2007/134122 A2 IV 0 00 0 D00 O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization Vd”Ij

) IO O T OO 0

International Bureau

(43) International Publication Date
22 November 2007 (22.11.2007)

(10) International Publication Number

WO 2007/134122 A2

(51) International Patent Classification:
CI2N 15/82 (2006.01)

(21) International Application Number:
PCT/US2007/068589

(22) International Filing Date: 9 May 2007 (09.05.2007)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:
60/798,830
60/862,733

Us
Us

9 May 2006 (09.05.2006)
24 October 2006 (24.10.2006)
(71) Applicant (for all designated States except US): THE
CURATORS OF THE UNIVERSITY OF MIS-
SOURI [US/US]; 475 McReynolds Hall, Columbia, MO
65211-2015 (US).

(72)
(75)

Inventors; and

Inventors/Applicants (for US only): YU, Weichang
[—/US]; 1000 Hospital Drive, Apt.8E, Columbia, MO
65201 (US). VEGA, Juan, M.. BIRCHLER, James
[—/US]; 119 Meadow Lane, Columbia, MO 65211 (US).
(74) Agent: HANSON, Robert, E.; Fulbright & Jaworski
L.L.P, 600 Congress Avenue, Suite 2400, Austin, TX
78701 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ, CA, CH,
CN, CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES,
FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID, 1L, IN,
IS, JIP, KE, KG, KM, KN, KP, KR, KZ, LA, LC, LK, LR,
LS, LT, LU, LY, MA, MD, ME, MG, MK, MN, MW, MX,
MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH, PL, PT, RO,
RS, RU, SC, SD, SE, SG, SK, SL, SM, SV, SY, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL, PL,
PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM,
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:

without international search report and to be republished
upon receipt of that report

with sequence listing part of description published sepa-
rately in electronic form and available upon request from
the International Bureau

Fortwo-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations” appearing at the begin-
ning of each regular issue of the PCT Gagzette.

(54) Title: PLANT ARTIFICIAL CHROMOSOME PLATFORMS VIA TELOMERE TRUNCATION

(57) Abstract: The invention provides engineered plant minichromosomes generated by telomere mediated truncation of native
chromosomes. These minichromosomes are faithfully transmitted from one generation to the next and provide an ideal platform for
breeding genes into desired plant varieties with out problems, such as linkage drag, associated with standard breeding methods.



10

15

20

25

WO 2007/134122 PCT/US2007/068589

DESCRIPTION

PLANT ARTIFICIAL CHROMOSOME PLATFORMS VIA TELOMERE
TRUNCATION

BACKGROUND OF THE INVENTION

This application claims the priority of U.S. Provisional Patent Application Ser.
No. 60/798,830, filed May 9, 2006, and of U.S. Provisional Patent Application Ser.
No. 60/862,733, filed October 24, 2006, the entire disclosures of which are

specifically incorporated herein by reference.

1. Field of the Invention
The invention relates to the fields of molecular biology and plant genetics.
More specifically, the invention relates to plant artificial minichromosome platforms

and methods for their production and use.

2. Description of Related Art

Maintenance and inheritance of chromosomes in an organism typically
requires three essential elements: origins of replication, a centromere and telomeres,
as previously identified with yeast artificial chromosomes. Murray and Szostak
(1983) for example described a cloning system based on the in vitro construction of
linear yeast artificial chromosomes. However, none of the nucleic acid elements that
were identified are sufficient to maintain artificial chromosomes in multicellular
eukaryotic systems.

One method for generating an artificial chromosome is by de novo
construction, i.e., assembly of centromeres, telomeres and selectable markers and
reintroduction into plants (U.S. Patent No. 7,015,372). However, chromosomes are
known to have a minimal size limit for efficient transmission through meiosis
(Schubert, 2001). Although most de novo mammalian minichromosomes can transmit
during mitosis, the transmission of such minichromosomes in germlines has not been
reported. The only meiotically transmitted de novo artificial chromosomes in
eukaryotes to date are yeast artificial chromosomes (Murray and Szostak, 1983;
Murray and Szostak, 1986). Additionally, it has been indicated that plant centromeres
need to be greater than about one megabase in size for normal transmission (Kaszas

and Birchler, 1998) and this size is larger than can currently be assembled in vitro.
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In contrast, some truncated chromosomes with native centromeres are
transmissible through meiosis (Shinohara et al., 2000; Tomizuka et al., 1997, 2000;
Voet et al., 2001; Shen et al., 1997, 2000; Schubert, 2001; Zheng et al., 1999; Kato et
al., 2005; McClintock, 1938; Brock and Pryor, 1996; Nasuda et al, 2005). One
method for truncating chromosomes that has been applied in mammalian systems is
telomere mediated truncation (Farr ef al, 1991, 1992, 1995; Bamett et al., 1993;
Itzhaki et al, 1992; Heller et al, 1996; Mills et al, 1999; Saffery et al, 2001).
However, no method for telomere mediated truncation of plant chromosomes has
been described to date.

Other methods of chromosome deletion have been applied to plant systems.
For example, altered maize chromosomes have been generated by X-ray or gamma
irradiation of maize pollen (McClintock, 1938; Brock and Pryor, 1996) or through a
B-9 translocation with duplicated 9S (Zheng et al, 1999; Kato et al, 2005).
However, altered chromosomes created by these methods have lacked stable
transmission during meiosis or mitosis, do not carry site specific recombination sites,
have not enabled efficient expression of heterologous sequences or have been difficult
to produce. Thus, there remains a great need in the art for methods of producing and

using plant minichromosomes.

SUMMARY OF THE INVENTION

The invention overcomes limitations in the art by providing plant
minichromosomes that can be efficiently transmitted through mitosis and meiosis.
The term “minichromosome” refers to engineered chromosomes made by deleting
portions of a native chromosome. Thus, minichromosomes are distinct from artificial
chromosomes made de novo by recombinant DNA techniques. In specific
embodiments, plant minichromosomes described herein are provided derived from a
starting, native plant chromosome that is truncated by the insertion of telomere
repeats. Thus, plant minichromosomes of the invention may be defined as comprising
at least one chromosome arm that has been truncated. In some further embodiments,
a plant minichromosome is truncated in both arms. A plant minichromosomes may, in
some aspects, be efficiently transmitted during mitosis and meiosis in a plant that is

the same species as the plant of the starting chromosome. It will be understood by
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one of skill in the art that such minichromosomes generally comprise a functional
centromere and origins of replication, both of which allow faithful maintenance.

In one aspect of the invention, a plant minichromosome comprises a native
centromere. Native centromeres are found on endogenous chromosomes and are
comprised of centromere repeats (Jiang et al, 2003). These sequences provide for
efficient segregation of chromosomes during cell division such as mitosis and
meiosis. Thus, in certain aspects of the invention a plant minichromosome is defined
as comprising a native plant centromere sequence. In further embodiments a
minichromosome of the invention may be defined as not comprising a neocentromere.

