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METHOD FOR DISCOVERING ALGAL STRAINS WITH REDUCED PIGMENT
TO ATTAIN HIGHER PHOTOSYNTHETIC EFFICIENCY

FIELD OF THE INVENTION

[0001] The invention relates to methods of screening for photosynthetic algal
strains/mutants having desirable properties, as well as to paths toward selecting and/or
engineering photosynthetic algal strains/mutants having said desirable properties.

BACKGROUND OF THE INVENTION

[0002] Most mass algal cultures are operated at high enough cell density that the
response of each cell is influenced by shading; one way they respond is by making
additional pigment in order to be competitive in the low average light environment of
the culture. Typically, the chlorophyll a content in mass algal cultures is 2-3% of the
cellular mass. In such mass cultures, the cells are exposed to high light in the regions
of the culture closest to the light source. Here the light is absorbed faster than it can be
processed by the cell, leading to photosynthetic inefficiency.

[0003] Many efforts have been made to increase the photosynthetic efficiency, and
hence the biomass productivity, of mass algal cultures through manipulation of the
algal light harvesting apparatus to bring light absorption in high light into balance with
the rate at which the algal cell’s metabolic apparatus can process the products of the
light-induced charge separation and carbon dioxide into cell mass. Normally, the
imbalance under high light causes the dissipation of absorbed photon energy into heat,
and as much as 90% of the photons can be wasted in this manner. This is often called
light saturation.

[0004] One common way to overcome light saturation and increase photosynthetic
biomass productivity is to reduce the cell’s capacity to absorb light by reducing the
cellular content of pigment, particularly of chlorophyll. This is typically done by
inducing genetic changes and selecting cells that have tested characteristics that tend to
correlate with higher productivity. Unfortunately, many times, the selected variants do
not exhibit high enough efficiency under high light.

[0005] Currently various screening protocols are used to select from thousands (or
more) of genetically altered variants of an algal strain to discern the few that possess

criteria that one would expect to lead to greater biomass productivity under high
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incident light by overcoming saturation effects that waste photons. These screens
include: visual or optical discrimination of low chlorophyll variants; selection of these
strains; growth in low light to assure that the low chlorophyll change endures;
assessment of some measure of the light intensity of saturation; and some measure of
the maximum photosynthetic rate, all to assure similarity to the parent strain. These
screens do not assure that the parent strain is efficient itself.

[0006] What is needed is an improved screening procedure that takes into
consideration not only photosynthetic efficiency but also increased biomass/lipid/starch
productivity and/or production efficiency.

SUMMARY OF THE INVENTION

[0007] One purpose of this invention is to increase the success rate of the
generation of high efficiency low chlorophyll strains. This can be achieved by
beginning with a very efficient algal strain (assessed in low light) and altering the
pigment content to a great enough degree to change the cellular light absorption
characteristics without damaging the efficiency of this variant in low light. The
inventive process can advantageously result in photosynthetic efficiency and hopefully
also productivity increases (e.g., by at least 50%, and up to about 300%) in algal
cultures exposed to high incident light intensity.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[0008] There are many factors that can be measured to assess the efficiency of
photosynthesis (in native and altered strains) directly. For instance, one can be to
simply grow a dense culture under relatively high intensity incident light, estimate the
light absorption, and measure the biomass productivity. This is not normally used as a
screening protocol for the large number (at least thousands) of strains produced by
mutagenesis, or other genetic alteration, because it can be prohibitively labor intensive.
This method can, however, be used as an ultimate validation that increases in biomass
productivity have been achieved by a short list of strains remaining after the plethora
produced by methods used to alter cellular pigment content have been screened.

[0009] Indeed, in typical processes, strains of interest can be mutagenized, or
otherwise genetically altered, to produce quite a large number (e.g., thousands) of
mutants, which can then be screened to identify the relative few having putatively

higher efficiency. This whole process is typically very time consuming and costly.



WO 2014/197212 PCT/US2014/039086

-3-

[0010] According to one aspect of the present invention, a less time consuming,
less labor intensive, and less costly screening method is devised. First, strains can be
pre-screened to judge their ability and/or propensity for increased photosynthetic
productivity. One non-limiting pre-screening method step can be to measure a
minimum quantum requirement (the minimum number, or quanta, of photons/incoming
light absorbed to achieve one or more given goals, such as to produce one molecule of
oxygen, to fix one molecule of carbon dioxide, to incorporate one molecule of carbon
into the cell for growing biomass, or the like, or combinations thercof). Using this pre-
screening method can give greater assurance that altered strains, e.g., whether produced
by directed evolution or by genctic means, can be hindered as little as possible by
intrinsic (photosynthetic) inefficiencies. This pre-screening can advantageously reduce
overall efforts and produce better results.

[0011] Additionally or alternately, strains can be pre-screened for increased
photosynthetic productivity/efficiency by seeking strains with a lower pigment content
— one advantageous test of lower pigment content utilizes a natural physiological state
that most algal strains possess, namely a high light acclimated state. When most algae
are exposed to either constant high light or varying light levels with greater than
saturating average light intensity, the cells typically tend to lower their pigment content
in response to high light intensity. This can generally be produced easily in a
laboratory environment. The methods according to the present invention have been
designed to select for strains that, when genetically encouraged to remain in a high light
(low pigment) adapted state, can have higher productivity in dense mass culture under
high incident light. In one embodiment, the method comprises an initial step in which
algal cells are tested in their “normal,” highly-pigmented state for their quantum
efficiency. These cells are tested in relatively dilute culture and at a sub-saturating
light intensity (<Is). Though the limits of sub-saturating intensity can vary with
different photosynthetic cells, sub-saturating light intensity can be less than about 200
uE/m?/s, e.g., less than about 175 uE/m?/s, less than about 150 uE/m?/s, less than about
125 uE/m%/s, less than about 100 pE/m%/s, less than about 75 pE/m?/s, less than about
60 wE/m’/s, or less than about 50 uE/m’/s; additionally or alternately, the light intensity
to which the cells are exposed can be at least about 10 uE/m?/s, e.g., at least about 25

uE/m?/s, at least about 40 uE/m?/s, at least about 50 uE/m’/s, at least about 60 uE/m’/s,
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at least about 75 pE/m’/s, at least about 100 uE/m?s, at least about 125 uE/m’/s, or at
least about 150 uE/m?/s.

