GENETIC MANIPULATION AND EXPRESSION SYSTEMS FOR
PUCCINIOMYCOTINA AND USTILAGINOMYCOTINA SUBPHYLA

CROSS-REFERENCE TO RELATED APPLICATION
[0001] The present application is related to and claims priority to US Provisional Patent
Application Serial No. 61/495,619, filed 10 June 2011. This application is incorporated herein

by reference.

SEQUENCE SUBMISSION

[0002] The present application is being filed along with a Sequence Listing in electronic
format. The Sequence Listing is entitled 2577207SequenceListing.txt, was created on 11 April
2012 and is 31 kb in size. The information in the electronic format of the Sequence Listing is

part of the present application and is incorporated herein by reference in its entirety.

BACKGROUND OF THE INVENTION

[0003]  The present invention relates to the field of plant molecular biology, more particularly
to high efficiency genetic manipulation and strong gene expression systems in species in the
Pucciniomycotina and Ustilaginomycotina subphyla.

[0004]  The publications and other materials used herein to illuminate the background of the
invention, and in particular, cases to provide additional details respecting the practice, are
incorporated by reference, and for convenience are referenced in the following text by author
and date and are listed alphabetically by author in the appended bibliography.

[0005] The Pucciniomycotina are a subphylum of fungi in the phylum of Basidiomycota
(Kirk et al., 2008). It holds many species that have important industrial applications. For
example, a number of species in the Rhodosporidium and Sporidiobolus genera, such as
Rhodosporidium toruloides (also known as Rhodotorula gracilis, Rhodosporidium glutinis,
Rhodotorula glutinis, Torula koishikawensis and Torula rubescens) and Sporobolomyces
salmonicolor, are oil-rich single-cell yeasts capable of high density fermentation (Hu et al.,
2009; Meng et al., 2009). These species hold great potential as a host for the production of Jong
chain hydrocarbons, such as triacylglycerol (TAG, or fat), fatty acid esters (biodiesel), fatty
alcohols, alcohols, lactonés, terpenoids and vitamins (Wu et al., 2010a; Wu et al., 2010b; Zhao
et al., 2010a; Zhao et al., 2010b). Although a method based on the PEG-mediated transfection of
protoplast have been reported in Rhodosporidium toruloides (Tully and Gilbert, 1985), the
method is highly unreliable and requires an auxotrophic mutant for transformation. The

transformation vector cannot be applied to genetic manipulation of industrials strains due the



instability of the plasmid pHG2, which contains the Phenylalanine Ammonia-lyase (PAL)-
coding gene (PAL) of R. toruloides and LEU2 gene of Saccharomyces cerevisiae as a selection
marker, and the site-specific pattern of DNA vector integration. Similarly, there are no
functional promoters that can be used to drive the expression of utility genes or selections
markers in Rhodosporidium. Similar situation is found in Sporobolomyces (Ianiri et al., 2011).
In another example, species in Ustilaginomycotina subphylum, in particular, Ustilago and
Pseudozyma genera, are known to produce glycolipids, which may function as a surfactant or
fungicide (Hewald et al., 2005; Teichmann et al., 2010).

[0006] A complete genetic manipulation and expression system is typically composed of
promoters that are either constitutive or inducible; selection markers; DNA vectors; methods to
introduce the DNA into the host cell, either to integrate into the genome or replicate as an
episome; and methods to inhibit or block expression of genes of interest.

[0007]  Agrobacterium tumefaciens-mediated transformation (ATMT) is a convenient method
for transformation of many fungal species (De Groot et al., 1998). Transformation efficiency
may be improved by optimization of pH value for the Agrobacterium, ratio and absolute value
of recipient cells and donor cells during cQ-culture (Jiet al., 2010) and the use of enhancer DNA
sequences derived from T-DNA (YE and Gilbertson, 2009). In ATMT of plant species several
techniques have been reported to improve transformation, including sonication and vacuum
infiltration of plant tissues (de Oliveira et al., 2009); stronger promoters to drive expression of
selection markers (Maehara et al., 2010) and control of host defense response (Khanna et al.,
2007, Vega et al., 2008). The effects of these modifications have not been confirmed in the
ATMT of fungi.

[0008] It is well-known that fungal cells may also be transformed by eletroporation of either
intact cells or protoplast (Wu and Letchworth, 2004); and transfection of a protoplast (Meyer,
2008; Turgeon et al., 2010) or simple chemical induction to increase cell wall permeability
(Gietz and Woods, 2002; Hill et al., 1991; Ito et al., 1983). Random insertional mutagenesis is a
powerful tool for fast identification of unknown genes. Although restriction enzyme-mediated
integration (REMI) may be used to improve integration of linearized DNA vectors in a PEG-
mediated transformation protocol (Bolker et al., 1995; Maier and Schafer, 1999), this method is
hampered by large deletions of genomic DNA, multiple insertions and untagged mutagenesis
including chromosomal rearrangements (Bolker et al., 1995; Meyer et al., 2003; Sweigard et al.,
1998). On the other hand, ATMT has been recognized as a superior tool on this aspect (Choi et
al., 2007; Soltani et al., 2008).



[0009]  Selection of fungal transformants has been demonstrated with artificial constructs that
express a protein modifies the antibiotic and herbicide. Commonly used genes include
hygromycin phosphotransferase (hpt) that confers resistance to Hygromycin B (Bundock et al.,
1995); nourseothricin acetyltransferase (nat) that confers resistance to Nourseothricin (Ji et al.,
2010; Krugel et al., 1988), aminoglycoside 3‘-phosphotransferase (aph) or Neomycin
phosphotransferase (npt) that confers resistance to Kanamycin or G418 or Neomycin (Goldstein
and McCusker, 1999; Scorer et al., 1994), Streptoalloteichus hindustanus bleomycin gene (ble)
that confers resistance to Zeocin (Pfeifer et al., 1997; Takeno et al., 2005); 5-enolpyruvyl-3-
phosphoshikimate synthetase (aroA) gene confers resistance to the herbicide Glyphosate (Comai
et al,, 1983); phosphinothricin acetyl transferase (pat) that confers resistance to the herbicide
biédaphos (Goldstein and McCusker, 1999); acetolactate synthase (acs) gene that confers
resistance to the herbicide Sulfonylureas (Haughn et al., 1988).

[0010]  Gene deletion and replacement are vital gene-targeting techniques in modern genetics.
However, it is often very challenging to generate such mutants due to the low gene-targeting
frequency. Techniques that significantly improve gene-targeting frequency are highly sought
after in many organisms. _

[0011] In higher eukaryotic DNA nonhomologous end joining (NHEJ) system, the DNA-
dependent protein kinase (DNA-PK) holoenzyme comprises a polypeptide heterodimer of
approximately 70 and 80 kDa, known as Ku70 and Ku80, which binds to DNA strand bréaks,
thereby recruiting and activating the 470-kDa catalytic subunit, termed as DNA-PKcs (Smith
and Jackson, 1999). Whilst Rad51 and Rad52 are essential for the repair of DSB in the HR
pathway (van Attikum et al., 2003), DNA-PKcs/Ku complex and XRCC4/ligase IV are vital in
the NHEJ pathway in mammalian systems (van Attikum et al., 2001). However, homolog for the
DNA-PKcs subunit remains unidentified in fungi. In recent years, there have been several
reports of éuccess on improvement of gene deletion frequency through disruption of the NHEJ
pathway by deleting one or more of its key components (Kuck and Hoff, 2010). This technique
is cumbersome to apply.

[0012]  On the other hand, a large number of compounds have been reported to inhibit the
activity of DNA-PK, including wortmanin (Boulton et al., 1996), LY294002 (Rosenzweig et al.,
1997), vanillin (Durant and Karran, 2003), NU1025 (Boulton et al., 1999), PD128763 (Tentori
et al., 2002), AG14361 (Skalitzky et al., 2003), NU7026 [2-(morpholin-4-yl)-benzo[h]}chomen-
4-one; 2-(4-morpholinyl)-4H-naphthol[1,2-b]pyran-4-one] and NU7441 [8-(4-dibenzothienyl)-

2-(4-morpholinyl)-4H-1-benzopyran-4-one]. The latter two are believed to be more specific and



potent inhibitors of DNA-PK in animals (Veuger et al., 2003; Willmore et al., 2004). In the
absence of DNA-PK in fungi, it is not known if there compounds will facilitate gene targeting.

[0013]  Currently, genetic transformation of species in the Rhodosporidium, Sporobolomyces,
Sporisorium and Ustilago genera is either completely not available or inefficient, and is a major

hurdle to the advancement of renewable chemicals and biofuels.

SUMMARY OF THE INVENTION

[0014] The present invention relates to synthetic constructs and the transformation methods
that enable highly efficient production of a transformed cell selected from a species in the
Pucciniomycotina and Ustilaginomycotina subphyla. The species of particular relevance are
those in the Rhodosporidium, Sporisorium, Sporobolomyces and Ustilago genera, in which
reside a number of species with great potential for the bioconversion of renewable resources into
high-value products, such as triglyceride, biodiesel, fatty alcohol, vitamins, lactone, terpenoids
and biosurfactants.

[0015]  In a first aspect, the present invention provides polynucleotide sequences that function
as a strong promoter of gene expression, for example, for the hygromycin phosphotransferase
(hpf) and nourseothricin acetyltransferase genes (nar), and allows the effective selection of
transformed cells in species selected from the Rhosporidium, Sporisorium and Ustilago genera.
In one embodiment, the promoter comprises the nucleotide sequence set forth in SEQ ID NO:1.
In another embodiment, the promoter comprises the nucleotide sequence set forth in SEQ ID
NO:2. In an additional embodiment, the promoter comprises the nucleotide sequence set forth
in SEQ ID NO:3. In a further embodiment, the promoter comprises the nucleotide sequence set
forth in SEQ ID NO:4. In another embodiment, the promoter is a ref promoter of Ashibia
gossipii and comprises the nucleotide sequence set forth in SEQ ID NO: 5. In an additional
embodiment, the promoter comprises the nucleotide sequence set forth in SEQ ID NO:51. Ina
further embodiment, the promoter comprises the nucleotide seéuence set forth in SEQ ID NO:55.
In another embodiment, the promoter is a stearoyl-CoA delta9-desaturase promoter of
Rhodotrula glutinis and comprises the nucleotide sequence set forth in SEQ ID NO:56. Each of
these promoters are effective in performing strong gene expression in Rhosporidium,
Sporisorium, Sporobolomyces, Rhodoturula, Pseudozyma and Ustilago genera. Additional
strong promoters can be identified from other species in the Aspergillus, Rhosporidium,
Rhodotorula, Sporobolomyces, Sporisorium, Pseudozyma and Ustilago genera using the

techniques described herein for identifying such promoters. In addition, operable fragments of



these promoters can be isolated using convention promoter screening assays and can be screened
for efficient selection of transformed fungal cells using the techniques described herein.

