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FIELD AND BACKGROUND OF THE INVENTION

The present invention relates to a genetic mechanism for preventing the
establishment of transgenic algae and cyanobacteria in natural ecosystems should they
be released from enclosed cultivation.

Algae and cyanobacteria have recently attracted much interest as biofactories
for production of foods, bioactive compounds and biofuels. Since algae and
cyanobacteria need sunlight, carbon-dioxide, and water for growth, they can be
cultivated in open or enclosed water bodies. These systems are vulnerable to being
contaminated by other algal species and cyanobacteria. Similarly, the cultivated algae
may escape outside the cultivation. This may become a serious concern when the
cultivated cells are transgenically modified.

The release of organisms containing introgressed genetically engineered genetic
traits may have negative environmental impacts and be of regulatory concern, and
thus it is imperative that algae and cyanobacteria containing transgenic traits not
establish outside of their place of cultivation. Various methods have been described
for prevention of transgene flow in crop plants. We have previously described a
method to mitigate the establishment of transgenes from crops that might disperse to

the wild, either through seed or through gene introgression into weedy or wild

SUBSTITUTE SHEET (RULE 26)
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relatives of crops, described in U.S. Patent applications 09/889,737 and 10/774,388
of which this application is a continuation in part. Both of the previous applications
are incorporated herein by reference.

While the major type of introgression from transgenic crops is sexual
interspecific genetic gene flow, and in some cases sexual gene flow to related species,
in the case of algae and cyanobacteria it is mainly that they themselves will establish
and propagate asexually, as sexual exchanges are quite rare with most algal and
cyanobacterial species. Still, cyanobacteria can be subject to horizontal gene flow
through phages and possibly by conjugation. Horizontal gene flow is rare in
eukaryotic organisms including algae, but conjugation-like processes have been
confirmed, intra-specifically in the laboratory by protoplast fusion (Sivan and Arad,
1998). What can occur in the laboratory at high frequency intra-specifically, can
happen at much lower frequencies in nature, posing a finite risk, possibly even
between related species. Thus, we here extend the concept described for higher plants
in the above mentioned patent application to algae and cyanobacteria; tandemly
combine a gene that is needed in the transgenic algae or cyanobacteria and poses a
risk in natural ecosystems, with another gene that is either useful or neutral to the
cultivated algae or cyanobacteria, but would be deleterious to the organisms in natural
ecosystems such that there is a net fitness disadvantage. Because of the tandem
construct, they remain genetically linked through asexual or sexual propagation, or
gene flow. In cases where there is no sexual or asexual recombination, the genes may
be introduced separately.

Thus, a series of genes that have either a neutral or desirable effect on the algae

and cyanobacteria in cultivation but will prevent competition and establishment in the

- environment are genetically engineered into the algae and cyanobacteria. These

would override any selective advantage derived from other possible transgenes that

might provide a modicum of advantage in natural ecosystems.

Rapid domestication of algae and cyanobacteria as crops for industrial and
agricultural uses by transgenesis
Higher plants have been domesticated as crops since prehistory, by farmers

who selected against a large number of traits that were valuable for wild species, but
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undesirable in agronomic practice. These differences between wild species and crops
were further accentuated by selective breeding, and even more so by genetic
engineering, which allowed introducing traits that were non-existent in the gene pool
of the species, genus, family, or kingdom of the crop.

Algae and cyanobacteria have only recently been considered for wide scale
cultivation with domestication limited to mainly selection of organisms, occasionally
with selection of strains or mutants with desired traits. Unlike crops, millennia of
efforts have not been invested in their domestication, and in many cases the traits
needed do not exist within the species. Genetic engineering allows one to rapidly fill
the void of needed traits for rapid domestication (e.g. Gressel, 2008a). Indeed, large
scale cultivation of algae has been plagued by problems that are analogous to
agricultural production of crops (Gressel 2008b; Sheehan et al., 2004). These problems
include contamination by other algae and cyanobacteria (analogous to weeds in crops),
fungi, bacteria, viruses (analogous to pathogens of crops), zooplankton (analogous to
arthropod pests of crops), low productivity, and especially of desired traits (dealt with
in crops by breeding for millennia). With crops, the analogous problems with
cultivation, light penetration, light use efficiency, heating, mineral nutrition,
harvesting have been dealt with by breeding coupled with development of novel
cultivation procedures, and are being continued with the added tools of genetic

engineering, which allows bringing in traits not available in the organism’s genome.

Introgression of genetically engineered traits: Needed traits could be
artificially forced horizontally into the algae and cyanobacteria by genetic engineering
to enhance cost-effectiveness (higher yields, new products, resistances to
contaminations, adaptability to cultivation with high levels of light and carbon dioxide
not presently occurring in their natural ecosystems). Detractors of both the process of
genetic engineering and its products have raised the possibilities that the engineered
algae and cyanobacteria would become uncontrollable problems if there was an
inadvertent leak or spill from such cultivation into natural ecosystems. The benefits
that accrue from cultivating transgenic algae and cyanobacteria, with their much
higher primary productivity than terrestrial crops, could have great benefits to

humanity by providing equivalent products on far less land area than conventional
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agriculture, often using seawater instead of potable fresh water, with far less fertilizer,
and without fertilizer or pesticide run-off, allowing removing of agricultural land from

production and putting the land to more environmentally sound use.

Risk analysis and risk mitigation: Tomes have been written on how to assess
the risks of introgression in crops — some with continuing generalizations and some
discussing how and why this assessment must be undertaken on a case by case basis
(Regal, 1994; Keeler et al., 1996; Kareiva et al., 1996; de Kathen, 1998; Williamson,
1993; Timmons et al., 1996; Kjellsson et al., 1998; Sindel, 1997; Gressel and
Rotteveel, 2000, Galun and Breman, 1997; Krimsky and Wrubel, 1996). There have
been no published assessments on risks from transgenic algae, but it is clear that some
traits being engineered into algae or cyanobacteria could give them a selective
advantage in competing with other algae and cyanobacteria in natural ecosystems.
This would include genes encoding enzymes that enhance utilization of fixed carbon
and its sequestration into stored products such as fructose-1,6-bisphosphate aldolase
(ALD) and triose phosphate isomerase (TPI) as well as phosphoribosylphosphate
synthetase (Ma et al. 2007; Kang, et al., 2005). Transgenes encoding resistance to
viruses or phages could easily be predicted to supply a competitive advantage to the
recipient. Similarly, genes for herbicide resistance could provide a selective advantage
in the few areas where herbicides are used (typically in freshwater, not marine
habitats). It might be harder to predict the competitive advantages of other genes such
as enhanced or modified lipid, amino acid, protein or carbohydrate contents, but
precaution might prevent the utilization of such genes, unless there are mechanisms in
place to prevent their establishment in natural ecosystems, should they escape

cultivation.

Two general approaches deal with the problems of transgene flow from crops
that could be considered for use in algae and cyanobacteria: containment of the
transgenes within the transgenic crop, and transgenic mitigation of the effects of the
primary transgenic trait should it escape and move to an undesired target. Many
containment efforts have depended upon physical containment (see Physical Gene

Flow Barriers, page 61; in: Environmental issue report, No. 28, European
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Environmental Agency Publication No. 28, 2002), but it is breaches in physical
containment that require precaution. Of the biological means such as apomixis,
cleistogamy, male sterility and plastid transformation proposed for crops (see
Biological Gene Flow Barriers, pages 60 and 61; in: Environmental issue report, No.
28, European Environmental Agency Publication No. 28, 2002, and Daniell (2002)
and the recoverable block of function concept introduced in US Pat No. 6,849,776 or
introduction lethal traits under control of inducible promoters (US Pat No. 5,723,765),
none would preclude establishment of transgenic algae or cyanobacteria, except for
cases where there might be rare sexual transmission. Thus, establishment of transgenic
algae and cyanobacteria themselves, not just their introgressed offspring must be
mitigated. Unfortunately, discussions of the hazards and risk assessment rarely
consider how biotechnologies can be used to mitigate the risk of crop gene
establishment in natural ecosystems (see Gressel 2008a as an exception), and there has
been no discussion how this might be done for transgenic algae and cyanobacteria.
There is thus a recognized need for, and it would be highly advantageous to
have, failsafe anti-establishment, establishment-mitigating mechanisms to reduce the
possibility of establishment of algae and cyanobacteria released to natural ecosystems
that will also preclude establishment of rare cases where the transgenes

interspecifically introgress into other algae or cyanobacteria.

SUMMARY OF THE INVENTION

According to the present invention a method is provided to obtain transgenic
algae or cyanobacteria bearing at least one genetically engineered, commercially
desirable genetic trait that is at risk of establishing in natural ecosystems (Table 1) but
is tandemly linked to, and co-expressing at least one transgene (mitigating gene) that is
desirable in or neutral to the cultivated transgenic algae or cyanobacteria but rendering
the transgenic algae or cyanobacteria incapable of establishing by itself or in
introgressed offspring in natural ecosystems (Table 2), thereby obtaining a cultivated
algae or cyanobacteria capable of mitigating the effects of release of said genetically
engineered, commercially desirable genetic trait of the algae or cyanobacteria in

natural ecosystems. The sequence encoding the desirable genetic trait and the
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sequence of the mitigating gene remain genetically linked in the transgenic algae or
cyanobacteria according to this invention, because of the introduction of the sequences
in tandem. If there is no recombination in the species, the genes need not be tandemly
linked.

According to the present invention the transgene that prevents the
establishment of the algae or cyanobacteria may be, one or more of the following:
1. a transgene encoding a reduced content of RUBISCO (ribulose 1,5 bis phosphate
carboxylase/oxygenase) (such as an antisense or RNAIi construct of the small or the
large subunit of RUBISCO) which allows normal algae or cyanobacteria growth only
at artificially high carbon dioxide concentrations, but not in natural environments; ’
2. a transgene encoding reduced photosystem 2 antennae size such as tal, which
allows growth only at high light intensities but allows greater packing of cells in
commercial production facilities with less light energy wasted as heat; such organisms
would not have enough chlorophyll to compete with indigenous organisms in natural
ecosystems. In cases where there is no recombination in the species, the gene of choice
can be introduced into a mutant strain having a reduced antennae.
3. an antisense or RNAIi construct of any of the genes encoding cilia or flagella (or
similar motility organ) formation or action such that the transgenic algae or
cyanobacteria cannot optimally position themselves based on environmental stimuli.
Such movement is required to compete in natural ecosystems, but is unnecessary and
utilizes energy in commercial cultivation;
4. a transgenic mutant form of the phytoene desaturase (pds) gene conferring
resistance to phytoene desaturase inhibiting herbicides, which synthesizes less beta-
carotene. The herbicide resistance allows controlling unwanted species in commercial
culture and the less carotene is of little consequence in dense commercial culture but
provides photoprotection to organisms in the natural environments and organisms with
less beta carotene are less competitive in the natural ecosystems. Similarly, other
herbicide resistances can be used;
5. atransgene in the anti-sense or RNAi form encoding one or more of the polymers of
the cell walls such that the algae or cyanobacteria has a thinner cell wall. This thinner
cell wall is of little consequence in commercial production, and the cell walls are the

least commercially valued part of the cell, but organisms with thinner cell walls cannot
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compete in the variable vicissitudes of environmental conditions in natural
ecosystems;

6. a transgene encoding a storage polymer such as inulin, levan or, graminan that the
cell cannot later degrade for use as energy when needed, especially if coupled with a
transgene in the RNAIi or antisense form such as starch phosphorylase, precluding
storage as starch. This is desirable in commercial production when the new polymer
has a greater value than starch, but renders an organism that cannot mobilize reserves
less fit in a natural environment, where it cannot compete with organisms that can
mobilize reserves in times of need; or

7. any other transgene that is neutral or beneficial to the algae or cyanobacteria when
cultivated commercially, but renders the algae or cyanobacteria unfit to compete in
natural ecosystems, overcoming any benefit that may derive from the transgene
tandemly bound to it.

Thus a method is provided to obtain a cultivated algae or cyanobacteria having
multiple transgenes in tandem, (or in some cases separately introduced), derived from
different sources with at least one of the transgenes capable of mitigating the fitness
effects preventing stable establishment of at least one genetically engineered,
commercially desirable genetic trait of the algae or cyanobacteria in natural
€cosystems.

According to yet another aspect of the present invention there is provided a
method of obtaining a cultivated algae or cyanobacteria capable of mitigating the
effects of self propagation or of asexual or sexual introgression of at least one
genetically engineered, commercially desirable genetic trait to an undesirable species
related to the cultivated algae or cyanobacteria, the method comprising transforming a
population of the cultivated algae or cyanobacteria to express at least one genetically
engineered commercially desirable genetic trait in the algae or cyanobacteria under
genetic control of at least one genetic control element which is inexpressible by said
undesirable interbreeding species related to the cultivated algae or cyanobacteria,
thereby obtaining a cultivated algae or cyanobacteria capable of mitigating the effects
of self propagation or of introgression of said genetically engineered, commercially
desirable genetic trait of the cultivated algae or cyanobacteria to said undesirable

species related thereto.
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According to a further aspect of the present invention there is provided a
genetic construct for genetically modifying a cultivated algae or cyanobacteria to
express a genetically engineered, commercially desirable genetic trait while mitigating
the effects of establishment of self propagation or sexual or asexual gene introgression
of said genetically engineered, commercially desirable genetic trait of the algae or
cyanobacteria to an undesirable species related to the cultivated algae or
cyanobacteria, the genetic construct comprising a first polynucleotide encoding said
genetic trait and at least one additional polynucleotide comprising at least one control
element which is expressible by the cultivated algae or cyanobacteria, said control
element being inexpressible by said undesirable interbreeding species.

According to yet another aspect of the present invention there is provided a
method of obtaining cultivated asexual, non-conjugating algae or cyanobacteria
capable of mitigating the effects of self propagation of at least one genetically
engineered, commercially desirable genetic trait in natural ecosystems, the method
comprising transforming a population of the cultivated algae or cyanobacteria to
express at least one genetically engineered, commercially desirable genetic trait into
algae or cyanobacteria bearing a natural or induced mutation that acts as a mitigating
genetic trait, wherein said mitigating genetic trait is selected such that a self
propagated said mitigating genetic trait is less fit than native algae or cyanobacteria
not expressing said mitigating genetic trait.

According to yet another aspect of the present invention there is provided a
method of obtaining a cultivated algae or cyanobacteria capable of mitigating the
effects of self propagation or of introgression of at least one genetically engineered,
commercially desirable genetic trait to an undesirable, uncultivated interbreeding
species related to the cultivated algae or cyanobacteria, the method comprising
transforming a population of the cultivated algae or cyanobacteria to co-express at
least one genetically engineered, commercially desirable genetic trait, and at least one
genetically linked, mitigating genetic trait, wherein said mitigating genetic trait is
selected such that a self propagated or undesirable, species introgressing genes from
the transgenic alga or cyanobacterium related to the cultivated algae or cyanobacteria
expressing said mitigating genetic trait is less fit than an undesirable uncultivated

interbreeding/introgressing species related to the cultivated algae or cyanobacteria not
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expressing said mitigating genetic trait, thereby obtaining a cultivated algae or
cyanobacteria capable of mitigating the effects of introgression of the at least one
genetically engineered, commercially desirable genetic trait of the cultivated algae or
cyanobacteria to the undesirable, uncultivated interbreeding species related thereto.