[0012] In this pre-screening step, analysis can be conducted by any one or more of
several methods, including but not limited to using the absorption spectrum of the algae
and the initial slope of short term methods of measuring photosynthesis such as P-I
(photosynthesis-irradiance) curves (e.g., based on oxygen evolution or radioactive
carbon 14 dioxide uptake, or the like), fluorescence ETR curves, and/or qP curves. A
preferred method of analysis can include measuring the quantum requirement for
growth by growing optically thin cultures in front of light whose emission spectrum has
been measured, then measuring the quanta absorbed by the algal culture/suspension
from this emission spectrum and the absorption spectrum of the suspension, followed
by measuring the carbon incorporated into the growing culture vis-a-vis the specific
growth rate of the culture/suspension.

[0013] If the algal cells are found to exhibit relatively high quantum efficiency
(relatively low quantum requirement, as quantum efficiency correlates with the
reciprocal of quantum requirement), then the particular strain can advantageously be
selected to proceed to the next step, as such strains can advantageously not be
photosynthetically hindered and/or impaired in a way that cannot easily be remedied by
lowering the attendant pigment content in the strain. By “relatively high quantum
efficiency” and/or “relatively low quantum requirement”, it should be understood that,
for quantum requirements being sought relative to one molecule of oxygen evolution,
to one mole carbon fixation/uptake, and/or to one mole of carbon incorporated into
growing biomass, an ideal (substantially efficient) quantum requirement represents
about 10-12. Therefore, a “relatively low” quantum requirement can advantageously
be about 16 or less, e.g., about 15 or less, about 14 or less, or about 13 or less. As
stated above, these relatively low quantum requirement strains can be said to have
correspondingly (relatively) high quantum efficiency.

[0014] Optionally, before the pre-screening, wild type algal species can be pre-pre-
screened, looking for strains that already exhibit certain characteristics consistent with
high photosynthetic efficiency and with capability of further increasing it. If such a
pre-pre-screen is not done, the possibility exists that certain intrinsic inefficiencies may

preclude finding desirable photosynthetic mutants. For example, Photosynthesis-
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Irradiance (P-I) curves, based on oxygen evolution and/or carbon dioxide uptake, can
be generated, as can actual growth experiments, and any combination of these can be
used.

[0015] Since attempts are being made to increase cell efficiency by balancing
photon absorption with photosynthetic capacity, one method can include starting with a
strain that already exhibits relatively high photosynthetic capacity. This can minimize
the degree to which cellular pigment needs to be reduced. P, per cellular mass from a
P-I curves is one exemplary measure of the maximum photosynthetic rate, as is the
maximum specific growth rate of a strain.

[0016] In one exemplary embodiment, using the P-I curves and/or specific growth
rates-I curve, the saturating irradiance can be determined, which is defined as the
intersection of the initial slope and the maximum rate (the limit at very high
irradiances). One path forward can be to select for strains with a relatively high (e.g.,
the highest) saturating irradiance, again in order to reduce/minimize the degree of
pigment reduction required. The best strains are typically ones in which the light
curves approach the envelope formed by the extension of the initial slope to the
maximum rate most closely.

[0017] Low respiration/maintenance rates can be determined by the light curves at
approximately zero light or by growth curves extrapolated to zero light input.
Respiration losses can typically be magnified in reduced pigment strains, especially
under relatively low light conditions, where a greater proportion of the photons
absorbed are typically used to maintain the biomass rather than to grow.

[0018] In some embodiments of the methods according to the invention, an
optionally but preferably pre-screened candidate can be exposed in an optically thin
culture to relatively high irradiance (>> I;) until the cell’s pigment (e.g., as measured by
fluorescence spectroscopy or optical spectroscopy, for instance targeting chlorophyll
content or extracted chlorophyll content, respectively, such as chlorophyll a content) is
reduced by at least 50%, e.g., by at least 60%, by at least 67%, by at least 75%, by at
least 80%, by at least 85%, by at least 90%, by about 50% to about 99.9%, by about
50% to about 99%, by about 50% to about 95%, by about 50% to about 90%, by about
50% to about 85%, by about 50% to about 80%, by about 50% to about 75%, by about
50% to about 67%, by about 60% to about 99.9%, by about 60% to about 99%, by
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about 60% to about 95%, by about 60% to about 90%, by about 60% to about 85%, by
about 60% to about 80%, by about 60% to about 75%, by about 60% to about 67%, by
about 67% to about 99.9%, by about 67% to about 99%, by about 67% to about 95%,
by about 67% to about 90%, by about 67% to about 85%, by about 67% to about 80%,
by about 67% to about 75%, by about 75% to about 99.9%, by about 75% to about
99%, by about 50% to about 95%, by about 50% to about 90%, by about 75% to about
85%, by about 75% to about 80%, by about 80% to about 99.9%, by about 80% to
about 99%, by about 80% to about 95%, or by about 80% to about 90%. The relatively
high irradiance/light intensity can be at least about 200 pE/m?/s, e.g., at least about 400
uE/m?/s, at least about 500 pE/m’/s, at least about 600 wE/m?/s, at least about 700
uE/m?/s, at least about 800 wE/m’/s, at least about 900 uE/m?/s, at least about 1000
uE/m*/s, at least about 1100 uE/m?/s, at least about 1200 pE/m?*/s, at least about 1300
uE/m*/s, at least about 1400 uE/m?/s, at least about 1500 uE/m?*/s, or at least about
1600 pE/m*/s; additionally or alternatively, the relatively high irradiance/light intensity
can be less than about 2400 uE/m?/s, e.g., less than about 2200 uE/m?/s, less than about
2000 pE/m?%/s, less than about 1800 pE/m?/s, less than about 1600 uE/m?/s, less than
about 1500 pE/m?/s, less than about 1400 uE/m?/s, less than about 1300 uE/m?/s, less
than about 1200 uE/m?/s, less than about 1100 uE/m?/s, less than about 1000 uE/m”/s,
less than about 900 uE/m?/s, less than about 800 pE/m?/s, less than about 700 pE/m?/s,
or less than about 600 pE/m?/s, but still above I,. The pigment reduction can
advantageously and preferably correspond to a high light acclimated state of the alga.
This high light acclimated algal culture can then be exposed to relatively low (sub-
saturating) light intensity, typically again in an optically thin culture, to measure a
quantum requirement, e.g., for incorporating carbon as cells grow (additionally or
alternatively, for oxygen evolution and/or by carbon dioxide uptake), which can test to
see whether the cells have maintained (or evidenced) their quantum efficiency in
relatively low light. Testing the quantum requirement for growth can take longer, but it
can be preferred in some embodiments, simply because it is a direct measurement of
growth (instead of indirect or correlative of growth) and/or because it can be a better
long-term predictor of performance.

