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Chilorophyil Deficient Algal Cell with Improved Growth and Production

CROSS-REFERENCES TO RELATED APPLICATIONS
{0081} This application claims priority to U.S. Provisional Application No. 61/800,029, filed
March 15, 2013, and U.S. Provisional Application No. 61/800,1 14, filed March 15, 2013, the

contents of which arc hercby incorporated by reference in the entirety for ali purposes.

BACKGROUND OF THE INVENTION
{6082]  Algac, e.g., microalgac, arc photosynthetic organisms that convert light energy and
carbon dioxide into biomass including lipids, carbohydrates, and proteins. Marine algac strains
can have an oil content of 10-50%, (w/w) and produce a high percentage of total lipids (up to 30-
70% of dry weight) {Ward OP and Singh A, Process Biochem, 2005, 40(12):3627-3652).
Various algal straing can produce omega-3 polyunsaturated fatty acids, e.g., cicosapentacnoic
acid (EPA; C20:50-3) and docosahexacnoic acid (DHA; C22:6-03). For example, algac of the
genus Nannachloropsis arc abundant in EPA as well as the omega-7 fatty acid, palmitoleic acid
(C16:1n-7), and the ®-7 fatty acid, arachidonic acid (C20:4n-6) Algae are becoming an

increasing important source of nutritionally important omega-3 polyunsaturated fatty acids.

{0083} The composition of the fatty acids varics among the diffcrent algal strains. For
instance, it has been reported that Nannochloropsis spp. contains 26.7% {(percentage from total
fatty acids) EPA and DHA (Hu H and Gao K, Biotechnol Lett, 2003, 25(53:421-4285), while
Nannochloropsis oceania has 23.4% EPA (Patil et al., Aguac Int, 2007, 15(13:1-9) and
Nannochloropsis salina contains about 28% EPA (Van Wagenen ef al., Energies, 2012,

S(33:731-740),

[0084] The consumption of oruega-3 faity acids has been shown to prevent cardiovascular
disease, enhance brain function, and dimunish symptoms of inflammatory conditions such as
rheumatoid arthritis, Crohn’s disease, and ulcerative colitis. For instance, the EPA only
therapeutic formulation Vascepa' is approved for the treatment of hypertriglyeeridemia. There

15 a growing demand for algal-derived omega-3 EPA only compositions in the nutraceutical and
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pharmaccutical industry. Thus, it is desirable to cultivate algal strains such as those of the genus

Nannochioropsis for production of EPA and other compositions.

{6085]  Howover, it can be difficult to grow such microalgac at sufficient scale and with
sufficient productivity. For example, the biochemical steps of harvesting light energy and fixing
carbon dioxide into biomass can be saturated at high photon flux. Additionally, the light
harvesting pigmoents of an organism can absorb excess photons, thereby shading other
microalgae and preventing their light harvesting. Excess photon absorption may further limit
photosynthesis by causing photo-inhibition. The present invention addresses these and other

related needs by providing a novel algal cell

BRIEF SUMMARY OF THE INVENTION
{0086} The invention relates to chlorophyll deficicnt microalgae of the genus
Nannochloropsis, methods of gencrating such chlorophyll deficient algae, and methods of their

Use.

{60671 Ina first aspect, the present invention provides an isolated algal cell of the genus
Nannochloropsis, the algal cell having less chlorophyll content than a wild-type ccll, wherein the
algal ccll comprises at least onc polymorphism in comparison to a wild-type cell. In some
cmbodiments of the first aspect, the at least one polymorphism is selected from the group
consisting of the polymorphisms recited in SEQ ID NOS:1-51. In some embodiments of the first
aspect, the at least one polymorphism is at or near {e.g., within less than about 1 kb, 500 bp, 250
by, 100 bp, 50 bp, 25 bp, 20 bp, 10 bp, 53 bp, 4 bp, 3 bp, 2 bp, or at) a genomic region selected
from the group consisting of SEQ ID NOS:69-119. In some embodiments of the first aspect, the
at least one polymorphism is at or near {e.g., within less than about 1 kb, 500 bp, 250 bp, 100 bp,
30bp, 25 bp, 20 bp, 10 bp, 5 bp, 4 bp, 3 bp, 2 bp, or at} a genomic location selected from the
group consisting of any the mutation coordinates of Table 1. In some cases, the at least one
polymorphism is selected from the group consisting of SEQ 1D NOS:1-11. In some
embodiments of the first aspect, the isolated algal cell has less than about 10%, 15%, 20%, 25%,

309%, 35%, 40%, S0%, 60%, 70%, 80%, or 30% of the chlorophyl content of a wild-type cell.

{B068] Insome embodiments of the first aspect, the mRNA expression of 1, 2, 3, 4, or more

{e.g.,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, or 17} mRNASs selected from the group consisting of

&ty 9
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mRNAs at least partially encoded by SEQ 1D NOS:52-68 is less than about ¥4, /107, 1/50™,
1/100™, or 1/1000" of the expression of the mRNA in a wild-type cell. In some cases, the
mRNA expression compared to a wild-type algal cell is mRNA expression of log-phase cultures
in F2N2 media (e.g., mRNA expression of log-phase culturcs in F2ZN2 media of wild-type

compared to an algal cell of the invention).

{0089] In some embodiments of the first aspect, the algal cell exhibits a higher biomass
productivity as measured by grams of dry weight algal cclls per square meter per day when
grown in outdoor cultivation ponds as comparcd to a wild-type cell. In some cases, the algal cell
cxhibits at least a 5%, 10%, 15%, 20%, 25%, 30%. 35%., 40%, 50%, 60%, 65%, or morc higher
biomass productivity as measured by grams of dry weight algal cells per square meter per day
when grown in outdoor cultivation ponds as compared to a wild-type cell. In some cases, the
inereased productivity is provided in log-phase cultores in F2N2 media at between about 25-28

. D 4. . .
°C under about 300 umaol photons/m/s light intensity.

{0010} Insome cmbodiments of the first aspect, the algal cell contains at least about 3.9-5%
EPA per gram dry weight. The concentration of EPA as a proportion of total fatty acids can be
at least 5-15%, or 15-30%, higher than the wild-type cell. In some cases, the concentration of
EPA as a proportion of total fatty acids can be at least about 30%. In soroe cases, the algal cell
contains no, or substantially no, or less than about 8.5% Docosahexaenoic acid (DHA) per gram
dry weight. The algal cell can contain less than about 0.61% ARA per gram dry weight. Tn
some cases, the algal cell has an EPA/ARA mass ratio of greater than about 5:1. In some cases,
the algal cell has a Pmax at least 25%, 30%, 75%, 100%, 150%, 200% or more higher than the

Pmax of a wild-type algal cell grown under the same conditions.

[0011] Inasccond aspect, the present invention provides a culture of chlorophyll deficient
Nannochioropsis algal cells, wherein the cultare comprises a plurality of any one or more of the

foregoing algal cells.

[B012] In a third aspect, the present invention provides a composition coroprising dry whole
Nannochloropsis biomass, wherein the biomass comprises an algal cell of any one of the
preceding claims. In some embodiments of the second aspect, the composition has an EPA/ARA

ratio of greater than about 5:1.

(V8]
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{6013} In a fourth aspect, the present invention provides a process for obtaining a total algal o1l
rich in EPA, the process comprising: cultivating any one of the foregoing algal cells and isolating

the oil.

{0014} Ina fifth aspeet, the present invention provides an isolated chlorophyll deficient algal
cell having a polymorphism recited in any one of SEQ 1D NOS:i-11. In some embodiments, the
isolated chlorophyll deficient algal cell has any onc of the polymorphisms recited in SEQ 1D
WO, SEQ ID NO:2, SEQ ID NO:3, SEQ 1D NO:4, SEQ 1D NO:5, SEQ 1D NG:6, SEQ ID
NO:7, SEQ 1D NO:K, SEQ ID NG:9, SEQ D NO:10, or SEQ ID NO:11. In some embodiments,
the isolated chlorophyll deficicnt algal ccll has any two of the polymorphisis recited in SEQ 1D
NOS:1-11. In some cmbodiments, the isolated chlorophyli deficient algal cell has any three of
the polymorphisms recited in SEQ ID NOS:1-11. In some cmbodiments, the isolated
chlorophyll deficient algal cell has any four of the polymorphisms recited n SEQ ID NOS:1-1 1
In sorue embodiments, the solated chlorophyll deficient algal cell has any five of the
polymorphisms recited in SEQ ID NOS: 1-11. In some embodiments, the isolated chiorophyll
deficient algal cell has any six of the polymorphisms encoded by SEQ ID NOS: I-11. Insome
embodiments, the isolated chiorophyll deficient algal cell has any seven of the polymorphisms
recited in SEQ ID NOS:I-11. In some embodiments, the 1solated chlorophyll deficient algal cell
has any eight of the polymorphisis recited 1 SEQ ID NOS:1-11. Tn some embodiments, the
isolated chlorophyll deficient algal cell has any nine of the polyvmorphisms recited in SEQ ID
NOS:1-11. In some embodiments, the isolated chlorophyll deficient algal cell has any ten of the
polymorphisms recited in SEQ 1D NOS:1-11. In some embodiments, the isolated chiorophyll

deficient algal cell has all cleven of the polymorphisms recited in SEQ 1D NOS:1-11.

{B015] Inasixth aspect, the present invention provides an isolated chlorophyll deficient algal
cell having a yuutation shown in SEQ 1D NO:1. In a first embodiment of this aspect, the isolated
chlorophyll deficient algal cell can also have a mutation shown in SEQ ID NO:2, Inany of the
first embodiment or the sixth aspect, the isolated chlorophyll deficient algal cell can also have a
mutation shown in SEQ 1D NO:3. In any one of the foregoing, the isolated chlorophylt deficient
algal cell can also have a mutation shown in SEQ ID NO:4. In any one of the foregoing, the
isolated chlorophyll deficient algal cell can also have a mutation shown in SEQ 1D NG5, In any

one of the foregoing, the isolated chlorophyll deficient algal cell can also have a mutation shown
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in SEQ ID NG:6. In any one of the foregoing, the isolated chlorophyll deficient algal cell can
also have a mutation shown in SEQ ID NO7. In any one of the foregoing, the isolated
chlorophyll deficient algal cell can also have a mutation shown in SEQ 1D NO:S. In any onc of
the foregoing, the isolated chlorophyll deficient algal cell can also have a mutstion shown in
SEQ ID NO:9. In any onc of the forcgoing, the isolated chlorophyll deficient algal cell can also
have a mutation shown in SEQ 1D NO:10. In any onc of the foregoing, the isolated chlorophyll

deficient algal ccll can also have a mutation shown in SEQ 1D NO: 1 1.

{0016} In a scventh aspect, the present invention provides an isolated chlorophyll deficient
algal ccll having a mutation shown in SEQ ID NO:2. In a first cmbodiment of this aspect, the
isolated chlorophyll deficient algal cell can also have a mutation shown in SEQ ID NG:3. Inany
of the first embodiment or the seventh aspect, the isolated chlorophyll deficient algal cell can
also have a mutation shown in SEQ ID NO:4. In any oune of the foregoing, the isolated
chlorophyll deficient algal cell can also have a mutation shown in SEQ ID NO:5. In any one of
the foregoing, the 1solated chiorophyll deficient algal cell can also have a mutation shown in
SEQ ID NO:6. Inany one of the foregoing, the isolated chlorophyll deficient algal cell can also
have a mutation shown in SEQ ID NG:7. In any one of the foregoing, the isolated chiorophyll
deficient algal cell can also have a mutation shown in SEQ 1D NGO:8. To any one of the
foregoing, the isolated chlorophyll deficient algal cell can also have a mutation shown in SEQ 1D
N{:9. Inone any of the foregoing, the isolated chlorophyll deficient algal cell can also have a
mutation shown in SEQ ID NOG:10. In any one of the foregoing, the isolated chlorophyll

deficient algal cell can also have a mutation shown in SEQ 1D NO: 1 L

{B817]  In an cighth aspect, the present invention provides an isolated chlorophyvll deficient
algal cell having a mutation shown in SEQ 1D NG:3. In a first embodiment of this aspect, the
isolated chiorophyll deficient algal cell can also have a mutation shown in SEQ ID NOi4. Inany
of the first embodiment or the cighth aspect, the isolated chlorophyll deficient algal cell can also
have a mutation shown in SEQ ID NO:S. In any one of the foregoing, the isolated chiorophyll
deficient algal cell can also have a mutation shown in SEQ 1D NO:6. In any one of the
foregoing, the isolated chlorophyli deficient algal cell can also have a mtation shown in SEQ 1D
N7, Inany one of the foregoing, the isolated chilorophyll deficiont algal cell can also have a

mutation shown in SECQ ID NO:8. In anv onc of the foregoing, the isolated chlorophyll deficient

(92



10

i3

25

30

WO 2014/146133 PCT/US2014/031127

algal cell can also have a mutation shown in SE(} D NO:9. In any onc of the foregoing, the
isolated chlorophyll deficient algal cell can also have a mutation shown in SEQ D NO:10. In
any of onc the foregoing, the isolated chiorophyll deficient algal cell can also have a mutation

shown in SEQ 1D NO:11.