[0016] In a second aspect, the present invention provides synthetic dominant selection
constructs comprising an isolated promoter derived from a species selected from the Aspergillus,
Rhosporidium, Sporobolomyces, Sporisorium, Rhodoturula, Pseudozyma and Ustilago genera,
to which the promoter is operatively linked to a coding sequence for a suitable marker which is
operatively linked to a transcriptional terminator. Such constructs are effective in facilitating
production of a transformed cell in a species selected from the Rhosporidium, Sporisorium,
Sporobolomyces, Rhodoturula, Pseudozyma or Ustilago genus. In one embodiment, a suitable
marker is a protein that confers antibiotic resistance. In another embodiment, a suitable marker
is a protein that confers herbicide resistance. In one embodiment, a coding sequence for the
marker that fulfills this function is one that s either naturally existent or artificially created and
contains at least about 60% GC. In a second embodiment, a coding sequence for the marker that
fulfills this function is one that is either naturally existent or artificially created and contains
about 63% GC. In a third embodiment, a coding sequence for the marker that fulfills this
function is one that is either naturally existent or artificially created and contains about 70% GC.
In one embodiment, at least about 70% of the codon triplets of such coding sequences end with
C or G. In another embodiment, more than about 80% of the codon triplets of such coding
sequences end with C or G. In one embodiment, such coding sequences are composed of UCG
codons in at least about 40% of the total Serine (Ser) residues. In one embodiment, the coding
sequence for drug resistance comprises the nucleotide sequence set forth in SEQ ID NO:6. In
another embodiment, the coding sequence for drug resistance comprises the nucleotide sequence
set forth in SEQ ID NO:7. In an additional embodiment, the coding sequence for drug resistance
comprises the nucleotide sequence set forth in SEQ ID NO:8. In one embodiment, any
transcriptional terminator operable in a fungal species can be used.

[0017] In a third aspect, the present invention provides a transformation method that is based
on dominant selection for a species selected from Pucciniomycotina and Ustilaginomycotina
subphyla, in particular, a species in the Rhosporidium, Sporisorium, Ustilago, Rhodoturula,
Pseudozyma or Sporobolomyces (Sporidiobolus) genus. In one embodiment, the transformation
method is Agrobacterium tumefaciens-mediated transformation (ATMT). In another
embodiment, the transformation method is electroporation. In an additional embodiment, the
transformation method is transfection. In a further embodiment, the transformation method is

biolistic.



[0018]  According to the ATMT embodiment, the method comprises the steps: (a) creating a
synthetic DNA construct that comprises (i) a promoter derived from the Aspergilius,
Rhosporidium, Sporobolomyces, Sporisorium, Rhodoturula, Pseudozyma or Ustilago genera
operatively linked to (ii) a coding sequence for a selectable marker operatively linked to (iii) a
transcriptional terminator that are operatively linked; (b) inserting the DNA construct into a T-
DNA binary vector; (c) introducing the resulting T-DNA vector into a strain of Agrobacterium,
(d) co-culturing the Agrobacterium cells with fungal cells on a solid medium, or on a membrane
that is laid on top of a solid medium, preferably in the presence of Agrobacterium virulence
inducer, such as acetosynringone (AS) to transform fungal cells; (e) selecting a transformed
colony directly on a solid medium or on a membrane that is laid atop of a solid medium. The
selection medium can be further supplemented with agents at a concentration that completely
suppress the growth of Agrobacterium and non-transformed fungal cells. In one embodiment,
the promoter is one described herein. In another embodiment, the coding sequence for a
selectable marker is one described herein. In one embodiment, the selection or co-culturing
media contains at least about 1.5% agar. In another embodiment, the selection or co-culturing
media contains between about 2% and about 3% agar.

[0019] In a fourth aspect, the present invention provides an improved method for gene
targeting in fungi. In particular, a mammalian DNA-dependent protein kinase (DNA-PK)
inhibitor can be supplemented at a substantial amount to a medium used for transformation. In
one embodiment, the DNA-PK inhibitor is NU7026 (2-(morpholin-4-yl)-benzo[hlchomen-4-
one; 2-(4-morpholinyl)-4H-naphthol[1,2-b]pyran-4-one). In another embodiment, the amount of
NU7026 in the medium is between about 0.1 pyM and about 50 uM. In an additional
embodiment, the DNA-PK inhibitor can be used with any transformation protocol, such as

ATMT, electroporation, transfection, biolistic and the like.

BRIEF DESCRIPTION OF THE FIGURES

[0020] Figures 1A-1D show illustrations of transformation vectors. Fig. 1A: pEX2; Pgpd
refers to gpd promoter of Ustilago maydis. Fig. 1B: pEC3. Fig. 1C: pEC3PxxxhptR; Pxxx
indicates various promoters located in the P box. Fig. 1D: pEX3GPDA-EGFP. LB and RB are
the left border and right border of T-DNA respectively. T35S: Cauliflower mosaic 35S gene
terminator; Tnos: Agrobacterium tumefaciens nopaline synthase transcriptioanl termiantor; egfp:

. Enhanced Green Florescence Protein gene.



[0021])  Figures 2A-2D show the effect of selection markers on ATMT of R. toruloides.
Selection for transformants was performed with 100 pg/ml Hygromycin B for both U maydis
and R. toruloides. Fig. 2A: R. toruloides co-cultured with AGL1. Fig. 2B: R. toruloides co-
cultured with AGL1(pEX2). Fig. 2C: colony PCR of putative transformants . Fig. 2D: colony
PCR of putative transformants using nat as a selection marker.

[0022]  Figures 3A and 3B show expression of GFP in hygromycin-resistant colonies. Fig.
3A: Colonies selected for 8 days against 100 pg/ml hygromycin B; Fig. 3B: Colonies selected
for 8 days against 200 pg/ml hygromycin B.

[0023]  Figure 4 shows Southern blot of R. toruloides transformants obtained under various
co-culture medium pH. WT; wild-type R. toruloides. The blot was probed against hpz-3.

[0024]  Figure 5 shows Southern blot analysis of Sporisorium scitamineum transformants.

32
Genomic DNA was digested with BamHI and probed with a [ P]-labeled ipr DNA fragment.
Lanes 1 to 18 are DNA from putative transformants. Lane 19 is Sporisorium scitamineum wild-
type DNA. Molecular markers are indicated on the left.

[0025]  Figure 6 shows Southern blot of transformants of R. glutenis with different promoters.

ngdum, ngdARl, ngdAAn and Pteng refer to the gpd promoter from Ustilago maydis, R.
toruloides, A&pergillus nidulans and Ashibia gossipii, respectively. The blot was probed against
hpt-3.

[0026]  Figure 7 shows the structure of the DNA-PK inhibitor is NU7026 (2-(morpholin-4-
yl)-benzo[h]chomen-4-one; 2-(4-morpholinyl)-4H-naphthol[1,2-b]pyran-4-one).

DETAILED DESCRIPTION OF THE INVENTION

[0027]  Unless defined otherwise, all technical and scientific terms used herein have the same
meaning as is commonly understood by one of skill in the art to which the invention belongs.
[0028] The term “efficient selection” as used herein means direct selection for at least two
true transformants in a 90 mm Petri dish using any fungal isolates.

[0029]  The term “strong expression” as used herein means expression of a marker protein or
mRNA to a detectable level using detection methods known, for example, florescence for GFP,
activity assay for GUS and lacZ genes.

[0030] The present invention relates to synthetic constructs and transformation methods that
enable highly efficient production of a transformed cell selected from a species
Pucciniomycotina and Ustilaginomycotina subphyla. The species of particular relevance are

those in the Rhodosporidium, Sporobolomyces, Sporisorium, Rhodoturula, Pseudozyma and



Ustilago genera, in which reside a number of species with great potential for the bioconversion
of renewable resources into high-value products, such as triglycerides, biodiesel, fatty alcohol,
lactone, terpendoid and vitamins and biosurfactants. Examples of such strains include, but are
not limited to, Rhodosporidium toruloides, Rhodosporidium azoricum, Rhodosporidium
babjevae, Rhodosporidium concentricum, Rhodosporidium diobovatum, Rhodosporidium fluvial,
Rhodosporidium kratochvilovae, Rhodosporidium lusitaniae, Rhodosporidium paludigenum,
Rhodosporidium  sphaerocarpum, Rhodosporidium toruloides, Sporobolomyces roseus,
Sporobolomyces carnicolor, Sporobolomyces salmoneus, Sporisorium scitamineum, Ustilago
maydis, Pseudozyma Antarctica, Pseudozyma aphidis.

[0031] In one aspect, the present invention provides a polynucleotide construct comprising a
promoter operatively linked to a coding sequence for a selectable marker operatively linked to a
transcriptional terminator. The promoter is derived from a fungal species selected from the
group of a species of the Ustilago genus, a species of the Aspergillus genus and a species of the
Rhodosporidium genus and proVides for the strong expression of the coding sequence in
transformed fungal cell of the Pucciniomycotina and Ustilaginomycotina subphyla. The
polynucleotide construct provides efficient selection of a transformed fungal cells of the
Pucciniomycotina and Ustilaginomycotina subphyla.  The polynucleotide construct is
particularly useful for efficient selection of transformed fungal cells of the Rhodosporidium,
Sporisorium, Ustilago, Rhodoturula, Pseudozyma and Sporobolomyces (Sporidiobolus) genera.
[0032] In one embodiment the promoter is derived from a gene encoding glyceraldehyde 3-
phosphate dehydrogenase (gpd) or from a gene encoding protein translation elongation factor
(tef).

[0033] In one embodiment, the promoter comprises the nucleotide sequence set forth in SEQ
ID NO:1. In another embodiment, the promoter comprises the nucleotide sequence set forth in
SEQ ID NO:2. In an additional embodiment, the promoter comprises the nucleotide sequence
set forth in SEQ ID NO:3. In a further embodiment, the promoter comprises the nucleotide
sequence set forth in SEQ ID NO:4. In another embodiment, the promoter is the fef promoter of
Ashibia gossipii set forth in SEQ ID NO: 5. In an additional embodiment, the promoter
comprises the nucleotide sequence set forth in SEQ ID NO:51. In a further embodiment, the
promoter comprises the nucleotide sequence set forth in SEQ ID NO:55. In another
embodiment, the promoter is a stearoyl-CoA delta9-desaturase promoter of Rhodotrula glutinis
and comprises the nucleotide sequence set forth in SEQ ID NO:56. Additional strong promoters

can be identified from other species in the Aspergillus, Rhosporidium, Rhodotorula,



Sporobolomyces and Ustilago genera using the techniques described herein for identifying such
promoters. In addition, operable fragments of these promoters can be isolated using convention
promoter screening assays and can be screened for efficient selection of transformed fungal cells
using the techniques described herein.

[0034]  Nucleic acid hybridization, a technique well known to those of skill in the art of DNA
manipulation, can be used to identify other suitable polynucleotides. In accordance with the
invention other suitable promoters for use may be obtained by the identification of
polynucleotides that selectively hybridize to the promoters described above by hybridization
under low stringency conditions, moderate stringency conditions, or high stringency conditions.
Selectively hybridizing sequences typically have at least 50% sequence identity, preferably at
least 70%, 80% or 90% sequence identity, and most preferably 95%, 98% or 99% sequence
identity with each other.

[0035] Database searches and homology searches of genome and nucleotide databases
identify similar DNA or RNA molecules based on the alignment of nucleotides using algorithms
or computer programs aﬁd these techniques well known to those of skill in the art. In accordance
with the invention other suitable polynucleotides for use may be obtained by the in silico
identification of polynucleotides for regulatory sequences with at least 50% sequence identity,
preferably at least 70%, 80% or 90% sequence identity, and most preferably 95%, 98% or 99%
sequence identity with each other.