According to further features in preferred embodiments of the invention
described below, at least one commercially desirable genetic trait is selected from the
group consisting of herbicide resistance, disease or zooplankton resistance,
environmental stress resistance, the ability to fluoresce near ultraviolet light to
photosynthetically usable light, high productivity, modified polysaccharide, protein or
lipid qualities and quantities, enhanced yield, expression of heterologous products and
other genetically modified algae and cyanobacteria products.

According to yet further features in preferred embodiments of the invention
described below, the at least one mitigating genetic trait is selected from the group
consisting of decreased RUBISCO, decreased storage or cell wall polysaccharides,
decreased chlorophyll and/or carotene, decreased or eliminated motility organs, and
increased non self metabolizable storage materials.

According to still further features in preferred embodiments of the invention
described below, the at least one mitigating genetic trait is a reduced expression of
endogenous genetic trait of said cultivated algae or cyanobacteria.

According to further features in preferred embodiments of the invention described
below, the cultivated algae or cyanobacteria is one of the following Synechococcus
PCC7002, Phaeodactylum tricornutum, Nannochloropsis sp CS 246, Nannochloropsis
oculata, Nannochloropsis salina, Pavlova lutheri CS 182, Synechococcus PCC7942,
Synechosystis PCC6803, Chlamydomonas reinhardtii, Chlorella vulgaris, Chlorella
ssp., Isochrysis sp. CS-177 Tetraselmis chuii CS-26 Tetraselmis suecica CS-187, and
the commercially desirable genetic trait is single double or triple herbicide resistance,
virus resistance, the ability to fluoresce near ultraviolet light as blue or red light,
protein content modified to high lysine and methionine and enhanced non self
metabolizable storage polysaccharides and the mitigating genetic trait is selected from
the group consisting of reduced RUBISCO, lé'le of motility organs, reduced
photosystem II antenna size, reduced carotene synthesis as part of resistance to

phytoene desaturase inhibiting herbicides, and reduced storage starch formation.
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According to another aspect of the present invention there is provided a
genetic construct for mitigating the effects of establishment by self propagation or
introgression of a genetically engineered commercially desirable genetic trait of a
cultivated algae or cyanobacteria to an undesirable species related to the cultivated
algae or cyanobacteria, the genetic construct comprising a first polynucleotide
encoding the at least one commercially desirable genetic trait and a second
polynucleotide encoding at least one mitigating genetic trait, wherein said at least one
mitigating genetic trait is selected such that an undesirable, species related to the
cultivated algae or cyanobacteria expressing said at least one mitigating genetic trait is
less fit than the undesirable species related to the cultivated algae or cyanobacteria not
expressing said at least one mitigating genetic trait and wherein expression of said
commercially desirable and said at least one mitigating genetic trait is genetically
linked, and a genetically modified cultivated algae or cyanobacteria comprising the
genetic construct.

According to further features in preferred embodiments of the invention
described below, said first and said second polynucleotides are covalently linked.

According to still further features in preferred embodiments of the invention
described below, the first and said second polynucleotides are functionally linked.

According to yet further features in preferred embodiments of the invention
described below, the first and second polynucleotides are co-transformed.

According to still further features in preferred embodiments of the invention
described below, the first and second polynucleotides are integrated into the same
chromosomal locus.

According to still further features in preferred embodiments of the invention
described below, the first and second polynucleotides are integrated separately into an
organism that has no known ability to exchange DNA among cells.

According to further features in preferred embodiments of the invention
described below, the at least one commercially desirable genetic trait is selected from
the group consisting of herbicide resistance, disease or zooplankton resistance,
environmental stress resistance, the ability to fluorescence near ultraviolet light to

photosynthetically usable light, high productivity, modified polysaccharide, protein or
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lipid qualities and quantities, enhanced yield, and expression of heterologous products
and other genetically modified algae and cyanobacteria products.

The present invention successfully addresses the shortcomings of the presently
known configurations by conceiving and providing a mechanism for mitigating the
establishment of the transgenic algae or cyanobacteria and its progeny from
establishing by self-propagation or the effects of introgression of a genetically
engineered genetic trait of a alga or cyanobacteria to competing organisms. In the case
of asexual organisms, where conjugation is unknown, it is sufficient that the mitigating

gene be an irreversible mutation to a mitigating form.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention is herein described, by way of example only, with reference to the
accompanying drawings. With specific reference now to the drawings in detail, it is
stressed that the particulars shown are by way of example and for purposes of
illustrative discussion of the preferred embodiments of the present invention only, and
are presented in the cause of providing what is believed to be the most useful and
readily understood description of the principles and conceptual aspects of the

invention

Figure 1. Schematic diagram used to induce glyphosate resistant epsps in tandem with
tlal RNAI in C. reinhardtii. The coding region of epsps is cloned under the control of
the RbcS promoter. The RNAI cassette of tlal is cloned in tandem to the epsps,

. upstream to the RbcS terminator.

Figure 2. Schematic diagram used to induce HPPD in background mutant algae with
reduced antenna size. The coding region of HPPD is cloned under the control of the

RbcS promoter.

Figure 3. Schematic diagram used to induce the virus CAPSID and RbcS RNAi
cassette in C. reinhardtii. The coding region of the CAPSID is cloned under the
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control of the RbcS promoter. The RbcS RNAI cassette is cloned in tandem to the
CAPSID, upstream to the RbcS terminator.

Fjgure 4. Schematic diagram used to induce the virus CAPSID and RbcS antisense in
the green alga C. reinhardtii. The coding region of the CAPSID is cloned under the
control of the RbcS promoter and upstream to the RbcS terminator. The RbcS is
cloned in an antisense orientation in tandem to the CAPSID, downstream to the RbcS

promoter and upstream to the RbcS terminator.

Figure 5. Schematic diagram used to induce the virus CAPSID and RbcS antisense in
cyanobacteria Synechococcus PCC7002. The coding region of the CAPSID is cloned
under the control of the RbcS promoter and upstream to the RbcS terminator. The
RbcS is cloned in an antisense orientation in tandem to the CAPSID, downstream to

the RbcS promoter and upstream to the RbcS terminator.

Figure 6. Schematic diagram used to induce pds together with the high lysine BHLS
protein or high methionine 2S albumin protein in C. reinhardtii. The coding region of
PDS is cloned under the control of the hsp70A and the RbcS promoters and upstream
to the RbcS terminator. The BHLS or 28 are cloned in tandem to PDS, downstream to

the RbcS promoter and upstream to the RbcS terminator.

Figure 7. Schematic diagram used to induce pds together with the high lysine BHL8
protein or high methionine 2S albumin protein in cyanobacteria Synechococcus
PCC7002. The coding region of pds is cloned under the control of RbcS promoter and
upstream to the RbcS terminator. The BHLS of 28 are cloned in tandem to pds,

downstream to the RbcS promoter and upstream to the RbcS terminator.

Figure 8. Schematic diagram used to induce the MERA and MERB genes together
with RNAi of stal (A) and the 1-SST and 1-FFT genes (B) in C. reinhardltii. The
coding region of MERA is cloned under the control of the RbcS promoter and
upstream to the RbcS terminator in tandem to merB, which is cloned under the control

of the RbcS promoter and upstream to the RbcS terminator. This is in tandem to RNAI
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cassette of stal or sta6, which are cloned under the control of the RbcS promoter and
upstream to the RbcS terminator. This together with the 1-SST and 1-FFT genes
cloned each under the control of the RbcS promoter and upstream to the RbcS

terminator.

Figure 9. Schematic diagram used to induce the BFP in the C. reinhardtii mutant
odal2-1. The coding region of BFP is cloned under the control of the RbcS promoter

and upstream to the RbcS terminator.

Figure 10. Schematic diagram used to induce the BFP and PilT antisense in
cyanobacteria Synechococcus PCC7002. The coding region of BFP is cloned under
the control of the RbcS promoter and upstream to the RbcS terminator. The PilT is
cloned in an antisense orientation in tandem to BFP, downstream to the RbcS

promoter and upstream to the RbcS terminator.

Figure 11. Schematic diagram used to induce the PPO in the C. reinhardtii mutant
oda 12-1.

DETAILED DESCRIPTION OF THE INVENTION

The present invention is of genetic mechanisms that can be used for preventing
the establishment of transgenic algae or cyanobacteria in natural ecosystems and
mitigating the effects of introgression of a genetically engineered genetic trait of a
cultivated algae or cyanobacteria to an undesirable, related species of the algae or
cyanobacteria. Specifically, the present invention can be used to preclude the
establishment of self-propagated transgenic algae or cyanobacteria and mitigating the
effects of introgression of genetically engineered traits related algae or cyanobacteria.

Before explaining at least one embodiment of the invention in detail, it is to be
understood that the invention is not limited in its application to the details of
construction and the arrangement of the components set forth in the following
description or illustrated in the drawings. The invention is capable of other

embodiments or of being practiced or carried out in various ways. Also, it is to be
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understood that the phraseology and terminology employed herein is for the purpose
of description and should not be regarded as limiting.

Generally, the nomenclature used herein and the laboratory procedures in
recombinant DNA technology described below are those well known and commonly
employed in the art. Standard techniques are used for cloning, DNA and RNA
isolation, amplification and purification. Generally enzymatic reactions involving
DNA ligase, DNA polymerase, restriction endonucleases and the like are performed
according to the manufacturers' specifications. Generally, the nomenclature used
herein and the laboratory procedures utilized in the present invention include
molecular, biochemical, microbiological and recombinant DNA techniques. Such
techniques are thoroughly explained in the literature. See, for example, Sambrook et
al., (1989); Ausubel, R. M,, ed. (1994); Ausubel et al (1989); Perbal, (1988); Watson
et al., (1998); methodologies as set forth in U.S. Pat. Nos. 4,666,828; 4,683,202;
4,801,531; 5,192,659 and 5,272,057; Cellis, J. E., ed. (1994); Coligan J. E., ed. (1994);
Stites et al. (eds), (1994); Mishell and Shiigi (eds), (1980); available immunoassays
are extensively described in the patent and scientific literature, see, for example, U.S.
Pat. Nos. 3,791,932; 3,839,153; 3,850,752; 3,850,578; 3,853,987; 3,867,517,
3,879,262; 3,901,654; 3,935,074; 3,984,533; 3,996,345; 4,034,074; 4,098,876;
4,879,219; 5,011,771 and 5,281,521; Gait, M. J., ed. (1984); Hames, B. D., and
Higgins S. J., eds. (1985); Hames, B. D., and Higgins S. J., eds. (1984); " Freshney,
R. L, ed. (1986); " (1986); Perbal, B., (1984) and "Methods in Enzymology" Vol. 1-
317, Academic Press; " (1990); Marshak etal, (1996).

Unless otherwise defined, all technical and scientific terms used herein have
the same meaning as commonly understood by one of ordinary skill in the art to which
this invention belongs. Although methods and materials similar or equivalent to those
described herein can be used in the practice or testing of the present invention, suitable
methods and materials are described below.

As used herein the term genetically linked refers to a genetic distance smaller
than 50 centiMorgan, preferably smaller than 40 centiMorgan, more preferably smaller
than 30 centiMorgan, more preferably smaller than 20 centiMorgan, more preferably

smaller than 10 centiMorgan, more preferably smaller than 5 centiMorgan, more
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preferably smaller than 1 centiMorgan, most preferably in the range of 0 to 1
centiMorgan, wherein 0 centiMorgan refers to juxtaposed sequences.

One of the greatest advantages of herbicide-resistant algae and cyanobacteria is
that they allow control of closely-related algae and cyanobacteria that have the same
herbicide selectivity spectrum as the cultivated algae and cyanobacteria and could not
be previously controlled. Similarly, an advantage of disease resistant algae and
cyanobacteria is that they will not be decimated by pathogens. Highly productive algae
and cyanobacteria are also advantageous, as are algae and cyanobacteria with modified
product such as different types of starch and oils. These, and other genetic traits have
been or could be transgenically introduced into algae or cyanobacteria of various types
(see Table 1, herein below).

Table 1: Commercially desirable traits that can be engineered into algae and
cyanobacteria that may be undesirable if algae or cyanobacteria released into natural

ecosystems

Trait Genetic Element Source

Fatty acid delta(12)-fatty acid dehydrogenase [various

composition (fad2),

Fatty acid fatty acid desaturase various

composition

Fatty acid thioesterase (TE) Umbellularia californica
composition

[Enhanced Tlal antennae. Similar acting (see text)

photosynthesis  |genes, or antenna mutant various

(advantageous in high light only)
Reduced chlorophyll a oxygenase
[Enhanced Aldolase and TPI (see text)

photosynthesis  [D- fructose 1,6-bisphosphatase / | cyanobacteria
sedoheptulose 1,7-bisphosphatase

Enhanced Blue Fluorescent protein (see text)
hotosynthesis
Increased Overexpressed cystathione y- Heterologous plant or bacterial
methionine synthase
content
Increased lysine |[Elevated dihydropicolinate Mutant bacteria
content synthase and

suppressed lysine ketobutyrate  [Endogenous antisense or RNAI
reductase/saccharopine

dehydrogenase
Herbicide 5-enolpyruvylshikimate-3- Agrobacterium tumefaciens
resistance hosphate synthase (EPSPS) CP4 or Zea mays mutants

Herbicide glyphosate oxidoreductase Ochrobactrum anthropi
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WO 2010/027516 PCT/US2009/005067
16

resistance
Herbicide acetolactate synthase Various sources
resistance
[Herbicide Nitrilase KKlebsiella pneumoniae
resistance subspecies ozanae
Herbicide phosphinothricin N- \S. hygroscopicus or S.
resistance acetyltransferase viridochromogenes
Herbicide 4-hydroxyphenyl-pyruvate- Arabidopsis
resistance dioxygenase (HPPD)
Herbicide Protoporphyrinogen oxidase (PPO)dmaranthus tuberculantus
resistance
Mercury merA + merB Mercury resistant bacteria
volatilization
\Virus / phage Helicase From pathogens
resistance
Virus /phage replicase [From pathogens
resistance
Virus resistance |viral coat protein From pathogens
Increase total Over-express glutamine synthase [Rice, pea and others
protein content
and confer
glufosinate
resistance

The advantages of transgenics are well appreciated, if there is no danger of
establishment of the transgenic algae or cyanobacteria in natural ecosystems or
introgression into a related alga or cyanobacterium. Because the advantages of
transgenics are so great, as in the above cases, new modified transgenic algae and
cyanobacteria are being developed.