{6018} In a ninth aspect, the present invention provides an isolated chlorophyll deficient algal
cell having a mutation shown in SEQ 1D NO:4. In a first cmbodiment of this aspect, the isolated
chlorophyll deficient algal cell can also have a nwtation shown in SEQ ID WO:5. In any of the
first cmbodiment or the ninth aspect, the isolated chlorophyll deficient algal cell can also have a
mutation shown in SEQ 1D NO:6. In any onc of the foregoing, the isolated chlorophyll deficient
algal ccll can also have a mutation shown in SEQ 1D NG:7. In any one of the foregoing, the
isolated chlorophyll deficient algal cell can also have a mutation shown in SEQ ID NO:E. Inany
one of the foregoing, the isolated chlorophyil deficient algal cell can also have a mutation shown
in SEQ ID NG9, In any one of the foregoing, the 1solated chlorophyll deficient algal cell can
also have a mutation shown in SEQ ID NO:10. Tn any one of the foregoing, the isolated

chlorophyll deficient algal cell can also have a mutation shown in SEQ ID NO: 1L

[B019]  In a tenth aspect, the present invention provides an isolated chlorophvll deficient algal
cell having a muotation shown in SEQ 1D NO:5. In a first embodiment of this aspect, the isolated
chlorophyll deficient algal cell can also have a mutation shown in SEQ ID NO:6. Tn any of the
first embodiment or the tenth aspect, the solated chlorophyll deficient algal cell can also have a
mutation shown in SEQ ID NO:7. In any one of the foregoing, the isolated chlorophyll deficient
algal cell can also have a mutation shown in SEQ 1D NO:K. In any one of the foregoing, the
isolated chiorophyll deficient algal cell can also have a mutation shown in SEQ ID NO:9. Inany
one of the foregoing, the isolated chlorophvll deficient algal cell can also have a mutation shown
in SEQ ID NO:10. In any one of the foregoing, the isolated chlorophyll deficient algal cell can

also have a mutation shown in SEQ ID NO:1HL

{B628]  In an twelfth aspect, the present invention provides an isolated chlorophyvll deficient
algal cell having a mutation shown in SEQ 1D NO:6. In a first embodiment of this aspect, the
isolated chiorophyll deficient algal cell can also have a mutation shown in SEQ ID NOY7. Inany
one of the first embodiment or the twelfth aspect, the isolated chlorophvll deficient algal cell can

also have a mutation shown in SEQ ID NO:K. In any one of the foregoing, the isolated
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chlorophyll deficient algal cell can also have a mutation shown in SEQ 1D NG:S. In any one of
the foregoing, the isolated chiorophyll deficient algal cell can also have a mutation shown in
SEQ ID NO:10. In any one of the forcgoing, the isolated chlorophyl deficient algal cell can also
have a mutation shown in SEQ ID NO:1 1.

{6021} In a thirtconth aspect, the present invention provides an isolated chlorophyll deficient
algal ccll having a mutation shown in SEQ ID NO:7. In a first embodiment of this aspect, the
isolated chlorophyll deficient algal cell can also have a mutation shown in SEQ ID NO:E. Inany
of one of thirtecnth aspect or the first embodiment, the isolated chlorophyll deficient algal cell
can also have a mutation shown in SEQ 1D NO:9. In any one of the forcgoing, the isolated
chlorophyll deficient algal ccll can also have a mutation shown in SEQ ID NO:10. In any one of
the foregoing, the isolated chlorophyll deficient algal cell can also have a mutation shown in

SEQ ID NO:11.

{6022} Ina fourtcenth aspect, the present invention provides an isolated chlorophyH deficient
algal ccll having a mutation shown in SEQ ID NO:§. In a first embodiment of this aspect, the
isolated chlorophyll deficient algal cell can also have a mutation shown in SEQ ID NG9, In any
one of the fourteenth aspect or the first embodiment, the isolated chlorophyll deficient algal cel
can also have a mutation shown o SEQ ID NO: 8. In any one of the foregoing, the isolated

chiorophyll deficient algal cell can also bave a mutation shown in SEQ D NO: 1 L.

{8023] Ina fiflcenth aspect, the present invention provides an isolated chlorophvill deficient
algal cell having a mutation shown in SEQ ID NO:9. In a first embodiment of this aspect, the
isolated chlorophyll deficient algal cell can also have a mutation shown in SEQ ID NG: 10, In
any one of the fificenth aspect or the first erobodiment, the isolated chlorophyll deficient algal

cell can also have a mutation shown in SEQ ID NO: 1L

[0024] In a sixtcenth aspect, the present tnvention provides an isolated chlorophyll deficient
algal cell having a mutation shown in SEQ 1D NO: 10, In a first embodimoent of this aspect, the

wsolated chlorophyll deficient algal cell can also have a mutation shown in SEQ ID NO:11.

[0025] Inascventeenth aspect, the present invention provides an isolated chlorophyll deficient

algal cell having a mutation shown in SEQ ID NO: 11,
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{6026] In an cighteenth aspect, the present invention provides a method of making any one of

the foregoing algal cells, the method comprising:

modifying the genome of an algal cell from a parent algal cell line to introduce a
polymorphism selected from the group consisting of the polymorphisms recited in SEQ ID

NOS:1-51;

modifying the genome of an algal cell from a parent algal ccll line to introduce a
polymorphism at or near {e.g., within iess than about 1 kb, 500 bp, 250 bp, 100 bp, 30 bp, 25 bp,
20 bp, 10 bp, 5 bp, 4 bp, 3 by, 2 bp, or at} a genomic region selected from the group consisting of
SEQ D NOS:69-119; or

reducing the expression of an mRNA transcript in an algal cell, wherein the
mRNA transcript is selected from the group consisting of the transcripts encoded by, or partially
encoded by, SEQ ID NOS:52-68, in any combination {e.g., in any of the combinations described
in Table 3}).

DEFINITIONS

{0027} The term “algac” or “algal ccll” refers to a marine algal cell or algac, including algac or
algal cclis of the kingdom chromista, algae or algal cells of the class Chrysophiyceae,
Cryptophyceae, Prasinophyceae, Rhodophyceae, Xanthophyeeae, Bacillariophyceae,
Glaucophyveeae, and Fustignatophyceae. Tn some embodirents, the algae is of the genus
Nannochloropsis. To preferved embodiments, the Nannochiloropsis s Nannochlorvopsis gaditana,
Nannochloropsis granulate, Nannochloropsis imnetica, Nannochioropsis oceanica,
Nannochloropsis oculata or Nannochloropsis salina. In some cases, the algal cellis a

Nannochloropsis oceanica algal cell.,

[0028] The term “biomass” refers to a harvested mass of organisms. The organisms can be
living or dead. In certain embodiments, the biomass is algal biomass. The algal biomass can be
dry, substantially dry, or wet, Typically, the biomass refers to organisms that have not been
extracted with a solvent or otherwise substantially altered in composition. Accordingly,

harvested biomass can retain at least the approximate, or in some cases the same, lipid, protein,
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and/or carbohydrate composition of the cultivated organisms from which the biomass is

harvested.

{0629]  The term “productivity” refers to the amount of product an organism can produce under
defined conditions. Productivity can be measured in grams of dry weight algal cells produced
per m” per day of culture. Alternatively, productivity can be measured in terms of algal cells
produced per unit arca or unit volume per unit time.  As another alternative, productivity can be
measured in torms of moles of carbon fixed per m’ per day of culture. As yet another alternative,
productivity can be measured in torms of moles of O, evolved per m” per day of culture, As yet
one more alternative, productivity can be measured in terms of the rate of production of a
desirable product or product(s} such as lipid {e.g., total lipid or EPA), protein, and/or
carbohydrate. Morcover, any onc of the productivity measurcments can, e.g., be determined
with respeet to culture volure (e.g., grams of algal cells/ m/ day} or numiber of cells, including
an average (e.g., mean or median) per cell. For example, productivity can be measored in terms

of nmol of O, evolved per algal cell per day.,

{0038] The term “non photon saturating conditions” refers to conditions in which an algal cell
does not exhibit photon saturation. Photon satoration can depend on a variety of factors such as
temperature, wavelength of incident hight, density of culture, nutrient availability, composition of
dissolved gases, ete.. In general, photon saturation occurs in laboratory conditions under
incident light of greater than about 400 wrol photons/m”/s light intensity {e.g., at least about
400, 450, 500, 600, 750, 1000, 2000, ot more pmol photons/m’/s). Non photon saturating
conditions generally occur in the laboratory under incident light of less than about 400 pmol

~

photons/m™/s light intensity (e.g., less than about 400, 350, 300, 2538, 200, 150, 100, or fewer

umol photons/m*/s ).

{B831] The term “cicosapentacnoic acid” or “EPA” refers an omega-3 fatty acid
polyunsaturated fatty acid with the following connotation C280:5-n3. 1t is a carboxvlic acid with
a 20-carbon chain and five ¢is double bonds; the first double bond is located at the third carbon

from the omega end.

{8632] The term “docosahexacnoic acid” or “DHA” refers an omega-3 fatty acid PUFAL ftisa
carboxylic acid with a 22~carbon chain and six ois double bonds; the first double bond is located

at the third carbon from the omega end. DHA is also denoted as C22:6-n3.
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{0G33]  The term “arachidonic acid” or “ARA” refers an omega-6 PUFA with a 20-carbon
chain and four cis-double bonds; the first double bond is located at the sixth carbon from the

omega end. ARA is also denoted as C2(3:4-né.

{8034} The term “nucleic acid” or “polynucieotide” refers to deoxyriborucleic acids (DNAJ or
ribonucleic acids {(RNA) and polymers thercof in cither single- or double-stranded form. Unless
specifically limited, the torm encompasses nucieic acids containing known analogucs of natural
nucleotides that have similar binding properties as the reference nucleic acid and arc metabolized
in a manner similar to naturally oceurring nucleotides. Unless otherwisce indicated, a particular
nucleic acid sequence also implicitly cncompasses conservatively modified variants thercof {e.g.,
degencrate codon substitutions), alleles, orthologs, SNPs, and complementary sequences as well
as the sequence explicitly indicated. Specifically, degenerate codon substitutions may be
achieved by generating sequences in which the third position of one or more sclected (or all)
codons is substituted with mixed-base and/or deoxyinosine residues (Batzer ef al., Nucleic Acid
Res. 19:5081 (1991); Ohtsuka et al., J. Biol. Chem. 266:2605-2608 (1985); and Rossolini et al,,
Mol Cell. Probes 8:91-98 (1994)). The term nucleic acid 1s used interchangeably with gene,

¢DNA, and mRNA encoded by a gene.

[0035] The term “gene” roeans the segment of DNA jovolved in producing a polypeptide
chain. It may include regions preceding and following the coding region {e.z., 57 and 3°
untranslated regions, promoters, efc.) as well as intervening sequences {introns) between

mdividual coding segments {exons).

[8038] A "promoter” is defined as an array of nucleic acid control sequences that direct
transcription of a nucleic acid. As used herein, a promoter includes necessary nucleic acid
sequences near the start site of transeription, such as, in the case of a polymerase H type
promoter, a TATA element. A promoter also optionally includes distal enhancer or repressor
clements, which can be located as much as several thousand base pairs from the start site of

transcription.