[0036] In one embodiment, the promoter comprises (i) a nucleotide sequence having at least
50% identity with the nucleotide sequence of SEQ ID NO:2, (ii) a promoter comprising a
nucléotide sequence having at least 60% identity with the nucleotide sequence of SEQ ID NO:2,
(iii) a promoter comprising a nucleotide sequence having at least 70% identity with the
nucleotide sequence of SEQ ID NO:2, (iv) a promoter comprising a nucleotide sequence having
at least 80% identity with the nucleotide sequence of SEQ ID NO:2, (v) a promoter comprising a
nucleotide sequence having at least 90% identity with the nucleotide sequence of SEQ ID NO:2,
(vi) a promoter comprising a nucleotide sequence having at least 95% identity with the
nucleotide sequence of SEQ ID NO:2, and (vii) a promoter comprising a nucleotide sequence
having at least 98% identity with the nucleotide sequence of SEQ ID NO:2.

[0037] In another embodiment, the promoter comprises (i) a nucleotide sequence having at
least 50% identity with the nucleotide sequence of SEQ ID NO:51, (ii) a promoter comprising a
nucleotide sequence having at least 60% identity with the nucleotide sequence of SEQ ID

NO:51, (iii) a promoter comprising a nucleotide sequence having at least 70% identity with the



10

nucleotide sequence of SEQ ID NO:51, (iv) a promoter comprising a nucleotide sequence
having at least 80% identity with the nucleotide sequence of SEQ ID NO:51, (v) a promoter
-comprising a nucleotide sequence having at least 90% identity with the nucleotide sequence of
SEQ ID NO:51, (vi) a promoter comprising a nucleotide sequence having at least 95% identity
with the nucleotide sequence of SEQ ID N0:51, and (vii) a promoter comprising a nucleotide
sequence having at least 98% identity with the nucleotide sequence of SEQ ID NO:51.

[0038] In a further embodiment, the 'promoter comprises (i) a nucleotide sequence having at
least 50% identity with the nucleotide sequence of SEQ ID NO:55, (ii) a promoter comprising a
nucleotide sequence having at least 60% identity with the nucleotide sequence of SEQ ID
NO:55, (iii) a promoter comprising a nucleotide sequence having at least 70% identity with the
nucleotide sequence of SEQ ID NO:55, (iv) a promoter comprising a nucleotide sequence
having at least 80% identity with the nucleotide secjuence of SEQ ID NO:55, (v) a promoter
comprising a nucleotide sequence having at least 90% identity with the nucleotide sequence of
SEQ ID NO:55, (vi) a promoter comprising a nucleotide sequence having at least 95% identity
with the nucleotide sequence of SEQ ID NO:55, and (vii) a promoter comprising a nucleotide
sequence having at least 98% identity with the nucleotide sequence of SEQ ID NO:55.

[0039] In another embodiment, the prbmoter comprises (1) a nucleotide sequence having at
least 50% identity with the nucleotide sequence of SEQ ID .NO:56, (ii) a promoter comprising a
nucleotide sequence having at least 60% identity with the nucleotide sequence of SEQ ID
NO:56, (iii) a promoter comprising a nucleotide sequence having at least 70% identity with the
nucleotide sequence of SEQ ID NO:56, (iv) a promoter comprising a nucleotide sequence
having at least 80% identity with the nucleotide sequence of SEQ ID NO:56, (v) a promoter
comprising a nucleotide sequence having at least 90% identity with the nucleotide sequence of
SEQ ID NO:56, (vi) a promoter comprising a nucleotide sequence having at least 95% identity
with the nucleotide sequence of SEQ ID NO:56, and (vii) a promoter comprising a nucleotide
sequence having at least 98% identity with the nucleotide sequence of SEQ ID NO:56.

[0040] The coding sequence for a selectable marker encodes a selectable. Selectable marker
coding sequences are utilized for the selection of transformed cells or tissues. Usually, the
selectable marker coding sequences will encode antibiotic resistance, with suitable coding
sequences including at least one set of coding sequences coding for resistance to the antibiotic
spectinomycin, coding sequence for resistance to zeomycin, the streptomycin
phosphotransferase' (spt) gene coding for streptomycin resistance, the neomycin

phosphotransferase (nptll) gene encoding kanamycin or geneticin resistance, the hygromycin
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phosphotransferase (hpt or aphiv) gene encoding resistance to hygromycin, acetolactate synthase
(als) genes or the nourseothricin acetyltransferase (nat) gene encoding resistance to
neurseothricin.  Alternatively, the plant selectable marker coding sequences will encode
herbicide resistance such as resistance to the sulfonylurea-type herbicides, glufosinate,
glyphosate, ammonium, bromoxynil, imidazolinones, and 2,4-dichlorophenoxyacetate (2,4-D),
including genes coding for resistance to herbicides which act to inhibit the action of glutamine
synthase such as phosphinothricin or basta (e.g., the bar gene). See generally, International
Publication No. WO 02/36782, U.S. Patent No. 7,205,453 and U.S. Patent Application
Publication Nos. 2006/0218670, 2006/0248616, 2007/0143880 and 20090100536, and the
references cited therein. See also, Jeffe:son et al. (1991); De Wet et al. (1987); Goff et al.
(1990); Kain et al. (1995) and Chiu et al. (1996). This list of selectable marker genes is not
meant to be limiting. Any selectable marker gene can be used.

[0041] In one embodiment, the coding sequence for the selectable marker is one that is either
naturally existent or artificially created and contains at least about 60% GC. In a second
embodiment, the coding sequence for the selectable marker is one that is either naturally existent
or artificially created and contains about 70% GC. In a third embodiment, the coding sequence
for the selectable marker is one that is either naturally existent or artificially created and contains
about 75% GC. In one embodiment, at least about 70% of the codon triplets of such coding
sequences end with C or G. In another embodiment, more than about 80% of the codon triplets
of such coding sequences end with C or G. In one embodiment, the coding sequence for a
selectable marker is at least 60% GC, preferably about 70% GC and most preferably about 75%
GC in which at least 70% of the codon triplets end with C or G, preferably more than 80% of the
codon triplets end with C or G. In one embodiment, such coding sequences are composed of
UCG codons in at Jeast about 40% of the total serine (Ser) residues.

[0042] In one embodiment, the coding sequence for a selectable marker comprises the
nucleotide sequence set forth in SEQ ID NO:6. In another embodiment, the coding sequence for
drug resistance comprises the nucleotide sequence set forth in SEQ ID NO:7. In an additional
embodiment, the coding sequence for drug resistance comprises the nucleotide sequence set
forth in SEQ ID NO:8.

[0043] In one embodiment, any transcriptional terminator operable in species of the fungi can
be used. Terminators are typically located downstream (3’) of the gene, after the stop codon
(TGA, TAG or TAA). Terminators play an important role in the processing and stability of RNA

as well as in translation. Most, but not all terminators, contain a polyadenylation sequence or
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cleavage site. Examples of specific polyadenylation sequences are AAUAAA or AAUAAU.
These sequences are known as the near upstream elements (NUEs) (Nagaya et al., 2010). NUEs
usually reside approximately 30 bp away from a GU-rich region (Mogen et al., 1990; Mogen et
al., 1992; Rothnie et al. 1994), known as far upstream elements (FUEs). The FUEs enhance
processing at the polyadenylation sequence or cleavage site, which is usually a CA or UA in a
U-rich region (Bassett, 2007). Within the terminator, elements exist that increase the stability of
the transcribed RNA (Ohme-Takagi et al., 1993; Newman et al., 1993; Gutiérrez et atl., 1999)
and may also control gene expression (Ingelbrecht , 1989; An et al., 1989).

[0044] Nucleic acid hybridization, a technique well known to those of skill in the art of DNA
manipulation, can be used to identify other suitable terminators. In accordance with the
invention other suitable promoters for use may be obtained by the identification of terminators
that selectively hybridize to the promoters described above by hybridization under low
stringency conditions, moderate stringency conditions, or high stringency conditions. Selectively
hybridizing sequences typically have at least 50% sequence identity, preferably at least 70%,
80% or 90% sequence identity, and most preferably 95%, 98% or 99% sequence identity with
each other.

[0045] Database searches and homolbgy searches of genome and nucleotide databases
identify similar DNA or RNA molecules based on the alignment of nucleotides using algorithms
or computer programs and these techniques well known to those of skill in the art. In accordance
with the invention other suitable terminators for use may be obtained by the in silico
identification of terminators for regulatory sequences with at least 50% sequence identity,
preferably at least 70%, 80% or 90% sequence identity, and most preferably 95%, 98% or 99%
sequence identity with each other.

[0046] A DNA of interest can be added to the polynucleotide construct. The DNA of interest
is operatively linked to promoter and a terminator. Any promoter and terminator operable in
species of the Pucciniomycotina and Ustilaginomycotina subphyla can be used. In some
embodiments, the DNA of interest may be used to insert or modify metabolic pathways, such as
fatty acid biosynthesis, lipid biosynthesis, triglyceride biosynthesis, and the like. The DNA of
interest may be inserted into the genome of the fungal cells to enhance the bioconversion of
renewable resources into high-value products, such as triglycerides, biodiesel, fatty alcohol,
'vitamins, biosurfactants, laétone, terpenoid and the like.

10047] The DNA of interest can be selected to inhibit expression of a native DNA sequence

within a plant's tissues to achieve a desired phenotype. In this case, such inhibition might be
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accomplished, for example, with transformation of the fungal cell to comprise a promoter linked
to an antisense nucleotide sequence, hairpin, RNA interfering or other nucleic acid molecule,
such that tissue-preferred expression of the molecule interferes with translation of the mRNA of
the native DNA sequence or otherwise inhibits expression of the native DNA sequence in fungal
cells. For further description of RNAi techniques, see, e.g., U.S. Patent Nos. 5,034,323;
6,326,527; 6,452,067, 6,573,099; 6,753,139; and 6,777,588. See also International Patent
Publications WO 97/01952, WO 98/36083, WO 98/53083, WO 99/32619 and WO 01/75164;
and U.S. Patent Publications 2003/0175965, 2003/0175783, 2003/0180945, 2004/0214330,
2005/0244858, 2005/0277610, 2007/0265220, 2009/0215860, 2009/0308041 and 2010/0058498.
[0048] In a second aspect, the present invention provides a method for the transformation of
a fungal cell of a species of the Pucciniomycotina and Ustilaginomycotina subphyla. In one
embodiment, the fungal cell is a species of the Rhodosporidium or Sporobolomyces genera. In
another embodiment, the fungal cell is a species of the Ustilago or Sporisorium genera. In a
further embodiment, the fungal cell is a species of the Rhodoturula or Pseudozyma genera.
According to this aspect, the method comprises transforming a fungal cell with the
polynucleotide construct described herein and selecting a transformed fungal colony. In one
embodiment, the transformation method is Agrobacterium tumefaciens-mediated transformation
(ATMT). In another embodiment, the transformation method is electroporation. In an
- additional embodiment, the transformation method is transfection. In a further embodiment, the
transformation method is biolistic.