[0019] In such embodiments of the methods according to the invention, the

optically thin cultures of the cells in their high light acclimated state can optionally but
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preferably be further screened by their exposure to an illuminating program to simulate
cell movement through less optically thin and more dense cultures (e.g., at surfaces
near incident light and into depths away from incident light, with attendant shading
from other cells). Such an illuminating program can include, e.g., an illumination
simulator and methods of using same disclosed in International Publication No.

WO 2013013139, the contents of which are hereby incorporated by reference in their
entirety. The cells subject to such an illuminating plan can advantageously be tested
for their biomass productivity by any one or more applicable tests, e.g., measuring the
specific growth rate of the dilute suspension (under a short-term exposure, such as for
less than 4 hours and/or for a short enough time so as not to substantially revert to the
low light acclimated state, using a light profile changing with time to simulate the
movement of cells through a dense culture whose light extinction is prescribed by K [in
m'] in the simulation) and multiplying the specific growth rate by the biomass density
determined in the simulation by dividing K by the absorption cross section per unit
biomass of the dilute suspension. If the high light acclimated culture exhibits higher
biomass productivity than its strain counterpart that has a higher level of pigmentation,
then such a strain can advantageously pass the screening process and qualify as a
potential candidate for a photosynthetic mutant.

[0020] Once potential candidate strains have passed the screening test methods
described herein, they can be studied, e.g., to determine any genetic impact on their
positive performance. A common tool for genetic study can include transcriptomics,
although other tools can include, but are not limited to, bioinformatics, proteomics,
genomics — any one or more of these can be utilized to determine genetic differences
between the high light acclimated state and the low light acclimated state genotypes.
Optionally, if genetic differences can be isolated and the coding for desirable traits
(e.g., relatively low pigmentation, relatively high quantum efficiency, and/or regulation
to produce such traits) can be determined, then one path forward can include artificial
manipulation, e.g., by recombinant methods, to genetically engineer such desirable
traits into model and/or selected organisms, for instance to form permanently low
pigment strains that also have a low quantum requirement and preferably also exhibit
relatively high biomass productivity (which can manifest, for example, as carbon

fixation selectively being low in protein and high in carbohydrates and/or lipids).
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Additionally or alternatively, a potential photosynthetically efficient candidate strain
(e.g., that exhibits both relatively low pigment and relatively high quantum efficiency)
can be artificially manipulated, e.g., by genetic engineering, to exhibit no significant
attendant loss in photosynthetic efficiency, preferably with relatively high biomass
(and/or lipid and/or starch) productivity (e.g., without significant increase in pigment
content and/or without significant increase/reduction in quantum
requirement/efficiency, respectively).

[0021] However biomass productivity is measured, whether as weight per cell of all
biomass, as weight per cell of carbohydrates, as weight per cell of lipids, as weight per
cell of the combination of carbohydrates and lipids, or based on some other specific
value, it can be desirable for the biomass productivity to be at least 25% higher (e.g., at
least about 30% higher, at least about 40% higher, at least about 50% higher, at least
about 60% higher, at least about 75% higher, at least about 100% higher, at least about
125% higher, at least about 150% higher, at least about 175% higher, at least about
200% higher, at least about 225% higher, at least about 250% higher, at least about
275% higher, at least about 300% higher, at least about 350% higher, at least about
400% higher, at least about 450% higher, or at least about 500% higher) in a candidate
strain than in its corresponding wild type strain, than in a corresponding normal or
relatively high pigment content strain, than in a corresponding normal or relatively low
photosynthetically efficient strain, than in a corresponding strain having a normal or
relatively low quantum efficiency, and/or than in a corresponding strain having a
normal or relatively high quantum requirement.

[0022] Additionally or alternately, the high light acclimated state of a candidate
algal strain can be induced and selected by growing such candidate strains in a
photobioreactor (whether open, such as a pond, or closed) and by operating the
photobioreactor at a fast enough rate of dilution (low enough cell density) for the
average light intensity in the photobioreactor to be saturating or super-saturating. In
some such embodiments, the photobioreactor can be operated at a relatively low
standing biomass (e.g., less than about 30 g/m” in a pond) for at least 50% of the time
during the day and/or for up to the entire day (e.g., which can include dilution at a rate
of about 50% per day or more, particularly on warm sunny days). Such operation can

advantageously induce the high light acclimated state in the algae, advantageously with
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all of its attendant benefits (higher photosynthetic efficiency, higher biomass
productivity, higher oil and/or carbohydrate content, and the like), and optionally but
preferably can additionally overcome one of the greatest deficiencies of normally
produced photosynthetic mutants — lack of competitiveness versus low light (adapted)
states (e.g., due to faster growth of the low light states under low intensity light
environment of the photobioreactor, as normally operated). Of course, one
disadvantage is that the relatively low density of the culture utilized to induce the high
light acclimated state can make exploitation of the increased biomass harder to access,
e.g., through more difficult cell harvesting (because of the additional medium necessary
to be excluded during harvesting). Thus in this method of inducing the high light
acclimated state, the photobioreactor can also test the potential for increasing biomass
productivity in this state. In some embodiments, in addition to or instead of focusing
merely on biomass productivity, strains can be pre-screened and/or selected using the
inventive methods to find those that readily exhibit the high light acclimated state and
that induce a relatively high (e.g., the highest) lipid and/or starch content, in absolute
terms and/or in comparison to the (low light acclimated state of the) wild-type or parent
strain(s). Exemplary tests for lipid productivity can include, but are not limited to, tests
involving extraction and esterification to FAME (fatty acid methyl esters), modified
Bligh-Dyer type tests, Bligh-Dyer type tests, Nile Red staining tests, and the like, and
combinations thereof. Exemplary tests for starch productivity can include, but are not
limited to, anthrone type tests, phenol-sulfuric acid type tests, iodine type tests, and the
like, and combinations thercof.