Hence, while conceiving the present invention, the concept of mitigating the
risks of establishment in natural ecosystems or introgression of a genetically
engineered trait from the cultivated algae or cyanobacteria, it was conceived that the
primary gene of choice having the desired trait should be in tandem constructs with
“anti-establishment”, mitigating genes (Table 2) conferring a disadvantage on the
algae or cyanobacteria when in natural ecosystems or into introgessed progeny, while
being benign or advantageous to the cultivated algae or cyanobacteria. This coupling

can either be physical, where the two genes are covalently linked prior to
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transformation or by the same physical juxtaposition commonly achieved by co-
transformation. Both will heretofore be termed “tandem”, as the result in tightly linked
genes. These would render individuals released to natural ecosystems unfit to act as

competitors with its own wild type as well as other algae and cyanobacteria species.

In a special case, if the cultivated algae or cyanobacteria are asexual and non-
conjugating, it is only necessary to mitigating the effects of self propagation. In that
case the genetically engineered, commercially desirable genetic trait can be
transformed into a population of the cultivated algae or cyanobacteria that express an
irreversible (e.g. deletion) mutation conferring a mitigating trait. Such mutations exist
in culture collections or can be obtained by mutagenesis, preferably by ultraviolet or
gamma irradiation that causes deletions that cannot be reversed. Chemical
mutagenesis, which typically causes point mutations in a single nucleotide can be
reversed. Such mutations have been reported, e.g. in chloroplast antenna (Melis et al.
1998, Lee et al., 2002), with reduced RUBISCO (Khrebtukova and Spreitzer. 1996),
lacking organs of motility (Okamoto and Ohmori 2002; Tanner et.al 2008). If the
genetically engineered, commercially desirable genetic trait(s) is/are transformed into
algae or cyanobacteria bearing such a natural or induced mutation that acts as a
mitigating genetic trait, then they will be less fit than native algae or cyanobacteria and
not be able to establish themselves in natural ecosystems.

As further detailed and exemplified herein below, genes that decrease
RUBISCO or starch, remove cilia or other movement organelles among others would
all be useful for that purpose, as they would often be benign or advantageous to the

cultivated algae or cyanobacteria while detrimental establishment in the wild.

Table 2: Example of commercially desirable traits that can be engineered into algae
and cyanobacteria that would render algae or cyanobacteria unfit and non-competitive
if released into natural ecosystems.

Trait Genetic Element Source

Lowered RUBISC( Antisense or RNAi of large | Native
and/or small RUBISCO subunit

Reduced tlal, or similarly acting RNAI or antisense endogenous
photosystem 2 transgene, or a reduced
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antenna antennae mutant or reduced  |gene, or mutagenesis
chlorophyll a oxygenase
deleterious in low light in
natural ecosystems
Reduced carotene |Resistance to desaturase Hydrilla resistant mutant
inhibiting herbicides
Decreased starch  |Sta-1 ' RNAI or antisense endogenous
gene
Increased inulin  [1-SST, 1FFT RNALI or antisense endogenous
gene
Modified flagella ofodal-12, PilT Chlamydomonas/
cilia

\Synechococcus sp. PCC 7002

on ammonia nitrite reductase
gene

Reduced CO; Carbonic anhydrase various

concentrating

mechanism

Decreased cell wall jpolysaccharide synthase RNALI or antisense endogenous
gene

A transgene encoding reduced content of RUBISCO (ribulose 1,5 bis
phosphate carboxylase/oxygenase) (such as an antisense or RNAIi construct of the
small or the large subunit of RUBISCO) allows normal algae or cyanobacteria growth
only at artificially high carbon dioxide concentrations.

A transgene or a mutation encoding reduced chlorophyll a oxygenase or
reduced photosystem II antennae size, allows growth only at high light intensities but
allows greater cell packing in commercial production facilities with less light energy
wasted as heat; such organisms would not have enough chlorophyll to compete with
indigenous organisms in natural ecosystems.

An antisense or RNAI construct of any of the genes encoding cilia or flagella
(or similar motility organ) formation or action prevents the transgenic alga or
cyanobacterium to position itself optimally based on environmental stimuli. Such
movement is required to compete in natural ecosystems, but is unnecessary and wastes

energy in commercial cultivation.
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A transgenic mutant form of the phytoene desaturase (pds) gene conferring
resistance to phytoene desaturase inhibiting herbicides synthesizes less beta-carotene.
The herbicide resistance allows controlling unwanted species in commercial culture
and the less carotene is of little consequence in dense commercial culture but provides
photoprotection to organisms in the natural environments and organisms with less beta
carotene are less competitive in the natural ecosystems.

A transgene in the anti-sense or RNAi form encoding one of the genes
encoding one or more of the polymers of the cell walls causes the alga or
cyanobacterium to form a thinner cell wall. This thinner cell wall is of little
consequence in commercial production, and the cell walls are the least commercially
valued part of the cell, but organisms with thinner cell walls cannot compete in the
variable vicissitudes of environmental conditions in natural ecosystems.

A transgene encoding a storage polymer such as inulin, levan, or graminan that
is not degradable for use as energy when needed, especially if coupled with RNAi or
antisense form of for example starch phosphorylase encoding gene whereby energy
storage as starch becomes prevented. This is desirable in commercial production when
the new polymer has a greater value than starch, but renders an organism that cannot
mobilize reserves, less fit in a natural environment where it cannot compete with
organisms that can mobilize reserves in times of need.

A transgene in the anti-sense or RNAi form targeting the reduction of the
nitrate reductase gene that catalyzes the last steps in the reduction of nitrate to NH;.
Unless ammonia is supplied exogenously this transgene will not be able to survive in a
natural environment, where bacteria rapidly metabolize ammonia to nitrate.

A transgene in the anti-sense or RNAi form targeting the reduction of carbonic
anhydrase or either encoding over expression of the gene, which also allows normal
algae or cyanobacteria growth only at artificially high carbon dioxide concentrations,
but not in natural environments.

Any other transgene that is neutral or beneficial to the algae or cyanobacteria
when cultivated commercially, but renders the algae or cyanobacteria unfit to compete
in natural ecosystems, overcoming any benefit that may derive form the transgene

tandemly bound to it may be used as well.
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The present invention also provides a genetic construct for mitigating the
effects of establishment or introgression of a genetically engineered commercially
desirable genetic trait of a cultivated alga or cyanobacterium. The genetic construct
comprises a first polynucleotide encoding at least one commercially desirable genetic
trait and a second polynucleotide encoding at least one mitigating genetic trait.
Expression of the commercially desirable and the mitigating genetic trait is genetically
linked.  The polynucleotide encoding the first, primary genetic trait is preferably
flanked on both sides by polynucleotides encoding the second, mitigating genetic trait,
to thereby reduce the risk of losing the second, mitigating genetic trait due to mutation,
etc. '

However, it will be appreciated that in many cases while using conventional
transformation techniques genetic traits carried on two different vectors integrate to
the same locus.

Thus, according to a further aspect of the present invention there is provided a
cultivated algae or cyanobacteria genetically modified to include the above described
genetic constructs and to express the traits encoded thereby.

In one embodiment, the second, mitigating genetic trait is selected from the
group consisting of reduced RUBISCO, reduced photosynthetic antennae, or reduced
starch content or removal of cilia or other propelling organelles Numerous specific
examples of such genetic traits are listed herein and are further discussed in the
Examples section that follows.

One such mitigating trait is reduced RUBISCO content. Genetically reduced
RUBISCO would be neutral or aanntageous to the algae or cyanobacteria growing in
saturating carbon dioxide, but deleterious to the algae or cyanobacteria in the wild, by
themselves or in introgressed progeny, where carbon dioxide is limiting and there
would not be enough enzyme to fix carbon dioxide.

Another such mitigating trait is decreased starch content. Such algae or
cyanobacteria would be desirable as they would funnel more photosynthate to more
valuable products, but without starch, such algae and cyanobacteria would not have
the desired storage components to compete and exist in natural ecosystems

Yet another such mitigating trait is the reducing of the photosystem II antennae

size by reducing the chlorophyll content (anti-sense or RNAi of the #al or similar
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transgene, or a mutation encoding a reduced antenna) or by reducing the carotenoid
content (using the mutant pds gene conferring herbicide resistance to fluridone and
related herbicides). This is advantageous in high light intensity photobioreactors and
shallow ponds, as it allows more biomass production and less photoinhibition, but in
light-limiting natural ecosystems is highly deleterious.

Still another such mitigating trait is using mutants that are obtained
transgenically that are less mobile.

Thus, these anti-establishment in natural ecosystem, introgression-mitigating
traits are combined, according to the present invention, with the desirable genetically
engineered traits, which genetically engineered traits include, but are not limited to,
traits imposing resistance to herbicides, disease, zooplankton pests, and pathogens,
resistance to environmental stress such as, but not limited to, heat, salinity, etc., and
traits affecting yield, modified product and by-product quality, bioremediation, as well
as expression of heterologous products and genetically modified products such as
starches and oils, etc. Such traits for which genes has been isolated are well known in
the art, for example, genes modifying fatty content [delta( 12)-fétty acid dehydrogenase
(fad2), fatty acid desaturase, and thioesterase (TE)], PAT), herbicide tolerance genes
that collaterally control many bacteria and fungal pathogens (5-enolpyruvylshikimate-
3-phosphate synthase (EPSPS), acetolactate synthase, glyphosate oxidoreductase,
nitrilase, phosphinothricin N-acetyltransferase), genes conferring favorable mutations
(acetolactate synthase (ALS) and acetyl-CoA-carboxylase), and numerous viral
resistance genes (helicase replicase and various specific viral coat protein genes).
Additional suitable genes are listed in Table 1and summarized in many recent texts.

Once a gene responsible for a mitigating trait has been selected, it must be
engineered for algal or cyanobacterial expression along with the desirable trait that
confers an advantage thereto. To introduce such genes into algae or cyanobacteria, a
suitable chimeric gene and transformation vector must be constructed. A typical
chimeric gene for transformation will include a promoter region, a heterologous
structural DNA coding sequences and a 3' non-translated polyadenylation site for
algae. A heterologous structural DNA coding sequence means a structural coding
sequence that is not native to the algae or cyanobacteria being transformed.

Heterologous with respect to the promoter means that the coding sequence does not
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exist in nature in the same gene with the promoter to that it is now attached. Chimeric
means a novel non-naturally occurring gene that is comprised of parts of different
genes. In preparing the transformation vector, the various DNA fragments may be
manipulated as necessary to create the desired vector. This includes using linkers or
adaptors as necessary to form suitable restriction sites or to eliminate unwanted
restriction sites or other like manipulations that are known to those of ordinary skill in
the art.

Promoters that are known or found to cause transcription of a selected gene or
genes in plant and bacterial cells can be used to implement the present invention in
algae or cyanobacteria, respectively. Such promoters may be obtained from plants,
plant pathogenic bacteria or plant viruses and include, but are not necessarily limited
to, strong constitutive promoter such as a 35S promoter (Odell et al (1985) ), a 35S8'3
promoter (Hull and Howell (1987) ) and the 19S promoter of cauliflower mosaic virus
(CaMV35S and CaMV19S), the full-length transcript promoter from the figwort
mosaic virus (FMV35S) and promoters isolated from plant genes such as EPSP
synthase, ssSRUBISCO genes. Selective expression in green tissue can be achieved by
using, for example, the promoter of the gene encoding the small subunit of Rubisco (
EP 0 242 246). All of these promoters have been used to create various types of DNA
constructs that have been expressed in plants. See, for example WO 84/02913 ). The
particular promoter selected should be capable of causing sufficient expression to
result in the production of an effective amount of the respective proteins to confer the
traits.

A particularly useful promoter for use in some embodiments of the present
invention is the full-length transcript promoter from the figwort mosaic virus
(FMV35S). The FMV35S promoter is particularly useful because of its ability to
cause uniform and high levels of expression in plant tissues. The DNA sequence of a
FMV35S promoter is presented in U.S.5,512,466 and is identified as SEQ ID NO:17
therein. The promoters used for expressing the genes according to the present
invention may be further modified if desired to alter their expression characteristics.
For example, the CaMV35S promoter may be ligated to the portion of the
ssRUBISCO gene which represses the expression of ssSRUBISCO in the absence of

light, to create a promoter which is active in leaves but not in roots. The resulting
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chimeric promoter may be used as described herein. As used herein, the phrase

"CaMV358" or "FMV358" promoter includes variations of these promoters, e.g.,
promoters derived by means of ligation with operator regions, random or controlled
mutagenesis, addition or duplication of enhancer sequences, etc.

The 3' non-translated region contains a polyadenylation signal that functions in
algae (but not cyanobacteria) to cause the addition of polyadenylated nucleotides to
the 3' end of an RNA sequence. Examples of suitable 3' regions are the 3' transcribed,
non-translated regions containing the polyadenylation signal of plant genes like the 7s
soybean storage protein genes and the pea E9 small subunit of the RuBP carboxylase
gene (ssRUBISCO).

. The RNAs produced by a DNA construct of the present invention also
preferably contains a 5' non-translated leader sequence. This sequence can be derived
from the promoters selected to express the genes, and can be specifically modified so
as to increase translation of the mRNAs. The 5' non-translated regions can also be
obtained from viral RNA's, from suitable eukaryotic genes, or from a synthetic gene
sequence. The present invention is not limited to constructs wherein the non-
translated region is derived from the 5' non-translated sequence that accompanies the
promoter sequence. Rather, the non-translated leader sequences can be part of the 5'
end of the non-translated region of the native coding sequence for the heterologous
coding sequence, or part of the promoter sequence, or can be derived from an
unrelated promoter or coding sequence as discussed above.

In a preferred embodiment according to the present invention, the vector that is
used to introduce the encoded proteins into the host cells of the algae or cyanobacteria
will comprise an appropriate selectable marker. In a more preferred embodiment
according to the present invention the vector is an expression vector comprising both a
selectable marker and an origin of replication. In another most preferred embodiment
according to the present invention the vector will be a shuttle vector, which can
propagate both in E. coli (wherein the construct comprises an appropriate selectable
marker and origin of replication) and be compatible for propégation or integration in
the genome of the plant organism of choice. In yet another embodiment, the construct

comprising the promoter of choice, and the gene of interest is placed in a viral vector
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which is used to infect the cells. This virus may be integrated in ?he genome of the
organism of choice or may remain non-integrated.

According to some embodiments of the present invention secretion of the
protein or proteins out of the cell is preferred. In this embodiment the construct will
comprise a signal sequence to effect secretion as is known in the art. For some
applications, a signal sequence that is recognized in the active growth phase will be
most preferred. As will be recognized by the skilled artisan, the appropriate signal
sequence should be placed immediately downstream of the translational start site
(ATG), and in frame with the coding sequence of the gene to be expressed.

Introduction of the construct into the cells is accomplished by any conventional
method for transfection, infection or the like as is known in the art including
electroporation and biolistic transformations. In constructs comprising a selectable
marker the cells may be selected for those bearing functional copies of the construct.
If the plasmid comprising the gene of interest is episomal, the appropriate selective
conditions will be used during growth. Stable transfectants and stable cell lines may
be derived from the transfected cells in appropriate cases, in order to conveniently
maintain the genotype of interest. Cell growth is accomplished in accordance with the
cell type, using any standard growth conditions as may be suitable to support the
growth of the specific cell line..

