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CHIMERIC PUFA POLYKETIDE SYNTHASE SYSTEMS
AND USES THEREOF

Relatcd Applications

Each of the following patent applications is incorporated herein by reference in its
cntirety. U.S. Patent Application No. 11/689,438, filed March 21, 2007; U.S. Patent
Application No. 10/965,017, filed October 13, 2004, now U.S. Patent No. 7,217,856; U.S.
Patent Application Serial No. 10/810,352, filed March 26, 2004, now U.S. Patent No.
7,211,418; U.S. Provisional Application Serial No. 60/457,979, filed March 26, 2003; U.S.
Patent Application Serial No. 10/124,800, filed April 16, 2002; U.S. Provisional
Application Serial No. 60/284,066, filed April 16, 2001; U.S. Provisional Application
Serial No. 60/298,796, filed June 15, 2001; U.S. Provisional Application Serial No.
60/323,269, filed September 18, 2001; U.S. Application Serial No. 09/231,899, filed
January 14, 1999, now U.S. Patent No. 6,566,583; U.S. Application No. 11/668,333, filed
January 29, 2007; U.S. Patent Application Serial No. 11/452,096, filed June 12, 2006;
U.S. Provisional Application No. 60/784,616, filed March 21, 2006; U.S. Provisional
Application No. 60/689,167, filed June 10, 2005; U.S. Patent Application No. 11/452,138,
filed June 12, 2006; U.S. Provisional Application No. 60/784,616, filed March 21, 2006;
U.S. Provisional Application No. 60/689,167, filed June 10, 2005; U.S. Application Serial
No. 09/090,793, filed June 4, 1998, now U.S. Patent No. 6,140,486.

Field of the Invention

This invention relates to chimeric polyunsaturated fatty acid (PUFA) polyketide
synthase (PKS) systems, and particularly, to chimeric PUFA PKS systems from
Schizochytrium and Thraustochytrium. Morc particularly, this invention rclates to nucleic
acids cncoding such PUFA PKS systems, to these PUFA PKS systcms, to genctically
modified organisms comprising such PUFA PKS systems, and to methods of making and
using such PUFA PKS systems disclosed herein.

Background of the Invention

Polyketide synthase (PKS) systems are generally known in the art as enzyme
complexes related to fatty acid synthase (FAS) systems, but which are often highly
modified to produce specialized products that typically show little resemblance to fatty
acids. It has now been shown, however, that PKS-like systems, also referred to herein
interchangeably as PUFA PKS systems, PUFA synthase systems, or PKS systems for the

production of PUFAs, exist in marine bacteria and certain eukaryotic organisms that are
1
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capable of synthesizing polyunsaturated fatty acids (PUFAs) from acetyl-CoA and
malonyl-CoA. The PUFA PKS pathways for PUFA synthesis in Shewanella and another
marine bacteria, Vibrio marinus, are described in detail in U.S. Patent No. 6,140,486. The
PUFA PKS pathways for PUFA synthesis in the eukaryotic Thraustochytrid,
Schizochytrium, is described in detail in U.S. Patent No. 6,566,583. The PUFA PKS
pathways for PUFA synthesis in eukaryotes such as members of Thraustochytriales,
including the additional description of a PUFA PKS system in Schizochytrium and the
identification of a PUFA PKS system in Thraustochytrium, including details regarding
uses of these systems, are described in detail in U.S. Patent Application Publication No.
20020194641, published December 19, 2002, and U.S. Patent Application Publication No.
20070089199, published April 19, 2007. U.S. Patent Application Publication No.
20040235127, published November 25, 2004, discloses the detailed structural description
of a PUFA PKS system in Thraustochytrium, and further detail regarding the production
of eicosapentaenoic acid (C20:5, ©-3) (EPA) and other PUFAs using such systems. U.S.
Patent Application Publication No. 20050100995, published May 12, 2005, discloses the
structural and functional description of PUFA PKS systems in Shewanella olleyana and
Shewanella japonica, and uses of such systems. These applications also disclose the
genetic modification of organisms, including microorganisms and plants, with the genes
comprising the PUFA PKS pathway and the production of PUFAs by such organisms.
Furthermore, PCT Patent Publication No. WO 05/097982 describes a PUFA PKS system
in Ulkenia, and U.S. Patent Application Publication No. 20050014231 describes PUFA
PKS genes and proteins from Thraustochytrium aureum. Each of the above-identified
applications is incorporated by reference herein in its entirety.

