

copper.

[0086] “Hvdrophobic fraction” refers to the portion, or fraction, of a material that is more
soluble in a hydrophobic phase than in an aqueous phase. A hydmpho'bic fraction is
substantially immiscible with water and usually nos-polar,

[0087} “Increased lipid yield” refers fo an increase i the lipid productivity of a microbial
culture, which can be achieved by, for example, increasing dry weight of cells per liter of
culture, increasing the percentage of celis that constifute lipid, or increasing the overall
amount of lipid per liter of culture volume per unit time.

[0088] “Indrcible promoter” is a promoter that mediates transcription of an operably linked
gene in response to a particular stimulus.

{0089] ““In operable linkage” refers to & functional linkage between two nucleic acid
sequences, such as a control sequence {typically a promeoter) and the linked sequence. A
promoter is in operable 1inkaée with an exogenous gene if it can mediate transcription of the

gene.
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[0090]  “In situ™ means “in place”™ or “in its criginal position™. For example, a culture may
contain & first microcrganism, such as a microalgae, secreting a catalyst and a second
microorganism secreting a substrate, wherein the first and second microorganisms produce
the components necessary for a particular chemical reaction to oceur in situ in the co-culture
without requiring further separation or processing of the maierials,

[0091] *Lipase” is an enzyme that catalyzes the hydrolysis of ester bonds in Hpid
substrates. Lipases catalyze the hydrolysis of Hpids into glycerols and fatty acids, and can
function to catalyze the transesterification of TAGs to fatty acid alkyl esters.

[0092)  “Lipids™ are lipophilic molecules that can be obtained from microorganisms. The
main biological functions of lipids include storing energy, acting as structural components of
cell membranes, and serving as signaling molecules, although they perform other functions as
well. Lipids are soluble in nonpalar solvents (such as ether and chloroform) and are relatively
insoluble in water. Lipids consist largely of iong, hydrophobic hydrocarbon “tails.” Examples
of lipids include fatty acids (saturated and unsafurated); giycerides or glycerolipids (such as
monoglycerides, diglycerides, triglycerides (including TAGs) or neutral fats, and
phesphoglycerides or giycerophospholipids); nenglycerides {sphingolipids, sterol lipids
including cholesterol and steroid hormones, prenol lipids inchuding terpenoids, waxes, and

polyketides); and complex lipid derivatives (sugar-linked lipids, or glycolipids, and protein-

pigments {c.g., carotenoids and oxyearotenoids), xanthophylls, phytosterols, ergothicnine,
lipoic acid, antioxidants including beta-carotene and focophero]. Also included are
polyunsaturated fatty acids such as arachidoric acid, stearidonic acid, cholesterel,
desmesterol, astaxanthin, canthaxanthin, and 06 and n-3 highly unsaturated fatty acids such
s eicosapentaencic acid (EPA), docosapentaenoic acid and docosahexazgnoic acid {DHA).
[0093] A “lpid pathway enzyme” is an enzyme involved in Hpid metabolism, ie., either
lipid synthesis, modification, or degradation, and includes, without limitation, lipases, fatty
acyl-ACP thioesterases, and acyl carrier proteins.

[0094] A “limiting concentration of & nutrient” is a nutrient concentration in a culture that
limits the propagation of a cultured organism. A “nop-limiting concentration of a nutrient” is
a nuirient conceniration that can support maximal propagation during a given culture peried,
Thus, the umber of cells produced during a given culture period is lower in the presence of a

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

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

[0096] “Lysate” refers to a solution containing the contents of lysed cells. “Lysing” refers
to disrupting the celiular membrane and optionally cell wall of a cell sufficient {o release at
least some intracellular contents. “Lysis” refers to the breakage of the plasma membrane and
optionally the cell wall of a biological organism sufficient to release at least some
intraceliular contents, often by mechanical, viral or osmotic mechanisms that compromise its
integrity.

[6097]  “Microalgae” means 2 microbial organism that is either (a) eukaryotic and contains
a chloroplast or chloroplast remnant, or (b) 2 cyanobacteria. Microalgae include obligate
photoautotrophs, which cannot metabolize a fixed carben source as energy, as well s
uniceilular orgamsms that separate from sister cells Snortly amier cell arvision, such as
Chiamydomonas., as well as 1o microbes such as, for example, Folvox, which is a simple
multicellular photosynthetic microbe of twe distinet cell types. “Microalgae” also includes
other microbial photosynthetic organisms that exhibit eell-cell adhesion, such as Agmenellum,
Arabaena, and Pyrobotrys, as well as orgamsmas that contain chloroplast-like structures that
are no Jonger capable of performing photosynthesis, soch as microalgae of the genus
Prototheca and some dinofiagellates.

[0098]  “Microorganism™ and “rnicrobe” are used interchangeably herein to refer to
microscopic unicellular organisms.

{0099] "Oi" means a hydrophobic, lipophilic, nonpolar carbon-containing substance
including but not limited to geologically-derived crude oil, distillate fractions of geologicalty-
derived crude oil, vegetsble oil, algal oil, and microbial lipids.

[0180] "Oleaginous yeast,” as used herein, means yeast that can accurnulate more than 10%

of DCW as lipid. Oleaginous yeast inclodes yeasts such as Yarrowia lipohica, as well as
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angineered strains of yeast such as Saecharomyces cerevisiae that have been engineered to
accumulate more than 14% of the DCW as lipid.

10101] “Osmotic shock” refers to the rupture of bacterial, algal, or other cells in a solution
fallowing a sudden reduction in osmotic pressure. Osmotic shock is sometimes induced to
release celiular components into a solution.

[4162] “Photobioreactor” refers tc a container, at least part of which is at least partiaily
transparent or partially open, thereby aliowing light to pass through, in which one or more
microalgae cells are eultured. Photobioreactors may be closed, as in the instance of &
palyethylene bag or Exlenmeyer flask, or may be open to the environment, as in the instance
of an ouidoor pond.

[0163] A “polysaccharide-degrading enzyme” refers to an enzyme capable of catalyzing
‘the hydrolysis, or depolymerization, of any polysaccharide. For example, cellulases are
polysaccharide degrading enzymes that catalyze the hydrolysis of cellulose,

[0104]  “Polysaccharides” for “glycans’) are carbohydrates made up of monosacchanides
joined together by glycosidic linkages. Cellulose is an example of a polysaccharide that
makes up certain plant cell walls. Cellulose can be depolymerized by enzymes to yield
monosaccharides such as xylose and glacose, as well as larger disaccharides and

oligosaccharides.
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alIOWS INHUK OF eIIlUX O MAIErials SUCH as gases, LUy, alil GOy, DUk ot usuaiy
connected to tubing leading from the photobioreactor.

[0106] -“Recombinant,” when used with reference, e.g., to a cell, or pucleic acid, protein, or
vector, indicates that the cefl, nucleic acid, protein, or vector, has been modified by the
introduction of a heterologous nucleic acid or protein or the siteration of a native (naturally
occurring) nucleic acid or protein, or that the cell is derived from a cell so modified. Thus,
&.2., recombinant cells express non-native genes, genes not found in the native (non-
recombinant) form of the cell, or express native genes differently than does the non-
recombinant cell, i.2., the native gens is over-expressed, under-expressed ar not expressed at
all, relative to gene expression in the nen-recombinant cell, “Recombinant nucleic acid”
refers to a nucleic acid, typically formed in vifre by the manipuiation of nucleic acid, ¢.g.,
using pelymerases and endonucleases, in a form not found in nature {and can include purified
preparations of naturally ccearring nucleic acids). Thus, an isolated nucleic acid, in a linear

form, or an expression vector formed in vitro by ligating NA molecules that are not
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normally joined (for example to place two different nucleic acids in operable linkage with
one another), are recombinant. Once a recombinant nucleic acid is introduced inte a host cell
or organism, it may replicate non-recornbinantly, 1.6, using the in vivo celinlar machinery of
the hwost cell; however, such nucleic acids, produced recombinantly and subsequently
replicated non-recombinantly, are stifi considersd recombinant. Similarly, a “recombinant
protein” is a protein made using recombinant techaiques, i.e., through the expression of a
recombinant nucleic acid.

[0167]) “Saponified 0il” refers (o the carboxylic acid salts end associated compounds that
are created during saponification of fatly acid esters fom mierobial sources, Fatty acid esters
can be derived from the triacylgylcercls (TAGS) produced By microorganims. Compounds
associated witk ¢ils from microhial sources inciude carotencids, tocopherols, tocotrienols,
and other compounds of biological origin.

[0108] “Sonication” refers to a process of disruptiag biologic materials, such as 2 cell, by
use of sound wave energy,

[0109] *“Stover” refers to the dried stalks and leavas of a crop remaining after a grain bas
been harvested.

[8110] A “sucrose utilization gene” is a gene that, when expressed, aids the ability of a cell

1o ulilize sucrose as an energy source, Sucrose transporters, sucrose invertases, and
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il GENERAL

[0111] Certain microorganisms can be used to produce lipids in large quantties for use in
the transportation fuel and petrochemical industries, among other applications. The present
irvention provides methods that significantly decrease the cost and increase the efficiency of
obtaining lipids and valuable lipid-derived compounds form microorganisms. Suitable
microorganisms for vse in the methods of the invention Include microalgse, oleaginous yeast,
fungi, bacteria, and cyanobacteria. A genus of microalgae for usc in the invention is the lipid-
producing microslgae Chlorelia. The present invention also provides methods for the in situ
transesterification of triacylglycerols (TAGs) to fatty acid alkyl esters, which are useful as
biodiesel fuels and/or for other applications, as well as other methods for chemical
modification of the Iipids in microbial biomass.

[0112] The present invention also provides methods of making fatty acid alkyl esters (e.g.,
fatty acid methyl esters {FAMEY) by culturing a population of microbes that generate at least
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5% of their DCW as lipid, such as triglycerides. In this method, the microbial biomass is
harvested from the culture and optionally dried to remove water. Transesterification is then
accomplished by the addition of a tower-alkyl alcohol and a catalyst (e.g., NaOH) to generate
= lipophilic phase containing the fatly acid allcy] esters and a hydrophilic phase containing
hydrophilic cell material. The iipophilic phase can be readily separated from the hydrophilic
phase.

[0113] The direct transesterification of the biomass, without an intervening separation
process step in which the lipophilic components are exiracted from the biomass prior to
transesterification, permits production of biediesel at greatly reduced costs, as compared to
methods which employ traditional extraction and refining steps prior to transesterification.
[0114] The methads of the present invention provide further advantages in the generation
of biodiesel via the in situ transesterifieation of glycerolipids to fatty acid alky! esters. In
particular, the micrebes of the present invention can be cultured under conditions which
permit modulation of the glycerolipid content of the cells. Surprisingly, it has been
discovered that & greater proportion of total glycerolipids can be converted to fatty acid alkyl
esters in cells which comprise increasingly higher oil:non-oil ratios as a function of DCW.
Moreover, these higher oil:non-oil ratics also lead to another unexpected advantage: fatty
acid alkyl esters penerated from cells that comprise increasingly hipher oitmon-oil ratios have
ratios. The methods provided contrast markedly with current gogma 1 thie 11€iq, namety wax
photosutotrophic growth of micrealgae is the best methed of microalgae cuitivation for
biofuel production {see for example, RodoHi, ef al., Biotecknology & Bz’oemgineerihg
102(1):100-112 (2008) for discussion on screening microalgal sirains for their biomass
productivity and lipid content for growth in an outdoor photobioreactor). It was also
discovered that the higher the ail content of the biomass, the higher quality of the resulting
product after direct chemical medification. The present invention provides heterotrophic
methods of culluring ticrabes {e.g., microalgae) to achieve higher oil content for direct
chemical modification for the production of higher quality chemical produets.

{0115} ‘The present invention also provides other methods of chemtcally modifying lipid-
containing microbial biomass, including without limitation, hydrogenation,
interesterificetion, hydroxylation, hydrolysis, and saponification. These methods can be used
with the various microorganisms and culturing conditions set forth herein to produce a wide

varjety of chemical products for a muliitude of applications.
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[6116] The present invention also provides useful compositions, including: a composition
comprising a lghter phase containing fatty acid alkyl esters and at least one heavier phase
containing microbial biomass; a compasition comprising a lighter phase containing
completely saturated lipids and at least one heavier phase containing microbial biomass; a
composition comprising a lighter phase containing lipids and at least one heavier phase
containing microbiat biomass from more than one species or sirain; 2 composition comprising
a lighter phase conteining hydroxylated lipids and at least one heavier phase containing
microbial biomass; and a composition comprising a lighter phase containing free fatty acids
and at Jeast one heavier phase containing microbial biomass. The present invention aiso
provides compositions comprising saponified oil derived from the aikaline hydrolysis of
biomass produced by cultaring a population of microorganisms. '

IIL. MICROORGANISMS

[0117} Microorganisms useful in the invention produce Hipids suitable for chemical
modification for biodiesel production and for production of fatty acid esters for other
purposes such as industrial chemical feadstocks and edible oils, as well a5 the production of
other chemical entities. Suitsble lipids for biodiesel and chemicals production include TAGs
containing fatty acid molecules. In some embodiments, suitable fatty acids contain at east 8,

at Jeast 10, at least 12, at least 14, at leest 16, at least 18, at least 20, at least 22, af loast 24, at

- ca Lo B RS L P Y T e T & T

tatty acids 10T piodiesel Jenerally Comain 10 and (5 C2IDOIL dLUKIS, I GOIEAl GHIDWAELLEGILS,
the above fatty acids are saturated {with ao carbon-cerbon double or triple bonds); mone
unsaturated (singfe double boad); polyunsaturated {twe or more double honds); are linear (rot
cyclic); and/or have little or no brapching in their structures.

[0118] Insome embodiments, culturing microorganisms useful in the in situ
transesterification and modification methods of the present invention yields a biomass that,
when dry, comprises an oil content of at least 5%, at least 10%, at Jeast 15%, at least 20%, or
at least 25%. In other embodiments, the drisd biomass comprises an oil content of at least
10%, at least 35%, at least 40%, at least 45%, at least 50%, at least 55%, at least 6%, at least
$5%, at least 70%, at least 75%, at least 80%, at least 85%, or at jeast 90%. "Dry" or "dried,”
as used in this context, refers to the absence of substantially alt water. Biomass can also be
chemically modified without being dried; for example, bicmass includes a centrifuged cell

paste.
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[6119] In some embodiments, culturing microorganisms vseful in the in situ
fransesterification and other chemical modification methods of the invention yields & biomass
in which at least 10% 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 biomass comprises
a lipid constituent which is at least 30% C18, at least 35% C18, at least 40% C18, at least
45% CI18, or at least 50% C18. In still other embodiments, the biomass can comprise a lipid
component that is at teast 10%, at least 15%, at least 20%, at least 25%, at Teast 30%, at least
35%, at least 40%, at least 45%, or at least 50% C14 andfor C16, or longer chain lengths.
Alternatively, the biomass can comprise  lipid component that is at least 10% or at least 20%
C14, or shorter chain lengths.

[0120] The microorganims usefil in the methods of the present invention can be naturally
ocourting or geneticaily engineeted fo increase lipid yield, to generate TAGs comprising
higher proportions of desirable carbon chain length (e.g., C18) fatty acids, or to use particalar
feedstocks {e.g., molasses) as an energy and carbon source. Such genetic engineering
modifications are described below under the header "Lipid Pathway Engineering.”

[6121] Any species of microorganism that produces suitable lipid can be used in the
methods of the invention, aithough mieroorganisms that naturally produce high levels of

suitable lipid are typically preferred. In addition, microorganisms that can produce high levels

preferred. Microalgae can be used in the methods of the invention, and nenlimiting exampies
of microalgae, both genus and species, that can be used in the methods of the present
invention are listed in Table 1.

{0122] Table 1. Examples of microalgae.

Achnanthes orientalis, Agmenellum, Amphiprova hyaline, Amphora coffeiformis, Amphora
coffeiformis linea, Amphora coffeiformis punctata, Amphora coffeiformis taplori, Amphora
coffeiformis tenuis, Amphora delicatissima, Amphora delicatissima capitata, Amphora sp.,
Anabaena, Ankistrodesmus, Ankistrodesmus falcaius, Boekelovia hooglandii, Borodinella
sp., Botryococcus braunii, Botryococeus sudeticus, Carteria, Chaetoceros gracilis,
Chaetoceros muelleri, Chaetoceros muelleri subsalsum, Chaetoceros sp., Chlorella
anitrata, Chlovella dAntarctica, Chlovella aureoviridis, Chlorella candida, Chlorella
capsulate, Chiorella desiccate, Chlorella ellipsoidea, Chlorella emersonii, Chlorella fusca,
Chivvella fusca var. vacuclata, Chlorella glucotropha, Chlovrella infusionum, Chlorella

infusiomam var. actophila, Chlorella infusionum var, cuxenophila, Chlorella kessleri,
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Chiorella lobophora (strain SAG 37.88), Chiorella luteoviridis, Chlorella huteoviridis var,
aureoviridis, Chlorella haeoviridis var. lutescens, Chiorella miniata, Chlorella
minutissima, Chloretla mitabilis, Chlorella nocturna, Chlorella parva, Chlorella
photophila, Chlorella pringsheimii, Chlorella protothecoides (Including any of UTEX
strains 1806, 411, 264, 256, 255, 250, 249, 31, 29, 25), Chlorella protothecoides var.
acidicola, Chlorella regularis, Chlorella regularis var. minima, Chlovella regularis var.
wmbricata, Chiorella reisighii, Chlorella saccharaphila, Chlorella saccharophila var.
ellipsoides, Chlorella salina, Chlorella simplex, Chiorella sorokiniana, Chiorella sp.,
Chiorella sphaerica, Chlorella stigmatophora, Chlorella vanniellii, Chiorelia vulgaris,
Chlorella walgaris, Chlorella wdgaris f. fertia, Chlorella vulgaris var. autotrophica,
Chlorella walgaris var, viridis, Chlorella vulgaris var. vulgaris, Chlorella vulgaris var.
vulgaris f. tertia, Chlorella vulgaris var. vulgaris f viridis, Chlorella xanthella, Chlorella
zofinglensis, Chlovella trebowxioides, Chlovella vilgaris, Chlorococcum infusionum,
Chiorococcum sp., Chlorogomium, Chroomonas sp., Chrysosphaera sp., Cricosphaera sp.,
Crypthecodinium cohnii, Cryptomonas sp., Cyclotella eryptica, Cyclotella meneghiniana,
Cvelotella sp., Dunatiella sp., Dunaliella bardawil, Dunaliella bioculata, Dunaliella
granulate, Dunaliella maritime, Dunaliella minuta, Dunaliella parva, Dunaliella peircet,
Dunatiella primolecta, Dunaliella salina, Dunaliella tervicola, Dunalicily terfivlecta,
Ellipsoidon sp., Euglena, Franceia sp., Fragilaria erotonensis, Fraguaria sp., igocapsa
sp., Gloeothamnion sp., Hymenomonas sp., Isochrysis aff. galbana, Isachrysis galbana,
Lepocinelis, Micractinium, Micractinium (UTEX LB 2614), Monoraphidium minutum,
Moncraphidium sp., Nannochlovis sp., Narnochloropsis saling, Nannechlaropsis sp.,
Navicula acceptata, Navicula biskanterae, Naviewla psevdotenelloides, Navicula
pelliculosa, Navicula saprophila, Navicula sp., Nephrochloris sp., Nephroselmis sp.,
Nitschia communis, Nitzschia alexandring, Nitzschia communis, Nitzschia dissipaia,
Nitzschia frustulum, Nitzschia hantzsohiana, Nitzschia inconspicun, Nitzschia intermedia,
Nitzsehia microcephala, Nitzschia pusilla, Nitzschia pusilla elliptica, Nitzschia pusilla
monoensis, Nitzschia quadrangular, Nitzschia sp., Ochromonas sp., Oocysiis parve,
Oocystis pusilla, Ooeystis sp., Oscillatoria limnetica, Oscillaioria sp., Oscillatoria
subbrevis, Pascheria acidophila, Paviova sp., Phagus, Phormidium, Platymonas sp.,
Pleurochrysis carterae, Pleurochrysis demate, Plewrochrysis sp., Prototheca wickerharii,

Prototheca stagnora, Prototheca porioricensis, Prototheca moriformis, Prototheca zopfii,
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Pyramimonas sp., Pyrobotrys, Sarcinoid chrysophyte, Scenedesmus armatus,
Schizochyirium, Spirogyra, Spirulina platensis, Stichococeus sp., Synechococcus sp.,
Tetraedron, Tetraselmis sp., Tetraselmis suecicy, Thalassiosira weissflogii, and Firidiefla

| Jridericiana

0123] Nonlimiting examples of oleaginous veast that can be used in the methods of the
present invention are listed in Table 2.

[0124] Tuable 2. Examples of cleaginous yeast.

Crypococcus eurvatus, Cryptococeus terricolus, Candida sp., Lipomyces stavkeyi,
Lipomyces lipofer, Endomycopsis vernalis, Rhodotorula glutinis, Rhodotorula gracilis, and

Yarrowia lipolytica

[0125] Nonlimiting examples of fungi that can be used in the methods of the present
invention are listed in Teble 3.
[0126) Teble 3. Exaraples of fungi.

Mortiereila, Mortierrla vinacea, Mortlerella alpine, Pythium debaryavum, Mucor
circinelloides, Aspergillus ochraceus, Aspergillus terreus, Pennicillivm filacinum,

Hensenulo, Chaetomium, Cladosporium, Malbranchea, Rhizopus, and Pythium

[01271  Considerations affecting the selection of 2 microorganism for use in the invenhon
include, in addiiion to production of suitable lipids for biediesel production: (1} high lipid
content as a percentage of cell weight; (2) case of growth;; and (3) ease of processing.
Preferred microorganisms grow heterotrophicatly (on sugar in the absence of light) or have
been engineered to do so using, for example methads disclosed in U.S. Patent Application
Nos. 50/941,581 {filed Jume 1, 2007), 60/959, 174 (filed July 10, 2007}, 66:968, 291 (filed
August 27,2007} and 617024, 069 (filed January 28, 2008},

[0128] Processing considerations can include, for example, the availability of effective
means for lysing the cells. Bacteria can also be used in the methods of the invention
invention, particniarly cleaginous bacteria such as species of the genus Rhodacoccus, such as
Rhodococcus opacus and Rhodocaccs sp.

[6129]  Species of micrealgae for use in the methods of the invention can be identified by
amplification of certain target regions of the genome of a test microalgae. For exampie,

identification of a specific species or strain of microatgae can be achieved through
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amplification and sequencing of nuclear and/or chloreplast DNA using primers and
methodology using any region of the genome (ses, e.g., Wu et al, Bot. Bull. Acad. Sin.
{2001) 42.:113-121 “Identification of Chlorelia spp. Jsolates using ribosomal DNA
sequences”), Well established methods of phylogenetic analysis, such &s amplification and
sequencing of ribosomal internal transcribed spacer {TT31 and ITS2 rDNA), 235 fRINA, 18s
rRNA, and other conserved genomic regions can be used to identify species of microalgal
and other hydrocarbon and lipid producing organisms that can be used in the methods
disclosed herein. For exampies of methods of identification and classification of algae, see
also, e.g., Genetics, 2005 Aug; 170{4):1601-10 and RN, 2005 Apr,11{4):361-4.

{0130] 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 235 rRNA, can be amplified from microaigal
species and compared o consensus sequences to screen for microaigal species that are
taxonomically related to a microalgae used in a method of the present invention, Examples of
_such DNA sequence comparison for species within the Chlorella and Prototheca genus are
shown below in the Examples,

{6131} In some embodiments, microalgae for use in the methods of the present invention
have genomic DINA sequences encoding 233 rRNA that have at least 99%, at least 38%, at
jeast 90%, at least §9%, at least 88%, af least 7%, or &t ieast $0 NUCIEQTAE 1ACKUTY 16 &
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 encoding 238
TRKA that have at least 85%, at least 80%, at least 75%, at least 70%, at least 65% or at least
60% nucieotide identity to at least one of the sequences listed in SEQ ID NOs:3-29.

[4332] Chiorella is a genus of single-celled green algae, belonging to the prylum
Chlorophyta, that can be used in the methods of the present invention. Chlorella is spherical
in shape, about 2 to 10 pm in diameter, and is without fiagella. Some species of Chlorella are
naturally helerotrophic. Chlorella, particulatly Chiorella protothecoides, is a preferred
microorganism for use in the invention because of its high composition of lipid, particulaly
long-chain lipid suitable for biodiesel and chemical modification into other molecules. In
addition, this microalgae grows heterotrophically.

[0133] Prototheca is a genus of single-cell microalgae thought fo be a non-photosynthetic
mutant of Chiorella that is useful in the methods of the present invention. While Chlorella
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can obtain its energy through photosynthesis, species of the genus Protorheca are obligate
heterotrophs, Prototheca are spherical in shape, about 2 to 15 micrometers in diameter, and
without flagella. Prototheca, particularly Prototheca moriformis, is a preferred
microorganism: for use in the invention because of its lipid composition, particularly saturated
lipids suitable for saponification. In addition, the lipid extracted from this microalgac has
very few colorant contaminants, further making it suitable for saponification.

[0134] As with both plants asd animals, algae and other microbes store excess energy in
the form of lipids for use when other sources of energy (e.g., sunlight) are unavailable.
Maoreover, madulation of oil content allows algae living in an agueous environment to float
and thereby optimize access to sunligh to carry out photosynthetic processes. The ability to
modify buoyancy via modulation of oil content has jed to microaigal cells that can generate
high cellular oil concentrations as compared to higher plants. The characteristic of high oil
content is advantageous for in situ chemicat modification of ofl-bearing biomass, becavse, as
demonstrated herein, high-oil bio

nass yields higher purity TAG derivatives compared to low-oil biomass, particulasly
photosynthetically-derived low-oil biormass. Accordingly, microprganisms that can be used to
generate high-cil biomass are preferted for use in the methods of the present invention.

A.  Growth Meihods
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small scale and, at least inifially, under conditions in which the starting microorganism can
grow. For example, if the starting microorganism is & photoautotroph, the initial culture is
conducted in the presence of light. The culture conditions can be changed if the
microorganism is evolved or engineered to grow independently of light. Culiure for purposes
of lipid production is usually conducted on a large scale.

1. Photogynthetic Growth Methods
[6136] Photosynthetic microorganisms, such as microalgae, can be grown in the presence
of light in a liquid culture medium that may be contained, for exampie, in a photobioreactor.
The number of photons striking a culture of microaigae celis can be mauipulated, as well as
other parameters, such as the wavelength spectrur and ratio of dark:light hours per day.
Microalgae can also be cuitured in namral light, as well as simultaneous and/or alternating

combinations of natural light and artificial light. For example, microalgae of the genus
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Chlorella can be cullured under natural light during daylight hours and under artificial light
during night hours.

[0137] The ges content of 2 photobioreactor to grow microorganisms such as microalgae
can be manipulated. Part of the volume of a photobioreactor can contain gas rather than
liquid. Gas inlets can be used to pump gases into the photobioreactor. Any gas can be
pumped into & photobioreactor, inchuding air, air/CO; mixfures, noble gases such as argon
and other gases. The rate of entry of gas into a photobioreactor can also be manipulated.
Increasing gas flow into a photobloreactor increases the turbidity of & culture of microalgae.
The placement of ports conveying gases into a photebioreactor can also affect the turbidity of
a culture at & given gas flow rate. Alr/CO; mixtures can be modulated to generate optimal
amounts of CO, for maximal growth by a particular organism, Microalgae grow significantly
faster in the light undex, for example, 3% CO2/97% air than in 100% air. 3% CO02/%7% air has
approximately 100-fold more CO;, than air. For example, air:CO; mixtures of about 99.75%
air0.25% COs, about 99.5% air:0.5% CO;, about $9.0% air:1.00% CO,, about 98.0%

air2 0% COy, about 97,0% air3.0% CO-, gbout 96.0% air:4.0% CO,, and about 95.00%
air:5.0% 02 cen be infused ixto a bioreastor or photobioreactor in accordance with the
present methods. A 5% CO2:95% air mixture infused into a photobioreactor containing
Botryococcus cells is reported in J Agric Foed Chem. 2006 Jun 28,54(13):4593-9; J Biosci
[0138]  Microaigae can be grown and maintained in closed photobioTeactors made Ol asy or
a vériety of different types of transparent or seritransparent materigl. Such material .includes
Plexiglas™ enclosures, glass enclosures, bags made from subsiances such as polyethylene,
transparent or semitransparent pipes, and other materials. Microalgae can also be grown and
maintained in open photobicreactors such as raceway ponds, settling ponds, and other non-
enclosed containers.