[0049] For example, the polynucleotide construct may be introduced directly into the
genonﬁc DNA of the fungal cell using techniques such as electroporation and micrbinjection of
plant cell protoplasts, or the polynucleotide constructs can be introduced directly to fungal tissue
using ballistic methods, such as DNA particle bombardment. Alternatively, the polynucieotide
constructs may be combined with suitable T-DNA flanking regions and introduced into a
conventional Agrobacterium tumefaciens host vector. The virulence functions of the
Agrobacterium tumefaciens host will direct the insertion of the construct into the fungal cell
DNA when the cell is infected by the bacteria. Thus, any method, which provides for effective
transformation/transfection may be employed. See, for example, U.S. Patent Nos. 7,241,937,
7,273,966 and 7,291,765 and U.S. Patent Application Publication Nos. 2007/0231905 and
2008/0010704 and references cited therein. See also, International Published Application Nos.
wO 2005/ 103271 and WO 2008/094127 and references cited therein.



14

[0050] In one embodiment, the transformation step comprises co-culturing the fungal cell
with Agrobacterium tumefaciens that contains vector comprising the polynucleotide construct.
In one embodiment, the co-culturing is performed on a solid co-culturing medium or on a co-
culturing membrane that is laid on top of a solid medium. In one embodiment, the selection step
is performed by over-laying a solid selection medium on top of the solid co-culturing medium
having transformed fungal cells thereon or by transferring the co-culturing membrane having
transformed fungal cells thereon to a solid selection medium. In one embodiment, the co-
culturing medium and the selection medium contain at least 1.5% agar, preferably between 2%
and 3% agar. '

[0051] In one embodiment, the ATMT embodiment, the method comprises the steps:
(a) creating a synthetic DNA construct that comprises (i) a promoter derived from the
Aspergillus, Rhosporidium, Sporobolomyces, Sporisorium, Rhodoturula, Pseudozyma or
Ustilago genera operatively linked to (ii) a coding sequence for a selectable marker operatively
linked to (iii) a transcriptional terminator that are operatively linked; (b) inserting the DNA
construct into a T-DNA binary vector; (c) introducing the resulting T-DNA vector into a strain
of Agrobacterium; (d) co-culturing the Agrobacterium cells with fungal cells on a solid medium,
or on a membrane that is laid on top of a solid medium, preferably in the presence of
Agrobacterium virulence inducer, such as acetosynringone (AS) to transform fungal cells; (e)
selecting a transformed colony directly on a solid medium or on a membrane that is laid atop of
a solid medium. The selection medium can be further supplemented with agents at a
concentration that completely suppress the growth of Agrobacterium and non-transformed
fungal cells. In one embodiment, the promoter is one described herein. In another embodiment,
the coding sequence for a selectable marker is one described herein. In one embodiment, the
selection or co-culturing media contains at least about 1.5% agar. In another embodiment, the
selection or co-culturing media contains between about 2% and about 3% agar.

[0052] In a third aspect, the present invention provides an improved method for gene
targeting in fungi. In particular, a DNA-dependent protein kinase (DNA-PK) inhibitor can be
supplemented at a substantial amount to a medium used for transformation. In one embodiment,
the DNA-PK inhibitor is NU7026 (2-(morpholin-4-yl)-benzo[h]chomen-4-one; 2-(4-
morpholinyl)-4H-naphthol[1,2-b]pyran-4-one; Figure 7). In another embodiment, the amount of
NU7026 in the medium is between about 0.1 pM and about 50 uM. In a further embodiment,
the gene targeting requires a homology region of a targeted fungal genomic sequence of at least

50 nucleotides, preferably more than 500 nucleotides. In an additional embodiment, the DNA-



15

PK inhibitor can be used with any transformation protocol, such as ATMT, electroporation,
transfection, biolistic and the like.

[0053] In a fourth aspect, the present invention provides a method for reducing false
transformants in targeted genome. According to this aspect, the method comprises designing a
coding sequence for a selectable marker in which the coding sequence contains codon usage
preference that matches that of the targeted genome. The method also comprises operatively
linking the designed coding sequence to a strong promoter and to a transcriptional terminator to
create a construct. The method further comprises transforming a cell of the targeted genome
with the construct. Finally, the method comprises selecting transformed cells under maximal
concentration of selection agents. In one embodinient, the coding sequence is as described
herein. In another embodiment, the strong promoter is as described herein. In a further
embodiment, the terminator is one described herein. In one embodiment, the genome is one
from a fungal species in the Ustilago or Sporisorium genera. In another embodiment, the
fungal species is a species of the Rhodosporidium or Sporobolomyces genera. In a further
embodiment, the fungal species is a species of the Rhodoturula or Pseudozyma genera.

[0054] The transformed fungi are transferred to standard growing media (e.g., solid or liquid
nutrient media, grain, vermiculite, compost, peat, wood, wood sawdust, straw, etc.) and grown
or cultivated in a manner known to the skilled artisan.

[0055]  After the polynucleotide is stably incorporated into transformed fungi, it can be
transferred to other fungi by sexual crossing. Anonf a number of standard breeding techniques
can be used, depending upon the species to be crossed.

[0056] It may be useful to generate a number of individual transformed fungi with any
recombinant construct in order to recover fungi free from any positional effects. It may also be
preferable to select fungi that contain more than one copy of the introduced polynucleotide
construct such that high levels of expression of the recombinant molecule are obtained.

[0057] It may be desirable to produce fungal lines that are homozygous for a particular gene
if possible in the particular species. In some species this is accomplished by the use
monosporous cultures. By using these techniques, it is possible to produce a haploid line that
carries the inserted gene and then to double the chromosome number either spontaneously or by
the use of colchicine. This gives rise to a fungus that is homozygous for the inserted gene, which
can be easily assayed for if the inserted gene carries with it a suitable selection marker gene for
detection of fungi carrying that gene. Alternatively, fungi may be self-fertilized, leading to the

production of a mixture of spores that consists of, in the simplest case, three types, homozygous
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(25%), heterozygous (50%) and null (25%) for the inserted gene. Although it is relatively easy
to score null fungi from those that contain the gene, it is possible in practice to score the
homozygous from heterozygous fungi by Southern blot analysis in which careful attention 1s
paid to the loading of exactly equivalent amounts of DNA from the mixed population, and
scoring heterozygotes by the intensity of the signal from a probe specific for the inserted gene. It
is advisable to verify the results of the Southern blot analysis by allowing each independent
transformant to self-fertilize, since additional evidence for homozygosity can be obtained by the
simple fact that if the fungi was homozygous for the inserted gene, all of the subsequent fungal
lines from the selfed individual will contain the gene, while if the fungus was heterozygous for
the gene, the generation grown from the selfed seed will contain null fungal lines. Therefore,
with simple selfing one can select homozygous fungal lines that can also be confirmed by
Southern blot analysis.

[0058] Creation of homozygous parental lines makes possible the production of hybrid
fungus and spores that will contain a modified protein component. Transgenic homozygous
parental lines are maintained with each parent containing either the first or second recombinant
DNA sequence operably linked to a promoter. Also incorporated in this scheme are the
advamagés of growing a hybrid crop, inchidjng the combining of more valuable traits and hybrid

vigor.

[0059] The practice of the present invention employs, unless otherwise indicated,
conventional techniques of chemistry, molecular biology, microbiology, recombinant DNA,
genetics, immunology, cell biology, cell culture and transgenic biology, which are within the
skill of the art. See, e.g., Maniatis et al., 1982, Molecular Cloning (Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, New York); Sambrook ef al., 1989, Molecular Cloning,
2nd Ed. (Cold Spring Harbor Laboratory Press, Cold Spring Harbor, New York); Sambrook and
Russell, 2001, Molecular Cloning, 3rd Ed. (Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, New York); Ausubel e al., 1992), Current Protocols in Molecular Biology (John Wiley
& Sons, including periodic updates); Glover, 1985, DNA Cloning (IRL Press, Oxford); Russell,
1984, Molecular biology of plants: a laboratory course manual (Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, N.Y.); Anand, Techniques for the Analysis of Complex Genomes,
(Academic Press, New York, 1992); Guthrie and Fink, Guide to Yeast Genetics and Molecular
Biology (Academic Press, New York, 1991); Harlow and Lane, 1988, Antibodies, (Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, New York); Nucleic Acid Hybri'dization (B. D.
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Hames & S. I. Higgins eds. 1984); Transcription And Translation (B. D. Hames & S. J. Higgins
eds. 1984); Culture Of Animal Cells (R. 1. Freshney, Alan R. Liss, Inc., 1987); Immobilized
Cells And Enzymes (IRL Press, 1986); B. Perbal, A Practical Guide To Molecular Cloning
(1984); the treatise, Methods In Enzymology (Academic Press, Inc., N.Y.); Methods In
Enzymology, Vols. 154 and 155 (Wu et al. eds.), Immunochemical Methods In Cell And
Molecular Biology (Mayer and Walker, eds., Academic Press, London, 1987); Handbook Of
Experimental Immunology, Volumes I-IV (D. M. Weir and C. C. Blackwell, eds., 1986); Riott,
Essential Immunology, 6th Edition, Blackwell Scientific Publications, Oxford, 1988; Fire et al.,
RNA Interference Technology: From Basic Science to Drug Development, Cambridge
University Press, Cambridge, 2005; Schepers, RNA Interference in Practice, Wiley—VCH, 2005,
Engelke, RNA Interference (RNAi): The Nuts & Bolts of siRNA Technology, DNA Press, 2003;
Gott, RNA Interference, Editing, and Modification: Methods and Protocols (Methods in
Molecular Biology), Human Press, Totowa, NJ, 2004; Sohail, Gene Silencing by RNA
Interference: Technology and Application, CRC, 2004.

EXAMPLES
[0060] The present invention is described by reference to the following Examples, which are
offered by way of illustration and are not intended to limit the invention in any manner.
Standard techniques well known in the art or the techniques specifically described below were

utilized.

EXAMPLE 1
Culture of Microbial Strains and Basic Molecular Methods
[0061]  R. toruloides strain ATCC10657, ATCC10788 and R. glutinis strain ATCC90781
were sourced from the American Type Culture Collections (ATCC). Ustilago maydis strain and
Agrobacterium tumefaciens strain AGL-1 have been described (Ji et al., 2010; Lazo et al., 1991).
Sporisorium scitamineum haploid S10 is a haploid strain originated from China. Escherichia coli
strain XL1-Blue was used for routine plasmid manipulation and amplification. Rhodosporidium
and U. maydis were cultured at 28°C in YPD broth (1% yeast extract, 2% peptone, 2% glucose)
or on solid potato-dextrose agar (PDA). A. tumefaciens was cultured at 28°C in either liquid or
solid 2YT medium (1.6% tryptone, 1% yeast extract, 0.5% NaCl). E. coli was grown in LB
broth or on solid LB agar. For lipid production, R. toruloides was cultured in liquid

accumulation medium as described previously (Wu et al., 2010a) at 30°C with constant shaking
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(200 rpm). Antibiotics Hygromycin B, Nourseothricin, Carboxin and Zeocin were purchased
from Roche (USA), Werner BioAgents (Germany), Sigina-Aldrich (USA) and Invitrogen (USA),
respectively. '

[0062] Genomic DNA of R. toruloides was extracted based on the method described for U.
maydis (Ji et al., 2010). with some modifications. Briefly, the:cell culture at exponential phase
was collected and washed with 1 M sorbitol. The cells were resuspended in 0.1 ml of SCS buffer
(1 M sorbitol, 20 mM sodium citrate, pH 5.8) and supplemented with glass beads (1 mm in
diameter, Sigma-Aldrich, USA). Cells lysis made by vortexing and genomic DNA was isolated
after phenol/chloroform extraction and ethanol precipitated. The extracted DNA was quantified
with NanoDrop® ND-1000 Spectrophotometer (Nanodrop Technologies, USA) and DNA
quality analyzed by agarose gel electrophoresis. For Southern blot analysis, the genomic DNA
was digested with BamHI and separated by electrophoresis on 0.8% agarose gels. Southern
hybridization was carried out according to the manufacturer’s instructions for DIG-High prime
DNA labeling and detection starter Kit II (Roche Diagnostics, USA) using DIG-labeled PCR
product derived from Apt-3 gene (Roche diagnostics, USA).