Researchers have attempted to exploit polyketide synthase (PKS) systems that
have been traditionally described in the literature as falling into one of three basic types,
typically referred to as: Type I (modular or iterative), Type II, and Type III. For purposes
of clarity, it is noted that the Type I modular PKS system has previously also been referred
to as simply a "modular" PKS system, and the Type I iterative PKS system has previously
also been referred to simply as a "Type I" PKS system. The Type II system is
characterized by separable proteins, each of which carries out a distinct enzymatic
reaction. The enzymes work in concert to produce the end product and each individual
enzyme of the system typically participates several times in the production of the end
product. This type of system operates in a manner analogous to the fatty acid synthase
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(FAS) systems found in plants and bacteria. Type I iterative PKS systems are similar to
the Type II system in that the enzymes are used in an iterative fashion to produce the end
product. The Type I iterative differs from Type II in that enzymatic activities, instead of
being associated with separable proteins, occur as domains of larger proteins. This system
is analogous to the Type I FAS systems found in animals and fungi.

In contrast to the Type II systems, in Type I modular PKS systems, each enzyme
domain is used only once in the production of the end product. The domains are found in
very large proteins and the product of each reaction is passed on to another domain in the
PKS protein. Additionally, in the PKS systems described above, if a carbon-carbon
double bond is incorporated into the end product, it is usually in the trans configuration.

Type III systems have been more recently discovered and belong to the plant
chalcone synthase family of condensing enzymes. Type III PKSs are distinct from type I
and type II PKS systems and utilize free acyl-CoA substrates in iterative condensation
reactions to usually produce a heterocyclic end product.

Polyunsaturated fatty acids (PUFAs) are considered to be useful for nutritional,
pharmaceutical, industrial, and other purposes. The current supply of PUFAs from natural
sources and from chemical synthesis is not sufficient for commercial needs. A major
current source for PUFAs is from marine fish; however, fish stocks are declining, and this
may not be a sustainable resource. Additionally, contamination, from both heavy metals
and toxic organic molecules, is a serious issue with oil derived from marine fish.
Vegetable oils derived from oil seed crops are relatively inexpensive and do not have the
contamination issues associated with fish oils. However, the PUFAs found in
commercially developed plant oils are typically limited to linoleic acid (eighteen carbons
with 2 double bonds, in the delta 9 and 12 positions - 18:2 delta 9,12) and linolenic acid
(18:3 delta 9,12,15). In the conventional pathway (i.e., the "standard" pathway or
"classical" pathway) for PUFA synthesis, medium chain-length saturated fatty acids
(products of a fatty acid synthase (FAS) system) are modified by a series of elongation and
desaturation reactions. The substrates for the elongation reaction are fatty acyl-CoA (the
fatty acid chain to be elongated) and malonyl-CoA (the source of the 2 carbons added
during each elongation reaction). The product of the elongase reaction is a fatty acyl-CoA
that has two additional carbons in the linear chain. The desaturases create cis double
bonds in the preexisting fatty acid chain by extraction of 2 hydrogens in an oxygen-
dependant reaction. The substrates for the desaturases are either acyl-CoA (in some

3



15 Aug 2013

2008254837

25

30

35

animals) or the fatty acid that is esterified to the glycerol backbone of a phospholipid (e.g. -
phosphatidylcholine ).