A DNA construct of the present invention can be inserted into the genome of
algae or cyanobacteria by any suitable method. Such methods may involve, for
example, the use of liposomes, electroporation, chemicals that increase free DNA
uptake such as polyethylene glycol (PEG), vacuum filtration, particle gun technology
(biolistic bombardment with tungsten or gold particles; see, for example, U.S.
4,945,050; McCabe et al. (1988) ). Also see, Weissinger et al. (1988) Datta et al.
(1990) Klein et al. (1988) ; Klein et al. (1988) ; Klein et al. (1988) ; Fromm et al.
(1990) ; and Tomes et al. (1995); Hooydaas-Van Slogteren & Hooykaas (1984) ;
Bytebier et al. (1987) ) and other mechanical DNA transfer techniques, and
transformation using viruses Such techniques include, but are not limited to, injection
methods or microprojectile methods, as described in detail herein below. Application
of these systems to different species depends upon the ability to regenerate that

particular algal or cyanobacterial species from protoplasts.
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An additional advantage of using a dual (tandem) system including a gene that
may have an advantage in natural ecosystems with a mitigating gene is that the pair
can be chosen in such a manner that one of the pair can have traits that will allow it to
be used as a selectable marker, obviating the need for a separate selectable marker.

Confirmation of the transgenic nature of the algal or cyanobacterial cells may
be performed by PCR analysis, antibiotic or herbicide resistance, enzymatic analysis
and/or Southern blots to verify transformation. Progeny of the initial algal or
cyanobacterial strains may be obtained by continuous sub-culturing may be obtained
and analyzed to verify whether the transgenes are heritable. Heritability of the
transgene is further confirmation of the stable transformation of the transgene in the
algae or cyanobacteria. The transgenic algae or cyanobacteria are then grown and
harvested using conventional procedures.

Additional objects, advantages, and novel features of the present invention will
become apparent to one ordinarily skilled in the art upon examinatiqn of the following
examples, which are not intended to be limiting. Additionally, each of the various
embodiments and aspects of the present invention as delineated herein above and as
claimed in the claims section below finds experimental support in the following
examples.

EXAMPLES

Reference is now made to the following examples, which together with the
above descriptions, illustrate the invention in a non-limiting fashion. The concept of
using genetic engineering to mitigate any positive effects transgenes may confer when
released from controlled culture conditions into the natural environment, preventing
the establishment of the transgenic algae or cyanobacteria and the products they may
have from introgression to other species, is based on the following premise: If a
transgene construct has in totality a small fitness disadvantage, it will remain localized
as a very small proportion of the population. Therefore, gene establishment and flow
should be mitigated by lowering the fitness of recipients below the fitness of the wild
type so that they will not spread. This concept of “transgenic mitigation” (TM) was
proposed for higher plants WO 04/46362, from which the present invention claims
priority) and in a subsequent publication (Gressel, 1999: , see Figs. 9 and 10) in which
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mitigator genes are added to the desired primary transgene, which would reduce the
fitness advantage to hybrids and their rare progeny, and thus considerably reduce risk.
It is now extended to transgenic algae and cyanobacteria.

The TM approach is based on the facts that: 1) tandem constructs act as tightly
linked genes, and their segregation from each other is exceedingly rare, far below the
natural mutation rate; and 2) The TM traits chosen are selected to be nearly neutral or
favorable to the cultivated crops, but deleterious to non-crop pfogeny (weeds, etc) due
to a negative selection pressure; and 3) Individuals bearing even mildly harmful TM
traits will be kept at exceedingly low frequencies in weed populations because weeds
typically have a very high seed output and strongly compete amongst themselves,
eliminating even marginally unfit individuals (Gressel, 1999). That this approach has
been effective in higher plants has been illustrated in the following scientific
publications: Al-Ahmad, et al., (2004; 2005; 2006, Al-Ahmad and Gressel, 2006).

Basically, in the cases of algae and cyanobacteria, these findings can be
extended by tandemly combining almost any commercially useful trait that might
spread in natural environments (Table 1) with a commercially neutral or advantageous
trait that would render organisms unfit to compete in natural ecosystems (Table 2) as

demonstrated in these few non-exclusive examples.

Example 1

Prevention of establishment and introgression of glyphosate herbicide resistance by
coupling with mutation in the tlal gene conferring a smaller photosynthetic
antenna

One of the traits suitable for Transgenic Mitigation in constructs with a
primary, desirable trait is down regulation of a form of the tlal gene (e.g. AF534571)
that reduces the number of chlorophyll molecules in the antennae of photosystem II.
Such strains can live only in the high light intensity of bioreactors and shallow ponds,
where they allow greater packing, but cannot compete with the superior light c;apture
of organisms with full size antennae. Such organisms with full size antennae are kept
out of the culture ponds by having traits such as glyphosate herbicide resistance. Rare
algae or cyanobacteria introgressing the TM construct could also no longer compete

with native organisms in natural ecosystems. In order to determine whether co-
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transformation of a desirable transgene with a mitigator gene would prevent
proliferation of transgenic strains having the tandem construct can compete in the case
of breach of containment, a tandem construct was made containing an EPSP synthase
gene (enolphosphate shikimate phosphate synthase) gene (SEQ ID NO:1) for
glyphosate herbicide resistance as the primary desirable gene, and a RNAI cassette of
the tlal gene (SEQ ID NO: 2) as a mitigator, and used to transform Synechococcus
PCC7002, Phaeodactylum tricornutum, Nannochloropsis sp CS 246, Nannochloropsis
oculata, Nannochloropsis salina, Pavlova lutheri CS 182, Synechococcus PCC7942,
Synechosystis PCC6803, Chlamydomonas reinhardtii, Chlorella vulgaris, Chlorella
ssp., Isochrysis sp. CS-177 Tetraselmis chuii CS-26 Tetraselmis suecica CS-187.
Experimental Procedures

Assembling the tandem construct

A DNA fragment corresponding to nucleotides 1 to 293.of the C. reinhardtii tlal
gene (AF534571).is de novo synthesized in sense and antisense orientation with a 50-bp
DNA spacer separating the sense and antisense fragments (SEQ ID NO:2). This fragment is
cloned under the control of the C. reinhardtii rbcS2B promoter and downstream to the de
novo synthesized EPSPS gene (SEQ ID NO:1) in the plasmid pSP124s (Lumbreras et al.
1998) to generate plasmid pEPSPS-tlal (Fig. 1).

Another option: The de novo synthesized EPSPS gene for algae under the control of
rbcS2 promoter and 3 rbcS2 terminator, downstream to the ble selectable marker in the
plasmid pSP124s (Lumbreras, Stevens et al. 1998) is transformed into the C. reinharadtii
tlal mutant (Polle et al., 2003). The transformed algae will express the EPSPS gene on the
background of the tlal deficient mutant.

Transformation of Algae
Algae cells in 0.4 ml of growth medium containing 5% PEG6000 were
transformed with the pEPSPS-tlal plasmid (1+5mg) by the glass bead vortexing
method (Kindle, 1990). The transformation mixture was then transferred to 10 ml of
~non-selective growth medium for recovery. The cells were kept for at least 18 h at
25°C in the light. Cells were collected by centrifugation and plated at a density of 10°

cells per 80 mm plate. Transformants were selected on fresh TAP agar plates



10

15

20

25

30

WO 2010/027516

28

containing 10 mM glyphosate, for 7-10 days at 30°C. Conditions are modified for

each organism according to its needs, based on modifications of standard protocols.

Gene integration analyses of algal or cyanobacterial transformants

Genomic DNA was isolated using either Stratagene's (La Jolla, Calif.) DNA
purification kit or a combination of QIAGEN's (Valencia, Cal'if.) DNeasy plant mini
kit and phenol chloroform extraction (Davies et al. 1992). Total RNA was isolated
using either QIAGENS's Plant RNeasy Kit or the Trizol Reagent (Invitrogen,
Carlsbad, Calif.).

The DNA was analyzed by PCR for the presence of intact tandemly linked
epsps and tlal genomic insert. Four different DNA segments within the genomic TM
T-DNA insert were amplified over the positions indicated in Figure 1 with the
following primers:

EPSPS forward primer 1 (SEQ ID NO:3): TCCCCGGCGACAAGAGCAT

Tlal reverse primer 1 (SEQ ID NO:4): AAGAGCGCGGTTTGGTCAGC

EPSPS forward primer 2 (SEQ ID NO:5): CACCGCATCGCCATGAGCTT

Tlal Reverse primer 2 (SEQ ID NO:6): GCTGACCAAACCGCGCTCTT

PCR reactions were carried out in 50 uL aliquots containing about 200 ng genomic
DNA, 5 uL of 10 X DyNAzyme™ II buffer (Finnzymes Oy, ESPOO, Finland), 1.5 U
of DyNAzymeTM I1 DNA polymerase (Finnzymes Oy, ESPOO, Finland), 5 uL of 2.5
mM of each dNTP(s) (Roche Diagnostics, GmbH), and 35 pmol of each primer, in
sterile distilled water. The mixture was denatured for 3 min at 94° C and amplified for
35 cycles (94° C for 30 s, 51°C (DNA segments A and C) or 57° C (segments B and D)
for 30 s, 72° C for 1 min) with a final cycle of 7 min at 72° C. The PCR products
(15pL) were loaded directly onto 1% (w/v) agarose gels to verify single bands. The
remaining PCR products were purified using the QIAquick PCR Purification Kit®
(Qiagen, Hilden, Germany) according to the manufacturer’s instructions, and
sequenced to confirm the integration of the TM T-DNA.

In vivo epsps assay. Putative transformed algal or cyanobacterial cells were
cultured in a solution of 10 mM glyphosate in standard algae or cyanobacteria culture

media. At this concentration, all non-transgenic cells are killed.
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In vivo tlal assay Putatively transformed algae or cyanobacteria cells were
diluted and plated out and cultured on agar plates in standard algae or cyanobacteria
culture media such that single cells develop into colonies. These colonies were light
yellow green in color vs. wild type colonies that are dark green in color.

Inheritance of the TM construct transgenes
Productivity of algae or cyanobacteria transformants at high light intensities: The
transformants are analyzed for high productivity in full sunlight and lack of
photoinhibition as previously demonstrated by US 20080120749 and by Poll et al.,
2003.

Competition of TM transgenics with the wild type algae and cyanobacteria
The transgenic TM algae or cyanobacteria were used to compete with natural species
in simulated conditions. 1000 transgenic cells per ml were pipetted into unfiltered sea
water in aquaria and cultivated in 100 pEin per cm? per sec light fluence, to simulate
light conditions in the sea at a nominal depth. Aliquots were removed initially at
daily, and later at weekly intervals, and the dwindling proportion of yellow green
colonies are counted. Aliquots at the same dilutions were plated in parallel on the
same media, but containing 10 mM glyphosate.

Within a few months, neither light yellow green colonies tlal colonies nor
glyphosate resistant colonies could be found in the aquaria. All glyphosate resistant
colonies were light green in color, demonstrating that the tandem traits do not

segregate.

Example 2

Prevention of establishment and introgression of HPPD inhibiting herbicide
resistance by coupling with a selected mutation a gene conferring a smaller
photosynthetic antennae 4

One of the traits suitable for Mitigation in constructs with a primary, desirable
trait is down regulation of a form of the slal gene, as described in Example 1. Such
modification of antenna size can be achieved by mutagenesis of the organism prior to
introducing the commercial gene of choice. Such mutant strains can live only in the
high light intensity of bioreactors and shallow ponds, where they allow greater

packing, but cannot compete with the superior light capture of organisms with full size

PCT/US2009/005067



15

20

25

30

WO 2010/027516

30

antennae. Such organisms with full size antennae are kept out of the culture ponds by
having traits such as herbicide resistance, in this example resistance to inhibitors of the
enzyme HPPD (4-hydroxyphenyl-pyruvate-dioxygenase). Rare escapes of -algae or
cyanobacteria bearing the HPPD gene in this background could no longer compete
with native organisms in natural ecosystems. In order to determine whether
transformation of a desirable transgene into an organism with a mutant mitigator gene
would prevent proliferation of transgenic strains having the commercially desirable
transgenic trait can compete in the case of breach of containment, a construct of Fig. 2
was made containing a HPPD ( AF000228) gene (SEQ ID NO:9) conferring
resistance to the herbicide isoxaflutole (and related HPPD inhibiting herbicides), as the
primary desirable gene, and used to transform Synechococcus PCC7002,
Phaeodactylum tricornutum, Nannochloropsis sp CS 246, Nannochloropsis oculata,
Nannochloropsis  salina, Pavlova lutheri CS 182, Synechococcus PCC7942,
Synechosystis PCC6803, Chlamydomonas reinhardtii, Chlorella vulgaris, Chlorella
ssp, Isochrysis sp. CS-177 Tetraselmis chuii CS-26 Tetraselmis suecica CS-187,
bearing a mutation conferring small antennae size.
Experimental Procedures

Attaining reduced antennae mutants by UV mutagenesis with metronidazole
selection. |

Metronidazole (2-methyl-5-nitroimidazole-1-ethanol) was shown to be
effective for the selective enrichment of mutants of Chlamydomonas reinhardtii that
possess impaired photosynthetic electron transport. More than 99.9% of wild—type
cells were killed when incubated in the presence of 6-10 mM metronidazole for 24 hr
under illumination of 7500 lux. Survival of wild-type cells in darkness and of mutants
that are blocked at different steps in photosynthetic electron transport was nearly
100% when incubated in the presence of the drug under identical conditions (Schmidt
et al. 1977).

We applied similar principles on Nannochloropsis sp. (strains CS 246 and CS
179). Cells were grown in Artificial Sea Water (ASW) (Guillard, 1962) enriched with

~172. 25ml of each cell culture in liquid media was placed in Petri dish and was

exposed to UV irradiation (UV-C Lamp 30W) for 6.5 min. resulting in cell death of

approximately 90%. The remaining cells were allowed a recovery time of 15 hrs.
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under dark conditions, then centrifuged (4000 rpm, 5 min.), re-suspended in 2 ml. 50-
100ul were plated on 1% Bacto Agar ASW plates containing 10mM metronidazole +
/2 mineral supplement+ 10mM HCOs5 . Light intensity was maintained at ~2000 lux
with light duration of 14 hrs followed by 10 hrs. dark. The temperature was kept at
25°C.

To assess physiological properties of reduced antennae sized algae compared
with their relevant wild type strains we performed a set of procedures that enabled us
to evaluate each strain.

Initially, each modified strain is checked for the trait modified, (reduced
antennae size). A screening process is established where colonies of mutant algae are
allowed to grow on metronidazole containing agar plates to verify that the desired
trait, i.e. reduced antennae size has been established and is maintained. Next, pale
green growing colonies where picked and transferred to liquid medium for further
physiological evaluation. This includes: Growth rate, Photosynthetic activity,
Respiration activity, and Chlorophyll content

An overall report is generated for each strain that is used to estimate the
feasibility of using the strain. Tho‘se. with a near normal photosynthetic rate at high
light intensities without photoinhibition , and a near normal growth rate are then used
as a mitigation platform for further development. That they are unable to compete

with wild type algae under open sea conditions is ascertained as in example 1.

