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Efficient Method for Selection of Hich-Performing Aloae Isolntes and

This application clairas benefit of priority to the filing date of U.S. Provisional
Application Ser. No. 62/686,939, filed June 19, 2018, the contents of which are

specifically incorporated herein by reference in their entirety.

5
Govermmnent Fuading
This invention was made with government support ander DE-FGO2-
91ER20021 awarded by the Department of Energy. The government has certain rights
in the invention.
10

Background of the Invention
Despite many years of rescarch efforts progress towards improving algal
biomass productivity has been slow, particularly for complex, composite traits such as
increased photosynthetic productivity, which is influenced by multiple and diverse
15 factors that can change under different environmental conditions. The domestications
of plants and anirmals has taken advantage of natural variations that emerged from
selection for survival in diverse environmental niches. Breeding can generate novel
combinations of genetic loci that not only combine multiple desirable traits, but can
also result in heterosis or hvbrid vigor, Le. performance phenotypes in progeny that

20 exceed that of their parents.

Sununary
Described herein are methods for making highly productive and vigorous

algae populations with rapid selection of robust individual lines. A major impediment

[\
W

to improving algal energy hioproduction is in delinecating the complex, interacting
genetic and physiological factors that contribute to productivity and resilicnce under
diverse and often extreme environmental conditions. The methods described herein
provide a solution to this problem and produce algae that exhibit strong hybrid vigor
for photosynthetic productivity. The methods can include identification of genctic loci
30 that confer favorable traits. The methods involve generating genetic diversity in an
algae populations panels by crossing (mating) phenotypically-diverse algae, to

thereby generate a population of one or more genetically diverse algace strains. The
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genetically diverse algae strains (or a population thereof) are grown under selection
conditions that are environmentally-contwolled and can be sufficiently stresstul to
generate an environmentally competitive algae population. One or more strains from
an environmentally competitive algac population are quantitatively sequenced. In
5 some cases, the entive population or pooled samples from the environmentally
competitive algac population arc quantitatively sequenced. Such methods can
generate multiple algae strains such that a large percentage of the environmentally
competitive algac population exhibits hvbrid vigor under the selection conditions.
For example, a method for producing algae with strong hybrid vigor for
10 photosynthetic productivity can involve: (a) crossing (mating) phenotypically-diverse
algac strains to generate two or more genetically diverse algae strains; (b) growing
one or more genetically diverse algae strain under one or more selection conditions to
generate an environmentally competitive algae population; (¢) measuring the
photosynthetic efficiency and/or productivity of one or more algae strain of the an
15 environmentally competitive algae population; and (d) isolating an envivonmentally
competitive algac strain or a mixture of an environmentally competitive algae strains
that exhibit hybrid vigor under the selection conditions corpared to the
phenotypically-diverse algae strain grown under baseline conditions. The
environmentally competitive algae strains can have one genomic locus, or at least {wo
20 genomic loci that provide environmental competifiveness.

Hence, also described herein are environmentally competitive algae strains
having genomic loct that provide environmental competitiveness. Also described
herein are mixtures of algae with at least one environmentally comapetitive algae strain
therein, where at least one environmentally competitive algae strain has one or more

25 that genomic locus conferring environmental competitiveness upon the algae strain(s).
Algae populations that have enriched genomic loct that confer environmental
competitivencss upon the population are also provided herein.

The genomic loc that confer environmental competitiveness can be isolated
and incorporated into new strains of algae or into other host cells (e.g., into bacteria,

30 veast, fungi, insect, or algac cells for maintenance, expansion, analysis, or a
combination thereof). Nucleic acids {e.g., BNA, RNA or cDNA) incorporating or
encoding the envirommental competitiveness genetic material can he isolated and

transferred to such other host cells.
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Description of the Figures
FiGs. 1A-1D illustrate methods for generating and mapping algal populations
that exhibit increascd photosynthetic productivity and/or hybrid vigor. FIG. 1A
itllustrates the culture light intensity in micromole {umol) of photosynthetically active
5 radiation (PAR) photons per square meter per second during baseline conditions (BC)
and during the light stress regime (LS}, FIG. 1A also defines “gain days” and “pain
days,” where the light intensity during the pain days is much lower than during the
gain days. FIG. 18 illustrates F1 cross and the competition / selection methods.
Parental Chlamvdomonas Hnes CC1009 and CC2343 were crossed, and 203 F1 mt+
10 progeny were ponled in equal numbers and used as inoculum for cultures placed
under baseline conditions that mimic a natoral solar day (baseline conditions (BC),
5% COn in air, 14:10 hight dark cycle with zenith at noontime), hyperoxic conditions
(HO, 5% CO; in Og, or light stress (LS, long periods of very low light) conditions.
FIG. 1C graphically iHlustrates the allele frequency relative to parent CC2343 (upper
15 dashed line) of each filtered single nucleotide polymorphism (SNP) site across the
genome for two independently generated inoculums (lower, darker solid line). FIG.
1D graphically illustrates the allele frequency relative to parent CC2343 (upper
dashed hne) across chromosome 6 for the imoculums (lower solid line) shown in FIG.
1C. The MTL region is the mating type locus (MTL) while regions 1 and 2 in FIG.
20 1D are potential regions for increased recombination rates.

FiGs. 2A-2C dllustrate results of a fitness screen under different environmental
conditions. FIG. 2A shows the datly productivity ratio of isolates under “gain days” of
the light stress (L.S) conditions versus haseline conditions (BC). The parental strains
are identified by arrows, illustrating the difference in their productivities under light

25 stress conditions. FIG. 2B shows the ratio of daily productivity of isolates when
cultured under hyperoxic conditions (HO) vs baseline conditions (BC). The parental
strains are identified by arrows, again illastrating the difference in their productivities
under hyperoxic conditions. FIG. 2C shows the daily productivity in grams of ash free
dry weight per square meter per day of isolates of Chlamydomonas lings CCHO09 and

30 CC2343 when cultured under baseline conditions (BC), hyperoxic conditions (HO)
and Hght stress (13) conditions.

FIGs. 3A-3F illustrate that environmental conditions drive population genome
structure. The chromosomal numbers are shown along the x-axes. FIG. 3A shows the
change in the allele frequency of the F1 bascline condition population from an

2
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inoculum relative to CC2343 (positive nuombers) or CCI009 (negative numbers) after
9 {yelow in original), 21 {cream in original}, 25 {(violet in oniginal}, and 32 (dark blue
in original) days in polyculture. As time progresses the variation in allele frequency
generally increases. FIG, 3B shows the -log (p value) of the significance of the
5 enrichment values averaged at 40 Kb windows iterated every § Kb across the genome
for the baseline condition population after 19 days of polycuiture (dataset from the
F1_light stress experiment). Enrviched genomic loct (BEGL) results were obtained using
statistical methods deseribed in Example 1 and are presented as log-of-odds (1LOD)
scores, calculated as LOD= —logi((p), where p is the probability of achieving the
10 obscrved allele frequency (AF) change of a locus randomly. Regions with L.OD
greater than 14 (a highly restrictive cutoff) over a 60-kb window were considered to
be highly statistically significant enriched genomic loci (HGLs). To illustrate the
relative preference for loci from the two parents enriched genomic loci regions that
represent enrichment of CCI009 were multiplied by -1. FIG. 3C shows the change in
15 aliele frequency of the F1 hyperoxic condition population for the same timepoints as
FIG. 3A. FIG. 3D shows the enrichment values from the F1 hyperoxic condition
population after 21 days of polyculture. FiG. 3H shows the change in allele frequency
of the Fi light stress population after 6 (cream in original), 12 {violet in original) and
19 (dark blue in original) days of polyculture. FIG. 3F shows the enrichment values
20 from the Fl hyperoxic condition population after 21 days of polycuiture.

FIG. 4A-4G illustrate that F1 recombination events shape F2 population
genome structures and productivity. FIG. 4A illustrates the breeding paradigm to
generate the F2 progeny library. Two F1 tetrads were dissected and crossed with the
two opposite mating types from the same tetrad and 30 F2 progeny from each cross

25  were pooled to genevate the F2 progeny library of about 240 lines. FIG. 4B illustrates
the offset allele frequencies of chromosome 2 relative to CC2343 of chromosome 2
for the dissected tretrad progeny, which ave the F1 progeny were used to generate the
F2 population. The allele frequencies (AF) range from O to 1 and are centered on the
straight horizontal dotted lines projecting from the Y-axis at a relative allele

30 frequency of 0.5. FIG. 4C illustrates the chromosome 2 allele frequency (AF) of 240
pooled F2 hines used as the F2 inoculum. FIG. 4D iHustrates the allele frequency
across the genome of the F2 inoculum. FIG. 4F shows the daily productivity of the Fi
generation of the co-cultured library (friangles) and the F2 generation (circles) under
steady state conditions. The sohd and dashed horizonial lines represent the average

4
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productivity of the parental lines CC1009 and CC2343, respectively. FIG. 4F shows
the daily productivity of the parental lines CC-1009 (squares) and CC2343 (upside
down triangles), F1 progeny library (right-side up triangles}, and F2 progeny library
{circles). FIG. 4G shows the daily productivities of parental line CC-1009 (cross-
hatched bars) and parental line CC-2343 (\\-hatched bars), compared to the 1
generation (widely ///-hatched bars) and the F2 generation (dashed hatched bars)
during the high light days (gain days) of the light stress regime.

FIGs. 5A-5F illustrate histograms of the allele frequency distribution of 40 KB
windows across the genome for the polyculture populations. FIG. 5A graphically
lustrates the allele frequency distribution of the inoculum (dashed //-hatched bars)
compared with the F1 population (solid W-hatched bars) baseline conditions after 19
days of culture. FIG. 5B graphically illustrates the allele frequency distribution of the
inoculum (dashed //-hatched bars) and the F2 population baseline conditions (solid \\-
hatched bars) after 21 days of culture. FIG. 5C graphically illustrates the allele
frequency distribution of the inoculum {(dashed //-hatched bars) and the F1 population
under hyperoxic conditions (\\-hatched bars) after 21 days of culwre. FIG. 5D
graphically illustrates the allele frequency distribution of the inoculum (dashed /-
hatched bars) and the F2 population under hyperoxic conditions (solid \Whatched bars)
after 21 days of culture. FIG. SE graphically illustrates the allele frequency
distribution of the inoculum (dashed //~hatched bars) and the F1 light stress population
{(W-hatched bars) after 19 days of culture. FIG. 5F graphically illustrates the allele
frequency distribution of the inoculum {(dashed //-hatched bars) and the F2 light stress
population (solid Whatched bars) after 16 days of culiure.

FIG. 6A-6C show genomic maps of dasghter cells resulting from two
independent meiotic events, davghters 11 through 1_4 are from one meiotic event
and daughters 5_1 through 5_4 are from the second meiotic event. The allele
frequency is relative to CC2343 and the range of cach vertically varying bar inis from
0 to 1, while the straight dashed horizontal lines represent an allele frequency of 0.5,
Fi(5. 6A shows genomic maps of chromosomes 1-6. FIG. 68 shows genomic maps of
chromosomes 7-12. FIG. 6 shows genomic maps of chromosomes 13-17.

FIG. TA-7C illustrate that the suyvival of F2 progeny is heavily influenced by
the F1 parental genotype. FIG. 7A shows the allele frequency distribution of the F2
bascline condition population (solid line) after 21 days of culture compared to the
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distribution of the F2 hyperoxic condition population (solid line) after 21 days of
allele frequency distribution of the F2 light stress condition population {solid Hing}
after 16 days of culture and the F1_5_4 (dashed --- line) and F1_3_3 (dashed and
dotied line).

FIG. 8A-8C illustrates that F2 populations show a bimodal distribution of
progenitor loci. The F2 library was used to inoculate triplicate ePBRs and the cultures
were placed under baseline, hyperoxic, and light stress conditions. FIG. 8A shows the
change of the allele frequency of the F2 baseline condition (BC) population after
culture for 8 days (cream in original), 16 days (violet in original), and 21 days (dark
blue in original). FIG. 8B shows the allele frequency change of the F2 hyperoxic
(HO) condition population for the same timepoints as FIG. 8A. FIG. 8C shows the
change in allele frequency for the F2 light stress (L.5) condition population after
culture for § days (violet in original) and 16 days (dark blue in original).

FIG. 9 illustrates that methods including breeding and selection
Chlamydomonas provide high degrees of phenotypic plasticity. Step 1 involves
generating genetic diversity through breeding divergent lines (e.g., in mixed cultures).
Step 2 involves competition of the lines under polyculture conditions. Step 3 involves
isolation and screening of the surviving progeny for increased productivity. Panel A
shows isolates from the Fl baseline condition population (///-hatched bars) coropared
with the parvental strains CCI1009 and CC2343 (\\-hatched bars for all panels). Panel
B illustrates the light stress tolerance of surviving isolates of the F2 Hght stress
population (//-hatched bars). Panel C shows the hyperoxic tolerance of F1 hyperoxic
survivors thorizontally-hatched bars) compared to the parental strains (Fo; vertically-
hatched bars). Panel D shows the productivity of selected progeny (///-hatched bars)
compared to the parental strains (W-hatched bars) after an environmental simulation.
Panel E shows the productivity in halotolerance media containing 20 g/L. of Instant
Ocean. The Whatched bars show the productivity of strains isolated after hatching
and sclection under 20 ¢/L of Instant Ocean salts, the //-hatched bars show the
productivity of random F2 progeny, and the horizontally hatched bars show the
productivity of the CC2343 and CCI1009 strains.