Therefore, because a number of separate desaturase and elongase enzymes are required
for fatty acid synthesis from linoleic and linolenic acids to produce the more unsaturated and
longer chain PUFAs, engineering plant host cells for the expression of PUFAs such as EPA and
docosahexaenoic acid (DRA) may require expression of several separate enzymés to achieve
synthesis. Additionally, for production of useable quantities of such PUFAs, additional
engineering efforts may be required. Therefore, it is of interest to obtain genetic material
involved in PUF A biosynthesis from species that naturally produce these fatty acids (e.g., from
a PUFA PKS system) and to express the isolated material alone or in combination in a

heterologous system which can be manipulated to allow production of commercial quantities of
PUFAs.

There have been many efforts to produce PUFAs 111 oil-seed crop plants by modification
of the endogenously-produced fatty acids. Genetic modification of these plants with various
individual genes for fatty acid elongases and desaturases has produced leaves or seeds containing
measurable levels of PUFAs such as EPA, but also containing significant levels of mixed
shorter-chain and less unsaturated PUFAs (Qi et al., Nature Biotech. 22:739 (2004); PCT
Publication No. WO 04/071467; Abbadi et al., Plant Cell 16:1 (2004)); Napier and Sayanova,
Proceedings of the Nutrition Society (2005),64:387-20 393; Robert et al., Functional Plant
Biology (2005) 32:473-479; or U.S. Patent Application Publication 2004/0172682.

Improvement in both microbial and plant production of PUFAs is a highly desirable
commercial goal. Therefore, there remains a need in the art for a method to efficiently and
effectively produce quantities of lipids (e.g., triacylglycerol (TAG) and phospholipid (PL))
enriched in desired PUFAs, particularly in commercially useful organisms such as
microorganisms and oil-seed plants.

Summary of the Invention

According to a first aspect there is provided a chimeric PUFA PKS system, wherein an
FabA-like f-hydroxyacyl-ACP dehydrase-2 (DH2) domain from a first PUFA PKS system is
replaced with a DH2 domain from a different, second PUFA PKS system, to produce a chimeric
PUFA PKS system that produces a different ratio of omega-3 to omega-6 PUFAs as compared to
the first PUFA PKS system.

According to a second aspect there is provided a method of altering the omega-3 to
omega-6 ratio of polyunsaturated fatty acids (PUFAs) produced by a first PUFA PKS system,

comprising expressing the chimeric PUFA PKS system of the first aspect in an organism.

“According to a third aspect there is provided a genetically modified microorganism or
plant or part of the plant, comprising a chimeric PUFA PKS system of the first aspect.
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According to a fourth aspect there is provided a method of increasing the production of
PUFAs and of altering the omega-3 to omega-6 ratio of polyunsaturated fatty acids (PUFAs)
produced by a first PUFA PKS system, comprising expressing a chimeric PUFA PKS system in
an organism, wherein the Fab A- like B-hydroxyacyl-ACP dehydrase-2 (DH2) domain from a
first PUFA PKS system is replaced with a DH2 domain from a different, second PUFA PKS
system, to produce a chimeric PUFA PKS system that produces a different ratio of omega-3 to
omega-6 PUFAs as compared to the first PUFA PKS system, and wherein the DH2 domain from
the second PUFA PKS system is optimized for the codon usage of the organism from which the
first PUFA PKS system is derived.

According to a fifth aspect there is provided an isolated nucleic acid molecule encoding a
chimeric OrfC protein that is at least 95% identical to SEQ ID NO: 74 or SEQ ID NO: 75.

According to a sixth aspect there is provided a recombinant nucleic acid molecule
comprising the nucleic acid molecule of the fifth aspect.

According to a seventh aspect there is provided a recombinant host cell that has been
transfected with the nucleic acid molecule of the fifth aspect. The host cell may be a plant cell or
a microorganism such as a Schizochytrium, a bacterium, or a yeast.

According to an eighth aspect there is provided a genetically modified plant or part
thereof, comprising the plant cell of the seventh aspect.