[8037] An “expression cassetie” is a mucleic acid construct, generated recombinantly or
synthetically, with a serigs of specified nucleic acid clements that permit transcription of a

particular polynucleotide sequence in a host cell. An expression cassette may be partofa
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plasmid, viral genome, or nucleic acid fragment. Typically, an expression cassette includes a

polynucleotide to be transcribed, operably linked to a promoter.

{G038] The term “polymorphism” refers to a polynucicotide sequence variant. The
polymorphism can be a knock-out mutation, in which the function of an encoded gone is
abolished or reduced below an effective level. The polvmorphism can arise duc to substitution,
delction, or inscrtion of one or more nucleotides at a polymorphic site. Polymorphisms can give
risc to variant protoin sequences, result in defective proteins, or result in up or downregulation of

a gene as compared to wild-type.

{6039} The term “amino acid” refers to naturally occurring and synthetic amino acids, as well
as amine acid analogs and amino acid mimetics that function in a manner similar to the naturally
occurring amino acids. Naturally occurring amino acids are those encaoded by the genetic code,
as well as those aming acids that arc later modificd, e.g., hyvdroxyproling, y-carboxyglutamate,
and O-phosphoserine. Amine acid analogs refers to compounds that have the same basic
chemical structure as a naturally occurring amino acid, i.e., an o carbon that is bound to a
hydrogen, a carboxyl group, an amino group, and an R group, e.g., homosering, norleucine,
methionine sulfoxide, roethionine methy] sulfonium. Such analogs have modified R groups
{e.z., norleucine) or modified peptide backbones, but retain the same basic chemical straucture as
a naturally occurring amino acid. “Amino acid mimetics” refers to chemical compounds having
a structure that is different from the general chemical structare of an amino acid, but that

functions in a manner simiar 1o 3 natyraily oconrring amino acid,
o Lo

[00408] Amino acids may be referred o herein by either the commuonly known three letier
symbols or by the one-letier symbols reconmumended by the TUPAC-TURB Biochemical
Nomenclature Commission. Nucleotides, likewise, may be referred to by their commonly

accepted single-letter codes.

[8041] “Polypeptide,” “peptide,” and “protein” are used interchangeably herein to referto a
polymer of amino acid residues. All three terms apply to aminoe acid polymers in which one or
more amino acid residoe is an artificial chemical mimetic of a corresponding naturally occurring
amino acid, as well as to natorally occurring amino acid polymers and non-naturally occurring

amino acid polymers. As used herein, the torms encompass aming acid chains of any length,
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including full-length proteins, wherein the aming acid residucs are linked by covalent peptide

bonds.

BRIEF DESCRIPTION OF THE DRAWINGS
{6042} FIG. 1: 15 a table showing growth data for chlorophyll deficient Nannochioropsis when

grown in 2.6 m~ outdoor ponds, which have an approximate volume of 650 liters,

{0043] FIG. 2: is two photographs, one photograph showing a testing pond comprising
chiorophvll deficient Nannochloropsis, and the other photograph showing a testing pond
comprising the wild-type Nannochloropsis parent strain from which the chlorophyll deficient
strain in the opposite pond was derived. The biomass density in both ponds is approximately

identical.

{0044} FIG. 3: is a table showing cicosapentacnoic acid (EPA) levels as measured in

approximately onc-acre open racoway ponds in Australia.

{0045} FIG. 4: is a graph comparing growth of a T661 strain versus growth of a wild-type

Nannochloropsis strain,

{0046] Fig. 5 depicts polvmorphisms detected in chlorophyl deficient algal strain T661 in
comparison to the reference genome sequence of Nannochlorpsis oceanica. Category B
polymorphism SNP-B-1-11 correspond to SEQ 1D NOS: 1-11 respectively. Category C
polymorphisms SNP-C-1-40 correspond to SEQ 1D NOS:12-51 respectively.

{0047} FIG. 6: is a graphical representation of mRNA expression in a wild-type
Nannochloropsis strain versus a chlorophyll deficient strain (IC171/T661). Datapoints above the
linc represent mRINA transcripts that are over-expressed in T661 relative to wild-type.
Datapoints below the line represent mRNA transcripts that are under-expressed in T661 relative

to wild-type.
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DETAILED DESCRIPTION

. Chiorophyll Deficient Algal Cells

{0048] Described hercin is a chlorophyil deficient algal cell. The chlorophyH deficient algal
cell has a pale green phenotype as compared to a wild-type algal cell and, as further described
below, can cxhibit increased productivity and/or grow to a higher cell density as compared to a
wild-type algal cell under the same lighting conditions. Generally, the chlorophvil deficient
phenotype is stable through multiple generations without selection. Morecover, the chlorophyll

deficient algal cell is capable of robust growth under standard conditions.

{0049] For cxample, the chlorophyll deficient algal cell can exhibit productivity that is at [cast
about 25%, 50%, 73%, 80%, 85%., 90%, 95%, or 99% of the productivity of a wild-type algal
cell under non-photon saturating conditions. In some cases, the chlorophyll deficient algal cell
can cxhibit the same, or substantially the same, productivity as a wild-type algal cell under non-
photon saturating conditions. In some cascs, the chlorophyll deficient algal ccll exhibits higher
growth or productivity as compared to a wild-type algal cell under non-photon saturating
conditions. As another example, the chlorophyll deficicnt algal ccll can exhibit productivity that
18 at least about 25%, 50%, 75%, 80%, 853%, 90%, 95%, or 99% of the productivity of a wild-
type algal ccll under conditions that would saturate photosynthesis of wild-type algal cells. In
some cascs, the conditions that saturate photosynthesis of wild-type algal cells do not saturate

photosynthesis of the chlorophyll deficient algal cell.

{0050} Insome cmbodiments, a chlorophyll deficient algal cell of the present invention has
one or more mutations as compared to a wild-type algal cell. The one or more mutations can be
generated through divected mutagenesis or may be derived through random mutagenesis. In
some cases the chlorophyll deficient algal cell comprises a routation at or near {e.g., within less
than about | kb, 500 bp, 250 bp, 100 bp, 50 bp, 25 bp, 20 bp, 10bp, 5 bp, 4 bp, 3 bp, 2 bp, or at)

one or more of the genomic locations of Table 1, in any combination:
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Table I: Exemplary Genomic Locations of Mutations Providing Pale Green Algae
{Coordinates Relative to Nannochioropsis Oceanica genome CUMPLTTY availabie ai
bmb.msu.edw/Nannochioropsis.hitmi)

SEQID
NO: Contig
{SNP ID}

Start End Mutation
Coaordinate Coordinate Coordinate

SEQUID
NO:1 nanno_1467 563 464 506
(SNP-B-1)

SEQID
NO:2 nanno 6752 606 705 645
{SNP-B-2)

SEQID
NO:3 nanno_842 7451 7351
(SNP-B-3)

7426, 7436,
7377,7378

SEQID
NO:4 nanno_687 2795 2696 2758
{SNP-B-4)

SEQID
NO:5 nanno_885 45095 48990 AS045
(SNP-B-5)

SEQID
NO:6 nanno_1334 1469 1367 1428
{SNP-B-6)

SEQID
NO:7 nanno_3629 22817 22718 22801
{SNP-B-7}

SEQID
NO:S nanno 6293 2209 2308 2298
{SNP-B-8)

SEQID
NO:9 nanno_66 5544 5446 5500
(SNP-B-9}

SEQID

NO:10

(SNP-B-
10)

nanno 751 10787 10638 10752

SEQID
NO:11
(SNP-B-
11)

nanno_g4 17825 17824 17873
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SEQID
NO:14 nanne 4111 1 a3 43
{SNP-C-3}

SEQID
NO:31
(SNP-C-
20)

nanno_104 1811 1809 1891

SEQID

NO:33

(SNP-C-
22)

nanno_4072 25079 24977 25072, 25071

SEQID
NO:43

(SNP-C- nanno_727 34764 34865 34856, 34833

32)

{0051}  Insome cases, the chiorophyll deficient algal cell comprises one or more of the
polymorphisms encoded by SEQ ID NOS:1-11, in any combination. As an example, the
chlorophyll deficient algal cell can comprise any one of, any two of, any three of, any four of]
any five of, any six of, any seven of, any cight of, any nine of, any ten of, or all eleven of the

polymorphisms encoded by SEQ ID NOS:1-1 1L

[B052] Insome cases, the chlorophyll deficient algal cell comprises one or more of the
polymorphisms encoded by SEQ ID NOS:12-51, in any combination. As an ¢xample, the
chlorophyll deficient algal cell can comprise any 1 of, 2 of, 3 of, 4 of, 5 of, 6 of, 7 of, § of, 9 of]
[0of 11 of, 120f 13 0f, 14 of 15 0of, 16 of 17 of 18 of, 19 of 20 of, 21 of, 22 of, 23 of, 24 of,
25 0t 26 of, 27 of, 28 of, 29 of, 30 of, 31 of, 32 of, 33 of, 34 of, 35 of, 36 of, 37 of, 38 of, 39 of,
or all 40 of the polvmorphisms encoded by SEQ 1D NOKS:12-51.

[B053] Insome cases, the chlorophyll deficient algal cell comprises one or more of the
polymorphisms encoded by SEQ ID NOS:1-51, in any combination. As an example, the
chlorophyll deficient algal cell can comprise any 1 of, 2 of, 3 of, 4 of, 5 of, 6 of, 7 of, § of, 9 of]
1Gof 11of, 120of, 13 0of 14 of 15 of, 16 of, 17 of 18 of, 19 of 20 of, 21 of, 22 of, 23 of, 24 of,
25 of 26 of, 27 of, 28 of, 29 of, 3G of, 31 of, 32 of, 33 of, 34 of, 35 of, 36 of, 37 of, 38 of, 39 of,
40 of 41 of, 42 of, 43 of, 44 of 45 of, 46 of, 47 of, 48 of, 49 of 3G of, or all 51 of the
polymorphisms encoded by SEQ 1D NOS:1-51.
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{0054] In some embodiments, the chiorophyll deficient algal cell is a cell of the strain T661, or
an isolate of a T661 culture. Chlorophyll deficient algal cells of the strain T661, or isolates
thereof, are characterized by at least 3,4, 5,6, 7, 8,9, 10, 11, 12, 13, 14, 15,16, 17, 18, 19, 20,
21,22,23,24,25,26,27,28,29, 30, 31,32, 33, 34, 35,36, 37, 38,39,40, 41,42, 43, 44,45,4,
47, 48, 49, 50, or all 51 of the polymorphisms encoded by SEQ 1D NOS:1-51. The chlorophyll
deficient algal cell of the strain T661 arc Nannochloropsis oceanica algal cells having a pale

green phenotype.

{0055] In some embodiments, the chlorophyll deficient algal cell comprises one or more of the
polymorphisms encoded by SEQ ID NOS:1-51, in any combination, wherein the polymaorphism
lics in a protein encoding region, or a putative promoter region, of the genome. For example, the
chlorophyll deficient algal cell can comprisc any 1,2, 3,4, 5,6, 7, 8,9, 10, 11, 12,13, 14, or 15,
of the routations disclosed in Table 2. As another example, the chlorophyll deficient algal cell
can comprise a routation at or near {e.g., within less than about 1 kb, 300 bp, 250 bp, 100 bp, 50

bp, 25 bp, 20 bp, 10 bp, 5 bp, 4 bp, 3 bp, 2 bp, or at) one or more of the mutations provided in
Table 2, in any combination,
Table 2: Exemplary Pale Green Mutations found in Coding Regions (Locus Classification

as defined for Nannochiloropsis Oceanica genome CCMP1779 available ar
bmb.msu.edu/Nannochloropsis.html}

?51\??;&;??1 nanno_1467 coding region SNP
: S
(SSFP?PH;?;;JZ nanne_b7s2 coding region SNP
?‘55??1[;2?3 nanno_842 coding region SNP
?5;1?5{;:&?4 nanno_687 coding region SNP
¢ -
?5!‘:!1;2;:?3 nanno_s85 coding region SNP
?S;‘?P”;E?& nanno_1334 coding region SNP
?SE.:??\P”:;?‘\;?? nanno_3623 coding region SNP
?SEI\??”;?;?S nanno_6293 coding region SNP
SEG D NO:S nanno_66 coding region SNP
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{SNP-B-9)

SEG 1D NO:10 e

{SNP-R-10} hanno_751 coding region SNP
SEG D NO:11

{SNP-B-11} nanno_84 coding region SNP
SEQ ID NO:14 ]

{SNP-B-14) nanno_4111 Promuoter region SNP
SEQ D NO:31 .