Assembling the HPPD construct
The de novo synthesized HPPD gene for algae is cloned under the control of rbcS2
promoter and 3 ’rbcS2 terminator, downstream to the ble selectable marker in the plasmid
pSP124s (Lumbreras et al. 1998) and transformed into the algae bearing a mutation

conferring small antennae size.

Transformation of Algae

Algae cells in 0.4 ml of growth medium containing 5% PEG6000 were
transformed with the pHPPD plasmid (1+5mg) by the glass bead vortexing method
(Kindle, 1990). The transformation mixture was then transferred to 10 ml of non-

selective growth medium for recovery. The cells were kept for at least 18 h at 25°C in
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the light. Cells were collected by centrifugation and plated at a density of 10® cells per
80 mm plate. Transformants were selected on fresh TAP agar plates containing 10
mM isoxaflutole, for 7-10 days at 30°C. Conditions are modified for each organism

according to its needs, based on modifications of standard protocols.

Gene integration analyses of algal or cyanobacterial transformants

Genomic DNA was isolated using either Stratagene's (La Jolla, Calif.) DNA
purification kit or a combination of QIAGEN's (Valencia, Calif.) DNeasy plant mini
kit and phenol chloroform extraction (Davies et al. 1992). Total RNA was isolated
using either QIAGENS's Plant RNeasy Kit or the Trizol Reagent (Invitrogen,
Carlsbad, Calif.).

The DNA was analyzed by PCR for the presence of intact HPPD insert as
indicated in Figure 2 with the following primers:

HPPD forward primer 1 (SEQ ID NO:7): ATGG GCCACCAAAA CGCCGC
HPPD reverse primer 2 (SEQ ID NO:8): CCCACTAACTGTTTGGCTTC

PCR reactions were carried out in 50 pL aliquots containing about 200 ng
genomic DNA, 5 pL of 10 X DyNAzyme™ II buffer (Finnzymes Oy, ESPOO,
Finland), 1.5 U of DyNAzyme™ II DNA polymerase (Finnzymes Oy, ESPOO,
Finland), 5 pL of 2.5 mM of each dNTP(s) (Roche Diagnostics, GmbH), and 35 pmol
of each primer, in sterile distilled water. The mixture was denatured for 3 min at 94°C
and amplified for 35 cycles (94° C for 30 s, 51°C (DNA segments A and C) or 57°C
(segments B and D) for 30 s, 72° C for 1 min) with a final cycle of 7 min at 72°C. The
PCR products (15uL) were loaded directly onto 1% (w/v) agarose gels to verify single
bands. The remaining PCR products were purified using the QIAquick PCR
Purification Kit® (Qiagen, Hilden, Germany) according to the manufacturer’s
instructions, and sequenced to confirm the integration of the TM T-DNA.

In vivo HPPD assay. Putative transformed algal or cyanobacterial cells were
cultured in a solution of 10 mM isoxaflutole in standard algae or cyanobacteria culture
media. At this concentration, all non-transgenic cells are killed.

Productivity of algae or cyanobacteria transformants at high light intensities:

The transformants are analyzed for high productivity in full sunlight and lack of
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photoinhibition as previously demonstrated by US20080120749 and by Poll et al.,
2003.

Competition of TM transgenics with the wild type algae and cyanobacteria
The transgenic TM algae or cyanobacteria were used to compete with natural species
in simulated conditions. 1000 transgenic cells per ml were pipetted into unfiltered sea
water in aquaria and cultivated in 100 pEin per cm? per sec light fluence, to simulate
light conditions in the sea at a nominal depth. Aliquots were removed initially at
daily, and later at weekly intervals, and the dwindling proportion of yellow green
colonies are counted. Aliquots at the same dilutions were plated in parallel on the
same media, but containing 10 mM isoxaflutole.

Within a few months, neither light yellow green colonies mutant colonies nor
isoxaflutole resistant colonies could be found in the aquaria. All isoxaflutole resistant

colonies were light green in color, demonstrating that the traits do not segregate.

Example 3Prevention of establishment and introgression of virus resistance by
coupling with the transgenes conferring a lowered RUBISCO content

One of the traits suitable for Transgenic Mitigation in constructs with a primary,
desirable trait is using an antisense or RNAi form of one or both of the subunits of the
RUBISCO gene (such as GenBank Accessions XM_001702356, NC_005353) that
cause the reduction of the number of RUBISCO molecules in the algae or
cyanobacteria. Such strains can live only in the carbon dioxide levels artificially
created by using carbon dioxide enrichment — such as from flue gasses from industrial
sources to facilitate high levels of carbon fixation in bioreactors and shallow ponds. In
this situation, lower levels of the low affinity RUBISCO are needed as the carbon
dioxide levels in the ponds are at least 100 fold greater than ambient levels. Algae and
cyanobacteria with less RUBISCO cannot compete in natural ecosystems with the
superior carbon dioxide capture of native organisms with full RUBISCO content at the
low ambient levels of carbon dioxide. Such organisms with full RUBISCO
complement are kept out of the culture ponds by having traits such as herbicide
resistance (Example 1). Rare algae or cyanobacteria introgressing the TM construct
can also no longer compete with native organisms in natural ecosystems. In order to

determine whether co-transformation of a desirable transgene with a mitigator gene
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would prevent proliferation of transgenic strains having the tandem construct can
compete in the case of breach of containment, a tandem construct is made containing a
desirable gene encoding a gene conferring virus resistance ( M85052) as the primary
desirable gene, and the rubisco mutant gene as a mitigator ( XM_001702356). Genes
conferring resistance to viruses or phages specifically pathogenic to Synechococcus
PCC7002, Phaeodactylum tricornutum, Nannochloropsis sp CS 246, Nannochloropsis
oculata, Nannochloropsis salina, Pavlova lutheri CS 182, Synechococcus PCC7942,
Synechosystis PC

Assembling the tandem construct
Generation of Chlamydomonas reinhardtii expressing the virus CAPSID and the
RNAI of rbcS2B under the control of the rbcS2 promoter

The chlorella virus capsid sequence is chemically synthesized using the
published sequence ( M85052 ) with modifications according to the codon usage of
the green algae Chlémydomonas reinhardtii (SEQ ID NO:12). The gene is cloned
under the control of the RbcS2 promoter in the plasmid pSP124S (Sizova et al. 2001).

For generation of RNAI of rbcS2B, a 248 bp fragment corresponding to the
coding sequence of rbcS is amplified with primers : TCTAGA CTGCAG
CGCCGTCATTGCCAAGTCCT (SEQ ID NO:10) adding Xbal and PstI and
GGATCC AAGCTT AATGTAGTCGACCTGGGCGG (SEQ ID NO:11) adding
BamHI and HindIII restriction in their 5’ flanking region. The PCR product is cloned
in forward and reverse orientations into the Pstl/BamHI and Hind1I1/Xbal sites of the
pSTBlue-1 vector (Novagen, Madison, W1, USA), flanking a 200-bp DNA spacer
previously inserted into the EcoRV site. The rbcS RNAI cassette is then excised from
pSTBlue-1 by Xbal digestion and is cloned downstream to the virus capsid in the

corresponding site of pSP124S (Lumbreras, Stevens et al. 1998) (Fig. 3).

Generation of Chlamydomonas reinhardtii expressing the virus CAPSID and the
antisense rbcS2B gene under the control of the rbcS2 promoter

The chlorella virus CAPSID sequence is chemically synthesized using the
published sequence (M85052 ) with modifications according to. the codon usage of the
green algae Chlamydomonas reinhardtii (SEQ ID NO:12). The gene is cloned into

PCT/US2009/005067



10

15

20

25

30

WO 2010/027516 PCT/US2009/005067

35

pGEM-T vector (Promega) and then transferred under the control of the RbcS2
promoter in the plasmid pSP124S (Sizova et al. 2001).

For generation of antisense of rbcS2B gene, the 567 bp fragment of the C. reinhardtii
rbcS2B gene (SEQ ID NO:57) is PCR amplified with the forward primer: TCTAGA
ATGGCCGCCGTCATTGCCAAG (SEQ ID NO:13) and the reverse primer:
TCTAGA ACGAGCGCCTCCATTTACACG (SEQ ID NO:14), containing the Xbal
site in their 5’ region, and is cloned into pGEM-T (Promega). The Xbal fragment is
then cloned downstream to the virus capsid in the corresponding site of pSP124S
(Lumbreras, Stevens et al. 1998) (Fig. 4).

Transformation of Algae

Algae cells in 0.4 ml of growth medium containing 5% PEG6000 are
transformed with the pCAPSID- (anti)RUBISCO plasmid (1+£5mg) by the glass bead
vortexing method (Kindle, 1990). The transformation mixture is then transferred to 10
ml of non-selective growth medium for recovery. The cells are kept for at least 18 h at
25° C in the light. Cells were collected by centrifugation and plated at a density of 10
cells per 80 mm plate. Selection is made according to (Van Etten et al., 1983). Briefly,
transformants are grown to a density of 2 x 10" to 3 x 10’ algae per milliliter,
concentrated by centrifugation, and resuspended in MBBIM (Van Etten et al., 1983)
at 38 x 10 algae per milliliter. Two hundred microliters of algae (7.6 x 107 algae) plus
100 pl of appropriate dilutions of the virus are added to 2.5 ml of 0.7 percent agar in
MBBM (48°C to 50°C) and immediately overlaid on petri plates containing 15 ml of
MBBM plus 1.5 percent agar. The plates are then incubated at 25°C in continuous
light. Plaques are visible after 2-4 days. Conditions are modified for each organism

according to its needs, based on modifications of standard protocols.

Generation of cyanobacteria Synechococcus PCC7002 expressing the virus
capsid and the antisense of rbcS gene under the control of the rbcS2 promoter

The Synechococcus virus (Syn9) capsid gene is chemically synthesized using
the published sequence (4239190 ) (SEQ ID NO:15) and is directly cloned
downstream to the RbcS promoter in the pCB4 plasmid.
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The coding sequence of Synechococcus PCC7002 rbcS2B (SEQ ID NO:66)
is amplified using the forward primer: (SEQ ID NO:16) and the reverse primer:
GTAACGGGTTTGGTTGGGC (SEQ ID NO:17) harboring BamHI restriction sites
in their 5 ends, followed by cloning into pGEM-T plasmid (Promega). The 333 bp
fragment is then excised from the pGEM-T plasmid and cloned into the BamHI site in
the shuttle vector pCB4 in an antisense orientation downstream to the virus capsid

gene (Fig. 5).

Transformation of Cyanobacteria

For transformation of Syrechococcus PCC7002, cells are cultured in 100 ml
of BG-11 liquid medium at 28°C under white fluorescent light and subcultured at the
mid-exponential phase of growth. To 1.0 ml of cell suspension containing 2x108 cells,
which are cultured at the mid-exponential phase of growth, 0.5 or 1.0 pg of donor
DNA (in 10 mM Tris/l mM EDTA, pH 8.0) is added, and the mixture is incubated in
the dark at 26°C overnight. After incubation for a further 6h in the light, the
transformants are selected on BG-11 agar plates using the plaque selection assay
which is preformed as described in (Wilson et al. 1993). Serial dilutions of the
cyanophage filtrates are added to separate 0.5-ml volumes of a 40x concentration (ca.
8 x 10° cells mI"') of exponentially growing Synechococcus PCC7002 that are
incubated at 25° C for | h with occasional agitation to encourage cyanophage

adsorption. Each phage-cell suspension is then added to 2.5 ml of 0.4% molten ASW

“agar (42° C); these suspensions are mixed gently and then poured evenly onto a solid

1% ASW agar plate (diameter, 835 mm) before being left to set at room temperature for
1 h. Incubation of the plates is carried out at 25° C under constant illumination (15 to
25 microeinsteins m? s™'), and the plates are monitored daily for the formation of
plaques. Conditions are modified for each organism according to its needs, based on

modifications of standard protocols.

Gene integration analyses of algal or cyanobacterial transformants
Genomic DNA was isolated using either Stratagene's (La Jolla, Calif.) DNA
purification kit or a combination of QIAGEN's (Valencia, Calif.) DNeasy plant mini

kit and phenol chloroform extraction (Davies et al. 1992). Total RNA was isolated
-~
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using either QIAGENS's Plant RNeasy Kit or the Trizol Reagent (Invitrogen,
Carlsbad, Calif.).

The DNA was analyzed by PCR for the presence of intact tandemly linked
PBCV-1 virus CAPSID —gene encoding resistance to Chlamydomonas virus, and low
rubisco genomic insert. Four different DNA segments within the genomic TM T-
DNA insert were amplified over the positions indicated in Figure 4 with the following
primers for algae: For CAPSID and RNAi of RUBISCO:

CAPSID Forward primer: ATGGCCGGCGGCCTGAGCCA (SEQ ID NO:18)

Rubisco reverse of RNAi Reverse primer: AATGTAGTCGACCTGGGCGG
(SEQ ID NO:19)

For capsid and antisense of rubisco:

CAPSID Forward primer: ATGGCCGGCGGCCTGAGCCA (SEQ ID NO:20)

rubisco Reverse primer: GTGTAAATGGAGGCGCTCGT (SEQ ID NO:21)

And the following primers for cyanobacteria

CAPSID Forward primer: ATGTCTTTCCAAAACCTCCA (SEQ ID NO:22)

rubisco Reverse‘primer: AGCCCAACCAAACCCGTTAC (SEQ ID NO:23)

In vivo virus assay. Putatively transformed and serially diluted algae or
cyanobacteria cells are cultured in Petri dishes on standard algae or cyanobacteria
culture media in an incubator with high carbon dioxide until colonies derived from
single cells are apparent. The dishes are then inoculated with a solution containing
virus, such that all non-transformed cells are killed. _

In vivo rubisco assay Healthy colonies from the algae or cyanobacteria cells
are picked and plated in marked replicates on agar plates in standard algae or
cyanobacteria culture media. Two replicates of each colony are cultured in ambient
carbon dioxide and two in >10% carbon dioxide. The colonies that grow the largest
on the high carbon dioxide but hardly develop on ambient carbon dioxide are
candidates for verification by western immunoblotting with commercial anti-
RUBISCO antibody to demonstrate that indeed the amount of RUBISCO per cell is
quite reduced

Competition of TM transgenics with the wild type algae and cyanobacteria

The transgenic TM algae or cyanobacteria are used to compete with natural species in
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simulated conditions. 1000 transgenic cells per ml are pipetted into unfiltered sea
water in aquaria and cultivated in 100 pEin per cm? per sec light fluence, to simulate
light conditions in the sea at a nominal depth at ambient carbon dioxide levels.
Aliquots are removed initially at daily, and later at weekly intervals, and the dwindling
proportion of virus resistant colonies are counted.

Results Within a few months, no virus-resistant colonﬁes can be found in the

aquaria.