FiGs. 10A-10H illustrate that populations of meiotic progeny under
polyculture conditions are enriched with strains having increased fitness. FIG. 10A
shows the daily productivity {in grams of ash free dry weight produced per square

6
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meter of incident light) of the progenitor lines (\Whatched bars) and F1 meiotic
progeny (///-hatched bars) isolated after 30 days of polyculmure under baseline
conditions, FIG, 10B shows the average daily productivity under bascline conditions
of progenitor lines (vertical harching) and of F1 progeny (tight ///-hatching), and the
5 productivity under hyperoxic conditions of the parental lines {(wide ///-hatched bars)
and F1 progeny (wide \\-hatched bars) isolated after 30 days of polyculture under
hyperoxic conditions. FIG. 10C itlustrates the oxygen tolerance of the parental lines
{wide ///-hatched bars) and the F1 hyperoic condition survivors (\W- hatched bars) in
FIG. 10B. FIG. 10D shows the average daily productivity of the progenitor lines (\\-
10 haiched bars) and the F2 progeny (///-hatched bars) isclated after 21days of
polyculture under baseline conditions. FIG. 10E shows the average daily productivity
of the progenitor lines (vertically-hatched bars) and F2 hyperoxic progeny (narrow ///-
hatched bars) under baseline conditions, and of the progenttor lines (wide ///-hatched
bars) and F2 hyperoxic progeny (wide \W-hatched bars) under hyperoxic conditions
15 isolated after 21 days of polyculture. FIG. 10F shows the oxygen tolerance of the
parental ines (//-hatched bars) and the F2 hyperoxic survivors (\W-hatched bars} in
FiG. 10B. FIG. 10G shows the average daily productivity of the parental lines
(narrow \W-hatched bars) and F2 light stress progeny (narrow ///-hatched bars) under
bascline conditions, and the productivity of parental lines (wide W-haiched bars) and
20 F2 light stress progeny (wide ///-hatched bars) under light stress conditions when the
strains were isolated after 16 days of polyeulture. FIG. 10H summarizes the light
stress tolerance of the lines shown in FIG. 10G, where the widely spaced //-hatched
bars represent light stress tolerance of the progenitor lines and the \Wwhatched bars
represent the light stress tolerance of F2 light stress survivors. For the progeny, crror
25 bars represent the standard deviation between at least three daily growth values for
selected progeny. For the parcntal lines, the error bars represent the standard deviation
of the daily productivity values between at least three biological replicates.
FIG. 11A-11H illustrate strong heterosis persists in lines through multiple
biological replicates. FEG. 11 A shows the daily productivity (in grams of ash free dry
30 weight produced per square meter of incident light) of the progenitor lines (///-hatched
bars) and choice F1 meiotic progeny (\W-hatched bars) isolated after 30 days of
polyculture under baseline conditions. FEG. 11B shows the average daily productivity
under bascline conditions of the parental lines (narrow ///-hatched bars) and choice F1
progeny (narrow \W-hatched bars) as well as under hyperoxic conditions of the

~r
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parental lines (widely W-hatched bars) and choice F1 progeny (widely //-hatche
bars) isolated after 30 days of polyculture under hyperoxic conditions. FIG. 11C
shows the oxygen tolerance of the parental Hines ((///-batched bars) and the selected
F1 hyperoxic survivors (\W-hatched bars) from the results shown in FIG. 11B. FiGs.

5 11D shows the productivity of the progenitor lines (///-hatched bars) and selected F2
haseline survivors (\\\-hatched bars) isolated after 21days of polyculture under
haseline conditions. FIG. 11E shows the average daily productivity of the parental
lines (narrowly //-hatched bars) selected F2 hyperoxic progeny (narrowly Wehatched
bars) after 21 days of polyculture under baseline conditions, as well as the

10 productivity of the progeniior lines (widely \W-hatched bars) and selected F2

hyperoxic progeny (wide ///-hatched bars) isolated after 21 days of polyculture under
hyperoxic conditions. FIG. 11F shows the oxygen tolerance of the parental lines (/-
hatched bars) and the selected F2 hyperoxic survivors shown (\W-hatched bars) in
FIG. 11E. FIG. 11G shows the average daily productivity of the parental lines (narvow
15 /i//-hatched bars) and chosen F2 light stress progeny (narrow \W-hatched bars) isolated
after 16 days of polycuiture under baseline conditions as well as the average daily
productivity of the parental lines (wide W-hatched bars) and chosen F2 light stress
progeny (wide ///-haiched bars) isolated after 16 days of polyculmire under light stress
conditions. FI(G. 11H summarizes the light stress tolerance of the lines shown in FIG.

20 111G, ///-hatched bars represent the progenitor lines and W-hatched bars represent F2

fight stress survivors. FError bars represent standard deviation of the average daily
growth from a mintmuom of three biological replicates. Asterisks denotes a maximom
p-value of 0.05 from a two-tailed t-Test while double crosses represent a maximum p-
value of 2°7,

25 FIG. 12 illustrates the light intensity (solid line) and temperature (dashed line)

during an environmental simulation selection.

Detailed Description
Methods are described herein for generating algal strains that exhibit increased
30 fitness or productivity over the progenitor strains. The methods can include mapping
of the genetic loci that provide the increased productivity. These methods can
generate large populations of genetically diverse algae and can rapidly redoce the

population diversity by selecting for strains with increased fitness.
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For example, one method for producing algae with strong hybrid vigor for
photosynthetic productivity can involve: {a) crossing {mating) phenotymcally-diverse
algae strains to generate two or more genctically diverse algae strains; (b} growing
one or more genetically diverse algae strain under one or more selection conditions o

5 generate an environmentally competitive algae population; (¢) measuring the
photosynthetic efficiency and/or productivity of one or more algae strain of the an
environmentally competitive algae population; and (d) isolating an envivonmentally
competitive algae strain or a mixture of an environmentally competitive algae strains
that exhibit hybrid vigor under the selection conditions compared to the

10 phenotypically-diverse algae strain grown under bascline conditions.

Algae
As used herein, the term “algae”™ may mean any type of microalgae or
macroalgae. For example, an algae strain can be any sexually veproductive type of
15 algae. In some cases, the term means algae species of the genus of Profococcus, Ulva,
Codium, Pheodactvlum, Enteromorpha, Neocliforis andlor Chlamydomonas. In some
cases, the algae specices is a species of algae. The algal species can also be able to
mate. For example, algae species can form gametes that then fuse to form a zygote. In
somie cases, the algae species can be a Chlamydomonas species. Chlamydomonas s a
20 genus of green algae consisting of about 325 species of unicellular flagellates, found
in stagnant water and on damp soil, in freshwater, seawater, and even in snow. In
some cases, the algae species can be Chlamydomonas reinhardtii.
Algac may be collected in fresh water or salt water shores, or soils. For
example, various species of the genit Protococcus, Ulva, Codium and Enteromorpha
25  can be collected from fresh water and salt water sources in Salisbury, Md.,
Assateaguc National Seashore and at Geean City, Md. In some cases, the algac
species Algae species can also be obtained from the Chlamydomonas Resource
Center (see, website at www.chlamycollection.org).
The most widely used laboratory species is Chlamydomonas reinhardtii
30 (Dang). The wild-type of this species (strain 137C) was isolated from soil by Dr.
Smith in 1948 in USA (see in if. Levine 1960). Cells of this wild-type strain are
haploid and can grow on a stmple medium of inorganic salts, using photosynthesis (o
provide energy. Cells can also grow in total darkness when acetate is provided as an
alternative carbon source. When deprived of nitrogen, haploid cells of opposite

9
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mating types can fuse to form a diploid zygospore which forms a hard, outer-wall that
protects it from adverse environmenial conditions. When conditions improve {e.g.
when nitrogen is restored to the culture medium), the diploid zygote undergoes
meiosis and releases four haploid cells that resume the vegetative life cycle.

in some cases, Chlamydomonas strains CCTO09 (o) and CC2343 (mit+) can
be used. These strains can be obtained from the Chlamydomonas Resource Center
{see, website at www.chlamnycollection.org/product/cc-1009-wild-type-mt-utex-89/
and www.chlamycollection.org/product/cc-2343-wild-type-mi-jarvik-224-melbourne-
il).

As used herein “phenotypically-diverse” means that two or more algal strains
gxhibits different responses to environmental conditions. In some cases,
phenotypically-diverse algal strains exhibit different productivities under the same
environmental conditions, where for example the productivitics are datly
productivities. The productivities of algal strains can be measured as grams of ash free
dry weight of each algae strain per square meter per day. In some cases, the
productivitics can he measured as chiorophyll concentration of cach algae strain per
sguare meter per day.

Parental strains for mating can in some cases be selected that exhibit
differences in their productivities under different environmental conditions. For
exarople, a first algae strain may exhibit 50% (or 20%, or 30%, or 40%, or 60%, or
T0%, or 80%) higher productivity under a first environmental condition than a second
algae strain. However, the second algae strain may exhibit 50% {(or 20%, or 30%, or
40%, or 60%, or 70%, or 803%) higher productivity under a second environmental
condition than the fivst algae strain. The first and second strains may, for example, be
selected as parental strains for crossing because they exhibit useful phenotypically-
diverse characteristics that could be genetically transmitted to their progeny.

Hence, two algae strains that exhibit at least one phenotypically-diverse trait
can be selected as pavent strains. In some cases, the selected parental strains exhibit at
least two, or at least three, or at least four, or at least five phenotypically-diverse
traits. Pavental strains can be selected that exhibit a propensity to survive {e.g., are
productive) under selection environmental conditions such as increased oxygen
atmosphere, a reduced carbon dioxide atmosphere, reduced light conditions, increased
light conditions, increased salt conditions, increased temperatures, decreased
temperatures, fluctuating temperatures, redoced nitrogen conditions, reduced pH

10
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conditions, increased pH conditions, conditions comprising macronutrients,
conditions comprising micronutrients, conditions comprising pollutants, reduced
phosphate conditions, or increascd phosphate conditions.

Progeny of such parents arc sclected that exhibit at Icast equivalent
productivities, or more preferably, even higher productivities under any of the
selection environmental conditions than cither of their parental strains. Such progeny
are thus environmentally competitive. For example, the progeny can exhibit at lcast
5%, or at least 10%, or at least 20%, or at least 30%, or at least 40%, or at least 50%,
or at least 60%, or at least 70%, or at least 8%, or at least 90%, or at least 100%, or
at least 150% higher productivity than cither of the parental strains. The productivitics
of progeny can be increased from one generation to another generation, and over
multiple generations, to yield progeny strains with desired high levels of

productivitics and environmenial competitiveness.

Algae Maintenance Calture

Algae can be maintained under a variety of conditions. For example, algae
cultures can be maintained on Sueoka’s high salt media (Sueoka, Proc. Natl Acad.
Sci. USA 46, 83-91 (1960) or ZNBH media, which is a Bristol media (available at the
website utex.org/products/bristol-medium) with twice the amount of sodium nitrate.
The media can also contain Hutner's trace clements (Hutner et al., Proc. Am. Philos.
Soc. 94: 152-170 (19530}, see wehsite at chlamycollection.org/moethods/media-
recipes/hutners-trace-elements/).

A stationary culture method can be used as for culture of algae, but a shaking
culture method or a deep aeration stiring culture method can also be vsed for
culturing algae. The shaking culture may be reciprocal shaking or rotary shaking. The
algae can be cultured at a temperature of 15° C 10 40° C. In some cases, the cultures
can be maintained at room temperature.

In some cases, the algae can be grown or maintained in environmental
photobioreactors (¢PBRs), for example, as described in Lucker et al. Algal Research,
6, Part B, 242-24%9 (2014).

Baseline conditions can be used as control conditions that mimic a natural
solar day. These conditions can include culturing in 5% carbon dioxide in air, using a
14 hour:10-hour light:dark cycle. The 14:10 hour (light:dark) diurnal cycle can
simulate a cloudless day, with hight mtensity ascending to a zenith with maximom

11
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photosynthetically active radiation (PAR) of about 2000 wmol photons per square
meter per second, and descending until dark, delivered in a sinusoidal form, as

illustrated in the inset to FIG. 1C.

5  Selective Culture Conditions
Algae can be subjecied to culture conditions to select for increased
productivity {or competitive fitness). For example, algae can be coltured under
selective conditions that inclode increased oxygen (e.g., an atmosphere that contains
more than 2 1% oxygen), reduced or increased carbon dioxide (e.g., an atmosphere

10 with less or more than 0.04%), reduced light conditions (e.g., less than 2000 wmwol
photons per square meter per second), increased light conditions (e.g., more than 2000
winol photons per square meter per second), increased salt conditions {(e.g., more than
(.4 M sodium chioride), increased temperatures {(e.g., more than 40 °C), decreased
temperatures (e.g., less than 15° C), fhuctuating temperatures (e.g., fluctuating

15  between 12 and 44 °C), reduced nitrogen conditions {(e.g., less than 0.002 mM nitrate,
urea, or ammonia), increased nitrogen conditions {e.g., more than 0.002 mM nitrate,
urea, or ammonia), reduced pH conditions (e.g., less than pH 7.5), increased pH
conditions (e.g., greater than pH 7.5). conditions comprising various macronutrients
(e.g., increased or decreased concentrations of potassium, calcium, sulfur,

20 magnesinm, or combinations thoreof), conditions comprising various micronutrients
{e.g., increased or decreased concentrations of ivon, horon, chlorine, manganese, zinc,
copper, molybdenum, nickel or combinations thereof), conditions comprising
pollutants (c.g., heavy metals, gold, cobalt, lead, arsenic, cadmium, chromium
strontivm, or mercury; detergents, insecticides, fertilizers, herbicides, hydraulic

25 fracturing fluids, petroleum, gasoline, oil, or combinations thereof), reduced
phosphate conditions {¢.g., less than 1 mM), increased phosphate conditions (e.g.,
more than 1 mM)}, or combinations thereof.