A minichromosome may further comprise engineered telomere sequences. As
used herein the term “engineered telomere sequence” refers to telomere sequence that
are in a different context than those found in a native chromosome. For example,
engineered telomere sequences may be in a different position relative to the
centromere than telomeres found in a native chromosome. In particular, engineered
telomere sequences in minichromosomes of the invention may be closer to the
centromere of the minichromosome as compared to a native telomere. For example,
in a plant minichromosome of the invention, an engineered telomere sequence may be
defined as about 10 kb to about 10 Mb from the centromere of the native chromosome
sequence. In more specific embodiments, an engineered telomere may be about 10 kb
to about 5 Mb or about 100 kb to about 1, 2, 3, 4, or 5 Mb from the centromere of a
native chromosome sequences. Plant minichromosomes of the invention may further
comprise two engineered telomere sequences, which may be different distances from
the centromere of the minichromosome.

Engineered telomere sequences may be from a variety of sources. For
example, engineered telomere sequences may be from the same plant species or
variety as the native chromosome sequences or from a different plant species relative
to the native chromosome sequences. For example, telomere sequences may be the
cloned telomere sequences from pAtT4 comprising direct repeats of the Arabidopsis-
type telomeric motif, TTTAGGG (SEQ ID NO:1), or derivatives thereof (Richards
and Ausubel, 1988). In this case each repeat comprises 430 base pairs of telomeric
sequence. Engineered telomere repeat sequences may be from maize, wheat, oats,
rice, Arabidopsis or soybean. It will be understood by the skilled artisan that
engineered telomeres may comprise a plurality of telomere repeat sequences. For

example, in certain embodiments an engineered telomere of the invention may
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comprise between 2 and 100, 2 and 50 or 2 and 10 repeats, including 6 repeats. In
some embodiments of the invention, telomere sequences in a telomere truncation
vector such as those exemplified herein (e.g, pWY76, pWY86 and pJV21) are
provided. In one embodiment of the invention, a telomere truncation vector may be
employed to generate a truncated minichromosome. The telomere truncation vector
may be comprised on the minichromosome or may be separate from it. In one
embodiment of the invention, the telomere truncation vector may become deleted
during the generation of the minichromosome. A transgene could then, for example,
be introduced into the minichromosome to generate a minichromosome comprising
one or more added transgene(s). A minichromosome formed by such methods
comprises one embodiment of the invention.

One aspect of plant minichromosomes is their size. Minichromosomes

described herein preferably encode a minimal number of endogenous genes that may

 deleteriously affect the phenotype of a plant comprising the minichromosome. Thus,

it may be preferred that a large portion of an endogenous chromosome be deleted to
make a minichromosome, while maintaining a sufficient size for stable transmission.
This may be important when the native chromosome is an A chromosome. B
chromosomes do not typically encode essential functions and therefore may be less
likely to create deleterious phenotypes. Nonetheless, it has also been observed that
minichromosomes that are too small are not faithfully maintained through mitosis and
meiosis. Thus, in certain embodiments of the invention, a plant minichromosome
comprises a native plant chromosome sequence wherein about 1 to about 99.9 percent
of the native chromosome sequence is deleted. In some embodiments, about 10, 20,
25, 35, 50, 75, 85, 90, 93, 95, 97, 99, 99.5 or 99.9 percent or any range derivable
therein of the native chromosome sequence is deleted in a minichromosome.

In certain further aspects of the invention, a plant minichromosome may be
defined by its size. For example, a plant minichromosome may be defined as about
0.1 to about 20 or 30 Mb in size. In further embodiments, a plant minichromosome
may be about 1, 1.5,2, 2.5, 3, 4, 5, 7.0, 9, 10, 20, 50 or 100 Mb in size or any ranger
derivable therein. For instance, in some instances plant minichromosomes described
herein are between about 1 and 10 Mb or between about 5 and 10 Mb in size.

In some aspects of the invention, a plant minichromosome may be defined as
being transmitted through mitosis with a 100% frequency. In further cases, a plant

chromosome is defined by the frequency with which it is transmitted during meiosis.
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For instance, a plant minichromosome may be transmitted with greater than about a
10%, 20%, 25% or 30% frequency during meiosis (50% being perfect transmission).
Thus, a plant chromosome of the invention may comprise a truncated A or B
chromosome that is transmitted with greater than 35% frequency during meiosis when
the minichromosome is transmitted in a plant of the same species as the starting
chromosome.

A variety of plants may be used to make plant minichromosomes according to
the invention. In some embodiments, the plant is defined as a dicot or monocot plant.
For example, the plant may be alfalfa, Tripsacum, corn, canola, rice, soybean,
tobacco, turfgrass, oat, rye, Arabidopsis or wheat. In certain aspects of the invention,
the minichromosome may be defined as from a maize plant.

In further embodiments, a plant minichromosome of the invention may be
derived from a plant A chromosome. For example, the minichromosome may
comprise native chromosome sequences from an A chromosome e.g., in the case of a
maize minichromosome it may comprise native sequences from maize chromosome 1,
2,3,4,5,6,7,8,9, or 10. In one embodiment a plant minichromosome of the
invention is derived from a maize chromosome 7.

In still further embodiments, a plant minichromosome of the invention
comprises native chromosome sequences of a plant B chromosome. For certain
applications telomere truncated B chromosomes may provide benefit as they comprise
non-essential genes that are not expected to interfere with plant phenotype or with
expression of transgenes from the chromosome. The telomere truncation methods
described herein result in deletion of native chromosomal sequences from the B
chromosome, particularly those regions that are distal from the centromere. By
deletion of regions of the B chromosome that control non-disjunction through
telomere truncation, minichromosomes based on B chromosomes will segregate
normally. Virtually any type of plant B chromosomes may be used as described
herein to make a plant minichromosomes. For example, a plant minichromosome
may comprise native B chromosome sequences from maize, rye or sorghum or from
any other plant species with B chromosomes or any species comprising a B
chromosome that has been introduced (Jones and Rees, 1982). In some embodiments,
chromosomal truncation may be carried out in a plant cell comprising multiple B
chromosomes, such as a cell comprising at least 2, 3,4, 5,6, 7, 8,9, 10, 11 or more B

chromosomes copies.
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In certain aspects of the invention, it may be preferred that a minichromosome
comprising plant lacks B chromosomes as presence of an intact B chromosome may
cause non-disjunction of B chromosome derived minichromosomes. Thus, in some
embodiments, the invention provides a method for manipulating the dosage of a plant
minichromosome comprising B chromosomes sequences by introduction of an intact
B chromosome or a portion of a B chromosome. For example, the dosage of a plant
minichromosome may be modulated by introducing B chromosome sequence that
controls B centromere nondisjunction.