Example 4 Prevention of establishment of balanced protein containing transgenic
lines of algae by engineering balanced protein into algae with fitness-lowering
phytoene desaturase herbicide resistance

One of the traits suitable for Transgenic Mitigation in constructs with a
primary, desirable trait is using a mutant form of the pds (phytoene desaturase) gene
(e.2.AY639658) that confers resistance to the herbicide fluridone and related
herbicides, but also reduces the carotene levels leaving algae more subject
photoinhibition and to UV light.induced damage. Such strains can live only under
high light intensity of bioreactors and shallow ponds, but in dense cultures, but cannot
compete with the superior light capture of organisms with full size antennae with its
complete complement of carotenoids. Such organisms with full size antennae are
kept out of the culture ponds by having traits such as herbicide resistance, which is
needed to prevent contamination in any event. Rare algae or cyanobacteria
introgressing the TM construct could also no longer compete with native organisms in
natural ecosystems. In order to determine whether co-transformation of a desirable
transgene with a mitigator gene would prevent proliferation of transgenic strains
having the tandem construct can compete in the case of breach of containment, a
tandem construct was made. This tandem construct contained a modified high lysine
or a modified high methionine or a fusion storage protein containing high levels of
both as one of the primary desirable genes together with expression of feedback
insensitive bacterial DHDPS (dihydrodipicolinate synthase) and with RNAi of
LKR/SDH (lysine-ketoglutarate reductase/saccharopine dehydrogenase) as described
previously (Zhu and Galili, 2004) to increase free lysine level or overexpression of

cystathionine y-synthase (CGS). CGS is the enzyme that controls the synthesis of the
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first intermediate metabolite in the methionine pathway to increase free methionine
(Avraham et al., 2005). In addition the construct contained mutant pds gene
(AY639658) for herbicide resistance as a mitigator gene as well as a desirable gene in
its own right, and as a selectable marker to isolate transformants. The construct was
used to transform Symnechococcus PCC7002, Phaeodactylum tricornutum,
Nannochloropsis sp CS 246, Nannochloropsis oculata, Nannochloropsis salina, Pavlova
lutheri CS 182, Synechococcus PCC7942, Synechosystis PCC6803, Chlamydomonas
reinhardtii, Chlorella vulgaris, Chlorella ssp., Isochrysis sp. CS-177 Tetraselmis
chuii CS-26 Tetraselmis suecica CS-187.

Experimental Procedures
Assembling the tandem construct
Generation of Chlamydomonas reinhardtii expressing PDS together with the high
lysine BHLS protein or high methionine 2S albumin protein

For expression the de novo synthesized pds gene (SEQ ID NO:24) together
with the high lysine BHL8 protein coding gene (SEQ ID NO:25) or high methionine
2S albumin coding gene (SEQ ID NO:26) in C. reinhardtii, the two genes are cloned
under the control of the C. reinhardtii rbcS2 promoter and terminator and then

combined into pSP124s replacing the ble selectable marker coding sequence (Fig. 6).

Generation of cyanobacteria Synechococcus PCC7002 expressing PDS together
with the high lysine BHLS protein or high methionine 2S albumin protein

For cyanobacteria, the de novo synthesized pds (SEQ ID NO:27) genes
together with high lysine BHL8 protein coding gene (SEQ ID NO:28) or high
methionine 2§ albumin coding gene (SEQ ID NO:29) are cloned under the control of
the constitutive promoter of the rbcLS operon (Deng and Coleman 1999) in the
plasmid pCB4 by BamHI restriction sites, as well into various expression vectors,
allowing various levels of expression driven by different promoters, including

constitutive, inducible, and log phase temporal promoters (Fig. 7).

Transformation into algae was conducted as described in example 1.
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Transformation of Cyanobacteria

For transformation of Syrechococcus PCC7002, cells are cultured in 100 ml
of BG-11 liquid medium at 28°C under white fluorescent light and subcultured at the
mid-exponential phase of growth. To 1.0 ml of cell suspension containing 2x108 cells,
which are cultured at the mid-exponential phase of growth, 0.5 or 1.0 pg of donor
DNA (in 10 mM Tris/I mM EDTA, pH 8.0) is added, and the mixture is incubated in
the dark at 26° C overnight. After incubation for a further 6 h in the light, the
transformants are directly selected on BG-11 agar plates containing 1.5% agar, 1| mM
sodium thiosulfate and fluridone. The transformation frequency is calculated by

counting the number of transformants.

Gene integration analyses of algae or cyanobacteria transformants

Genomic DNA is isolated using either Stratagene's (La Jolla, Calif.)) DNA
purification kit or a combination of QIAGEN's (Valencia, Calif.) DNeasy plant mini
kit and phenol chloroform extraction (Davies et al. 1992). Total RNA was isolated
using either QIAGENS's Plant RNeasy Kit or the Trizol Reagent (Invitrogen,
Carlsbad, Calif.).

The DNA is analyzed by PCR for the presence of intact tandemly linked pds
and BHLS8 genomic insert. Four different DNA segments within the genomic TM T-
DNA insert were amplified over the positions indicated in Figs. 6 and 7 with the
following primers:
forward primer: (SEQ ID NO:30): ATGACTGTTGCTAGGTCGGT (PDS)

Reverse primer: (SEQ ID NO:31): GCACTTGGGGGTCTTGGCGA (BHLS)

PCR reactions is carried out in 50 plL aliquots containing about 200 ng
genomic DNA, 5 pL of 10 X DyNAzyme™ Il buffer (Finnzymes Oy, ESPOOQO,
Finland), 1.5 U of DyNAzyme™ II DNA polymerase (Finnzymes Oy, ESPOO,
Finland), 5 puL of 2.5 mM of each ANTP(s) (Roche Diagnostics, GmbH), and 35 pmol
of each primer, in sterile distilled water. The mixture is denatured for 3 min at 94°C
and amplified for 35 cycles (94°C for 30 s, 51° C (DNA segments A and C) or 57°C
(segments B and D) for 30 s, 72° C for 1 min) with a final cycle of 7 min at 72°C. The
PCR products (15uL) are loaded directly onto 1% (w/v) agarose gels to verify single
bands. The remaining PCR products are purified using the QIAquick PCR
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Purification Kit® (Qiagen, Hilden, Germany) according to the manufacturer’s
instructions, and sequenced to confirm the integration of the TM T-DNA.

In vivo pds assay. Putative algae or cyanobacteria cells are cultured in a
solution of 100 uM fluridone in standard algae or cyanobacteria culture media and
cultured in high light. At this concentration, all non-transge;lic cells are bleached and
eventually die.

In vivo meth/lys protein assay Picked colonies putative algae or cyanobacteria
cells are separately cultured in wells of 96 well microplate dishes in standard algae or
cyanobacteria culture media containing fluridone, until the cultures become dense.
Dimethyl sulfoxide is added to each well and the cultures are allowed to bleach in the
light. The bleached cultures are reacted with a fluorescent tagged antibody specific for
the high lysine/methionine storage protein used in the transformation and the levels are
measured with a microplate reader. Crude proteins are isolated from the cultures
indicated to have acceptable growth rates and high levels antigenic proteins, digested
and the proportion of lysine and methionine in crude protein is measured in a Moore-
Stein type automated amino-acid analyzer.

Inheritance of the TM construct transgenes
Productivity of algae or cyanobacteria transformants at high light intensities: The
transformants are analyzed for high productivity in full sunlight and freedom from
undesirable algae and cyanobacteria in the presence of fluridone.

Competition of TM transgenics with the wild type algae and cyanobacteria
The transgenic TM algae or cyanobacteria are used to compete with natural species in
simulated conditions. 1000 transgenic cells per ml are pipetted into unfiltered sea
water in aquaria and cultivated in 100 pEin per cm? per sec light fluence, to simulate
light conditions in the sea at a nominal depth. Aliquots are removed initially at daily,
and later at weekly intervals, and plated on dishes with and without fluridone. The
dwindling proportion of fluridone resistant colonies are counted.

Results Within a few months, fluridone resistant colonies cannot be found in
the aquaria. A

Example 5§
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Prevention of establishment of algal individuals transgenically resistant to PPO
inhibiting herbicides by engineering PPO resistance into mutant algae lacking
motility

One of the traits suitable for Transgenic Mitigation in constructs with a
primary, desirable trait is to have cells incapable of phototactic/chemotactic or
thermotactic motility such that they cannot swim in a direction that is optimal survival
(such as odal-12 mutant for Chlamydomonas and the PilT accession NC_010475 for
cyanobacteria). Such strains do not need motility to exist in continually mixed high
cell density bioreactors and ponds, but cannot compete with native organisms in a
natural ecosystem, where they must’be able to swim towards optimal light and away
from danger. Because they do not waste energy on motility, they have more energy
available for making commercially needed components Potentially contaminating
cells organisms are kept out of the culture ponds by having traits such as herbicide
resistance. Rare non-motile algae or cyanobacteria introgressing the TM construct
could also no longer compete with native organisms in natural ecosystems. In order to
determine whether co-transformation of a desirable transgene with a mitigator gene
prevents proliferation of transgenic strains having the tandem construct can compete in
the case of breach of containment, a construct was made containing a PPO
(protoporphyrinogen oxidase) gene ( DQ386114) (SEQ ID NO: 32) conferring
pyrazoxyfen herbicide resistance (and other PPO related herbicides) as the primary
desirable gene, in the background of the odal2-1 mutant in algae or in tandem to the
PilT gene (SEQ ID NO:33) (NC_010475) from cyanobacteria conferring non
swimming as a mitigator, and used to transform Synechococcus PCC7002,
Phaeodactylum tricornutum, Nannochloropsis sp CS 246, Nannochloropsis oculata,
Nannochloropsis  salina, Pavlova lutheri CS 182, Synechococcus PCC7942,
Synechosystis PCC6803, Chlamydomonas reinhardtii, Chlorella vulgaris, Chlorella
ssp., Isochrysis sp. CS-177 Tetraselmis chuii CS-26 Tetraselmis suecica CS-187.
Transformants were selected on fresh TAP agar plates containing 10 mM pyrazoxyfen,
for 7-10 days at 30°C. Conditions are modified for each organism according to its

needs, based on modifications of standard protocols
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Experimental Procedures

Assembling the tandem construct

Generation of Chlamydomonas containing a PPO herbicide resistant gene in the
background of the odal2-1 mutant

The odal2-1 mutant lacks the entire LC2 + LC10 genes. This strain exhibits a
flagellar beat frequency that is consistently less than that observed for strains that fail
to assemble the entire outer arm and docking complex (Tanner 2008). Therefore the
PPO herbicide resistant construct is transformed in the background of the odal2-1
mutant .

The PPO herbicide resistant sequence ( Patzoldt 2006) is synthesized using the
published sequence ( DQ386114) (SEQ ID NO:32) with modifications according to
the codon usage of the green algae C. reinhardtii. The gene is cloned into pGEM-T
vector (Promega) and then transferred into pSP124S (Sizova et al. 2001) under the
control of the RbcS2 promoter and 3’ RbcS2 terminator. Fig. 11.

Another option is to produce either RNAI or antisense constructs directed
against dynein heavy/light chains in tandem with the PPO herbicide resistant gene
under the control of the RbcS2 promoter and 3’ RbcS2 terminator in the pSP124S

vector.

Transformation of algae

Algae cells in 0.4 ml of growth medium containing 5% PEG6000 are
transformed with plasmid from examples 1 and 2 (1+5mg) by the glass bead
vortexing method (Kindle 1990) or electroporation (Chow and Tung 1999). The
transformation mixture is then transferred to 10 ml of non-selective growth medium
for recovery. The cells are kept for at least 18 h at 25° C in the light. Cells are
collected by centrifugation and plated at a density of 10® cells per 80 mm plate.

For selection transformants were grown on fresh TAP agar plates containing
10 mM pyrazoxyfen, for 7-10 days at 30°C. Conditions are modified for each

organism according to its needs, based on modifications of standard protocols
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Generation of cyanobacteria Synechococcus PCC7002 expressing a PPO
herbicide resistant gene and the antisense of PilT gene under the control of the
rbcS2 promoter

The PPO herbicide resistant geﬁe (Patzoldt 2006) is chemically synthesized
using the published sequence (DQ386114) (SEQ ID NO:32) with modifications
according to the codon usage of Synechococcus PCC7002 (SEQ ID NO:35) and with
the addition of BamHI restriction sites in its both ends. The gene is cloned into
pGEM-T vector (Promega) and then transferred into the BamHI site of pCB4 plasmid
(Deng and Coleman, 1999) downstream to the Synechococcus rbcLS promoter and
upstream to antisense of PilT gene (SEQ ID NO:33), followed by rbcLS terminator.

The coding sequence of Synechococcus PCC7002 PilT gene is amplified using
the forward primer: ATGGATTACATGATCGAAGA (SEQ ID NO:36) and the
reverse primer: GCGACGTTTTGCGGTTGGGC (SEQ D NO:37) followed by
cloning into pGEM-T plasmid (Promega). The fragment is then excised from the
pGEM-T plasmid and cloned into the shuttle vector pCB4 in an antisense orientation

downstream to the PPO herbicide resistant gene.

Transformation of cyanobacteria

For transformation of Synechococcus PCC7002, cells are cultured in 100 ml
of ASN-III liquid medium at 28°C under white fluorescent light and subcultured at
the mid-exponential phase of growth. To 1.0 ml of cell suspension containing 2x108
cells, which are cultured at the mid-exponential phase of growth, 0.5 or 1.0 pg of
donor DNA (in 10 mM Tris/l mM EDTA, pH 8.0) is added, and the mixture is
incubated in the dark at 26° C overnight. For selection transformants were grown on
fresh TAP agar plates containing 10 mM pyrazoxyfen, for 7-10 days at 30°C.
Conditions are modified for each organism according to its needs, based on
modifications of standard protocols. Surviving cells are then transferred for future

culturing and further examination.

Gene integration analyses of algae or cyanobacteria transformants
Genomic DNA is isolated using either Stratagene's (La Jolla, Calif.) DNA
purification kit or a combination of QIAGEN's (Valencia, Calif.) DNeasy plant mini
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kit and phenol chloroform extraction (Davies et al. 1992). Total RNA is isolated using
either QIAGENS's Plant RNeasy Kit or the Trizol Reagent (Invitrogen, Carlsbad,
Calif.).
The DNA is analyzed by PCR for the presence of intact PPO.
primers for algae:

Forward primer: (SEQ ID NO:38) ATGGTAATTC AATCCATTAC

Reverse primer: ;(SEQ ID NO:39) CGGTCTTCTCATCCATCTTC
And the following primers for cyanobacteria:

" Forward primer: CTGGACTCTC ATATATACGT
(SEQ ID NO:40) from the PPO

Reverse primer: CAACCGCAAAACGTCGCTAA (SEQ ID NO 41) from PilT

In vivo PPO assay. Putative transformed algal or cyanobacterial cells were
cultured in a solution of 10 mM pyrazoxyfen in standard algae or cyanobacteria
culture media. At this concentration, all non-transgenic cells are killed.