{SNP-C-200 nanno_104 Promuoter region SNP
SEGD NO:33

{SNP-C-22} nanno_402 Promoter region SNP
SECGD NO:43 "

{SNP-C-33) nanno_727 Promoter region SNP

{8056] In some embodiments, the chlorophyli deticient algal cell of the present invention has
one of more mutations in a gene involved in photosynthesis as compared to a wild-type algal
cell. For cxample, the mutation can be in a component of g light harvesting complex ora
photosystem complex. In some cases, the algal cell can have a mutation of a component of the
Chl a or Chl b light harvesting complex. In some cases, the chlorophyll deficient algal ccll has a
mutation in a gene involved in assembly of, or regulation of, the Chl ¢ or Chl & light harvesting
complex. For cxample, the mutation can be in a genc identical to, homologous to, or orthologous
to ALB3.1, TLAL, TLA2, or NAB! of a microalgal ccll. As another example, the mutation can
be in a gene encoding a cornponent of the signal recognition particle or a gene involved in the
assembly or regulation of the signal recognition particle. In some cases, the mutation can beina

gene identical to, homologous to, or orthologous to a CpFTSY gene.

{80571  Insome embodiments, the chiorophyll deficient algal cell is characterized by down-
reguolation of one or more mRNA transcripis as compared to a wild-type cell. For exarople, the
chlorophyll deficient algal cell can exhibit a reduction 1o mRNA expression of one or more of
the mRNA transcripts encoded by SEQ 1D NOS:52-68, in any cormnbination. As an example, the
chlorophyll deficient algal cell can exhibit a reduction 1o mRNA expression of any one 1 of, 2 of,
Jof,dof 50f,60f, 7Tof,80f, 9of 10 0f, 11 of 120f 13 of 14 of 150f, 16 of orall 17 ofthe
oRNA transcripts encoded by SEQ ID NOS:52-68.

[B058]  Insome embodiments, the chiorophyll deficient algal cell is characterized by dowo-

regulation of one or more mRNA transcripts encoding a protein involved in chloroplast function,
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For example, the chlorophyll deficient algal cell can be down-regulated in onc or more mRNA
transcripts encoded by SEQ ID NOS: 54, or 55, The chiorophyll deficient algal cell can, in some
cascs, exhibit down-regulation of the mRNA transcript encoded by SEQ 1D NO:54, cxhibit
down-regulation of the mRNA transcript encoded by SEQ 1D NO:S5, or exhibit down-regulation
of the mRNA transcripts encoded by SEQ 1D NOS:54 and 535, In somce embodiments, the down-

regulation is in comparison to a wild-type algal ccll during log-phasce growth in FZN2 media.

{6059] In somc cmbodiments, the chlorophyll deficient algal cell is characterized by down-
regulation of one or more mRNA transcripts encoding a transcription factor that affects {e.g.,
activates or represscs) transcription of a protein involved in chloroplast function. For example,
the chlorophyll deficient algal ccll can be down-regulated in one or more mRNA transcripts
encoded by SEQ 1D NOS:56, 57, 60, 63, 64, or 65. The down-regulation can be in comparison
to a wild-type algal cell during log-phase growth in F2N2 media. For example, the chiorophyll
deficient algal cell can be down regulated in any one or more of the mRNA transcripts encoded

by the SEQ ID NO: combinations histed in Table 3.

Table 3: Exemplary Combinations of Bowan-regulated Transcripts of Pale Green Algae

[ Down-Regualted mRNA Transcripts Encoded By:

Combination SEQID SEQID SEQID SEQLIB SEQLIB SEQLID
N(:56 NO:57 NO:60 NG:63 NO:64 NG:65
1 X
2 X
3 X
4 X
5 X
6 X
7 X X
8 X X
9 X X
16 X X
11 X X
iz X X
i3 X X
14 X X
15 X X
16 X X
17 X X

18
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18 X X

19 X X

20 X X

21 X X

22 X X X

23 X X X

24 X X X

25 X X X

26 X X X

27 X X X

28 X X X

29 X X X

30 X X X

31 X X X

32 X X X

33 X X X

3 X X X

35 X X X

36 X X X

37 X X X

38 X X X

39 X X X

40 X X X

41 X X X

42 X X X X

43 X X X X

44 X X X X

45 X X X X

46 X X X X

47 X X X X

48 X X X X

49 X X X X

50 X X X X

51 X X X X

52 X X X X

53 X X X X
4 X X X X

55 X X X X

56 X X X X

57 X X X X X

58 X X X X X
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59 X X X X X
60 X X X X X
61 X X X X X
62 X X X X X
63 X X X X X X
b4

{B868]  In some embodiments, the chiorophyll deficient algal cell is characterized by down-
regulation of one or more mRNA transeripts encoded by SEQ 1D NOS:56, 57, 60, 63, 64, or 65
and/or one or more of the combinations described in Table 3. For example, the chlorophyvll
deficient algal cell can exhibit down-regulation of the mRNA transcript encoded by SEQ 1D
NQG:54 {e.g., and/or any of the combinations described in Table 3 ), exhibit down-regulation of
the mRINA transcript encoded by SEQ 1D NO:55 (e.g., and/or any of the combinations described
in Table 3}, or exhibit down-regulation of the mRNA transcripts encoded by SEQ 1D NOS:54
and 55 (e.g., and/or any of the combinations described in Table 3). In some embodiments, the
down-regulation is in comparison to a wild-type algal cell during log-phase growth in FZN2

media.

{0G61]  The mRNA expression of the one or more transcripts encoded by SEQ 1D NOS:52-68
in the chlorophyil deficient algal cell can be less than about 14, 1/1 (Pth, 1/5(3th, 1/1 G()th, or 171000
of the expression of the mRNA in a wild-type cell. For exampie, the mRNA cxpression of any
one of the foregoing combinations of transcripts can be less than about 4, l/iﬂm, 1/’5()”1, 1/10()”1,
or 1/1000™ of the cxpression of the mRNA in a wild-type cell. In some cases, the down-
regulation of one or morec mRNA transcripts is obtained, measured, or detected during log-phase
growth of the algal cells. For example, a chlorophyll deficient algal cell in log-phase growth in
F2N2 media can exhibit down-regulation of onc or more mRNA transcripts encoded by SEQ 1D
WOS:52-68, in any combination in comparison to a wild-type algal ccll during log-phase growth

n F2N2 media.

{6062} Insomc cmbodiments, the photosynthesis of the chlorophyll deficient algal cell is
saturated or nearly saturated at higher trradiance levels as compared to a wild-type algal cell.
For example, the photon flux that saturates photosynthesis can be higher for the chiorophyHl
deficient algal cell as compared to a wild-type algal cell. Tn some cases, the rate of

photosynthesis in the wild-type algal cell reaches a maximuro level, and is therefore saturated, at
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less than about 1000, 600, 550, 500, 450, 400, 350, 300, or 250 umol photons/mz/s of irradiance,
whereas the chlorophyll deficient algal cell is saturated at an irradiance level that is at cast
approximately 10% higher, 15% higher, 20% higher, 25% higher, 30% higher, 35% higher, 40%
higher, 50% higher, 75% higher, 100% higher, 150% higher, 200% highcr, or more. in somc
cascs, the chiorophyll deficient algal cell can cxhibit saturation of photosynthesis at irradiance
lovels that are at least 1.2-fold, 1.5-fold, 1.75-fold, 2-fold, 2.5-fold, 3-fold, 3.5-fold, 4-fold or
morc higher than the photosynthesis saturating irradiance level of a wild-type algal ccll. In some
cases, saturation of photosyncthsis is determined in algal cells grown in F2N2 medium {e.g.,
F2N2/50% seawater medium) at log phase under approximately 200 wmol photons/m™/s

irradiance,

{6063} Insomc cmbodiments, the chlorophyll deficient algal cell exhibits a significantly higher
maximum photosynthetic rate as compared to a wild-type algal cell. For exarople, the
chlorophyll deficient algal cell can exhibit a maximum photosynthetic rate that is at least about
10%., 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 100%, 150%, 200%., or 300% of the
roaximum photosynthetic rate of a wild-type algal cell. In some cases, the chlorophyll deficient
algal cell can exhibit a maximum photosynthetic rate that is increased by at lcast about 10%,
20%, 30%, 40%, 50%., 60%, T0%, 80%, 50%, 100%, 150%, 200%, or 300% of the maxiroum
photosynthetic rate of a wild-type algal cell. Tun some cases, the maximuom photosynthetic rate s
measured as the maximum electron transport rate (ETR jof photosystem 1 {(PSII} or the
maximum relative ETR (fETR) of PSHL In some cases, the maximum photosynthetic rate is
measured in cells grown under non-nutrient limiting conditions. In some cases, saturation of
photosynethsis is determined in algal cells grown in F2ZN2 medium (e.g., F2N2/50% scawater

. . . . .
mediom) at log phase under approximately 200 umol photons/m™/s irradiance.

{8864] In some embodiments, the chlorophyll deficient algal cell exhibits a greater resistance
to photo-inhibition as compared to a wild-type cell. For example, the chlorophyll deficient algal
cell can exhibit less photo~-inhibition at high irradiance levels than a wild-type cell. In some
cases, the chlorophyll deficient algal cell can exhibit no, or substantially no, photo-inhibition at
irradiance levels of at least about 300, 330, 400, 450, 500, 600, 750, 1000, 1504, 2000 umol

/ 2 i
photons/m’/s or more.
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{0¢65]  The chlorophyll deficient algal cell can have less than about 90%, 80%, 70%, 6(%,
50%, 40%, 39%, 38%, 37%, 35%, 34%, 33%, 32%, 31%, 30%, 20%, or less than about 10% of
the chlorophyll content than a wild-type algal cell. In some cases, the chlorophyil deficient algal
cell can have about 0.11 pg Chl a per cell, 8.10 pg Chi g per cell, .02 pg Chi ¢ per cell, 0.08 pg
Chl g per cell, 6.07 pg Chi @ per cell, 0.06 pg Chl g per cell, 8.05 pg Chl g per cell, or less. For
cxarmple, the chlorophyll deficient algal cell can have any one of the foregoing Chl ¢ amounts
when grown at, e.g., log phase, in F2N2Z media under standard growth conditions {e.g., F2N2

media, 20 ppt salinity, 3% CO;, and 250 pmol photons/m®/s).

{6066] In somc cmbodiments, the chlorophyll deficient algal cell has a reduced photosystem 1
or photosystem I antenna size as compared to a wild-type algal ccll. For example, the average
antenna size of photosystem I or photosystem H can be less than about 99%, 95%, 90%, 85%.,
§0%, 75%, T0%, 65%, 60%, 55%, 50%, 45%, 40%, 35%, 30%, 25%, 20%, 15%, or 10%, of the

antenna size in a wild-type algal cell.

{0067} The chlorophyll deficicnt algal ccll can be uscful for enhanced growth or productivity
as compared to a wild-type algal cell. In some cases, a chlorophyll deficient algal cell can
exhibit enhanced growth or productivity when photons are not evenly distributed throughout a
culture. For example, the chlorophyll deficient algal cell can exhibit enhanced growth or
productivity in an open pond format. In an open pond, or other similar format, a culture receives
incident photons from the sun, Therefore, wild-tvpe algal cells near the surface of the pond will
absorb the vast majority of photosynthetically active photons. Consequently, algal cells distal
from the surface will be photon limited. In contrast, a culture of chlorophyil deficient algal cells
can allow a greater proportion of photosynthetically active photons to penetrate, and/or penctrate
deeper into, the cuiture volame. Thus, more algal celis will have access to light and fewer algal
cells in the culture will be photon limited. Moreover, in some cases, the chlorophyll deficient
algal cells can have a higher maximum photosynthesis rate at saturating light intensitics,
therefore utilizing a greater percentage of the incident light. As a result, the population of
chlorophyll deficient algal cells in the calture can exhibit greater productivity as compared to

wild-type.