[0023] There are many ways to make genetic alterations, some random, some
targeted. One method for linking desirable traits to genes can include emulating and/or
locking in the high light acclimated physiological state that many algal strains are able
to attain when exposed to super-saturating light intensity for a prolonged period of
time. One way of accomplishing this can be to maintain an optically thin algal
culture/suspension under exposure to relatively high light intensity, e.g., by diluting it
often enough to prevent the light at the darkest part of the suspension from becoming
less than saturating. These high light acclimated states can advantageously exhibit at
least some of low pigment content per cell, high saturating irradiance, high

photosynthetic capacity, and high quantum efficiency under sub-saturating light, inter
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alia. One preferred way to target desired genetic alterations in a mutant strain can be to
test the high light acclimated state of wild type strains as follows. It can be desirable,
in some embodiments, to double check that there is not more than a minor (preferably
no) decrease in maximum efficiency of conversion of light to biomass occurring and/or
to confirm that the respiratory/maintenance rate has not increased significantly
(preferably not at all) as a consequence of the genetic alteration. Each step herein can
be a further enabler of the others for attaining appropriate candidates, but they need not
be in any particular order, except where noted.

L. Measuring the quantum efficiency of the relatively low light (sub-
saturating) adapted state to make sure it is high enough.

2. Adapting the strain(s) to high light intensity, e.g., using at least three
times (for instance, at least four times, at least five times, at least six times, or at least
ten times) the saturating irradiance sufficient to attain at least a halving (e.g., at least a
two thirds reduction in) of chlorophyll a content/formation.

3. Measuring the quantum efficiency of the high light acclimated state in
relatively low (sub-saturating) light intensity, e.g., to make sure it is at least 75% of the
quantum efficiency of the low light acclimated state as measured in step 1 above,
and/or measuring P« per unit cell mass of the high light acclimated state, e.g., to make
sure it is at least 75% of the value for the relatively low (sub-saturating) light
acclimated state. In order to be effective in assessing the high light acclimated state,
such measurement(s) should be done in a short enough time so that the cells do not
significantly revert back to their low light acclimated state during the measurement(s).

4. Optionally but preferably validating that higher photosynthetic
efficiency is attained by the high light acclimated culture versus the relatively low (sub-
saturating) light acclimated culture, e.g., by growing both (for a short enough time such
that little or substantially no significant change in adaptation state occurs) in optically
thin suspensions under a light regime that simulates (e.g., by use of programmable
lights) movement of cells in a dense suspension illuminated with super-saturating light
intensities (e.g., in one embodiment, about 500 uE/m?/s to about 3000 uE/m*/s or about
900 uE/m?/s to about 2500 pE/m%/s).

5. Optionally validating that higher photosynthetic efficiency is attained by

the high light acclimated culture versus the low light acclimated culture by growing
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both (for a short enough time such that little or substantially no significant change in
adaptation state occurs) in optically thin suspensions in a pond, or any photobioreactor,
by adjusting dilution rate such that, when the incident irradiance is saturating, the
average irradiance within the pond is also saturating (e.g., in one embodiment, about
900 uE/m?/s to about 2500 pE/m?/s to approximate solar noon).

[0024] These strains or states can be selected for and/or induced in the laboratory
by using the algal illuminator or similar device which allows dilute suspensions of
algae to be illuminated by programmable lights to simulate the light exposure of cells in
the mass culture, thereby selecting for the same highly efficient strains and/or inducing
the highly efficient light adaptation state. Additionally or alternatively, such
programmable light regimes may be used to impose conditions that select for strains
and/or that induce states more resistant to photoinhibition.

Embodiments According to the Invention

[0025] Additionally or alternately, the present invention can include one or more of
the following. These can be individual (solitary) or can be combined with any one or
more others listed below, as well as with any one or more others listed herein.

1. First wild types can be pre-screened, looking for strains which already have
characteristics consistent with high photosynthetic efficiency and further
increasing it. Otherwise intrinsic inefficiencies may preclude further increasing
efficiency. Photosynthesis-Irradiance (P-I) curves, based on oxygen evolution
or carbon dioxide uptake, can be used additionally or alternately to actual
growth experiments.

a. High quantum efficiency (low quantum requirement) under sub-
saturating light can be advantageous. One can measure an output
(oxygen evolved, carbon dioxide taken up, or growth, per unit biomass
per unit time) divided by the amount of light absorbed per unit biomass
per unit time. The input can be determined from the emission spectra of
the lights used and absorption spectra of the algal suspension.

b. At high light, absorption can far outstrip photosynthetic capacity (light
saturation), resulting in inefficiencies that are to overcome using these
methods. Since one is typically trying to increase efficiency by

balancing absorption with photosynthetic capacity, one option can be to
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start with strains that already have high photosynthetic capacity. This
can lessen/minimize the degree to which cellular pigment should be
reduced. Ppax from the P-I curves can be a measure of the maximum
photosynthetic rate, as can be the maximum specific growth rate of a
strain.

From the P-I curve and/or the specific growth rate-1 curve, one can
determine the saturating irradiance, defined as the intersection of the
initial slope and the maximum rate. One can look for strains with the
highest saturating irradiance, again in order to lessen/minimize the
impact of/need for pigment reduction. This can usually be determined
by a and b above, but the best strains can typically be ones where the
light curves approach the envelope formed by the extension of the initial
slope to the maximum rate most closely.

Low respiration or maintenance rates can be determined by the light
curves at approximately zero light and/or by growth curves extrapolated
to zero light input. Respiration losses can be magnified in reduced
pigment strains, especially under low light where a greater proportion of
the photons absorbed must be used to maintain the biomass rather than

to grow.

2. The screening/selecting of the multitude of mutant strains produced by whatever

method which was used to genetically alter the wild type (or parent) can be

improved. Screening can include looking for low cellular pigment which stays

low in low light, higher saturating irradiance than the progenitor parent

(determined from P-I curves, fluorescence ETR curves, qP curves, and/or any

other measurement), and little or no diminishment of photosynthetic capacity.