In vivo motility assay Picked pyrazoxyfen resistant algae or cyanobacteria
cells are placed on a microscope slide and observed. The slide is then unilaterally
illuminated and movement towards or away from the light (depending on intensity) is
observed in wild type but not mutant cells .

Competition of TM transgenics with the wild type algae and cyanobacteria
The transgenic TM algae or cyanobacteria are used to compete with natural species in
simulated conditions. 1000 transgenic cells per ml are pipetted into unfiltered sea
water in aquaria and cultivated in 100 pEin per cm?® per sec light fluence, to simulate
light conditions in the sea at a nominal depth. Aliquots are removed initially at daily,
and later at weekly intervals and plated out, and the dwindling proportion of colonies
that fluoresce in blue light are counted.

Results Within a few months, blue fluorescing colonies cannot be found in the

aquaria.

Example 6
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Prevention of establishment of algal individuals transgenically resistant to
mercury in flue gas by engineering them into mutant algae lacking the ability to
store complex carbohydrates

One of the traits suitable for Transgenic Mitigation in constructs with a
primary, desirable trait is using an antisense or RNAi form of starch synthesizing
genes that confer non-storage of starch (such as stal, GenBank Accession:
XM_001693395) coupled to genes encoding enzymes responsible for the synthesis of
polysaccharides such a inulin (such as 1-SST and 1-FFT, AJ009757, AJ009756) or
levan (such as SacB from Bacillus subtilis (NC_000964) or Bacillus amyloliquifaciens
(NC_009725) or levan sucrase gene from Erwinia amylovora (AJ831832) or ftf gene
from Streptococcus mutans, NC_004350) or graminan, a highly branched levan found
in wheat, barley and other graminae that the algae or cyanobacteria are capable of
storing but are incapable of mobilizing in times of need. Such strains can live only in
bioreactors and ponds, where other traits are separately used to prevent the
establishment of competing organisms. Rare algae or cyanobacteria introgressing the
TM construct in natural ecosystems could also no longer compete with native
organisms in the natural ecosystems. In order to determine whether co-transformation
of a desirable transgene with a mitigator gene would prevent proliferation of
transgenic strains having the tandem construct can compete in the case of breach of
containment, the merA (SEQ ID NO:64; NC 002134) and merB genes (SEQ ID
NO:65,U77087) conferring mercury resistance are used as the primary desirable
genes, and a tandem construct is made containing the above starch reducing/inulin
over-producing genes as a mitigator and used to transform Synechococcus PCC7002,
Phaeodactylum tricornutum, Nannochloropsis sp CS 246, Nannochloropsis oculata,
Nannochloropsis salina, Paviova lutheri CS 182, Synechococcus PCC7942,
Synechosystis PCC6803, Chlamydomonas reinhardtii, Chlorélla vulgaris, Chlorella
ssp., Lsochrysis sp. CS-177 Tetraselmis chuii CS-26 Tetraselmis suecica CS-187. In

this case the mercury resistant trait is used as a selectable marker.

Experimental Procedures

Assembly the tandem construct
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Generation of Chlamydomonas reinhardtii expressing RNAi of stal (for reduced
starch) together with the merA and merB genes conferring mercury resistance and
the 1-SST and 1-FFT genes encoding enzymes responsible for the synthesis of
inulin

For generation of a tandem construct including the RNAi of C. reinhardtii
stal gene encodes for AGPase large subunit (which are later used together with the
merA and merB genes conferring mercury resistance), The primer for stal is:
GCTCTAGAGCATGC TGTTAATGGCGACGCCTGG (SEQ ID NO: 42), and
primer: GC GGATCCAAGCTT GAACCACTCCTTGTCGGTGG (SEQ ID NO:43)
containing the Xbal+Sphl and BamHI+HindlII restriction in their 5° flanking region
are used for amplification of exons number 2,3,4 and introns 2,3 (597-1649 gDNA) of
C. reinhardtii stal gene (SEQ ID NO: 67) using gDNA (genomic DNA) as a
template and exons 2,3,4 (40-504 CDS) of C. reinhardtii stalcDNA using cDNA as
template. The 1053 bp genomic fragment was cloned into pSTBIlue-1 (Novagene) in
Sphl/BamHI restriction sites and the 465 bp cDNA fragment is cloned into
HindHI/Xbal sites of the same pSTBlue-1 plasmid in antisense orientation
downstream to the sense genomic sequence. The stal RNAI cassette is then excised
from pSTBlue-1 by Xbal digestion and cloned into the corresponding site of pSP124s,
in the ble 3’'UTR. Then a de novo synthesized merdA and merB is synthesized
according to the appropriate codon usage of the desired algae, each cloned under the
control of rbcS2 promoter and terminator, is introduced into the same plasmid
replacing the ble selectable marker, upstream to the stal RNAI cassette (Fig. 8A).

For generation of a construct including genes encoding enzymes responsible
for the synthesis of inulin (such as Helianthus tuberosus 1-SST (SEQ ID NO: 44) and
I-FFT (SEQ ID NO:45); AJ009757, AJ009756, respectively ) or levans,such as SacB
from Bacillus subtilis (NC_000964) (SEQ ID NO:69)or Bacillus amyloliquifaciens
(NC_009725) or levan sucrase gene from Erwinia amylovora (AJ831832) or fif gene
from Streptococcus mutans, NC_004350) the coding sequence of each gene is de
novo synthesized according to the appropriate codon usage of the desired algae and
cloned under the control of rbcS2 promoter and terminator. The tandem construct is

introduced into the pSP124s plasmid downstream to the ble 3°UTR (Fig. 8B).
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Co-transformation of the two plasmids into Chlamydomonas reinhardltii is
analyzed using inverse PCR with specific primers (arrows indicates primers positions
in Figs. 8A and B).

Generation of cyanobacteria Synechococcus PCC7002 expressing antisense of stal
(for reduced starch) together with the merA and merB genes conferring mercury
resistance and the 1-SST and 1-FFT genes encoding enzymes responsible for the
synthesis of inulin

For cyanobacteria the glgC (glucose-1-phosphate adenyltransferase) (SEQ ID
NO:68) is cloned in antisense orientation using primers:
Primer:GTGTGTTGTTGGCAATCGAG (SEQ ID NO:46) and:
Primer:CTAGATTACCGTGCCGTCGG (SEQ ID NO:47) for amplification of glgC
cDNA from Syrecocysitis PCC 6803 and the PCR product is cloned into pGEM-T
T/A vector (Promega). The fragment containing the complete AGPase coding
sequence is cloned into the plasmid pCB4 in an antisense orientation downstream to
the rbcLS promoter. Then the de novo synthesized merd and merB synthesized
according to the cyanobacteria codon usage of the desired algae each cloned under the
control of rbcLS promoter and terminator, is introduced into the same plasmid
upstream to the glgC antisense sequence.

For generation of a construct including genes encoding enzymes responsible
for the synthesis of inulin (e.g. Helianthus tuberosus 1-SST and I-FFT, AJ009757,
AJ009756) the coding sequence of each gene is de novo synthesized according to the
appropriate codon usage of the desired cyanobacteria and cloned under the control of
rbcLS promoter and terminator in pCB4 plasmid.

Co-transformation of the two plasmids into Synechococcus PCC7002 is analyzed

using inverse PCR with specific primers and genomic DNA as a template.

Gene integration analyses of algae or cyanobacteria transformants

Genomic DNA is isolated using either Stratagene's (La Jolla, Calif.)) DNA
purification kit or a combination of QIAGEN's (Valencia, Calif.) DNeasy plant mini
kit and phenol chloroform extraction (Davies et al. 1992). Total RNA is isolated using
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either QIAGENS's Plant RNeasy Kit or the Trizol Reagent (Invitrogen, Carlsbad,
Calif).

The DNA is analyzed by inverse PCR as described by Ochman et al., 1998, for
the presence of intact tandem linked merd, merB, and 1-FFT, 1-SST genomic inserts.
Two different DNA segments within the genomic TM T-DNA insert are amplified
over the positions indicated in Fig. 8 with the following primers:

Forward primer 1 (SEQ ID NO:48): TCTCATCGCATTGCGCTGCA (merB)
Reverse primer-1 (SEQ ID NO:49): CCAACTTTCCTGGAACCCGC (merA)
forward primer 2 (SEQ ID NO: 50): CACGTTTAGTTCCCATGATC (FFT-1)
Reverse primer 2 (SEQ ID NO: 51): CAAGCGTGGAACACATCTAC (SST-1)

The PCR products are purified using the QIAquick PCR Purification Kit® (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions, and sequenced to
confirm the integration of the TM T-DNA.

In vivo merA/merB assay. Putative algae or cyanobacteria cells are plated on
5-10 uM PMA (phenyl mercury acetate, replacing methyl mercury) in standard algae
or cyanobacteria culture media. At this concentration, all non-transgenic cells are
killed.

In vivo starch assay Mercury resistant transgenic algae or cyanobacteria cells
from numbered colonies of picked cells are cultured in 96-well dishes in standard
algae or cyanobacteria culture media such that single cells develop into cultures.
When cultures are dense, they are bleached with DMSO as in Example 3, and then
stained for the absence of starch with iodine / potassium iodide solution. A

Inulin determination The best cultures, most rapidly growing mercury
resistant/low starch cultures able to attain the most dense growth are analyzed for
inulin content according to Cairns (2003) and references therein.

Competition of TM transgenics with the wild type algae and cyanobacteria
The transgenic TM algae or cyanobacteria are used to compete with natural species in
simulated conditions. 1000 transgenic cells per ml are pipetted into unfiltered sea
water in aquaria and cultivated in 100 uEin per cm? per sec light fluence, to simulate
light conditions in the sea at a nominal depth. Aliquots are removed initially at daily,

and later at weekly intervals, and the dwindling proportion of yellow green colonies

PCT/US2009/005067



10

15

20

25

30

WO 2010/027516

50

are counted. Aliquots at the same dilutions were plated in parallel on the same media,

but containing 10 uM PMA.
Results Within a few months, no methyl mercury resistant cells can be found

in the aquaria.

Example 7
Prevention of establishment and introgression of enhanced photosynthesis and UV
resistance by coupling with a gene preventing flagella/cilia formation resulting in
cells lacking self motility

One of the traits suitable for Transgenic Mitigatioﬁ in constructs with a
primary, desirable trait is to have cells incapable of phototactic/chemotactic or
thermotactic motilify such that they cannot swim in a direction that is optimal survival
(such as odal-12 mutant for Chlamydomonas and the PilT NC 010475 for
cyanobacteria). Such strains do not need motility to exist in continually mixed high
cell density bioreactors and ponds, but cannot compete with native organisms in a
natural ecosystem, where they must be able to swim towards optimal light and away
from danger. Because they do not waste energy on motility, they have more energy
available for making commercially needed components Potentially contaminating
cells organisms are kept out of the culture ponds by having traits such as herbicide
resistance. Rare non-motile algae or cyanobacteria introgressing the TM construct
could also no longer compete with native organisms in natural ecosystems. In order to
determine whether co-transformation of a desirable transgene with a mitigator gene
prevents proliferation of transgenic strains having the tandem construct can compete in
the case of breach of containment, a tandem construct was made containing a BFP—
blue fluorescing protein (SEQ ID NO:53) that converts cell damaging near ultraviolet
light to blue light that can be used in photosynthesis, and the odal2-1 mutant in algae
/ PilT gene in cyanobacteria conferring non swimming as a mitigator (NC_010475),
and used to transform Synechococcus PCC7002, Phaeodactylum tricornutum,
Nannochloropsis sp CS 246, Nannochloropsis oculata, Nannochloropsis salina, Pavlova
lutheri CS 182, Synechococcus PCC7942, Synechosystis PCC6803, ChIamydomohas
reinhardtii, Chlorella vulgaris, Chlorella ssp., Isochrysis sp. CS-177 Tetraselmis chuii
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CS-26 Tetraselmis suecica CS-187. The resistance to UV damage and the ability to
photosynthesize the blue fluorescence emanating from incident near UV light is used

as a selectable marker for transformations.

Experimental Procedures

Assembling the construct

Generation of Chlamydomonas coniaining an BFP-blue fluorescing protein gene
in the background of odal2-1 mutant

The odal2-1 mutant lacks the entire LC2 + LC10 genes. This strain exhibits a
flagellar beat frequency that is consistently less than that observed for strains that fail
to assemble the entire outer arm and docking complex (Tanner 2008). Therefore the
BFP-azurite construct is built in with the background of the odal2-1 mutant.

The BFP-azurite construct sequence (Mena et al. 2006) is chemically
synthetized using the published sequence with modifications according to the codon
usage of the green algae C. reinhardtii (SEQ ID NO:54).

The gene is cloned into pGEM-T vector (Promega) and then transferred into
pSP124S (Sizova et al. 2001).under the control of the RbcS2 promoter and 3’ RbcS2
terminator (Fig. 9).

Another option is to produce either RNAI or antisense constructs directed
against dynein heavy/light chains in tandem with the BFP-blue fluorescing protein
gene under the control of the RbcS2 promoter and 3’ RbcS2 terminator in the
pSP124S vector.

Transformation of algae

Algae cells in 0.4 ml of growth medium containing 5% PEG6000 are
transformed with plasmid from examples 1 and 2 (1+5mg) by the glass bead
vortexing method (Kindle 1990) or electroporation (Chow and Tung 1999). The
transformation mixture is then transferred to 10 ml of non-selective growth medium
for recovery. The cells are kept for at least 18 h at 25° C 'in the light. Cells are
collected by centrifugation and plated at a density of 10° cells per 80 mm plate.

Transformants are grown on fresh TAP agar plates for 7 days in 30° C.
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For selection, transformants are grown on fresh TAP agar plates for 7 days at
30° C. Colonies are transferred to micro-well plates at a dilution of 1-2 cells per
microwell using medium, and cultured under UV light until it is apparent that there
cells growing in most wells. BFP fluorescence is monitored at excitation of 383 nm
and emission of 450 nm. DsRed and any other FP used are monitored with their
specific excitation and emission spectra. Cells from microwells producing the highest
fluorescent signal are collected and cultured as single cell colonies under UV light
(duration and intensity are set at LD 99% of wild type cells). Surviving cells are then

transferred for future culturing and further examination.

Generation of cyanobacteria Synechococcus PCC7002 expressing a BFP-blue
[fluorescing protein gene and the antisense of Pi/T gene under the control of the
rbcS2 promoter

The BFP-azurite sequence (Mena et al. 2006) is chemically synthesized using
the published sequence (SEQ ID NO:52) with modifications according to the codon
usage of Synechococcus PCC7002 (SEQ ID NO:55) and with the addition of BamHI
restriction sites in its both ends. The gene is cloned into pGEM-T vector (Promega)
and then transferred into the BamHI site of pCB4 plasmid (Deng and Coleman, 1999)
downstream to the Synechococcus rbcLS promoter and upstream to antisense of PilT
gene (SEQ ID NO:53), followed by rbcLS terminator.