{0139} *Algal shading” refers to the inability of a light sowrce to penetrate and reach all
cells of a photosynthetic culture. Cells nearest the lght source will "shade” (by virtue of their
physical presence and absorption of phetons in the chloroplasts) those cells further from the
light source and thereby limit the exposure of those other cells to the energy needed to
convert a carbon feedstock into Jipids or other materials necessary for cell growth and
reproduction. By mixing the culture, one can provide a mechanism to expose all celis to the
light source, but "shading" nevertheless impacts the total duration of exposure, leading to

slower growth and lower oil content as a percentage of DCW. As a result, longer growth
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pericds may be required to achieve high densities of cells and/or high oil content. Bven after
extended periods of growth, cells grown on light as a sole energy source rarely contain more
than 15% oil as & percentage of DCW. In addition, photosynthetic growth of microalgae
results in high levels of chlorophyll ir: the biomass, leading to much higher quantities of
magnesium in directly transesterified biomass, because magnesium is 2 component of
chlorophyll, and chlorophyll is 4 highly hydrophobic compound that accumulates in the
lipophilic phase. In addition, higher carctenoid levels accummlate in algae grown
photosyntheticaily than in algae grown heterotrophically.

2. Heterotrophic Growth Methods for Lipid Production
[0140) In contrast to photosynthetic growth methods, microalgae can be cultured in liquid
media with the culture contained in a bioreactor that does not allow light io enter.
Heterotrophic culture methods such as these rely on the use of a fixed carbon source (e.g.,
glucose, glyeerol, celiulosics, efe.) to provide energy for growth and lipid production. Culture
condition parameters can be manipulated to optimize total lipid production.
[0141] Microalgal culture media typically contain components such as & fixed nitrogen
source, trace elements, optionally a buffer for pB maintenance, and phosphate. Other
components can inchide & fixed carbon source such as acetate or glucose and salts such as

sodiuzn chloride, particularly for seawater microalgae. Examples of trace elements include

forms of ZaCl,, HzBO;, CoCly61,0, CuCly 2H20, MnCly-4H,0 and (NHa)eMo7Oze-4H20.
These and other culture parameters, such as the pH of the oulture media, the identity and
concentration of trace elements and other media constituents, can also be manipulated ip the
methods of the invention to achieve a desired production resuit.

[0142] For orpanisms able to grow on a fixed carbon source, the fixed carbon source can
be, for example, glucose, fructose, sucrose, galactose, xylose, mannose, thamnose, glycercl,
cellulosic sources, and/or floridoside. The one or more carbon source(s) can be suppiied at g
concentration of af ieast about 50 pM, at feast about 100 uM, atf least about 500 uM, at least
about 5 mM, at least about 50 mM, and at least about 500 mM, of one or more exogenously
provided fixed carbon source(s). For multiple species of Chiorelia, for example,
heterotrophic growth results in high production of biomass and sccumulation of high lipid
content in cells.

[0343] For lipid production, cells, including recombinant cells, are typically cultured or

fermented in large quantities. The culfuring may take place in large Hguid volumes, such as in
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suspension cultures as an example. Other examples include starting with 2 small colture of
cells that is expanded into a large biomass by cell growth and propagation concurrently with
lipid production. Bioreactors or steel fermentors can be used to accommodate large culture
volumes. A fermentor similar those used in the production of beer and/or wine is suifable, as
are the very large fermentors used in the production of ethanol.

[0144] Appropriate nulrienl sources for culture in a fermentor are provided. These include
raw materials such as one or more of the following: a fixed carbon source such as ghicose,
com starch, depotymerized ceflulose, suctose, sugar cane, sugar beet, lactose, mitk whey, or
molasses; a fat source, such as fats or vegetable oils; a nitrogen source, such as protein,
soybean meal, cornsteep tquor, ammotia (pure or in salt form), nifrate or nitrate salt, or
molecular nitrogen; and & phospherus source, such as phosphate salts. Additionally, a
fermentor allows for the control of culture conditions such as temperature, pH, oxygen
tension, and carbon dioxide levels. Gaseous components, like oxygen or nitrogen, can be
bubbled through a liguid culture,

[0145] A fermentor can be used to allow cells to undergo the various phases of their growth
cycle. As an example, an inoculum of lipid-producing cells can be introduced into & mediom
followed by a lag peried (lag phase) before the cells begin growth. Following the lag period,

the growth rate increases steadily and enters the log, or expenential, phase. The exponential

decreases in nutrients, nitrogen in particular. After slowing, prowth stops, and the cells enter
a steady state of converting a fixed carbon feedstock into a desired product, such as a TAG.
Maintaining the steady state for a longer period of time results in a higher percentage of
DCW being the desired product, such as lipid in the case of the microorganisms described
herein. In some instances, it is desirable to maintain the microbial cells in a steady state in
which the cells convert a carbohydrate such as glucose into lipid while not undergoing celt
division for an extended peried of time to generate microbial biomass with more than 30%,
more than 40%, more than 50%, or more than 60% lipid as a percentage of the dry weight of
the cells. Nitrogen limitation is generally sufficient to prevent celis from undergoing celi
division.

{0146] Microorganisms grows using conditions described herein and kmown in the art can
comptise at least 20% lipid by weight, preferably at least 40% lipid by weight, more
preferably at least 50% iipid 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, microorganismms are cultured using conditions described herein to attain a
lipid component of at least 20% by weight within a culture period of no more than 1 week. In
some embodimenis, 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 mors than 9 days, no
mote than 8 days, no more than 6 days, no more than 5 days, no more then 4 days, or no more
than 3 days. In any one of the foregoing culture perinds, the microorganisms may yield at
least 20%, at least 25%, at least 30%, at least 35%, at Ieast 40%, af 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
af Jeast 90% lipid by DCW., In some embodiments, microorganisms are cultured using
conditions deseribed herein to attain a Iipid component of at least 20% by weight within a
cudture period of at least 2 days. In some embodiments, the culture period is at least 3 days, at
least 4 days, at least 5 days, at least 6 days, at least 7 days or at least 8 days. In any one of the
foregoing culture periods, the microorganisms may vield at least 20%, at least 25%, at least
30%, at least 35%, at least 40%, at least 45%, af Jeast 50%, ut least 55%, at least 60%, at least
65%, at least 70%, at Jeast 75%, at least 80%, at least 85%, or at least 90% lipid by DCW.
[0147} - Process conditions can be adjusted fo increase the yield of lipids suitable for use as
biodiese! or other target molecules and/or to reduce production cost. For example, in certain
embodiments, a microbe {e.g., a microalgae) is cultured in the presence of a limiting,

increase microbial lipid vield over microbial Hipid yield in a culture m wnich nirogen 18
provided in excess. In particular embodiments, the increase in lipid yield is at Jeast about:
10%, 20%, 30%, 40%, 50%, 75%, 100%, 200%, 300%, 400%, or 500%. The microbe can be
culiured in the presence of 2 Hmiting amount of the nutrient for a portion of the total culture
period or for the entire pericd. In perticular embodiments, the nutrient concentration is cycled
between a limiting concentration and & non-Hmiting concentration at least twice during the
total culture peried. In addition and as shown in the Figures, certain fixed carbon feedstocks
such as glycerol can be employed to increase the perceniage of cell weight that is Hipid
comipared to comparzable guantities of other fixed carbon feedstocks.

[0148] To increase lipid yield, acetic acid can be employed in the feedstock for a lipid-
producing microbe (e.g., & microalgae). Acetic acid feeds directly into the point of
metabolism that initiates fatty acid synthesis {i.2., acetyl-CoA); thus, providing acetic acid in
the culture can increase fatty acid production. Generally, in this embodiment, the microbe is

cultured in the presence of a sufficient amount of acefic acid to increase microbial lipid yield,

30



and/or microbial fatty acid vield, specificaily, over microbial lipid {e.g., fatty acid) vield in
the absence of acetic acid.

[6149] I another embodiment, lipid yield ig increased by culturing a lipid-producing
microbe (e.g., microalgae) in the presence of one or more cofactor(s) for a lipid pathway
enzyme (e.g., a fatty acid synthetic enzyme). Generally, in this embodiment, the
concentration of the cofactor(s) is sufficient to inerease microbial lipid (e.g., fatfy acid) yield
over microbial Tipid yield in the absence of the cofactor(s). In & particular embodiment, the
cofactor(s) is provided to the culture by including in the culture a microbe (e.g., microalgae)
containing an exogenous gene encoding the cofactor(s). Alternatively, cofactor(s) may be
provided to a culture by including a microbe (e.g., microalgae) containing an sxogenous gens
that encodes 2 protein that participates in the synthesis of the cofactor. In certain
embodiments, suitable cofactors include any vitamin required by & lipid pathway enzyme,
such as, for example, biotin or pantothenate. Genes encoding cofactors suitable for use in the
invention or that participate in the synthesis of such cofacters are well known and can be
introduced into microbes (e.g., microalgae) using constructs and techniques known to those
in the art.

[01568] Microalgal biomass with a high percentage of oil/lipid accomulation by dry weight
has been penerated using a variety of different methods of culture known in the art.

A mrntnd Winenos with o hiehae wareaniaos nf acemmulated oil/linid is useful in accordance
WILLE LG [AGRTUE JLIVGLLIULL LI WL s Mahiws ks ot s s = syt o = on s - N
Iipid by DCW in stationary cultures grown under autotrophic conditions (.., photosynthetic
growth conditions) using high iron concentrations (14 et al., Bioresource Technology
99(11):4717-22 {2008)). Rodolii et al. describe Nanachloropsis sp. and Chaetoceros
calcitrans cultures with 60% lipid DCW and 39.8% lipid DCW, respectively, grown in a
photobioreactor under pitrogen starvation conditions (Rodoldi et ok, Biotechnology &
Bipengineering 102{1):100-112 {2008) ). Solovchenkao et al. describe Parietochloris incise
cultures with approximately 30% lipid accumulation (DCW) when grown phototrophicaily
and under low nitrogen conditions (Solovchenko et al., Journal of Applied Pheology 20:245-
251 (2008)). Chlorella protothecoides can produce up to 55% lipid (DCW) grown under
certain heterotrophic conditions ;‘vith nitrogen starvation (Miao and Wu, Bioresource
Technology 97:841-846 (2006)). Other Chlorella species including Chlorella emersonii,
Chiorella sorokiniana, snd Chloreila minutissima have been described to have accumulated

up to 63% oil (DCW) when grown in stirred tank bioreactors under low-niirogen media
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conditions (Iiman et al., Enzyme and Microbial Technology 27:631-635 (2000)). Sl higher
percent lipid accumulation by IDCW has been reported, including 70% lipid (DCW)
accumulation in Dumediella tertiolecta cultures grown in increased NaCl conditions {Takagi
et al., Jowrna! of Bioscience and Bicengineering 101(3): 223-226 (2006)) and 75% lipid
accumulation In Botrpococcus braunii cultures (Banerjee et al., Critical Reviews in
Biotechnology 22(3): 245-279 (2002)). These and similar methods can be used for
photosynthetic and heterotrophic growth of microalgae fo produce cil.

[0181] Microalgal biomass generated by the culture metheds described herein and useful in
accordance with the present invention comprises at least 16% microalgal oil by dry weight. In
some embodiments, the microalgal biomass comprises at least 15%, at least 25%, at least
35%, at least 45%, at least 50%, at least 55%, or at least 6% microalgal oil by dry weight. In
some embodiments, the microalgal biomass contains from 10-90% microakgal oil, from 25-
"75% microalgal oil, frem 40-75% microalgal oii, or from 50-70% miicroalgal oil by dry
weight.

[0152] In various embodiments, the microalgal biomass comprises at least 25% at least
26%, at least 27%, at least 28%, at least 29%, at least 30%, at least 31%, at least 322, at least
33%, at least 34%, at least 35%, at least 36%%, at least 37%, at least 38%, at least 38%, at least
A0%, at least 41%, at least 42%, at least 43%, ai least 44%, at least 45%, at least 46%, at least

embodiments, the microalgal biomass comprises at least 51%, at least 52%, af Jeast 53%, at
least 54%, at least 55%, at least 56%, at least 57%, at least 58%, at least 59%, at leést 60%, at
ieast 61%, at least 52%, at least 63%, af least 64%, at least 65%, at least 6%, at Jeast 67%, at
Teast 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 78%, at least 79%, at least 80%, at least 81%, at
least §82%, at least 3%, at least 84%, at least 85%, at least 86%, at least §7%, at least 88%, at
least 89%, or at least 90% microalgal oil by dry weight,

2 Use of Non-Traditicnal Carborn Seurces
[0E53] Microorganism can naturally grow on, or engineered to grow on, non-traditional
carbon sources, such as sucrose, xylose, cellulosic materials, sorghum syrup and waste
materials. Suitable cellulosic materials include residues from herbaceous and woody energy
crops, as well as agricultural crops, i.e., the plant parts, primarily stalks and leaves, that are
not the primary food or fiber product. Examples include agricultural wastes such as sugarcane

bagasse, rice hulls, corn fiber (including stalks, leaves, husks, and cobs), wheat straw, rice
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straw, sugar beet pulp, citrus pulp, citrus peels; forestry wastes such as hardwood and
softwood thinnings, and hardwood and softwood residues from timber aperations; wood
wastes such as saw mill waste (wood chips, sawdust) and pulp mil} waste; urban wastes sach
as paper fractions of municipal solid waste, urban wood waste, and urban green waste such as
municipal grass clippings; and wood construction waste. Additional celivlosics include
dedicated cellulosic crops such as switchgrass, hybrid poplar wood, and miscanthus, fiber
cane, and fiber sorghum. Five-carbon sugars that are produced from such materials inclode
xylose.

[0154] Tn ancther heterotrophic growth method, microalgal species can utilize mixed
carbon sources such as sorghum syrup or pure sorghum. Sorghum syrup is produced from the
juice of sweet sorghum cane. Its sugar profile consists of mainly gluwose (dextrose), fructose,
and sucrose. Microalgal strains can be soreened for the capability to utilize sorghum as the
sole carbon source. As non-limiting examples, microalgae from several strains of Chiorella
protothecoides, Chlorella huteovivdis, Prototheca moriformis, Chiorella kessleri,
Parachlorella kessieri, and Prototheca stagnora can wtilize sorghum syrup in heterotrophic
conditions, as described in the Examples below,

0155] Some microorganisms naturally grow on or can be engineered to grow on a fixed
carbon source that is a heterogeneous source of compounds, such as municipal waste,

S JRRNED PRIV SRR N SR NSRRI PN FYRIPE Y wane oF Rawad anvhorn owd athar moteiante
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in the production of lipids, end the culture provides an inexpensive source of lipids for in situ
transesterification and the production of biodiesel or for other chemical modification in
accerdance with the methods of the invention.

[0156] To reduce the cost of producing biodiese! or other chemically-modified lipids,
crude, partially purified, or purified glycerol produced as a byproduct of lipid
transesterification can be employed as a feedstock for fermenting, for example, lipid-
producing microbial cultures. Thus, the invention provides methods involving the steps of
culturing a microbe {e.g., s microalgae) in a first microbial culture; subjecting the microbial
biomass to transesterification to produce fatly acid ester(s) and glycercl, as described below;
and adding the glycerol o a second microbial cutiure as a feedstock. The first and second
microbial cultures can, but need not, be cultures of the same microbe. If desired, a continmous
~ system can be implemented in accordance with the invention whereby glycerol produced

from the lipid recovered from a culture can be fed back into the same culture.
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[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 Chlorella, Navicula, Scenedesmus, and Spirulina, are described herein. As the
exampies demonstrate, microbes of exivemely divergent evolutionary lineage, including
Chiorella, Navicula, Scenedesmus, and Spirulina as well as cultures of multiple distinet
Chlorelia species grow very wel! on not only purified reagent-grade glycerol, but also
acidulated and non-acidulated glycerol byproduct from biodiesel transesterification. In some
instances microalgae, such as Chiorella strains, undergo cell division fester in the presence of
glycero! than in the presence of ghicose.

[0158] The methods of the present invention can utitize microorganisms, for example,
cultured via two-stage growth processes in which cells are first fed glycerol to increase cell
density rapidly, and are then fed glucose to accurnulate lipids. This can provide significant
economic benefits in that the glycerol byproduct of the transesterification process is put back
into the production process. Other feeding methods are provided as well, such as methods in
which mixtures of glycerol and glugose are fed, end methods in which glucose is fed during
the growth phase and glycerol is fed during the lipid production phase. Feeding such mixturss
can provide economsic benefit, In addition, the methods of the invention include methods in

which raicroorganisms are fed alternative sugars such as sucrose in various combinations
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feasibility of these alternative culture conditions for microbial fermentation in accordance
with the methods of the present invention.

[0159] Multiple Chloreila species, and multiple strains within a species of Chlorella,
perform better in the presence of glyceral byproduct from transesterification than in an
squivalent amount of reagent grade glyeerol. Glycerol byproduct from transesterification
usually contains residual methanol and other contaminants in addition to ghycerol, For
example, Figures 1-6 demonstrate that straias of Chlorella protothecoides and Chlorelia
kesslert exhibit better productivity on acidulated and non-zcidutated glycerol byproduct from
biodiese} transesterification than when grown on pure reagent grade ghycerol, Other
microbes, such as Scenedesmus and Navicula microslgse, can also perform better in the
presence of glycerel byproduct from transesterification than in ax equivalent amount of

reagent grade glveerol,
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{0160] Figure | demonstrates that dry cell weight per liter (DCW per L) was higher on
kiodiesel glycerol byproduct than on pure glycerol, and this trend held true when the cells
were grown in glycerol by itself or in combination with glucose. Figure 2 shows the same
trends with additional strains of Chlorella. Figure 12(b) demonstrates that DCW par L of
Scenedesmus armarus is higher on acidelated and non-acidulated biodiesel byproducts
glycerol than on pure reagent grade glyserol. Figure 13 demonsirates that DCW per L of
Navicula pelliculosa is higher on non-acidulated biodiesel byproduet glyeero! than on pure
reagent grade glycerol,

{0161] Figures 3 and 4 demonstrate that, with multiple species of Chlorells and multiple
strains within a species of Chlorella, lipid levels (or lipid content) per liter are higher when
the cells are cultured in the presence of biodiesel glycerol byproducet than when cultured in
the presence of equivalent concentrations of pure reagent grade glyeerol.

[0162] Figures 5 and 6 demonstrate that multiple species of Chlorella and multiple strains
within a species of Chlorellz accumulate a higher percentage of DCW as lipid (Lipid as a
Percentage of Cell Weight) when cultured in the presence of biodiesel giycerol byproduct
than when cultured in the presence of equivalent concentrations of pure reagent grade
glycerol. Figure 11 demonstrates that both Spiruling platensis and Navicula pelliculosa can

accumaulate 2 higher percentage of DCW as tipid when cultured in the presence of biodiesel

reagent grade glycerol. Figurs 12{a} demonstrates that Scenedesmus armatus can accumulate
a higher percentage of DCW as lipid when cultured in the presence of biodiese]l glyceral
byproduct than when cultured in the presence of equivalent concentrations of pure reagent
grade glycerol. ’

[0163] Moreover, muiltiple species of microbes, including microalgae such as Chlorella,
Scenedesmus, Navicula, and Spirulina exhibit better characteristics as biodiesel producers in
the presence of mixtures of glycere! and glucose than in the presence of only glucese. Thus,
Figure 7 demonstrates that Chiorellg can accurmulate higher lipid levels (content) per liter of
culture in the presence of 1% glyceral/1% glucose than in the presence of 2% glucose. Figure
12(b} demonstrates that DCW per L of Scenedesmus armatus is higher when cultured in the
presence of 1% biodiesel byproduct glyeerol/i % glucose than in the presence of 2% glucose.
Figure 13 demonstrates that DCW per L of Navicwla pelliculosa is higher when cultured in
the presence of 1% biodiesel byproduct glycerol/1% glucose than in the presence of 2%

glucose,
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10164) Figure 8§ demonstrates that Chloreila can accumuiate a higher percentage of DCW
as lipid when cultured in the presence of an equal concentration (weight percent) mixtore of
glycero! and glucose than when cultured in the presence of only glicose. Figure 1 1(z)
demonstrates that Spirulina platensis can acoumulate a higher percentage of DCW as lipid
when cultured in the presence of an equal concentration (weight percenit) mixture of bicdiesel
byproduct glycerol and glucose than when cultured in the presence of only ghucese. Figure
11(b) demonstrates that Navicula pelliculosa can accumulate 2 higher percentage of DCW as
tipid when: cultured in the presence of an equal concentration (weight percent) mixture of
reagent grade glycerol and glucose, as well as hiodissel byproduct glycerol and glucose, than
when cultured in the presence of only ghicose. Figure 12{b) demonstrates that Scenedesmus
armatus can accumulate a higher percentage of DCW as Epid when cultured in the presence
of an equal concentration (weight percent) mixture of biodiesel byprodudt alycerol and
ghucose than when cultured in the presence of only glucose. Such methods of increasing the
lipid as 2 percentage of DCW are useful in generating biomass that yields a lower amount of
Reteroatoms in biodiese! than lower percentage lipid biomass wher the biomass is subjected
io direct transesterification.

[0165] It has further been discovered that, by adding stycero] and glucese to microbes,

including misroalgae such as Chlorella, Scenedesmus, and Nevicula sequentially, rather than

“ - . Tt i e ;e cende addifanal sAeld oaing Thic

attribute of multiple species of Chiorelia a0 MNPIL SURIS WILLL G Spewaws ws wrrrcs won
was tested in the ﬁresence of both biodiese] glycerol byproduct and reagent grade glycerol.
{0166} Thus, Figiwe § demonstrates that Chlorellz can scoumulate 2 higher percentage of
DICW as lipid when glycerol is added to a culture for & first pericd of time, followed by
addition of glucose and continued culturing for a second period of time, than when the same
quantities of glycerol and glucose are added together af the beginning of the experiment.
Such methods of increasing the lipid as a percentage of DCW are useful in generating
biomass that yields & lower amount of heteroatoms in biodiesel or other products than lower
percentage lipid biomass wien the biomass is subjected to direct transesterification or other
methods of chemical modification. Figure 9 shows Chiorelly exhibit higher lipid levels
{content) per Hter of culture when ghycerol and glucese are added sequentially than when the
same quantities of glycerol and giucose are added together at the beginning of the cuiture.
This trend was observed when acidulated biodiesel byproduct glycerol, non-acidulated
hiodiesel byproduct glycerol, or reagent grade glycerol was used.
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[0167} Figure 10 demonstrates four different strains of Chlorefle of two different species
acenmulating higher DCW per L of culture when glycerol and glucose are added sequentially
than when the same quantities of glycerol and glucose are added together at the beginning of
the experiment. This trend was observed when acidulated biodiesel byproduct ghycerol, non-
acidulated biodiese] byproduct glycerol, or reagent grade glyceral was used. Figure 14(a) and
(b) demenstrate that both Scenedesmus armatus ad Nevicula pelliculosa can exhibit
increases in DOW per L when biodiesel byproduct glycerol only is added io a culture for a
fixst period of time, foliowed later by addition of glucose, compared to adding identical
amounts of glycerel and glucese at the beginning of the fermentation.

[0168] Thus, three different markers of productivity (DCW per L, grams per L of lipid, and
percentage of DCW as fipid) in micrebial lipid production are improved by the use of
biodiesel byprodunet and temporal separation of carbon sources, '

{169] The cost of producing biodiesel or other chemically-modified lipids can also be
reduced by using cellulosic biomass as a feedstock. Cellulosic biomass (e.g., stover, such as
comm stover) is inexpensive and readily available; however, attempts to use this material as a
feedstock for yeast have failed. In particular, such feedstocks have been found to be
inhibitery to yeast growth, and yeast cannof use the 5-carbon sugars produced ﬁ'c_)m cellulosic

materials {e.g., xylose from hemi-cellulose). By contrast, microalgae can grow on processed
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the presence of 4 Cellulosic MAawenal andQyor & J-Carvonl SUZUE LUI' LUS PIULULLILLL Ul Py it
can be transesterified according to the methods described herein. Cellulosic materials
generally inchude cellulose (40-60% dry weight); hemicellulose (20-40% dry weight); and
ligmin (10-30% dry weight).

[0170]  Surprisingly, Chlorella protothecoides can exhibit higher levels of productivity
when eultured on a combination of glucose and xylose than when cultured on either glucose
or xytose alone. This synergistic effect provides a significant advaniage in that it allows
cultivation of Chlorella on combinations of xylose and glucose, such as celiulosic material,
as shown in Figure 15.

[0171] The specific examples of process conditions to increase the yield of lipids suitable
for use as biodiese! andfor 1o reduce production cost can be usad individually, as described
above, or in combination. In addition, the invention includes the selection and/or genetic
engineering of microbes, such as microalgae, to produce microbes that are even more suitable

for use in the above-described methods. For example, the use of microbes having a greater
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ability to utilize any of the above-described fedstocks for increased proliferation and/or lipid
produsction are within the scope of the methods of the invention.

j0172] The cost of produsing bisdiesel 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 spocies of Chlorella that
can utilize suerose as a carbon source. For example, expression of a sucrose transporter and a
sucrose invertase allows Chlorella to transport sucrose into the cell from the culture media
and hydrolyze sucrose to yield giucese and fructose. Optionaily, a fructokinase can be
expressed as well in instances where endogenous hexckinase activity is insufficient for
maximum phesphorylation of fructose. Examples of suitable sucrose transporters include
those described under Genbank accession numbers CAD91334, CABY2307, and CAAS3390.
Examples of suitable sucrose invertases include those described under Genbank accession
mmnbers CABOS5GI0, NP 012104 and CAA0G839. Exampies of suitable fructokinases
include those described under Genbank accession numbers P26984, P26420 and CAA43322.
YVectars for transformation of microalgae, inchading Chlorella, enceding one or more of such
genes can be designed as described in, for example, international publication number
WO2008/151149,

[0173] Secretion of a sucrose invertase can obviate the need for expression of a transporter

conversion of 2 molecule of sucrose into a molecule of glucose and a melecule of tructose,
bath of which can be transported and uiilized by microbes disclosed herein, Expression of a
sucrose invertase with a secretion signal generates ipvertase activity outside the cell. See
Hawkins et al., Curvent Microbiology Vol. 38 (1999), pp. 335-341, for examples of secretion
signals active in Chlorella. Expression of such e protein allows celis already capable of
wilizing extracellular glucose as an energy source to utilize sucrose as an extracellalar energy
source. In cells such as Chiorelle protothecoides, which as demonstrated herein can use both
extracellular fructose and extracellular ghacose as an energy source, secretion of an invertase
cun provide the sole catalytic activity necessary for use of sucrose as an efficient, inexpensive
Energy SOuTce.

[0174] The growth potential of microorganisims eXpressing an exogenous secretable
sucrose invertase is illustrated by the zddition of an invertase to the culture medium of
Chigrella protothecoides. Addition of the inveriase permits cells to be fermented on a sugar

source containing lignin {e.g., molasses). Algae or other microorganisms can be engineersd
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as described herein to grow as well on molasses as they do on pure glucose, and the use of
this low-value waste produet of sugar cane processing can provide significant cost savings in
the production of hydrocarbens, Figures 15-20 show the growth of cells on three sources of
molasses {designated BS1, BS2 and HTM}, as compared to growth on glucose or sucrose mn
the presence or absence of an extracellular sucrose invertase.
[0175] A sucrose invertase can also be exprossed intracellularly in cells that express 2
sucrose transporter, us well as in cells that express any carbohydrate transporter that atlows
sucrose to enter the cell.
B. Lipid Pathway Engineering

[6176] As described herein, microorganisms nseful in accordance with the methods of the
present invention can optionally be engineered to express particular genes that can be
beneficial in culturing the microorganisms (e.g., expression of a sucrose inveriase gene to
facilitate the utilization of a sucrose feedstock) or in perfoxming the direct chemical
modification methods of the invention {e.g., expression of a lytic gene to facilitate biomass
disraption, and/or expression of a lipase gene to catalyze transesterification). In addition,
_optional genetic engineering can be used advantageonsly to engineer a microorganisen’s lipid
pathway. This pathway can be modified to alter the properties andfor proportions of lipids
produced and/or to increase carbon flux into lipids.