In addition, it can be advantageous to maintain as many as possible of the

positive characteristics listed above in the pre-screening.

a. A further screen can be to measure the quantum efficiency of the

mutants under sub-saturating light by one or more of the methods
described herein to make sure that no unacceptable/significant decrease
in maximum efficiency of conversion of light to biomass has occurred as

a consequence of the genetic alteration.
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b. Also, it can be advantageous to measure the respiratory and/or
maintenance rate, to make sure it has not unacceptably/significantly
increased.

3. The high light acclimated physiological state of the candidate wild type (parent)
algal strain can be assessed for its suitability vis-a-vis the pigment reduction
process.

a. The quantum efficiency of the low light (subsaturating) adapted state
can be measured to make sure it is high (0.067 or more moles of carbon
incorporated during growth per moles of photons absorbed,
corresponding to a quantum requirement of 15 or less moles of photons
absorbed per moles of carbon incorporated during growth).

b. The cells can be adapted to high light using a super-saturating
irradiance, for example at about five times the saturating irradiance,
attaining at least two thirds reduction in mass of chlorophyll a per cell
mass.

c. The specific growth rate of the cells in the high light acclimated state in
high light can be measured to make sure the photosynthetic capacity of
the high light acclimated state is sufficiently high. The specific growth
rate can preferably be at least three times higher than that of the low
light acclimated state, and/or the P, per unit cell mass can typically be
at least 75% of the relatively low light (sub-saturating) adapted state of
the wild-type or parent.

d. The quantum efficiency of the high light acclimated state in low (sub-
saturating) light can be measured to make sure it is at least 75% (e.g., at
least 80%, at least 85%, at least 90%, at least 95%, at least 100%, at
least 110%, or at least 125%) of the quantum efficiency of the relatively
low (sub-saturating) light acclimated state as measured in 3a (if the
quantum requirement is measured in 3a, then the quantum requirement
of the high light acclimated state in low light can be at most 125%, e.g.,
at most 120%, at most 115%, at most 110%, at most 105%, at most
100%, at most 90%, or at most 75%, of that of the relatively low light

acclimated state). This measurement should typically be done in a time
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short enough so that the cells do not significantly adapt back to low
light.

e. A higher photosynthetic efficiency attained by the high light acclimated
culture versus the low light acclimated culture can be validated, in one
embodiment by growing both (for a short enough time that little or no
change in state of adaptation occurs, e.g., less than 4 hours or less than 3
hours) in optically thin suspensions (e.g., in which at most 30% of
light/photons are absorbed by the culture, such as at most 25%, at most
20%, at most 15%, at most 10%, or at most 5%) in front of
programmable light under a light regime programmed to simulate the
movements of cells in a dense suspension (e.g., in which at least 70% of
light/photons are absorbed by the culture, such as at least 75%, at least
80%, at least 85%, at least 90%, at least 95%, at least 99%; additionally
or alternately, about 100% of the light/photons are absorbed by up to
99% of the culture, such as up to 95%, up to 90%, up to 85%, up to
80%, up to 75%, up to 70%, up to 60%, up to 50%, up to 40%, up to
25%, or up to 10%), which cells/culture are/is illuminated with high
light (e.g., from about 900 pE/m’/s to about 2500 uE/m*/s). This higher
photosynthetic efficiency can be attained when the biomass productivity
(e.g., ash-free dry weight per volume of culture per unit time and/or ash-
free dry weight per area of illuminated surface of the culture per unit
time) of the high light acclimated culture (high light acclimated wild-
type and/or parent strains) is at least 25% higher (at least 35% higher, at
least 50% higher, at least 75% higher, or at least 100% higher) than that
of the low light acclimated culture (wild-type and/or parent strains).

4. The genetic changes to be made to reduce cellular pigment can be modeled after
the genetic differences observed between the high light acclimated state (which
can advantageously meet the criteria in 3) and the low light acclimated state of
the wild-type and/or parent algal strain. Many methods to do this can include,
but are not limited to, comparative ‘omics technology, including
transcriptomics, proteomics, metabolomics, genomics, and the like, and

combinations thereof.
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5. High light acclimated states typically not only have low cellular pigment, but
also much reduced protein content and/or much higher carbohydrate/lipid
content. Thus, these high light acclimated states can also/alternately be used to
determine, as in 4, the genetic changes needed to produce such a change of
composition.

6. High light acclimated states, typically having the desirable properties of low
pigment, higher photosynthetic efficiency, and high storage product content, can
in some embodiments be produced in a pond (or other photo bioreactor) by
operating at low standing biomass (e.g., less than 30 g/m?) in a pond, for all or
at least 50% of the time during the day (e.g., diluted at a rate of 50% per day or
more, such as on warm, very sunny days).

7. Additionally or alternatively, strains can be prescreened, for instance using the
method in 3, especially when 3e is operated to simulate the optically thin
suspensions described in 6, to find those that are promising examples of
desirable benefits of the high light acclimated state (low pigment content,
highest photosynthetic efficiency) and/or optionally that induce an interestingly
high (the highest) lipid and/or carbohydrate content.

8. Additionally or alternatively, strains can be adapted/selected for certain
characteristics using the algal illuminator to simulate the high light environment
of a dilute suspension in a pond (or other photo bioreactor), and for further
positive traits such as resistance to photo-inhibition and greater storage product
content.