[0068] Insome embodiments, the chlorophyli deficient algal cell can be useful for enhanced

growth or productivity as compared to a wild-type algal cell even when photons are evenly, or

37
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substantially evenly, distributed throughout a culture. In some cases, chlorophyH deficient algal
cells that cxhibit a higher maximum rate of photosynthesis can provide enhanced growth or
productivity even when photons are cvenly, or substantially evenly distributed throughout a
culture. Examples of culture geometrics providing cven, or substantially cven, distribution of
photons include thin tubes, flat membrancs, planar modules, flexible plastic film biorcactors,

helical bioreactors, etc.

{6069] In somc cascs, the chlorophyll deficient algal cell can exhibit productivity of at least
aboutd, 5,6,7,8,9, 10, 11,12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26,27, 28, 29,
30, 31, 32,33, 34, 35,36, 37, 38, 39,40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 55, 60, 65, 70, &0,

90, 100, or more grams of dry algal biomass/ m*/ day.

{6076] The chlorophyll deficient algal cell can be cultured in conditions suitable for marine
algac. Such conditions include a wide range of salinity and temperature. For example, the
chlorophyll deficient algal cell can survive and/or grow at temperatures of between about 4 °C—
40 °C and a salinity range between about 8 parts per thousand {ppt} to over 50 ppt. In some
cases, the chlorophyll deficient algal cell exhibits the same, or approximately the same, wdeal
growth temperature and sahinity conditions as a wild-type algal cell. In other cases, the
chlorophyll deficient algal cell exhibits enhanced heat tolerance, enhanced salinuty tolerance,
enhanced low salinity tolerance, enhanced cold tolerance, or enhanced tolerance to osmaotic
pressure {e.g., enhanced growth under low salinity conditions) as compared to a wild-type cell.
In some cases, the chlorophylil deficient algal cell exhibits enhanced tolerance to ambient heat
because fewer cells are exposed to potentially damaging light intensities, which are typically
higher saturating light intensitics. Cells exhibiting less damage by excessive light irradiation

might thus endure more damage by higher ambient temperatures.

{8671}  Insome embodiments, the chlorophyll defictent algal cell is acclimated to a low salinity
growth environment. In some cases, the chlorophvll deficient algal ceH that is acchimated to a
low salintty growth environment is able to grow in medium having a total dissolved solids
concentration of less than about 20 ppt, less than about 18 ppt, less than about 16 ppt, less than
about 15 ppt, less than about 14 ppt, less than about 12 ppt, less than about 10 ppt, less than

about 8 ppt, less than about 6 ppt, less than about 4 ppt, or lower.
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{6072} In somge cascs, the low salinity acclimated chlorophyll deficient algal ccli can grow ina
low salinity mediom in which a wild-type algal cell exhibits growth inhibition. For example, the
low salinity acclimated chlorophyll deficient algal cell can exhibit growth and/or productivity in
a low salinity growth medium that is at least about 10%, 20%, 50%, 75%, 100%., 150%, 200%,

5 300%, or more higher than the growth of a wild-type algal cell under the same conditions. Inan
exermplary embodiment, the low salinity acclimated chlorophyll deficient algal cell cxhibits
growth inhibition of 5% in medium containing 10 ppt dissolved solids as compared to medium
containing 20 ppt dissolved solids. In contrast, a wild-type algal cell, for example, can exhibit
50%, 75%, 80%, 90%, 95%, 99%, about 100%, or 100% growth inhibition in growth medium

10 containing {0 ppt dissolved solids.

{6073} Similarly, the chlorophyll deficicnt algal ccll can be acclimated to a high salinity
growth environment. In some cases, the chlorophyil deficient algal cell that is acclimated to a
high salimity growth envirorment is able to grow in medium having a total dissolved solids
concentration of greater than about 20 ppt, greater than about 25 ppt, greater than about 30 ppt,
iS5 greater than about 35 ppt, greater than about 40 ppt, greater than about 45 ppt, greater than about
50 ppt, or higher. In some cases, the chlorophyil deficient algal cell that is acclimated to a high
salinity growth cuvironment can exhibit growth and/or productivity in a high salinity growth
medium that is at least about 10%, 20%, 58%, 75%, 100%, 150%, 200%, 300%, or more higher

than the growth of a wild-type algal cell under the same conditions.

20 [0074] Insome embodiments, the chlorophyll deficient algal cell produces a high proportion of
ipids. For example, the chlorophyll deficient algal cell can produce up to about 20%, 30%,
40%, 50%, 60%, 70%, or more lipid by dry weight. In some cases, the chlorophylt deficient
algal cell produces the same, or substantially the same lipid amount as a wild-type algal cell. In
some cases, the chlorophyll deficient algal cell produces at least about 10%, 20%, 25%, 30%,

25 40%, 50%, 70%, 80%, or 100% more fipid than a wild-type algal cell, e.g., when cultured under
the same conditions. In some cases, the chlorophyll deficient algal cell has a lipid profile that is
the same, or substantially the same as a wild-type algal cell. In other cases, the chlorophyll
deficicnt algal cell has an improved lipid profile in comparison to a wild-type algal cell. For
example, in some cases, the chlorophyll deficient algal cell has a higher percontage of EPA ora

3¢ greater amount of EPA as compared to a wild-type algal cell. In some cases, the chlorophyll
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deficient algal ccll has a lower percentage of ARA or DHA or a lower amount of ARA or DHA
as compared to a wild-type algal cell. Percentage of a particular lipid can be measured as, e.g., a

percentage of dry algal weight or a percentage of total lipid.

{8075} Insome cases, the chiorophyH deficient algal cell has at leasta bout 3.9-53% or more
EPA per gram dry weight, In some cascs, the EPA content of the chlorophyll deficient algal cell
is at lcast about 5-15% higher than the EPA content in a wild-type algal cell. In some cases, the
chlorophyll deficient algal cell has an EPA concentration as a proportion of total fatty acids of at
least about 20%, 25%, 30%., 35%, 40%, 45%, 50%. 55%, or more. In some cases, the
chlorophyll deficient algal cell produces no, or substantially no {e.g., less than about 0.5%) DHA
per gram dry weight or as a percentage of total fatty acids. In some cascs, the chiorophyll
deficient algal ccll has an ARA content of less than about 1%, 0.9%, 0.8%, 0.7%, 0.61%, 0.6%,
0.5%, 0.4%, 0.3%, or less than about §.2%. per gram dry weight, or as a percentage of total fatty
acids. In some cases, the chlorophyil deficient algal cell has an EPA/ARA mass ration of greater

than about 30:1, 25:1, 20:1, 15:1, 16:1, 2.1, &1, 7.1, 6:4, 504, 401, 301, or 2: 1.

[0076] The chlorophyll deficient algal cell can provide casier extraction of one or more desired
compounds. In some cases, the easier extraction is provided by a higher content of the one or
roore desired compounds. o some cases, the casier extraction s provided by a greater
production of the desired compound. In some cases, the casier extraction is provided by a
reduced cell wall integrity of the algal cell. For example, the algal cell can be more susceptible
to disruption by heating, mechanical means, sonication, solvent extraction, or a combination
thereof. In some cases, the casicer extraction is provided by a lower aqueous content of the algal
cell. In some cases, the reduced amount of chlorophvll per algal cell affords a greater efficiency

of oil extraction and/or purification.

¥i. Methods

A. Random Mutagenesis

{86771 A chlorophyll deficient algal cell of the present invention can be gencrated by random
mutagenesis, directed mutagenesis, or by interfering with the transcription or translation of one
or more genes or gene products. In one embodiment, the chlorophvll deficient algal cell is
generated by random mutagenesis. Random mutagenesis can be useful for generating strains of

algal cells that exhibit a desired phenotype but are not subject to restrictions generally placed on
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so-called genetically modified organisms (“gmo™). Mecthods of generating a chiorophyll

deficient algal cell by random mutagenesis are provided hercin.

{6078] Wild-type algal cells can be contacted with a mutagen to generate a library of random
mutant algal cells. Suitable mutagens include but are not limited to one or more of the following
chemical mutagens: an acridine mutagen {e.g., ICR-191), cthylmethane sulphonate (EMS),
methyl methane suifonate, 2-aminopurine, ethylene imine (El), nitrosocthyl urca, nitrosoethyl
urethane, N-Mcthyl-N'-nitro-N-nitrosoguanidine {(MINNG]), or sodium azide. Suitable mutagens
tfurther include irradiation {e.g., fast neutron bombardment, X-ray, ultraviolet, or gamma ray
irradiation). Mutagenesis can also be performed by mobilization of transposable clements or
random insertion of transposable clemenis {or other suitable nucleic acid) into the genome of the

algal cells,

{0079} The library of random mutant algal cells can be sclected for a chlorophyll deficient
phenotype. Suitable methods for selecting chiorophyll deficient algal cells include plating the
algal ccll to generate colonics and sclecting colonics that exhibit a pale green phenotype as
compared to wild-type algal celis. Alternatively, the cells can be inoculated by limiting dilution
into individual wells, cultured, and sclected for cultures that are pale-green as compared to wild-
type algal cultures. The selection can be performed manually or in an automated fashion. Pale
green colonies can be resuspended and replated one, two, three, or more times to ensure stability
of the pale green phenotype. Similarly, pale green cultures can be selected, diluted, and re-
cultured to ensure stability of the pale green phenotype. Tn some cases, stability is defined as the
absence of normally pigmented colonies or cultures, or the absence of sectored colonies {(e.g.,

colonies having sectors with varying degrees of pigmentation), afler re-plating or re-culturing.

[0080] In some embodiments, the chlorophyll deficient algal cell is generated by random
mutagenesis and then one or more algal cells containing a chlorophyll deficient mutation is
identified and/or selected based upon the presence or absence of a known genetic elerment. For
example, the chlorophyll deficient mutation can be identified and/or selected by TILLING
(described at tilling. uedavis.edw/index. php/Main_ Page) or EcoTILLING. In some cases, the
TILLING or EcoTILLING is performed to identify algal cells having a mutation in one or more

of the genomic sequences encoded by SEQ 1D NOS: 69-119,
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{B081] A specific method of generating a chlorophyll deficient algal cell of the invention by

random mutagenesis is described in Exampic 1.

B, Directed Mutagenesis

{0082} Insome cmbodiments, the chlorophyll deficient algal cell is generated by directed
mutagencsis. Dirccted mutagenesis can be performed by homologous recombination to
introduce a nucleic acid at or near the gene to be mutated. Directed mutagenesis can
additionally, or alternatively, be performed using a Zinc-Finger nuclease, TALEN, or CRSPR-
Cas system to cleave or nick genomic DNA at or near the gene to be mutated. The cleavage or
nick-site can then be repaired by non homologous end joining or homologous recombination to
introduce one or more mutations. In some cases, the algal cell can simultancously or
sequentially be contacted with a sccond nucleic acid containing homology to one or more regions
flanking the cleavage or nick site. The second nucleic acid can then be introduced into the
cleavage or nick site to distupt the target sequence. Suitable targets for generating a chlorophyll
deficient algal cell by directed mutagenesis include, but are not lirntted to, one or more of the

following genorie sequences: SEQ ID NOS: 69-119.

[B083]  In some ermbodiments, recombinant DNA vectors containing 1solated nucleic acid
sequences suitable for transformation, and directed mutagenesis, of algal cells are prepared.
Technigues for transforming algal cells are known in the art. See, ez, Kilian, et al., PNAS
1O8(52), p. 21265-69 (2011). A DNA sequence coding for the desived RNA or polypeptide, for
example a ¢cDNA sequence encoding a full length protein, will preferably be combined with
transcriptional and translational initiation regulatory sequences which will direct the transcription

of the sequence from the introduced polynucieotide.

[0084] For example, for overexpression, a promoter fragment may be emploved which will
direct expression of the gene in the algal cell. Such promoters are referred to herein as
"eonstitutive” promoters and are active under most environmental conditions and states of
development or cell differentiation. Examples of constitutive promoters inchide, without
fimitation, the promoter region of: translation elongation factor alpha (TEF-alpha) or acyi carrier
protein {ACPY. See, e.g., U.S. Patent Publication No: 2013/0289262. Exemplary constitutive

promoters can further inclade 8 heat shock protein promoter, or a violaxanthin chlorophvll A
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binding protein promoter (e.g., VOP1 or VUPZ). See, e.g., U.S. Patent Application No:

13/685,659, filed 2/6/2014 and U.S. Patent Publication No: 2009/0317904,

{G085] Altornatively, the promoter may direct expression of the polynucleotide of the
invention under more precise environmental control (inducible promoters). Examples of
covironmental conditions that may affect transcription by inducible promoters include anacrobic
conditions, nutrient conditions, clevated temperature, or the presence or absence of light. As an
example, promoters driving genes associated with nitrogen metabolism are highly regulated.