For example, algae can be coltured under conditions that inchude increased
oxygen, which can include an atmosphere that contains more than 21% oxygen, more

30 than 30% oxygen, more than 40% oxygen, more than 50% oxygen, more than 60%

oxygeun, more than 70% oxygen, more than 80% oxygen, more than 90% oxygen. In

some cases, algae can be cultured under conditions that include 5% carbon dioxide in

ail oxygen atmosphere (hyperoxic or HO conditions).
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For example, algae can be cultured under conditions that inchide reduce
carbon dioxide, which can include an atmosphere with less than 0.04%, or less than
0.5%, or less than 1%, or less than 2%, or less than 3% carbon dioxide.

For example, algac can he cultured under conditions that include reduced light
conditions, which can include illurnination at less than 2000 umol photons per square
meter per second, less than 1000 umol photons per square meter per second, less than
500 wmol photons per square meter per second, less than 250 umol photons per square
meter per second, less than 100 pmol photons per square meter per second, less than
75 umol photons per square meter per second. In some cases, algae can be cuitured
under conditions that include alternating periods of time of normal illumination (e.g.,
about 2000 pmol photons per square meter per second) and reduced light conditions
tilumination (e.g., about 50 pmol photons per square meter per second). Each period
of llumination can he about 1-3 days of a light:dark cycle, where the light cycle is
about 10-14 hours of either normal illurnination or reduced Ulumination. For
example, the algae can be cultured under light stress (LS) conditions with 1-3 days of
normal illumination alternated with a series of 1-3 “light starvation™ days, which
consisted of a 14:10 hour rectangular wave with a PAR intensity of 30 pmol photons
per square meter per second.

For example, algae can be cultured under conditions that include increased
Light conditions, which can include illumination at more than 2000 wool photons per
square meter per second, more than 2200 pmol photons per square meter per second,
more than 2500 umol photons per square meter per second, more than 3000 wmol
photons per square meter per second, more than 3500 umol photons per square meter
per second, more than 4000 pmol photons per square meter per second, or more than
5000 wmol photons per square meter per second. Such culture under conditions that
include increased light conditions can be cither continuous exposure o increased light
conditions or use of alternating periods of time of normal llumination (e.g., about
2000 umol photons per square meter per second) and increased light conditions.

For example, algac can be cultured under conditions that include increased salt
conditions, which can include culturing the algae in roore than 0.0004 M sodium
chloride, more than 0.005 M sodium chloride, more than 0.01 M sodium chlonide,
more than $4.05 M sodium chloride, more than §.1 M sodium chloride, more than 0.2
M sodinm chioride, or more than 4.3M. In some cases, the algae can be cultured
under conditions that include about 0.34 M (e.g., 20 g/L Na(l).

13
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For example, algae can be cultured under conditions that inchide increased
temperatores, which can include calturing the algae at more than 40 °C, more than 41
“C, more than 42 °C, more than 43 “C, more than 44 °C, more than 45 °C, more than
46 °C, more than 47 °C, more than 48 “C, more than 49 °C, or more than 50 °C. In
5 some cases, algae can be cultured under conditions that include fluctuating
temperatures (e.g., Huctuating hetween 12 and 44 “C). Such fluctuation can include
culturing a selected temperature for 1-14 bours, or for 1-3 days, or for 1-7 days.
For example, algae can be cultured under conditions that inchide decreased
temperatures, which can include calturing the algae at less than 157 C, at less than 14°
10 C,atlessthan 13° C, atless than 12° C, at less than 11° C, at less than 10° C, at less
than 7° C, at less than 5° C, at less than 4° C, at less than 2° C, at less than 17 C, or at
tess than 07 C. Such fluctuation can include culturing a selected temperature for 1-14
hours, or for 1-3 days, or for 1-7 days.
For example, algae can be cultured under conditions that inchide reduce
15 nitrogen conditions, which can include culturing the algace at less than §.2 mM nitrate,
less than .01 mM mitrate, less than 0.005 mM nitrate, less than 0.001 mM nitrate, less
than §.00001 mMM mtrate, or at about G mM nitrate.
For example, algac can be cultured under conditions that inclade increased
nitrogen conditions, which can include culturing the algae at more than 0.2 mM
20 nitrate, more than 6.3 mM nitrate, more than 0.5 mM nitrate, more than 1 mM nitrate,
more than 2 oM, more than 3.5 mM nitrate, more than 4.0 ;M nitrate, more than 5.0
mM nitrate, more than 10 mM nitrate, more than 20 mM nitrate, more than 30 mM
nitrate, more than 30 mM nitrate, or more than 100 mM nitrate.
For example, algae can be cultured under conditions that include reduced pH
25  conditions, which can include culturing the algae in a medium with a pH that is less
than pH 7.5, or less than pH 7.4, or less than pH 7.3, or less than pH 7.2, or less than
pH 7.1, or less than pH 7.0, or less than pH 6.9, or less than pH 6.8, or less than pH
6.7, or less than pH 6.6, or less than pH 6.5, or less than pH 6.3, or less than pH 6.0,
or less than pH 5.8, or less than pH 5.5,
30 For example, algae can be cultured under conditions that inclade increased pH
conditions, which can include culniring the algace in a medium with a pH that is
greater than pH 7.2, or greater than pH 7.3, or greater than pH 7.4, or greater than pH

7.5, or greater than pH 7.6, or greater than pH 7.7, or greater than pH 7.8, or greater

14
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than pH 7.9, or greater than pH 8.0, or greater than pH 8.2, or greater than pH 8.3, or
greater than pH 8.4, or greater than pH 8.3, or greater than pH 8.7, or greater than 9.0.
For example, algac can he cultured under conditions that include pollutants
such as heavy metals, detergents, insecticides, fertilizers, herbicides, hydraulic
5 fracturing fluids, petroleum, gasoline, oil, or cornhinations thereof.
For example, algac can be cultured under conditions that inchude reduced
phosphate conditions, which can include culturing the algae at less than 1 mM
phosphate, or less than 0.5 mM phosphate, or less than 0.1 mM phosphate, or less
than (.05 mM phosphate, or less than 0.01 mM phosphate, or less than 0.005 mM
10 phosphate, or less than 0.001 mM phosphate, or ¢ mM phosphate.

For example, algac can be cultured under conditions that inclade increased
phosphate conditions, which can include culturing the algae at more than 1 mM, more
than 2 mM phosphate, more than 3 mM phosphate, more than 5 mM phosphate, more
than 7 mM phosphate, more than 10 mM phosphate, more than 20 mM phosphate,

15 more than 50 mM phosphate, more than 70 mM phosphate, more than 100 mM
phosphate, more than 150 mM phosphate.

Controlled and reproducible conditions can be obtained by use of
environmental photobioreactors (¢PBRs) (Lucker et al. Algal Research, 6, Part B,
242-249 (2014)) under turbidostat control with dilution of the culture when the

20 measured turbidity raises above a set point. The turbidity of the culture can be
measured af various intervals, and the culture can be didoted with fresh medinm to
reduce the number of algae cells, or to maintain a constant chlorophyll concentration

within the culture of between 4 and 5 pg chlorophyll per milkiliter.

25  Measuring Algae Productivity (Vigor)

The productivity or vigor of a mixed or pure algac culture can be measured in
a variety of ways.

For example, the productvity or vigor of an algae culture can be measured by
the mumber of daily dilutions (e.g. of 5 or 10 ml) needed o maintain the turbidity or

30 chlorophyll content at constant level.

i another example, the ash free dry weight (AFDW) can be used to measure
the productivity or vigor of a mixed or pure algae culture. For example, an aliguot of
the algae can be collected and dried, then divided by the volume or the cross-section
area of the culture vessel at 15 cm (0.002687 m?). For example, the ash free dry

15
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weight can be determined by passing an aliquot of the algae culture through a filter
and drying the retained matter {algae) over night at 104 °C prior to weighing to obtain
the dry weight. This weight can contain non-organic solids {¢.g., metals and a filter if
the filter is a glass filtery. The weight of these non-organic solids (referred to as the

5  ash weight} can be deducted from the dry weight to obtain the ash free dry weight

(AFDW). To obtain the ash weight, the organic matter can be removed from the filter
by heating the samples to 530 “C for a minimum of 30 nminutes prior to weighing the
samople for the “ash weight.” The AFDW is the dry weight minus the ash weight.

The populations of environmentally competitive algae, and/or isolated

10 environmentally competitive algae strains, can exhibit at Icast one, or at least two, or
at least three, or at least four, or at least five, or at least seven, or at least eight, or at
least ten, or at least twelve, or at least fifteen, or at least seventeen, or at least twenty
more daily dilations than the phenotypically-diverse algae parental strains grown
under the same conditions (e.g., under selective culture conditions).

15 The populations of environmentally competitive algae, and/or isolated
environmentally competitive algae strains, can provide at least 2%, or at least 3%, or
at least 5%, or at least 7%, or at least 8%, or at least 9%, or at least 10%, or at least
12%, or at least 13%, or at least 15%, or atleast §7%, or at least 20%, or at least 25%,
or at least 30%, or at least 40%, or at least 50%, or at least 75%, or at least 80%, or at

20 least 90%, or at least 95% mwore ash free dry weight (AFDW ) than the phenotypically-
diverse algae parental strains grown under the same conditions (¢.g., under selective
culture conditions). In some cases, the populations of environmentally competitive
algac, and/or isolated environmentally competitive algae strains, can provide at least
2-fold, or at least 3-fold, or at least 3-fold, or at least 7-fold, or at least 10-fold, or at

25 least i5-fold, or at least 20-fold more ash free dry weight (AFDW) than the
phenotypically-diverse algae parental strains grown under the same conditions {(e.g.,
under selective culture condifions).

The populations of environmentally competitive algae, and/or isolated
environmentaily competitive algae strains, exhibit increased vigor as described hercin

30 compared to one or more parental strains.

Environmentally Competitive Algae
The methods described herein can generate populations of cnvironmentally
competitive algae, and isolated environmentally competitive algac strains, that can

16
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survive and grow under conditions that include increased oxygen (e.g., an atmosphere
that contains more than 21% oxygen), reduced carbon dioxide {e.g., an atmosphere
with less than 0.04%), reduced light conditions (e.g.. less than 2000 wrmol photons per
squarc meter per second), increased light conditions (e.g., more than 2000 pmol

5 photons per square meter per second}, increased salt conditions {(e.g., more than 0.4

mM sodium chloride}, increased temperatures {(e.g., more than 40 °C), decreased
temperatures (e.g., less than 15° C), fhuctuating temperatures (e.g., fluctuating
between 12 and 44 °C), reduced nitrogen conditions {(e.g., kess than 0.002 mM
nitrate), reduced phosphate conditions (2.g., less than T mM), or increased phosphate

10 conditions {e.g., more than 1 mM).

For example, methods described herein can generate populations of
environmentally competitive algae, and isolated environmentally competitive algae
strains, that can survive and grow under conditions that include an atmosphere that
contains more than 21% oxygen, more than 30% oxygen, more than 40% oxygen,

15 more than 50% oxygen, more than 6(% oxygen, more than 70% oxygen, more than
80% oxygen, more than 90% oxygen. In some cases, algae can be cultured under
conditions that include 5% carbon dioxide in an oxygen atmosphere Chyperoxic or HO
conditions).

For example, methods described herein can generate populations of

20 environmentally competitive algae, and isolated environmentally competitive algae
strains, that can survive and grow under conditions that include reduced carbon
dioxide, which can include an atmosphere with less than 0.04%, or less than 8.5%, or
less than 1%, or less than 2%, or less than 3% carbon dioxide.

For example, methods described herein can generate populations of

25  environmentally competitive algae, and isolated environmentally competitive algae
strains, that can survive and grow under conditions that include ilumination at fess
than 2000 umol pbotons per square meter per second, less than 1600 pmol photons
per square meter per second, less than 500 umol photons per square meter per second,
less than 250 pwmol photons per square meter per second, less than 100 pmol photons

30 persquare meter per second, less than 75 wmol photons per square roeter per second.
In some cases, the populations of environmentally competiive algae, and isolated
environmentally competitive algae strains, that can survive and grow under conditions
that include alternating periods of time of normal illumination (e.g., about 2000 pmol
photons per square meter per second} and reduced Hght conditions illumination {e.g.,
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about 30 umol photons per square meter per second). Each period of illumination can
be about 1-3 days of a light:dark cycle, where the light cycle is about 18-14 hours of
either normal illumination or reduced iHumination. For example, the populations of
environmentally corpetitive algae, and isolated environmentally competitive algac
strains, that can survive and grow under light stress (1.5 conditions with 1-3 days of
norroal ilumination slternated with a series of 1-3 “light starvation” days, which
consisted of a 14:10 bour rectangular wave with a PAR intensity of 50 pmol photons
per square meter per second.