1 Albaratinm of Peanorting andine Pranartione of Linids Produoced
FURZ /| 0L LG MOt 74 2440 s fyftary SHLIARING 77 A5 1T B wvetas vona amie g i+ g gt e
characteristics but do not produce the desired types or quantities of lipids. Examples include
Pyrobatrys, Phormidium, Agmenellum, Carteria, Lepocinelis, Fyrobotrys, Nitzschia,
Lepocinclis, Anabaena, Euglena, Spirogyra, Chiorococcum, Tetraedron, Oscillatoria,
Phagus, and Chiorogorium, which have the desirable growth characteristic of growing in
munieipal sewage or wastewater. Such cells can be engineered to have improved lipid
production characteristics. Desired characteristics include optimizing lipid yield per uit
volume and/or per unit time, carbon chain length (e.g., for biodiese] producticn or for
industrial applications requiring hydrocarbon fesdstock, reducing the number of double or
tripte bonds, optionally to zero, removing or eliminating rings and eyclic structures, and
increasing the hydrogen:carbon ratio of & particular species of lipid or of a population of
distinet lipids. In addition, microalgae that produce desirable lipids can also be engineercd to
have even more advantageous outputs. Examples of such microalgee include species of the

genus Chiorella,
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[0178] In particular embodiments, one or more key enzymes that contrel branch points in
metabolism to fatty acid synthesis can be up-reguiated or down-regulated to improve lipid
production, Up-regulation can be achieved, for example, by ransforming ceils with
expression constructs in which a gene encoding the enzyme of interest is cxpressed, e.g.,
using a strong promoter and/or enhancer elements that increase wanscription. Such constructs
can include 2 selectable marker such that the transformants can be subjected to selection,
which can result in amplification of the construct and an increase in the expression level of
the encoded enzyme. Examples of enzymes suitable for up-regulation according to the
methods of the invention include pyruvate dehydrogenase, which plays a role in converting
pyruvate to acetyl-CoA (examples, some from microalgae, include these described under
Cienbank accession numbers NP_415392; AAAS3047; Q1XDMI; and CAF05587). Up-
regulation of pyrivate dehydrogenase can increase production of acetyl-CoA, ard thereby
increase fatty acid synthesis. Acetyl-CoA carboxylase catalyzes the injtial step in fatty acid
synthesis. Accordingly, this enzyme can be up-regulated to increase pro duction of fatty acids
(examples, some fror mictoal gae, inciude those described under Genbank accession
numbers BAAQ4752; AAATS528; AAABL4T; YP_537052; YP_536879; NP_045833; and
BAAS790R). Fatty acid production can also be increased by up-regulation of acyl carrier
protein (ACP), which carries the growing acy} chains during fatty acid synthesis (examples,
Ce e e e e et e AT
P51280; NP_840041; YP_874433) . Giycerol-3-phosphate acyllransierase Gt yoos e taw:
liniting step of fatty acid synthesis. Up-regulation of this enzyme can increase fatty acid
production (exemples, some from microalgae, include those described under Genbank
accession numbers AAAT74319; AAA33122; AAA3T64T, P4485T; and ABO94442). The
preceding proteins are candidates for expression in microaige, including species of the genus
Chlorella.
101791 Down-regulation: of an enzyme of interest can achieved using, e.g., antisense,
catalytic RNA/DNA, RNA interference (RNA;), “knock-out,” “knock-down,”™ or other
mutagenesis techniques. Enzyme expression/function can also be iﬁﬁibited using intrabodies.
Examples of enzymes suitebie for down-regulation according to the methods of the invention
incinde citrate synthase, which consumes acetyl-CoA as part of the micarboxylic acid (TCA)
cycie. Down-reguiation of citrate synthase can force more acetyl-CoA into the fatty acid

synthetic pathway.
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[0180] Glohal regulators modulate the expression of the genes of the fatty acid biosynthetic
pathways. Accordingly, one or more global regulators of faity acid synthesis can be up- or-
down-reguizted, as appropriate, to inhibit or enhance, respectively, the expression of a
prurality of fatty acid synthetic genes and, ultimately, to increase lipid production. Examples
include steral regulatory element binding proteins (SREBPs), such as SREBP-1a and
SRERP-1c (for examples, see Genbank those described under accession numbers NP_035610
and QOWTN3). Global regulators can be up- or down-regulated, as described above with
respect to reguiation of control point enzymes.

{0181} The methods of the invention can also be practiced using microbes (e.g.
ticrealgae, oleaginous yeast, bacteri or fungi) that have been genetically engineered to
express one or more exogenous genes encoding lipid pathway enzymes such as, for example,
a fatty acyl-ACP thioesterase (see examples in Table 4 with accession numbers) or an acyl
carrier protein (ACP), which can failitate the cleavage of fatty acids having desirable carben
chain lengths fron: the acyl carrier protein during lipid synthesis. The fatty acyl-ACP
thioesterase can be chosen basad on its specificity for a fatty acid having a particolar 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 an intraceliular

compartment. In some embodiments, genes encoding a fatty acyl-ACP thioesterase and a
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genes encoding other L1p1d pathway €nzymes, as GescrLDed aDoVe. 1l OUISY SIICORIREnTS, e
ACP and the fatty aeyi-ACP thicesterase may have an affinity for ane 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 naturally co-expressed pairs of such enzymes as well as with pairs that share
an affinity for interacting with one another io facilitae cleavage of & length-specific carbon.
chain from the ACP.

{0182] TExamples of further modifications suiiable for use in the present invention are
described in now abandoned U.S. Provisional Application Mo, 60/837,839, filed 15 Aug 06,
and U.S. Patent Application No, 11/893,364, filed 15 Aug (7, cach of which is incorporaied
herein by reference. This application discloses genetically engineering strains of microalgas
£0 eXPress two oF MOre EXOLENOUs genes, ane encoding a transporter of a fixed carbon source

{such as sucrose) and a second encoding a sucrose invertase enzyme. The resulting
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fermentable organisms produce lipids at lower manufacturing cost than what has been
obtainable by previously known methods of production, This co-pending application aiso
teaches that the insertion of the two exogenous genes described above can be combined with
the disrsption of polysaccharide biosynthesis through directed and/er random mutagenesis,
which steers ever greater carbon flux into lipid production. Individually and in combination,
trophic conversion, engineering to alter Hpid production and treatment with exogenous
enzymes alter the lipid composition produced by a microorgamsm. The alteration can bea
chenge in the amount of lipids produced, the amount of one or more lipid speeies 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 with higher propoertions of particuiar carbon length fatty acid molecules.
[0183] Faity acyl-ACP thivesterases suitable for use with the microbes and methods of the
invention inchide, without limitation, those listed in Table 4.

161847 Table 4. Fatty acyl-ACP thioesterases and GenBank accession numbers.

[ Umbeliularia californica fatty acyl-ACP thioesterass {GenBank H#AACA001)
Cinnamomum camphora fatty acyi-ACP thicesterase (GenBank #Q39473)
Unmbellularia californica fatty acyl-ACP thioesterase (GenBank #(341635)
Myristica fragrans fatty acyl-ACP thioesterase (GenBank #AAB71725)

Elaeis guineensis fatty acyl-ACP thioesterase (GenBank #ABLS3YIR)
Elnets guineensis fatty acyl-ACP thioesterase (GenBank #AAD42220)
Populus tomentosa fatty acyl-ACP thivesterase (GenBank #ABC47311)
Arabidopsis thaliana fatty acyl-ACP thioesterase (GenBank #NP_172327)
Arabidopsis thaliana fatty acyi-ACP thisesterase (GenBank #CAARBS387)
Arabidopsis thaliana fatty acyl-ACP thioesterase (GenBank #CAAB5388)
Gossypium hirsutum fatty acyl-ACP thivesterase (GenBank #Q95QI3)
Cuphea lanceolata fatty acyi-ACP thicesterase (GenBank H#CAAS4060)
Cuphea hookeriana fatty acyl-ACP thicesterase (GenBank #AACT2882)
Cuphea calophylla subsp. mesostemon fatty acyl-ACP thioesterase (GenBank
#ABB71581)

Cuphea lanceolata fatty acyl-ACP thioesterase {GenBank #CAC19913)
Elaeis guineensis fatty acyi-ACP thioesterase (GenBank #AAL15645)

| Cuphea hookeriana fatty acyl-ACP thioesterase (GenBank #(Q39513)
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Gossypium hirsuum fatty acyl-ACP thioesterase (GenBank #AADO1982)

Vitis vinifera fatty acyl-ACP thioesterase (GenBank #UANS1819)

Garcinia mangostana fatty acyl-ACP thioesterase (GenBank #AAB51525)
Brassica_juncea fatty acyl-ACP thioesterase (GenBank #ABI18986)

Madhuca longifolia fatty acyl-ACP thioesterase (GenBank #AANS1637)
- Brassica napus fatty acyl-ACP thioesterase (GenBank #ABH11710)

Oryza sativa (indica cultivar-group) fatty acyl-ACP thivesterase (GenBank #EAYS6877)
Oryza sativa {japonica cultivar-group) fatty acyl-ACP thioesterase {GenBask
#NP_001068400)

Oryza sativa (indica cultivar-group} fatty acyi-ACP thivesterase {GenBank #EAY99617)
Cuphea hookeriana fatty acyl-ACP thioesterase (GenBank #AAC49269)

[0185] Other suitable enzymes for use with the microbes and the methods of the invention
inchude those that have at least 70% amino acid identity with one of the protsins listed in
Table 4, and that exhibit the corresponding desired enzymatic activity (i.e., cleavage of a fatty
acid from an acyl carrier protein. In additional embodiments, the enzymatic activity is present
in a sequence that has at least about 75%;, at least ahout 80%, af least about 85%, at least

about 90%, at least about 95%, ar at least about 99% identity with one of the above deseribed

[0186] The lipid pathway enzymes described above are useful in the production of various
lipids from a microbe (e.g., a microalgaes, an cleaginous veast, or 3 fungus) or population of
microbes, whereby a fatty acyl-ACP thioesterase cleaves a fatty acid from an acyl carrier
protein {ACP) during lipid synthesis. These lipid pathway enzymes can have a specificity for
acting on a substrate which includes a specific number of carbon atoms. For example, a fatty
acyl-ACP thioesterase 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
crogenous gene that encodes a protein with specificity for catalyzing an enzymatic activity
{e.g., cleavage of a fatty acid from an ACP) with regard to the number of carbon ators
contained in the substrate. The enzymatic specificity can, in various embodiments, be fora
substrate having from 8 to 34 carbon atoms, preferably from 8 1o 18 carbon atoms, and more
preferably from 14 to 18 carbon atoms.

[03187] Ry selecting the desired combination of exogenous genes to 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 acid linked to an ACP and the fatty acyl-ACP
thivesterase catalyzes the eleavage of the fatty acid from the ACP to yield, through further
enzymatic processing, a TAG incorporating the fatty acid molecule.

2. Increased Carbon Flux into Lipid Pathway
[0188] Some microalgae produce significant quantities of non-lipid metabolites, such as,
for sxample, polysaccharides. Because polysaccharide biosynthesis can use & significant
propartion of the totat metabolic energy availabie to cells, mutagenesis of lipid-producing
celis followed by screening for reduced or eliminated polysaccharide production generates
strains that are capable of producing higher yields of lipids.
[0189] Examples of expression of transgenes in Chloretla can be found in the literature
(see, for example, Curvent Microbiology Vol. 35 (1997), pp. 356-302; Sheng Wu Gong
Cheng Xue Bao. 2000 Jul;16(4):443-6; Current Microbiology Vol. 38 (1999}, pp. 335-341;
Appl Micrabiol Biotechnol (2006 72: 187-205; Marine Biotechnology 4, 63-73, 2002;
Current Genetics 39:5, 365-370 (20013; Plant Cell Reports 18:9, 718-780, (1999); Biologia
Planiarium 42(2): 209-216, (1999); Plant Pathol. J 21{1}: 13-20, (2005)). Any convenient
technique for introducing a transgene into Chorella can be employed for purposes of the
present invention.

10190] Examples of expression of transgenes in oleaginous yeast (e.g., Yarrowia lipolytiea)
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{2007)). Examples of expression 01 Lansgenes 11 TUNEL (8.8., MOrRErewa i, Mweor
circiﬁelloides, and Aspergillus ockrocens) can also be found in the literature (see, for
examnple, Microbinlogy, Tuk; 153(Pt. 7):2013-25 (2007}, Mol Genet Genomics, Jun;
27155595602 (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
Useful Lipid-producing Microorganisms" (2004); and PCT/IP2004/012021). Examples of
expression of exogenous genes in bacteria such as E. col are well known; see, for example,
Molecular Cloning: A Laboratory Manual, Sambrock et al. (3d edition, 2001, Cold Spring
Harbor Press.

Iv. METHODS OF IN SITU TRANSESTERIFICATION

[01911 In situ transesterification of TAGSs to faity acid alkyl esters in accordance with the
methods of the present invention can be performed on biomass generated from the microbial
culiures described above. In some embodiments, the biomass may comprise biomass

combined from two or more cultures of distinct strains or species of microorganisms. In some
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embodiments, the distinct stains or species have different glycerolipid profiles, as illustrated
inn Examples 22 and 24.
[0192] In some methods of the invention, the microbial biomass is first harvested from the
cutture medivm and dried, and then subjected to an optional biomass disruption process prior
to fransesterification. In other methods of the inveniion, the misrobial biomass s subjected to
a bjorass disruption process prior to drying and transesterification. In some methods,
harvesting the biomass comptises separating the ceilular components of the biomass frem the
water and cell culture media by, for example, passing the contents of the cell culture
bhioreactor throngh a screen or similar filtering apparatus, In some embodiments, harvesting
the biomass comprises processing the cellular components of the cell eulture into 2 paste ot -
low moisture-content composition.

A.  Drying Methods
[0193] Drying the biomass generated from the cultured microorganisms described herein
removes water that would otherwise be available as a substrate during the transesterification
reaction, described in greater detai} below, leading to the formation of free fatty acids, rather
than the desired fatty acid alkyl esters. The extent to which biomass vsed in the in site
trapsesterification methods of the present invention must be dried depends on the

aleoholhiomass ratio used in the franscsterification process, the cost of the alcohol, and the
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transesteriication 18 {0 be periormedt. As will be appreciaied, iese TECIOrs, 0adnetl agauiisy
the costs of drying the biomass, determine an "acceptable dryness" for the biomass.

[1194] In sozne embodiments, the biomass can be dried using a drum dryer in which the
biomass is rotated in a drum and dried with the application of air, which may be heated to
expedite the drying process. In other embodiments, an oven or spray dryer can be used 1o
facilitate drying of the biomass. Alternatively, the biomass may be dried via a Iyophilization
process. The Iyophilization process may summarily be described as a “freeze-drying”
process, in which the biomass is frozen in a freeze-drying chamber. The application of a
vacuun 1o the freeze-drying chamber results in sublimation {primary drying) and desorption
(secondary drying} of the water from the biomass, resulting in: 2 product suitable for further
processing as described helow. In still other embodiments a combination of the foregoing
may be utilized to appropriately dry the biomass for further processing in accordance with the
methods described herein.

B. Biomass Disruption Methods
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[6195] Insome embodiments it may be desirable to disrupt the biomass prior fo in situ
transesterification to make the intracellular contents of the rmicroorganisms more readily
accessible to the alcohol and catalyst transesterification reagents. This can help to facilitate
the conversion of TAGS to fatty acid alkyl esters or other molecules in accordance with the
methods of the invention.

{0196] I some methods of the invention, distuption of the biomass can be accomplished
prior fo subjscting the biomass to one or more of the drying processes described above. In
other mefhods, disraption of the biomass can follow such a drying process. In some methods,
water is removed from the biomass prior to or after disruption of the biomass, with or without
subjecting the biomass to & drying process, Following growth, the microcrganisms are
optionally isolated by centrifuging the culture medium fo generate a concentrated microbial
biomass. Disruption of the biomass can be accomplished by lysing the microbial cells to
produce a lysate. 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
polvsaccharide degradation enzymes such as amylases, via the use of ultrasound, mechanical
lysis, via the use of osmotic sheck, infection with a Iytic virus, and/or expression of one or
more lytic genes. Lysis is performed to release intracellular molecules which have been

produced by the microorganism. Each of these methods for lysing a microorganism can be

1 o e Ten

e e T St b o am

[WE%7]  Lhe eXTeNT 07 CEU WSTUPIION (R U UUST] YO UY 1L USMAEIL HAGE J D10. o Shingy wai v
more of the methods described herein, typically more than 70% cell breakage is observed.
Preferably, celi breakage is more than 8(%, more preferably more than 90% and most
preferably about 100%.

[0198] In particular embodiments, the microorganism is lysed after growth, for example to
incrcésc the exposure of cellular lipid fo a catalyst for trangesterifieation such as & lipase or a
chemmical catalyst, expressed as described below. The timing of lipase expression (e.g., via an
inducible promoter), celt tysis, and the adjustment of transesterification reaction conditions
{e.2., removal of water, addition of alechol, ete.) cen be adjusted to optimize the vield of fatty
acid esters from lipase-mediated transesterification.

[6199] In one embodiment of the present invention, the process of lysing a microarganism
comprises heating a cellular suspension containing the microorganisms. In this embodiment,
the culture medium containing the microorganisms (or a suspension of microorganisms

isolated from the culture medium) is heated unti! the microorganisms, 7.e., the celf walls and
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membranes of microergantsms, degrade or breakdown. Typically, temnperatures applied are at
least 50°C. Higher temperatures, such as, at teast 60°C, at least 70°C, at least 80°C, at least
90°C, af least 100°C, at least 110°C, at least 120°C, at Jeast 130°C or higher are used for more
efficient cell lysis.

[0200] In another embodiment of the present invention, the process of lysing' a
nicroorganism comprises adding a base fo a cellular suspension containing the
microorganism. The base should be strong enough fo hydrolyze at least a portion of the
proteinaceous compounds of the microcrganisms used. Bases which are useful for
solubilizing proteins are known in the art of chemistry. Exemplary bases which are useful in
these methods include, but are not limited o, hydroxides, carbonates and bicarbonates of
Tithium, sodium, potassivm, calcium, and mixtures thereof. A preferred base is KOH. In
another embodiment of the present invention, the process of lysing a microorganism
comprises adding an acid io a cellular suspension containing the microorganism,

[0201] In another embodiment of the present invention, the process of lysing a
microorganism comprises ysing the microorganism with an enzyme. Enzymes for lysing a
microorganism include proteases and polysaccharide-degrading enzymes such as
hemicellulase, pectinase, cellulase, and driselase. A potyseccharide-degrading enzyme,

optionally from Chiorella or a Chlorella virus, is preferred. A preferred pair of enzymes for
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[62U2] I anotner embOGIMEN OF Wk DITSCIL LUVOHIVIS, WMIT PIULGDD UL 5 Y31, o
microorganism is performed using ultrasound, i.e,, sonication. Cells can also by lysed with
high frequency sound. The sound can be produced electronically and transported through 2
metallic tip to an appropriately concenirated cefiular suspension. This sonication (or
ultrasonication) disrupts celluiar integrity based on the creation of cavifies in the cell
suspension.

10203]  In another embodiment of the present invention, the process of lysing a
mieroorganism is performed by mechanical means. Cells can be lysed mechanically and
oplienally homogenized to facilitate lipid transesterification. For example, a pressure
disrupter can be used to pump a cell containing shnry through a restricted orifice valve. High
pressure {up 1o 1500 bar) is applied, followed by an instant expansion through an exiting
nozzle. Cell disruption is accomplished by flwee different mechanisms: impingement on the
valve, high liguid shear in the orifice, and sudden pressure drop upon discharge, causing an

explosion of the cell. The method releases infracellular molecules. Alternatively, a ball mill
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can be used. In a ball mill, cells are agitated in suspension with small abrasive particles, such
as beads. Cells break because of shear forces, grinding betwees 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 cenirifizgation in case of weak cell walls.

{0204} In another embodiment of the present invention, the process of lysing a
microorganism is performed by applying an osmotic shock.

{0205} In another embodiment of the present invention, the process of lysing &
rnicroorganism is performed by steam treatment, i.e., through addition of pressurized steam.
Steam lreatment of microalgae for cell disruption is described, for example, in U.S, Patent
No. 6,750,048.

" {6206] In another embodiment of the present invention, the process of lysing a
microorganism comprises infection of the microorganism with a lytic virus. A wide variety of
viruses are known to lyse microorganisms suitable for use in the methods of the present
invention, and the selection and use of a particular Iytic virus for a particuiar microorganism
is within the level of skili in the art. For example, parameciom bursaria chlorella virus
{(PBCV-1) is the prototype of a group (family Phycodnaviridae, genus Chlorovirus) of large,
icosahedral, plaque-forming, double-stranded DNA viruses that replicate in, and lvse, certain

such as C. profothecoides, can be lysed by infecting the culivre with a suitabie chioreila virus.
Methods of infecting species of Chiorella with a chlorefla virus are known. See for example
Adv. Virus Res. 2006:66:293-336; Firology, 1969 Apr 25;257(1%15-23; Virclogy, 2004 Jan
5:318(1):214-23; Nucleic Acids Symp, Ser, 20005(44%:161-2; J. Firol. 2006 Mar;20(5):2437-
44: and Anime. Rev. Microbiol, 1999;53:447-04.

[0267] In another emboidment of the present invention, the process of lysing a
microorganism comprises autolysis. In this embodiment, a microorganism useful in the
methods of the invention is genetically engineered to produce a iytic gene that will lyse the
microorganism. This lytic gene can be expressed using an inducible promoter, so that the
ceils can first be grown 1o a desirable density in a culture mediumn and then harvested,
followed by induction of the promoter to express the Iytic gene to Iyse the cells. In one
embodirnent, the Ivtic gene encodes a polysaccharide~degrading enzyme. In certain other
entbodirrents, the lytic gene s a gene from a lytic virus. Thus, for example, a lytic gene from

a Chiorella virus can be expressed in 2 Chiorella such as C. profothecoides.
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102087 Expression of Iytic genes is preferably done using an inducible promoter, such as a
promoter active in microalgae that i3 induced by a stimulus such as the presence of 2 small
molecule, light, heat, and other stimuli. Lytic genes from chiorelia viruses are known. For
example, see Virology 260, 308-315 (1999); FEMS Microbiclogy Letters 130 (19993 45-53;
Virology 263, 376-387 {1999); end Virology 230, 361-368 (1997).
{0209] In particular embodiments, the microoganisms are lysed after growth, for example
0 .incrcase the exposare of cellular lipid to a catalyst for transesterification such as a lipase,
discussed below, or a chemical catalyst. The timing of lipase expression (e.g., via an
inducible promater), cell lysis, and the modification of transesterification reaction conditions
(e.g., removal of water, addition of alcohol, ete.) can be adjusted o optimize the yield of fatty
acid esters from lipase-mediated transesterification.

€. Trausesterification
10210} Lipids produced by microorganisms as described above are subjected to a process of
transesterification in accordance with the methods of the invention to generate a Hipophilic
phase containing fatty acid alkyl esters and a hydrophilic phase comprising celt material and
glycarol. In some methods of the invention, the lipophilic phase is then separated from the
hiydrophilic cell material,

1. General Chemical Process

- s RO S,

esters of free fatty acids with the tribydric alcohol, glycerol. In transesterizrcanon, we
giycerol in a TAG is replaced with a lower alky! alcohot such as methanel, ethanol or

isopropanol. A typical reaction scheme is as follows:

e (OGR4
cat. base
——Ol, e RyGO0St + RyCO0Et F R COOET o Cas(H)
3 B0 .
—OCR, Eihyt esters of fatty acios Giycerol
Trighyceride

[6212] Iz this scheme, the alcohol is deprotonated with a base to make it & stronger
nucleophile. Commanly, ethanol or methanol is used in vast excess (up to 50-fold).
Normally, this reaction will proceed cither exceedingly slowly or not at all. Heat, as well as
an acid or base, can be used to help speed the reaction. The acid or base is not consumed by
the transesterification reaction; thus, they are not reactants but catalysts. Almost ali biodi esel

has traditionally been produced using the base-catalyzed technigue, as it requires only low
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temperatures and pressures and produces over 98% conversion yield (provided the stariing oil
is low in moisture and free fatty acids).
10213] A special case of transesterification is glycerolysis or the the use of
glycerol(glycerin) to break chemical bonds. The glycerolysis reaction is usuaily catalyzed by
the addition of an acid or & base. Glycerclysis can be performed on simple esters, fats, free
faitty acids or TAGs, wherein the methy! esters react with excess glycerol to form mono-
and/or diglycerides, producing methano! as & by-product. Mono- and diglycerides are useful
as emulsifiers and are commonly added to food products.

2. Using Recombinant Lipases for Transesterification
[0214] Transesterification has also been carried out experimentally using an enzyme, such
as a lipase, instead of a base. Lipase-catalyzed transesterification can be carried out, for
example, at 2 {emperature between the room temperature and 80° C, and a molar ratio of the
TAG to the lower alcohiol of greater than 1:1, preferably about 3:1. Lipases suitable for use in
fransesterification in accordance with the methods of the present invention include, but are
not limited to, those listed in Table 5. Other examples of Hpases 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
WOR8/01032, each of which is incorporated herein by reference.

[6215] Table 5. Lipases for use in transesterification.

£y C e ATIOYTILT A P rindide mmdanetios linaca R fnovaram-4 351
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Amano Pharmaceutical Co., Ltd.), Candida rugosa lipase (e.g., Lipase-OF; Meito Sangys
Co., Ltd.}, Mucor miekhei lipase (Lipozyme IM 20), Pseudononas fluorescens lipase
AAA25882, Rhizopus japonicas lipase (Lilipase A-10FG) Q7M4UT_1, Rhizommucor
michei lipase B34955, Rhizopus orpzae lipase (Lipase F) AAY32408, Serratia marcescens
lipase (SM Enzyme) ABI13521, Thermomyces lanuginosg lipase CAB58509, Lipase P
(Magase ChemteX Corporation), and Lipase QLM (Meito Sangyo Ce., Ltd., Nagoya,
Japan)

f02E6] Cne challenge to using & 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 activity of the immaobilized lipase

st be maintained after being recycled for a minimirm number of cyeles to allow & lipase-
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based process to compete with the strong base process in terms of the production cost.
[mmobilized lipases are subject to poisaning by the lower alcohols typically used in
transesterification. 1U.S. Patent No. 6,398,707 (issued June 4, 2002 1o Wu et al.), incorporated
herein by reference, describes methods for enhaneing the activity of immobilized lipases and
regenerating immobilized lipases having reduced activity.

[0287] In particular embodiments, a recombinant lipase is expressed in the same
microorganisms that produce the lipid on which the lipase acts. Suitable recombinant lipases
include those listed above in Table 5 and/or those described under the GenBank Accession
numbers Hsted ahove in Table 5, or a polypeptide that has at least 70% amino acid identity
with one of the lipases listed above in Table 5 and that exhibits lipage activity. In additional
embodiments, the enzymatic activity is present in a sequence that has at least about 75%, at
least about 80%, at least about 85%, at least about 90%, at least about 95%, or at least about
99% identity with one of the above described sequences, all of which are hereby incorporated
by reference.