The promoter of the ammonium fransporter, e.g., can be used to drive expression of a
heterologous gene during nitrogen limiting conditions. As another cxample, the nitrate reductase

or nitratc transporter promoters can be used to repress expression in the presence of ammonium,

{0086] If proper polypeptide expression is desired, a polyadenylation region at the 3'-end of the
coding region should be included. The polyadenylation region can be derived from the natural

gene, or from a varicty of other algal genes.

{B087] The vector comprising the sequences {e.g., promoters or coding regions) from genes of
the invention can optionally comprise a marker gene that confers a sclectable phenotype on algal
cells, For example, the marker may encode biocide resistance, particularly antibiotic resistance,
such as resistance to kanamycin, G418, blcomycin, hygromycin, or herbicide resistance, such as
resistance to chioroshuforon or Basta. The expression vector can be designed to facilitate random
nsertion into the genome of the algal cell, or targeted insertion into the genome of the algal cell,
e.g., by horoologous recombination. Alicroatively, the vector can propagate

extrachromosomally.

. Transcriptional or Translafional Interference

[0088] Chlorophyll deficient algal cells of the present invention can be generated by
interfering with the transcription or translation of one or more genes encoded by SEQ 1D
NOS:52-68. For exarople, an algal cell can be contacted with a polynucleotide encoding an
antisense RNA, an shRNA, or an siRNA that binds to one or more of the mRNA transcripis
cncoded by SEQ ID NOS:52-68. As another example, CRSPR-interference can be utilized to
bind a sequence upstream from one or more of the genes encoded by SEQ ID NOS:52-68 and
inhibit their transcription. In some cases, CRSPR can be used to localize an additional protein

that represses transeription upstream of the one or more genes encoded by SEQ ID NOS:52-68.
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For example, the transcriptional repressor can be fused to Cas9, or a mutant thercof{e.g., a

nucleasc deficient Cas 9).

{0G89] One or more expression vectors encoding a nucleic acid for transcription or translation
can be propared. For example, an expression vector encoding a CRSPR-Cas system or a portion
thereof, e.g., a sgRNA or dCas? can be prepared and introduced into a cell. Similarly, one or
more expression vectors encoding an antisense RNA {e.g., shRNA} can be prepared and
introduced into a cell. As described above, such expression vectors can include a constitutive or
inducible promoter operably linked to the encoded RNA or protein. The expression vector can
further encode polyadenylation scquences and/or selectable markers. The expression vector can
be designed to facilitate insertion into the genome of the algal cell, e.g., by homologous

recombination. Alternatively, the voctor can propagate cxtrachromosomally.

B, Selection of Suitable Chiorophyl Deficient Algal Cells

{6090} Algal cells cxhibiting a stabic pale green phenotype after random or directed
mutagenesis, or after transcriptional or translational inhibition of one or morc mRINA transcripts,
can be assayed to cnsure that the pale green phenotype is stable and is not due to poor health of
the cells. For example, assays can be performed to rule out chlorosis or a defect in thylakoid,
chloroplast, or photosystem asserobly, such assays include measureroent of photosystem 1
electron transport. For example, the algal cells exhibiting a stable pale green phenotype can be
assayed to determine a Proax value. Pale-green algal cells exhubiting a Proax that is higher thao
wild-type algal cells and/or a Prmax value that is saturated at a higher irradiance level as
compared to wild-type can be selected for use 1n the methods of the present invention. In some
cascs, pale green algal cells exhibiting wild-type, near wild-type, or supra wild-type growth
and/or productivity, pale-green algal cells exhibiting a greater lipid content compared to a wild-
type algal cell, or pale-green algal cells exhibiting a desirable lipid profile, including, but not

fimited to, a higher EPA content as compared to a wild-type cell can be sclected.

{8691}  In an cxemplary embodiment, pale green algal cells of the present invention are
selected using one or more of the following selections after alteration of the genome or inhibition
of transcription or transiation of one or more genes. Colonies can be analyzed for chiorophyll
content, e.g., using a spectrophotometer or a spectrofluorometer to verify that the pale green

phenotype is present. Re-plating and/or re-culturing can be performed to identify stable algal
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cell lines. Stable algal cell lines can be characterized to identify cells that oxhibit at least wild-
type growth under high light intensity on solid medium. Stable algal cel lines can be

characterized to identify culturcs that exhibit at least wild-type growth under medium and high
light-intensity in liquid culture at lab scale. Chlorophyil deficient algal cells sclected according
to any one or more of the forcgoing criteria can be further assessed in large scale cultures {e.g.,

open ponds).

£, Culturing Algal Cells

{0092} Decscribed herein is a method of culturing a chlorophyll deficient algal cell. The
chlorophyll deficient algal cell can be cultured at a wide range of teraperatures and culture
media. For cxample, the chlorophyll deficient algal ccll can be cultured between about 4 °C and
about 40 °C. In some cases, the chlorophyll deficient algal cell is cultured between about 15 °C
and about 35 °C. In some cases, the chlorophyil deficient algal cell is cultured at an average
temperature of about 10, 12, 14, 16, 17, 18, 19,28, 21, 22, 23, 24, or 25 °C. Tn some cases, the
chlorophyll deficient algal cell 1s cultured at a temperature that is about 30 °C, or less than about

30°C {e.g., about 15, 16, 17, 18, 19,20, 21,22, 23, 24, 25, 26, 27, 28, or 29 °C).

[8093] The chlorophyll deficient algal cell can be coltured in culture media having a wide
range of salinity, For example, the salinity can range from & parts per thousand total dissolved
solids or fess to about 52 parts per thousand total dissolved solids or more. In some cases, the
chlorophyll deficient algal cell is coltured in F2N2 media. Tn some cases, the chlorophyl]
deficient algal cell is coltured in F2N2 media at between about 25-28 °C under about 300 pmol

photons/ra’/s Hght intensity.

[0094] Algae can be cultured under conditions to promote the accumulation of algal oil high
EPA. Insome cases, algac can be cultured under conditions to promote the accumulation of
algal oil low in ARA. In some cases, algae can be cultured under conditions fo promote the
accurmiiation of algal oil that is free, or substantially free, of DHA. For instance, the ipid
content and compositions can be modulated by varying growth conditions such as light intensity,
fight-dark cycles, temperature, mitrient content, nutrient availability, salinity, pH, culture density,
culture temperature, and other environmental conditions. Descriptions of growth conditions for
Nannochloropsis ave found in, e.g., Sukenik, A. “Chapter 3: Production of eicosapentaenoic acid

by the marine Eustigmatophyte Narnochioropsis,” Chemical from Microalgae., ed. Zvi Cohen,
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CRC Press, 1999, and Pal ef al., Appl Microbiol Biotechnol, 2011, 90:1429-1441. Standard
culture systems such as open ponds, e.g., open race way ponds, and photobiorcactors can be used

to grow algac.

{8095] To generate an algal biomass, standard methods, e.g., flocculation, centrifugation, and
filtration {decad end filtration, microfiltration, ultrafiltration, pressure filtration, and tangential
flow filtration} can be used for dewatering algae. For instance, cationic chomical flocculants,
such as Al{SOu), FeCls, and Fey{SOy)s, can be used to coagulate harvested algae into a

binmass

{0096] The dried (dewatered) algal biomass may inclade at least about 10% lipids, e.g., about
10%, 20%, 30%, 40%, 50%, 60%, 70% or more lipid; at lcast about 15% carbohydrates, e.g.,
about 15%, 16%, 17%, 185, 19%, 20%, 21%, 22%, 23%, 24%, 25%, 26%, 27%, 28%, 29%, 30%
Of more carbohydrates; at lcast about 25% protein, e.g., about 25%, 26%, 27%, 28%, 29%, 20%,
21%, 32%, 33%, 34%, 35%, 36%, 37%, 38%, 39%., 40% or more protein; at lcast about 3%
maoisture, e.g., about 3%, 4%, 5%, 6%, 7%. 8%, 9%, 10%, 11%, 12%, 13%, 14%., 15%, 16%,
17%, 18%, 19%, 20% or more water; and at least about 5% ash, about 5%, 6%, 7%, 8%, 9%,

10%, 11%, 12%, 13%, 14%, 15%, 16%, 17%, 18%, 19%, 20% or more ash,

£, Preparving Crude Algal O from the Algal Biomass

{0097} The algac can be processed to obtain algal products such as one or more of algal oil,
algal protein, or algal carbohydrates, The products can separated from the algal biomass by
distuption methods that do not degrade the desired product. For instance, the algal cells of the
biomass can be disrupted by, e.g., high-pressure homogenization, bead milling,
expression/expelier press, sonication, ultrasonication, rmicrowave uradiation, osmotic shock,
clectromagnetic pulsing, chemical lysis or grinding of dried algal biomass, to release the algal
products {e.g., algal oil). Optionally, one or more produocts can be separated from the algal cell
debris by, e.g., centrifagation. For example, centrifugation produces an oil layer and an agueous

layer containing the cell debris. The oil laver can be collected and further processed.

[0098] Other useful methods for extracting fatty acids from algae include, but are not Tiute
to: Bligh and Dyer's solvent extraction method; solvent extraction with a mixture of ionic hquids
and methanol; hexane solvent extraction; ethanol solvent extraction; methanol solvent extraction;

soxhlet extraction; supercritical fluid/CO; extraction; and organic solvent {e.g., benzene,
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cyclohexane, hexane, acetone, chloroform} extraction. Sce, e.g., Ratledge 7 o/, “Chapter 13:
Down-Stream Processing, Extraction, and Purification of Single Cell Gils,” Single Cell Gils, ed.
Zvi Cohen and Colin Ratledge, AOCS Press, Champaign, 1L, 2005, The extraction method may
affect the fatty acid composition recovered from the algal biomass. For instance, the

concentration, volume, purity and type of fatty acid may be affected.

{0099] Insome embodiments, a polar solvent such as methanol or ethanol is used to extract the
crude algal oil from an algal biomass, such as dried algal biomass. In some cascs, it has been
shown that cthanol cxtraction of fatty acids from algac can generate relatively high yields

compared to other solvent-based methods.

{0108] After cthanol extraction, the extracted product can be further processed to remove
watcr and polar components from the lipids. For example, as described in Fajardo ef al, (Fur. J.
Lipid Sci. Technol., 109 (2007 120-126), the ethanol extract can be subjected to an apolar
solvent extraction, e.g., hexanc extraction to gencrate a biphasic extract containing 3 hexanic

phase and a hydroalcoholic phase.

{0161] The extracted products may be processed using separation methods such as, but not
limited to, distilling, decanting, and centrifuging. For example, the wet solids may be separated
from the liquid fraction containing the crude algal oil. Alternatively, the cthanol extract can
undergo an isolation step such as chromatography to produce a lipid-enriched compaosition.
Additional methods and compositions for culturing algal cells and obtaining algal products are
described in U.S. Patent Appl. No: _ / , entitled, COMPOSITIONS OF CRUDE ALGAL
O1L, Attorney Docket No.:95844-302550-005200U85, filed on March 18, 2014, the contents of

cach arc hercby incorporated by reference in thewr entirety for all purposes.

EXAMPLES

[3162] The following examples are offered to tllustrate, but not to limit the claimed mvention.