One embodiment of the invention relates to a chimeric PUFA PKS system, wherein an
FabA-like B-hydroxyacyl-ACP dehydrase (DR) domain from a first PUFA PKS system is
replaced with a DR domain from a different, second PUFA PKS system, to produce a chimeric
PUFA PKS system that produces a different ratio of omega-3 to omega-6 PUFAs as compared to
the first PUFA PKS system. In one aspect, a protein compﬁsing the DR domain from the first
PUFA PKS system is replaced with a
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homologous protein comprising the DH domain from the second PUFA PKS system. In
one aspect, the DH domain from the first or second PUFA PKS system corresponds to a
DH2 domain from Schizochytrium or Thraustochytrium. In one aspect, the first PUFA
PKS system is a Schizochytrium PUFA PKS system, and wherein the second PUFA PKS
system is a Thraustochytrium PUFA PKS system. In one aspect, the first PUFA PKS
system is a Schizochytrium PUFA PKS system, and wherein OrfC from the
Schizochytrium PUFA PKS system is replaced with OrfC from a different thraustochytrid.

In one aspect of this embodiment, the first PUFA PKS system is a Schizochytrium
PUFA PKS system, and wherein OrfC from the Schizochytrium PUFA PKS system is
replaced with OrfC from Thraustochytrium 23B. In one aspect, such an OrfC from
Thraustochytrium 23B is encoded by a nucleic acid sequence that is optimized for
Schizochytrium codon usage. An exemplary nucleic acid sequence comprises SEQ ID
NO:70. In an additional aspect, OrfA from the Schizochytrium PUFA PKS system is
replaced with OrfA from Thraustochytrium 23B. In one aspect, such an OrfA from
Thraustochytrium 23B is encoded by a nucleic acid sequence that is optimized for
Schizochytrium codon usage. An exemplary nucleic acid sequence comprises SEQ ID
NO:71. In another additional aspect, OrfB from the Schizochytrium PUFA PKS system is
replaced with OrfB from Thraustochytrium 23B. In one aspect, such an OrfB from
Thraustochytrium 23B is encoded by a nucleic acid sequence that is optimized for
Schizochytrium codon usage. An exemplary nucleic acid sequence comprises SEQ ID
NO:72. Other combinations of OrfsA, B and C will be apparent based on this disclosure
to those of skill in the art.

In yet another aspect of this embodiment, the first PUFA PKS system is a
Schizochytrium PUFA PKS system, and the DH2 domain of OrfC from the Schizochytrium
PUFA PKS system is replaced with the DH2 domain from Thraustochytrium 23B. In one
aspect, an exemplary nucleic acid sequence comprising the DH2 domain from
Thraustochytrium 23B comprises SEQ ID NO:73. In one aspect, the DH2 domain from
Thraustochytrium 23B is encoded by a nucleic acid sequence that is optimized for
Schizochytrium codon usage. Such a nucleic acid sequence comprising the DH2 domain
from Thraustochytrium 23B is exemplified by the nucleic acid sequence comprising SEQ
ID NO:75.

In yet another aspect of this embodiment, the chimeric PUFA PKS system
comprises a protein comprising an amino acid sequence that is at least 95% identical to
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SEQ ID NO:74. In one aspect, the chimeric PUFA PKS system comprises a protein
comprising an amino acid sequence of SEQ ID NO:74. In one aspect, the chimeric PUFA
PKS system comprises SEQ ID NO:2, SEQ ID NO:4 and SEQ ID NO:74. In another
aspect, the chimeric PUFA PKS system comprises SEQ ID NO:39, SEQ ID NO:4 and
SEQ ID NO:62. In another aspect, the chimeric PUFA PKS system comprises SEQ ID
NO:39, SEQ ID NO:4 and SEQ ID NO:74. In another aspect, the chimeric PUFA PKS
system is encoded by nucleic acid molecules comprising: SEQ ID NO:1, SEQ ID NO:3
and SEQ ID NO:70. In yet another aspect, the chimeric PUFA PKS system is encoded by
nucleic acid molecules comprising: SEQ ID NO:1, SEQ ID NO:3 and SEQ ID NO:73. In
another aspect, the chimeric PUFA PKS system is encoded by nucleic acid molecules
comprising: SEQ ID NO:1, SEQ ID NO:3 and SEQ ID NO:75. In another aspect, the
chimeric PUFA PKS system is encoded by nucleic acid molecules comprising: SEQ ID
NO:71, SEQ ID NO:3 and SEQ ID NO:70.