A plant minichromosome according to the invention may comprise a
selectable marker which confers a growth advantage under particular conditions to
plant cells carrying the marker, thereby allowing identification of plants, plants cells
or plant parts comprising the minichromosome. A selectable marker may function in
bacterial cells. A minichromosome may also comprise “negative” selectable markers
which confer susceptibility to an antibiotic, herbicide or other agent, thereby allowing
for selection against plants, plant cells or cells of any other organism of interest
comprising the particular minichromosome. Furthermore, in some aspects, a plant
minichromosome may comprise a male fertility restoration gene such as a Rf3 gene.

A plant minichromosome may further comprise site-specific recombination
sequences. For example, minichromosomes of the invention may comprise a lox or
FRT site. Site-specific recombination provides a convenient method for moving
genes in and out of artificial chromosomes such as the plant minichromosomes of the
invention. Random mutagenesis can also be provided in this manner. Methods for
using site-specific recombination to mediate in vivo gene transfer are well known in
the art. Site-specific recombination may be used to sequentially add genes to a
minichromosome in order to provide the genes for an entire biochemical pathway or a
set of agronomically elite characteristics. In some aspects of the invention telomere
sequence inserted into a starting plant chromosome comprise a site specific
recombination sequences. In this aspect plant minichromosomes comprising site
specific recombination sequences may be rapidly generated.

In certain further embodiments, a plant minichromosome may comprise genes
which control the copy number of the minichromosome within a cell. One example
of such a gene is the element of B chromosomes that mediates non-disjunction as
described above. One or more structural genes may also be comprised within a

minichromosome. Specifically contemplated as being useful are as many structural
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genes as may be inserted into a minichromosome while still maintéining a functional
and faithfully transmitted artificial chromosome. This may include one, two, three,
four, five, six, seven, eight, nine or more structural genes.

In another embodiment, the invention provides methods for expressing one or
more foreign genes in plants, plant cells or cells of any other organism of interest.
The foreign gene(s) may be from any organism, including plants, animals and
bacteria. In one embodiment, foreign gene(s) confer improved agronomic
characteristics to a given plant. For example, the transgene may confer a trait such as
insect resistance, herbicide tolerance, altered carbohydrate metabolism, altered fatty
acid metabolism, disease resistance, and pest resistance. It is further contemplated
that minichromosomes may be used to simultaneously transfer multiple foreign genes
to a plant comprising entire biochemical or regulatory pathways. In yet another
embodiment, it is contemplated that the plant minichromosomes can be used as DNA
cloning vectors. Such a vector could be used in plant and animal sequencing projects.
In some specific cases, a transgene may be introduced into a starting chromosome
along with telomere repeat sequences thereby generating a plant minichromosome
comprising the transgene.

In a further embodiment there is provided a plant cell comprising the a plant
minichromosome. The plant cell may be the same species as the species of the
starting plant chromosome, however in certain cases it may be a different species.
Thus, a plant or a plant seed comprising a plant minichromosome also forms part of
the invention. In certain aspects a plant comprising the minichromosome is a maize

plant.

In general methods and compositions of the invention involve telomere
mediated chromosome truncation. For example, a vector comprising plant telomeres
is introduced into a plant cell. Such vectors may be introduced into a plant cell by any
of the methods that are well known in the art, for example DNA bombardment or
Agrobacterium mediated transformation. For example, in certain embodiments,
Agrobacterium mediated transformation may be used to generate plant
minichromosomes derived from A chromosomes. Conversely, in some case DNA
bombardment may be used to generate plant minichromosomes derived from B
chromosomes. Upon integration of the telomere sequences into one or more positions

of a plant chromosome the chromosome will be truncated at the point of integration.
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Thus, a method of the invention may comprise transforming a starting plant
chromosome with a heterologous nucleic acid comprising at least two telomere repeat
sequences and allowing truncation of the starting plant chromosome to occur to
produce a plant minichromosome. One or both arms of a chromosome may be
truncated by telomere integration. Resultant plant minichromosomes may then be
screened to determine their size and origin, for example by Southern blot or FISH.

In some further methods of the invention, a starting plant chromosome is
transformed with heterologous nucleic acid sequence comprising telomere repeats and
additional sequences such as site specific recombination sequences a transgene or
other selected sequence. Alternatively, a starting plant chromosome may be
transformed with heterologous nucleic acid sequence comprising telomere repeats to
generate a plant minichromosome. Subsequently, the plant minichromosome may be
transformed with a second heterologous nucleic acid sequence comprising an
additional sequence such as a transgene. For example, additional sequences may
comprise an FRT or lox site. In some cases, additional sequence may also comprise a
gene that confers insect resistance, herbicide tolerance, altered carbohydrate
metabolism, altered fatty acid metabolism, disease resistance, male fertility restoration
or pest resistance. Thus, in certain embodiments, the additional gene may be a male
fertility restoration gene such as an Rf3 gene. This aspect of the invention may be
particularly advantageous since plant minichromosomes that restore male fertility
may be transmitted to progeny cells with very high efficiency.

Embodiments discussed in the context of a methods and/or composition of the
invention may be employed with respect to any other method or composition
described herein. Thus, an embodiment pertaining to one method or composition may
be applied to other methods and compositions of the invention as well.

As used herein the specification, “a” or “an” may mean one or more. As used
herein in the claim(s), when used in conjunction with the word “comprising”, the
words “a” or “an” may mean one or more than one.

The use of the term “or” in the claims is used to mean “and/or” unless
explicitly indicated to refer to alternatives only or the alternatives are mutually
exclusive, although the disclosure supports a definition that refers to only alternatives

and “and/or.” As used herein “another” may mean at least a second or more.
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Throughout this application, the term “about” is used to indicate that a value
includes the inherent variation of error for the device, the method being employed to
determine the value, or the variation that exists among the study subjects.

Other objects, features and advantages of the present invention will become
apparent from the following detailed description. It should be understood, however,
that the detailed description and the specific examples, while indicating preferred
embodiments of the invention, are given by way of illustration only, since various
changes and modifications within the spirit and scope of the invention will become

apparent to those skilled in the art from this detailed description.

BRIEF DESCRIPTION OF THE FIGURES

The following drawings form part of the present specification and are included
to further demonstrate certain aspects of the present invention. The invention may be
better understood by reference to one or more of these drawings in combination with

the detailed description of specific embodiments presented herein.

FIG. 1: Examples of chromosomal truncation constructs. Constructs pWY76
and pWY86, and the control construct pWY96 are diagrammed. The meaning of the
letter designations in the figure are as follows: LB, T-DNA left border; RB, T-DNA
right border; Tvsp, terminator from soybean vegetative storage protein gene; Bar,
bialaphos resistance gene as a selectable marker gene; TEV, tobacco etch virus 5'
untranslated region; P35S, 2X35S promoter from cauliflower mosaic virus (CaMV);
Tnos, Nos terminator from Agrobacterium tumefaciens, Tmas, Mas terminator from
A. tumefaciens; Pnos, Nos promoter from A. tumefaciens, Pmasl', Mas promoter
from A. tumefaciens; lox and FRT, site-specific recombination sites; HPT,
hygromycin B resistance gene; GFP, green fluorescent protein gene; DsRed, red
fluorescent protein; FLP, site specific recombinase gene; Telomeres, telomere units of
pAtT4 isolated from Arabidopsis thaliana (Richards and Ausubel 1988). The arrows
indicate the direction of transcription or in the case of the telomere repeats, the

chromosomal orientation.