Exampie 1: FIN2Z Growth Media

{0103] The following stock solutions were made:
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B solution buffer:

{0164] 2M Tris,pH 7.6

Fe Solution

{B165] Ina final total volume of 1 L of HyO, add 6.5 g FeCli*6H,0, 45 g EDTA, pH 4.5

W

T-Solution: Trace metals

{B166] Ina final total volume of 1 L of HyO, add:
e 5.0ml CuSO5H,0C 980 mg / 100 mi dH,O,
e 5.0ml NayMoO,*2H,0 630 mg / 100 md dH,0
¢ S5.0mlFnSOFTH02.2 g/ 100 ml dH,O

10 ¢ 5.0ml CoCL*6H0 1.0g/ 100 md dHO

s  S5.0ml MoaCL*HO 180 g/ 100 mi dH0

s 10mil 500 mM EDTA

s  Adpustto pH 4.5

P-Solution: Phosphorus source

5 {6147] 100g NaH,POSHOinf L HO

N-Solution: Nitrogen source

{6168] 1 M NH,Clin H;O

V-Solution: Vitamins

{B189]  In a final total volume of 1| L of H;0 add:
20 s 5 mg Biotin
s SmgVitBy,

# | gThiamin HCI

{0118] Add the following stock sohutions to | L of sca water {can usc different salintties), mix
well, and filter sterilize:
25 =  [0mlof B Solution
¢  2mi of Fe Solution

e 2mlof T Solution
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¢  2md of P Solution
¢ 8md of N Solution

¢ 2mi of V Solution

Fxample 2: Generation of a Chlorophyll Deficient Algal Cell (T661)

(3]

{0111} The chlorophyll deficient algal strain T661 was generated according to the following

random mutagenesis protocol.

[{0112]  Acridine mutagen ICR-191 was prepared as a stock solation of 1O mg/mL in 0.1 N
HCL (filter sterilized). Nannochioropsis cells were grown to log phase. At a cell density of
approximately 1 x 10° celle/ mL, 20 mL of Nannochloropsis culture was placed into a 125 mL
10 flask and the stock ICR-191 solution was added to a final concentration of 2 pg/ml. The flask
was cultured under approximately 30 urool photons/m’/s of irradiance in an orbital shaker at
room temperature for 7 days. After the 7 day incobation period, the cells were washed 2x 10 F/2

—~

. gy . < 2/ a7 0
media, spread onto solid F/2 agar, and incubated under 50 umol photons/m®/s at 27 °C.

{0113} Afier approximately three weeks, adeqguately sized colonies were observed and

-
W

chlorophyll deficient colonies were selected based on their pale green color as compared to other
colonies not exhibiting a pale green phenotype. The selected chlorophyll deficient colonies were
re~-suspended in F/2 media and re-plated onto fresh solid agar plates as described above.
Selection of pale green colonies, re-suspension, and re-plating was repeated for at least two
rounds to obtain stable clones that exhibit an absence of normally pigmented colonies or sectors

2 after re-plating.

{#114] Stable, chlorophyvll deficient mutants were tested in fluorescence assays to ensure that
pigmentation deficiency was not due to poor health. For instance, the pale green (e.g.,
chlorophyll deficient) phenotype can be caused by various mutations involving nitrogen

assimilation, chlorophyll biosynthesis, efe. Specifically, the inventors probed PSH electron

b
W

transport essentially as described in Suggett, ef ¢f. "Estimating aquatic productivity from active
fluorescence measurements.” Chiorophyll & Fluorescence in Aquatic Scicnces: Methods and
Applications. Springer Netherlands, 2010, 103-127. See, also, Genty, ef. a/. Biochimica ot
Biophysica Acta (BBA)-General Subjects, 990.1 (1989} €7-92.
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{0115] In bricf, algal cells are grown to log phase in N2FZ, 509 scawater mediuom under an
irradiance of approximately 200 pmof photons/m’/s. Samples arc assayed with a Pulse
Amplitude Modulated (PAM) Fluorometer. The relative electron transport rate (fETR) is
calculated as rETR = PAR*ETR-Factor*Ppg/Ppps¥ Y (11}, where PAR is flux of incident
photosynthetically active radiation, ETR-Factor is fraction of incident photons absorbed by
photosynthetic pigments, Ppar/Pepg 18 the fraction of photons absorbed by PSH relative to photons

PS5 Suitable values for ETR-Factor, and Ppsy/Peps are known in the art, or readily determined.

{0116] Asshown in Figure 4, as irradiance increascs, the wild-type Nannochloropsis PSIE
clectron transport rate (tETR) quickly saturates. In some cascs, chlorophyll deficient straing
displayed rETR curves substantially identical to the wild-type ETR curve. In other cases,
chlorophyll deficient strains displayed even lower saturation levels and/or carlier photo-
inhibition under low-trradiance conditions as compared to wild-type algal cells. Tn contrast, the
chlorophyll deficient strain T661 saturates at a muuch higher level of irvadiance and a much

higher level of PSITETR (Figure 4).

Exampie 3: Growth of a Chiorophyl Deficient Algal Cell (T661)

[0117]  T661 was grown in 2.6 m” outdoor ponds having an approximate volume of 650 liters
in Northwestern Australia, Growth data was collected (Figure 1), The chlorophyll deficient
algal cells exhibited a productivity of up to 30-40 grams of dry weight algal cells per m¥day or

higher.

[0118] T661 and wild-type algal cells were also grown in smaller ponds in Mexico (Figure 2).
In general, Mexico has less favorable culture conditions than observed in Australia,
Nevertheless, over a period of 10 days, T661 averaged approximately 18 g/m™/d, while the wild-

T > » /. 2
type parent Nannochloropsis algae averaged approximately 10 g/m7/d.

[B119] To661 algae cells were grown n approxamately | acre open raceway ponds in Australia.
EPA levels were determined by flame ion detection gas chromatography. The average EPA

content across 51X one acre open raceway ponds was about 4.18% of the total biomass (Figure 3).

35



ig

20

WO 2014/146133 PCT/US2014/031127

Exampie 4: Genetic Characterization of a Chilorophyll Beficient Algal Cell (T661)

{0120} Strain T661 was sequenced using a Genome Analyzer H platform. Polymorphism
analysis was performed comparing To61 to two independent sequence data scts for the wild-type
parent strain as well as the published genome of Nannochloropsis oceanica. In addition, the
transcriptome of T661 was sequenced and used as a sccondary reference for To61

polymorphisms.
{0121} Polymorphisms were categorized as follows:

a} Polymorphisms observed in the T661 genome that are polymorphic in comparison to the

consensus sequence from three reference genomes.
b} Polymorphisms from category A that also occur in T661 transcripts (113}

¢} Polymorphisms from category A that occur within | kb of an observed T661 transcript

(40).

{60122} Polymorphisms from category B and C are more likely to fead to changes in protein
expression that result in the pale-green phenotype. The polymorphisms from category B are
provided as SEQ ID NOS:1-11. The polymorphisms from category C are provided as SEQ ID
NOS:12-51.

Exampie 8: Transcriptional Analysis of a Chlorophyll Beficient Algal Cell (T661)

{0123} Wild-type Nannochioropsis (W2) and the chlorophyil deficient strain T661 (IC171)
were grown to log-phase in F2ZN2 media and the mRNA was isolated. Next-generation
scquencing and mRNA analysis were performed to identify transcripts that arc sclectively down-
regulated in the chlorophyll deficient strain. Raw sequence reads of the wild-type and T661
datasets were assigned to a comumon refercnce sequence to quantify genc expression differences

between the two strains (Figure 5).

{0124} The top 10% differentially down-regulated genes in the chlorophyll deficient strain
were categorized as Class 1 or Class 2 by homology via BLASTx. Class 1 genes arc homologs
clearly associated with chloroplast function. Class 2 gences are putative transcription factors that
could dircctly impact the expression of one or more chloroplast genes. DNA encoding the down-

regulated mRNA transcripts are provided by SEQ ID NOS:52-68. Down-regulation of the
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transcription, or translation of any one or more of SEQ ID NOS:52-6¥, in any combination can
provide a chlorophyil deficient algal strain. Similarly, inhibition of the activity of a protein
encoded by any onc or more of SEQ 1D NOS:52-68 can provide a chlorophyll deficient algal

strain.

{0125] It is understood that the examples and embodiments described herein are for ilhustrative
purposcs ounly and that varicus modifications or changes in light thereof will be suggested to
persons skilled in the art and arc to be included within the spirit and purview of this application
and scope of the appended claims. All publications, nucleic acid accession identificrs, patents,
and patent applications cited herein are hereby incorporated by reference in their entirety for all

PUrposcs.
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WHAT IS CLAIMED §5:

i. An isolated algal coll of the genus Nannochloropsis, the algal cell having
less chlorophyll content than a wild-type cell,

wherein the algal cell comprises at least one polymorphism in comparison to a
wild-type cell, and

wherein the at least one polymorphism is selected from the group consisting of

the polymorphisms encoded by: SEQ 1D NOS:1-51.

~§

2. The isolated algal cell of claim 1, wherein the at least one polymorphism

is sclected from the group consisting of SEQ 1D NOS:1-11.

3. The isolated algal cell of claim 1, wherein the algal cell has less than about

5(% of the chlorophyll content of a wild-type cell.

4. The isolated algal cell of any one of the preceding claims, wherein the
mRNA expression of 1, 2, 3, 4 or more mRNAs selected from the group consisting of mRNAs at
least partiafly encoded by SEQ 1D NOS:52-68 is fess than about ¥4, /10", 1/50™, 17100, or

1/1000" of the expression of the mRNA in a wild-type cell.

5. The isolated algal cel of claim 4, wherein the mRNA expression

compared to a wild-type algal cell is mRNA cxpression of log-phase cultures in F2NZ media.

6. The isolated algal cell of claim 1, wherein the algal cell exhibits a higher
growth productivity as measured by grams of dry weight algal cells per square meter per day

when grown in outdoor cultivation ponds as compared to a wild-type cell.

7. The isolated algal cell of claim 6, wherein the algal cell exhibits at least a
10% higher growth productivity as measured by grams of dry weight algal cells per square meter

per day when grown in outdoor enltivation ponds as compared to a wild-type cell.

g. The isolated algal cell of claim 1, wherein the algal cell contains at least

about 3.9-5% EPA per gram dry weight.
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9. The isolated algal cell of claim 1, wherein the concentration of EPA as a

proportion of total fatty acids is at least 5-15%, or 15-30%, higher than the wild-type ecll.

1. The isolated algal cell of claim 9, wherein the concentration of EPA as a

proportion of total fatty acids is at least about 30%.

ti. The isolated algal cell of claim I, wherein the algal cell contains no, or

substantially no, or less than about (.5% Docosahexaenoic acid (BHA) per gram dry weight.

12 The isolated algal cell of claim I, wherein the algal cell contains less than

about 0.61% ARA per gram dry weight.

13. The 1solated algal cell of claim 1 or 12, wherein the algal cell has an
EPA/ARA mass ratio of greater than about 5:1.
14. A composition comprising dry whole Nannochloropsis biomass, wherein

the biomass comprises an algal cell of any one of the preceding claims,

1S. A process for obtaining a total algal oil rich in EPA, the process
comprising:

cultivating any one of the algal cells of claims 1-13; and

isolating the oil.