Another embodiment of the invention relates to a method of altering the omega-3
to omega-6 ratio of polyunsaturated fatty acids (PUFAs) produced by a first PUFA PKS
system, comprising expressing any of the above-described chimeric PUFA PKS systems
in an organism. In one aspect, the chimeric PUFA PKS system is expressed by a
microorganism. In one aspect, the microorganism is a Schizochytrium. In yet another
aspect, the microorganism is a yeast. In one aspect, the chimeric PUFA PKS system is
expressed by a plant.

Yet another embodiment of the invention relates to a genetically modified
microorganism or plant or part of the plant, comprising any of the above-described
chimeric PUFA PKS systems.

Another embodiment of the invention relates to a method of increasing the
production of PUFAs and of altering the omega-3 to omega-6 ratio of polyunsaturated
fatty acids (PUFAs) produced by a first PUFA PKS system. The method comprises
expressing a chimeric PUFA PKS system in an organism, wherein the FabA-like f-
hydroxyacyl-ACP dehydrase (DH) domain from a first PUFA PKS system is replaced
with a DH domain from a different, second PUFA PKS system, to produce a chimeric
PUFA PKS system that produces a different ratio of omega-3 to omega-6 PUFAs as
compared to the first PUFA PKS system. The DH domain from the second PUFA PKS
system is optimized for the codon usage of the organism from which the first PUFA PKS

system is derived.
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Yet another embodiment of the invention relates to an isolated nucleic acid
molecule encoding a chimeric OrfC protein that is at least 95% identical to SEQ ID
NO:74. In one aspect, the isolated nucleic acid molecule comprises a nucleic acid
sequence that is at least 95% identical to SEQ ID NO:73. In one aspect, the nucleic acid
sequence is optimized for the codon usage of an organism in which the nucleic acid
molecule is to be expressed. As an example, the nucleic acid sequence may be optimized
for the codon usage of an organism from which a portion of the chimeric protein is
derived. In one embodiment, the nucleic acid sequence is at least 95% identical to SEQ
ID NO:75.

Another embodiment of the invention relates to a recombinant nucleic acid
molecule comprising any of the above-described nucleic acid molecules.

Yet another embodiment of the invention relates to a recombinant host cell that has
been transfected with any of the above-described nucleic acid molecules. In one aspect,
cell is a microorganism. In one aspect, the microorganism is a Schizochytrium. In one
aspect, the microorganism is a bacterium. In one aspect, the microorganism is a yeast. In
one aspect, the cell is a plant cell.

Another embodiment of the invention relates to a genetically modified plant or part
thereof, comprising any of the above-described recombinant host cells.

Another embodiment of the invention relates to a chimeric PUFA PKS system,
comprising: (a) at least one enoyl-ACP reductase (ER) domain; (b) at least four ACP
domains; (c) at least two B-ketoacyl-ACP synthase (KS) domains; (d) at least one
acyltransferase (AT) domain; (e) at least one B-ketoacyl-ACP reductase (KR) domain; (f)
at least two FabA-like B-hydroxyacyl-ACP dehydrase (DH) domains; (g) at least one chain
length factor (CLF) domain; and (h) at least one malonyl-CoA:ACP acyltransferase
(MAT) domain. At least one of the DH domains is from a first PUFA PKS system, and
the remainder of domains (a)-(h) are from a second, different PUFA PKS system.