[0218] An exeraplary vector design for expression of a lipase gene in a microorganism such
as a microalgae contalas a gene encading a lipase in operable linkage with a promoter active
in microalgae. Alernatively, if the vector does not contain a promoter in operuble linkage
with the lipase gene, the lipase gene can be transformed into the cefls such that it becomes
promoterless method of transformation has been demonstrated in microalgas {(see, for
example, Plant Journal 14:4, (1998), pp.441-447). The vecter can alsc contain a second gene
that encodes a protein that imparts resistance to an antibiotic or herbicide, i e., a selectable
marker, Optionally, one or both gene(s) is/are followed by a 3” untranslated sequence
containing a pelyadenylation signal. Expression cassettes encoding the two genes can be
ohysically linked in the vector or on separate vectors, Co-transformation of microalgae can
also be used, in which distinet vector molecules are simultanecusty used 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
marker under conditions i which cells lacking the resistance cassette would not grow.
[0219] DNA encoding the lipase and seiectable marker can be codon-optimized cDNA.
Methods of recoding genes for expression in microalgae are described in US Patent

7,135,200, Additional information is available at the web address www kazusa.or jp/codon.
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[6220] Many promoters are active in microalgac, including promoters that are endogenous
to the algae being transformed, as wel! as promaters that are not endogenons to the algae
being transformed (i.e., promoters from other algae, promoters from higher piants, and
promoters from plant viruses or algae viruses). Exogenous and/or endogenous promaters that
are active in microalgae, and antibiotic resistance genes functional in microalgae are known
in the art. The promoter used to express an exogenous gene can be the promoter naturally
linked to that gene or can be a heterclogous gene. Some promoters axe aclive in more than
one species of microalgae. Other promoters are species-specific. Preferred promoters inchude
promoters such as RBCS2 from Chlamydamonas rei nhardtii and viral promoters, such as
cauliffower mosaie virus (CMV) and chlorelia virus, which have been shown 1o be active in
multiple species of microalgae (see, for example, Plant Cell Rep. 2005 Mar;23(10-11%727-
35; J Microbiol, 2005 Aug43(4):361-5; Mar Biotechnol (NY). 2002 Jan;4(1):63-73).

{0221} Promoters, cDNAs, and 3'UTRs, as well as other clements of the vectors, can be
generated through cloning fechnigues using fragments isolated from native sources {see, for
example, Melecular Cloning: A Laboratory Manual, Sambrook et al. {3d edition, 2001, Cold
Spring Harbor Press; and U.8. Patent 4,683,202). Alternatively, elements can be generated
syntheticaily using known methods (see, for example, Gene 1995 Oct 16,164(1):49-53).
[0222] Cells can be transformed by any suitable technique inclnding, ez, biolistics,

~ per A mITmmne mneded An bl slean fennofareatinn

[6223] In particuiar eMbOATIENTS, INE IPASE 13 GXPITSITU LIE AL LILAIUAT BLILIUL tas o
manner. The use of an inducible proxoter to express a lpase gene permits production of the
lipase after growih of the microorganism when conditions have been adjusted, if necessary, to
enhance transesterification, for example, after disruption of the cells, reduction of the water
content of the reaction mixture, and/or addition sufficient aleohol to drive conversion of
TAGs {o fatty acid esters. Inducibie promoters useful in the invention include those that
mediate transcription of an operably linked gene in response to a stimulus, such as an
exogenously provided small molecule, temperature (heat or cold), light, ete. Suitable
protmoters can activate transcription of an essentially silent genc or upregulate, preferably
substantially, transcription of an cperably linked gene that is franscribed at a low level. In the
fatter case, the level of transcription of the lipase preferably does not significantly interfere

with the growth of the microorganism in which it is expressed.
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[0224] It can be advantageous, in particular embodiments, to target expression of the lipase
1o one or more cellular compartments, where it is sequestered from the majority of cellular
lipids until initiation of the transesterification reaction,

3. Advantages of Biomass with Higher Otl:Non-Gil Ratio
{0225] Direct transesterification of agrieultural products has been performed as reported in
US Patent Application Publication Nos. 20030229237 {published December 11, 2003) and
20050020842 (published January 27, 2605). These processes employ materials such as soy,
coconut, palm, corn, cotton, flax, rapeseed/cancla, safflower, sunflower or other seed-oil
feedstocks or animal fats as the subs&ate for a transesterification process to produce fatty acid
alkyl esters.
[6226] A particular advantage of using microorganisms, as described herein, for the
generation of TAGS useful in the transesterification methods of the present invention, is the
ahility to modulate the ratio of oil to non-oil in the biomass, which has been unexpectedly
found to impart two advantageous characteristics, First, as shown in the examples below,
transesterification of biomass having a higher oilmon-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 a higher oilinon-oif ratio produces a biodiesel

product with reduced proportiens of undesirable heteroatoms. In the latter case, the lipophilic
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no greater than 60 parts per million. In SOME EMUOGITRCHLS, LIS QLU UL PUUSERIUGIULS V)
weight in the lipophilic phase is no greater than 25 pasts per miltion. In some embodiments,
the amount of phosphorous by weight in the lipophilic phase is no greater than 10 parts per
million. In other embodiments, the amount of sulfur by weight in the lipophilic phase is no
greater than 80 parts per miilion, and in still other embodiments, the amount of sulfur by
weight in the lipophilic phase is no greater than 60 perts per million. In some embodiments,
the amount of sulfir by weight in the lipophilic phase is no greater than 15 parts per million.
In some embodiments, the amount of iron by weight in the lipophilic phase is no greater than
2 parts per miltion. In some embodimenis, the amotnt of zine by weight in the lipophilic
phase is no grester than 40 parts per million. In some embodiments, the amount of zine by
weight in the lipophilic phase is no greater than 12 parts per million. In some embodiments,
the combined amount of magnesium and calcivm by weight in the lipophilic phase is no
areater than 5 parts per million. In some embediments, the combined emount of sodium and

potassium by weight in the lipophilic phase s no greater than 30 parts per million. In some
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embodiments, the combined amount of sodium and potassiam by weight in the lipophilic
phase is no greater than 15 parts per mikiion. Some methods of the invention yield a product
in which two or mere of the following hetercatoms or combinations of hetercatoms are
limited in concentration in the lipophilic phase of the transesterified material to the following
concentrations: sulfuar is less than 15 parts per million; phosphorous is less than 2 0.001%
total mass; the combined amouni of magnesium and caleium is no greater than 5 parts per
million; and the combined amount of sodiurn and potassium is no greater than 15 parts per
milHon.

[0227F  Another aspect of high oil biomass grown heterotrophically, particularly
microalgas, is the amount of carotenoids resulting in the lipophilic phase after
transesterification. In some embodiments of the present invention, the amount of lutein is no
greater than 400 reigrograms per gram of lipophilic phase. In some embodiments, the amount
of lutein is no greater than 200 micrograms per gram of lipophilic phase. In some
embodiments, the amount of lutein is no preater than 100 micrograms per gram of Hpophilic
phase, In some embodiments, the amount of futein is no greater than 40 micrograms per gram
of lipophilic phase. In sorae embodiments, the amount of lutein is no less then 5 micrograms
per gram of lipophilic phase. In some embodiments, the amount of Jutein is no less than 10
micrograms per gram of lipophilic phase. In some embodiments, the amount of lutein ig no
Tonr #larm 2L wwad rvwars rrerrera s aar AT ,‘ﬁ-;ﬂmh;l;f- whaen In crme emhodimente the Enonhilic
DEIASGE GALAID S13 GUUVALL VX FUCME Y AW At LY SLAI IS 05 G s cast s cass
minimum levels recited above, such as bejow 400 and at least 5 micrograms per gram of
jipophilic phase. In some embodiments, the amount of lutein is approximatefy 35 micrograms
per gram of lipophilic phase.

[0228] In some embodiments, (he amount of zeaxanihin is no greater than 275 micrograms
per gram of lipophilic phase. Ir some embodiments, the amount of zeaxanthin {s no greater
than 150 micrograms per gram of lipophilic phase. In some embodiments, the amount of
zeaxanthin is no greater than 75 micrograms per gram of lipophilic phase. In some
embodiments, the amount of zeaxanthin is no greater than 25 micrograms per gram of
lipophilic phase. In some embodiments, the ameunt of zeaxanthin is no less than 0.5
micrograms per gram of lipophilic phase, In some embodiments, the amount of zeaxanthin is
1o less than 10 micrograms per gram of lipophilic phase. In some embodiments, the amaount
of zeaxanthin is no less than 20 micrograms per gram of lipophilic phase. in some

embodiments, the lipophilic phase contains an amount of zeaxanthin at between any
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combination of the maximum and minimum levels recited 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 lipophilic phase.

[6229] 1In some embodiments, the amount of o-Cryptoxanthin is no greater than §
migrograms per gram of Hpophilic phase. In some embodiments, the amount of o-
Cryptoxanthin is no greater than 5 micrograms per gram of lipophilic phase. In some
embodiments, the amount of a-Cryptoxanthin is no greater than 2 micrograms per gram of
tipophilic phase. In some embodiments, the amount of o-Cryptoxanthin is no greater than 0.]
micrograms per gram of lipephilic phase. In some embodiments, the amount of d-
Cryptoxanthin is no less than 0.001 micrograms per gram of lipophilic phase. In some
embodiments, the amount of a-Cryptoxanthin is no less than 0.01 micrograms per gram of
Tipophilic phase. In some emﬁodimen!s, the amount of o-Cryptoxanthin is no less thar 0.05
microgeams per gram of lipophilic phase, In some embodiments, the lipophilic phase contains
an amount of e-Cryptoxanthin at betwees any combination of the maximum and minimum
levels recited above, such as below 8§ and at least 0.01 micrograms per gram of lipophilic
phase. In some embodiments, the amount of a-Cryptoxanthin is approximately 0.06
micrograms per gram of lipophilic phase.

{0230} In some embodiments, the amount of B-Cryptoxanthin is no greater than 18
Cryptoxanthin is no greater than 8 micregrams per gram of lipophihic phase. In some
embodiments, the amount of B-Cryptoxanthin is no greater than 4 micrograms per gram of
lipophilic pﬁase. n some embodiments, the amount of B-Cryptoxanthin 4s no grester than 2
micrograms per gram of lipophilic phase. In some embodiments, the amount of f-
Cryptoxanthin is no Jess than 0.1 micrograms per gram of lipophilic phase. In some
ermbodiments, the amount of B-Cryptoxanthin is no less than 1 micrograms per gram of
fipophilic phase. In some embodiments, the amount of B-Cryptoxanthin i no less than 1.5
micrograrns per gram of lipophilic phese. In some embodiments, the lipophilic phase contains
an emount of B-Cryptoxanthin at between any combination of the maximum and minimum
ievels 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 lipophilic phase.

10231] 1n some embodiments, the amount of ¢-Carotene is no greater than 1.9 migrograms

per grem of lipophilic phase. In some embodiments, the amount of a-Carotene is no greater
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than 1 micrograms per gram of lipophilic phase. In some embodiments, the amount of -
Carotene is no greater than 0.1 micrograms per gram of lipophilic phase. In some
embodiments, the amount of a-Carotene is no greater than 0.09 micrograms per gram of
lipophilic phase. In some embodiments, the amount of e-Carotene is no less than 0.0005
micrograms per gram of lipophilic phase. In some embodiments, the amount of e-Carotene is
no less than 0.01 microgramas per gram of lipophilic phase. In some embodiments, the amount
of a~Carotene is no less than 0.05 micrograms per gram of ipophilic phase. In some
embodiments, the Hpophilic phase contains an amount of a-Carotene at between any
combination of the maximurn and minimum levels recited above, such as below 1.9 and at
least 0.0005 micrograms per gram of Hipophilic phase. in some embodiments, the amount of
o-Carotene is approximately 0.08 micrograms per gram of lipophilic phase.

[0232] In some embodiments, the amount of B-Carotene is no greater than 14 migrograms
per gram of lipophitic phase. In some embodiments, the amount of p-Carotene is no greater
than 10 micrograms per gram of lipophilic phase. In some embodiments, the amownt of -
Cazotene is no greaier than 4 micrograms per gram of lipophilic phase. I some
embodiments, the amount of [-Carotene is no greater than 1.5 micrograms per gram of
lipophilic phase. In some embodiments, the amount of B-Carotene is no jess than 0.1
micrograms per gram of lipophilic phase. In some embediments, the amount of B-Carotene is
of p-Carotene is no less than 1 microgram per gram of Kipophilic phase. In some
embodiments, the Hpophilic phase contains an amount of B-Carotene at between any
combination of the maximum and minimum levels recited above, such as below 14 and at
least 0.1 smicrograms per gram of Kpophilic phase. In some embodiments, the amount of -
Carotene is approximately 1.2 micrograms per gram of lipophilic phase.

[0233] The increased efficiency with which TAGs are converted to fatty acid alkyl esters,
and the reduced proportion of héteroatoms introduced into the lipophilic phase, via
application of the methods of the present invention to biomass comprising 2 high oil:non-oil
ratic are unexpected advantages. Examples showing the improved efficiency with which oil
can be transesterified, and the reduced proportion of heteroatoms in the iransesterified
product, are described below.

[6234] In some embodiments, the oil:non-oil ratic of the dried biomass subjected to
transesterification or other methods of chemical modification is at least 1:20, at least 1:19, at

least 1;18, atleast 1:17, at least 1:16, =t least 1:15, at least 1:14, at least 1:13, at least 1:12, at
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least 1:11, at least 1:10, at least 1:9, a¢ least 1:8, at least 1.7, at least 1.6, at least 1.5, at least
1:4, at Jeast 1°3, at Jeast 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 1.3:1, at
least 1.4:1, at least 1.5:1, at least 1.6:1, at least 1.7:1, af least 1.8:1, at least 1.9:1, at Jeast 2:1,
at least 3:1, at least 411, at least 5:1, at least 6:1, at least 7:1, at least 8:1, at least %1, or at
feast 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 vield products useful in a variety of industrial and other applications,
including hydrogenation, interesterification, hydroxylation, and hydrolysis plus
derivatization. In a manner similar to that described above with reference to
transesterification, these chemica! modifications can also be performed on biomass generated
from the microbial enliures deseribed herein. In some embodiments, the biomass may
comprise biomass combined from two or more cultures of distinet siraing or species of
microorganisms. In some embodiments, the distinet strains or species have different
glycerolipid profiles, as illustreted in Example 22, In some methods of the invention, the
microbial biomass is first harvested from the culture medium, and then subjected to a
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least 2%, at ieast 3%, at least 4%, a1 least >%, a1 1eaSE 1U¥s, AT LEAST LUYe, HL LElN)L JUYe, di 1ouNL
40%, at least S0%, at least 60%, at least 70%, at least 80%, or at least 90% of the lipid is
modified by the chemical process. '

A. Hydroegenation: Ssturation of Dpuble Bonds

[0236] Bydrogenation 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 oils into semi-solid or sclid fats, which may be more suitable for
specific applications. Hydrogenation is & well-known chemical process, and generally
comprises contacting an oil mixture with a finely divided transition metal (e.g., nickel,
palladium, platinum, or thodium} catalyst at an elevated temperature (e.g., 140-225°C) in the
presence of hydrogen.

{6237] Hydrogenation of biomass produced by the methods described herein can be
performed in conjunction with one or more of the methods and/or materials provided herein,

including microbiat biomass with a percentage of DCW as lipid at least 20%, or to produce

57



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 alcohals); 5,091,116 {edible
oils); 6,808,737 (structural fats for margarine and spreads); 5,298,637 (reduced-calorie fat
substitutes); 6,391,815 (hydrogenation catalyst and sulfir adsorbent); 5,233,099 and
5,233,100 (fatty gleohols); 4,584,139 (hydrogenation catalysts); 6,057,375 {foam suppressing
agents); and 7,118,773 (edible emulsion spreads), cach of which is incorporated herein by
reference.

B. Interesterification: Interchanging Fattv Acid Components of

Glyeerslipids

{0238] Naturally produced glycerolipids typically do not have a uniform distribution of
fatty acid conslituents. In the context of oils, interesterification refers to the exchange of acyl
radicals between two esters of different glycerolipids. The interesterification process provides
a mechanism by which the fatty acid constituents of & mixture of glycerofipids can be
rearranged to modify the distribution pattern. Interesterification is a well-known chemical
process, and generally comprises heating (to about 200°C) a mixture of oils for 4 period (e.g,
30 minutes) in the presence of a catalyst, such as an alkali metal or allali metal alkylate (¢.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 a desired distribution
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16239] Directed interesterification, in which a specific distribution pattern of fatty acids is
sought, can be performed by maintaining the oil mixture at a temperature below the melting
point of some TAGs that might be present. This resulis in selective crystallization of these
TAGS, which effectively removes them from the reaction mixture as they crystallize. The
process can be continued until most of the fatty acids in the ofl have precipitated. A directed
interesterification process can be used to produce, for example, & product with a lower calarie
content via the substitution of longer-chain fatty acids with shorter-chain counterparts.
Directed interesterification can also be used to produce a product with a mixture of fats that
can provide desired melting characteristics and structural features sought in food additivesor
food products (e.g., margarine) without resorting to hydrogenation, which can produce
unwanted trans isomers.

{03407 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 reported in 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 fond products); 5,434,278 {edible fats for food products); 3,268,192 (low
calorie aut products); 5,258,197 (reduced calorie edible compositions); 4,335,156 (edible fat
product); 7.288,278 (food additives or megicaments); 7,115,760 (fractionation process);
6,808,737 {strucmural fats); 5,888,947 (engine lubricants); 5,686,131 (edible oil mixteres); and
4,603,188 {curdble urethene compositions), each of which is incorporated herein by
reference,
[0241] In one embodiment of the invention, iransesterification of the hiomass, as described
above, is followed by reaction of the transesterified product with polyol, as reported in US
Pateni No. 6,465,642, 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 1.8, Patent 6,278,006, incorporated herein by reference.

. Hvdroxyiation: 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 imcorporation of 2 hydroxy! moiety. The hydroxylation 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
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castor 01l and 15 gertvatves, are USeT 48 COTNPORCING M1 SCVDIE] 1UUUSLE I BEPFIVELEVID,
including as foed additives, surfactants, pigment wetiing agents, defoaming agents, water
proofing additives, plasticizing agents, cosmetic emulsifying and/or deodorant agents, as well
as in electronics, pharmaceuticals, paints, inks, adhesives, and lubricants.

[0243] Hydroxylation of microbial biemass produced by the methods described herein can.
be performed in conjuction with one or more of the metheds and/or materials, or to produce
products, as reported in the following: US Patent Nos. 6,590,113 (oil-based coatings and
ink); 4,049,724 (hydroxylation process); 6,113,871 (olive oil butter); 4,992,189 {lubricants
and lube additives); 5,576,027 (hydroxyiated milk); and 6,869,597 (cosmetics), each of which
is incorporated herein by reference.

{02441 Hydroxylated glycerolipids can be converted to estolides. Estolides consist of a
slyeerolipid in which a hydroxylated fatty acid constituent has been esterified to another fatty
acid molecule. Conversion of hydroxylated glycerolipids to estolides can be carried out by

warming 2 mixmre of glycerolipids and fatty acids and contacting the mixture with & mineral
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acid, as described by Isbell ¢t al,, JAOCS 71(2):169-174 (1994), incorporated herein by
reference. Estolides are nseful in & variety of applications, including without Hmitation those
reporied in the following: US Patent Nos. 7,196,124 (elastomeric materials and floor
coverings); 5,458,795 (thickened oils for high-temperature appiications); 3,451,332 {fluids
for industrial applications); 5,427,704 (fuel additives); and 5,380,894 {lubricants, greases,
plasticizers, and printing inks), eack of which is incorporated herein by reference.

B, . Hvdrolysis plus Derivatization; Cleavage and Modification of Free Fatty

Acids

[0245] Hydrolysis of the fatty acid constifuents from the glycerolipids produced by the
methods of the invention yields free fatty acids that can be derivaiized to produce other useful
chemical entities. Hydrolysis occurs in the presence of water and an acid or base catalyst. The
liberated free fatty acids cen be derivatized to yield a variety of preducts, &s reported in the
following: US Paten: Nos. 5,304,664 (highly sulfated fasty acids); 7.262.158 {cleansing
compositions); 7,115,173 (fabric softener compositionsy; 6,342,208 (ermulsions for treating
skin); 7,264,886 (water repellant compositions); 6,924,333 {paint additives); 6,596,768 (lipid-
enriched rurminant feedstock); and 6,380,410 (surfactants for detergents and cleaners), sach of
which is incorporated herein by reference.

E. Additional Chemical Reactions to Modify Lipid-Containing Microbial

[6246] Other chemical Teactions MAL CGAN DE PETIOTILEL UL IPi-UUALELE UL e
biomass include reacting triacylglycerols with a eyclopropanating agent to enhance fluidity
and/or oxidative stability, as repotted in U.S, Patent 6,051,539; manufacturing of waxes from
triacyiglycerols, as reporicd in U.S. Patent 6,770,104; and epoxidation of triacyigiycerols, as
reported in "The effect of fatty acid composition on the acrylation kinetics of epoxidized
triacylplycerols", Joumnal of the American Ol Chemists’ Sociefy, 79:1, 39-63, (2001) and
Free Radical Biology and Medicine, 37:1, 104-114 (2004), each of which is incorporated
herein by reference.

[0247] Insome methods, the first step of modification is hydroprocessing to saturate double
bonds, followed by deoxygenation at elevated temperature in the presence of hydrogen and a
catalyst. In some methods, hydrogenation and deoxygenation oteur in the same reaciion. In
other methods deoxygenation oceurs before hydrogenation. lsomerization is then optionally
performed, also in the presence of hydrogen and a catalyst. Finally, gases and naphtha

components can be removed if desired. For example, see U.S. Patents 5,475,160
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(hydrogenation of triglycerides); 5,091,116 (deoxygenation, hydrogenation and gas removai);
6,391,815 (hydrogenation); and 5,888,947 (isomerization}, each of which is incorporated
herein by reference.

F. Saponification of Qfi-Bearing Microbial Biomass and Extracted Oil

i. Basic Chemistry of Saponification

{0248] Animal and plant oils are typically made of triacylglycerols (TAGs}), which are
esters of Fatty acids with the trihydric alcohol, glycerol. In an alkaline hydrolysis reaction, the
glycerol in a TAG is removed, leaving three carboxylic acid anions that can associate with
afkall metal cations such as sodiuwm or potassium to produce fatty acid salts. A typical

reaction scheme is as follows:

0 —— GCR,

KOH
O e OORy el RyCOGT'K % ROO0'K + RECOOTK +  glycerdt
T —

[0249] In this scheme, the carboxylic acid constituents are cleaved from the glycerol
moiety and repiaced with hydroxy] groups. The quantity of base (e.g., KOH) that is used in
the reaction is determined by the desired degree of saponifiction. If the objective is, for
TAG composition, an amount of base insufficient to convert ail of the 1 ALS 10 1ALy acs
gelts is infroduced into the reaction mixture. Normally, this reactien is performed in an
aqueous solution and proceeds slowly, but may be expedited by the addition of heat.
Precipitation of the fatty acid salts can be facilitated by addition of salts, such as water-
soluble alkali metal halides (e.g., NaCl or KCI), to the reaction mixture. Preferably, the base
is an alka¥i metal hydroxide, such as NaOH or KO, Alternatively, other bases, such as
alkzanolamines, including for example triethanolamine and aminomethylpropanel, can be used
in the reaciion scheme. In some embodiments, these aliernatives may be preferred to produce
a clear soap product.

2. Saponification of Gil Bearing Biomass
[6250] Saponification of oil bearing microbial biomass can be performed in accordance
with the methods of the invention on intact biomass or bicmass that has been disrupted prior
to being subjected to the alkaline hydrolysis reaction. In the former case, intact microbial

biomass generated via the culiuring of microorganisms as described herein can be directly
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contacted with a base to convert ester-containing lipid components of the biomass fo fatly
acid salts. In some embodiments, afl or a portion of the water i which the microbes have
been cultured is removed and the biomass is resuspended in an aqueous 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, fess than 100% of the glyeerolipids
and fatty acid esters in the biomass are converted to fatty acid salts.
{0251] In some methods of the invention, the biomass is distupted prior to being subjected
to the alkaline hydrolysis rezction. Disruption of the biomass can be accomplished vis any
one or more of the methods deseribed above for lysing cells, including heet-induced tysis,
mechanical lysis, or the like, to make the intracelhular contents of the THICIBOTZAniSMS MOTe
readily aceessible to the base. This can help to facilitate the conversion of TAGs or fatty acid
esfers to fatty acid salts. Adthough acid-induced lysis can be used to disrupt the biomass prior
to saponification, other methods may be more desirable to reduce the possibility that
additional base will be consumed to neutralize any remaining acid during the atkaline
hydrolysis reactior, which may impact the conversion efficiency to fatty acid salts. Because
the application of heat can expedite the alkaline hydrolysis reaction, heat-induced lysis can be
used prior to or during the saponification reaction to produce the fatty acid saits.
(0252] Tn some embodiments of the invention, fhe biomass is not subjected to any
hydralysis reaction. In some embodiments, prior ennchment of the DICIASS WO INCTEAsE Lie
ratio of lipid to non-lipid material in the biomass to more than 50% (or by more than 50%) by

" weight, is performed as described herein. In other embodiments, the biomass is subjected to
the alkaline hydrolysis reaction without a step of prior enrichment. In some embodiments, the
biomass subjected to the alkaline hydrolysis reaction containg components other than water in
the same telative proportions as the biomass st the point of harvesting. In those embodiments
in which substantially all of the water has been removed, the biomass comprises a ceflular
emulsion or substantially-dried emulsion concentrate.
{02531 Any of the microorganisms described herein can be used te produce lipid-containing
hiomass for the production of saponified oils. In some embodiments, the microorganisms can
also impart other characteristics to the saponified-ofl compositions produced from the

" methods described herein. For example, microalgae of different species, as well as

mcroalgae grown under different conditions, vary in color, including green, yellow, orange,

red, and the like. Small quantities of the compounds that impart these colors to the
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mictoalgac can be purposefully retained so that the resulting saponified-oil compositions and
thereby provide natural colorants. In some embodiments, other constituents of the biomass,
including carotenoids and xanthophylls, can also be retained in small quantities in the
saponified-oil compositions.
[62541 The extent of saponification of the biomass can vary in the methods of the
invention. Tn some embodiments, it is desirable to produce a saponified-oil compasition that
also includes glycerolipid constituents of the biomass. The appropriate quantity of base (e.g.,
NaOH) for use in the alkaline hydralysis reaction can be determined based on an analysis of
the glycerolipid 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 base may be consumed by reaction with other constifuents of the biomass. In
some embodiments, the use of excess quantities of base to saponify the ester-containing Hipid
constituents of the biomass results in & sapenified oil composition that is undesirably alkaline.
In these instances, the composition can be purified to reduce the alkalinity of the composition
by boiling the saponified oil composition in water and re-precipitating the fatty acid salts via
addition of sals such as NaCl, KCJ, or the like. The purified seap composition can then be
subjected fo farther processing, such as removing excess water, introducing various additives
into the soap camposition, molding the soap into bars or other shapes, and the iike.
0255 In some embodiments, the fatty acid selts {aisc referred to as saponified oils)
selected from essential oils, fragrance oils, flavor oils, botanicals, extracts, CO;, extracts,
clayé, 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 vegetabies, nuiritive oils, moisturizing oils, vegetable butters, propylene glycol,
parabens, honey, bees wax, aloe, poiysorbate, cornstarch, cocoa powder, coral powder,
humectants, gams, emulsifying agents, and thickeners, or apy other additives described
herein.

3. Saponification of Extracted Oil
[6256] The degree of saponification of extracted Hpid constifuents of the biomass can be
rsore readily controlied because of a reduced probability that the base wifl be consumedt

through interaction with compenents other than ghycerchipids or fatty acid esters present in
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the extracted oil. Extraction of the lipid constituents can be performed via conventional
hexane-extraction procedures, or via an oil-extraction or solventless-extraction procedure.
0257} Conventional hexang-cxtraction (other suitable organic solvents can also be used)
generally comnprises contacting the biomass or lysate with hexane in an amount end for a
period of time sufficient to allow the lipid to form a sofution with the hexane. The mixture
can then be filtered and the hexane removed by, for example, rotoevaporation, Hexane
extraction methods are well known in the art.