Other Embodiments

[0026] Additionally or alternately, the present invention can include a method for
determining and/or engineering photosynthetic mutant algal strains comprising: (A)
pre-screening wild-type or parent strains to select for photosynthetic efficiency by (1)
measuring a quantum requirement of said wild-type or parent strains at a sub-saturating
light intensity; (2) for wild-type or parent strains having a relatively low quantum
requirement, further measuring photosynthetic capacity to select for strains having a
relatively high Py, which includes a Pmax for oxygen evolution of at least about 100
nmol/mg dry weight/minute (e.g., at least about 110 nmol/mg dry weight/minute, at
least about 120 nmol/mg dry weight/minute, at least about 130 nmol/mg dry
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weight/minute, at least about 140 nmol/mg dry weight/minute, at least about 150
nmol/mg dry weight/minute, at least about 160 nmol/mg dry weight/minute, from about
100 nmol/mg dry weight/minute to about 300 nmol/mg dry weight/minute, from about
100 nmol/mg dry weight/minute to about 250 nmol/mg dry weight/minute, from about
100 nmol/mg dry weight/minute to about 225 nmol/mg dry weight/minute, from about
120 nmol/mg dry weight/minute to about 300 nmol/mg dry weight/minute, from about
120 nmol/mg dry weight/minute to about 250 nmol/mg dry weight/minute, from about
120 nmol/mg dry weight/minute to about 225 nmol/mg dry weight/minute, from about
140 nmol/mg dry weight/minute to about 300 nmol/mg dry weight/minute, from about
140 nmol/mg dry weight/minute to about 250 nmol/mg dry weight/minute, or from
about 140 nmol/mg dry weight/minute to about 225 nmol/mg dry weight/minute), a
Pmax for carbon fixation of at least about 80 nmol/mg dry weight/minute (e.g., at least
about 90 nmol/mg dry weight/minute, at least about 100 nmol/mg dry weight/minute, at
least about 110 nmol/mg dry weight/minute, at least about 120 nmol/mg dry
weight/minute, at least about 130 nmol/mg dry weight/minute, at least about 140
nmol/mg dry weight/minute, at least about 150 nmol/mg dry weight/minute, at least
about 160 nmol/mg dry weight/minute, from about 80 nmol/mg dry weight/minute to
about 300 nmol/mg dry weight/minute, from about 80 nmol/mg dry weight/minute to
about 250 nmol/mg dry weight/minute, from about 80 nmol/mg dry weight/minute to
about 200 nmol/mg dry weight/minute, from about 100 nmol/mg dry weight/minute to
about 300 nmol/mg dry weight/minute, from about 100 nmol/mg dry weight/minute to
about 250 nmol/mg dry weight/minute, from about 100 nmol/mg dry weight/minute to
about 200 nmol/mg dry weight/minute, from about 110 nmol/mg dry weight/minute to
about 300 nmol/mg dry weight/minute, from about 110 nmol/mg dry weight/minute to
about 250 nmol/mg dry weight/minute, from about 110 nmol/mg dry weight/minute to
about 200 nmol/mg dry weight/minute, from about 130 nmol/mg dry weight/minute to
about 300 nmol/mg dry weight/minute, from about 130 nmol/mg dry weight/minute to
about 250 nmol/mg dry weight/minute, from about 130 nmol/mg dry weight/minute to
about 200 nmol/mg dry weight/minute, from about 140 nmol/mg dry weight/minute to
about 300 nmol/mg dry weight/minute, from about 140 nmol/mg dry weight/minute to
about 250 nmol/mg dry weight/minute, or from about 140 nmol/mg dry weight/minute
to about 200 nmol/mg dry weight/minute), a e of at least about 0.08 hr' (e.g., at
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least about 0.1 hr'', at least about 0.125 hr’', at least about 0.15 hr’', at least about 0.167
hr', at least about 0.18 hr'', at least about 0.208 hr', from about 0.1 hr' to about 0.25
hr'!, from about 0.1 hr! to about 0.208 hr™', from about 0.125 hr! to about 0.25 hr'', or
from about 0.125 hr™" to about 0.208 hr'"), or a combination thereof; (3) optionally
further measuring a saturating light intensity on strains satisfying the requirements of
(A)(1) and A(2) to screen for strains whose I is relatively high (e.g., at least 125
uE/m%/s, at least 150 pE/m%/s, or at least 175 pE/m%/s); (4) optionally further measuring
a respiration and/or maintenance rate on strains satisfying the requirements of (A)(1)
and A(2), and optionally also (A)(3), to screen for strains whose
respiration/maintenance rate is less than 10% of Uy and/or Pp,,.,, wherein the pre-
screening results in a group of wild-type and/or parent strains for further study; and (5)
optionally producing a high light acclimated state in the wild-type or parent, which
wild-type or parent passes (A)(1) and (A)(2) and optionally (A)(3) and optionally
(A)(4) to determine whether the high light acclimated wild-type or parent: (a) has at
least a two thirds reduction in mass of chlorophyll a per cell mass; (b) has Py, per cell
mass within 20% of the relatively low light (sub-saturating) adapted state of the wild-
type or parent; (c) has an I, of at least 250 pE/m?/s; and (d) has a quantum requirement
in a short term test under sub-saturating light of at most 125% of the wild-type or
parent strain in a short term test under sub-saturating light; (B) cause genetic mutations
in the group of wild-type and/or parent strains from pre-screening (A) to form genetic
mutant strains; (C) screening the genetic mutant strains for photosynthetic efficiency in
mass cultures by (1) measuring a pigment content (e.g., total chlorophyll content and/or
chlorophyll a content) in said genetic mutant strains; (2) for genetic mutant strains
having a pigment content that is reduced by at least about 50%, as compared to a
pigment content of its corresponding wild-type and/or parent strain, further measuring
photosynthetic capacity to select for strains having a relatively high Py.x per cellular
mass, as compared to the Pp,, per cellular mass of its corresponding wild-type and/or
parent strain (e.g., not more than about 25% lower than, or alternately within about
25% of, the P,y per cellular mass of its corresponding wild-type and/or parent strain);
(3) for genetic mutant strains satisfying both (C)(1) and (C)(2), measuring saturating
light intensity, I, to select for strains whose I is relatively high in and of itself (e.g., at

least 250 wE/m?/s, at least 350 uE/m?/s, at least 500 uE/m?/s, or at least 600 pE/m?/s)
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and/or whose I is at least twice that of its corresponding wild-type and/or parent strain;
(4) for genetic mutant strains satisfying (C)(1) — (C)(3), measuring a quantum
requirement at a sub-saturating light intensity to select for strains having a relatively
low quantum requirement, by itself (e.g., 15 or less, 14 or less, or 13 or less), and/or at
most 125% (e.g., at most 120%, at most 115%, at most 110%, at most 105%, at most
100%, at most 90%, or at most 75%) of the quantum requirement of its corresponding
wild-type and/or parent strain; and (5) optionally, for genetic mutant strains satisfying
(C)Y(1) — (C)(4), further measuring a respiration and/or maintenance rate to screen for
strains whose respiration/maintenance rate is less than 10% of Wy and/or Pp.x; and (D)
further screening the genetic mutants resulting from screening (C) (i) by measuring
biomass productivity to select strains having relatively high biomass productivity (e.g.,
whose ash-free dry weight per volume of culture per unit time and/or whose ash-free
dry weight per area of illuminated surface of the culture per unit time is at least 25%
higher, e.g., at least 30% higher, at least 40% higher, at least 50% higher, at least 75%
higher, or at least 100% higher, than that of the wild-type and/or parent strains), (ii) by
measuring lipid and/or starch productivity to select mutant strains having a lipid
productivity and/or a starch productivity that is at least 25% higher than that of the
corresponding wild-type and/or parent strains, or (iii) both (i) and (ii).