[0063] T-DNA tagging positions in the genome were determined using either Inverse PCR
(Ochman et al., 1988) or Thermal Asymmetric InterLaced PCR (hiTAIL-PCR) (Liu and Chen,
2007; Liu and Whittier, 1995). The oligos HptRU/HptRSL (SEQ ID NO:38/SEQ ID NO:39) and
GAPSL/Tnos-Sf (SEQ ID NO:46/SEQ ID NO:47) were used for the first and second round
inverse PCR respectively. For HiTAIL-PCR, specific primers Rspl (SEQ ID NO:40), Rsp2
(SEQ ID NO:41) and Rsp3 (SEQ ID NO:42 ) and arbitrary primer LAD1-1 (SEQ ID NO:43) or
LADI1-4 (SEQ ID NO:44), AC1 (SEQ ID NO:45). All PCR reactions were carried out using Taq
DNA polymerase (Qiagen, USA) in a PTC-200™ Programmable Thermal Controller (BioRad,
USA). The specific PCR products were extracted using gel extraction kit (Qiagen) and
sequenced with the BigDye method after subcloning into pGTM-T Easy (Promega, USA).

EXAMPLE 2
DNA Constructs
[0064] Oligonucleotides used are SEQ ID NOs:11-47. Oligos LoxP1 (SEQ ID NO:11)-and
LoxP2 (SEQ ID NO:12) were annealed and ligated with EcoR1/Xbal double digested pPZP200
(Hajdukiewicz et al., 1994) to create pEXO0, which contains two Cre recombinase recognition
sites (loxP) flanking two unique restriction sites, EcoRV and Xhol. The Ncol site between the

gpd promoter and hpt coding sequence in pGH1 (Ji et al., 2010) was abolished by changing to
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the fourth nucleotide of hpt gene from G to A by oligo-mediated mutagenesis to create pGH4,
from which the 1854 bp Spel-Sphl fragment was blunt-ended with T4 DNA polymerase and
inserted into the EcoRYV site of pEXO0 to create pEX1. The whole Pgpd::hpt:: T35S cassette from
pEX1 was amplified by PCR using oligos RB-S (SEQ ID NO:13) and 35TLU2 (SEQ ID NO:14),
digested with Psil, and inserted between the Xbal and Pstl site of pPZP200 to create pEX2.
[0065] Promoters of the glyceraldehyde phosphate dehydrogenase A (gpdA) and translation
elongation factor A (tefA) were amplified from Aspergillus nige} SG1 genomic DNA using
primers GAPU/GAPL (SEQ ID NO:15/SEQ ID NO:16) and TEFU/TEFL (SEQ ID NO:17/SEQ
ID NO:18), respectively. A codon-optimized hpt gene (hpt-2) (SEQ ID NQ:6) linked to the 35S
transcriptional terminator was amplified with primers HPTU (SEQ ID NO:19) and T35SL (SEQ
ID NO:20) from a modified pCambial305.1 vector, which was digested with BspHI and blunt-
ended and kinase at the 3’ end before individually ligated with the Sall/Ncol double-digested
promoter PCR product and EcoRV/Xhol digested pEXO0 to create pEX3 and pEX4, respectively.
PEX3GPDA-EGFP and pEX4GPDA-EGFP were constructed from pEX3 and pEX4 by inserting
a gpdA::egfp:trpC cassette which contains a 884 bp gpdA promoter of Aspergillus nidulans from
PAN7-1 (GenBank Accession N0.Z32698.1) (Punt et al., 1987) driving expression of eGFP,
respectively. . .

[0066] pEX2 was digested by Psl, blunt-ended by T4 DNA polymerase and subsequently
digested with Spel, from which the 6.7 kb fragment was ligated with the Ncol-cut, blunt-ended
and Spel-cut pMF2-3¢c (a generous gift from Prof. Dr. Michael Feldbriigge, Institute for
Microbiologym, Universitétsstrasse, Germany) to create pEC2. Several restriction sites in pEC2
was removed by self-ligating the Ncol-Pmel double-digested and blunt-ended product to create
pEC3. pEC3PgpdU-eGFP was generated by ligation of Sacl-Pacl digested and blunt-ended
pEC3 with the ngdU::egfp::Tnos cassette that was amplified using pEX1GPD-eGFP as the
template and Pgpd-Sf and Tnos-Pmr as primers. Pgpd" refers the gap promoter from U. maydis
(Smith and Leong, 1990); egfp the enhanced Green Fluorescence Protein encoding gene jellyfish
Aequorea victoria and Tnos the nopaline synthase terminator of Agrobacterium tumefaciens
(Hentges et al., 2005). Plasmids pEC3PgpdR-hpt3, pEC3PgpdA-hpt3 and pEC3Ptef-hpt3 are
derivatives of pEC3PgpdU-eGFP, containing the synthesized hpr gene variant, hpt-3 (SEQ ID
NO:7) under the regulation of gpdA promoter originated from R. toruloides gpd (gpdA™) (SEQ
ID NO:2), Aspergillus nid;dans (gpdA*") (SEQ ID NO:3), and ref promoter from Ashbya
gossypii (SEQ ID NO:5) (Steiner and Philippsen, 1994), respectively. Figure 1 shows some of

the constructs used.
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EXAMPLE 3
Transformation of R. roruloides via Electroporation
[0067] Protoplasts of R. foruloides were prepared according to the method described
previously (Heiser, 2000; Kuo et al., 2004) with some modifications. Briefly, fungal cells were
digested with lyzing enzymes from Trichoderma harzianum (Sigma) and washed with Hepes
buffer (1 mM Hepes, 0.6 mannitol, pH7.5). Protoplasts (1 x 10%) were mixed with plasmid DNA
(5 upg), chilled on ice for 10 min, and subjected to electroporation in a BIO-RAD GENE
PULSER® 1I equipped with Controller Plus and Capacitance Extender Plus. A series of
parameters were tested using pEC3PgpdU-hpt3 with field strength varied from 1.25 kV/cm to
2.5 kV/cm; capacitor from 10 UF to 50 PF, and resistance from 100 Q to 600 Q. No true

transformants were been obtained in several attempts.

EXAMPLE 4
PEG-Mediated Transformation of R. toruloides Protoplasts
[0068] PEG-mediated protoplast transformation was performed as described previously
(Schulz et al., 1990; Tully and Gilbert, 1985) with some modifications. In brief, exponential
phase R. toruloides cells cultured in YPD medium were harvested, washed and resuspended with
SCS buffer (20 mM Sodium citrate buffer, pH5.8, 1 M sorbitol). The fungal cell wall was
degraded using lyzing enzymes from Trichoderma harzianum (Sigma) in SCS buffer as a
concentration of 10 mg/ml, and mixed gently at room temperature until protoplasts were formed
(1.5‘2 h). Protoplasts were pelleted, washed twice with SCS and once with STC (10 mM Tris-
HCI, pH7.5, 100 mM CaCl,, IM sorbitol). Protoplasts were resuspended in STC at a
concentration of 2 x 10%/ml and kept at -80°C. For transformation, 1-5 pg of DNA (in less than 5
ul) was mixed with 1 pl of heparin (15 mg/ml) and 50 pl of protoplasts. After incubating the
mixture in ice bath for 10 min? 500 pl of PEG-4000 (40% w/v in STC) was added, and incubated
on ice for 15 min. The protoplasts were mixed with 5 ml of soft agar (0.7% agar in YPD, 1 M
sorbitol) that was kept at 45°C and poured onto a freshly prepared plate containing 10 ml
medium that was composed of 1.5% agar in YPD, 1 M sorbitol, 200 pg/ml hygromycin B. Plates
were incubated at 28°C for 5~7 days. Transformation using different plasmids, e.g., pEX2,
pEC3PgpdU-hpt3, and PCR products containing the ngdAU.'.'hpt.'Thos cassette derived from
pEX2 or ngdU::hpt-3:Tnos cassette derived from pEC3PgpdU-hpt3, failed to generate any

transformants.
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EXAMPLE 5
Identification of gpdA from R. toruloides
[0069] To obtain the sequence of gpdA from R. toruloides, degenerate primers Rtgpdf, 5’-
AAYGGNTTYGGNCGNATHGGNCG-3° (SEQ . ID NO:21) and Rtgpdr, 5'-
CCNACNGCYTTNGCNGCNCCNGT-3’ (SEQ ID NO:22), which target the highly conserved
motif NGFGRIGR (SEQ ID NO:23) and TGAAKAVG (SEQ ID NO:24), respectively, were
used to amplify a fragment by RT-PCR using total RNA of R. roruloides as the template. A
 BLASTx search confirmed the PCR product encodes the targeted region. To obtain the full-
length of RigpdA gene sequence, oligo pairs Rtgpd-IP2f/Rtgpd-IP1r (SEQ ID NO:26/SEQ ID
NO:25) and Rtgpd-IP2f/Rtgpd-IP2r (SEQ ID NO:26/SEQ ID NO:27) were designed according
to the above partial genomic DNA sequence and used for 2 inverse PCRs. Clear PCR products
of 2.5 kb, 2.8 kb and 1.1 kb could be produced from DNA templates digested with BamHI,
EcoRI and Pstl, respectively. As a result, a 3568 bp sequenced was obtained. To define the
mRNA sequence, 5S’RACE and 3'RACE were performed with specific primer Rt007 SEQ ID
NO:28) and Rtgpd-IP1r (SEQ ID NO:25), which yielded a PCR product of 0.9 and 0.7 kb,
respectively. The full-length mRNA is shown in SEQ ID NO:10. BlastN search of SEQ ID
NO:10 revealed it is most related to the gpd of Ustilago maydis 521 (Genbank No. UM02491.1)

with 81% identity over a region of 810 nucleotides.

EXAMPLE 6
Analysis of Rtgpd Promoter Activity
[0070]  As the Ustilago maydis gpd gene is highly related Rhodosporidium toruloides, we
envisioned that Ustilago maydis would be a suitable host to analyze the function of the RtgpdA
promoter. We serially truncated upstream DNA fragments of RtgpdA, fused in-frame with eGFP
coding sequence (Spellig et al., 1996) and integrated to the ip locus of U. maydis. Readings of
green fluorescence intensity of the transformants are shown in Table 1. Notably, the 791 bp
promoter was comparable to the U. maydis gpd promoter. Importantly, sequence as short as 176

bp showed fairly strong expression of GFP.
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TABLE 1

Deletion Analysis of Rtgpd Promoter
Lengthl Relative Fluorescence®(%)
176 422+1.3
250 60.2+74
441 31.0+6.5
612 843+ 14.0
795 100.0 £ 134
975 879+11.0
1270 824 +83
1429 78.5 7.9
Umgpd 101.9+2.8

' The length refers to size of the fragment
upstream of the transcriptional initiation site.
? The 795 bp promoter was set at 100%. Results
~ were the average of triplicates.