[0258] Oil extraction includes the addition of an oil directly to a lysate without prior
separation of the lysate components. After addition of the oil, the Tysate separates either of its
own accord or as a result of centrifugation or the like into different layers. The layers can
inciude in order of decreasing density: a pellet of heavy solids, an aqueous phase, an
emulsion phase, and an oii phase. The emulsion phase is an ermulsion of lipide and aqueous
phase. Depending on the percentage of oil added with respect to the lysate (w/w or v/v), the
force of centrifugation, if any, volume of aquecus media and other factors, either o both of
the emulsion and oil phases can be present. Incubation or treatment of the cell lysate or the
emulsion phase with the oil is performed for a time sufficient to allow the lipid produced by
the microorganism to become solubilized in the oil to form & heterogeneous mixture.

[0259] In various embodiments, the oil used in the extraction process is selected from the

~ . |
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tatlow, microalgae, macroalgae, Cuphea, flax, peanut, choice white grease (lard), Cameling
sativa mustard scedeashew nut, oats, lupine, kenaf, calendula, hemp, coffee, linseed,
hazehéut, euphorbia, pumpkin seed, coriander, camellia, sesame, safflower, rice, hing oil tree,
cocna, copra, pium poppy, castor beans, pecan, jojob, jatrophs, macadamia, Brazil nuts, and
avocado. The amount of cil added to the Tysate is typically greater than 5% (measured by viv
and/or wiw) of the Jysate with which the oil is being combined. Thus, a preferred viv o wiw
of the oil is greater than 5%, or at least 6%, at least 7%, at least 10%, at {east 20%, at least
25%, at least 30%. at least 40%, at least 50%, at least 60%, at least 70%, af least 0%, at least
90%, and at least 95% of the the cell lysaie.

[0260] Lipids can also be extracted from e lysate vis a solventiess extraction procedure
without substantial or any use of organic solvents or oils by cooling the tysate. In such
methods, the lysate is preferably produced by acid ireatment in combination with above room

temperature. Sonication oan also be used, particularly if the temperature is between room
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termperature and 65°C. Such a lysate on centrifugation or setiling can be separated info layers,
one of which is an aqueous:lipid layer (the “emulsion” layer). Other layers can include & 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 selvent or ofl. If any solvent or oil is added, it can be below 5% v/v or wiw of the
lysate.

10261] The separated or extracted lipids are then subjected to an alkaline hydrolysis
reaction as described zbove, in which the amount of base added to the reaction mixfure can
be taitored to saponify a desired amount of the glycerolipid and fatty acid ester constituents
of the lipid composition. A close approximation or quantification of the amount of esterified
lipid in the composition can be used to tailor the amount of base needed to saponify a
specified portion of the oil, thereby providing an opportunity to modulate the amount of
unsaponified oil remaining in the resulting composition. In some embodiments, at least 1%,
al least 2%, at least 3%, at least 4%, af least 5%, at least 6%, at least 7%, at least 8%, at least
0%, or &t least 10% of the oil, by weight, remains unsaponified in the resulting compasition,
In other emhodiments, it may be desirable to saponify all or substantially all of the oil, such
that the resulting composition contains no more than 10%, ne more than 9%, no more than

8%, no more than 7%, no mare than 6%, no more thert 5%, no more than 4%, no more than
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lipids with varying carbon chain lengths, and with varying levels of saturation. The
characteristics of the lipids can result from the natural glycerolipid profiles of the one or more
microorganism populations used to generaie the biomass or 0l subjected to the saponification
reaction, or can be the result of lipid pathway engineering, as described herein, m which
transgenic strains of microorganisms that produce particular lipids in greater proportions are
produced.

[0263] The microbial biomass subjected to transesterification or other chemical
modification, as described herein, can optiomaily be subjected to 2 process of prior
enrichment that increases the ratio of the lipids to the dry weight of the microbes. In some
emboediments, the ratio of lipids to non-lipid materials in the biomass is increased by more
than 10%, by more than 20%, by more than 30%, by more than 40%, by more than 50%, by
more than 60%, by more than 70%, by more than 80%, by more than 90%, or by more than

100% by weight. In some methods of the invention, the biomass is subjected to the chemical
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reaction without a step of prior enrichinent, ot, in some embodiments, without a step of prior
enrichment that increases the ratio by more than 50%. Enrichment of the ratio of Tipids to
non-lipid material can be accomplished by, for example, the addition of lipids obtained from
a source other than the microbial biomass (6.g., from a second microbial biomass culture,
from a plant or seed-oil source, or the like). Whether or not subjected to optional enrichment,

. the lipid component comprises no mors than 50%, no more than 60%, no more thun 70%, no
more than 80%, no more than 90%, or no more thar 95% of the biomass subjected to the
chemical reaction, and preferably the lipid component comprises no less than 15%, no less
than 20%, no less than 30%, no less than 35%, no less than 40%, or no less than 45% of the
biomass, In some embodiments, the harvested biomass comprises a lipid content of af least
5%, at least 10%, at least 15%, at least 20%, at least 25%, at least 30%4, at least 35%, at {east

| 40%, at least 45%, at keast 50%, at least 55%, at least 60%, at least 65%, at least 0%, at least
75%, at least 80%, at lcast §5%, or at least 90% by DCW,
j0264] Insome embodiments, water is removed from the biomass prior o subjecting the
biemass to the saponification (or other chemical modification) reaction. In seme
embodiments of the invention, the microbial biomass is not subjected to any treatment, other
than removing water and/or lysis, prior to subjecting the biomass to the sapontfication{or
other chemical modification) reaction. In some embodiments, the biomass subjected to the
Alrinal anonkinn anntning nammenente athar than water in the came relafive nronortions as
LT WLULLEASD G (1S PUIIE UL 1AGL VAUl ALV VI L0k LA AR s A48 SaEa0 warassariasy e wamesas
relative proporiions” means that the proportions of the components remain substantizlly the
same 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 components within the harvested biomass (without the application of exogencus
reagents or catalysts), the cscape of gases from the harvested biomass, and/or similar
modifications of the relative proportions that ate not readily controilable. The phrase "the
same relative proportions” is alse meant to account for some level of experimental vartability,
e.g = 5%.
[0265] In some methods of the invention, the covalently modified lipid is separated from
other components of the biomass following chemical modification of the lipid. In some
embodiments, separating the lipid compsises a phase separation whereby the covalently
modified Tipids form a lighter non-agueous phase and compunents of the biomass form ons or

more heavier phases. The lighter non-agueous phase can then be removed to isolate the
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covalently modified lipid components. In sore emboediments, separation of a lipophilic phase
containing the covalently modified lipids from hydrophilic cell material of the biomass can
be facilitated by centrifegation or other technigues. The ratio of the covalently modified Iipid
to the biomass from which it is separated can be between 10% lipid to 90% biomass and 90%
lipid to 10% biomass by dry weight.

4, Advantages of Biomass with Higher Saturated Oif Content{ and

Fewer Colored Ympurities

[0266] Alshough biomass and/or extracted oil for use in the saponification methods
described herein can be derived from any one of a number of microorganisms with varying
glycerolipid profiles and varying ratios of other constituents such as pigments, in a prefemed
embodiment, fhe biomass and/or the extracted oil comprises a relatively high ratio of
saturated fatty acids within the TAGs and a relatively low ratio of constituents that impari 2
color to the vil {e.g., pigments). In one embodiment, the biomass and/or exiracted oil is
derived from microalgae of the genus Prolotheca.
[0267] The saturation characteristics of the fatly acid constiments of a saponified oil, as
well as the presence of colored constituents, impact the shelf-life of compositions comprising
the saponified oil, as well as their acsthetic qualities. Saturated {atly acids are less prone to
oxidation then their unsaturated counterparts. Thus, use of seponified oils with a relatively
T e e B it 8 Padi e 223 e kb et Das 4T eeems e kE e 2B eI )
PrOMICIS TCSUIIS 1B 8 FOOIZET OVETail SHOLE-HI0 HRG INIMIILGE 140 UBYEIUDIIRTILL L UALGRLIULE
products, which often kave an unpieasant odor. Similarly, the relative absence of colored
fmpuritics, 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 end consumer satisfaction with suck products, particularly over an extended
shelf-fife. Consumers of the resulting soap tend to associate g particular color or lack of color
with a brand of soap and come to expect the same color of product every time. The lack of
color in the sapenified oil allows for more consistency in the resulting saponified oil.
[0268] Higher ratios of saturated faity acids are particodarly edvantageous in the
preparation of saponified compositions, discussed beiow, ir: which a portion of the
glyceralipids within the biomass {or the extracted oil) remains unsaponified. As discussed
previously, a percentage of the glycerolipids can remain unmodified (unsaponified) by
adjusting the quantity of base used in the saponification reaction, thus producing a soap

product that retaing some proportion of the originally present glycerolipids. The presence of
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an excess of glycerolipids in 2 saponification resction is coramonly referred to as
“superfatting.” The extra oils remaining in the product following the saponification reaction
impart moisturizing properties to the composition, but lke any oil, are subject to oxidation,
which can lead to the development of an unpleasant-smelling composition. Use of a higher
ratio of saturated: unsaturated faity acid constituents as the "superfatting” components of the
reaction mixture resuits in a product with a relatively longer shelf-life and minimizes the
production of malodorous oxidative products.
[0269] In varicus embodiments, saturated faity acid constituents comprise from 1-100% of
the ester-containing lipid components of the microbial biomass or extracied oil subjected to
an alkaline hydrotysis reaction in accordance with the methods of the present invention. In
preferred embodiments, saturated fatty acid constituents comprise at Jeast 30%, at least 60%,
ar least 70%, at least 80%, at Jeast 90%, at teast 5%, or at least 99% of the ester-containing
lipid components in thee alkaline hydrolysis reaction.
[6270] In some embodiments, color-generating impurities (e.g., carotenoids) are present in
the microbial biomass or the extracted oil at a concentration: of no more than 500 ppm, no
more than 250 ppm, no more than 100 ppm, ne more than 75 ppm, or no more than 25 ppn.
Color-generaling impurities include carotenoids such as lutein, beta carotene, zeaxanthin,
astaxanthin and chlorophyll. In other embodiments, the amount of chlorophyll that is present
RN . T Y SR T SNy S S
jess than U0t mgrks,
[0271] Insome cmbodiments, the microbial ol or soap, before or after saponification,
respectively, contains less than 60 micrograms, less then 3% micrograms, Jess than 58
micrograms, Jess than 57 micrograms, less than 56 micrograms, less than 55 micrograms, less
than 54 micrograms, less than 53 micrograms, Jess than 52 micrograms, less than 51
micrograms, less than 50 micrograms, less than 49 micrograms, less than 48 micrograms, iess
than 47 micrograms, less than 46 micrograms, less than 45 micrograms, less than 44
micrograms, less than 43 micrograms, less than 42 micrograms, less than 41 micrograms, less
than 40 micrograms, less than 3% micrograms, less than 38 micrograms, less than 37
micrograms, less than 36 micrograms, 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 than 28 micrograms, less than 27 micrograms, less
than 26 micrograms, less than 25 micrograrns, less than 24 micrograms, less then 23

micrograms, less than 22 micrograms, less than 21 micrograms, less than 20 micrograms, less
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then 19 micrograms, less than 18 micrograms, less than 17 micrograms, less than 16
microprams, less than 15 micrograms, less than 14 micrograms, Jess than 13 microgratns, less
thas 12 micrograms, less than 11 micrograms, less than 10 micrograms, less than 9
micrograms, Jess than & micrograms, less than 7 micrograms, less than 6 microgramns, fess
than § micrograms or less than 4 microgramas carotenoids per gram of sapenified oil.

102721 Microalgae of the genus Prototheca, including without limitation, Prototheca
wickerhamii, Prototheca siagnova, Prototheca portoricensis, Prototheca moriformis, and
Prototheca zopfii naturally produce higher ratios of saturated lipid constituents, as iltustrated
in Fxample 28, Moreover, oils extracted from microaigae of the genus Prototheca generally
include fewer color-generating impurities, allowing for the production of colerless
compositions comprising the saponified oils. Thus, use of such microntganisms as the source
of biomass or oil for practicing saponification methods in accordance with the present
invention is preferred.

VL 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 biomass is selected from the group consisting of bacteria, cyanobacieria, enkaryotic

microalgas, cleaginous yeast, and fungi. In some embodiments, the microbial biomass is
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nucroalgae listed im 1 abie 1. ) 50IC CINOOAITICHLS, URE LIV UIMLIEASS 15 & ap7@uity Vi s
genus Chiorella, and in some embodiments, the species.is selected from the group consisting
of Chlorella fusca, Chlorella protothecoides, Chlorella pyrenoidosa, Chlorella kessleri,
Chlorelia vulgaris, Chlorella saccharophiia, Chiorella sorokiniana and Chlorella
ellipsoidea. In one embodiment, the species is Chlorelia protothecoides. It: some’
emnbodiments, the microbial biomass is derived from a yeast selected from the group
consisting of the olcaginous yeast listed in Table 2, or is derived from a fungus selected from
the group consisting of the fung listed in Table 3.

{0274] In one embodiment, the present invention is direcied to a composition comprising &
lighter phase containing fatty acid alleyl esters and at Jeasi one heavier phase condaining
microbial hiomass.

[0275] In various embodiments of the composition, at least 20% of the fatty acid alkyl
esters are C18. In ather embodiments, at least 30%, at least 40%, or at least 30% of the fatty

acid alkyl esters arc C18. In some embodiments, at least 50% of the fatty acid alicyl esters are
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C16 or longer chain lengths. In some embodiments, at jeast 10% of the fatty acid alkyl esters
are C14 or shorter chain lengths. In some embodiments, at Least 20% of the fatty acid alkyl
esters are C14 or shorter chain lengths.
{0276] n some embodirments, the composition comprises heteroatoms it varying amounts.
In some embodiments, the amount of calcium and magnesium combined by weight in the
lighter phase is no greater than 5 parts per million. In some embodiments, the amount of
phosphorons in the lighter phase is no greater than .001%, by mass. In some embodiments,
the amount of sulfur in the lighter phase is no greater than 15 parts per million. In some
embodiments, the amount of potassium and sodivm combined by weight in the lighter phase
js 1o greater than § parts per million. In some embodiments, the total carptenoid contest of
the lighter phase is no greater than 100 micrograms of carotenoid per gram,
[0277]  In another embodiment, the present invention provides a composition cornprising a
lightest phase containing completely saturated lipids, and at least one heavier phase
contzining microbial biomass.
[0278] In still another embodiment, the present invention provides a composition
comprising a lighter phase containing lipids and a least one heavier phase containing
microbial bicmass from more than one species or strain. In yet another embodiment, the
present invention provides a composition comprising a l:ghter phase containing hydroxyiated
T B P
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seids and at least one heavier phase containing microbial biomass.
9279] Insiill another embodiment, the present invention provides a composition
comprising saponified oils derived from the atkaline hydrolysis of bivmass produced by
cnlturing a popuiation of microbes, as described above. In some embodiments, the biomass
from which the saponified oils are derived comprises g mixture of biomass from two or more
distinct strains or species of microbes that have been separately cultured. In one embodiment,
at least two of the distinct strains or species of microbes, the biomass from which is
combined, comprise different glyeerclipid profiles. In different embodiments, the
composition can be a solid {including a powder) or a liguid.
{8280] Saponified oil compositions of the invention can include fatty acid salts derived
from one or more speeies of microorganisme, as described herein, and may include
carotenoids or other components derived directly from the biomass from which saponified

oils were prepared. In some embodiments, the saponified oil compositions include, without
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limitation, f-carotene, u-carotene, astaxanthin, a-cryptoxanthin, B-cryptoxanthin, lutein,
lycopene, phytoene, phytofluene, and/or zeaxanthin, In some embodiments, the saponified oil
compesitons include an algal polysaccharide, such as those described in international
publication number WO/2007/084769, incorporated herein by reference.
[0281] In some embodiments, the saponified oil compositions comprise various propottions
of unszponified glycerolipids derived from the biomass. In variovs embodiments, the
unsaponified glycerolipids derived from the biomass comprise at least 2%, at keast 2%, at
least 4%, at least 5%, atleast 10%, at least 20%, at least 30%, at Teast 40%, or at least 30% of
the saponified oil composition. In other embodiments, the unsaponified glycerolipids
comprise no more than 25%, ne more than 20%, no more than 15%, nc more than 10%, no
tnore than 9%, o 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%, or no more than 1% of the saponified oil
composition,
j0282] In varicus embodiments of the saponified oil compositions in accordance with the
invention, the saponified oil comprises at least 5%, at least 10%, at least 15%, at least 20%, at
least 25%, at least 30%, at least 35%, &t least 40%, at-least 45%, at least 50%, at least 55%, at
Teast 60%, at least 65%, at least 70%, at least 75%, at least 80%, at least 85%, at least 50%, or
at teast 95% of the composition's total mass. In some embodiments, the saponified oil

e B MRS e e KLems TOBS  aam oo s EEDL
more than 6U%, No more whan 30%e, 10 MOTE WA dUye, 00 TIKIT W 4070, LY LIVES L
40%, no more than 35%, no more then 30%, ne more than 25%, no more than 20%, no more
than 15%, no more than 10%, or no more than 5% of the composition's total mass. In some
embodiments, components derived from the biomass, including without limitation, saponified
oils, cnsaponified oils, carotenoids, and the like, constitute at [east 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 least
509, at least 55%, at least 60%, at least 65%, at least 70%, at Jeast 75%, at Ieast 80%, at least
£5%, at least 90%, or at least 95% of the composition's total mass. in other embodiments,
components derived from the biomass constitute no more than 0%, no more than 75%, no
more than 70%, no more than 65%, no more than 60%, no more than 55%, no more than
50%, no more than 45%, no more thaz 40%, no more than 35%, no more than 30%, no more
than 25%, no more than 26%, no more than 15%, ne more than 10%, or no more than 5% of

the compositien's total mass.
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[0283] In some embodiments of the saponified oil composition, the composition further
includes at least one ofl selected from soy, rapeseed, canola, palm, palm kernel, coconut,
com, waste vegetable, Chinese taliow, olive, sunflower, cotton seed. chicken fat, beef tallow,
porcine tallow, microalgae, macroalgae, Cuphea, flax, peanut, choice white grease, lard,
Camelina sative, mustard seed cashew nut, oats, lupine, kenaf, calendula, hemp, coffee,
finseed (flax), hazelnut, cuphorbia, pumpkin seed, corander, camellia, sesame, safflower,
rice, tng oil free, cocoa, copra, pivm poppy, castor beans, pecan, jojoba, jatropha,
macadamia, Brazil nuts, or avocade, _
[0284] In some embodiments of the saponified oil composition, one or Mmore additives are
somhined 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 to a characteristic
imparted by the additive 1o the composition that appeals o a consumer. In some
embodiments, additives are selected for both optimization of cleansing efficiency and for
consumer appeal, In the various embodiments, the additives are selected from essential oils,
fragrance oils, flavor oils, botanicals, extracts, €O, extracts, clays;colorants, titantum
dioxide, micas, tinting herbs, glitters, exfoliants, fruil seeds, fibers, grain powders, nut meais,
seed meals, oil beads, wax beads, herbs, hydrosols, vitemins, milk powders, preservatives,
ettt B iin dmmmnlmndo anlin aemnnn vamatahla nile waver slurerin cen vesetnhles
NUTINVE 115, INSIRETLLILY LIS, VORUIOIG VUGS, DL YINGIY fF iy a8 il sy, Ty A
wax, atoe, péiysorbate, comstarch, cocoa powder, coral powder, humectants, gurms,
emuisifying agents, and thickeners. These additives arc commercially available from a
number of skin care ingredient and batl: accessory suppliers.
[0285] Essential oils include allspice, amyris, angelica root, anise seed, basil, bay,
bergamot, black pepper, cajeput, camphor, cananga, cardamonm, carrot seed, cassia, catnip,
cedarwood, chemomile, cinnamen bark, cinnamon leaf, citronella java, clary sage, clovebud,
coriander, cornmint, cypress, davana, dill seed, elemi, encalyptus, fennel, fir, frankincense,
geranium bourbor, geraniwm roest, geranium, ginger, grapefiuit pink, grapefruit, gurjum
balsam, hyssop, juniper berry, lavandin, lavandula, lavender, lemon myrtie, lemon tea tree,
lemon, Yemongrass, lime, litsea cubeba, mandarin, marjorar, mullein, myrrh, neroli, nerolina,
nigouli, nutmeg, orange, palmarosa, patchouli, peppermint, petitgrain, pine needle, ravensara,

ravintsara, rosalina, rose, rosemary, rosewood, sage, sandalwood, spearmint, spikenard, star
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anise, tangerine, tea free, thyme, tlsi, verbena, vetiver, ylang ylang, and zdravetz, or
combinations thereof.

[0286] Fragrance and flavor oils include absohute mlip, almond, aniaretto, amber, anais,
apple, apple cinnamon, apple spice, apricot, apricot créme, arabian musk, asian pear, asian
plum blossom, autumsn wonds, banana, basii, basil nectarine, bay rum, bayberry, bergamot,
berries and cream, birthday cake, black cherry, black fes, blackberry tea, blackcurrent, blne
nile, blueberry delight, brambleberry preserves, brown sugar, bubble gum, buttercream,
hutterscotch, calla hily, cantaloupe, carame! apple, camation, carrot cake, chai fea,
chamormile, china musk, china rain, chinese peony, chrysanthemurm, cinnamon, coconnt,
coconut cream, cotton candy, cranberry, cucumber, cocumber melon, daffodil, dandelion,
delphinium, dewberry, duice de leche, earl grey tea, easter cookie, egg nog, eqyptian musk,
enchanted forest, english Iaizf:nder, english pear, evergreen, fig, frangipani, frankincense, ‘
french vanilia, fresh apple, fresh brewed coffee, fruit punch, gardenia, geranium, ginger Iily,
gingerbread, grape, grapefiuit, green apple, green grass, green tea, guava, guava flower,
hawaiian white ginger, heliotrope, hemp, herbaceous, holiday fruitcake, hollyberry, honey
ginger, honey, honeysuckle, jasmine, jasmine fee, juniper berries, kiwi, lavender, leather,
lernon, lemon patsley, lilac, lime, loganberry, lotus blossom, magnolia, mandarin, mengo,

meango and kiwi, maple, mitk chocolate, mimosa, minty lime, mulberry, myrrh, neroli,

passion fruit, patchouli, peach, peaches and eream, pearberry, peppermint, pikaki, pina
colada, pineapple, pomegranate, pumnpkin pie, raisins and almonds, raspberry, roasted nuts,
rosewood, sage, sandalwood, sassafTas, sea moss, sesatne, siberian pine, snowberry, spanish
moss, spice, strawberry, sugar plum, suntan lotion, sweet clove, sweet grass, sweet pea,
tangerine, thai cocorut, timber, tomato leaf, vanilta, watermelon, white chocolate, wiid
cherry, wisteria, witches brew, and ylang viang, or combinations thereof.

[0287] Exfoliants include particles that can be used to dislodge dead skin cells, dirt, or
other materials from the surface of the skin, and inclede without lirnitation, fruit seeds and
fibers, grain powders, nut and seed meals, and oil or wax beads. Fruit fibers incjude
blueberry, cranberry, grape, kiwi, raspberry, blackberry, strawberry, and the like. Grain
powders inciude oat powder, and aimond powder, or the like, miiled to varying degrees of
courseness. Polymer beads, such as those made from polyethylene, or the like, can also be

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

[0288] Extracts and CO» extracts include herbal extracts derived from conventional
extraction procedures, or via the use of liquified carbon dioxide. Herbs include aloe vera leaf,
alfalfa leaf, alkanet root, annatio seed, arrowroot, burdock root, calendula petals, can'ét root,
chamomile flower, comfrey leaf, cornsilk, dutch biue poppies, fennel seed, ginger root,
ginseng, preen tea leaf, jasmine flower, juniper berries, lavender buds, lemon peel,
lemengrass, marshmaliow root, netfles, oat siraw, orange peel, paptika, parsley, peppermint
teaf, rose buds, vose petals, rosehip, rosemary leaf, shavegrass, spearmint leaf, and St. john's
wort, and combinations thereof.

[6289] Colorants and plitters include green #5, green #8, orange #4, red #22, red #33, violet
#2, blue #1, green #3, red #40, yellow #5, yellow #6, green #6, red #17, as well as pearlescent
micas and tinting kerbs such as henna leaf, sandalwood, turmeric, cranberry, kiwi, raspberry,
alkanet, annatto, carrol root, nettles, paprika, and parsiey.

[0290] 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 25 a cleansing
composition for use on an individual's body or parts thereof (e.g., face, legs, etc.).
composition, as described hercin, and an oral supplement. in one embodiment, the oral
supplement is a vitamin. 1n another embodiment, the oral supplement is an herb.

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

10293} Conventional DNA anelysis metheds can be used to detect the presence of
components derived from microbial biomass in accordance with the present invention.
[6294] Al reforences cited herein, including patents, patent applications, and publications,
are hereby incorporated by reference in their entireties, regardiess of whether previously
specifically incorporated. The publications mentioned herein are cited for the purpose of
descriving and disclosing reagents, methodologies and concepts that may be used in

connection with the present invention. Nothing herein is to be construed as an admission that
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these references are prior art in reation fo the inventions described herein, In partcular, the
following patent applications are hereby incorporated by reference in their entireties for all
purposes: US Provisional Appcation No. 61/043,620 filed April 9, 2008, entitled “Direct
Chermical Modification of Microbial Biomass™; UJS Provisional Application No. 61/074,610,
filed June 20, 2008, entitled “Soaps and Cosmetic Products Produced from Oil-Bearing
kMicmbial 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 Microslgal Components™.
[0295} Although this invention has been described in connection with specific
embodiments thereof, it will be vnderstood that it is capable of further modifications,
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 inventjon pertains and as may be applied to the
essentizl Features hereinbefore sel forth, are included in the scope of the ¢laims below. The
following examples are offered to illustrate, but not to limit, the claimed invention.
Vii. EXAMPLES .
EXAMPLE 1
[0206] Unless otherwise noted, all sirains described in this and the following Examples
C e em et el diees 2 llantiam o AYenn  Asetin TR I thic
example, Chiorefia Strains Were 165180 107 IOWIL UIL BIYUSIUL dill BIUWIDG. LIS sl s,
Chioveila species and strains were cultured: Chiorells kessieri (strains 263, 3597, 398, 2228);
Chiorella sorokiniana (strains 1663, 1665, 1669, 1671, 1810}, Chlorella saccharophila
(2911 2469); Chiorella protothecoides (31, 249, 250, 264). Eoch strain was inoculated from
solid media into 25 mi Liguid base media (2 /L veast extract, 2.94 mM NalNQs, .17 mM
CaCly2H;0, 0.3 mM MgS8047H,0, 0.4 mM KoHPO,, 1.28 mM KH,PO,, 0.43 mM NaCl)
and grown shaking at 27'C for 72 hours under & light intensity of 75 pEm™s!. These cultures
were used to inoculate each strain fo a final density of 1x10° cells per ml inte 24-well plates
containing 2 ml of (a) base media only; {b) base media pius 0.1% ghucose; and (¢} base media
plus 0.5% reagent grade glycerol (EM Science, catelog #GX01 85-6). Plates were place& in
the dark and grown for 72 hours sheking at 27°'C. Samples of each strain grown in the three
conditions were diluted 1.9:1 in distilled H,0 and absorbance was read st 600nm in 2
Molecular Devices SpectraMax 340PC. All sirains exhibited growth in the presence of

glucose and ghycerol compared to only base media.
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EXAMPLE Z

{0297 Stains and Media: Chloreiia protothecoides #1 (STRAIN 250), #2 (STRAIN 264)
and Chlprella kessieri #1 (STRAIN 398) stock cultures were maintained on modified
Proteose medium, Modified Proteose medium consisted {g/L) of 0.25 g NaNOs, 0.09 g
KoHPO:, 0.175 g KHzPO, 0.025 g, 0.025 g CaCly 2H:0, 0.075 g MgSQO47H;0, and 2 g yeast
extract per titer. Ghycerol wastes from biodiesel production (acidulated giyoerol (AG) and

not-acidulated glycerol (NAG)) were obtained from Imperia! Western Products {Selma, CA,
1JSA). “Pure” or “reagent grade” glycerol was from EM Science (2 division of Merck KGA),
catalog #(:X0185-6. For each strain, 1 ml of the following different media was prepared in
24-wel plates.