16. A method of making any one of the algal cells of claims 1-13, the method
comprising:

modifying the genome of an algal cell from a parent algal cell line to introdoce a
polymorphism selected from the group consisting of the polymorphisms encoded by SEQ ID

NOS:1-51; or

redocing the expression of an mRMNA transeript in an algal cell, wherein the
mRNA transcript is selected from the group consisting of the transcripts encoded by, or partially

encoded by, SEQ 1D NOS:52-68.
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T661 pond &1 T661 pond #2
Productivity Productivity
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25-Oct 40 25-Oct 16
26-0Oct 15 26-Oct 5
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29-Cct 22 29-Oct 18
30-Oct 9 30-Oct 12
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1-Nov 25 1-Nov 30
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3-Nov 39 3-Nov 28
4-Nov 22 4-Nov 13
5-Nov 36 5-Nov 12
g-Nov 30 6-Nov 37
7-Nov 48 7-Nov 19
8-Nov 39 8-Nov 32

SUBSTITUTE SHEET (RULE 26)

FIG. 1



WO 2014/146133 PCT/US2014/031127

2110

661 in Mexico WT in Mexico

FIG. 2

SUBSTITUTE SHEET (RULE 26)



WO 2014/146133 PCT/US2014/031127

3/10
ERPA content (%
Date Pond of total biomass)
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Oct 26", 2011 A2 5.0
Oct 267, 2011 A3 3.9
Ot 2687, 2011 B1 4.1
Oct 28", 2011 B2 3.9
Oct 26", 2011 B3 4.2
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510

ATGATCTROTCCAGGLTATGRACG GG ARRGCAGRTCCAGTTTGAAGTE TATGR LLAG{G-AIGGGALTC
ATCAGUAQUGTAGTITTCGAGGGLASAARTTGTLG

SNP-B-2
CCTETATCCTCCCOTEL TV CCCTCOLCTROTTCCCT LU MM CHUATL AT CATITETCCTCOTSCTACCCTTGC
COUCTUTTCCGUUACCALCCTIAGH GG

SNP-B-3
ACSGGGAGAGTARGARAITSATGAGTAIAGITATTTTTGORGEGEGEGA>CIGGHEEE+GICEETEITC
GATTTCGATT T TATACATATRTOSTCACAGTOTT IO

SNE-R4
AAGTEATAGTAGUAGLAGTAACAGES
CACRACTACCAGUAGCATCAGCAGTAGIGGL

GCAACAGUAGIANAICAGCAGTAGCAGCAGTEEUAGTALTAT
AGL

SNP-B-5
TEEAGTACTCCTUCLIGCARCARTAGLAGTAGCAGUAGLAGITTIACITACAGTTGRALGTHCGLTALGH
GACTTTAGCTTCTGOTTTAGGAGAAGLAGEAGE

SNP-B-B
ACAAGSAGALGRAGRAGAAGAAGALGALGAAGAAGAARATIAGAAGLAGARGAAGHATGAGALAAG
GAARARAGAACATCAATCACALGAGTAAGAATETTG

SNP-B-F

TGO TAGATE TG T TAGGCCTTTTATT T I AT TGO TGTTCATATATATATATATATATATGTGTOTET{A
GITCTEEOTETCTETOTGTUTGLGTGTETCAG
SNF-B-3

TEATCAATATCAAAGAARAGELAGCATLOCTCGIT LT CCACS COATRALCCATCLCTTOCTLLCTCCLY
TCCTTCOTCCOTCCCTRN O T TCCAGBGITCA

SNPAB-S
CCATCCCCTEOCCOOGECATCATE AT CATOCC T L TCCC T+ )CCCECC TN ACCTCATCATCATCG TCAT
CATCRIOTTCCTCCGUBAGLASABCCGRG

SNP-B-10
TCCCACTOCAGATTCAGTCLCATTCCCATT TCCCU G A TCATTCT CCCOTTLCT TG GGATTCACATTTCLLH
COTCATCOTTCTLOTCCTTCTICTICTTCY

SNPB11
GCCCTCCTTCTCCAGCACCTLGO COOUITTRATICCLTCCAGETUSAG» A GUAATCTTAATCAGRAATCL
GCTTTTETCGATTCCAAGTTOTTTATACATY

FIG. 5
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Catecory € SNPS

SHP-C-1
ACARCCCT AL TTC T TTTE T CTCTGACTTATRATTACCTCACATTT CCATETCCTC+ TITTTTTTTTTCTTITY
TITTTACCOTTCTATITITACATTCAS

SNR-C-2
CTTCATOGAGCCTH+OITCTCTAATTCGETRCATTTITTITGTGATT TOTRACTCACGTCAACCOCTCCACAAT
ACTCATATATATATCOAMATCCTCATACK

NP3
S ABGGAGEEAGGEAGREAGAGETREGACATACCTGAAGTEGLGTCOCAGETEATHAGLAGECES
AAGETGLTCTTGAALATACGEACCTRTGAGEGARAA

SKP-C-4
AGGAGGASGAGHAAGGOGIAGICATTGAARGAGGACATOCHLGAGHAAGCTETCRATUSAATGEGLAS
COGRTGCAAGCATGLTTCTGTCTTGATAAGEGGREEA

SNP-CS
SAABGGAGGGCCGACGATATATATATAGAGAGAGAGAACIGGAAGGARGAGAGGSATGGATIACIGE
AGGEACGRACGEACGAACABAAGARGGRAAGEAGREAG
SHP-C-6
ACCCACTCCECTTCCCTOOAGACOCTEATECTENCCETCAECCCTCOCTCTLCACS T TS CICCCCCCTTTTTE

CTCCTCTTTCACGACCTCCTOCOTASGEY

E )

Np-C-7
COTCCTATCCCCTCACTTICTCTCTITTCCO U TACTCC TR TATCO GO TCATCCACCATOR TTECCTCCCTE
CTTCTCGTCCTCTTTETTITCCCTOO0A

AASAGGAGASAGAGRAGGTERGEHRGAGRAAGTARMOGUILTTAAGTALAGLIL A RATGAGBCOGCTRLG
ATGGAAGTCATATGITTQTCAGACGACGACTAGGY

TTCAAGAGAAGAGRATETAGAGETGELAGACGAGEAGHAAGEGAAGEANGIGEREGGRAALCTTCLY
TTQULGEGLGLETERTLAACGATCACGTLIALIGE

ST TACCTTCTT TCACTTTCCCTTTTCTCCCCC A TLOTICE TCTCT TECC B CAGGLACTAACTCR TG
CTCATCCTRLCLCTCCETCTITTOrCEC

FiG. & {cont'd)
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SHR-C-1R
AGAAGRUTTEGLLATTGUAAGRILIT

SCESATGGLAAGALASTCERCAMAG TAAACTIACKICILCLACCCY
CTCACCUTCCCTCCCTCTRACCOTTECTCCLTC

SNEC1T
AAALBACCTTTTEGCAAAGGAAGBGEATAGAAGEAGGABGALAIAIGEAGBAGSABGAGRAGETE
G TGCAAGUCATECOAGGACTTOE TG TRTTAGAD

5

i

GAGAGARAAAGATAGGATRERARABAGGEARGRAGGR+AGRIGETETCTLACCCGEATIGCATERAAS

GTECGTORGLACTGCTOOACGUGATRGAGALLCTGGISS

147

SNE-C-14
GTATTTACTAGTGAGHRCCETTCTGALAGTL AT G AGHGTACACGIECACAAAMALTCGTREEBCLT
GAGCAGAGGRAARTAATGOAG{AGIAGGARTGAGA

SNP-C-13
CCRTETTGATCRAATATATEAGCACTGTTEGEGETREAGGTLHTERTAGABGEREAGELEAGRAGEE

SGLGGACGREGEAAIGECGEEEIAGIGER{AGIARIA

SNF-CH18
GCEEEECCCOTTAAGCCTOATCTTGRACCCCECATACCTTHGIGOGGEGEAGAGGEERAAGSBAARG

AGAGACGEGCASATTAABAAGGAGRAGCEEAGGAG

SNP-C-17

GLTGAAGCCBACCCCGATTOGCACATTGACATTOATOAAGEERGHGR GG AAGAGRETRAGTEATEY
GEHCETRAGUGALLTRTTGLELTACATCCARAGE

SNEC-13
GLECAAACTTCTTCCAAGLCTACAGGEAGEAAGCARAGRABAAAAGUATA ARAHGIGHEEGAGEEAA
AGAGOOCAGTIGCCCOAGAGOTTAATCAGTCARGG

SNP-C-19
CCCTTGRTAGACAAATTA{T>C)GTECTAATATTGTTTCAAGGECATCAAATTTTGGGGTATIAGTATCAGA
ARSATAABATGTATSTACTACTACACACECACS

SACCAGCTICICCGCULCATBAASATACTUCTCRATHTCCCTCACATT TG GETTCCTITTCLCTCCe
COLCTTCUHACICCCCCCCATCOGECALLY

GGATTTAACLEEUTETCCCTTATCALGTOAGEUAGASATTTGTUTTCLTCTART TG TTTTLTCTUTCTL{AT

FiG. & {cont'd)
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SHP-C-22
GGGGGEG{AQ}GG}’%(SGGGGGG.& SRAAGAGAGLEGGEGAGAGEEAGGAGAGAGGAAGEGRAGAGE
GOLAAGAATA

TR CCOTCCTHTICOTCCCTTCETETCCOTCA LT TR ALTCCATGAAG S TCT COAATTCCG LG LACARTC
TITTTCETTTCCTCCTTOCTCCTCCTCTY

SNF-C-24
GLOTTORTTOTGOGGASTCAGELACGTGAGATETGRETIC TR AL GALGAGAGATGGAAGLAGHGAS
GARGCCOETTTOALGGSTE TGO A GLCATTGAGT

SNP-C-25
TTECTEOTAACTTTGATTTAGGUAAAATTATTCTCAGG S GER{AGICAGRCGAGTCTGRGRGTAGTGER
GOARGEGAAGGAGGGAGALAAGASAGRRGATTAG

SHP-C-38
ATGAGCAGTTTTCLAGGAASCOTAACAGTAGITTGACACCGUUTTCTCITCCCCCCTCTH+CIITCLILIC
AATCCCTACTIOOCTTCOTTOCTALCGRGTG

SNP-C-27
TECTTGTGTATOGUTCGTATOARG TCTACARG BACATRATCO TEEAAG GG TRASGAGEGAGEGAGAGA
(AGIGEHAABEAABGAGACAGRGAAGEAGEGAGAA

ENP-C-28
£eG {? CICCCCL B> CICCCCCOOCOCCUE TTORLAAG TTCCCOGTOECAMACCACAGATACTOCCOCARD

CHUCTCATCOAGTCCAATCCCCCACETTOCTTT

SHP-C-23

SOEGGATERATATOTCGRAAGACGUTATAGTCARAGUATAAAARGTACAUTATCUECARRATTTATATCAT]
T=CITTTTATCETGATOGLGUGCTTGTLTCGTC
SNP-C-30

GLAATGRGAGES SMWCA{IC{I?CCTTQCACTTf COTGAGTACAACCCTOATITTTTGCGAGRACLGAAA
AATTTTCCTTCATTCSTTCOTTCCLTCCCC

ATTCGCACCOYTCOCTCLOTTCCTCCOTCCOTRLCTOALITCACCECATTGTALTCCGLCATGAGTCAGGASR
AE?QSTLTG}' LCETCCTCCATCATCTGTTO

SNP-(-32
GTCABTTCCATTCATCATCOTCCTETIT T TCCCCTCOATCRCU TOU TTCRATCG TTCATTTCCCACCATITES
CCCTTTTCCTOCTLTTERCICTCCCLCCC

FiG. & {cont'd)
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SNP-L-33
COAGATOOGTOCTGLCCITUITCOCCGUAGAGEAMMUTE TAGGAATGLCCRTCTAGGAGRGAGIEG ARG
GAGGGAGGEAGGGAIAAGEIAGHRAGEGARAGAGG

5

34
AGETCGTTCAAGHTITCGARAGLCELEGLITCARALTEATCCACLGASAGETRITCAGRAGGRAGGRA
GOOAGGCAGGOTRTCAGH GAJAAGGAGGGARGEEA

SEP-C~

£)

SNP-C-35
CTTGACATTTGTTTCCCCTCTEATAGGTRGAAGTETAGATTGALTRCCCCCCCTS IO TTROTCBCCTTIG
TCCTTCTORTCETCTOLTCOTCCTUGCCGTE

TGCATOLGATAGTICTHTIAGAGERATETAGGAACAECAAMAGAACTAGTARTTTCCTTITCTTGTTATGY
CAATGTCTTACTIGTGTACATGRCCTCAGLTY

SNP-C-37
GAAGAAGACARAGTARACTTCCGARAAGAAAATAAGTARAATGARRATATAGAAGGATAGTCACALY
T AJAABAAAGACGLAA{T>CICATTCCTCATTTA

SNP-C-3

1
]

75

CCTATTCAAGGACBAGACGAAGGGAGGCARGLAGGGAGGAAGTAGAAGAGUGAGAGBAAGAAGIG
CAGAGAAAGGAGGGAGHGAGLGAGEGAAGGTALLTC

2
o
=]
P
7t
£
543

GGUGETRATGTGALLCTCCCUACIGRERTERATGATGAGHCTGIEGTUITTGLGGUEIGGATGLGEEC
CAGGTTGCAACAGUGGAACAAGLAGUACARAALG

GGE , TETCARGTASAGGOOTETAGACGUTTGUATCAGCGCAABCA+BIGGBETTETCG
CATCTGTTCTTTTGTCGGGCACATCOGAACGTGTA

FiG. & {cont'd)
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