FIG. 2: Structure of pJV21. The four functional parts are indicated by
brackets and labeled. LB, left border; RB, right border; lox, lox66 site; Cre, Cre
recombinase gene; bar, bialaphos resistance gene; 35S, CaMV 35S promoter; ubi,

maize ubiquitin promoter; n3', terminator sequence of the nopaline synthase gene;
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telo, 400 bp telomere repeats from Arabidopsis; Notl and Ascl, restriction enzyme

sites.

DETAILED DESCRIPTION OF THE INVENTION

One of the goals of plant breeding is the selection of desirable characteristics
such as disease and insect resistance, rate of growth, nutrient requirements and yield.
Unfortunately, in many plant species different varieties are optimal for geographic
and climactic regions. However, breeding a desirable characteristic or gene into each
variety can take years since any given characteristic must be selected for while
maintaining the specific advantages of a given variety. Modifying some traits or
stacking of ftraits can also require multiple transgenes, which complicates
introgression. Thus, ideally genes that impart agronomically superior characteristics
could be provided on a separate chromosome and thus would be unlinked to other
genes and easily selected in progeny plants. However, until now a plant
minichromosome that is capable of encoding genes had not been described.

The invention overcomes limitations in the art by providing plant
minichromosomes that may be used to incorporate desirable transgenes. In certain
cases, the minichromosome can be introgressed into any particular variety of plant
since it will not be linked to any background genes, encoded on other chromosomes.
These minichromosomes may further comprise site specific recombination sites that
enable genes to be quickly moved in or out of any plant variety comprising the
minichromosome. Thus, these new plant minichromosomes reduce the problems

associated with linkage drag by providing a genetically isolated expression platform.

L. Recombination systems

In certain embodiments of the invention plant minichromosomes comprise at
least one site specific recombinase site. Site-specific integrase recombinase systems
have been identified in several organisms including, but not limited to, the Cre/lox
system of bacteriophage P1 (Abremski et al., 1983; U.S. Patent No. 4,959,317; U.S.
Patent No. 5,658,772), the FLP/FRT system of yeast (Golic and Lindquist, 1989), the
Pin recombinase of E. coli (Enomoto et al., 1983), the Gin/gix recombinase of phage
Mu (Maeser et al, 1991), the R/RS system of the pSR1 plasmid from
Zygosaccharomyces rouxii (Onouchi et al, 1991; Araki et al, 1992) and the R

10
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recombinase from Zygosaccharomyces rouxii (Onouchi et al., 1995). All of these
systems have been shown to function in plants (O’Gorman et al., 1991; Maeser et al.,
1991; Onouchi et al, 1991; Dale and Ow, 1991). It is believed that site-directed
integration systems like Cre/lox or FLP/FRT require a circular DNA intermediate. Of
these systems, Cre/lox and FLP/FRT have been widely utilized,

The FLP/FRT system is native to the yeast Saccharomyces cerevisiae (Golic
and Lindquist, 1989; reviewed in Futcher, 1988). In yeast, the recombinase enzyme
(FLP) resides on a 2p plasmid and recognizes 599 base pair (bp) inverted repeats
(FRT) as target sites. The minimal functional sequence unit within the 599 bp repeats
includes only 34 bp; two 13 bp inverted repeats separated by an asymmetric 8 bp
spacer region although a third, non-essential repeat of the 13 bp sequence is often
present (Sauer, 1994). FLP-mediated rearrangement of DNA flanked by inverted
repeats of FRT sequence often results in the inversion of the DNA between the FRT
target sites. In this case, both FRT sites are retained. FLP recombinase can also
recognize directly repeated FRT target sites. FLP-mediated rearrangements of DNA
flanked by directly repeated FRT sites often results in the excision of the DNA located
between the FRT target sites. In this case, the excised DNA is released in circular
form comprising one FRT site while the second FRT site remains on the template
DNA molecule. FLP recombinase can also mediate recombination between FRT sites
on different DNA molecules; for example, FLP recombinase can mediate
recombination between FRT sites on different chromosomes. Sadowski (1995) has
shown that recombination catalyzed by FLP/FRT is reversible in nature.

The DNA exchange catalyzed by FLP/FRT can be carried out in vitro as
purified FLP recombinase has been shown to mediate recombination between FRT
sites (Meyer-Leon et al., 1984). The yeast FLP/FRT combination has also been used
to direct site-specific recombination, both excision and amplification of sequences
flanked by FRT sites, in Escherichia coli (Cox, 1983) as well as in Drosophila
genomes (Golic and Lindquist, 1989; Golic, 1994). FLP/FRT has also been employed
to direct site-specific excision of parts of transgenes from plasmid DNA in maize and
rice protoplasts by homologous recombination (see, for example, U.S. Patent No.
5,527,695). FLP/FRT has also been utilized in stably transformed maize for site-
directed excision of sequences inserted into the maize genome which are flanked by
FRT sites (U.S. Patent Nos. 5,929,301 and 6,175,058). Site-specific chromosomal

targeting of foreign DNA into bacterial and mammalian chromosomes can also be
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effected by FLP/FRT (Huang et al., 1991; O’Gorman et al., 1991) and this insertion
by FLP into FRT sites has been shown to be reversible in non-yeast genomes (Huang
et al., 1997). 1t is possible to sufficiently alter FRT sites such that recombination
occurs but is not reversible (U.S. Patent No. 6,187,994) or favors a forward reaction
relative to a reverse reaction (Senecoff ef al., 1988).

A second well characterized recombination system is that of Cre/lox from
bacteriophage P1 (Abremski ef al., 1983; reviewed in Craig, 1988; Sauer, 1994; Ow,
1996). Cre recombinase (causing recombination) recognizes Jox (locus of crossing
over (x)) target sequences and mediates site-specific recombination between
compatible Jox sites. Compatible sites may or may not comprise identical sequences.
Lox sites are 34 base pairs in length, comprising two 13 bp inverted repeats separated
by 8 bp of other spacer nucleotides. Lox sequences include /oxP from bacteriophage
P1 (Albert et al., 1995) as well as loxB, loxL, and loxR sites which are nucleotide
sequences isolated from E. coli (Hoess et al., 1982). Functional variants of loxP sites
reported include, but are not limited to lox66, lox71, and lox72 (Albert et al., 1995;
Langer et al., 2002). Lox sequences can also be produced by a variety of synthetic
techniques which are known in the art. Examples of synthetic techniques for
producing functional /ox sites are disclosed by Ogilvie et al. (1981) and Ito et al.
(1982).