For example, methods described herein can generate populations of
environmentally corpetitive algae, and isolated environmentally competitive algac
strains, that can survive and grow under conditions that include famination at more
than 2000 umol photons per square meter per second, more than 2200 umol photons
per square meter per second, more than 2500 umol photons per square meter per
secorxd, more than 3000 umol photons per square meter per second, more than 3500
pmol photons per square meter per second, more than 4000 umol photons per square
meter per second, or more than 5000 pmol photons per square meter per second. Such
populations of environmentally competitive algae, and isolated environmentally
competitive algae strains, that can survive and grow under cither continuous exposure
to mcreased light conditions or under alternating periods of time of normal
ithuraination {e.g., about 2000 pmol photons per square meter per second) and
increased light conditions.

For example, methods described herein can generate populations of
environmentally corpetitive algae, and isolated environmentally competitive algac
strains, that can survive and grow under conditions that include more than 0.0004 M
sodium chioride, more than 0.005 M sodium chloride, more than 0.01 M sodium
chloride, more than 0.05 M sodium chloride, more than 0.1 M sodium chloride, more
than 0.2 M sodium chloride, or more than 0.3M. In some cases, the populations of
enviroumentally competitive algae, and isolated environmentally competitive algae
strains, can survive and grow under conditions that include about 0.34 M (e.g,, 20 /L
NaCh.

For example, methods described herein can generate populations of
environmentally competitive algae, and isolated environmentally competitive algae
strains, that can survive and grow under conditions that include culturing the algae at
more than 40 °C, more than 41 °C, more than 42 °C, more than 43 °C, more than 44
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°C, more than 45 “C, more than 46 °C, more than 47 “C. more than 48 "C, more than
49 °C, or more than 50 “C. In some cases, populations of environmentally competitive
algac, and isolated environmentally competitive algae strains, can be cultured under
conditions that include fluctuating temperatures (e.g., fluctuating between 12 and 44
°C). Such fluctuation can inclade culturing a selected temperatare for 1-14 hours, or
for 1-3 days, or for 1-7 days.

For example, methods described herein can generate populations of
environmentally competitive algae, and isolated environmentally competitive algae
strains, that can sprvive and grow under conditions that include culnuring the algae at
less than 1537 C, at less than 14° C, at less than 13° C, at less than 12° C, at less than
11° C, atless than 10° C, at less than 7° C, at less than 53° C, at less than 4° C, at less
than 2° C, at fess than 1° C, or at less than §° C. Such fluctuation can inchude
culturing at a sclected temperature for 1-14 hours, or for 1-3 days, or for 1-7 days.

For example, methods described herein can generate populations of
enviroumentally competitive algae, and isolated environmentally competitive algae
strains, that can sprvive and grow under conditions that include culnuring the algae at
less than .2 mM nitrate, less than §.01 mM uwitrate, {ess than 0.005 mM nitrate, less
than 0.001 mM nitrate, less than 8.00001 mM mtrate, or at about O mM nitrate.

For example, methods described herein can generate populations of
environmentally competitive algae, and isolated environmentally competitive algae
strains, that can survive and grow under conditions that include culturing the algac at
more than 0.2 mM nitrate, more than 0.3 mM nitrate, more than 0.5 mM mitrate, more
than 1 mM nitrate, more than 2 mM, more than 3.5 mM nitrate, more than 4.0 mM
nitrate, more than 3.0 mM nitrate, more than 10 mM nitrate, more than 20 M mtrate,
more than 30 mM nitrate, more than 50 mM nitrate, or more than 100 mM nitrate.

For example, methods described herein can generate populations of
environmentally competitive algae, and isolated environmentally competitive algae
strains, that can survive and grow under conditions that include culnuring the algae at
less than 1 mM phosphate, or less than 0.5 mM phosphate, or less than 0.1 mM
phosphate, or less than 0.05 mM pbosphate, or less than 0.01 mM phosphate, or less
than 0.005 mM phosphate, or less than 0.001 mM phosphate, or 0 mM phosphate.

For example, methods described herein can generate populations of
environmentally competitive algae, and isolated environmentally competitive algac
strains, that can survive and grow under conditions that include culnuring the algae at
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more than 1 M, more than 2 mM phosphate, more than 3 mM phosphate, more than
5 mM phosphate, more than 7 mM phosphate, more than 10 mM phosphate, more
than 20 mM phospbate, more than 50 mM phosphate, more than 70 mM phosphate,
more than 100 mM phosphate, wore than 150 mM phosphate.

5 The populations of environmentally competitive algae can include a variety of
environmentally competitive algac strains. But the populations of environmentally
competitive algac can also contain some algae strains that are not particularly
environmentally competitive. For example, the populations of cnvironmentally
competitive algac can include at least 10%, or at least 209, or at least 30%, or at least

10 40%, or at least 530%, or at teast 60%, or at least 70%, or at least 80%, or at least 90%,

or at least 95%, or at least 96%. or at least 7%, or at least 98%, or at least 99%, or at
least 99.5% environmentally competitive algae under any of the environmentally
stressful conditions described herein,

The populations of environmentally competitive algae, and/or isolated

15 environmentally competitive algae strains, exhibit increased vigor as described herein

compared 1o one or more parental strains.

Such populations of envivonmentally competitive algae, or isolated
environmentally competitive algae strains, can have one or more genomic locus that
confers resistance or the ability to compete under such environmentally stressful

20 conditions. in some cases, the populations of environmentally competitive algae, or

isolated environmentally competitive algae strains, can have two or more, three or

more, four or more, five or more, six 01 more, seven or more, eight or more, nine or
more, ten or more, twelve or more, fifteen or more, or twenty of more genomic loct
that confer resistance or the ability to compete under such environmentally stressful

25  conditions.

The environmentally competitive algae strains can have onc genomic locus, or
at least two genomic loct that provide environmental competitiveness. Also described
herein are muxtures of algae with at least one environmentally competitive algae strain
that has one or more that genomic locus conferring environmental competitiveness

30 upon the algae strain(a). Algae populations that have enriched genomic loci that

confer environmental competitiveness spon the population are also provided herein.

The genomic loct that provide environmental competitiveness can be isolated,
recombinantly replicated in plasmids, and/or incorporated into expression vectors
with heterologous regulatory elements such as promoters and terminators that

20



WO 2019/246247 PCT/US2019/037964

10

20

30

facilitate expression. The genomic foci that provide environmental competitiveness

can also be mntroduced into other strains of algae.

Sequencing

in some cases, it can be useful to sequence genomic DNA, RNA or cDNA of
genetically diverse algae strain(s), for example, from genetically diverse algae
strain(s) that exhibit improved productivity or vigor. Such sequencing can be
performed on isolated algae strains, or on mixtures of algae. The sequencing can
identify the genomic loci that confer environmental competitiveness, resistance to
environmentally stressful conditions, or the ability to compete under such
environmenially stressful conditions. Strains with identified genomic loci that confer
resistance or the ability to compete under such environmentally stressful conditions
can be isolated and expanded to provide a population of isogenic environmentally
competitive algae.

Sequencing analysis can involve the use of any convenient method. I some
cases, the sequencing can be performed as oliva-deep sequencing, such as described n
Marguiles et al., Nature 437 (7057): 376-80 (2005). Briefly, segments of the algae
nucleic acids can be amplified to provide a pool of DNA amplicons. The amplicons
can be diluted and mixed with beads such that cach bead captures a single molecule of
the amplified DNA. The DNA molecule on cach bead is then amplified to generate
millions of copies of the sequence which all remain bound to the head. Such
amplification can occur by PCR. Each bead can be placed in a separate well, which
can be a {optionally addressable) picoliter-sized well. In some cases, each bead can be
captured within a droplet of a PCR-reaction-mixture-in-oil-emulsion and PCR
amplification can occur within cach droplet. The amphification on the bead results in
each bead carrying at least one million, at least 5 million, or at least 10 million copies
of the original amplicon coupled to it. Finally, the beads are placed into a highly
parallel sequencing by synthesis machine which generates over 400,000 reads {(about
100 bp per read) in a single 4-hour run. Other methods for ultra-deep sequencing that
can be used are described in Hong, 8. et al. Nat. Biotechnol. 22(4):435-9 (2004};
Bennett, B. et al. Pharmacogenomics 6{4):373-82 (2005); Shendwre, P. et al. Science
309 (5741):1728-32 (2005).

The nucleic acid segments selected for sequencing can vary. In some cases,
the segments can include a site that has a single nucleotide polymorphism (SNP) in
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the species of algae selected. For example, as described in the Examples, a list of
mapped SNPs unique to Chlamydomonas strains CRI009 or CR2343 can be used to
assess whether a given SNP is present in a selected genetically diverse algae strain or
in a mixture of genetically diverse algae strain(s}. Comparison of the incidence or
5 frequency of SNPs in the genetically diverse algae strain(s) to their parental strain(s)
provides an indication of the extent to which the genctically diverse algae strain(s)
deviate genetically from the parent strains.
In some cases, allele frequencies can be determined by adjacent averaging all
SNP frequencies using selected segments {windows) of genomic windows and
10 repeating the window cvery § Kh down each chromosome. To determine regions of
the genome with significant changes in SNP frequency for each selection condition
and assay tme-point, the frequencies of markers attributable to parent or genetically
diverse algae strain(s) for cach chromosome can be determined. The statistical
significance of differences between any pair of samples can be calculated. Enriched
15 genomic loci (EGLs) can be identified in genetically diverse algae strains as regions
of the genome whose average p-value for ditfference from parent sequence is
significant.
Strains with identified genomic loci that confer resistance or the ability to
compete under such environmentally stressful conditions can be isolated and
20 expanded to provide a population of isogenic environmentally corpetitive algae. In
some cases, it can be useful to generate mixtures of algae strains, where the different
strains are resistance or exhibit the ability to compete under different envivonmentally
stressful conditions.
DNA (e.g., genomic or cDNA) that confers environmental competitiveness
25  can be isolated and maintained in a convement host cell. Such host cells can be

bacterial, fungal, inscct, plant, or aigae host cels.

Befinitions
Hybrid vigor, also called heterosis or outbreeding enhancement, is the
30 improved or increased function of any biological quality in a hybrid offspring.
The photosynthetic efficiency is the fraction of light energy converted into
chemical energy during photosynthesis in plants and algae. Photosynthesis can be

described by the simplified chemical reaction
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G6HLO + 6COs + energy — CsHinOs + 60,

where CeHi2Os is glicose (which is subsequently transformed into other
sugars, cchiulose, lignin, and so forth). The valuc of the photosynthetic efficiency
vefates to how light energy is defined and depends on whether only the light that is
absorbed is counted, and on what kind of light is used. In general, it takes at least
cight photons, or nine photons, or ten photons, or cleven photons, or twelve photons
to utilize one molecule of COsx. The Gibbs free energy for converting a mole of COy
to glucose is 114 kcal, whereas eight moles of photons of wavelength 600 nm
contains 381 keal, giving a nominal efficiency of 30%. However, photosynthesis can
occur with light up to wavelength 720 nm so long as theve is also light at wavelengths
below 680 nm to keep Photosystem II operating. Using longer wavelengths means
less light energy is needed for the same number of photons and therefore for the same
amount of photosynthesis. For actual sunlight, where only 45% of the light is in the
photosynthetically active wavelength range, the theoretical maximum efficiency of
solar energy conversion is approximately 11%. However, plants do not absorb all
incoming sunlight (due to reflection, respiration requirements of photosynthesis and
the need for optimal solar radiation levels) and do not convert all harvested energy
solar radiation. If photosynthesis is incfficient, excess light cnergy must be dissipated
to avoid damaging the photosynthetic apparatus. Energy can be dissipated as heat
{non-photochemical quenching} or emitted as chlorophyl fluorescence.

The following Examples illustrate experimental work performed in the

developraent of the methods and strains described herein.

Example 1: Materials and Methods
This Example describes some of the materials and methods used in the

development of the inventive algae strains and methods.

Strains, Media and Generation of Progeny

Chlamydomonas straimns CCLO09 (mt-) and C{C2343 (me+) were obtained
through the Chiamydomonas Resource Center (see, website at
www.chlamycollection.org/product/cc-1009-wild-type-mt-utex-89/ and
www.chlamycollection.org/product/cc-2343-wild-type-mi-jarvik-224-melbourne-fi/).
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CC1009 and CC2343 cells were crossed to generate approximately 200 F1 mt-
progeny. The 246 F2 progeny population was generated by dissecting two F1 zygotes
and crossing the reciprocal mating types of cach tetrad (cach mt- with mt+ from cach
tetrad) for total of 8 F1 crosses (~30 lines from each cross). Cultures were maintained
on either Sueoka’s high salt media (Sucoka, 1960) or 2NBH media, which is a Bristol

media with 2 x sodinm nitrate and Hutner’s trace elements added (Davey et al 2012).

Growth and Competition Conditions

To achieve highly controlled and reproducible conditions environmental
photobioreactors (ePBRs) were used (Lucker and Hall et al. 2014) under turbidostat
control that difuted the culture when the measured turbidity rose above a set point. At
ten-minute measuring intervals, cultures with turbidity above the setpoint were difated
with 5 mL of fresh medium, until the mrbidity decreased below the setpoint. In this
way, the relative biomass growth for the cultures over a time range could be roughly
estimated by the number of dilutions, as described in the following section (see also
Lucker and Hall et al. 2014). For these experiments, the set point was adjusted to
maintain a constant chlorophyll concentration between 4 and 5 ug chlorvophyvil per
milliliter. The ePBR cultare height was set to 15 cm using a volume 330 mi of ZNBH

wedia. For individual phenotyping conditions, cultures were pre-conditioned fo grown
in ¢PBRs to a chlorophyll 4 ng per ml and maintained in turbidistat mode using the
standard light conditions for at least 3 days prior to measuring productivity.