Another embodiment of the invention relates to a method of increasing PUFA
production by an organism that expresses a PUFA PKS system. The method includes
modifying a nucleic acid molecule encoding at least one protein in the PUFA PKS system
for the optimized codon usage of the organism or of a related organism. In one aspect, the
organism expresses a heterologous, recombinant PUFA PKS system. In one aspect, the
organism is a Schizochytrium and a nucleic acid molecule encoding at least one protein in
the endogenous PUFA PKS system is optimized for Schizochytrium codon usage.

7
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Brief Description of the Figures

Fig. 1 is a graphical representation of the domain structure of the Schizochytrium
PUFA PKS system.

Fig. 2A is a schematic drawing showing step 1 of the construction of a plasmid
containing a synthetic, Schizochytrium codon-optimized nucleic acid sequence encoding
OrfC from Thraustochytrium 23B (pThOrfC_synPS), as well as intermediate plasmids
produced by the process.

Fig. 2B is a schematic drawing showing step 2 of the construction of a plasmid
containing a synthetic, Schizochytrium codon-optimized nucleic acid sequence encoding
OrfC from Thraustochytrium 23B (pThOrfC _synPS), as well as intermediate plasmids
produced by the process.

Fig. 3A is a schematic drawing showing steps 1-6 of the construction of a plasmid
encoding Schizochytrium OrfC comprising a native DH2 domain from Thraustochytrium
23B (pDS49), as well as intermediate plasmids produced by the process.

Fig. 3B is a schematic drawing showing step 7 of the construction of a plasmid
encoding Schizochytrium OrfC comprising a native DH2 domain from Thraustochytrium
23B (pDS49), as well as intermediate plasmids produced by the process.

Fig. 3C is a schematic drawing showing steps 8-9 of the construction of a plasmid
encoding Schizochytrium OrfC comprising a native DH2 domain from Thraustochytrium
23B (pDS49), as well as intermediate plasmids produced by the process.

Fig. 4A is a schematic drawing showing the construction of plasmid DD21 as the
first step in the construction of a plasmid encoding Schizochytrium OrfC comprising a
synthetic, Schizochytrium codon-optimized DH2 domain from Thraustochytrium 23B
(pDD24), as well as intermediate plasmids produced by the process.

Fig. 4B is a schematic drawing showing the construction of plasmid DD22 as the
second step in the construction of a plasmid encoding Schizochytrium OrfC comprising a
synthetic, Schizochytrium codon-optimized DH2 domain from Thraustochytrium 23B
(pDD24), as well as intermediate plasmids produced by the process.

Fig. 4C is a schematic drawing showing the construction of plasmid pDD24 as the
final step in the construction of a plasmid encoding Schizochytrium OrfC comprising a
synthetic, Schizochytrium codon-optimized DH2 domain from Thraustochytrium 23B

(pDD24), as well as intermediate plasmids produced by the process.
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Fig. 5 is a FAME profile of control yeast and yeast expressing Schizochytrium
OrfsA, OrfsB, OrfC and Het I.

Fig. 6 is the FAME profile for yeast from Fig. 5, expanded to illustrate the
production of target PUFAs.

Detailed Description of the Invention

The present invention generally relates to polyunsaturated fatty acid (PUFA)
polyketide synthase (PKS) systems, also known as PUFA synthase systems, including
PUFA PKS systems from thraustochytrids (e.g., Schizochytrium and Thraustochytrium),
labyrinthulids, marine bacteria, and other PUFA PKS-containing organisms, and chimeric
PUFA PKS proteins and systems produced therefrom. The present invention relates to
genetically modified organisms comprising such PUFA PKS systems, and to methods of
making and using such systems for the production of products of interest, including
bioactive molecules. In one preferred embodiment, the present invention relates to a
method to produce PUFAs in a microorganism or in an oil-seed plant or plant part that has
been genetically modified to express a PUFA PKS system of the present invention. The
oils produced by the microorganism or plant contain at least one PUFA produced by the
PUFA PKS system, and in the case of the plant, are substantially free of the mixed shorter-
chain and less unsaturated PUFAs that are fatty acid products produced by the
modification of products of the FAS system. The present invention specifically includes
methods to modify the amount of PUFAs and the ratio of PUFAs produced by a PUFA
PKS system, and in one aspect of the invention, the ratio of omega-3 to omega-6 PUFAs
or the ratio of one PUFA to another PUFA(s) (e.g., the ratio of DHA to EPA), which can
be applied to the creation and use of any PUFA PKS construct and/or genetically modified
organism, as exemplified and described in detail herein.