The lox site is an asymmetrical nucleotide sequence and as such, lox sites on
the same DNA molecule can have the same or opposite orientation with respect to
each other. Recombination between /lox sites in the same orientation results in a
deletion of the DNA segment located between the two Jox sites. In this case, ligation
between the resulting ends of the original DNA molecule occurs and a lox site is
retained. The deleted DNA segment forms a circular molecule of DNA which also
contains a single /ox site. Recombination between Jox sites in opposite orientations on
the same DNA molecule results in an inversion of the nucleotide sequence of the
DNA segment located between the two lox sites. In addition, reciprocal exchange of
DNA segments proximate to /ox sites located on two different DNA molecules can
occur. All of these recombination events are catalyzed by the product of the Cre
coding region and are reversible. It is possible, however, to sufficiently alter lox sites
such that recombination events occur but are resistant to the reverse recombination
reaction (Albert ef al., 1995; Araki et al, 1997; PCT Publication WO 01/11058) or

such that two sites are ‘“non-compatible” recombination substrates for the
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recombinase (Hoess et al., 1986; Trinh and Morrison, 2000; Lee and Saito, 1988; EP
1 035 208). 1t is also possible to prevent the reverse reaction from occurring be
removing the source of recombinase, for example, by breeding or use of particular
regulatory promoters.

Cre recombinase also effects site-directed integration. For example, a lacZ
reporter gene was integrated into the genome of Chinese Hamster Ovary (CHO) cells
using Cre-recombinase, a single /ox site on the lacZ targeting vector and a single lox
site previously located within the CHO genomic DNA (Fukushige and Sauer, 1992).
Cre recombinase has been shown to mediate recombination between Jox sites in yeast
(Sauer, 1987) and plants, such as tobacco and Arabidopsis (see, for example, U.S.
Patent No. 5,658,772; Medberry, et al, 1995; Albert et al., 1995) as well as in
mammalian cells such as mice (Sauer and Henderson, 1988; Fukushige and Sauer,
1992; Sauer, 1998). Site-specific integration of large BAC (bacterial
minichromosome) fragments into plant and fungal genomes utilizing a Cre/lox
recombination system has also been reported (Choi ef al., 2000). It is believed that in
order to achieve site-directed integration into a single genomic /ox site, a circular
DNA molecule comprising a single /ox site must be introduced into the cell.
Therefore, the methods of the present invention make it possible to achieve site-
directed integration of DNA molecules lacking ancillary sequences that are often
present in order to replicate and maintain the circular molecules in a bacterial host
cell. Wallace et al, (2000) and Day et al., (2000) discuss the use of site-directed
integration as a method to pre-select sites in the genome for repeatable expression of
transgenes in embryonic stem cells or tobacco, respectively.

Cre recombinase can contact and effect recombination utilizing a number of
lox sites including, but not limited to /oxP and a number of variants of the wild type
loxP site such as lox66 (Albert et al., 1995). The DNA exchange directed by the lox
sites occurs in the 8 bp spacer region and essentially effects an exchange of the 13 bp
inverted repeats of the two Jox sites involved. For example, site-directed
recombination in which a single /ox site on one DNA molecule recombines with a
second single lox site on a second DNA molecule generates a sequence in which the
integrated DNA is flanked by a /ox site on either side. When the single lox sites on
the separate molecules involved are identical, the two resultant lox sites adjacent to
the inserted DNA are also identical. If, however, the two single lox sites on the

starting molecules are non-identical in the 13 bp inverted repeats, the two resultant lox
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sites adjacent to the inserted DNA will differ from the starting Jox sites. For example,
if a first single /ox66 site is involved in site-directed integration with a second single
lox71 site, the resultant lox sites flanking the inserted DNA comprise sequences of
loxP and lox72 sites (Albert et al., 1995).

Site-directed integration utilizing identical lox or FRT sites on the two
recombining molecules results in the inserted DNA being flanked by identical
recombination sites, a reaction that is easily reversed by the recombinase. To prevent
the deletion of the inserted sequence, it is often desirable to remove the source of
recombinase enzyme, for example, by segregation or by placing the recombinase gene
under the control of an inducible promoter and removing the inducing source.
Alternatively, one of skill in the art may use site-specific recombination sequences
designed such that after the integration reaction, the resultant sites are non-compatible
for a reverse reaction or recombine at a reduced rate.

One of skill in the art will recognize that the integrase enzyme, such as Cre or
FLP recombinase, can be provided to the target site or sites, such as lox or FRT, by
any means known in the art. For example, the recombinase can be transiently
supplied by expression from a gene, and appropriate control sequences, that reside on
a separately maintained plasmid within the host cells. The recombinase gene and
appropriate control sequences can be inserted into the genome of the organism and
stably expressed in the host cells. Alternatively, sexual crossing or breeding may be
used to introduce the recombinase to cells containing the target lox or FRT site or
sites; in this instance, an organism such as plant containing the recombinase gene
could be crossed to a plant containing the target lox or FRT sites and progeny from
this union would contain both the recombinase and the target site or sites. In some
cases, mRNA coding for the desired recombinase can be introduced into the host cells
to encode and provide the recombinase protein. In other cases, one may introduce
isolated recombinase protein into a host cell comprising a target recombination site.
In any of these cases, the promoter directing recombinase expression may be, but not
limited to, constitutive or inducible in manner. One of skill in the art will also
recognize that the genes for recombinase genes such as Cre or FLP may be isolated
from bacteriophage P1 or Saccharomyces cerevisiae, respectively, and utilized
directly in a new host system or the gene sequence may be optimized for codon usage

for expression in the transgenic host. In a similar fashion, one of skill in the art will
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recognize that natively occurring as well as synthetic target sites may be recognized
and mediate recombination with an appropriate recombinase.

Examples of recombinase mediated gene replacement or gene excision
typically utilize two target sites flanking the sequence to be replaced or excised. For
example, Odell ef al. (U.S. Patent No. 5,658,772) disclose the use of two loxP sites
and Cre-recombinase to generate specific gene replacements in tobacco. The Cre/lox
system has also been used in an inducible manner to activate and to remove
transgenes in transgenic plants (PCT Publication WO 01/40492). Baszczynski et al.
(U.S. Patent No. 6,187,994) disclose the use of multiple, non-identical FRT sites and
FLP-recombinase to generate a variety of gene alterations in maize. Baszczynski et
al. (U.S. Patent No. 6,262,341) also disclose the use of a chimeric Cre/FLP
recombinase with dual target site specificity to effect recombination of DNA
sequences flanked by a lox sequence on one side and a FRT sequence on another side.
In each of these cases, the integration or excision of sequences generates extraneous
DNA fragments as part of the recombination schema. Site-directed integration,
however, may utilize only one target site in the recipient genome. The present
invention proposes Cre-mediated, targeted integration of a non-replicating, in vitro
generated, transformation-ready circular molecule containing a first single lox site

into a second single /ox site previously introduced into the target genome.