1. Proteose + 1 % pure ghycerol

2. Proteose + 1% acidulated glycerol

3. Proteose + 1% non-acidulated glycerol

4. Proteose + 1 % pure glyeerol + 1 % glucase (added after 72 hr)

5. Protense + 1% acidulated glycerol + 1 % glucose (added after 72 hr}

6. Proteose + 1% non-acidulated glycerol + 1 % glucose (added afier 72 hr)
[0298] Each sirain was inoculated to different media to 5 x 10° cells/ml concentration. The
cultures were kept in the dark 2nd were agitated by orbital shaker from Labnet {Berkshire,

e e o amr e I I Sy

and 6 and the cells cultured another 24 hr. 1'o measure LAUW, 1 @ 01 €400 CHILUIE wils
pelleted by centrifﬁga‘tion 2t 5,000 rpm for S min in an Eppendorf 5415C centrifuge. After
rernoving supemnatant, cell pellets were frozen at -80 °C and lyophilized in a lab scale freeze
dryer (Labeonce, MO, USA). Results are shown in Figure 1.
EXAMPLE 3
{0299] Strains and Media: Chloreila proiothecoides #1 (STRAIN 250), #3 {STRAIN 249)
and Chiovella kessleri #2 [strain 397) stock caltures were maintained on modified Proteose
medivm (see EXAMPLE 2). For each sirain, 1 ml of the following different media was
prepared in 24-well plates.

1. Proteose + 1 % pure glycerol +1 % giucose

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

3, Proteose + 1% non-gcidulated giycercl +1 % glucose
{0300} Each strain was inoculated to different media to 5 x 10 cells/ml concentration. The

cultures were kept in the dark end agitated 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
[0301] Strains and Media: Chlorella protothecoides #3 (STRAIN 249), #4 (STRAIN 31),
and Chlorella kessieri #2 (STRAIN 397) stock cultures were maintained on modified
Proteose mediur: (see EXAMPLE 2). For each strain, I m] of the foliowing different media
was prepared in 24-wel plates.

1. Proteose-+ 1 % pure glycerol +1 % glucose

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

3. Proteose + 1% non-acidulated glycerol +1 % glucose
[0362] Each strain was inoculated to media containing different glycerols (pure, acidulated,
ot non-acidutated) to 5 x 10° cells/ml concentration. The cultures were kept in the dark and
apitated by orbital shaker from Labnet (Berkshire, UK) at 430 rpm. After 96 b, lipid contents
were measured. To measire the amount of lipid content in calls, 100 pl of cultures were
collected and washed once with same volume of media. To each tube, 5 pd of washed cells
and 200 14 of sufuric acid {18 M) were added. The tubes were incubated at 80°C in a water
bath for 30 min, and 1 ml of phosphoric acid-vanillin reagent was added to the tubes and
incubated at 37°C for 15 min. To prepare the phosphoric acid—vanillin reagent, 0.12 g of

LML L L3303 te N et A enbnr and thaoarmbieea adieetad tn T T weith 524

PROSPNOTIC 8CIU. &I UPLGHL (EIISILY GL JIU 101 WaD 190 L G BI8a3 VWY Vit GEUNAIL W S s
tube with 5 pl water as sample. Results are shown in Figure 3.
EXAMPLES
{0303] Strains and Media: Chlorella protothecoides #2 (STRAIN 264) and Chlorella
kessleri #1 {STRAIN 398) stock cultures were maintained on modified Proteose medium (see
EXAMPLE 2). For each strain, 1 m! of the following different media was prepared in 24-well
plates.

1. Proteosc + ! % pure glyceroi

2. Proteose + 1 % non-scidulated glycerol

3. Proteose + 1 % pure glycercl + 1 % glucose (added after 72 hr)

4. Proteose + 1 % non-acidulated glycerol + 1 % glucose (added after 72 hr)
(0304] Each strain was inoculated to media containing different glycerols {pure or non-
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 72 hr of initial growth, 1%
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_givcose was added to sample #3 and #4 and the cells cultured another 24 fir. Lipid contents
were measured in all samples (see EXAMPLE 4). The optical density at 600 nm was also
measured to check for non-specific abserbance and subtracted from 0.D. 530 am to calculate
the amount of lipid. The reference curve is composed of Triolein dissolved in chloroform
ranging from 1 to 10 pg. Resulls are shown in Figare 4.

EXAMPLE ¢
[6305] Strains apd Media: Chiorella protothecoides #3 (STRAIN 249) and Chlorella
kessleri #2 (STRAIN 397) stock cultares 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 glycercl + 1 % ghucose (added after 72 hr} '
2. Proteose + 1 % acidulated glycerol + 1 % glucose {added after 72 hr)
3. Proteose + | % non-acidulated glycerol -+ 1 % glucose (added after 72 hr)
[0306] Fach strain was inoculated to media containing diffevent glycerols {pure, acidulated,
or non-acidulated) to 5 ¥ 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 initiak
growth, 1% glucose was added and the cells cultured arother 24 hr. DCW and lipid content
were measured in ai} samples (see EXAMPLES 2 and 5). The lipid percentage was caloulated
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EXAMPLE 7
[63¢7] Strains and Media: Chlorella protothecoides #2 (STRAIN 264) and Chlorella
kessleri #1 (STRAIN 398) stock cultures were maintained on modified Proteose medium (see
EXAMPLE 2). For each strain, 1 m] of the following different media was prepared in 24-well
plates.

1. Proteose + 1 % pure givcerol + 1 % glucose (added afier 72 hr)

2. Proteose + 1 % non-acidulated glycerot + 1 % glucose (added after 72 hr)
[#308] Each strain was inoculated to media containing either 1 % pure or I % non-
acidulated 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 ell samples (see EXAMPLE 1 and 4). The lipid perceniage was calculated
from total lipid amount divided by dried cell weight. Results are shown in Figure 6.
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EXAMPLE 8
§0309] Sirains and Media: Chilorella prototheccides #1 (STRAIN 250), #4 (STRAIN 31)
and Chlorella kessleri #2 (STRAIN 397) stock cultures were maintained on modified
Proteose medium {see EXAMPLE 2) For cach strain, 1 m! of the following different media
was prepared in 24-well plates.

1. Proteose + 2 % glucose

2. Proteose + 1 % glycerol + 1 % glucose
[0310] Each strain was inoculated to different media 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 hir of initial growth, fipid contents were measured (see EXAMPLE 5).
Results are shown in Figure 7.
EXAMPLE®
[0311} Stains and Media: Chiorella protothecoides #3 {STRAIN 249), #4 (STRAIN 31)
and Chlovella kessleri #1 {STRAIN 398) stock cultures were maintained on modified
Proteose medium {see EXAMPLE 2). For each strain, 1 mi of the following different media
was prepared in 24-well plates.

1. Proteose + 2% glucose

2. Proteose+ 1% glycerol + 1% glucose
[6312] Each strain was inocilated 10 GIIIErent MeIato > X 1V CELS/IL CULCHNEUULL & us
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% (w/v) glucose was added to #3 rnedia and the cells
cultared another 24 hr. DCW and lipid contents were measured in all samples (see
EXAMPLES 2 and 5). The lipid percentage was calculated from total lipid amount divided
Iy driec cell weight. Results are shown in Figure 8.
EXAMPLE 10
[0313] Strains and Media: Chioreila profothecoides #1 (STRAIN 250), #3 (STRAIN 249),
and Chiorella kessleri #2 (STRAIN 397) stock cultures were maintained on modified
Proteose medium (see EXAMPLE 2). For each strain, 1l of the following different media
was prepared in 24-well plates.

1. Proteose + 1% pure giycerol + 1% glucose

2. Proteose + 1% pure giycerol + 1% plucose (added after 72 hr)

3. Proteose+ 1% acidulated glycerol + 1% ghucose
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4. Proteose + 1% acidulated ghvcerol + 1% glucose (added after 72 hr)

5. Proteose+ 1% non-acidulated glycerol + 1% glucose

6. Proteose + 1% non-acidulated glycerol + 1% glucose (added after 72 hr)
[6314] Each strain was inoculated to different mediato 5 x 10° celis/ml concentration. The
cultures were kept in the dark and agitated by orbital shaker from Labnet (Berkshire, UK) at
430 rpm. After 72 br of initial growth, 1% (w/v) glucose was added to #2, #4, and #6 media
and the ceils cultured another 24 hr. Lipid contents were measured in all samples (see
EXAMPLE 4). Results are shown in Figure 9,
EXAMPLE 11
[0315] Strains and Media: Chlorefia protothecoides #1 (STRAIN 250), #3 (STRAIN 249),
#4 {STRAIN 31) and Chiorelia kessieri #2 (STRAIN 397) stock culfures were maintained on
modificd Proteose medium (see EXAMPLE 2), For each strain, I m! of the following
different media was prepared in 24-well plates.

1. Prolecse + 1% pure glycerol + 1% glucose

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

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

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

5. Proteose + 1% non acidulated glycerol + 1% glucese
[0316] Each strain was inocnlated to ditferent media to > X 107 celis/mil concentrauon. ine
cultures were kept in the dark and agitated by orbital shaker from Labnet (Berkshire, UK) at
430 rpm. Afer 72 br of inifial growth, 1% (w/v) ghucose was added to #2, #4, and #6 media
and the cells cultured another 24 hr. DCW was measured in 2!l samples (see EXAMPLE 2).
Results are shown in Figure 10.
EXAMPLE 12
[6317] Strains and Media: (a) Spiruling platensis (UTEX 2340) and (b) Navieuwla
pelliculosa (UTEX 667) stock culture of Spiruling wes maintained in Spirulina medivm and
Navicula was maintained in soil extract medivm {SEM). Spirtdine medium consisted of 162
mM NaHCOs, 38 mM NapCO;, 1.9 mM KoHPO, 20 mM NaNO; |, 5.75 mM Kp80,, 17.1
mM NaCl, 0.8 mM MgSO,TH,0, 0.25 mM CaCly2Hz0, 2 mM NapEDTA, 0.36 mM
FeCl6H.0, 0.21 mM MnClp4H0, 0,037 mM ZnCly, 0.0085 mM CoCly*6H,0, 0.017 mM
NaMoQy-2H;0, 0.78 pM CuSOy5H;0, 0,15 pM ZnS0,-7H; 0, 10 pM H;BO;, and 0.001
mM Vitamin By, Soil extract medium consisted of 2.94 mM NaNO,, 0.17 mMCaCl-2H:O,
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0.3 mM MgS0.TH0, 0.43 M K HPOy, 1.29 mM KH:PO,, 0.43 mM NaCl, and soil
extract. Glycerol wastes from biodiesel production (acidulated glycerol (AG) and non-
acidulated glycercl (NAG)) were obiained from Imperial Western Products (Selma, CA,
USA). For each strain, I mi of the following different media was prepared in 24-well plates.
{a}
7. Spirulina medivm + 2% glicose
8. Spirulina medivm + 2% reagent grade glycerol
9, Spiruline medium + 2% non-acidulaied glycerol
10, Spirulina medium + 1% non-acidulated glycerol + 1 % glucose
(b
SEM + 2% gluecose
SEM + 2% reagent grade glycerol
SEM + 1% reagent grade glycerol + 1 % glucose
SEM + 2% acidulated glycerol
SEM + 1% acidulated glycerol + 1 % glucose
SEM -+ 2% non-acidulated glycerol
7. SEM + 1% non-acidulated glyeerol + 1 % glucose

= O T el

[0318] Each strain was inoculated to different media to 3 x 10° cells/mi concentration. The
- e T et (Ta b TN ot
430 1pmm. After 96 hr, lipid contents were measured. 1 0 MEASUTE UL AUIOUIL UL LPIY LoLIs
in cells, 100 il of cultures were collected and waghed once with same volume of media, To
each tube, § ul of washed cells and 200 ul of suifurie acid 13 M were added. The tabes were
incubated at 90 °C water bath for 30 min, and T mi of phosphoric acid~vaniliin reagent were
added to the tubes and incubated at 37 °C for 15 min. To prepare the phosphoric acid—vanillin
reagent, 0.12 g of vanillin was added to 20 ml of water, and the volume adjusted to 100 m}
with 85% phosphoric acid. The optical density at 530 nm was read in & glass cuvetle against a
reference tube with 5 pl water as sample. The reference curve is composed of Triolein
dissolved in chioroform ranging from 1 1o 10 pg.
[0319] To measure DCW, 0.5 mi of each culture was pelleted by centrifegation at 3000
pm for 5 min. After removing supernatant, cell pellets were frozen at -80 °C and dried
ovemight in a Freeze Dry system (Labeoneo, MO, USA} The lipid percentage was caiculated
from total lipid amount divided by dried cell weight. Results are shown in Figure 11.
EXAMPLE 13 '
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(0320)  Strains and Media: Scenedesmus armatus (UTEX 2552) stock cultures were
maintained on modified Proteose medivn. Modified Proteose medivm consisted (g/L} of 0.25
g NaNOs, 0.09g K;HPOs, 0.175 g KHoPO: 0.025 g, 0.025 g CaCly2HaC, 0.075 ¢
MgS0,7TH,0, and 2 g yeast extract per liter. For each growth condition, 1 miof the
following different media was prepared in 24-well plates.

(23, (b)

1. Proteoge + 2% glucose

2. Proteose + 2% glycerol

3. Proteose + 2% scidulated plycerol

% Proteose + 2% non-acidulated glycerol

5. Proteose + 1% non-acidulated glycerol + 1 % glucose
[6321)  Scenedesmus armatus (UTEX 2552) was inoculated to different mediato S x 100
cells/ml concentration. The cultures were kept in the dark and agitated by orbital shaker from
Labnet (Berkshirs, UK) at 430 rpm. Afier 96 b, cell growth was measured by DCW, and
Tipid content was measured by phosphor-vanillin assay (see EXAMPLE 12), The lipid
percentage was calcuiated from total lipid amount divided by dried cell weight. Resuits are-
shown i Figure 12.
EXAMPLE 14

rAasAAT Ot e 3 R K B BT ani P el BT ian FEPTLY AT\ stanlr anltforos miara

mﬂ.lﬂtﬂ!ﬂfﬁ_ﬂ 0T 5011 CXLACE IICULUI (S8 CAMAIVIL D LL) UL GdULl BIWW L WAIPGULLIULL, 1 U3 Wi
the following different media was prepared in 24-well plates.
1. SEM ~+ 2% glucose
SEM + 2% glycerol
SEM + 2% acidulated glycerol
SEM + 1% acidulated glycerol + 1 % glucose
SEM + 2% nen-acidulated glycerol

ol owoN

6. SEM + 1% non-acidulated glycerol + 1 % glucose
Navicula pelliculose (UTEX 56’7} was inoculated to media containing glucose or different
glycerols (pure, acidulated, or non-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 436 rom.
After 96 hir, cell growth was measured by DCW (see EXAMPLE 12). Results arc shown in
Figure 13.
EXAMPLE 15
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(6323] Sirains and Medin: Scenedesmus armatus (UTEX 2552) and Navicula pelliculosa
(UTEX 667) stock cutiures were maintained on modified Proteose medium for Scenedesmus
armatus and soil extract medium for Navicula pelliculosa (see EXAMPLE 1). For each
strain, 1 ml of the following different medie was prepared in 24-well plates.

Scenedesmus armarus

5. Proteose + 1 % acidulated glyeerol + 1 % glucose

6. Proteose + 1 % acidulated glycerol + 1 % glucose {added after 72 hr)

Navicula pelliculosa

1, SEM + 1 % acidulated glycerol + 1 % glucose

2. SEM+1 % acidulated glycerol +1 % glucose (added after 72 hr)
[0324] Each strain was incculated to media to 5 x 10° cells/ml concentration. The cultures
were kept in the dark and agitated by orbital shaker from Labnet {Betkshire, UK} at 430 rpm.
After 72 b of initial 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

{0325] Sirains and Media: Chlorella protothecoides (UTEX 31) stock cultares were
maintained on modified Proteose medivm (see EXAMPLE 1), For each conditior, 1 ml of the

P o T oA NS O [P

4. Proteose

5. Proteose + (0.5 % glucose

6. Proteose + 0.5 % xylose

7. Proteose + 0.25 % glucose + 0.25 % xylose
{0326) Chlorella protothecoides #4 {UTEX 31) was inoculated 10 media contaiming
different sugars (glucose, or xylose) t0 3 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 72
hr of growth, cell growth was measured by counting cell numbers of each culfure. Resulis are
shown in Figure 15,
EXAMPLE 17
[0327] Chloreila prolothecoides strains #1, #3, and #4 stock cultures were maintained on
modified Proteose medivm (see EXAMPLE 1}. Por each condition, 1 ml of the following
different media was prepared in 24-well plates.

1. Proteose
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2. Proteose+ 1 % glucose

3. Proteose + 1 % fruciose
[0328] Rach strain was inoculated to media containing different sugars (glucose, or
fructose) to 1 x 10° cell/ml concentration. The cultures were kept in the dark and agitated by
orbital sheker from Labnet {Berkshire, UK) at 430 rpm. After 96 hr of growth, cell density
was measured by counting cell nurnbers of each culture. Results are shown in Figare 16.
EXAMPLE 18
Chlorefla on Sucrose
10329)  Chlorella protothecoides {UTEX 249} was inoculated into three 50 ml flasks of
Proteose media with 1% sucrose (2.94 mM NaNQs, 0.428 mM KoHPO,, 1.28 mM KHPO,,
0.427mM NaCl, 0.17 mM CaCh-2H;0, 0.3 mM MgS04-7H0, proteose peptone 1g/l)to a
final cell density of 4x10° cells per mb. Invertase (Sigma #14304) was added to two of the
cultores at 0.0F Ufm! and 0.05 Usnl. All three cultures were grown in the dark for ~60 hrs
ghaking at 150 rpm. Final cell counts were performed on all three cultures after ~60 hrs of
shaking in the dark. The controf flask reached 4.4x19° cells per ml while the 0.01 U/m] and
6.05 U/ml fasks reacked cell densities of 1x10° and 3x10%, respectively. Each flask was
checked for contamination at the end of the experiment by microscopic analysis and all were
clean.

FVAMPT X 10
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[0330] Preparation of Chlorells cells for Inoculation: A 10 mi liquid culture of Chiorella
was started taking the inoculum from & golid Protecse plate. The cnltures were grown in light

for approximately 2 days at 26°C. Growth was mezsured using an optical densitomer (OL)) at
750 nm and by determining DCWSs.

.[0331] Preparation of Molasses and Sugar Stock Solutions: A 5% stock solution was
prepared with glucose, sucrose and three different molasses samples {labeled BS1, BS2 and
HTM) obtained from the commercial processing of sugarcane into sugar, as shown in the
following Table 6. The pH of all stocks was verified to be in the range of 6-6.6, and the
stocks were then autoclaved.

16332] Tabie 6, Molasses and sugar solutions.

Molasses % Supar 5% sugar dilin 100mls ;
Grams or mls
HTM 78.72 6.4
BS1 (FL) 44.25 _ 113
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BS2 (AL} 51.55 9.7

Sucrose Hud 3
Glucose 100 5

{0333} Preparation of Invertase Solution: A 40 units/m! stock solution ol'invertase was

prepared by reconstituting 1 mg of & 400 unit/mg Invertase (Sigma) in 10 milliliters of

distilled water.

[0334] Experimental Conditions and Setup: 10 ml cultures were prepared, each consisting

of 1% final molasses/sugar concentration, 0.05 units/ml Tnvertase, and 1.0e6 cells per ml of
Chlorella protothecoides in a base Protease media. The cultures were numobered as follows:

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

cultures were grown in darkness for five days shaiding at 250 rpm at 28°C.

[0335] Results: Growth of the Chlorella protothecoides cells was evalnated following the five days

of incubation on the respective feedsiock in darkness. As shown in Figures 19-20, the cells can be
grown on malasses in the presence of a sucrose inveriase with yields comparable to that of growth on
pure glucose.,

EXAMPLE 20

Generation of Hiph-Qil and Low-Qi! Biomass

transesterification was grewn heterotrophically in the presence of glucose as a fixed carbon
gource as a fed-batch fermentation, essentially as described in Appl Microbiol Biotecknol
78:20-36 (2008). Sample "LO-1" was taker during exponential growth (at 60 hours) and
contains an oil content similar to that obtained with photosynthetic growth. Sample "080020-
1" was taken at 115 hours, after all aitrogen in the culture had been consumed and the calture
had entered a steady siate phase of lipid accumulation.

[0337] Linid Content: Total lipid content of ol (pre-transesterifacation) was determined by
HPLC analysis. Approximately 10 mg of dried biomass were mixed with 1 ml of isopropanol
saturated with KOH and incubated at 80°C for 4 hours, Lipids from cell pellets were
extracted and hydrolyzed using an isopropanol potassinm hydroxide solution heated i 80°C
for four hours. The extract samples were analyzed with an Aglient 1100 HPLC using the
following method. The samples were derivatized with bromophenacyl bromide (60 mg/mb)

and foaded onto & Luna 5u C8(2) 100A 150x2 mm colums (Phenomenex). The samples were
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chuted from the columnn using a gradient of water to 100% acetonitrile:tetrahydrofuran (95:5).
Signals were detected using & DAL array detector at a wavelength of 254 ni.

[0338] Sample "LO-1" contained 8.6% oil, and sampie "080020-1" contained 28% oil.
EXAMPLE 21

Direct Transesterification of Microbial Bigmass

[0339] Sample Preparation: Wet pellets of biomass comprising low-oil content and high-
oil content, respectively, prepared as described above, were lyophilized. Dried biomass from
samples was ground 1o a coarse powder and dried again ovemight at 55°C under vacuum.
Percent moisture was detenmined to be <3% for each sample using a Mettler Toledo Moisture
analyzer.
[0340] Transesterification: Aniydrous methanol/{N NaOll was added to dried biomass

| {<3% moisture) at a ratio of 1.5 in & screw cap glass bottie 4 times the volume of the biomass.
A stir bar was placed in the bottle, which was then sealed tightly. The mixture was stirred
vigorously at 55°C for 7 hours. The biomass was filtered through ‘Whatmann filter paper and
washed with methanol until filtrate was clear. All washes were combined in a balloon flask
with original filtrate, and methanol was distilled off using a rotovap, Chloroform (1 part) was
added and mixed well, and then poured intc a separatory funnel. Methanol {2 parts) was then
added to the flask, mixed well, and added to the separatory funnel, DI water {0.8 volume) was
funnel wers shaken vigorousfy (with venting) and allowed to separate. '1he lower layer
{chioroformyvoil) was collected into a pre-weighed flask and fresh chloroform was added back
-to the funnel for a secondary extraction. The chloroform was then distilled off using the
rotovap. Re-weighing the flask provided the yield determination. Lipid conteat was again
determined by HPLC, as described sbove. Analytical measurements of the carotenoid
constiments of the transesterified compositions were made using an IPLC method, 2y
described by Schmid et al., J of Applied Phycology T:487-494 (1995). Eiemental analysis was
performed by inductively coupled plasma mass spectrometry.
[0341] Results: Table 7 shows the results of the transesterified product from low-oil
{LO-1- 8.6% lpid) and high-oil (330020-1-28% lipid) biomass. Al carotenoids are in meg/g
of lipophilie phase containing fatty acid methyl esters.

{0342] Table 7. Composition of transesterified low-oil and high-oil bicmass.

LO-t (480020-1 ASTM D675} Specification
% il of biomass §.6 28
%, of oil converted to FAME 9.3 305

{gram oil/gram dry cell wgt.)
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Element (ppm}

Sulfur 121 5% 15 ppm max
Phosphoras 784 <2 0.001% mass max
Magnesium 2 3 Ca + Mg: 5 ppm max
Calcium 4 <2 Ca+ Mg 5 ppm max
Iron 3 <2
Zing 440 i2
Sodium 150 135 Na + K: 15ppm max
Potassium 72 <2 Na + K: 15ppm max
Yutein (meglg) 465 185
Zeaxanthin (meg/p) 288 235
a-Cryptoxanthin {meg/g) 8.45 0.06
8-Cryptexanthin {mog/g) 19.2 1.50
a-Caratene (mog/g) 1.96 008
P-Carotene (meg/g) 15.0 1.20
Total Identified Carotenoids (meg/g) 301 62.2
Total Carotencids {meg/p) 1008 79.3

EXAMPLE 22

Cultivation of Microalgae to Achieve High Oif Content

[0343] Microalgae strains were cultivated (cultured) to achisve a high percentage of oil by
DCW, Cryopreserved cells were thawed at room temperature and 500 pi of cells were added
to 4.5 mi of medium (4.2 g/L K:HPO,, 3.1 /L. NaH,PO,, 0.24 /L MgSO047THO, 0.25 g/L.
Citric Acid monohydrate, 0.025 g/L CaCls 2HaO, 2 /L. veast extract) plas 2% giucose and
grown for 7 days at 28°C with agitation (200 rpm) in a 6-well plate. DCW's were determined

culture sepernatant was discarded and the resulting cell peliet washed with 1 mi of deionized
water. The culture was again centrifuged, the supernatant discarded, and the celi pellets
placed at -80°C until frozen. Samples were then lyophilized for 24 hrs and DCWs caleulated,
For determination of total lipid in cultures, 3 ml of culture were removed and subjected to
analysis using an Ankom system (Ankom Ine., Macedon, NY) according to the

. manufacturer’s protocol. Samples were subjected fo solvent exiraction with an Amkom XT10
extractor ascording to the manufacturer’s protecol. Total lipid was determined as the
difference in mass between acid hydrolyzed dried samples and solvent extracted, dried
samples, Percent oil DCW measurements are shown in Table 8.

[0344] Table 8 Cuitivation of microalgae to achieve high cil content.

Species Strain % Ol Strain #
(Figures 28
and 29a-1)
Chlorella kesslerd UTEX 397 3942 4
Chivrella kessleri UTEX 2229 54.07 3
Chlorella kessleri UTEX 398 41.67 &
Parachlorella kessleri SAG 11.30 37.78 7
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Parachioreila kessleri SAG 14.82 S0.70 8
Parachloredla kessleri SAG 2111 HY 37.82 9
Protothecs stagnora UTEX 327 1314 it |
Prototheca moriformis UTEX 1441 18.02 il !
. Prototheca moriformis UTEX 1435 2717 12
Chiorella minutissima UTEX 2341 3138 i3
Chlorella protothecoides UTEX 250 3424 1
Chlorella protothecoides UTEX 25 40.00 2
Chlorella protothecoides CCAP 211/8D 47,58 1
Chlorelia sp. UTEX 2068 45.32 14
Chlorella sp, CCAP 21192 46.51 15
Chlorelia sorckiniana SAG 211 408 46.67 16
Parachiorelin beijerinkii SAG 2046 . 30.98 17
Chloretla iuteoviridis SAG 2203 37.88 18
Chlorellz vulgaris CCAP 21 /LK 35.85 19
Chlorelia reisiglii CCAR 118 : 3117 20
Chlorella ellipsoidea CCAP 211/42 3293 21
Chlorella saccharophila CCAP 211431 34,84 22
Chioreile saccharophila CCAP 21132 30.51 23
EXAMPLE 23

Genotyping of Microalgse with Hish Off Content

[0345] Microalgae sampies from the 23 strains listed in Table § above were genotyped.
Genomic DNA was isolated from algal biomass as follows. Cells (approximately 200 mg)
were centifuged from liquid cultures 5 minutes at 14,000 x g. Cells were then resuspended in

sterile distilled water, centrifuged 5 minutes at 14,000 x g and the supemnatant discarded. A

80°C for at least 15 minutes. Samples were removed and 130 p! of grinding buffer (1%
Sarkosyi, 025 M Suerose, 50 mM NaCl, 20 mM EDTA, 100 mM Tris-HCE, pH 8.0, RNase A
0.5 ugul) was added. Pellets were resuspended by vortexing briefly, followed by the addition
of 40 pl of 5 M NaCl. Samples were vortexed briefly, followed by the adéition of 66 pl of
5% CTAR (Cetyl trimethylammoniom bromide) and a final brief vortex. Samples were next
incubated at 65°C for 10 minutes after which they were centrifuged at 14,000 x g for 10
mimutes. The supernatant was transferred to a fresh twbe and extracted once with 300 pt of
Phenol:Chloroform:Isoamy] alcohol 12:12:1, followed by cenirifugation for 5 minutes at
14,000 x g. The resuiting aqueous phase was transferred fo a fresh tube confaining 0.7 vol of
isopropanol {~190 pb), mixed by inversion and incubated at room ternperature for 30 minutes
or overmight at 4°C. DNA was recovered via centrifugation at 14,000 x g for 10 minutes. The
resulting pellet was then washed twice with 70% ethanol, foliowed by a final wash with
100% ethanol. Peliets were air dried for 20-30 minutes at room temperature followed by
resuspension in 50 pi of 10mM TrisCl, TmM EDTA (pH 8.0).
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[0346] Five ul of total atgal DNA, prepared as described above, were diluted 1:50 in 10
mM Tiis, pH 8.0. PCR reactions, final volume 20 pl, were set up as follows. Ten 1l of2x
iProof HF master mix (BIO-RAD) was added to 0.4 ul primer S202613 (5°-
TGTTGAAGAATGAGCCGGCGAC-3 (SEQ ID NO:1) at 10 mM stock concentration).
This primer sequence runs fom position $67-588 in Gen Bank accession no, 143357 end is
highly conserved i higher plants and algel plastid genomes, This was followed by the
addition 07 0.4 i primer SZ02615 (5" -CAGTGAGCTATTACGCACTC-3* (SEQ IDNO:2)
at 10 mM stock concentration). This primer sequence is complementary to position: 1112-
1093 in Gen Bank accession ro. L43357 and is highly conserved in higher plants and algal
plastid genomes, Next, 5l of diluted total DNA and 3.2 pl dH, G were added, PCR reactions
were Tun s follows: 98°C, 4577; 98°C, 87"} 53°C, 127, 72°C, 20" for 35 cycles followed by
72°C for 1 min and holding at 25°C. For purification of PCR produets, 20 ut of 10 mM Tris,
pH 8.0, was added to each reaction, followed by extraction with 49 ul of
Phenal:Chloroformiiseamyl alcohol 12:12:1, vortexing and centrifuging at 14,000 x gfor 5
minates. PCR reactions were appiied to $-400 columns (GE Healthcare) and centrifuged for 2
minutes at 3,000 x g Purified PCR products were subsequently TOPO cloned into
PCRE/GW/TOPC and positive clones selected for on LB/Spec plates. Purified plasmid DNA
was sequenced in both directions using M13 forward end reverse primers. Sequence

shown in Figures 29a-29i. Sequences from stramns 1-23 (designated i LXample £2, (aoie s)
are listed as SEQ ID NOs:7-29 in the attached Sequence Listing.