EXAMPLE 7

Design of hpt-2 and hpt-3 for Transformation
of Sporisorium scitamineum and R. toruloides

[0071] Many attempt to transform R. toruloides and Sporisorium scitamineum failed to
generate transformants using the pTHR1 and reported transformation protocol (Ji et al., 2010).
Interestingly, another transformation vector, pANTGFP7-1, in which the hpt was under the
control of Aspergillus nidulans gpdA promoter and trpC terminator showed much better result
(Table 2). However, nearly half of the transformants were false-positves as revealed by Southern
blot analysis. Based on this information, we created pEX1GPD-EGFP, in which hApr gene was
placed under the control of U maydis gpd promoter and Cauliflower mosaic virus 35S
transcriptional terminator. As expected, transformation efficiency was nearly doubled and false-
_positives further reduced to about 21%. These results indicated that weak expression of selection
marker was the cause of low transformation efficiency and high false positives. Accordingly, we
focused on further increasing Hpt protein expression by codon optimization. An analysis of the
E coli hpt coding sequence (SEQ ID NO:9) revealed that it has a GC content of 57.5%, which is
close to that of gpd (gap) gene of U. maydis (GC 58%). Among the 342 codons used, 62.6%
ended with C or G. Therefore, we designed a hpt gene variant, Apt-2, which had a higher GC
content (62.4%) and 83.3% of the codons end with C or G. As expected, use of hpt-2 lead to
drastically increased transformation efficiency and further reduction of false positives in

Sporisorium scitamineum.
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TABLE 2
Comparison of Selection Markers

Binary Vector Selection Marker Average CFU'  GFP Positive (%)
pTHR1 PTef®: :hp1:Tief ¢ 0 NA

pANTGEP7-1 PgpdA*"::hpt: rpC*™  9%2 54
pEXIGPD-EGFP  Pgpd”™::hpt:T35S 17£5 79
pEX3GPDA-EGFP  PgpdA™""::hpt-2:T35§ 159 +22 86
pEX4GPDA-EGFP  PtefA"""::hpt-2:T358 100 + 16 86

" Co-cultured was done in IM with 2.5% agar for 63 hr and selected against 300
ug/ml cefotaxome and 200 pg ml™' hygromycin B. Colonies were scored after 7
days in selection medium. CFU means the average number of transformants
between three plates + standard error.

" Derived from gpdA promoter and trpC terminator of A. nidulans.

" Promoters derived from A. niger.

[0072] A similar sitnation was observed in ATMT of R. toruloides. In this case, constructs
composing of U maydis gpd promoter and either hpt or hpt-2 gave poor transformation results
with almost 100% false-positives under the selection conditions in which no hygromycin B
resistant colonies could be generated (Figures 2 and 3).

[0073] Based on the experience in the transformaition of Sporisorium scitamineum realizing
the high GC content and codon preference of R. toruloides, we designed hpt-3, with the GC
content further increased to 70.4% and with 100% codons ends with C or G. As expected, true
transformed colonies were obtained with operatively fused with gpdA, promoter from Ustilago
maydis, Aspergillus nudulans or Rhodosporidium toruloides (Table 3). T-DNA constructs
containing hpt-2 and hpt-3 was integrated into the genomes (Figures 4 and 5). As expected, the
constructs with hpt-3 was able to transform R. glutinis ATCC90781.

TABLE 3
Transformation of R. toruloides Using Various Selection Markers
CFU/10° sporidium
Pgpd”’"::hp1-3:T35§8 21
PgpdA*”::hpt-3:T355 824
PgpdA®::hpt-3:T355 1882
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[0074] Both gpd promoter from both gpdA from A. nidulans (PgpdA*") and the native
RtgpdA promoter (gpdA™) exhibited high transformation frequencies. However, U. maydis

gpd"™ was the weaker.

EXAMPLE §
Agrobabterium tumefaciens-Mediated Transformation (ATMT)

[0075] Agrobacterium cultures were mixed with R. toruloides at a volume ratio of 2:1 and
spread on IM agar medium with 100 uM acetosyringone on a membrane. After co-culture at
24°C for 2 days, the membrane was transferred to a YPD plate containing 300 pg/ml cefotaxime
and 100 pg/ml hygromycin B and plates were incubated at 28°C for 3-5 days.

For Sporisorium scitamineum, cells were cultured in YPD medium until 0.5-0.8 OD600 and 150
pl of which was mixed with 100 pl a pre-induced Agrobacterium culture before being spread
evenly onto a 0.45 pm Hybond N membrane disc (Amersham Pharmacia) that was placed on an
IM plate. Co-culture was done at 24 °C in the dark for 48-96 hours. Subsequently, membranes
were transferred onto a YPD plate containing 300 ug mi-1 cefatoxime (Sigma-Aldrich) and 50-
200 pg mi-1 hygromycin B (Roche) to select for transformants. Both IM and YPD plates contain
at least 2.5% agar and should be air-dried for 20-30 minutes before use.

[0076] To improve transformation efficiency, several parameters were trialed in the ATMT
of Rhodospoirium and Sporisorium scitamineum. Among the environmental factors that
significantly influenced transformation efficiency and false-positive rate, membrane type and
concentration of solidifying agent and co-culture medium pH ranked high (Tables 4, 5 and 6).
Nylon N* and cellulose acetate membrane exhibited best transformation efficiency while the
optimal co-culture pH was found between 5.3-5.7. Agar concentration also had a major effect on

transformation efficiency, particularly for Sporisorium sciramineum.

TABLE 4

Effect of Co-Culture pH and Concentration
of Solidifying Agent on Transformation of Sporisorium scitamineum

pH AS Agar (%) CFU/Plate’ GFP Positive (%)
5.0 + 2.5 0 NA®
- 2.5 0 NA
5.3 + 2.5 3+#1 30%
- 2.5 0 NA
55 + 2.5 113 80%

2.5 0 NA




5.7 + 2.5 52 41%
- 2.5 0 NA
59 + 2.5 0 NA
- 2.5 0 NA
5.5 + 1.5 0 NA
5.7 + 1.5 0 NA

" Co-culture was performed at 24°C for 52 hr on the IM pH indicated using
AGL]1 carrying pEX1GPD-eGFP as a donor. Selection was done-on YPD
medium with 300 pg ml”' cefotaxome and 200 pg ml™ hygromycin B. CFU
stands for the average number of transformants. Results derived from 3 repeats.
> NA: not applicable

TABLE 5

Effects of Co-Culture pH and Concentration
of Solidifying Agent on Transformation of R. toruloides

pH  |Agar(%) [AS CFU/10° sporidium
5.2 2 - 0
+ 305
53 2 - 0
‘ + 370
5.4 2 - 0
|+ 404
5.5 2 - 0
+ 468
5.6 2 - 0
+ 377
5.7 2 - 0
+ . 68
5.8 2 - 0
+ 0
55 1.5 + 242
5.5 2.5 + 282
155 3 + 146

Note: 100 pl pre-induced AGLI cells transformed with
pEC3PgpdU-hpt-3 was co-cultured with 100 pl
R. toruloides (ATCC 10657) and co-cultured on a
Nylon N* membrane for 48 hours.

TABLE 6
Effect of Membranes on Transformation Efficiency

Membrane CFU/10° sporidium
Whatman Filter paper No.4 0




26

Nitrocellulose membrane 0
Acetate cellulose membrane 383
Nylon N membrane 0
Nylon N+ membrane 100
Membrane-free 375

Note: 100 pl pre-induced AGL1 cells transformed with
pEC3PgpdU-hpt3 was co-cultured with 100 pl
R. toruloides (ATCC 10657) and co-cultured on
various membranes for 48 hours.

EXAMPLE 9
Selection Using Nourseothricin
f0077] To demonstrate the feasibility to use a natural drug resistance gene in
Rhodosporidium transformation, we performed ATMT using pNGR1 that has been shown
effective in selecting transformants in U. maydis (Ji et al., 2010). Using above otpimized
protocol, many nourseothricin resistant colonies were produced when selected against 50 pg/ml

ClonNAT ~80% of them contained the T-DNA as identified by colony PCR (Figure 2D).

TABLE 7
ATMT Using nar as a Selection Marker
AS CFU/10° sporidium
- 0
+ 46

Note: 100 pl pre-induced AGL1 cells transformed
with pNGR1 was co-cultured with 100 pl
R. toruloides (ATCC 10657) and co-cultured
on a Nylon N* membrane for 48 hours.

EXAMPLE 10
Gene Knockout in U maydis
[0078] cypl (uml1812) and prfl (um02713) genes were chosen for the comparison of gene-
targeting frequency, which can be monitored by the loss of ustilagic acids (UA) production and
the loss of Fuz” colonies, respectively. Gene deletion constructs, pKOcypl and pKOprfl, were
made by one-step ligation of four fragments. pKOcyp! is composed of the 2.0-kb Hindlll-Pacl
fragment containing the Pgpd::hpt cassette, the 8.7 kb Ncol-Kpnl fragment from pEX2tk, the
1405 bp Ncol-HindIIl and the 1076 bp Pacl-Kpnl PCR product derived from the upstream and
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downstream regions of the cypl ORF. The oligo pairs CyplL-Nf/CyplL-Hr (SEQ ID
NO:29/SEQ ID NO:30) and CyplR-Pf/CyplR-Kr (SEQ ID NO:31/SEQ ID NO:32) were used
for the amplification of upstream and downstream region, respectively. pKOprfl was made
similarly except the PCR product of oligo pairs Prfl1L-Nf/Prf1L-Hr (SEQ ID NO:33/SEQ ID
NO:34) and PrfIR-Pf/Prf1R-Kr (SEQ ID NO:35/SEQ ID NO:36) were used as the upstream and
downstream homology region, respectively. Correct strains were identified by colony PCR using
Taq DNA polymerase based on the size of the expected constructs using oligos LB/Cyp1L-Nf
(SEQ ID NO:37/SEQ ID NO:29) and LB/Prf1L-Nf (SEQ ID NO:37/SEQ ID NO:33) for cypi4
and prflA respectively. The same construction and identification techniques were applied to

generate other gene deletion mutants in this study.

EXAMPLE 11
Improving Gene-Targeting Frequency with NU7026

[0079] PEG-mediated transformation of U maydis spheroplasts were done as described
previously (Kamper, 2004). Briefly, the 4.5 kb cypl and prfl gene deletion cassettes were
amplified from pKOcypl and pKOprfl using the Expand Long System (Roche Diagnosis, USA)
and oligos Cyp1L-Nf/Cyp1R-Kr (SEQ ID NO:29/SEQ ID NO:32) and Prf1L-Nf/Prf1R-Kr (SEQ
ID NO:33/SEQ ID NO:36), respectively. The PCR products were gel purified (Qiagen, Germany)
and used for transformation. A chemical inhibitor of DNA-dependent protein kinase (DNA-PK),
NU7026  (2-(morpholin-4-yl)-benzolhjchomen-4-one;  2-(4-morpholinyl)-4 H-naphthol[1,2-
blpyran-4-one), was added into both the top and bottom regeneration agar media at 1 uM to both
bottom and top regeneration media and cultured for 3 days. True gene deletion mutants were
confirmed by Southern blotting and fungal colony PCR (ont of 288 transformants). In both cypl
and prfl, gene knockout frequency was increased about 3 folds (Table 8).

TABLE 8
Effects of NU7026 in PEG-Mediated Transformation
cyplA prflA

Control NU7026 Control NU7026

521% 16.67% 9.03%  26.39%
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[0080] Similar results were obtained when knockout was performed via the ATMT

transformation (Table 9).