First, the present inventors describe herein a domain of a PUFA PKS system that is
both necessary and sufficient for modifying the ratio of PUFAs that are produced by a
PUFA PKS system when more than one PUFA is produced, and provide novel chimeric
constructs, novel chimeric PUFA PKS systems, novel organisms, and novel methods for
producing modified amounts of PUFAs using this discovery. Second, the present
inventors describe herein methods, modifications, and a variety of chimeric PUFA PKS
systems and constructs for optimizing PUFA PKS expression in heterologous hosts (or in

an endogenous host) to increase the PUFA production by the organism. The invention
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includes a detailed description of the use of these two discoveries, alone or together, to
enhance and direct PUFA production in an organism.

More particularly, with regard to certain embodiments of the invention, previous
work by the present inventors and colleagues (see Example 8 in U.S. Patent Application
Publication No. 20050100995) demonstrated that the Thraustochytrium 23B orfC coding
region (represented herein by SEQ ID NO:62) could functionally replace the
Schizochytrium orfC coding region in the orfC locus in the genome. This was determined
by first creating an exact deletion of the Schizochytrium orfC coding region containing an
antibiotic resistance cassette in its place (denoted AorfC::ZEO) resulting in a strain
(denoted B32-Z1) with an obligate growth requirement for DHA and resistance to
Zeocin™. A plasmid in which the 74.23B orfC coding region was cloned exactly between
Schizochytrium orfC upstream and downstream non-coding regions was then constructed.
Transformation of the Schizochytrium AorfC::ZEO strain with this 74.23B orfC construct
resulted in complementation of the deletion and prototrophic (non-DHA-requiring),
Zeocin-sensitive transformants. It was determined that these transformants derived from
double cross-over recombination events at the orfC locus such that the 74.23B orfC
coding region had exactly substituted for that from Schizochytrium; i.e., gene replacement.
Analysis of the fatty acid content of these transformants showed that the DHA/DPA ratio
had been changed from ca. 2.3 (in wild type Schizochytrium ATCC20888) to ca. 8.3
(approximately that of 7/4.23B). This result indicated that the orfC gene (containing three
domains, DH1, DH2 and ER, in Schizochytrium and Thraustochytrium) plays a major role
in determining the n-3/n-6 (omega-3/omega-6) ratio of PUFA products. However, total
PUFA production in the 74.23B orfC-containing strain, while significant, was lower than
that of the wild-type Schizochytrium host (ca. 60%).

Examination of these two orfC coding regions led the inventors to consider that the
Th.23B gene is poorly expressed in Schizochytrium due to notably different patterns of
codon usage between Schizochytrium and Thraustochytrium. The inventors have now
discovered that by using a "synthetic" 7/4.23B orfC coding region (i.e., a synthetically
produced coding region) with codon usage optimized for the Schizochytrium pattern, DHA
production was enhanced, while the increased n-3/n-6 ratio seen with the non-synthetic
Th.23B orfC was maintained (see Examples 1 and 4).

The inventors have also previously described the existence of identifiable domains
within the OrfC protein for Schizochytrium and Thraustochytrium: dehydratase 1 (DHI),
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dehydratase 2 (DH2), and enoyl reductase (ER) (e.g., see U.S. Patent Application
Publication No. 20020194641, supra, U.S. Patent Application Publication No.
20040235127, supra), and have taught that one or more of the domains in OrfC were
believed to be involved in controlling the type and/or ratio of fatty acids produced by the
PUFA PKS system. Here, the inventors demonstrate in Schizochytrium, E. coli<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>