EXAMPLE 24

Diversity of Lipid Chains in Algal Species

[0347] Cultures of various species of algae were mafntained, and all gxperiments were
camried out in Modified Protease media, as described above in EXAMPLE 2. For each strain,
10 ml cultures were setup in 50 mi flasks as follows:

1. Protsose growth media with no carbon addition;

2. Proteose growth media with 1% glucose.
{0348] Each strain was grown in the two conditions described above, al an mitial seeding
density of 1.0 x 10° cells/ml. The cultures were kept in the dark and agituled at 250 rpm for 7
days. The cells were harvested after a 7 day growth period, and assessed for growth in the
dark relative to the conirol by measuring dried ceil weight. DCWs were determined as

foliows: One ml of culture was centrifuged and the resulting pellet was rinsed with water to
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vemove any salt or residual media; the final, Tinsed pellet was frozen at -80 degree C; and
subjected to freeze drying overnight in a Freeze Dry System (Labeonco, MO, USA). Al
species listed in Table & below grew on glucoese as a carbon source’in the dark. No cells grew

in the absence of glucose (condition 1). Glycerolipid profile was determined as described in

Example 20,

[0349] Table 9, Glycerolipid profiles of various algal species.
Spegies Cize Ci&3 Cla0 CIg2 Q6 Q181 CLED
Chloretia protothecoides D.0% 490%  1.1% 24,1%  11.3%  54.9% 4.6%
Chlorelia kessleri 15.6% .0% L.LU% 26.2%  26.6% 23.0% 4.6%
Chlorella trebouxiodes 29.0%  00% 10.7%  0.0% 43.1% 193%  40%
Chlorella sorokiniana 348% 0.0% 0.0% 0.0% 462% 19.1% 40%
Prototheea kruegand 1.5% 0.0% 1.2% 2.9%  15.0%  66.0%  3.3%
Prototheca siagnora 08% 00% 09% 156% 17.1% 61L.5% 41%

[0350} Lipid samples from a subset of siraing grown as described in Example 22, and shown
in Table 8, were also analyzed for lipid profile using HPL.C. Results are shown in Figure 29.

EXAMPLE 25
Saponification of High-Oil Chiorella protothecoides Biomass

[0351] Biomass having a high-oil content is generated and analyzed according to the

. .. . Arar bt A AANY Lt etk
1{)% protein, 10% other cellular constifuents, 1U% water, and 27 SAlS. 11 48 GIOVUMLTIL,
the biomass can comprise dried whoele algal cells comprising lipid globules suspended in a
partially delrydrated cell mass.

[6352]  Preparation of a Liquié Cellular Soap: The biomass identified above is dispersed in
water to form an oil-in-cell emulsion concentrate. An excess of KOH sufficient to convert the

desired amount of glyserolipids and fatty acid esters to fatty acid salts is then dissolved in the
aqueous solution comprising the biomass. The mixture is then stirred to facilitate completion
of the alkaline hydrolysis reaction, and heated 1o & temperature between 80-90°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
he combined with the saponified composition, including glycerin (for clarity and to impari &
proisturizing characteristic), ethylenediamine {EDTA, a chelating agent to ephance
performance when used in hard water conditions), cocoamidopropyl betaine (an amphoteric

surfactant used to impart cleansing and rinsing pmperties); and a fragrance to produce a soap
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product. In some embodiments, the soap product comprises & cellular soap with components
as shown in Table 10 below.

{0353] Table 10. Components of cellular soap made directly from biomass.

Component Quantity
Biomass (Whole Cells) 10-60%
KOoH 1-5%
Glyeerin 5-25%
Fragrance . 1-2%
EDTA 1-3%

| Water | to 100%

{0354] The cellular soaps described in this example include natuzal hydrating and skin
softening characteristics imparted by the presence of carbohydrates and proteins from the
algal oells, as well as antioxidant properties derived from the incorporaiion of aigal
carotenoids and other compounds into the composition.

[6355] Alternatively, an argasic base such as triefhanclamine can be used in the alkaline
hydrolysis reaction to produce a clearer product. The use of triethantolamine or another
organic base will also generally produce a milder product, less likely to canse irTitation to
skin when used as a cleanser.

[6356] Optionally, the fatty acid salts can he precipitaied from the mixtuse by addition of

Nal] or KC1 salts, and separated for use in compositions in combinatien with various

[0357] Figure 20 shows a micrograph of seap made with 48% oil DCW Chiorella
protothecoides bivmass, The soap contained 10% w/w algal biomass.

EXAMPLE 26

Saponification of Hexane-Fxtracted Oil from Chlorella protothecoides Bionass

[0358] Riomass is generated according to the method described in Example 20
Conventional hexane extraction of the lipidsfrom the biomass is performed. The hexane
extracted Lipids are then saponified by mixing the lipids with as aqueous solution of NaOH or
KOH conlzining an amount of base sufficient to sonvert the desired amount of lipid to fatty
acid salts, and opticnaliy 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
hexans-extracted hiomass contain higher proportions of contaminating carotenoids due to the
efficiency with which hexane extracts such compounds from the microbial biomass.
EXAMPLE 27

Sapanification of Solventless-Extracted Ol from Chlorella protothecotdes Biomass
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[0359] Biomass is generated according to the method deseribed in Example 20. A
solventless extraction of the lipids from the biomass is performed by Iysis and pressing of the
biomass through the use of physical pressure. The extracted lipids are then saponified by
mixing the lipids with an agueous soiution of NeOH or KOH containing an ameount of base
sufficient to convert the desired amount of lipid to fatty acid salts, and optionaily heating the
mixtere to expedite the reaction. The fatty acid salts are then precipitated by addition of NaCl
or K.Cl. Compesitions of saponified oils derived from hexane-extracted biomass contain
relatively lower proportions of contaminating carotenoids, as compared to hexane-extracted
tipids, due to the decreased efficiency with which such comnpounds are extracted from the
microbial biomass using ihe solventiess procedure.

EXAMPLE 28

Glycero%igid Profile of Lrotetheca Strains

[0368] Five Profotheca strains were cultivated in media with 2% glocose and grown for 7
days at 28°C with agitation (200 rpm) in a 6-wel] plate. Lipid profiles were determined vsing
standard HPLC methods. The Hpid profile for a particular strain did not change significantly
when grown in different culfure media. The resulis are shown in Table 11, below.

[0361] Table 11. Glyeerolipid profile of Prototheca strains.

Origin - Species Ic:u:uic:n:o C:14:0 | €:16:0 | C16:1 | €:18:0 | C:38:1 | C:38:2 | C:48:3

TITEY  Pratathars |

UTEX  Prowtheca '
143% mortdormuis | 0% 0% 0% 27% 0% 3% 37% 12% 0%
UTEX  Prowotheca
1441  moriformis % 0% 1% 28% 1% 3% 54% 12% 1%
UTEX Prototheca
1435 moriformis | 0% 0% 1% 26% | 0% 3% 55% | 1% 2%
UTEX  Prototheca
3437 mortformis 0% 0% 0% 25% 0% 2% 51% 12% 3%

[0362] Biomass from UTEX 1435 was subjected to hesane extraction. The exiracted il
contained very little coloration. Figure 19 shows a sample of the UTEX 1435 ¢il in
comparison to oil from Chlorella protothecoides UTEX 250

EXAMPLE 29

Carotenoid and Chlorophyll Analysis of Oil Extracted from Pretotheca moriformis UTEX
1433

[0363] Hexanc extracted oil from Prototheca moriformis (UTEX 1435} biowmiass was

gensrated according to methods described in Example 26 above and was analyzed for
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carotenoids and chlorophyll using HPLC. Overall, the carotenoid levels were much lower
than the carotenoid levels in oils deseribed in Table 7 above, Additionally, the chiorophyil
content of the oil was less than 0.01mg/kg. This result is consistent with the results shown in
Figure 15, with the extracted oil from UTEX 1435 biomass having very little coloration. The
caratenoid and chlorophylt analysis for oil extracted from UTEX 1435 biomass is
summarized in Table 12, below.

{6364] Table 12. Carotenoid analysis of ofl extracted from Prototheca moriformis UTEX
1435,

Lutein 0382 megle
Zeaxanthin 1.23 meglg
cis-Lutein/Zeaxenthin 0.446 meg/g
alpha-Cryptoxanibin pone degected
beta-Cryptoxanthin none detested
[ycopene none detected
alpha-Carotene 0.057 mogig
bete-Carctens §.127 megly
wiln Lo Pacnbnen s OED wnreie
Phytofluene 0.696 moz's,
Phytoene 1.689 mog/g
Total Mentified 3.70 meg/g
Carolenoids 1B
Chiorophyil <0.01 mgrkg
EXAMPLE 30

Gepomic DNA_Analysis of 233 rRNA from 8 Sirains of Chiorella protothecoides

[0365] Genomic DNA from 8 strains of Chiorella protothecoides ((FTEX 25, UTEX 249,
UTEX 250, UTEX 256, UTEX 264, UTEX 411, CCAP 211/17, and CCAP 211/8d) was
isolated and genomic DINA analysis of 235 IRNA was performed according to the methods

described in Example 23, above.
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[0366] All strains of Chiorella protothecoides tested were identical in saquence except for
UTEX 25. Results are summarized in the Cladogram shown in Figures 21a-21c. Sequences
for all eight sirains are Jisted as SEQ ID NOw:3-4 in the attached Sequence Listing.

10367} The 235 TRNA genomic sequence for Profotheca moriformis UTEX 1436 (SEQ ID
NO:5) was alsa compared to other Prototheca species and Chlorella protothecoides. The
comparison showsd that the 23s rTRNA. genomie sequence for Prototheca moriformis UTEX
1436 was dissimitar to the other Profotheca genotypes (SEQ ID NG:6).

EXAMPLE 31

Sorghum Utilization Screen

{0368} Stzing: The following strains were used in the screen for identifying microalgee

straing capable of utilizing sorghum as & sole carbon source: 10 strains were Chiorella
protothecoides (UTEX 25, UTEX 31, UTEX 411, CCAP 221/8D, UTEX 249, UTEX 230,
UTEX 256, UTEX 264, SAG 211-10D, and CCAF 211/17). 6 strains were Profotheca
moriformis (UTEX 1435, UTEX 1437, UTEX 288, UTEX 1439, UTEX 1441 and UTEX
1434, Other strains included Chiorella huteoviridis (UTEX 22 and SAG 2214), Chlorella
kessleri (UTEX 2229), Parachlorella kessleri (SAG 12,80) and Prototheca stagnora (UTEX
1442},

{0369} Culture Conditions; Seed cultures of the microalgal strains {identified above) were
in light, agitating at ~350 rpm. Pure sorghum was purchesed from Meaasdam Sorghum Mulls
{Lynnville, lowa) with a sugar profile of ﬁ'uctoée 21.0% wiw, dextrose 28.0% w/w, sucrose
16.0% w/w and maltose <0.5% wiw. The cultures wese then transferred fo liquid medium
containing 2%, 5% or 7% (v/v) pure sorghurn (diluted from the pure stock) zs the sole carbon
source and the cultures were then grown heterotrophicaily in the dark, agitating at ~350rpm.
Samples from the cultures were pulled at 24, 40, 48, 67 and 89 hours and growth was
measured using A750 readings on a spectrophotemeter. Growth was observed for each of the

strains tested, as shown in Figures 22-27.
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WHAT IS CLAIMED 1S:

I. A method of chemically modifying lipid-containing microbial biomass
comprising:

(a) culturing a population of microbes;

(b}  harvesting microbial biomass, wherein the biomass contains at least
5% lipid by dry cell weight; and

{c) subjecting the biomass to a chemical reaction that covalently modifies
at least 1% of the lipid.

2. The method of claim 1, further comprising separating the covalently
modified lipid from other components of the biomass.

3. The method of claim 2, wherein separating comprises a phase
separation whereby the covalently modified lipids form a light non-aqueous phase and
components of the biomass form one or more heavier phases.

4, The method of claim 1, wherein the biomass is subjected to the
chemical reaction without a step 6f prior enrichment that increases the ratio of the lipids to
the non-lipid material by more than 50% by weight.

5. The method of claim 1, wherein the harvested biomass is not subjected
to treatments other than removing water or lysis before the chemical reaction.
reaction with a step of prior enrichment that increases the ratio of the lipids to the dry weight
of the microbes.

7. The method of claim 1, wherein step (¢) comprises transesterifying the
biomass to generate a lipophilic phase containing fatty acid alkyl esters and a hydrophilic
phase containing cetl material and glycerol.

8. The method of claim 1, further comprising removing water from the
biomass prior to subjecting the biomass to the chemical reaction.

9. The method of claim 1, wherein step (¢) includes contacting the
biomass with an enzyme to catalyze the chemical reaction.

10.  The method of claim 1, wherein the harvested biomass comprises a
lipid content of at least 30% by dry cell weight.

1.  The method of claim 1, further comprising separating a lipophilic

phase containing the covalently modified lipids from hydrophilic cell material of the biomass.
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12. The methed of claim 1, wherein the microbes are selected from the
group consisting of bacteria, cyanobacteria, eukaryotic microalgae, oleaginous yeast, and
fungi.

13. The method of claim 10, wherein the microbes are selected from the
group consisting of the microalgae listed in Table 1 and the microalgae that have at least 85%
23S rRNA genomic sequence identity to one or more sequences from the group consisting of
SEQ ID NO:5, SEQ ID NO:6, SEQ ID NO:7, SEQ ID NO:8, SEQ ID NO:9, SEQ ID NO:10,
SEQ ID NO:11, SEQ ID NO:12, SEQ ID NO:13, SEQ ID NO:14, SEQ ID NO:15, SEQ ID
NO:16, SEQ ID NO:17, SEQ ID NO:18, SEQ ID NO:19, SEQ ID NO:20, SEQ ID NO:21,
SEQ ID NO:22, SEQ ID N0:23, SEQ ID NO:24, SEQ ID NO:25, SEQ ID NO:26, SEQ 1D
NO:27, SEQ ID NO:28 and SEQ ID NO:29; the oleaginous yeast listed in Table 2; and the
fungi listed in Table 3.

14.  Themethod of claim 12, wherein the microbes are a species of the
genus Chlorella, Parachlorella or Prototheca.

15. The method of claim 11, wherein the amount of calcium and
magnesium combined by weight in the lipophilic phase is no greater than 5 parts per million,
wherein the amount of phosphorous in the lipophilic phase is no greater than 0.001%, by
mass, the amount of sulfur in the lipophilic phase is no greater than 15 parts per million,
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no greater than 5 parts per million, and/or wherein the total carotenoid content of the
lipophilic phase is no greater than 100 micrograms of carotenoid per gram. |

16.  The method of claim 11, further comprising disrupting the biomass
prior to transesterifying the biomass.

17.  Themethod of claim 1, wherein two distinct strains or species of
microbes are separately cultured and biomass from both cultures is mixed prior to step (c).

18. The method of claim 17, wherein at least two the distinot strains of
microbes have different glycerolipid profiles.

19. The method of claim 1, wherein step (c) is selected from the steps of
hydrogenating the biomass to at least partially saturate unsaturated bonds in the lipid,
interesterifying the biomass to generate a mixture-ef glycerolipids having a modified
arrangement of fatty acid cosstituients refative to the lipid in the Karvested biomass,

hydroxylating the biomass to generate hydroxylated lipids, esterifying at least a portion of the
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hydroxylated lipids to generate estolides, hydrolyzing the biomass to generate free fatty acids
from the lipid.

20.  The method of claim 1, wherein step (¢} comprises:

(i) deoxygenation at elevated temperature in the presence of hydrogen in
the presence of a catalyst;

(11) isomerization in the presence of hydrogen in the presence of a catalyst;
and

(i)  removal of gases and naphtha compounds.

21.  The method of claim 1, wherein step (¢) comprises saponifying the
biomass to generate fatty acid salts from the lipid.

22 A composition containing more than one phase comprising: (a) a
lighter phase containing fatty acid alkyl esters; and at least one heavier phase containing
~ microbial biomass.

23.  The composition of claim 22, wherein the microbial biomass 1s
selected from the group consisting of the microalgae listed in Table 1, the oleaginous yeast
listed in Table 2, the fungi listed in Table 3.

24, | The composition of claim 23, wherein the amount of calcium and

magnesium combined by weight in the lightest phase is no greater than 5 parts per million,

T e e C e e e - e . -

wherein the amount of sulfur in the lightest phase is no greater than 15 parts per million,
wherein the amount of potassium and sodium combined by weight in the lightest phase is no
greater than 5 parts per million, and/or wherein the total carotenoid content of the lightest
phase is no greater than 100 micrograms of carotenoid per gram.

25. A composition containing more than one phase selected from the group
of compositions comprising: a composition having a lighter phase containing completely
saturated lipids and at least one heavier phase containing microbial biomass; a composition |
having a lighter phase containing lipids and at least one heavier phase containing microbial
biomass from more than one species or strain; a composition having a lighter phase
containing hydroxylated lipids and at least one heavier phase containing microbial biomass;
and a composition having a lighter phase containing free fatty acids and a heavier phase
containing microbial biomass.

26. A method of making a soap, comprising:

(a) culturing a population of microbes;
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(b}  harvesting microbial biomass, wherein the biomass 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.

27.  The method of claim 26, further comprising substantially separating
the fatty acid salts from other components of the biomass.

28.  The method of claim 26, wherein the microbes are selected from the
group consisting of the microalgae listed in Table 1, the oleaginous yeast listed in Table 2,
and the fungi listed in Table 3.

29.  The method of claim 26, wherein two distinct strains or species of
microbes are separately cultured and biomass from both cultures is mixed prior to step (¢).

30. The method of claim 29, wherein at least two of the distinct strains of
microbes have different glycerolipid profiles.

31. A composition comprising saponified oil derived from the alkaline
hydrolysis of biomass or extracted oil produced by culturing a population of microbes.

32.  The composition of claim 31, wherein the composition further
comprises af least one oil selected from soy, rapeseed, canola, palm, palm kernel, coconut,
COTTL, WHSES VOREGLEULIT, LWHUITIT LALUW, WIEY i, SULLLIU VY bl y WULLULL OVAAE WELSIUa L Aty Lmvrs it 11y
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, pium poppy, castor beans, pecan, jojoba, jatropha,
macadamia, Brazil nuts, avocado, a fossil oil or a distillate fraction thereof, and optionally
one or more additives selected from the group consisting of essential otls, 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, saits, sugars, vegetable oils, waxes, glycerin, sea vegetables, nutritive oils,
moisturizing oils, vegetable butters, propylene glycol, parabens, honey, bees wazx, aloe,
polysorbate, comstarch, cocoa powder, coral powder, humectants, gums, emulsifying agents,

and thickeners.
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33,  The composition of claim 31, wherein the microbes are selected from
the group consisting of bacteria, cyanobacteria, eukaryotic microalgae, oleaginous yeast and
fungi.

34.  The composition of claim 33, wherein the microbes are a species of the
genus Chlorella, Parachlorella or Prototheca.

35. The composition of claim 31, wherein the biomass or extracted oil
comprises a mixture of biomass or a mixture of extracted oils from two distinct sirains or
species of microbes that have been separately cultured.

36. The composition of claim 35, wherein at least two of the distinct
strains of microbes have different glycerolipid profiles.

37.  The composition of claim 31, wherein components derived from the
biomass or extracted oil constitute at least 50% of the composition’s total mass.

38.  The composition of claim 31, comprising less than 50 micrograms
carotenoid per gram of saponified oil.

39.  The composition of claim 31, wherein the saponified oil is saponified
from fatty acid esters comprising at least 10% C16.

40.  The composition of claim 31, comprising less than 0.1mg/kg
chiorophvli.

“1. A GOUBLAUDILULL WAL LOLLLE, WAk \ba LA ts (v iarns 43 wraas akas v wma ey e o
the oil contains less than 0.01 mg/kg ch10r0phyi1.

42.  The composition of claim 41, wherein the microalgae is of the genus

Prototheca.
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SEQUENCE LISTING
SEQ ID NO:1
SZ02613
TGTTGAAGAATGAGCCGGCGAC

SEQ ID NO:2
$202615
CAGTGAGCTATTACGCACTC

SEQ ID NO:3

UTEX 23
TGTTGAAGAATGAGCCGGCGACTTAGAAAACGTGGCAAGGTTAAGGAAAC
GTATCCGGAGCCGAAGCGAAAGCAAGTCTGAACAGGGCGATTAAGTCATT
TTTTCTAGACCCGAACCCGGGTGATCTAACCATGACCAGGATGAAGCTTG
GGTGACACCAAGTGAAGGTCCGAACCGACCGATGTTGAAAAATCGGCGGA
TGAGTTGTGGTTAGCGGTGAAATACCAGTCGAACTCGGAGCTAGCTGGTT
CTCCCCGAAATGCGTTGAGGCGCAGCGGTTCATAAGGCTGTCTAGGGGTA
AAGCACTGTTTCGGTGCGGGCTGCGAAAGCGGTACCAAATCGTGGCAAAC

GCTTCATCGTCGAGAGGGAAACAGCCCAGATCACTAGCTAAGGCCCCAAA
ATGATCGTTAAGTGACAAAGGAGGTGAGAATGCAGAAACAACCAGGAGGT
TTGCTTAGAAGCAGCCACCCTTTAAAGAGTGCGTAATAGCTCACTG

SEQ ID NO:4

UTEX 249, UTEX 250, UTEX 256, UTEX 264, UTEX 411, CCAP 211/17 and CCAP
211/8d
TGTTGAAGAATGAGCCGGCGACTTAGAAAAAGTGGCGTGGTTAAGGAAAA
ATTCCGAAGCCTTAGCGAAAGCGAGTCTGAATAGGGCGATCAAATATTTT
AATATTTACAATTTAGTCATTTTTTCTAGACCCGAACCCGGGTGATCTAA
CCATGACCAGGATGAAACTTGGGTGATACCAAGTGAAGGTCCGAACCGAC
CGATGTTGAAAAATCGGCGGATGAGTTGTGGTTAGCGGTGAAATACCAGT
CGAACCCGGAGCTAGCTGGTTCTCCCCGAAATGCGTTGAGGCGCAGCAGT
ACATCTAGTCTATCTAGGGGTAAAGCACTGTTTCGGTGCGGGCTGTGAAA
ACGGTACCAAATCGTGGCAAACTCTGAATACTAGAAATGACGGTGTAGTA




GTGAGACTGTGGGGGATAAGCTCCATTGTCAAGAGGGAAACAGCCCAGAC
CACCAGCTAAGGCCCCAAAATGGTAATGTAGTGACAAAGGAGGTGAAAAT
GCAAACACAACCAGGAGGTTGGCTTAGAAGCAGCCATCCTTITAAAGAGTG

CGTAATAGCTCACTG

SEQ ID NO:5

Prototheca moriformis UTEX 1436
TGTTGAAGAATGAGCCGGCGACTTAGAAAAGGTGGCATGGTTAAGGAAATATTC
CGAAGCCGTAGCAAAAGCGAGTCTGAATAGGGCGATAAAATATATTAATATTTA
GAATCTAGTCATTITTTCTAGACCCGAACCCGGGTGATCTAACCATGACCAGGAT
GAAGCTTGGGTGATACCAAGTGAAGGTCCGAACCGACCGATGTTGAAAAATCGG
CGGATGAGTTGTGGTTAGCGGTGAAATACCAGTCGAACCCGGAGCTAGCTGGTT
CTCCCCGAAATGCGTTGAGGCGCAGCAGTACATCTAGTCTATCTAGGGGTAAAGC
ACTGTTTCGGTGCGGGCTGTGAGAACGGTACCAAATCGTGGCAAACTCTGAATAC
TAGAAATGACGATGTAGTAGTGAGACTGTGGGGGATAAGCTCCATTGTCAAGAG
GGAAACAGCCCAGACCACCAGCTAAGGCCCCAAAATGGTAATGTAGTGACAAAG
GAGGTGAAAATGCAAATACAACCAGGAGGTTGGCTTAGAAGCAGCCATCCTTTA
AAGAGTGCGTAATAGCTCACTG

SEQ ID NO:6

UTEX 1435, 1437, 1439
TGTTGAAGAATGAGCCGGCGACTTAAAATAAATGGCAGGCTAAGAGAATTAATA
ACTCGAAACCTAAGCGAAAGCAAGTCTTAATAGGGCGCTAATTTAACAAAACAT
TAAATAAAATCTAAAGTCATTTATTTTAGACCCGAACCTGAGTGATCTAACCATG
GTCAGGATGAAACTTGGGTGACACCAAGTGGAAGTCCGAACCGACCGATGTTGA
AAAATCGGCGGATGAACTGTGGTTAGTGGTGAAATACCAGTCGAACTCAGAGCT
AGCTGGTTCTCCCCGAAATGCGTTGAGGCGCAGCAATATATCTCGTCTATCTAGG
GGTAAAGCACTGTTTCGGTGCGGGCTATGAAAATGGTACCAAATCGTGGCAAAC
TCTGAATACTAGAAATGACGATATATTAGTGAGACTATGGGGGATAAGCTCCAT
AGTCGAGAGGGAAACAGCCCAGACCACCAGTTAAGGCCCCAAAATGATAATGAA
GTGGTAAAGGAGGTGAAAATGCAAATACAACCAGGAGGTTGGCTTAGAAGCAGC
CATCCTTTAAAGAGTGCGTAATAGCTCACTG