Strains of Chlamydomonas were evaluated for productivity {or competitive
fitness) under three well-defined conditions, baseline conditions that mimic a natural
solar day (BC, 5% CO2 in air, 14:10 light dark cycle with zenith at noontime),
hyperoxic conditions (HO, 5% CO2 in 02), or light sress (L3, long periods of very
fow light} conditions.

For the LS and HO competition experiments, the pre-conditioning phase was
reduced to a single day to avoid imposing long-term selection under the baseline
conditions (BC). For the B and hyperoxic conditions, standard illumination was
provided on a 14:10 hour (light:dark) diurnal cycle simulating a cloudless day, with
Hight intensity ascending to a zenith with maximum photosynthetically active radiation
(PAR) of about 2000 wmol photons per square meter per second, and descending until
dark, delivered in a sinusoidal form, as illustrated in the inset to FIG. 1{. For the LS
regime, the standard dhuanination days were alternated with a series of three “light
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starvation” days, which consisted of a simple, 14:10 hour rectangular wave with a
AR intensity of 50 pmol photons per square meter per second. All cultures were
stured at 200 rpro using a 28.6 mm by 8 ram Teflon coated stiv bar. Gas for BC and
LS conditions was 5% €Oz in air and gas for hyperoxic was 5% COz in On. Gas
5 delivered through a 3 rom gas dispersion stone with a porosity of 10-20 microns at a
flow rate of 250 ml/ min for 60 secounds every hour. Culture teroperatures were
maintained at voom temperature (RT) for the F1 and F2 competition and 25 °C for

monoculture phenotyping of parental lines and competition survivors.

10 Biomass Productivity
Biomass productivity was determined by multiplying the number of daily

turbidistat difutions (5 ml per dilution) and the Ash free dry weight (AFDW) then
dividing by the area of the top of the ePBR culture vessel at 15 cm (0.002687 m™).
Ash free dry weight was determined by concentrating 35 md of culture onto a

15  Whatman CF/F glass filter and dried over night at 104 “C prior to weighing for the
“dry weight.” Grganic matier was removed from the filter by heating the samples to
5530 °C for a minimum of 30 minutes prior to weighing the sample for the “ash

weight.” The AFDW is the dry weight minus the ash weight.

20 Deep Sequencing
DNA samples of the pooled Fl progeny used as the inoculum for both

population studies and samples from 2x-BC and 3x-hyperoxic populations on days 9,
21,25, and 32 as well as 3x-BC and 3x-LR populations on days 6, 12, and 19 was
isolated from the cells as described in Fawley & Fawley (2004). Genoric DNA

25 library generation for was performed by the Michigan State University Genomics
Core Facility using the lumina TruSeq Nano DNA Library (sec website at
www.ilhumina.com) with dual 8bp index adapters. Libraries were checked for quality
and quantified using Qubit dsDNA HS, Caliper LabChipGX HS DNA (see website at
www.perkinelmer.com} and Kapa Biosystems Hlumina Quantification qPCR assays

30 (www.perkinelmer.com). Libraries pooled for multiplexed sequencing and loaded on
2 lanes of an [ftumina HiSeq 2500 High Output flow cell (v4) and sequencing was
performed with HiSeq SBS reagents (v4) in a 2x125bp paired end format. Base
calling was done by lllumina Real Time Analysis (RTA) v1.18.64 and output of RTA
was demultiplexed and converted o Fast(} format with Humina Bel2fastg v1.8.4.
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This generated an average of 6.05 Gb of sequence data per sample which came out ©
about 47X genomic coverage per sample for the Fl progeny competition. Libraries
for the tetrad analysis and F2 competition were prepared using the Humina TruSeq
Nano DNA Library Preparation Kit on a Perkin Elmer Sciclone (G3 robot following
5 manufacturer’s recomimendations. Coropleted libraries were quality controlled and
quantified using a combination of Qubit dsDNA HS and Caliper LabChipGX HS
DNA assays. All libraries were combined in equimolar amounts and the pool
quantified using the Kapa Biosysterns Hlumina Library Quantification gPCR kit. This
pool was loaded onto 2 lanes of an [llumina HiSeq 4000 flow cell and sequencing
10 performed in a 2x150bp paired end format using HiSeq 4000 SBS reagents. Base
calling was done by [llumina Real Time Analysis (RTA) v2.7.6 and output of RTA
was demtltplexed and converted to Fast(Q formart with HHumina Bel2fastg v2.18.0.
The average genomic sequencing depth of the tetrad and F2 experiments was ~32X.
Genomic DNA read pairs were aligned the Chlamydomonas reference genome v5.0
15 (3GI v5.0 assembly, JGI annotation based on Augustus ull.6) using the bowtie2/2.2.3
aligner. For each sam file output, the file was converted to bam and the reads were
sotrted, baro file head group fixed, mate information was fixed, and duplicated mates
were removed using picardTools/1.113 (see website at
github.com/broadinstitute/picard/). Reads were realigned to the reference genome
20 wsing GATK3.1.1 (McKenna et al., 2010). Variant base calls were identified using
SamTools/0.0.19 (Li et al., 2009) and output was filtered and formatted into the

variant call format using veftools/0.1.12a (Danecek et al,, 2611).

Allele Freguency determination and Identification of enriched genomic loci
25  (EGLs)

For the progeny competition, CC1009 and CC2343 allele frequencies within
the populations were determined by parsing and filtering the variant call output for
our singleton 3NP list, a gift from Jonathan Flowers described in Flowers et al.
{2015). From the YVCFTools output we used the quantified read data for all mapped

30 SNPsumique to either CR1009 or CR2343 to determine the SNP frequency (SNP
reads/SNP reads + Reference veads) for each singleton SNP. The SNP frequencies for
both parents were then merged after inverting the reference and SNP read frequencies
for CC1009 SNPs, thus orienting all SNP frequencics to the L2343 parental line.
Final allele frequencies reported here were determined by adjacent averaging all SNP
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frequencies using 40 Kb windows and repeating the window every 8 Kh down cach
chromosome. To determine regions of the genome with significant changes in SNP
frequency for each environmental condition (BC, HO or LS) and assay time-point, we
estimated the frequencies of markers atiributable to CC23473, using a running average
5  across 10 Kb windows centered every 8 Kb for each chromosome as described above.
The statistical significance of differences between any pair of samples was calculated.
Enriched genomic loci (HEGLs) were defined as a region of the genome whose average
p-value for difference in CR23432 frequency showed p<10-14. Enriched genomic loci
{EGLS) were selected that were > 60 kb in size.
10
Refined single nuclestide polymorphisms (SMPs).

To map the pavental allele frequency in polyculture populations of C{2343
and CCI009 meiotic progeny a list of single nucleotide polymorphisms (SNPs) was
obtained from the parental strains. The approximate 2.6 million SNPs between

15 £C2343 and CCI009 relative to the sequenced CCS03 strain {Flowers et al, 2015}
were initially employed. The list was then refined to sites that could be used
quantitatively between the two parental lines. The genomes of CC2343 and CC1009
were re-sequenced and the reads were pooled into three sets of 24 mullion reads
contatning either 75%, 50%, or25% of CC2343 and CCI1009. After aligning the

20 computational population, about 1 million SNPs that deviated more than 15% from
the target frequency were removed from the Flowers fist, vesulting in over 1.6 million
SNPs assigned to CC2343 or CCHO09. A population of 203 mit+ F1 progeny of
(2343 and CCI009 were generated, the population was pooled into equal numbers

to use as inoculums for environmental corppetition experiments (FIG. 2A).

Example 2: Light Stress and Hyperoxic Conditions Reduce Productivity
of Chlgmydomonas CC100% and CC2343 Cultures
A series of natural isolates and progenitors to laboratory strains of
30 Chlamydomonas were screened for productivity (or competitive titness) under three
well-defined conditions, baseline conditions that mimic a natuval solar day (BC, 5%
COh in air, 14:10 light dark cycle with zenith at noontime), hyperoxic conditions (HO,
5% COz in Oy}, or light stress conditions (LS, long periods of very low hight) as

described in Example 1 (see also FIG. 1A-1B).
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One pair of lines, CCI009 and CC2343, exhibited similar growth under
baseline conditions, but strong phenotypic differences under both hyperoxic and light
stress conditions (FIG. 2A-20). Growth experiments on monocultures (F1G. 2C)
showed that CC1009, a ou- strain oviginally isolated from Massachusetts as

5 highlighted by (Proschold et al., 2005}, exhibited higher survival or fitness under both
hyperoxic conditions and light stress conditions compared to CC2343, a mt+ ccotype
isolated from Melbourne, FL (Spanier et al., 1992). Compared to baseline conditions,
placing cultures under light stress conditions resulted in small (about 20%) losses in
productivity of CC1009, but complete inhibition of growth of CC2343. A similar

10 tend was found that under hyperoxic conditions, where both strains had reduced

productivity, but CC1009 had a 66% decrease in productivity whereas CC2343 lost

about 87%.

Example 3: Allele Frequency Tracking by SNP Mapping
15 of Mixed Chilgmydomonas CC1009 and CC2343 Populations

The allele frequency of mixed populations of Chlamydomonas CC1009 or
CC23243 strains that were generated as described in Example 2, were evaluated by
single nucleotide polymorphism analysis using a refined list of single nucleotide

20 polymorphisms {(SNPs, see Example 1) from the parental strains for comparison.

The similar allele frequency (AF) distributions for the F1 inoculums show that
population pooling, deep sequencing and SNP tracking methods generated highly
reproducible results. Excluding chromosome 6 (CHRO6), the CC2343 allele frequency
varied between 0.5 and 0.35 across the genome. Alele frequencies of .42 and 0.58

25 for CC2343 and CCI009 respectively, were obtained after averaging all allele
frequencies across the genome, indicating a slight bias for CC1009 within the
population. By contrast, the 700-kb segment of DNA at the beginning of CHRS,
corresponding to the mating type locus (MTL) (Ferris et al., 1994, 2002; De Hoff et

al., 2013), showed strong selection for CC1009 loct. This served as a positive control

a3
s
L—

for the methods described herein because mi+ strains were exclusively selected for the
F1 competition experiments and the AF of the MTL within the population was, as
expected, essentially homozygous for the CC1009 {mt+) parental locus, (FIG. 1C,
blue shaded area).

The preference for CC1009 loct was progressively lost moving away from the
35  MTL locus, indicating that crossover events must have occurred following mating.
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The largest changes in allele frequency ocaurred i two distinet regions of CHRSG,
together totaling less than | MB (Fig. 1C, grey shaded regions), suggesting regions of

relatively high cross-over freguency, i.e. potential recombination “hotspots.”

Example 4: Stress Conditions Induce Selection of Genomic Loci

The pooled F1 progeny libraries described in Examples 2 and 3 were culiured
in ePBRs and grown under bascline conditions that mimic a natural solar day (BC,
5% CO2 i air, 14:10 light dark cycle with zenith at noontime), hyperoxic conditions
{HO, 5% CO2 in O2), or light stess (LS, long periods of very low light) conditions
{see Example 1 and FIG. T A). Triplicate reactors for baseline conditions and {riplicaie
reactors for either hyperoxic or hight stress conditions were inoculated with each
pooled population.

To follow the dynamics of selective enrichment for genetic loct, HO, LS and
corresponding BC samples were collected for DNA isolation and subsequent deep
sequencing.

A summary of samples collected, and their sequence coverages is provided in
Table 1.

Table 1: Summary of the genome coverage for each deep sequencing sample

Experiment Sample

riao | 1 mﬁ;‘f“m 1 bayo Day21 | Day25 | Day3l
BC1 40 38 42 42
BC2
BC3 Al 2 43 a4
HO! 41 43 42 43
HO2 44 41 40 43
HO3 42 42 43 56

FiLs | 0! m?sf";‘;“m 2| Dayé Day12 | Day19
BC1 &0 56 54
BC2 51 52 50
BC3 A7 52 47
L51 58 53 58
Ls2 54 51 51
LS3 54 53 49

2 F2inoculum | gy g Day16 | Day2l

(38
BC1 36 29 35
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BC2 31 29 34
RBC3 a2 27 32
HO1 33 36 41
HO2 30 35 2
HO3 3% 43 35
LSt 28 32
LS2 a2 33
L53 34 35
Tetrad

Fi_ 1131

Fi_1.2 (3%

F1_1. 33109

F1_1_4(52

F1.5.11(56)

F1_5_2 (35

F1 5 34D

F1_5.492)

Parental

CC1000 (44)
CC2343 (62)

Biological replicates gave very stmilar patterns and extents of allele frequencies,
indicating that the envirormental conditions produced reproducible selections.