TABLE 9 _
Effects of NU7026 on Gene Knockout Frequency in ATMT
Concentration cyplA (%) prfl A (%)
(uM)
0 5.2 (749) 8.5 (837)
0.1 8.3 (601) 11.4 (642)
1 18.8 (496) 25.1 (554)
5 10.4 (413) 12.7 (361)
10 8.3 (96) 8.7 (172)
50 7.4 (68) 8.5 (59)

Note: AGLI strain harboring pKOprfl and pKOcyl1 was
co-cultured with U. maydis L8 and SG200 for 2 days
in the presence NU7026 at various concentrations.
Numbers in brackets indicate the total number of

transformants obtained in 5 transformation plates.

EXAMPLE 12
Analysis of Nucleotide Composition and Codon Usage
[0081]  The identification of RtgpdA allowed us to analyze the nucleotide composition and
codon usage in this important gene that are usually strongly expressed. The ORF has a CG
content of 62.6% and 87.3% of the codon triplets end with C or G. Overall, C is much more
preferred over G in the 3 nucleotide position accounting for 64.2% of all codons. A notable
exception is serine, which is encoded with the UCG codon at frequency of 69.6% (16 out of 23).
A similar data was found in 8 other genes of Rhodosporidium toruloides that was listed in the
GenBank, including L-phenylalanine ammonia-lyase (GenBank Accession No. E01543.1);
orotidine 5 '-bhosphate decarboxylase (ura3, EU693529.1); cephalosporin esterase
(AF025410.1); epoxide hydrolase (EPHI, AY227047.1), rhodotorucine A1 (RHAI, M28121.1);
rhodotorucine A2 (RHA2, M28122.1); rhodotorucine A3 (RHA3, M28123.1); D-amino acid
oxidase (AF003339.1). Among the 8 genes, GC content is 63% and 82.3% of the codons end
with C or G. The preference to C or G at the 3™ position is stronger in RtgpdA than the 8 gene
aveage (Table 10). In contrast, the gpd (gap) gene of Ustilage maydis (UM02491.1) has a GC
“content of 58% and 44.5% of the codons end with C or G. A surprising result was found in the
expression of eGFP (SEQ ID NO:48) in Rhodosporidium toruloides. Although it has a CG
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content of 59.9% and 64.3% of the codons end with C and 26% end with G (total codons ending
with C and C 90.3%), no green florescence could be observed when it was driven with the
strong RtgpdA promoter. A comparison of codon usage pattern between RtgpdA and eGFP
revealed that the preferred codons UCG (Serine), GUC (Valine) and CUC (Leucine) codons
were not used in eGFP. Because constructs containing hpt-2 failed to transform Rhodosporidium
toruloides, we analyzed the codon usage in htp-2. The codon preferences for proline (CCA),
arginine (AGG), serine (AGC) and valine (GUG) were drastically different from that of RtgpdA.
The most obvious difference between hpt-2 and hpt-3 is the codon usage for serine (Table 10).
[0082]  Analysis of three genes available in the Genbank database, translation elongation
factor 1-alpha (GenBank: DQ352829.1), gpdA (GenBank: DQ352817.1) and actin (GenBank:
FJ514819.1), showed a similar preference to C or G in codon usage. Mostly notable, UCG is the
most preferred codon for serine. To see if Sporobolomyces has similar pattern of codon usage,
Glycerol-3-phosphate dehydrogenase, Pyruvate carboxylase (estExt_Genewisel.C_20242),
gw1.13.90.1 (Protein ID: 5205) Citrate synthase and Protein ID 12137; scaffold_4:2114010-
2115782; stearoyl-CoA 9-desaturase activity were retrieved from http://genome.jgi-
psf.org/Sporol/Sporol.home.html and analyzed. These four CDS has a CG content of 55.5%
and 43.7% of the codons end with C and 19.6% end with G (total codons ending with C and G
63.3%). Similarly, the UCG codon was strongly biased for serine, accounting for 43.1% of the
serine codons (Table 10).

[0083]  Analyses of the codon usage in Pseudozyma species revealed highly similar codon
usage pattern to those of Rhodosporidium and Sporisorium scitamineum. For example, the genes
of Pseudozyma flocculosa encoding 3 abundant proteins Actin (Genbank No. DQ913895); gpdA
(EF030711) and EF1a (GQ922837) have a CG content of 62.95% with 100% isoleucine residues
encoded by AUC, 36.5% Serine encoded by UCG; 11.3% serine encoded by UCC and 100%
histidine residues encoded by CAC.

TABLE 10
Analysis of codon preferences
Amino Preferred codons (%)
acids Hpt-2 Hpt-3 RtGpdA Rhdospoiridium | eGFP Sporobolomyces | Sporisorium
) toruloides roseus scitamineum

Ala GCC(83.8) | GCC(94.6) | GCC (61.5) GCC(39.8) GCC(72.7) | GCC(36.4) GCC(70)

GCU(16.2) | GCG(5.4) GCG (154) | GCG(32.1) GCG(9) GCG(16) GCU(27.5)
Cys UGC(100) | UGC(100) | UGC (100) UGC(89.4) UGC(100) | UGC(85.2) UGC(91.7)
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Asp GAC(92.3) | GAC(100) | GAC(96) GAC(88.2 GAC(78.3) | GAC(64.9) GAC(%6.1)

Glu GAG(100) | GAG(100) | GAG (100) GAG(79.7) GAG(93.8) | GAG(53.5) GAG(93.4)

Phe UUC(100) | UUC(100) | UUC (81.8) UUC(82.6) UuUC(100) | DUC(95.7) UUC(82.4)
Gly GGC(87.5) | GGC(100) | GGC(55.9) GGC(62.6) GGC(86.4) | GGA(52.6) GGU(58)

GGA(12.5) GGU(32.4) GGA(14.6) GGG(13.6) | GGT(31) GGC(33.3)

His CAU(83.3) | CAC(100) | CAC(100) CAC(84.5) CAC (86.7) | CAC(82.1) CAC(100)

Ile AUC(100) | ATC(100) | AUC(90.5) AUC(83.5) AUC(92.3) | AUC(82.3) AUC(87.8)

AUU(O.5) AUU(15.6) AUU(L.T) AUU(17) AUU12.2)

Lys AAG(100) [ AAG(100) | AAG(100) AAG(93.7) AAG(95) AAG(77) AAG(98.5)

Leu CUC(84.6) | CUC(100) | CUC(76.2) CUC(67.7) CUG(81.8) | CUC(69.7) cuc(2.1)

CUU(15.4) CUU (19) CUU(11.2) CUC (13.6) | CUU(15.1) CUG(11.5)

Asn AAC(100) | AAC(100) | AAC(100) AAC(91.6) AAC(100) | AAC(90.8) AAC(92.7)

Pro CCA(86.7) | CCG(100) | CCC(72.7) CCG(35.9) CCC(73.3) | £CC(40.2) CCC(85.4)

CCU(27.3) CCC(32.6) CCU(20) CCU(39.4) Ccu(12.5)

Gin CAG(100) | CAG(100) | CAG(100) CAG(76.4) CAG(100) | CAA(70.3) CAG(95.8)

Arg AGG(100) | CGC(100) | CGC(100) CGC(57) CGC(100) | CGU(32.3) CGU(70.3)

CGG(11.4) CGC(31.6) CGC(26.9)

Ser AGC(100) | UCG(100) | UCG(69.6) UCG(48.6) AGC(70) UCG(43.1) UCG(54.7)

UCC(174) UCC(22.9) UCC30) UCC(16.2) UCC(32.8)

Thr ACC(100) | ACC(100) | ACC(90.9) ACC(53) ACC (93.8) | ACC(45.9) ACC(85.9)

‘ ACG(9.1) | ACG(30) ACU(6.2) ACU(36.6) ACU(11.3)

Val GUG(96) GUC(100) | GUC(83.3) GUC(75.7) | GUG(65) GUC(63.8) GUC(717.5)

GUC4) GUU(13.9) GUU10.7) GUCQ0) GUU(25.9) GUU(13.8)

Tyr UAC(100) | UAC(00) | UAC(100) UAC(92.3) UAC(70.6) | UAC(90.9) UAC(96.8)

GC(%) | 624 70.5 62.6 63 . 59.9 55.5 59.7
EXAMPLE 13

Cloning of Additional Promoters to Drive Strong
Gene Expression in Pucciniomycotina and Ustilaginomycotina Subphyla

[0084] In order to stably express multiple genes in interested species in the Pucciniomycotina
and Ustilaginomycotina subphyla, we searched the database for potential genes that may be
strongly expressed. Partial genome sequence of Rhodowurula graminis WP1 was released
recently  (http:/genome.jgi-psf.org/Rhobal _1/Rhobal_1.home.html). Scaffold_18:19976-
22436/1-2861 (+) and scaffold_3:1454178-1456821/1-3044 (+) were annotated putatively to
encode Glyceraldehyde 3-phosphate dehydrogenases. Alignment of SEQ ID NO:10 with the
predicted CDS of the two sequences revealed that Scaffold_18:19976-22436/1-2861 (+) is likely
the homologues of RtgpdA with 81.52% nucleotide identity whereas scaffold_3:1454178-
1456821/1-3044 (+) shares only 61.38% nucleotide identity. To clone the promoter, the primers
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of SEQ ID NO:49 and SEQ ID NO:50 were used to PCR amplify Rhodoturula graminis WP1
genomic DNA, which resulted in the amplification of a promoter having SEQ ID NO:51 that
was used to fuse with an improved eGFP coding sequence (SEQ ID NO:52) synthesized
according to the Rhdospoiridium toruloides codon usage in a T-DNA vector (Table 10).

[0085]  Similarly, we identified the gpdA promoter of Sporobolomyces roseus based on the
information in http:/genome.jgi-psf.org/Sporol/Sporol.home.html. However, the promoter
cloned according to the annotation showed no activity to drive expression of SEQ ID NO:52.
We thus performed 5° RACE and found that the initiation codon annotated in the database was
located in the first intron. The promoter was cloned by PCR using the primers of SEQ ID NO:53
and SEQ ID NO:54, which lead to the cloning of the promoter having SEQ ID NO:55.

[0086] Further, we performed 5° RACE to identify the S’UTRs and translation initiation
codon of several other gehes. The resultant information was used to clone the corresponding
promoters.  Among them the Stearoyl-CoA delta9-desaturase gene promoter (SEQ ID NO:56) of
Rhodotorula glutinis ATCC 204091(GenBank: GL.989638.1) was cloned using oligonucleotides
of SEQ ID NO:57 and SEQ ID NO:58.

[0087] GFP florescence after transformed into Rhodotorula glutinis ATCC90781 was observed
in promoter listed below although high autoflorecence exist. The GFP intensity was measured
using a Tecan Infinate M200 microplate reader. The florescence of control vector with
promoter-less GFP gene and nos transcriptional terminator was set at 1. The relative GFP
intensity after subtracting WT strain and normalized against cell density (OD600) is listed in
Table 11.