IL Genes for use in the invention

It will be understood by one of skill in the art that minichromosomes of the
instant invention may be used to express a variety of genes. In some preferred
embodiments such genes confer agronomically elite characteristics to a plant
comprising a minichromosome of the invention. Some none limiting examples of

genes for use in the instant invention are provided below.
A. Herbicide Resistance

Numerous herbicide resistance genes are known and may be employed with
the invention. An example is a gene conferring resistance to a herbicide that inhibits
the growing point or meristem, such as an imidazalinone or a sulfonylurea.

Exemplary genes in this category code for mutant ALS and AHAS enzyme as
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described, for example, by Lee ef al., (1988); Gleen et al., (1992); and Miki et al.,
(1990).

Resistance genes for glyphosate (resistance conferred by mutant 5-enolpyruvl-
3 phosphoshikimate synthase (EPSP) and aroA genes, respectively) and other
phosphono compounds such as glufosinate (phosphinothricin acetyl transferase (PAT)
and Streptomyces hygroscopicus phosphinothricin-acetyl transferase (bar) genes) may
also be used. See, for example, U.S. Patent No. 4,940,835 to Shah, et al., which
discloses the nucleotide sequence of a form of EPSPS which can confer glyphosate
resistance. A DNA molecule encoding a mutant aro4 gene can be obtained under
ATCC accession number 39256, and the nucleotide sequence of the mutant gene is
disclosed in U.S. Patent No. 4,769,061 to Comai. European patent application No. 0
333 033 to Kumada et al., and U.S. Patent No. 4,975,374 to Goodman et al., disclose
nucleotide sequences of glutamine synthetase genes which confer resistance to
herbicides such as L-phosphinothricin. The nucleotide sequence of a
phosphinothricin-acetyltransferase gene is provided in European application No. 0
242 246 to Leemans et al. DeGreef et al, (1989), describe the production of
transgenic plants that express chimeric bar genes coding for phosphinothricin acetyl
transferase activity. Exemplary of genes conferring resistance to phenoxy propionic
acids and cyclohexanediones, such as sethoxydim and haloxyfop are the Acct-SI,

Accl-S2 and Acct-S3 genes described by Marshall et al., (1992).

Genes are also known conferring resistance to a herbicide that inhibits
photosynthesis, such as a triazine (pshb4 and gs+ genes) and a benzonitrile (nitrilase
gene). Przibilla et al., (1991), describe the transformation of Chlamydomonas with
plasmids encoding mutant psbA genes. Nucleotide sequences for nitrilase genes are
disclosed in U.S. Patent No. 4,810,648 to Stalker, and DNA molecules containing
these genes are available under ATCC Accession Nos. 53435, 67441, and 67442.
Cloning and expression of DNA coding for a glutathione S-transferase is described by

Hayes et al., (1992).
B. Male Sterility and Restoration of Male Fertility

Examples of genes conferring male sterility as well as restorers of male
fertility are known in the art and include those disclosed in U.S. Patent No. 3,861,709,
U.S. Patent No. 3,710,511, U.S. Patent No. 4,654,465, U.S. Patent No. 4,727,219,
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U.S. Patent No. 5,530,191, U.S. Patent No 5,625,132, and U.S. Patent No. 5,689,041,
each of the disclosures of which are specifically incorporated herein by reference in

their entirety.

Male sterility genes can increase the efficiency with which hybrids are made,
in that they eliminate the need to physically emasculate the corn plant used as a

female in a given cross.

Where one desires to employ male-sterility systems with a corn plant in
accordance with the invention, it may be beneficial to also utilize one or more male-
fertility restorer genes. For example, where cytoplasmic male sterility (CMS) is used,
hybrid seed production requires three inbred lines: (1) a cytoplasmically male-sterile
line having a CMS cytoplasm; (2) a fertile inbred with normal cytoplasm, which is
isogenic with the CMS line for nuclear genes (“maintainer line); and (3) a distinct,
fertile inbred with normal cytoplasm, carrying a fertility restoring gene (“restorer”
line). The CMS line is propagated by pollination with the maintainer line, with all of
the progeny being male sterile, as the CMS cytoplasm is derived from the female
parent. These male sterile plants can then be efficiently employed as the female
parent in hybrid crosses with the restorer line, without the need for physical

emasculation of the male reproductive parts of the female parent.

The presence of a male-fertility restorer gene results in the production of fully
fertile F, hybrid progeny. If no restorer gene is present in the male parent, male-
sterile hybrids are obtained. Such hybrids are useful where the vegetative tissue of
the corn plant is utilized, e.g., for silage, but in most cases, the seeds will be deemed
the most valuable portion of the crop, so fertility of the hybrids in these crops must be
restored. Therefore, one aspect of the current invention concemns the hybrid corn
plant CH389090 comprising a genetic locus capable of restoring male fertility in an
otherwise male-sterile plant. Examples of male-sterility genes and corresponding
restorers which could be employed with the plants of the invention are well known to
those of skill in the art of plant breeding and are disclosed in, for instance, U.S. Patent
No. 5,530,191; U.S. Patent No. 5,689,041; U.S. Patent No. 5,741,684; and U.S. Patent
No. 5,684,242, the disclosures of which are each specifically incorporated herein by
reference in their entirety. For example, restorer gene may be an Rf3 gene (Duvick,
1965; Chase and Gabay-Laughnan 2004; Gabay-Laughnan et al., 2004) or genes used

in the Barnase/Barstar restoration system (Mariani ez al., 1990; Mariani et al., 1992)
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C. Disease Resistance

Plant defenses are often activated by specific interaction between the product
of a disease resistance gene (R) in the plant and the product of a corresponding
avirulence (Avr) gene in the pathogen. A plant line can be transformed with cloned
resistance gene to engineer plants that are resistant to specific pathogen strains. See,
for example Jones et al., (1994) (cloning of the tomato Cf-9 gene for resistance to
Cladosporium fulvum), Martin et al., (1993) (tomato Pto gene for resistance to
Pseudomonas syringae pv.); and Mindrinos et al., (1994) (Arabidopsis RSP2 gene for

resistance to Pseudomonas syringae).

A viral-invasive protein or a complex toxin derived therefrom may also be
used for viral disease resistance. For example, the accumulation of viral coat proteins
in transformed plant cells imparts resistance to viral infection and/or disease
development effected by the virus from which the coat protein gene is derived, as well
as by related viruses. See Beachy et al., (1990). Coat protein-mediated resistance has
been conferred upon transformed plants against alfalfa mosaic virus, cucumber
mosaic virus, tobacco streak virus, potato virus X, potato virus Y, tobacco etch virus,

tobacco rattle virus and tobacco mosaic virus.