Typical QTL mapping measures the correlation between observed phenotypes

W

and the occurrence of genetic markers in a set diversity panel. By contrast, the
sethods described herein quantify the enrichment or depletion of genomic loci in a
pooled diversity panel after environmental sclection. The resulting enrichment of loci
is related to the fitness imposed by a loci or combination thercof. Because the
statistical analyses and the tmplications of the approaches are distinct, the term
10 Enriched Genomic Loci (EGL, pronounced eagle) was introduced specifically to
indicate genomic regions that are significantly enriched (FIGs. 3B, 3D and 3F).
Each of the environmental conditions tested gave vise to distinct patterns of
AF changes and Enriched Genomic Loci (FIG. 1), indicating that the cnvironmenial
conditions imposed qualitatively different selection pressures for specific subsets of
15 loci. Even though the bascline conditions were designed to be relative non-selective, i
imposed rapid differential selection for specific loci, inchuding “alternating banding”
for selection from both parents on chromosomes 1,9, and 16, and particularly strong
selection for CC2343 alleles on chromosome 10 with the peak near the centromere

(FIG. 3A). However, the average contribution of genomic loci from the two parents
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remained similar throughout the baseline condition competition, with only a slight
{~1.8%) preference for increases from CCZ343 compared to the mitial inoculums,
consistent with the fact that the parent lines grew at nearly the same rate under these
conditions,

In contrast to the baseline conditions, the more stressful hyperoxic and light
stress conditions favored envichment of CCI000 over CC2343, by 15% and 3.0% for
hyperoxic conditions and light stress conditions respectively, in the final populations
{Table 2), likely reflecting the higher tolerance and productivity of CC1009 under
these conditions.

Table 2: The Percent Change of the Allele Freguency
from the Initial Inoculum fo CC2343

PCT/US2019/037964

Condition
Bay ¢ Day 21 Day 25 Day 31
Fi1 HO 0.006 -0.006 -1.018
BC 0.001 + 0.020 +0.014 + 0.006
HO 0.132 G.121 0112 $.150
+ (.002 +{3.017 +0.033 + 0.049
Day 6 Day 12 Day 19
F118 BC 0.010 0.006 -0.028
o + (3.031 + 3.009 + 0.006
LS 0.021 (.043 0.030
+ 4.85¢-4 + (0.005 + 0.005
Day 8 Bay 16 Day 21
F2 Al BC 1.76e-4 -3.032 -(1.046
] + 0.005 + (.008 + 0.005
02 -0.601 -0.011 0.004
- + 0.007 + 0.003 + 0.003
0.022 0.023
LR + 0.004 = 0.001

it is noteworthy that all the final populations contained combinations of loci

from both parents, though in distinct patterns. For example, hyperoxic conditions

resulted in:

a) selection for long stretches of CCI00Y alleles throughout the genome, that

were interspersed with short blocks from CC2343, especially on clwomosomes 1, 2, 6

and 13;

b) relatively low selectivity on first 25% of chromosome 4, heavily heavy

selection for CC1009 alleles on the latter 75%:
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¢) selection for CCI009 on most of chromosomes 10 and 12.
By contract, light stress conditions resulted in:

a} enrichment of CC2343 loci on the first half of chromosome 4 but a shight
preference for CCI009 loci on the second balf;

b) enrichment for CC2343 alleles on chromosomes 10 and 12; and

¢) bi-parental inberitance for segments from both parents on the first ~3.5 Mb
of chromosores 17, but preferential selection for CC2343 on the latter while the right
3.5 Mb showed selection for CCH009.

Taken together, these diverse responses indicate that each environmental
condition selects for distinct combinations of loci, and that those distinct can be linked
to increased fitness under the correlated environmental condition.

The ume-dependence of allele selection for individual genomic regions also
followed different kinetic patterns. For most regions, the largest allele frequency
changes appeared during the first 6-9 days after inoculation, followed by smalier
adjusements in the later time points (FIG. 3A, arrow 1). However, some regions,
including chromosome 3, showed strong immediate selection followed by little
change throughout the experiment (FIG. 3A, arrow 2), while some loci showed a
velatively steady rate of change (FIG. 3A, arvow 3). These differences indicate the
tmportance of the most impactiul loci first, followed by slower selection for
secondary effects of various combinations of loci.

In other cases, initial rapid selection for loci from one parent was slowly
reversed (FIG. 3C, arrows). This could be selection for loct encoding tmportant gene
networks, or sclection for loci that enable rapid adaptation to the environment
followed by loct that eventually acclimate to hyperoxic conditions. Under light stress,
the overall rate of changes was slower than under baschine or hyperoxic conditions,

which may be due to the low numbers of cell divisions during the low light days.

Example 5: Mating-induced genonsic diversity
This Example describes mating-induced genomic diversity occurs following
F1 crosses and illustrates the selective differences and enriched genomic loci (BGLS)
mapping resolution of such mating-induced genomic diversity.
To better understand the homologous recombination in Chlamydomonas, and
its effects on the genomic structure and sclective advantage, an F2 population was
generated by intercrossing F1 progeny priov o selection (FIG. 4). The progeny from
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two dissected Fl tetrads, were sequenced and the genomic loci corresponding to
CC1009 or CC2343 was mapped (FIG. 4B; FIG. 6).
The F1 progeny showed an average of about 13 crossover events for cach cell,
distributed over the 17 chromosomes (sce examples in FIG. 10), providing a rough
5 baseline for the rate of genetic diversification during meiosis in Chlamydomonas. The
mit- and mit+ individuals from these tetrads were then intercrossed to gencrate an F2
population, which was pooled and deep sequenced. The distribution of loci from each
parent deviated substantially from the theovetical expectation of equal contributions
from each parent {FIG. 4D), with nearly all of chromosomes 3 and 16, and significant
10 portions of chromosomes 5, 9, 13 and 16 showing envichment of loct from CC1009
between 10 and 17% (FIG. 4D), indicating that the second mating itself may have
tmposed selection for certain genomic loci

The pooled F2 progeny were incubated under baseline conditions, hyperoxic
conditions, or light stress conditions. Samples were collected at days 8, 16 and 21 for

15 deep sequencing to track the allele frequency of each population (Tables 1 and 2; FIG.
8).

As with the F1 pool, competing the F2 under different environmental
conditions led to enrichment of distinct combinations of genomic regions, but with
some important differences. The F1 competitions resulted in nearly Gaussian

20 distributions of allele enrichments (FIG. 5), indicating that the final pool contained a
range of genetic vartants that could compete relatively evenly.

By contrast, the F2 competition, particelarly under baseline conditions,
imposcd nearly complete selection for regions from one progenitor or the other (FIG.
4}. In some cases, the extreme selection for one set of alleles made accurate enriched

25  genomic loct mapping of the F2 population difficult, because accurate mapping
requires mapping of alleles from both parents to a reference genome. The resulting
strongly bimodal envichment distribations (FIG. 6; FIG. §) were consistent with lower
genome diversity. The results indicate that a smaller mumber of progeny can
outcompete the others, i.e. the competitive advantage for individuals in the F2

30 populations was likely dominated by a relatively small mumber of key genomic
regions, leading to strong founder effects. This conclusion is supported by F2
populations after incubation under selection conditions, where these populations
retained stretches of the chromosome that contains the crossover positions from the
individual dissected F1 tetrads (FIG. 6), indicating that velatively few additional
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alterations occurred, and this can partly be explained if a fraction of the secondary
crossover events were silent.

Interestingly, cach environmental condition selected for different genomic
regions from the tetrad parcnis. For example, bascline conditions selected almost
exclusively for genomic regions with crossovers that matched a single F1 tetrad
(termed F1_5_4, see FI(5. 7A). To a lesser extent hyperoxic conditions selected for
foci from a different tetrad pavent (F1_1_2) as well as diversity from crossovers that
were not seen in the dissccted tetrads and thus likely arose from meiosis during F2
mating {see, e.g. see arrows in FIG. 78 indicating abrupt changes in allelic frequency
in chromosomes 1, 3, 9 and 13). Light stress produced a population with the highest
genomic diversity, as shown by the more Gaussian distributions of alielic frequency

F1_5_4) (sec arrows in FIG. 7C).

Example 6: Chlomyvdomonas shows strong heterosis (*hybrid vigor”™)

The maximal and cumulative productivities of the pooled F1 and F2
polyeultures under baseline or hyperoxic conditions surpassed that of either of the
parental lines, suggesting that the increased genetic diversity led to heterosis (FIG. 9).
Thus 9-12 “winners” were isolated from the final F1 and F2 competition cultures and
compared their productivitics under their respective selection conditions (FIGs. 10-
11} Stikingly, the majority of winners from both F1 and F2 populations displayed
productivity or tolerance that exceeded that of either of the original parent lines (FIG.
9). When the best performing winners from the F1 competition under bascline
conditions were subjected to hyperoxic conditions, the survivors showed 20% and
145% increases in biomass productivities compared to the best performing of the
parent lines. Similar trends were observed with F2 winners, though the extent of
improvement varied (see FiGs. 10-11). The extended performance of the winners
implies that mating led w heterosis. Compared to CC1009, hyperoxic survivors
exhibited similar or even more robust growth under baseline conditions (FIGs. 118
and 11E), whereas some light stress winners exhibited a decrease baseline condition
productivity (FIG. 11H), but a higher ratio of light stress:baseline condition
productivity, indicating that increased productivity under some conditions may be
translated to others, but in some cases, might lead to tradeoffs in some phenotypic
characteristics.
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To further explore the genetic plasticity of Chlamydomonas, the mating and
selection process was streamlined by hatching pools of hundreds to thousands of
isolated zygotes, during, or just prior to, imposition of selection conditions relevant to
algal production. In the first experiment zygotes were hatched prior to exposure of
harsh conditions experienced in an algal growth pond (PoCo), with fluctuating of
temperatures (between 12 and 44 °C) and high light (FIG. 12). As shown in FIG. 9D,
all winners performed better than the poor performing parent line, CC2343, and one
showed a statistically significant increase (~33%) over the better performing parent,
CCI1009. In one expertment, 2ygotes were hatched ander high salt conditions
{(HiSaCo, 20 g/L. of Instant Occan salts) and grown for grown for eight days. The
growth of the progenitor lines, HiSa (high salt) survivors and 17 randomly selected F2
progeny was tested in HiSa media. The random F2 progeny displayed growth rates
under HiSaCo ranging from zero {i.c. HiSaCo lethal) to well above that of the parent
lines. However, all of the environmental selection winners showed strikingly higher
productivity than either parental strains (FIG. 9E).

The foregoing results demonstrate that natural variants of Chlamyvdomonas
contain genetic plasticity that, through the algal breeding and sclection methods
described herein, can generate algal lines with strong heterosis for growth and
productivity under a wide range of cuvironmental challenges. Quantitative genomics
approaches can be used o identify EGL that reflect the genetic bases for the observed
heterosis. The current resolution of the EGL regions identified from both Fi
population spans 60 KB to over 1.2 MB, encoding from 10 to over 2000 genes, and
thus far too low to identify specific genes linked to increased productivity. However,
the results on both the F1 and F2 competitions indicate that increased enriched
genomic loct (EGL) resolution could be obtained by generating massive libraries of
primary and secondary crossover events, followed by generations of cross
competition. Finally, in at least some cases, gains in productivity obtained by
selection under one condition did not impose tradeofts, or even led 1o modest
increases in productivity, under other conditions, indicating that the methods
described herein can be used to increase algal productivity under a range of

conditions, especially for production environments.

Example 7: Zygospore hatching to generate populations
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Zygospores may be generated by mating algae strains. The zygospores are

then isolated and hatched to generate the diversity panel used for selection.
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All patents and publications referenced or mentioned herein are indicative of
the levels of skill of those skilled in the art to which the invention pertains, and each
such referenced patent or publication is hereby specifically incorporated by reference
to the same extent as if it had been incorporated by reference in its entirety individually
or set forth herein in its entivety. Applicants reserve the right to physically incorporate
into this specification any and all materials and information from any such cited paients
or publications.

The following statements describe some of the clements or features of the
invention. Because this application is a provisional application, these staternents may
become changed upon preparation and filing of a nonprovisional application. Such
changes are not intended to affect the scope of equivalents according to the clabms
issuing from the nonprovisional application, if such changes occur. According to 35
U.S.C. § 111(b}, claims are not required for a provisional application. Consequently,
the staternents of the invention cannot be interpreted to be claims pursuant to 35 U.S.C.

§ 112

Statements:

1. A method for producing algae with strong hybrid vigor for photosynthetic
productivity comprising
{a) crossing (mating) phenotypically-diverse algae strains to generate
two or more genctically diverse algae strains;
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{b) culturing {e.g. growing} one or more genetically diverse algae
strain under one or more selection conditions o generate an environmentally
competitive algac population;

(¢} measuring the photosynthetic efficiency and/or productivity of one

3 or more algae strain of the an environmentally competitive algae population;
and

{d) isolating an environmentally competitive algae strain or a mixture
of environmentally competitive algac strains that exhibit hybrid vigor under
the selection conditions compared to at least one of the phenotypically-diverse

10 algae strain(s) grown under baseline conditions, to thereby produce one or
more environmentally competitive algae strain or a mixture of
environmentally competitive algae strains that exhibit hybrid vigor.

2. The method of staternent 1, wherein the bascline condition comprises 5% COz
15 in air, and a 14-hour Light: 10 dark cycle with zenith at noontime.

3. The method of staternent 1 or 2, wherein the baseline condition comprises
light intensity ascending to a zenith with maximum photosynthetically active
radiation (PAR) of about 2000 pmol photons per square meter per second (m”
20 g1y, and descendin g until dark, delivered in a sinusoidal forn

4. The method of statement 1, 2 or 3, wherein the selection conditions comprise
an increased oxygen atmosphere, a reduced carbon dioxide atmosphere,
reduced light conditions, increased light conditions, increased salt conditions,

25 increased temperatures, decreased teraperatures, fluctuating temperatares,
reduced nitrogen conditions, reduced pH conditions, increased pH conditions,
conditions comprising macronuirients, conditions comprising micronuirients,
conditions comprising pollutants, reduced phosphate conditions, or increased
phosphate conditions.