The coding sequence of Synechococcus PCC7002 PilT gene is amplified using
the forward primer: ATGGATTACATGATCGAAGA (SEQ ID NO:58) and the
reverse primer: GCGACGTTTTGCGGTTGGGC (SEQ ID NO:59) followed by
cloning into pPGEM-T plasmid (Promega). The fragment is then excised from the
pGEM-T plasmid and cloned into the shuttle vector pCB4 in an antisense orientation

downstream to the BFP gene ( Fig. 11).

Transformation of cyanobacteria

For transformation of Synechococcus PCC7002, cells are cultured in 100 ml
of ASN-III liquid medium at 28°C under white fluorescent light and subcultured at
the mid-exponential phase of growth. To 1.0 ml of cell suspension containing 2x10®

cells, which are cultured at the mid-exponential phase of growth, 0.5 or 1.0 pg of
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donor DNA (in 10 mM Tris/l mM EDTA, pH 8.0) is added, and the mixture is
incubated in the dark at 26° C overnight. For selection, transformants are grown on
fresh TAP Agar plates for 7 days at 30° C. Colonies are transferred to micro-well
plates at a dilution of 1-2 cells per microwell using medium, and cultured with a 16/8
h light/dark period under white fluorescent light at 30° C until it is apparent that there
cells growing in most wells. BFP fluorescence is monitored at excitation of 383 nm
and emission of 450 nm. DsRed and any other FP used are monitored with their
specific excitation and emission spectra. Cells from microwells producing the highest
fluorescent signal are collected and cultured as single cell colonies under UV light
(duration and intensity are set at LD 99% of wild type cells). Surviving cells are then

transferred for future culturing and further examination.

Gene integration analyses of algae or cyanobacteria transformants

Genomic DNA is isolated using either Stratagene's (La Jolla, Calif.) DNA
purification kit or a combination of QIAGEN's (Valencia, Calif.) DNeasy plant mini
kit and phenol chloroform extraction (Davies et al. 1992). Total RNA is isolated using
either QIAGENS's Plant RNeasy Kit or the Trizol Reagent (Invitrogen, Carlsbad,
Calif).

The DNA is analyzed by PCR for the presence of intact tandemly linked BFP—
blue fluorescing protein gene and PilT gene in an antisense orientation. Four different
DNA segments within the genomic TM T-DNA insert are amplified over the positions
indicated in Fig. 11 with the following primers for algae: 4

Forward primer: ATGAGCAAGGGCGAGGAGCT (SEQ ID NO:60)

Reverse primer: GTGGTGGTGGTGGTGGTGCT (SEQ ID NO:61)

And the following primers for cyanobacteria:

Forward primer: AACACCACCACCACCACCAC (SEQ ID NO:62) from
the BFP

Reverse primer: CAACCGCAAAACGTCGCTAA (SEQ ID NO 63) from PilT

In vivo UV resistance assay. Putative algae or cyanobacteria cells are plated
on Petri dishes and placed in a box where the sole irradiation is near UV light. Green

colonies that develop are expected to contain the BFP gene.
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_ In vivo motility assay Picked UV resistant algae or cyanobacteria cells are
placed on a microscope slide and observed. The slide is then unilaterally illuminated
and movement towards or away from the light (depending on intensity) is observed in
wild type but not mutant cells .

Competition of TM transgenics with the wild type algae and cyanobacteria
The transgenic TM algae or cyanobacteria are used to compete with natural species in
simulated conditions. 1000 transgenic cells per ml are pipetted into unfiltered sea
water in aquaria and cultivated in 100 pEin per cm? per sec light fluence, to simulate
light conditions in the sea at a nominal depth. Aliquots are removed initially at daily,
and later at weekly intervals and plated out, and the dwindling proportion of colonies
that fluoresce in blue light are counted.

Results Within a few months, blue fluorescing colonies cannot be found in the
aquaria.
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CLAIMS:

What is claimed is:

1. A method to mitigate effects of release of at least one advantageous genetically
engineered trait of an alga or a cyanobacterium into natural ecosystems, said
method comprising a step of transforming an alga or a cyanobacterium to express
said at least one advantageous genetically engineered trait, and at least one
mitigating genetic trait, wherein:

said at least one advantageous genetically engineered trait is encoded by at

least one advantageous gene, and said at least one advantageous gene

being operably linked with promoter sequences, and

said at least one mitigating genetic trait is encoded by at least one

mitigating gene, said at least one mitigating gene being optionally

operably linked with promoter sequences; and

said at least one advantageous gene and said at least one mitigating gene
being introduced into the alga or cyanobacterium in tandem, whereby
encoding sequences of the advantageous and mitigating genes remain
genetically linked in the transgenic alga or cyanobacterium; and

said at least one mitigating gene further being desirable in or neutral to the
transgenic alga or cyanobacterium when cultivated but rendering the
transgenic alga or cyanobacterium incapable of establishing itself or its

introgressed offspring in natural ecosystems.

2. The method of claim 1, wherein the alga is selected from the group of algal strains
consisting of :
Nannochloropsis sp CS 246, Nannochloropsis oculata, Phaeodactylum
tricornutum, Nannochloropsis salina, Pavlova lutheri CS 182,
Chlamydomanas reinhardlii, Isochrysis sp. Tetraselmis sp., Nannochloris sp.

and Chlorella sp.
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3. The method of claim 1, wherein the cyanobacterium is selected from the group of

cyanobacterial strains consisting of’

Synechococcus PC 7942, Synechococcus PCC7002, and Synechocystis
PCC6803,

The method of claim 1, wherein the mitigating trait is selected from the group

consisting of:

reduced content of ribulose 1,5 bis phosphate carboxylase/oxygenase
(RUBISCO), reduced photosystem 2 antenna size, modified cilia or flagella
formation or action, reduced carotene content in photosystems, reduced
content of cell wall polymers, reduced ability to take up carbon dioxide,
suppressed ability to convert nitrate to ammonia, and reduced biosynthesis of

storage polymers.

5. The method of claim 4, wherein the mitigating trait is reduced content of

6.

RUBISCO and the trait is conferred by an antisense oriented gene sequence

encoding large or small subunit of RUBISCO or by RNAi casette of the gene.

The method of claim 4, wherein the mitigating trait is reduced photosystem 2
antenna size, and the trait is conferred by an antisense oriented tlal, or

reduced chlorophyll a oxygenase or similar gene or by RNAI of the gene.

The method of claim 4, wherein the mitigating trait is modified cilia or flagella
formation or action, and the trait is conferred by p/iT-gene in antisense

orientation.

The method of claim 4, wherein the mitigating trait is reduced carotene

content of photosystems and the trait is conferred by a mutant pds-gene.

The method of claim 4, wherein the mitigating trait is reduced content of cell

wall polymers.
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10. The method of claim 4, wherein the mitigating trait is modified biosynthesis of

storage polymers.

11. The method of claim 10, wherein starch storage is reduced and nondegradable

polysaccharide storage is enhanced.

12. The method of claim 11, wherein the non degradable polysaccharide is

selected from the group consisting of inulin, levan and graminan.

13. The method of claim 10, wherein starch storage is reduced by a stal gene in

antisense orientation or by an RNAi cassette of the gene,

14. The method of claim 12, wherein the non degradable polysaccharide is inulin

and the trait is conferred by 1SST or 1FFT encoding sequences.

15. The method of claim 12, wherein the non degradable polysaccharide is levan
and the trait is conferred by SacB or fif gene. The method of claim 4, wherein

the mitigating trait is reduced ability to reduce nitrate to ammonia.

16. The method of claim 4, wherein the mitigating trait is reduced ability to reduce

nitrate to ammonia.

17. The method of claim 16, wherein the reduced ability to reduce nitrate to
ammonia is conferred by antisense or RNAi suppression of nitrate or nitrite
reductase.

18. The method of claim 4, wherein the mitigating trait is suppressed activity of

carbon concentrating mechanism.

19. The method of claim 18, wherein the suppressed carbon concentrating

mechanism is achieved by low carbonic anhydrase activity or production.
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20. The method of claim 1, wherein the advantageous trait is selected from the
group consisting of modified fatty acid composition, enhanced photosynthesis,
increased methionine content, increased lysine content, herbicide resistance,

mercury resistance, and virus resistance.

21. The method of claim 20, wherein the advantageous trait is modified fatty acid
composition and the trait is conferred by a gene encoding delta(12)-fatty acid

dehydrogenase.

22. The method of claim 20, wherein the advantageous trait is modified fatty acid

composition and the trait is conferred by a gene encoding fatty acid desaturase.

23. The method of claim 20, wherein the advantageous trait is modified fatty acid

composition and the trait is conferred by a gene encoding dithioesterase.

24. The method of claim 20, wherein the advantageous trait is enhanced

photosynfhesis and the trait is conferred by 7lal gene.

25. The method of claim 20, wherein the advantageous trait is enhanced
photosynthesis and the trait is conferred by reducing expression of

chlorophyll a oxygnase-gene.

26. The method of claim 20, wherein the advantageous trait is enhanced
photosynthesis and the trait is conferred by overexpression of aldolase,

triosephosphate isomerase or fructose 1,6 bisphosphatase genes.

27. The method of claim 20, wherein the advantageous trait is enhanced

photosynthesis and the trait is conferred by a gene encoding Blue Fluorescent
Protein (BFP).
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The method of claim 20, wherein the advantageous trait is increased
methionine content and the trait is conferred by a gene encoding high

methionine 2S albumin.

The method of claim 20, wherein the advantageous trait is increased lysine
content, and the trait is conferred by a gene encoding high lysine BHL8

protein.

The method of claim 20, wherein the advantageous trait is herbicide
resistance and the trait is conferred by a gene selected from a group
consisting of genes encoding phosphinothricin N-acetyltransferase,
glyphosate oxidoreductase, or herbicide resistant forms of 5-
enolpyruvylshikimate-3-phosphate synthase (EPSPS), acetolactate
synthase (ALS), 4-hydroxyphenyl-pyruvate dehydrogenase (HPPD) and
protoporphyrinogen oxidase (PPO).

A genetic construct for mitigating effects of release of a genetically
engineered genetic trait of an alga or cyanobacterium into natural
ecosystems, said construct comprising a first polynucleotide sequence
encoding a desirable genetic trait and a second polynucleotide sequence
encoding a mitigating genetic trait, wherein the first and the second

polynucleotide sequences are covalently linked.

The genetic construct of claim 31, wherein the first polynucleotide sequence

is operably linked to a promoter sequence.

The genetic construct of claim 32, wherein the first polynucleotide sequence
is EPSPS coding sequence, the promoter sequence is RbcS promoter
sequence, and the second polynucleotide sequence is a tlal encoding

sequence in anti-sense orientation.
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34. The genetic construct of claim 32, wherein the first polynucleotide
sequence is virus CAPSID coding sequence, the promoter sequence is
. RbcS promoter sequence, and the second polynucleotide comprises RbeS

RNAI casette.

35. The genetic construct of claim 32, wherein the first polynucleotide
sequence is virus CAPSID coding sequence, the promoter sequence is
RbcS promoter sequence, and the second polynucleotide sequence is RbcS
encoding sequence in antisense orientation operably linked to RbcS

promoter sequence.

36. The genetic construct of claim 32, wherein the first polynucleotide
sequence is mutant PDS coding sequence, the promoter sequence is
hsp70ARbcS promoter sequence linked to 5’end of rbcS2, and the second
polynucleotide sequence is BHL8 coding sequence or 2S albumin

protein coding sequence.

37. The genetic construct of claim 32, wherein the first polynucleotide
sequence is mutant PDS coding sequence, the promoter sequence is
RbcLS promoter sequence, and the second polynucleotide sequence is

BHLS8 coding sequence or 2S albumin protein coding sequence.

38. The genetic construct of claim 32, wherein the first polynucleotide
sequence is BFP encoding sequence, the promoter sequence is RbcS
promoter sequence, and the second polynucleotide sequence is PilT
encoding sequence in antisense orientation operably linked RbcS

promoter sequence.

39. A genetic construct for mitigating effects of release of a genetically
engineered genetic trait of an alga or cyanobacterium in to natural
ecosystems, said construct comprising a first cassette and a second

cassette, said first cassette comprising a first and a second polynucleotide
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sequences operably linked to a first and a second promoter sequences and
encoding a first and a second desirable genetic trait, |
said second cassette comprising a polynucleotide sequence encoding
a mitigating trait, said polynucleotide sequence being operably linked to a
promoter sequence; and said first and second cassettes being covalently
linked.

40. The genetic construct of claim 39, wherein the first polynucleotide
sequence is merA coding sequence, first promoter sequence is RbcS
promoter sequence, the second polynucleotide sequence is merB coding
sequence, second promoter sequences is RbcS promoter sequence and the
polynucleotide sequence encoding mitigating trait is stal or sta6 RNAi

cassette.

41. A method to mitigate effects of release of at least one advantageous
genetically engineered trait of an alga or a cyanobacterium into natural

ecosystems, said method comprising steps of:

a. selecting a mutated alga or a cyanobacterium to express said at
least one mitigating trait, and

b. transforming the mutated alga or cyanobacterium with said at least
one advantageous trait, wherein said at least one advantageous
genetically engineered trait is encoded by at least one advantageous
gene, and said at least one advantageous gene being operably
linked with promoter sequences, and said at least one mitigating
trait being desirable in or neutral to the transformed alga or
cyanobacterium when cultivated but rendering the alga or
cyanobacterium incapable of establishing itself or its introgressed

offspring in natural ecosystems.

42. The method of claim 41, wherein the mitigating trait is decreased antenna

size and the advantageous trait is herbicide resistance.
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43. The method of claim 42, wherein the mutated alga or cyanobacteria is
transformed with an expression vector comprising HPPD resistance

encoding gene sequence under control of rbcS2 promoter.

44. The method of claim 41, wherein the mitigating trait is impaired motility

and the advantageous trait is herbicide resistance.

45. The method of claim 44, wherein the mutated alga is transformed with an
expression vector comprising PPO herbicide resistance encoding gene

sequence under control of tbcS2 promoter.

46. The method of claim 41, wherein the mutated alga is odal-12 or tla-1

mutant of Chlamydomonas reinharadtii.

47. The method of claim 41, wherein the mutated cyanobacteria is PilT mutant.

48. A method to mitigate effects of release of at least one advantageous
genetically engineered trait of an asexual, or non-conjugating alga ora
cyanobacterium into natural ecosystems, said method comprising a step of
transforming an alga or a cyanobacterium to express said at least one
advantageous genetically engineered trait, and at least one mitigating genetic
trait, wherein:

said at least one advantageous genetically engineered trait is encoded by at

least one advantageous gene, and said at least one advantageous gene

being operably linked with promoter sequences, and

said at least one mitigating genetic trait is encoded by at least one
mitigating gene, said at least one mitigating gene being optionally operably
linked with promoter sequences; and

said at least one mitigating gene further being desirable in or neutral to the
transgenic alga or cyanobacterium when cultivated but rendering the

transgenic alga or cyanobacterium incapable to compete in natural ecosystems.
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