SEQ ID NO:7
TGTTGAAGAATGAGCCGGCGACTTAGAAAAAGTGGCGTGGTTAAGGAAAAATTC
CGAAGCCTTAGCGAAAGCGAGTCTGAATAGGGCGATCAAATATTTTAATATTTAC
AATTTAGTCATTITTTTCTAGACCCGAACCCGGGTGATCTAACCATGACCAGGATG
AAACTTGGGTCGATACCAAGTGAAGGTCCGAACCCGACCGATGTTGAAAAATCGGC
GGATGAGTTGTGGTTAGCGGTGAAATACCAGTCGAACCCGGAGCTAGCTGGTICT
CCCCGAAATGCGTTGAGGCGCAGCAGTACATCTAGTCTATCTAGGGGTAAAGCA
CTGTTTCGGTGCGGGCTGTGAAAACGGTACCAAATCGTGGCAAACTCTGAATACT
AGAAATGACGGTGTAGTAGTGAGACTGTGGGGGATAAGCTCCATTGTCAAGAGG
GAAACAGCCCAGACCACCAGCTAAGGCCCCAAAATGGTAATGTAGTGACAAAGG
AGGTGAAAATGCAAACACAACCAGGAGGTTGGCTTAGAAGCAGCCATCCTTTAA
AGAGTGCGTAATAGCTCACTG

SEQ ID NG:8
TGTTGAAGAATGAGCCGGCGACTTAGAAAACGTGGCAAGGTTAAGGAAACGTAT
CCGGAGCCGAAGCGAAAGCAAGTCTGAACAGGGCGATTAAGTCATTTTTTICTAG
ACCCGAACCCGGGTGATCTAACCATGACCAGGATGAAGCTTGGGTGACACCAAG
TGAAGGTCCGAACCGACCGATGTTGAAAAATCGGCGGATGAGTTGTGGTTAGCG
GCAGCGGTTCATAAGGCTGTCTAGGGGTAAAGCACTGTTTICGGTGCGGGLUTGCG
AAAGCGGTACCAAATCGTGGCAAACTCTGAATACTAGATATGCTATTTATGGGCC
AGTGAGACGGTGGGGGATAAGCTTCATCGTCGAGAGGGAAACAGCCCAGATCAC
TAGCTAAGGCCCCAAAATGATCGTTAAGTGACAAAGGAGGTGAGAATGCAGAAA
CAACCAGGAGGTTTGCTTAGAAGCAGCCACCCTTTAAAGAGTGCGTAATAGCTC
ACTG

SEQ ID NO:9
TGTTGAAGAATGAGCCGGCGACTTAGAAAAAGTGGCGTGGTTAAGGAAAAATTC
CGAAGCCTTAGCGAAAGCGAGTCTGAATAGGGCGATCAAATATTTTAATATTITAC
AATTTAGTCATTTTTTCTAGACCCGAACCCGGGTGATCTAACCATGACCAGGATG
AAACTTGGGTGATACCAAGTGAAGGTCCGAACCGACCGATGTTGAAAAATCGGC
GGATGAGTTGTGGTTAGCGGTGAAATACCAGTCGAACCCGGAGCTAGCTGGTICT
CCCCGAAATGCGTTGAGGCGCAGCAGTACATCTAGTCTATCTAGGGGTAAAGCA



CTGTTTCGGTGCGGGCTGTGAAAACGGTACCAAATCGTGGCAAACTCTGAATACT
AGAAATGACGGTGTAGTAGTGAGACTGTGGGGGATAAGCTCCATTGTCAAGAGG

GAAACAGCCCAGACCACCAGCTAAGGCCCCAAAATGGTAATGTAGTGACAAAGG
AGGTGAAAATGCAAACACAACCAGGAGGTTGGCTTAGAAGCAGCCATCCTTTAA

AGAGTGCGTAATAGCTCACTG

SEQ ID NO:10
TGTTGAAGAATGAGCCGGCGACTTAGAAAAAGTGGCGTGGTTAAGGAAAAATTC
CGAAGCCTTAGCGAAAGCGAGTCTGAATAGGGCGATCAAATATTTITAATATTTAC
AATTTAGTCATTTTTTCTAGACCCGAACCCGGGTCATCTAACCATGACCAGGATG
AAACTTGGGTGATACCAAGTGAAGGTCCGAACCGACCGATGTTGAAAAATCGGC
GGATGAGTTGTGGTTAGCGGTGAAATACCAGTCGAACCCGGAGCTAGCTGGTTCT
CCCCGAAATGCGTTGAGGCGCAGCAGTACATCTAGTCTATCTAGGGGTAAAGCA
CTGTTTCGGTGCGGGCTGTGAAAACGGTACCAAATCGTGGCAAACTCTGAATACT
AGAAATGACGGTGTAGTAGTGAGACTGTGGGGGATAAGCTCCATTGTCAAGAGG
GAAACAGCCCAGACCACCAGCTAAGGCCCCAAAATGGTAATGTAGTGACAAAGG
AGGTGAAAATGCAAACACAACCAGGAGGTTGGCTTAGAAGCA GCCATCCTTTAA
AGAGTGCGTAATAGCTCACTG

SEQ ID NO:11
TGTTGAAGAATGAGCCGGCGACTTAGAAGAAGTGGCTTGGTTAAGGATAACTAT
CCGGAGCCAGAGCGAAAGCAAGTCTGAATAGGGCGCTTAAAGGTCACTTTTTCT
AGACCCGAACCCGGGTGATCTAACCATGACCAGGATGAAGCTTGGGTAACACCA
CGTGAAGGTCCGAACCGACCGATGTTGAAAAATCGGCGGATGAGTTGTGGTTAG
CGGTGAAATACCAATCGAACTCGGAGCTAGCTGGTTCTCCCCGAAATGCGTTGAG
GCGCAGCGGTTTATGAGGCTGTCTAGGGGTAAAGCACTGTTTCGGTGCGGGCTGE
GAAAGCGGTACCAAATCGTGGCAAACTCTGAATACTAGATATGCTATTCATGAG
CCAGTGAGACGGTGGGGGATAAGCTTCATCGTCAAGAGGGAAACAGCCCAGATC
ACCAGCTAAGGCCCCAAAATGGTCGTTAAGTGGCAAAGGAGGTGAGAATGCTGA
AACAACCAGGAGGTTTGCTTAGAAGCAGCCACCCTTTAAAGAGTGCGTAATAGC
TCACTG

SEQ ID NO:12



TCTTGAAGAATGAGCCGGCGACTTAGAAGAAGTGGCTTGGTTAAGGATAACTAT
CCGGAGCCAGAGCGAAAGCAAGTCTGAATAGGGCGCTTAAAGGTCACTTTTTCT
AGACCCGAACCCGGGTGATCTAACCATGACCAGGATGAAGCTTGGGTAACACCA
CGTGAAGGTCCGAACCGACCGATGTTGAAAAATCGGCGGATGAGTTGTGGTTAG
CGGTGAAATACCAATCGAACTCGGAGCTAGCTGGTTCTCCCCGAAATGCUGTTGAG
GCGCAGCGGTTITATGAGGCTGTCTAGGGGTAAAGCACTGTTTCGGTGCGGGCTGC
GAAAGCGGTACCAAATCGTGGCAAACTCTGAATACTAGATATGCTATTCATGAG
CCAGTGAGACGGTGGGGGATAAGCTTCATCGTCAAGAGGGAAACAGCCCAGATC
ACCAGCTAAGGCCCCAAAATGGTCGTTAAGTGGCAAAGGAGGTGAGAATGCTGA
AACAACCAGGAGGTTTGCTTAGAAGCAGCCACCCTTTAAAGAGTGCGTAATAGC
TCACTG

SEQ ID NO:13
TGTTGAAGAATGAGCCGGCGACTTAGAAGAAGTGGCTTGGTTAAGGATAACTAT
CCGGAGCCAGAGCGAAAGCAAGTCTGAATAGGGCGCTTAAAGGTCACTTTTTCT
AGACCCGAACCCGGGTGATCTAACCATGACCAGGATGAAGCTTGGGTAACACCA
CGTGAAGGTCCGAACCGACCGATGTTGAAAAATCGGCGGATGAGTTGTGGTTAG
CGGTGAAATACCAATCGAACTCGGAGCTAGCTGGTTCTCCCCGAAATGCGTTGAG
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GAAAGCGGTACCAAATCGTGGCAAACTCTGAATACTAGATATGCTATTCATGAG
CCAGTGAGACGGTGGGGGATAAGCTTCATCGTCAAGAGGGAAACAGCCCAGATC
ACCAGCTAAGGCCCCAAAATGGTCGTTAAGTGGCAAAGGAGGTGAGAATGCTGA
AACAACCAGGAGGTTTGCTTAGAAGCAGCCACCCTTTAAAGAG?GCGTAATAGC
TCACTG

SEQ ID NO:14

TGTTCGAAGAATGAGCCGGCGACTTAGAAGAAGTGGCTTGGTTAAGGATAACTAT
CCGGAGCCAGAGCGAAAGCAAGTCTGAATAGGGCGCTTAAAGGTCACTTTTICT
AGACCCGAACCCGGGTGATCTAACCATGACCAGGATGAAGCTTGGGTAACACCA
CGTGAAGGTCCGAACCGACCGATGTTGAAAAATCGGCGGATCGAGTTGTGGTTAG
CGGTGAAATACCAATCGAACTCGGAGCTAGCTGGTTCTCCCCGAAATGCGTTGAG
GCGCAGCGGTTTATGAGGCTGTCTAGGGGTAAAGCACTGTTTCGGTGCGGGCTGC
GAAAGCGGTACCAAATCGTGGCAAACTCTGAATACTAGATATGCTATTCATGAG



CCAGTGAGACGGTGGGGGATAAGCTTCATCGTCAAGAGGGAAACAGCCCAGATC
ACCAGCTAAGGCCCCAAAATGGTCGTTAAGTGGCAAAGGAGGTGAGAATGCTGA
AACAACCAGGAGGTTTGCTTAGAAGCAGCCACCCTTTAAAGAGTGCGTAATAGC
TCACTG

SEQ ID NO:15
TGTTGAAGAATGAGCCGGCGACTTAGAAAAAGTGGCGTGGTTAAGGAAAAATTC
CGAAGCCTTAGCGAAAGCGAGTCTGAATAGGGCGATCAAATATTTTAATATTTAC
AATTTAGTCATTTTTTCTAGACCCGAACCCGGGTGATCTAACCATGACCAGGATG
AAACTTGGGTGATACCAAGTGAAGGTCCGAACCGACCGATGTTGAAAAATCGGC
GGATGAGTTGTGGTTAGCGGTGAAATACCAGTCGAACCCGGAGCTAGCTGGTTCT
CCCCGAAATGCGTTGAGGCGCAGCAGTACATCTAGTCTATCTAGGGGTAAAGCA
CTGTTTCGGTGCGGGCTGTGAAAACGGTACCAAATCGTGGCAAACTCTGAATACT
AGAAATGACGGTGTAGTAGTGAGACTGTGGGGGATAAGCTCCATTGTCAAGAGG
GAAACAGCCCAGACCACCAGCTAAGGCCCCAAAATGGTAATGTAGTGACAAAGG
AGGTGAAAATGCAAACACAACCAGGAGGTTGGCTTAGAAGCAGCCATCCTTTAA
AGAGTGCGTAATAGCTCACTG

WIRINGS RS L WS &R

TGTTGAAGAATGAGCCGGCGAGTTAAAAAAAATGGCATGGTTAAAGATATTTCT
CTGAAGCCATAGCGAAAGCAAGTTTTACAAGCTATAGTCATTTTTITTAGACCCG
AAACCGAGTGATCTACCCATGATCAGGGTGAAGTGTTGGTCAAATAACATGGAG
GCCCGAACCGACTAATGGTGAAAAATTAGCGGATGAATTGTGGGTAGGGGCGAA
AAACCAATCGAACTCGGAGTTAGCTGGTTCTCCCCGAAATGCGTTTAGGCGCAGC
AGTAGCAACACAAATAGAGGGGTAAAGCACTGTTTCTTTTGTGGGCTTCGAAAGT
TGTACCTCAAAGTGGCAAACTCTGAATACTCTATTTAGATATCTACTAGTGAGAC
CTTGGGGGATAAGCTCCTTGGTCAAAAGGGAAACAGCCCAGATCACCAGTTAAG
GCCCCAAAATGAAAATGATAGTGACTAAGGACGTGAGTATGTCAAAACCTCCAG
CAGGTTAGCTTAGAAGCAGCAATCCTTTCAAGAGTGCGTAATAGCTCACTG

SEQ ID NO:17
TGTTGAAGAATGAGCCGGCGACTTAAAATAAATGGCAGGCTAAGAGAATTAATA
ACTCGAAACCTAAGCGAAAGCAAGTCTTAATAGGGCGCTAATTTAACAAAACAT



TAAATAAAATCTAAAGTCATTTATTTTAGACCCGAACCTGAGTGATCTAACCATG
GTCAGGATGAAACTTGGGTGACACCAAGTGGAAGTCCGAACCGACCGATGTTGA
AAAATCGGCGGATGAACTGTGGTTAGTGGTGAAATACCAGTCGAACTCAGAGCT
AGCTGGTTCTCCCCGAAATGCGTTGAGGCGCAGCAATATATCTCGTCTATCTAGG
GGTAAAGCACTGTTTCGGTGCGGGCTATGAAAATGGTACCAAATCGTGGCAAAC
TCTGAATACTAGAAATGACGATATATTAGTGAGACTATGGGGGATAAGCTCCAT
AGTCGAGAGGGAAACAGCCCAGACCACCAGTTAAGGCCCCAAAATGATAATGAA
GTGGTAAAGGAGGTGAAAATGCAAATACAACCAGGAGGTTGGCTTAGAAGCAGC
CATCCTTTAAAGAGTGCGTAATAGCTCACTG

SEQ ID NO:18

TGTTGAAGAATGAGCCGGCGACTTAAAATAAATGGCAGGCTAAGAGAATTAATA
ACTCGAAACCTAAGCGAAAGCAAGTCTTAATAGGGCGCTAATTTAACAAAACAT
TAAATAAAATCTAAAGTCATTTATTTTAGACCCGAACCTGAGTGATCTAACCATG
GTCAGGATGAAACTTGGGTGACACCAAGTGGAAGTCCGAACCGACCGATGTTGA
AAAATCGGCGGATGAACTGTGGTTAGTGGTGAAATACCAGTCGAACTCAGAGCT
AGCTGGTTCTCCCCGAAATGCGTTGAGGCGCAGCAATATATCTCGTCTATCTAGG
GGTAAAGCACTGTTTCGGTGCGGGCTATGAAAATGGTACCAAATCGTGGCAAAC
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AGTCGAGAGGGAAACAGCCCAGACCACCAGTTAAGGCCCCAAAATGATAATGAA
GTGGTAAAGGAGGTGAAAATGCAAATACAACCAGGAGGTTGGCTTAGAAGCAGC
CATCCTTTAAAGAGTGCGTAATAGCTCACTG

SEQ ID NO:19
TGTTGAAGAATGAGCCGGCGACTTAGAAAAAGTGGCGTGGTTAAGGAAAAATTC
CGAAGCCTTAGCGAAAGCGAGTCTGAATAGGGCGATCAAATATTTTAATATTTAC
AATTTAGTCATTTTTTCTAGACCCGAACCCGGGTGATCTAACCATGACCAGGATG
AAACTTGGGTGATACCAAGTGAAGGTCCGAACCGACCGATGTTGAAAAATCGGC
GGATGAGTTGTGGTTAGCGGTGAAATACCAGTCGAACCCGGAGCTAGCTGGTTCT
CCCCGAAATGCGTTGAGGCGCAGCAGTACATCTAGTCTATCTAGGGGTAAAGCA
CTGTTTCGGTGCGGGCTGTGAAAACGGTACCAAATCGTGGCAAACTCTGAATACT
AGAAATGACGGTGTAGTAGTGAGACTGTGGGGGATAAGCTCCATTGTCAAGAGG
GAAACAGCCCAGACCACCAGCTAAGGCCCCAAAATGGTAATGTAGTGACAAAGG




AGGTGAAAATGCAAACACAACCAGGAGGTTGGCTTAGAAGCAGCCATCCTTTAA
AGAGTGCGTAATAGCTCACTG

SEQ ID NO:20
TGTTGAAGAATGAGCCGGCGACTTAGAAAAAGTGGCGTGGTTAAGGAAAAATTC
CGAAGCCTTAGCGAAAGCGAGTCTGAATAGGGCGATCAAATATTTTAATATTTAC
AATTTAGTCATTTTTTCTAGACCCGAACCCGGGTGATCTAACCATGACCAGGATG
AAACTTGGGTGATACCAAGTGAAGGTCCGAACCGACCGATGTTGAAAAATCGGC
GGATGAGTTGTGGTTAGCGGTGAAATACCAGTCGAACCCGGAGCTAGCTGGTTCT
CCCCGAAATGCGTTGAGGCGCAGCAGTACATCTAGTCTATCTAGGGGTAAAGCA
CTGTTTCGGTGCGGGCTGTGAAAACGGTACCAAATCGTGGCAAACTCTGAATACT
AGAAATGACGGTGTAGTAGTGAGACTGTGGGGGATAAGCTCCATTGTCAAGAGG
GAAACAGCCCAGACCACCAGCTAAGGCCCCAAAATGGTAATGTAGTGACAAAGG
AGGTGAAAATGCAAACACAACCAGGAGGTTGGCTTAGAAGCAGCCATCCTTTAA
AGAGTGCGTAATAGCTCACTG

SEQ ID NO:21
TGTTGAAGAATGAGCCGGCGACTTAGAAAACGTGGCAAGGTTAAGGACATGTAT
ACCCGAACCCGGGTGATCTAACCATGACCAGGATGAAGCTTGGGTGACACCAAG
TGAAGGTCCGAACCGACCGATGTTGAAAAATCGGCGGATGAGTTGTGGTTAGCG
GTGAAATACCAGTCGAACTCGGAGCTAGCTGGTTCTCCCCGAAATGCGTTGAGGC
GCAGCGGTTCATAAGGCTGTCTAGGGGTAAAGCACTGTTTCGGTGCGGGCTGCG
AAAGCGGTACCAAATCGTGGCAAACTCTGAATACTAGATATGCTATTITATGAGCC
AGTGAGACGGTGGGGGATAAGCTTCATCGTCGAGAGGGAAACAGCCCAGATCAC
TAGCTAAGGCCCCTAAATGATCGTTAAGTGACAAAGGAGGTGAGAATGCAGAAA
CAACCAGGAGGTTTGCTTAGAAGCAGCCACCCTTTAAAGAGTGCGTAATAGCTC
ACTG

SEQ ID NO:22
TGTTGAAGAATGAGCCGGCGACTTATAGGAAGTGGCAGGGTTAAGGAAGAATCT
CCGGAGCCCAAGCGAAAGCGAGTCTGAAAAGGGCGATTTGGTCACTICTTATGG
ACCCGAACCTGGATGATCTAATCATGGCCAAGTTGAAGCATGGGTAACACTATGT



CGAGGACTGAACCCACCGATGTTGAAAAATCGGGGGATGAGCTGTCGATTAGCGG
TGAAATTCCAATCGAATTCAGAGCTAGCTGGATCTCCCCGAAATGCGTTGAGGCG
CAGCGGCGACGATGTCCTGTCTAAGGGTAGAGCGACTGTTTCGGTGCGGGCTGC
GAAAGCGGTACCAAGTCGTGGCAAACTCCGAATATTAGGCAAAGGATTCCGTGA
GCCAGTGAGACTGTGGGGGATAAGCTTCATAGTCAAGAGGGAAACAGCCCAGAC
CATCAGCTAAGGCCCCTAAATGGCTGCTAAGTGGAAAAGGATGTGAGAATGCTG
AAACAACCAGGAGGTTCGCTTAGAAGCAGCTATTCCTTGAAAGAGTGCGTAATA
GCTCACTG

SEQ ID NO:23
TGTTGAAGAATGAGCCGGCGACTTAGAAGAAGTGGCTTGGTTAAGGATAACTAT
CCGGAGCCAGAGCGAAAGCAAGTCTGAATAGGGCGCTTAAAGGTCACTTTTTCT
AGACCCGAACCCGGGTGATCTAACCATGACCAGGATGAAGCTTGGGTAACACCA
CGTGAAGGTCCGAACCGACCGATGTTGAAAAATCGGCGGATGAGTTGTGGTTAG
CGGTGAAATACCAATCGAACTCGGAGCTAGCTGGTTCTCCCCGAAATGCGTTGAG
GCGCAGCGGTTTATGAGGCTGTCTAGGGGTAAAGCACTGTTTCGGTGCGGGCTGC
GAAAGCGGTACCAAATCGTGGCAAACTCTGAATACTAGATATGCTATTCATGAG
CCAGTGAGACGGTGGGGGATAAGCTTCATCGTCAAGAGGGAAACAGCCCAGATC
AACAACCAGGAGGTTTGCTTAGAAGCAGCCACCCTTTAAAGAGTGCGTAATAGC
TCACTG

SEQ ID NO:24
TGTTGAAGAATGAGCCGGCGACTTATAGGGGGTGGCGTGGTTAAGGAAGTAATC
CGAAGCCAAAGCGAAAGCAAGTTTTCAATAGAGCGATTTTGTCACCCCTTATGGA
CCCGAACCCGGGTGATCTAACCTTGACCAGGATGAAGCTTGGGTAACACCAAGT
GAAGGTCCGAACTCATCGATCTTGAAAAATCGTGGGATGAGTTGGGGTTAGTTG
GTTAAATGCTAATCGAACTCGGAGCTAGCTGGTTCTCCCCGAAATGTGTTGAGGC
GCAGCGATTAACGAAATATTTTGTACGGTTTAGGGGTAAAGCACTGTTTCGGTGC
GGGCTGCGAAAGCGGTACCAAATCGTGGCAAACTCTGAATACTAAGCCTGTATA
CCGTTAGTCAGTGAGAGTATAGGGGATAAGCTCTATACTCAAGAGGGAAACAGC
CCAGATCACCAGCTAAGGCCCCAAAATGACAGCTAAGTGGCAAAGGAGGTGAAA



GTGCAGAAACAACCAGGAGGTTCGCTTAGAAGCAGCAACCCTTTAAAGAGTGCG
TAATAGCTCACTG

SEQ ID NO:25
TGTTGAAGAATGAGCCGGCGACTTAGAAGAAGTGGCTTGGTTAAGGATAACTAT
CCGGAGCCAGAGCGAAAGCAAGTCTGAATAGGGCGCTTAAAGGTCACTTTTTCT
AGACCCGAACCCGGGTGATCTAACCATGACCAGGATGAAGCTTGGGTAACACCA
CGTGAAGGTCCGAACCGACCGATGTTGAAAAATCGGCGGATGAGTTGTGGTTAG
CGGTGAAATACCAATCGAACTCGGAGCTAGCTGGTTCTCCCCGAAATGCGTTGAG
GCGCAGCGGTTTATGAGGCTGTCTAGGGGTAAAGCACTGTTTCGGTGCGGGCTGE
GAAAGCGGTACCAAATCGTGGCAAACTCTGAATACTAGATATGCTATTCATGAG
CCAGTGAGACGGTGGGGGATAAGCTTCATCGTCAAGAGGGAAACAGCCCAGATC
ACCAGCTAAGGCCCCAAAATGGTCGTTAAGTGGCAAAGGAGGTGAGAATGCTGA
AACAACCAGGAGGTTTGCTTAGAAGCAGCCACCCTTTAAAGAGTGCGTAATAGC
TCACTG

SEQ ID NO:26
TGTTGAAGAATGAGCCGGCGACTTAGAAAAAGTGGCGTGGTTAAGGAAAAATTC
AATTTAGTCATTTTTTCTAGACCCGAACCCGGGTGATCTAACCATGACCAGGATG
AAACTTGGGTGATACCAAGTGAAGGTCCGAACCGACCGATGTTGAAAAATCGGC
GGATCGAGTTGTGGTTAGCGGTGAAATACCAGTCGAACCCGGAGCTAGCTGGTTCT
CCCCGAAATGCGTTGAGGCGCAGCAGTACATCTAGTCTATCTAGGGGTAAAGCA
CTGTTTCGGTGCGGGCTGTGAAAACGGTACCAAATCGTGGCAAACTCTGAATACT
AGAAATGACGGTGTAGTAGTGAGACTGTGGGGGATAAGCTCCATTGTCAAGAGG
GAAACAGCCCAGACCACCAGCTAAGGCCCCAAAATGGTAATGTAGTGACAAAGG
AGGTGAAAATGCAAACACAACCAGGAGGTTGGCTTAGAAGCAGCCATCCTTTAA
AGAGTGCGTAATAGCTCACTG

SEQ ID NO:27

TGTTGAAGAATGAGCCGGCGACTTATAGGGGGTGGCTTGGTTAAGGACTACAAT
CCGAAGCCCAAGCGAAAGCAAGTTTGAAGTGTACACACATTGTGTGTCTAGAGC
GATTTTGTCACTCCTTATGGACCCGAACCCGGGTGATCTATTCATGGCCAGGATG
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AAGCTTGGGTAACACCAAGTGAAGGTCCGAACTCATCGATGTTGAAAAATCGTG
GGATGAGTTGTGAATAGGGGTGAAATGCCAATCGAACTCGGAGCTAGCTGGTTC
TCCCCGAAATGTGTTGAGGCGCAGCGATTCACGATCTAAAGTACGGTTTAGGGGT
AAAGCACTGTTTCGGTGCGGGCTGTTAACGCGGTACCAAATCGTGGCAAACTAA
GAATACTAAACTTGTATGCCGTGAATCAGTGAGACTAAGAGGGATAAGCTTCTTA
GTCAAGAGGGAAACAGCCCAGATCACCAGCTAAGGCCCCAAAATGACAGCTAAG
TGGCAAAGGAGGTGAGAGTGCAGAAACAACCAGGAGGTTTGCTTAGAAGCAGCC
ATCCTTTAAAGAGTGCGTAATAGCTCACTG

SEQ ID NO:28
TGTTGAAGAATGAGCCGGCGACTTATAGGGGGTGGCTTGGTTAAGGACTACAAT
CCGAAGCCCAAGCGAAAGCAAGTTTGAAGTGTACACACGTTGTGTGTCTAGAGC
GATTTTGTCACTCCTTATGGACCCGAACCCGGGTGATCTATTCATGGCCAGGATG
AAGCTTGGGTAACACCAAGTGAAGGTCCGAACTCATCGATGTTGAAAAATCGTG
GGATGAGTTGTGAATAGGGGTGAAATGCCAATCGAACTCGGAGCTAGCTGGTTC
TCCCCGAAATGTGTTGAGGCGCAGCGATTCACGATCTAAAGTACGGTTTAGGGGT
AAAGCACTGTTTCGGTGCGGGCTGTTAACGCGGTACCAAATCGTGGCAAACTAA
GAATACTAAACTTGTATGCCGTGAATCAGTGAGACTAAGAGGGATAAGCTTCTTA
TGGCAAAGGAGGTGAGAGTGCAGAAACAACCAGGAGGTTTGCTTAGAAGCAGCC
ATCCTTTAAAGAGTGCGTAATAGCTCACTG

SEQ ID NG:29
TGTTGAAGAATGAGCCGGCGACTTATAGGGGGTGGCTTGGTTAAGGACTACAAT
CCGAAGCCCAAGCGAAAGCAAGTTTGAAGTGTACACACATTGTGTGTCTAGAGC
GATTTTGTCACTCCTTATGGACCCGAACCCGGGTGATCTATTCATGGCCAGGATG
AAGCTTGGGTAACACCAAGTGAAGGTCCGAACTCATCGATGTTGAAAAATCGTG
GGATGAGTTGTCGAATAGGGGTGAAATGCCAATCGAACTCGGAGCTAGCTGGTTC
TCCCCGAAATGTGTTGAGGCGCAGCGATTCACGATCTAAAGTACGGTTTAGGGGT
AAAGCACTGTTTCGGTGCGGGCTGTTAACGCGGTACCAAATCGTGGCAAACTAA
GAATACTAAACTTGTATOGCCGTGAATCAGTGAGACTAAGAGGGATAAGCTTCTTA
GTCAAGAGGGAAACAGCCCAGATCACCAGCTAAGGCCCCAAAATGACAGCTAAG
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TGGCAAAGGAGGTGAGAGTGCAGAAACAACCAGGAGGTTTGCTTAGAAGCAGCC
ATCCTTTAAAGAGTGCGTAATAGCTCACTG
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