30
5. The method of statement 1-3 or 4, wherein one of the sclection conditions
comprises hyperoxic atmospheric conditions comprising 5% CO; in oxygen.
35 6. The method of statement -4 or S, wherein one of the selection conditions

comprises reduced carbon dioxide atmospheric conditions comprising an
atmosphere of less than 0.04% CO..

7. The method of statement 1-5 or 6, wherein one of the sclection conditions
40 comprises reduced lght stress conditions compwising cycles of 1-3 days of
baseline light followed by 1-3 days of very low light.

8. The method of statement 1-6 or 7, wherein one of the selection conditions
comprises reduced light stress conditions comprising:

45 a. one day of a baseline conditton comprising 5% C(O; in air, and a 14-
hour light:10 dark cycle, wherein light intensity ascends at noon to a
zenith with maximum photosynthetically active radiation (PAR) of
about 2000 pmol photons per square meter per second (m™s™), and
descending until dark, delivered in a sinusoidal form; and
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b. followed by three hight starvation days, cach hight starvation day
comprising a 14-hour:1{0-hour hight:dark, where the light comprises a
rectangular wave with a PAR intensity of 30 umol photons per square
meter per second (m7s™).

9. The method of statement 1-7 or 8, wherein one of the selection conditions
comprises increased light conditions comprising more than 2000 pmol
photons per square meter per second (m?s™).

10 10. The method of statement 1-8 or 9, wherein one of the selection conditions
comprises increased salt conditions comprising culturing the one or more
genetically diverse algae strain in culture media comprising more than 0.2 M
sodium chioride.

i5 11. The method of statement 1-9 or 10, wherein one of the selection conditions
coraprises increased temperatres comprising culturing the one or more
genetically diverse algae strain at more than 40 °C.

12. The method of statement 1-9 or 10, wherein one of the selection conditions
20 comprises decreased temperatures comprising culturing the one or more
genetically diverse algae strain at less than 15 °C.

13. The method of statement 1-11 or 12, wherein one of the selection conditions
comprises fluctuating temperatures comprising culturing the one or more
25 genetically diverse algae strain at fluctuating temperatures between 12 °C and
44 °C.

14. The method of statement 1-12 or 13, wherein ong of the selection conditions
comprises reduced nitrogen conditions comprising culturing the one or more
30 genetically diverse algae strain in culiure media comprising less than 0.2 mM
nitrate.

15. The method of statement 1-13 or 14, wherein one of the selection conditions
coraprises reduced phosphate conditions comprising culturing the one or more

35 genetically diverse algae strain in culture media comprising less than 1 mM
phosphate.
16. The method of statement 1-13 or 15, wherein one of the selection conditions
comprises increased phosphate conditions comprising culturing the one or
40 more genetically diverse algae strain in culture media comprising more than 2

mM phosphate.
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17. The method of statement §-15 or 16, wherein at least one of the
phenotypicatly-diverse algae strain(s) is a species of Protococcus, Ulva,
Codium, Enteromorpha, Neochloris and/ov Chlamydomonas.

5 18. The method of statement 1-16 or 17, wherein at least one of the
phenotypically-diverse algae strain(s) is a Chlamydomonas reinhardtii strain.

19. The method of statement 1-17 or 18, wherein measuring the photosynthetic
efficiency and/or productivity of one or more algae strain of the an
10 environmentally competitive algae population comprises measuring the
number of daily dilutions (e.g. of 5 or 10 ml) needed to maintain the turbidity
or chlorophyll content at constant level of the one or more algae strain of the
an environmentally competitive algae population.

15 20. The method of staternent 1-18 or 19, wherein measuring the photosynthetic
efficiency and/or productivity of one or more algae strain of the an
environmentally competitive algae population coraprises measuring the ash
free dry weight (AFDW) of the one or more algae strain of the an
environmentally competitive algae population.

20

21. The method of statement 1-19 or 20, wherein isolating an environmentally
copapetitive algae strain or a mixture of environmenially competitive algae
strains that exhibit hybrid vigor under the selection conditions compared to at
least one of the phenotypically-diverse algae strains) grown under baseline

25 conditions comprises sequencing one or more segments of genomic DNA,
cDNA, or RNA of an environmentally competitive algae strain or a mixture of
environmentally competitive algae strains that exhibit hybrid vigor under the
sclection conditions.

30 22. The method of statement 21, further comprising isolating an environmentally
comapetitive algae strain or a mixture of environmenially competitive algae
strains that have one or more sequence differences in a segment of genomic
DNA, cDNA, or RNA compared to the same segment of genomic DNA,
cDNA, or RNA of at least one phenotypically-diverse algae strain grown

33 under baseline conditions.

23. The method of statement 1-21 or 22, further comprising identifying one or
more genomic focus that is (are) correlated with hybrid vigor under the
selection conditions in an environmentally competitive algae strainor ina

40 mixture of environmentally competitive algae strains.

24. The method of statement 1-22 or 23, further comprising pooling zygospores
from one or more genetically diverse algae strains or from a mixture of
genetically diverse algae strains, and hatching spoves therefrom to generate a
45 second genetically diverse strain population.
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25.

28.

29,

30.

The method of statement 1-23 or 24, further comprising pooling zygospores
from one or more environmentally competitive algae strain or from a mixthure
of environmentally competitive algae strains, and hatching spores therefrom to
generate a second genetically diverse strain population.

. The method of statement 1-24 or 25, wherein the phenotypically-diverse aigae

strains are sexually reproductive strains.

. An environmentally competitive algae strain comprising at least one genomic

locus, or at least two genomic loci, or at least three genomic loct, or at least
four genomic loci, or at least five genomic loct that provide environmental
competitiveness compared to a wild type algae or parental algae strain.

The environmentally competitive algae strain of statement 27, wherein the
environmentally competitive algae strain has one or more genomic mutation
compared to a wild type algac or parental algae strain at the least one genomic
tocus, the at least two genomic loci, the at least three genomic loci, the at least
four genomic loci, or the at least five genomic loci that provide environmental
competitiveness.

The environmentally competitive algae strain of statement 27 or 28, wherein
the environmental competitiveness comprises enhanced growth of the
environmentally competitive algae strain compared to the wild type algae or
parental algae strain under conditions comprising an increased oxygen
atmosphere, a reduced carbon dioxide atmosphere, reduced light conditions,
increased light conditions, increased salt conditions, increased temperaturcs,
decreased ternperatures, fluctuating temperatures, reduced nitrogen conditions,
reduced pH conditions, increased pH conditions, conditions comprising
macronutricnts, conditions comprising micronuirients, conditions comprising
poltutants, reduced phosphate conditions, or increascd phosphate conditions.

The environmentally competitive algae strain of statement 27, 28, or 29,
wherein the environmental competitiveness comprises at least 2%, or at least
S9%, or at least 10%, or at least 20%, or at least 253%, or at least 50%, or at least
75% enhanced growth of the environmentally competitive algae strain
compared to the wild type algae or parental algae strain during culture for 1 to
30 days.

. A population of algae coraprising one or more of the environmentally

competitive algac strain of statement 27, 28, 29, or 30.

. The population of algae of staterment 31, comprising at least 2%, or at least

5%, or at least 10%, or at least 209%, or at least 25%, or at least 50%, or at least
75%, or at least 80%, or at least 85%, or at least 890%, or at least 959%, or at
least 97%, or at least 98%, or at least 99% algae of the environmentally
competitive algae strain of statement 26, 27, 28, or 29.
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33. A mixture of environmentally competitive algae strains, cach environmentally
competitive aigac strain being the environmentally competitive algae strain of
statement 27, 28, 29, or 30,

34. A genomic locus that confers environmental competitiveness to an algae
strain, wherein the environmental competitiveness comprises enhanced growth
of an algae strain with the genomic locus compared to a wild type algae or
parental algae strain that does not comprised the genomic locus under
conditions comprising an increased oxygen atmosphere, a reduced carbon
dioxide atmosphere, reduced light conditions, increased light conditions,
increased salt conditions, increased teroperatures, decreased temperatures,
fluctuating temperatures, reduced nitrogen conditions, reduced pH conditions,
increased pH conditions, conditions comprising macronuitrients, conditions
comprising micronutrients, conditions comprising polutants, veduced
phosphate condifions, or increased phosphate conditions.

35. The genomic locus of staternent 34, comprising one or more genomic mutation
compared to the wild type algae or the parental algae strain at the genomic
locus.

The specific methods, devices and compositions described  herein are
represeniative of preferred embodiments and are exemplary and not intended as
Emitations on the scope of the invention. Other objects, aspects, and embodiments will
occur to those skilled in the art upon consideration of this specification, and are
encompassed within the spirit of the invention as defined by the scope of the claims. &k
will he readily apparent to one skilled in the art that varving substitutions and
modifications may be made to the invention disclosed herein without departing from
the scope and spirit of the inventon.

The invention illustratively described herein suitably may be practiced in the
absence of any clement or elements, or limitation or limitations, which is not
specifically disclosed herein as essential. The methods and processes ilustratively
described herein suitably may be practiced in differing orders of steps, and the methods
and processes are not necessarily restricted to the orders of steps indicated herein or in
the claims.

Under no circimstances may the patent be interpreted to be himited to the
specific examples or embodiments or methods specifically disclosed herein. Under no
circumstances may the patent be mterpreted to be limited by any staternent made by

any Examiner or any other official or employee of the Patent and Trademark Office
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unless such statement is specifically and without qualification or reservation expressly
adopted 1o a responsive writing by Applicants.

The terms and cxpressions that have been employed are used as terms of
description and not of limitation, and there is no intent in the use of such terms and
expressions to exclude any equivalent of the features shown and deseribed or portions
thereof, but it is recognized that various modifications are possible within the scope of
the invention as claimed. Thus, it will be understood that although the present invention
has been specifically disclosed by preferred embodiments and optional features,
modification and variation of the concepts herein disclosed may be resorted to by those
skilled in the art, and that such modifications and variations are considered to be within
the scope of this invention as defined by the appended claims and statements of the
invention.

The invention has been described broadly and generically herein. Each of the
narrower species and subgeneric groupings falling within the generic disclosure also
form part of the invendon. This includes the generic descripion of the invention with
a proviso or negative Hmitation removing any subject matter from the gemus,
regardless of whether or not the excised material is specifically recited herein. In
addition, where features or aspects of the invention are described in terms of Markush
groups, those skilled in the art will recognize that the invention is also thereby
described in terms of any individual mermber or subgroup of members of the Markush

STOUp.
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What is Claimed:

L.

o

j )

A method for producing algae with strong hybrid vigor for photosynthetic
productivity comprising:

(a) crossing phenotypically-diverse algae strains to generate two or
more genetically diverse algae strains;

(b) culturing one or more genctically diverse algae strain under onc or
more selection conditions to generate an covironmentally competitive algae
population;

{c) measuring the photosynthetic efficiency and/or productivity of one
or more algae strain of the environmentally competitive algae population to
produce one or more selected environmentally competitive algae strain; and

{d) isolating one or more environmentally competitive algae strain or a
mixture of environmentally competitive algae strains that exhibit hybrid vigor
under the selection conditions compared to at least one of the phenotypically-
diverse algae strain{s) grown under baseline conditions.

The method of claim |, wherein the selection conditions comprise an
increased oxygen atruosphere, a reduced carbon dioxide atmosphere, reduced
light conditions, increased light conditions, increased salt conditions,
increased temperatures, decreased temperatures, fluctuating {cmperatures,
reduced nitrogen conditions, reduced pH conditions, increased pH conditions,
conditions coruprising macronutrients, conditions comprising micronuirients,
conditions comprising pollutants, reduced phosphate conditions, increased
phosphate conditions, or a combination thereof.

The method of claim 1, wherein the baseline condition comprises 3% C(Os in
air, and a 14-hour light:10 dark cycle with zenith at noontime.

The method of claim 1, wherein the baseline condition comprises light
intensity ascending to a zenith with maximum photosynthetically active
radiation (PAR) of about 2000 pumol photons per square meter per second (m”
7‘3’1), and descending until dark, delivered in a sinusoidal form.

The method of claim 1, wherein one of the selection conditions comprises
reduced carbon dioxide atmospheric conditions comprising an atmosphere of

less than 0.04% C0O..
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12.

13.

The method of claim 1, wherein one of the selection conditions comprises

reduced light stress conditions comprising cyeles of 1-3 days of baseline light

followed by 1-3 days of very low light.
The method of claim 1, wherein one of the sclection conditions comprises
reduced light stress conditions comprising:

a. one day of a baseline condition comprising 5% CO; in air, and a 14-
hour light:10 dark cycle, wherein light intensity ascends at noon to a
zenith with maximum photosynthetically active radiation (PAR) of
about 2000 pmol photons per square meter per second (m~s ™), and
descending until dark, delivered in a sinusoidal form; and

b, followed by three light starvation days, cach light starvation day

comprising a 14 hour:10-hour light:dark, where the light comprises a

rectangular wave with a PAR intensity of 50 umol photons per square

meter per second (n%s™).
The method of claim |, wherein one of the selection conditions comprises
increased light conditions comprising more than 2000 pmol photons per
square meter per second (m%s).
The method of claim 1, wherein one of the selection conditions comprises
increased salt conditions comprising culturing the one or more genetically
diverse algac strain in culture media comprising more than 0.2 M sodium
chioride.
The method of claim |, wherein one of the selection conditions comprises
increased temperatures comprising culturing the one or more genetically
diverse algae strain at more than 40 °C.
The method of claim 1, wherein one of the selection conditions comprises
iecreased temperatures comprising culturing the one or more genetically
diverse algae strain at less than 15 °C.
The method of claim |, wherein one of the selection conditions comprises
fluctuating temperatures comprising culturing the one or more genetically
diverse algae strain at fluctuating temperatures between 12 "C and 44 °C.