A virus-specific antibody may also be used. See, for example, Tavladoraki et
al., (1993), who show that transgenic plants expressing recombinant antibody genes

are protected from virus attack.

Logemann et al., (1992), for example, disclose transgenic plants expressing a

barley ribosome-inactivating gene have an increased resistance to fungal disease.
D. Waxy Starch

The waxy characteristic is an example of a recessive trait. In this example, the
progeny resulting from the first backcross generation (BC1) must be grown and
selfed. A test is then run on the selfed seed from the BC1 plant to determine which
BCl1 plants carried the recessive gene for the waxy trait. In other recessive traits
additional progeny testing, for example growing additional generations such as the

BC181, may be required to determine which plants carry the recessive gene.
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E. Insect Resistance

One example of an insect resistance gene includes a Bacillus thuringiensis
protein, a derivative thereof or a synthetic polypeptide modeled thereon. See, for
example, Geiser et al., (1986), who disclose the cloning and nucleotide sequence of a
Bt 5-endotoxin gene. Moreover, DNA molecules encoding 8-endotoxin genes can be
purchased from the American Type Culture Collection, Manassas, Virginia, for
example, under ATCC Accession Nos. 40098, 67136, 31995 and 31998. Another
example is a lectin. See, for example, Van Damme et al., (1994), who disclose the
nucleotide sequences of several Clivia miniata mannose-binding lectin genes. A
vitamin-binding protein may also be used, such as avidin. See PCT application
US93/06487, the contents of which are hereby incorporated by reference. This
application teaches the use of avidin and avidin homologues as larvicides against

insect pests.

Yet another insect resistance gene is an enzyme inhibitor, for example, a
protease or proteinase inhibitor or an amylase inhibitor. See, for example, Abe et al.,
(1987) (nucleotide sequence of rice cysteine proteinase inhibitor), Huub et al., (1993)
(nucleotide sequence of cDNA encoding tobacco proteinase inhibitor I), and Sumitani
et al., (1993) (nucleotide sequence of Streptomyces nitrosporeus o-amylase inhibitor).
An insect-specific hormone or pheromone may also be used. See, for example, the
disclosure by Hammock et al., (1990), of baculovirus expression of cloned juvenile

hormone esterase, an inactivator of juvenile hormone.

Still other examples include an insect-specific antibody or an immunotoxin
derived therefrom and a developmental-arrestive protein. See Taylor et al., (1994),
who described enzymatic inactivation in transgenic tobacco via production of single-

chain antibody fragments.
F. Modified Fatty Acid, Phytate and Carbohydrate Metabolism

Genes may be used conferring modified fatty acid metabolism. For example,
stearyl-ACP desaturase genes may be used. See Knutzon et al., (1992). Various fatty
acid desaturases have also been described, such as a Saccharomyces cerevisiae OLE1
gene encoding A9 fatty acid desaturase, an enzyme which forms the monounsaturated
palmitoleic (16:1) and oleic (18:1) fatty acids from palmitoyl (16:0) or stearoyl (18:0)

CoA (McDonough et al., 1992); a gene encoding a stearoyl-acyl carrier protein delta-
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9 desaturase from castor (Fox et al. 1993); A6- and Al2-desaturases from the
cyanobacteria Synechocystis responsible for the conversion of linoleic acid (18:2) to
gamma-linolenic acid (18:3 gamma) (Reddy et al. 1993); a gene from Arabidopsis
thaliana that encodes an omega-3 desaturase (Arondel et al. 1992)); plant A9-
desaturases (PCT Application Publ. No. WO 91/13972) and soybean and Brassica
A1S5 desaturases (European Patent Application Publ. No. EP 0616644).

Phytate metabolism may also be modified by introduction of a phytase-
encoding gene to enhance breakdown of phytate, adding more free phosphate to the
transformed plant. For example, see Van Hartingsveldt et al., (1993), for a disclosure
of the nucleotide sequence of an Aspergillus niger phytase gene. In corn, this, for
example, could be accomplished by cloning and then reintroducing DNA associated
with the single allele which is responsible for corn mutants characterized by low

levels of phytic acid. See Raboy et al., (1990).

A number of genes are known that may be used to alter carbohydrate
metabolism. For example, plants may be transformed with a gene coding for an
enzyme that alters the branching pattern of starch. See Shiroza et al, (1988)
(nucleotide sequence of Streptococcus mutans fructosyltransferase gene), Steinmetz et
al., (1985) (nucleotide sequence of Bacillus subtilis levansucrase gene), Pen et al.,
(1992) (production of transgenic plants that express Bacillus licheniformis o-
amylase), Elliot et al., (1993) (nucleotide sequences of tomato invertase genes),
Sergaard et al., (1993) (site-directed mutagenesis of barley a-amylase gene), and
Fisher et al., (1993) (maize endosperm starch branching enzyme II). The Z10 gene
encoding a 10kD zein storage protein from maize may also be used to alter the
quantities of 10kD Zein in the cells relative to other components (Kirihara et al.,

1988).

III.  Plants and Use Thereof

The present invention provides a transgenic plant comprising a plant
minichromosome of the invention including, without limitation, alfalfa, corn, canola,
rice, soybean, tobacco, turfgrass, oat, rye, and wheat, among others. Also included is

a seed from a plant, the seed comprising a minichromosome of the invention.
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For example, in certain embodiments, a seed comprising a minichromosome
of the invention may express a gene that provides for herbicide tolerance. One
beneficial example of a herbicide tolerance gene provides resistance to glyphosate, N-
(phosphonomethyl) glycine, including the isopropylamine salt form of such herbicide.

The present invention can be, in practice, combined with other disease control
traits in a plant to achieve desired traits for enhanced control of plant disease.
Combining disease control traits that employ distinct modes-of-action can provide
protected transgenic plants with superior consistency and durability over plants
harboring a single control trait because of the reduced probability that resistance will
develop in the field.

The invention also relates to commodity products containing one or more of
the minichromosomes of the present invention, and produced from a recombinant
plant or seed containing one or more minichromosome. A commodity product
containing one or more of the sequences of the present invention is intended to
include, but not be limited to, meals, oils, crushed or whole grains or seeds of a plant,
or any food product comprising any meal, oil, or crushed or whole grain of a
recombinant plant or seed containing one or more of the sequences of the present
invention. The detection of one or more of the sequences of the present invention in
one or more commodity or commodity products contemplated herein is de facto
evidence that the commodity or commodity product comprises a minichromosome of
the invention.