[0027] In the embodiment above, step (A)(5) can be accomplished in a laboratory
illuminator with a culture volume of the wild type or parent being diluted such that a
majority of the culture volume is above I when exposed to a source of incident light
(e.g., with at least 5% of incident light reaching a surface of the illuminator opposite the
source of incident light, such as at least 10%, at least 15%, at least 20%, at least 30%, at
least 40%, or at least 50%), thereby resulting in the high light acclimated wild type or
parent having a chlorophyll a content per unit cell mass at least 25% lower (e.g., at least
35% lower, at least 50% lower, at least 75% lower, or at least 90% lower) relative to
that of the wild-type or parent cultured under sub-saturating light conditions for the
same period. Additionally or alternatively, step (A)(5) can be accomplished in an open
pond with a culture volume of the wild type or parent being diluted such that a majority
of the culture volume is at or above light saturation when exposed to a source of
incident light (e.g., with at least 5% of incident light reaching a bottom of the open
pond, such as at least 10%, at least 15%, at least 20%, at least 30%, at least 40%, or at
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least 50%), thereby resulting in the high light acclimated wild type or parent having a
chlorophyll a content per unit cell mass lower (e.g., at least 15% lower, at least 25%
lower, at least 35% lower, at least 50% lower, at least 75% lower, or at least 90%
lower) than that of the wild-type or parent in a typically diluted culture (e.g., dilution of
80% per day or less, of 70% per day or less, of 60% per day or less, or 50% per day or
less) in which the cells have a chlorophyll a content per unit cell mass similar to that of
the parent culture adapted to low/sub-saturating light.

[0028] In any or all of the embodiments above, either step (B) comprises or the
method further comprises a step between steps (B) and (C) that comprises: probing
changes in genetic expression exhibited by the high light acclimated wild type or parent
that are not present in the wild type or parent prior to production of the high light
acclimated state in the wild type or parent.

[0029] In any or all of the embodiments above, prior to step (B), a high light
acclimated wild-type or parent strain produced in step (A)(5) can be validated in a
laboratory illuminator by growing both the high light acclimated wild-type or parent
strain and the wild-type or parent strain for less than 4 hours in optically thin
suspensions in front of programmable light under a light regime programmed to
simulate the movements of cells in a dense suspension, which cells/culture are/is
illuminated with from about 900 pE/m?/s to about 2500 pE/m”/s to achieve a biomass
productivity of the high light acclimated wild-type or parent strain that is at least 25%
higher than that of the wild-type and/or parent strain.

[0030] Although the present invention has been described in terms of specific
embodiments, it need not necessarily be so limited. Suitable alterations/modifications
for operation under specific conditions should be apparent to those skilled in the art. It
is therefore intended that the following claims be interpreted as covering all such

alterations/modifications as fall within the true spirit/scope of the invention.
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CLAIMS
L. A method for determining and/or engineering photosynthetic mutant algal
strains comprising;:
(A) pre-screening wild-type or parent strains to select for photosynthetic
efficiency by

(1) measuring a quantum requirement of said wild-type or parent strains
at a sub-saturating light intensity;

(2) for wild-type or parent strains having a quantum requirement of 15
or less, further measuring photosynthetic capacity to select for strains having a
relatively high P, per cellular mass, which includes a Pyax per cellular mass
for oxygen evolution of at least about 100 nmol/mg dry weight/minute, a P
per cellular mass for carbon fixation of at least about 80 nmol/mg dry
weight/minute, a pmax for specific growth rate of at least about 0.1 hr', or a
combination thereof;

(3) optionally further measuring a saturating light intensity on strains
satisfying the requirements of (A)(1) and A(2) to screen for strains whose I is at
least 125 uE/m?/s;

(4) optionally further measuring a respiration and/or maintenance rate on
strains satisfying the requirements of (A)(1) and A(2), and optionally also
(A)(3), to screen for strains whose respiration/maintenance rate is less than 10%
of Wmax and/or Pp., wherein the pre-screening results in a group of wild-type
and/or parent strains for further study; and

(5) optionally producing a high light acclimated state in the wild-type or
parent, which wild-type or parent passes (A)(1) and (A)(2) and optionally
(A)(3) and optionally (A)(4) to determine whether the high light acclimated
wild-type or parent:

(a) has at least a two thirds reduction in mass of chlorophyll a per
cell mass;
(b) has Pyax per cell mass within 20% of the relatively low light

(sub-saturating) adapted state of the wild-type or parent;

(c) has an I, of at least 250 pE/m?/s; and
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(d) has a quantum requirement in a short term test under sub-

saturating light of at most 125% of the wild-type or parent strain in a

short term test under sub-saturating light;

(B) cause genetic mutations in the group of wild-type and/or parent strains from
pre-screening (A) to form genetic mutant strains ;

(C) screening the genetic mutant strains for photosynthetic efficiency in mass
cultures by

(1) measuring a pigment content in said genetic mutant strains;

(2) for genetic mutant strains having a pigment content that is reduced
by at least about 50%, as compared to a pigment content of its corresponding
wild-type and/or parent strain, further measuring photosynthetic capacity to
select for strains having a relatively high P, per cellular mass, that is at least
75% of a Py per cellular mass of its corresponding wild-type and/or parent
strain;

(3) for genetic mutant strains satisfying both (C)(1) and (C)(2),
measuring saturating light intensity, I, to select for strains whose I; is at least
250 uE/m’/s and/or whose I is at least twice that of its corresponding wild-type
and/or parent strain;