The method of claim 1, wherein one of the selection conditions comprises

reduced nitrogen conditions comprising culturing the one or more genetically

diverse algae strain in culture media comprising less than 0.2 mM nitrate.

46
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14.

16.

17.

19.

20.

21.

The method of claim 1, wherein one of the selection conditions comprises
reduced phosphate conditions comprising culturing the one or more
genetically diverse algae strain in culture media comprising less than 1 mM

phosphate.

. The method of claima 1, wherein one of the selection conditions comprises

increased phosphate conditions comprising culturing the one or more
genetically diverse algae strain in culture media comprising more than 2 mM
phosphate.

The method of claim |, wherein at least one of the phenotypically-diverse
algac strain(s) is a specics of Profococcus, Ulva, Codium, Enteromorpha,
Neochloris andfor Chlamvdomonas.

The method of claim 1, wherein at least one of the phenotypicall y-diverse

algac strain(s) is a Chiamvdomonas reinhardtii strain.

. The method of claim 1, wherein measuring the photosynthetic efficiency

and/or productivity of one or more algae strain of the an environmentaily
competitive algae population comprises measuring the mumber of daily
dilutions needed to maintain the turbidity or chlorophyil content of the one or
more algae strain culture at a constant level.

The method of claim |, wherein measuring the photosynthetic efficiency
and/or productivity of onc or more algae strain of the an environmentally
competitive algac population comprises measuring the ash free dry weight
{AFDW} of the one or more algae strain of the an environmentally competitive
algae population.

The method of claim 1, further comprising isolating an environmentally
competitive algae strain o a4 MixIure comprises sequencing oHe of more
segments of genomic DNA, ¢cDNA, or RNA of an environmentally
competitive algac strain or 2 mixture of environmentally competitive algae
strains that exhibit hybrid vigor under the selection conditions.

The method of claim 20, further comprising isolating an environmentally
competitive algae strain or a mixture of envirommentally competitive algac
strains that have one or more sequence differences in a segment of genomic
DNA, cDNA, or RNA compared to the same segment of genomic DNA,
cDNA, or RNA of at least one phenotypically-diverse algae strain grown
under baseline conditions.
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22.

23.

25.

25

The method of claim 1, further comprising identifving one or more genomic
locus that is correlated with hybrid vigor under the selection conditions in an
environmentally competitive algae strain or in a mixture of environmentally
competitive algac strains.

The method of claim 1, further comprising pooling zvgospores from one or
more genetically diverse algae strains or from a mixture of genetically diverse
algae strains, and hatching spores therefrom to geverate a second genetically

diverse strain population.

. The method of claim 23, further comprising pooling zygospores from one or

more strain of the second genetically diverse strain population, and hatching
spores therefrom fo generate a third genetically diverse strain population.
The method of claim 1, wherein the phenotypically-diverse algae strains are

sexually reproductive strains.

. An environmentally corppetitive algae strain produced by the method of claim

1.

. An environmentally competitive algae strain of claim 26, comprising at least

one genomic locus, or at least two genomic oct, or at least three genomic loci,
or at least four genomic loci, or at least five genomic loci that provide
environmental competitiveness over a wild-type algae or over a parental aigae

strain of the environmentally competitive algac strain.

. The environmentally competitive algae strain of claim 27, wherein the

enviromnentally competitive algae strain has ong or more genopic muutation
compared to a wild type algac or parental algae strain within the at the least
one genomic locus, the at least two genomic loct, the at least three genomic
toci, the at least four genomic loct, or the at least five genomic loci that

provide environmental competitiveness.

. The environmentally competitive algae strain of claim 27, wherein the

enviroinental competitiveness comprises enhanced growth of the
environmentally competitive algae strain compared to the wild type algae or
parental algae strain under conditions comprising an increased oxygen
atmosphere, a reduced carbon dioxide atmosphere, reduced light conditions,
increased light conditions, increased salt conditions, increased temperatures,
iecreased temperatures, fluctuating teraperatures, reduced nitrogen conditions,
reduced pH conditions, increased pH conditions, conditions comprising
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31.

j
L2

macronutrients, conditions comprising micromitrients, conditions comprising

poltutants, reduced phosphate conditions, or increased phosphate conditions.

. The environmentally competitive algac strain of claim 27, wherein the

environmental competitivencss comprises at least 5% enhanced growth of the
environmentally competitive algae strain compared to the wild type algac or
parental algae strain during culture for 1 to 30 days.

A population of algae comprising one or more of the environmentally

competitive algae strains of claim 26.

. A genomic focus that confers environmental competitiveness to an algae

strain, wherein the environmental competitivencss comprises enhanced growth
of an algae strain with the genomic locus compared to a wild type algae or
parental algae strain that does not comprised the genomic locus under
conditions comprising an increased oxygen atmosphere, a reduced carbon
dioxide atmosphere, reduced light conditions, increased light conditions,
increased salt conditions, increased temperatures, decreased temperatures,
fluctuating temperatures, reduced nifrogen conditions, reduced pH conditions,
increased pH conditions, conditions comprising macronutrients, conditions
comprising micronutrients, conditions comprising polutants, veduced

phosphate conditions, or increased phosphate conditions.

3. The genomic locus of claim 32, comprising one or more genomic mutation

compared to the wild type algae or the parental algae strain at the genomic

locus.

. A method for producing algae with strong hybrid vigor for photosynthetic

productivity comprising:

a. mating two phenotypically-diverse algae strains to generate two oy
more genctically diverse algae strains;

b, culturing one or more genetically diverse algae strain under one or
more selection conditions to generale an envivonmentally competitive
algae population, where the selection conditions cormprise:

i hyperoxic atmospheric conditions comprising 5% COx in
oxygen;
i1. hight stress conditions comprising alternating one day of 2000

pmol photons light per square meter per second {(m™ sy and
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then three days of 50 pmol photons light per square meter per
second (m%s ™ or
tii. high salt conditions comprising culturing in a medium
comprising 20 g/L. of Instant Ocean salis.
roeasuring the photosynthetic efficiency of one or more algae strain of
the an environmentally competitive algae population; and
solating an environmentally competitive algae strain or a mixture of
environmentally competitive algae strains that exbabit hvbrid vigor
under the selection conditions compared to at least one of the

phenotypically-diverse algac strain{s) grown under baseline conditions.
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concept under PCT Rule 13.1. In order for all inventions to be searched, the appropriate additional search fees must be paid.

Group : claims 1-25, 34, drawn to a method for producing algae with strong hybrid vigor for photosynthetic productivity.

Group |I: claims 26-33, drawn to an environmentally competitive algae strain of comprising at least one genomic locus that provides
environmental competitiveness over a wild-type algae or over a parental algae strain; a population of said environmentally competitive
algae; and a genomic locus that confers environmental competitiveness.

N/
1. }A As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. I:l As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos..

4. D No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

IX] No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (January 2015)
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Continuation of Box No. Ill Observations where unity of invention is lacking

The inventions listed as Groups | and Il do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT
Rule 13.2, they lack the same or corresponding special technical features for the following reasons:

Special Technical Features

Group | includes the special technical feature of a method which differs from the special technical feature of a composition, as disclosed
by Group il.

Common Technical Features

The inventions of Groups | and Il share the technical feature of an environmentally competitive algae strain of produced by the method
of claim 1.

However, these shared technical features do not represent a contribution over prior art in view of the article "Heterosis in hybrids within
and between yeast species” by Bernardes et al. (J evol Biol. March 2017, Vol 30, No 3, pp 538-548) (hereinafter 'Bernardes'’), and the
thesis "Photosynthesis and Hyperoxia” by Hall (Michigan State University, PhD Dissertation, 2017) (hereinafter 'Hall’).

Bernardes discloses (instant claim 1) a method for producing an organism with strong hybrid vigor for a trait comprising (Abstract - "We
measured the growth of 46 Saccharomyces yeast F1 interspecific and intraspecific hybrids, relative to the growth of each of their
parents, in pairwise competition assays. We found that the growth of a hybrid relative to the average of its parents, a measure of mid-
parent heterosis, correlated with the difference in parental growth relative to their hybrid, a measure of phenotypic divergence...In these
assays, we not only identified a strong relationship between parental phenotypic divergence and mid-parent heterosis as before, but,
more tentatively, a weak relationship between phenotypic divergence and best-parent heterosis"):

(a) crossing phenotypically-diverse strains to generate two or more genetically diverse strains (pg 540, col 2, para 2 - "We used 32
homozygous strains of S. paradoxus and S. cerevisiae from the National Collection of Yeast Cultures (NCYC, http://www.ncyc.co.uk/) to
produce 46 F1 hybrids: 28 intraspecific hybrids between S. paradoxus and S. paradoxus and 18 interspecific hybrids between S.
paradoxus and S. cerevisiae...Strains and crosses were selected to maximize the ranges of genetic and phenotypic divergence within a
manageable set of hybrids... Strains are available on request (see Table S1)"; Table S1 - "Hybrid...46...Parent 1...5288¢...Parent 2...N-
17");

(b) culturing one or more genetically diverse strain under one or more selection conditions to generate an environmentally competitive
population (pg 541, col 2, para 2 - "we measured heterosis in a single interspecific hybrid under different environmental conditions...we
chose two genetically tractable laboratory strains as parents: s288c¢ (S. cerevisiae) and N17 (S. paradoxus). We again used genetic
markers to identify competing strains in our growth assays...Assays were all conducted in shaken liquid minimum medium with added
uracil (MIN+URA: 0.67% yeast nitrogen base without amino acids, 2% glucose, 0.003% uracil) with the following supplements: caffeine
(10%, 30 .degree.C), zinc sulphate (10%, 30 .degree.C),.....");

(c) measuring the trait of one or more algae strain of the environmentally competitive population to produce one or more selected
environmentally competitive strain (Abstract, pg 541, col 2, para 2 - "we measured heterosis in a single interspecific hybrid under
different environmental conditions...we chose two genetically tractable laboratory strains as parents: s288¢ (S. cerevisiae) and N17 (S.
paradoxus). We again used genetic markers to identify competing strains in our growth assays...mid-parent heterosis and best-parent
heterosis were measured as before using competitive growth assays replicated three times");

(d) isolating one or more environmentally competitive strain or a mixture of environmentally competitive strains that exhibit hybrid vigor
under the selection conditions compared to at least one of the phenotypically diverse strain(s) grown under baseline conditions (pg 541,
col 2, para 2 - "we measured heterosis in a single interspecific hybrid under different environmental conditions...we chose two
genetically tractable laboratory strains as parents: $288¢ (S. cerevisiae) and N17 (S. paradoxus). We again used genetic markers to
identify competing strains in our growth assays...mid-parent heterosis and best-parent heterosis were measured as before using
competitive growth assays replicated three times"; pg 543, col 2, para 3 - "The marker (ura3::KANMX/ura3::HYGMX) used to identify the
parent strains in the experiment in different environments increased competitive growth by an average of 1.21% relative to the marker
carried by the hybrids (ura3/ura3), when both markers were tested in the parental genetic back grounds in all environments (Table S3)").

Bernardes does not teach the organism is algae and the method produces algae with strong hybrid vigor for photosynthetic productivity.
Hall teaches a method of selecting algae strains exhibiting high photosynthetic efficiency and productivity under a selective condition
(Abstract - "1 identified hyperoxia tolerant and sensitive strains of Chlamydomonas reinhardtii and compared their photosynthetic
efficiencies in normoxia and hyperoxia ePBR cultivation”; pg 79, para 1 - “The selection process began with a mixed culture competition
wherein normoxia and hyperoxia ePBR turbidostats were inoculated with equal cell numbers of several C. reinhardtii strain...we
quantified the relative abundances of each strain in the cultures by taking samples for lllumina sequencing and counting the occurrences
of strain-specific single-nucleotide polymorphisms (SNPs), as summarized in Table 2...we chose CC-1009 and CC-2343 as our
representative hyperoxia tolerant and sensitive strains respectively. These two strains exhibit nearly identical rates of productivity in
normoxia monoculture ePBRs, but CC-1009 retains 49% of its productivity in hyperoxia while CC-2343 retains only 18% (Figure 41).",
pg 80, para 1-2 - "When cultivated in normoxia ePBRs, cuvette samples of CC-1009 and CC-2343 exhibited similar rates of
photosynthetic oxygen production...With hyperoxia cultivation, the two strains showed distinct O2 production behaviors. Both strains had
reduced oxygen production rates, but the hyperoxia sensitive CC-2343 lost significantly more of its oxygen production than CC-1009").
It would have been obvious to one of ordinary skill in the art to employ the method of Bernardes to select and produce an algae strain
that exhibits strong hybrid vigor for photosynthetic productivity in algae hybrids from phenotypically diverse strains because Bernardes
teaches a method of producing a strain exhibiting heterosis against stress conditions and Hall teaches a method of selecting algae
strains having higher photosynthetic efficiency and productivity in selective conditions.

As said technical features were known in the art at the time of the invention, these cannot be considered special technical features that
would otherwise unify the groups.

Groups | and |l therefore lack unity under PCT Rule 13 because they do not share a same or corresponding special technical feature.
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