TABLE 11
Comparison of Promoter Activity
Seq ID Seq ID Promoter-less Seq ID SeqID ‘ Seq ID
4::eGFP:Tnos 2::eGFP:Tnos eGFP:Tnos 51::eGFP:Tnos 55::eGFP:Tnos 56::eGFP:Tnos
15.5 96 1 67.2 78 86.7
EXAMPLE 14

Transformation of Sporidiobolus roseus,
Pseudozyma alphidis and Rhodotorula glutinis

[0088] Numerous transformations by ATMT have been successfully done using the improved
hip-3 gene. Noticeably, high transformation efficiency with rare false-positive was observed in

Sporobolomyces roseus FGSC 10293 (IAM 13481) using ngdu"’::hpt-3 as a selection marker.
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This is in stark contrast to that reported earlier using the same strain and transformation method
(Taniri et al, 2011). Similar results were found with Pseudozyma aphids ATCC 32657 and 3
other Rhodotorula and Rhodosporidium strains (Table 12).

TABLE 12
ATMT of various Pucciniomycotina species using 3 versions of hpr

Strains Pgpd™::hpt | Pgpd”™"::hpt-2 | Pgpd”™::hpt-3
Sporobolomyces roseus NT NT >200° (>90%)
FGSC 10293 (IAM 13481)
Rhodosporidium toruloides 0 . 0 >100 (>90%)
ATCC10657
Rhodotorula glutinis 0 0 >100 (>90%)
ATCC90781
Rhodotorula glutinis 0 0 >20 (>90%)
ATCC 204091 .
Pseudozyma aphids 20-30 (54%)** NT >100 (>90%)
ATCC 32657

Note: Co-culture for 3 days and selection was done against 300 pg/ml cefotaxime and
300 pg/ml hygromycin. The rest were selected against 150pg/ml hygromycin. Numbers
in brackets are the false-positive rate as determined by colony PCR of 24 transformants.
FGSC: Fungal Genetics Stock Centre; University of Missouri, USA.

NT: Not tested.
**: Colony forming units per 90 mm plate.

[0089] The use of the terms “a” and “an” and “the” and similar referents in the context of
describing the invention (especially in the context of the following claims) are to be construed to
cover both the singular and the plural, unless otherwise indicated herein or clearly contradicted
by context. The terms ‘“comprising,” “having,” “including,” and “containing” are to be
construed as open-ended terms (i.e., meaning “including, but not limited to,”) unless otherwise
noted. Recitation of ranges of values herein are merely intended to serve as a shorthand method
of referring individually to each separate value falling within the range, unless otherwise
indicated herein, and each separate value is incorporated into the specification as if it were
individually recited herein. All methods described herein can be performed in any suitable order
unless otherwise indicated herein or otherwise clearly contradicted by context. The use of any
and all examples, or exemplary language (e.g., “such as”) provided herein, is intended merely to
better illuminate the invention and does not pose a limitation on the scope of the invention

unless otherwise claimed. No language in the specification should be construed as indicating

any non-claimed element as essential to the practice of the invention.
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[0090] Embodiments of this invention are described herein, including the best mode known
to the inventors for carrying out the invention. Variations of those embodiments may become
apparent to those of ordinary skill in the art upon reading the foregoing description. The
inventors expect skilled artisans to employ such variations as appropriate, and the inventors
intend for the invention to be practiced otherwise than as specifically described herein.
Accordingly, this invention includes all modifications and equivalents of the subject matter
recited in the claims appended hereto as permitted by applicable law. Moreover, any
combination of the above-described elements in all possible variations thereof is encompassed

by the invention unless otherwise indicated herein or otherwise clearly contradicted by context.
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WHAT IS CLAIMED IS:

I. A polynucleotide construct compriéing a promoter operatively linked to a coding
sequence for a selectable marker operatively linked to a transcriptional terminator,
wherein the promoter is derived from a fungal species selected from the group of a
species of the Ustilago genus, a species of the Aspergillus genus, a species of the
Rhodosporidium genus; a species in the Sporobolomyces genus; a species in the
Rhodotorula genus and wherein thé polynucleotide construct provides efficient and
dominant selection of a transformed fungal cell of the Pucciniomycotina and

Ustilaginomycotina subphyla.

2 The construct of claim 1, wherein the coding sequence encodes a protein that confers

resistance to an antibiotic, such as, Hygromycin B, Nourseothricin and Zeocin.

3. The construct of claim 1, wherein the coding sequence encodes a protein that confers

resistance to a herbicide.

4. The construct of claim 1 or 3, wherein the coding sequence is selected from the group
consisting of a coding sequence comprising the nucleotide sequence set forth in SEQ ID
NO:6, a coding sequence comprising the nucleotide sequence set forth in SEQ ID NO:7

and a coding sequence comprising the nucleotide sequence set forth in SEQ ID NO:8.

5. The construct of claim 1, wherein the coding sequence for a selectable marker is at least
60% GC, preferably about 70% GC and most preferably about 75% GC; wherein at least
70% of the codon triplets end with C or G, preferably more than 80% of the codon
triplets end with C or G.

6. The construct of claim 1, wherein the coding sequence for a selectable marker is

composed of UCG codons in at least 40% of the serine residues.

7. The construct of any one of claims 1-6, wherein the promoter is derived from a gene
encoding glyceraldehyde 3-phosphate dehydrogenase (gpd) or from a gene encoding

protein translation elongation factor (tef).
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The construct of any one of claims 1-7, wherein the promoter is selected from the group
consisting of a promoter comprising the nucleotide sequence set forth in SEQ ID NO:1, a
promoter comprising the nucleotide sequence set forth in SEQ ID NO:2, a promoter
comprising the nucleotide sequence set forth in SEQ ID NO:3, a promoter comprising
the nucleotide sequence set forth in SEQ ID NO:4,a promoter comprising the nucleotide
sequence set forth in SEQ ID NO:5; a promoter comprising the nucleotide sequence set
forth in SEQ ID NO:51, a promoter comprising the nucleotide sequence set forth in SEQ
ID NO:55 and a promoter comprising the nucleotide sequence set forth in SEQ ID
NO:56.

The construct of claim 1, wherein the fungal cell is a species of the Rhodosporidium |
Sporisorium, Ustilago, Rhodoturula, Pseudozyma or Sporobolomyces (Sporidiobolus)

genus.

An isolated promoter selected from the group consisting of:
- (i) a promoter comprising the nucleotide sequence of SEQ ID NO:2, SEQ ID
NO:51, SEQ ID NO:55 or SEQ ID NO:56;

(ii) a promoter comprising a nucleotide sequence having at least 50% identity
with the nucleotide sequence of SEQ ID NO:2, SEQ ID NO:51, SEQ ID NO:55 or SEQ
ID NO:56; '

(iii) a promoter comprising a nucleotide sequence having at least 60% identity
with the nucleotide sequence of SEQ ID NO:2, SEQ ID NO:51, SEQ ID NO:55 or SEQ
ID NO:56;

(iv) a promoter comprising a nucleotide sequence having at least 70% identity
with the nucleotide sequence of SEQ ID NO:2, SEQ ID NO:51, SEQ ID NO:55 or SEQ
ID NO:56;

(v) a promoter comprising a nucleotide sequence having at least 80% identity
with the nucleotide sequence of SEQ ID NO:2, SEQ ID NO:51, SEQ ID NO:55 or SEQ
ID NO:56;

(vi) a promoter comprising a nucleotide sequence having at least 90% identity
with the nucleotide sequence of SEQ ID NO:2, SEQ ID NO:51, SEQ ID NO:55 or SEQ
ID NO:56;
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(vii) a promoter comprising a nucleotide sequence having at least 95% identity
with the nucleotide sequence of SEQ ID NO:2, SEQ ID NO:51, SEQ ID NO:55 or SEQ
ID NO:56; and

(viii) a promoter comprising a nucleotide sequence having at least 98% identity
with the nucleotide sequence of SEQ ID NO:2 SEQ ID NO:51, SEQ ID NO:55 or SEQ
ID NO:56,

wherein the promoter drives strong transcription of polynucleotides in a fungal
species selected from the group consisting of a species of the Ustilago genus, a species
of the Aspergillus genus,a species of the Rhodosporidium genus, a species of Rhodoturul
genusa, a species of Pseudozyma genus or a species of Sporobolomyces (Sporidiobolus)

genus.

A method for transformation of a fungal cell of a species of the Pucciniomycotina and
Ustilaginomycotina subphyla which comprises:
(a) transforming a fungal cell with the construct of any one of claims 1-8 and

(b) selecting a transformed fungal colony.

The method of claim 11, wherein the transformation comprises the step of co-culturing
said fungal cell with Agrobacterium tumefaciens that contains vector comprising said
construct and wherein the co-culturing is performed on a solid co-culturing medium or

on a co-culturing membrane that is laid on top of a solid medium.

The method of claim 12, wherein the selection is performed by over-laying a solid
selection medium on top of the solid co-culturing medium or by transferring the co-

culturing membrane to a solid selection medium.

The method of claim 12 or 13, wherein the co-culturing medium and the selection

medium contain at least 1.5% agar, preferably between 2% and 3% agar.

The method of claim any one of claims 11-14, wherein the fungal cell is a species of the

Rhodosporidium, Rhodotorula, Pseudozyma, Sporisorium, or Sporobolomyces genera.
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A method of improved gene targeting in a target fungal genome which comprises
transforming fungal cells wusing medium comprising 2-(morpholin-4-yl)-

benzo[h]chomen-4-one in an amount sufficient to manipulate the fungal genome,

wherein the gene targeting requires a homology region of a targeted fungal genomic

sequence of at least 50 nucleotides, preferably more than 500 nucleotides.

The method of claim 16, wherein the amount of 2-(morpholin-4-yl)-benzo[h]jchomen-4-

one is between about 0.1 uM to about 50 uM.

The method of claim 16 or 17, wherein the transformation is selected from the group
consisting of such as Agrobacterium tumefaciens-mediated transformation,

electroporation and transfection;

A method for reducing false transformants in a targeted genome comprising steps of:
(a) designing a coding sequence for a selectable marker, wherein the coding
sequence contains codon usage preference that matches to that of the targeted genome;
. (b) operatively linking the designed coding sequence to a strong promoter and to
a transcriptional terminator to create a construct;
(c) transforming a cell of the targeted genome with the construct; and

(d) selecting transformed cells under maximal concentration of selection agents.

The method of claim 19, wherein the selectable marker is a protein that confers antibiotic

resistance or herbicide resistance.

The method of claim 19 or 20, wherein the coding sequence is selected from the group
consisting of a coding sequence comprising the nucleotide sequence set forth in SEQ ID
NO:6, a coding sequence comprising the nucleotide sequence set forth in SEQ ID NO:7

and a coding sequence comprising the nucleotide sequence set forth in SEQ ID NO:8.

The method of any one of claims 19-21, wherein the SUOhg promoter is derived from a

glyceraldehyde 3-phosphate gene (gpd) or translation elongation factor (tef) gene.
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The method of any one of claims 19-22, wherein the promoter is selected from the group
consisting of a promoter comprising the nucleotide sequence set forth in SEQ ID NO:1, a
promoter comprising the nucleotide sequence set forth in SEQ ID NO:2, a promoter
comprising the nucleotide sequence set forth in SEQ ID NO:3, a promoter comprising
the nucleotide sequence set forth in SEQ ID NO:4,a promoter comprising the nucleotide
sequence set forth in SEQ ID NO:5, a promoter comprising the nucleotide sequence set
forth in SEQ ID NO:51, a promoter comprising the nucleotide sequence set forth in SEQ
ID NO:55 and a promoter comprising the nucleotide sequence set forth in SEQ ID
NO:56