(4) for genetic mutant strains satisfying (C)(1) — (C)(3), measuring a
quantum requirement at a sub-saturating light intensity to select for strains
having a quantum requirement of 15 or less and/or at most 125% of the
quantum requirement of its corresponding wild-type and/or parent strain; and

(5) optionally, for genetic mutant strains satisfying (C)(1) — (C)(4),
further measuring a respiration and/or maintenance rate to screen for strains
whose respiration/maintenance rate is less than 10% of pmax and/or Py, per
cellular mass; and
(D) further screening the genetic mutants resulting from screening (C) by

measuring biomass productivity to select strains having relatively high biomass
productivity, measured as ash-free dry weight per volume of culture per unit time
and/or as ash-free dry weight per area of illuminated surface of the culture per unit

time, at least 25% higher than that of the corresponding wild-type and/or parent strains.
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2. A method for determining and/or engineering photosynthetic mutant algal
strains comprising;:

(A) pre-screening wild-type or parent strains to select for photosynthetic
efficiency by

(1) measuring a quantum requirement of said wild-type or parent strains
at a sub-saturating light intensity;

(2) for wild-type or parent strains having a quantum requirement of 15
or less, further measuring photosynthetic capacity to select for strains having a
relatively high P« per cellular mass, which includes a Py« per cellular mass
for oxygen evolution of at least about 100 nmol/mg dry weight/minute, a P
per cellular mass for carbon fixation of at least about 80 nmol/mg dry
weight/minute, a pmax for specific growth rate of at least about 0.1 hr', or a
combination thereof;

(3) optionally further measuring a saturating light intensity on strains
satisfying the requirements of (A)(1) and A(2) to screen for strains whose I is at
least 125 uE/mz/s,;

(4) optionally further measuring a respiration and/or maintenance rate on
strains satisfying the requirements of (A)(1) and A(2), and optionally also
(A)(3), to screen for strains whose respiration/maintenance rate is less than 10%
Of Wmax and/or Pp,, wherein the pre-screening results in a group of wild-type
and/or parent strains for further study; and

(5) optionally producing a high light acclimated state in the wild-type or
parent, which wild-type or parent passes (A)(1) and (A)(2) and optionally
(A)(3) and optionally (A)(4) to determine whether the high light acclimated
wild-type or parent:

(a) has at least a two thirds reduction in mass of chlorophyll a per
cell mass;
(b) has Pyax per cell mass within 20% of the relatively low light

(sub-saturating) adapted state of the wild-type or parent;

(c) has an I, of at least 250 pE/m’/s; and
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(d) has a quantum requirement in a short term test under sub-

saturating light of at most 125% of the wild-type or parent strain in a

short term test under sub-saturating light;

(B) cause genetic mutations in the group of wild-type and/or parent strains from
pre-screening (A) to form genetic mutant strains ;

(C) screening the genetic mutant strains for photosynthetic efficiency in mass
cultures by

(1) measuring a pigment content in said genetic mutant strains;

(2) for genetic mutant strains having a pigment content that is reduced
by at least about 50%, as compared to a pigment content of its corresponding
wild-type and/or parent strain, further measuring photosynthetic capacity to
select for strains having a relatively high P, per cellular mass, that is at least
75% of a Py per cellular mass of its corresponding wild-type and/or parent
strain;

(3) for genetic mutant strains satisfying both (C)(1) and (C)(2),
measuring saturating light intensity, I, to select for strains whose I; is at least
125 uE/mz/s and/or whose I; is at least twice that of its corresponding wild-type
and/or parent strain;

(4) for genetic mutant strains satisfying (C)(1) — (C)(3), measuring a
quantum requirement at a sub-saturating light intensity to select for strains
having a quantum requirement of 15 or less and/or at most 125% of the
quantum requirement of its corresponding wild-type and/or parent strain; and

(5) optionally, for genetic mutant strains satisfying (C)(1) — (C)(4),
further measuring a respiration and/or maintenance rate to screen for strains
whose respiration/maintenance rate is less than 10% of pmax and/or Py, per
cellular mass; and
(D) further screening the genetic mutants resulting from screening (C) by

measuring lipid and/or starch productivity to select mutant strains having a lipid
productivity and/or a starch productivity that is at least 25% higher than that of the
corresponding wild-type and/or parent strains.

3. The method of claim 1 or claim 2, wherein step (A)(5) is accomplished in a

laboratory illuminator with a culture volume of the wild type or parent being diluted
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such that a majority of the culture volume is above Is when exposed to a source of
incident light, thereby resulting in the high light acclimated wild type or parent having
a chlorophyll a content per unit cell mass at least 25% lower relative to that of the
wild-type or parent cultured under sub-saturating light conditions for the same period.
4. The method of claim 1 or claim 2, wherein step (A)(5) is accomplished in an
open pond with a culture volume of the wild type or parent being diluted such that a
majority of the culture volume is at or above light saturation when exposed to a source
of incident light, thereby resulting in the high light acclimated wild type or parent
having a chlorophyll a content per unit cell mass at least 25% lower than that of the
wild-type or parent in a typically diluted culture in which the cells have a chlorophyll a
content per unit cell mass similar to that of the parent culture adapted to subsaturating
light or less.

5. The method of any one of the preceding claims, either wherein step (B)
comprises or wherein the method further comprising a step between steps (B) and (C)
that comprises probing changes in genetic expression exhibited by the high light
acclimated wild type or parent that are not present in the wild type or parent prior to
production of the high light acclimated state in the wild type or parent.

6. The method of any one of the preceding claims, further comprising, prior to step
(B), validating a high light acclimated wild-type or parent strain produced in step
(A)(5) in a laboratory illuminator by growing both the high light acclimated wild-type
or parent strain and the wild-type or parent strain for less than 4 hours in optically thin
suspensions in front of programmable light under a light regime programmed to
simulate the movements of cells in a dense suspension, which cells/culture are/is
illuminated with from about 900 uE/m?/s to about 2500 pE/m”/s to achieve a biomass
productivity of the high light acclimated wild-type or parent strain that is at least 25%
higher than that of the wild-type and/or parent strain.
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