A further aspect of the invention relates to tissue cultures of plants comprising
mini-chromosomes. As used herein, the term “tissue culture” indicates a composition
comprising isolated cells of the same or a different type or a collection of such cells
organized into parts of a plant. Exemplary types of tissue cultures are protoplasts,
calli and plant cells that are intact in plants or parts of plants, such as embryos, pollen,
flowers, kernels, ears, cobs, leaves, husks, stalks, roots, root tips, anthers, silk, and the
like. In a preferred embodiment, the tissue culture comprises embryos, protoplasts,
meristematic cells, pollen, leaves or anthers derived from immature tissues of these
plant parts. Means for preparing and maintaining plant tissue cultures are well known
in the art (U.S. Patent No. 5,538,880; and U.S. Patent No. 5,550,318, each
incorporated herein by reference in their entirety). By way of example, a tissue

culture comprising organs such as tassels or anthers has been used to produce
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regenerated plants (U.S. Patent No. 5,445,961 and U.S. Patent No. 5,322,789; the

disclosures of which are incorporated herein by reference).

One type of tissue culture in maize is tassel/anther culture. Tassels contain
anthers which in turn enclose microspores. Microspores develop into pollen. For
anther/microspore culture, if tassels are the plant composition, they are preferably
selected at a stage when the microspores are uninucleate, that is, include only one,
rather than 2 or 3 nuclei. Methods to determine the correct stage are well known to
those skilled in the art and include mitramycin fluorescent staining, trypan blue
(preferred) and acetocarmine squashing. The mid-uninucleate microspore stage has
been found to be the developmental stage most responsive to the subsequent methods

disclosed to ultimately produce plants.

Although microspore-containing plant organs such as tassels can generally be
pretreated at any cold temperature below about 25°C, a range of 4 to 25°C is
preferred, and a range of 8 to 14°C is particularly preferred. Although other
temperatures yield embryoids and regenerated plants, cold temperatures produce
optimum response rates compared to pretreatment at temperatures outside the
preferred raﬁge. Response rate is measured as either the number of embryoids or the
number of regenerated plants per number of microspores initiated in culture.
Exemplary methods of microspore culture are disclosed in, for example, U.S. Patent
No. 5,322,789 and U.S. Patent No. 5,445,961, the disclosures of which are

specifically incorporated herein by reference.

Furthermore, in certain embodiments of the invention, a starting plant or plant
cell is transformed with a nucleic acid such as a telomere truncation vector. Methods
for transforming plant cells with nucleic acids are well known to those of skill in the
art. For example, methods may employ Agrobacterium mediated transformation or
DNA particle bombardment as exemplified herein. Certain specialized methods for
transforming high molecular weight nucleic acids have also been developed. For
instance, the BIBAC system designed by Hamilton and colleagues (Hamilton, 1997;
Hamilton et al., 1996; Patent No. 5,733,744) for the transformation of large T-DNA
inserts to plant genomes. The BIBAC is a combination of the T-DNA transfer
function of the Ti plasmid and the capacity of maintaining large DNA fragments of
the bacterial artificial chromosome (BAC). As with a BAC, it has a single copy

origin of replication from the E. coli F-plasmid for stable maintenance of the plasmid
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in E. coli. It also has a single copy origin of replication from the Agrobacterium Ri
plasmid, and the T-DNA borders for T-DNA transformation. A similar system,
transformation competent artificial chromosomes (TAC), with an E. coli
bacteriophage P1 origin, has also been used in the transformation of large DNAs (Liu

5 etal, 1999).

IV.  Breeding of Plants Comprising a Minichromosome
As discussed above a starting, native plant chromosome may be used in
accordance with the invention to generate a plant minichromosome. In some
10  embodiments, native chromosomes for use in the current invention will be maize .
chromosomes such as maize B chromosomes or a maize A chromosome. For
example, any of the Z. mays chromosomes listed in Table 1 may be used as a starting
chromosome for making a minichromosome of the invention.
Table 1 illustrates the sizes for Zea mays A chromosomes in Megabase pairs
15 (Mb) or in centimorgans (cM). The size in ¢cM has determined via two different

strategies as described in Sharopova et al., 2002.

Table 1: Zea mays A chromosome sizes.

Chromosome Size
Mega base pairs | IBM v2 (cM) | UMC98 (cM)
(Mb)
1 337 975 248
2 278 612 207
3 259 685 166
4 271 684 175
5 250 607 174
6 208 492 168
7 199 566 147
8 202 567 183
9 191 581 150
10 170 472 134

It will also be understood that in some cases the minichromosome comprises a
20  site specific recombination site.  Thus, any plant variety comprising the
minichromosome may be transformed with a vector that enables the introduction of

transgene into the minichromosome by site specific recombination. Once a plant
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minichromosome is generated it may be easily introgressed into a desired genetic

background by plant breeding techniques that are well know in the art.

Thus, the present invention provides processes for breeding of plants that
comprise a minichromosome. In accordance with such a process, a first parent plant
may be crossed with a second parent plant wherein the first and second plants
comprise a minichromosome, or wherein at least one of the plants comprises a
minichromosome.  For example, cormn plants (Zea mays L.) comprising a

minichromosome can be crossed by either natural or mechanical techniques.

Natural pollination occurs in flowering plants when wind or insects spread
pollen from a plant. However, mechanical pollination can be effected by controlling
the types of pollen that are introduced or by pollinating by hand. In one embodiment,

crossing comprises the steps of:

(a) planting in pollinating proximity seeds of a first and a second parent
plant, and preferably, seeds of a first inbred plant and a second, distinct

inbred plant;

(b) cultivating or growing the seeds of the first and second parent plants

into plants that bear flowers;

() emasculating flowers of either the first or second parent plant, i.e.,
treating the flowers so as to prevent pollen production, or alternatively,
using as the female parent a male sterile plant, thereby providing an

emasculated parent plant;

(d) allowing natural cross-pollination to occur between the first and

second parent plants;

(e) harvesting seeds produced on the emasculated parent plant; and, where

desired,
¢3) growing the harvested seed into a plant, preferably, a hybrid plant.

Parental plants are typically planted in pollinating proximity to each other by
planting the parental plants in alternating rows, in blocks or in any other convenient
planting pattern. Where the parental plants differ in timing of sexual maturity, it may
be desired to plant the slower maturing plant first, thereby ensuring the availability of

pollen from the male parent during the time at which the female parent is receptive to
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pollen. Plants of both parental parents are cultivated and allowed to grow until the
time of flowering. Advantageously, during this growth stage, plants are in general
treated with fertilizer and/or other agricultural chemicals as considered appropriate by

the grower.

At the time of flowering, in the event a plant comprising a minichromosome is
the male parent, the pollen producing organs of the other parental plant are removed
from all plants employed as the female parental plant to avoid self-pollination. This
can be achieved manually but also can be done by machine, if desired. Alternatively,
when the female parent plant comprises a cytoplasmic or nuclear gene conferring
male sterility, removal of the pollen producing organs may not be required.
Additionally, a chemical gametocide may be used to sterilize the male flowers of the
female plant. In this case, the parent plants used as the male may either not be treated
with the chemical agent or may comprise a genetic factor which causes resistance to
the emasculating effects of the chemical agent. Gametocides affect processes or cells
involved in the development, maturation or release of pollen. Plants treated with such
gametocides are rendered male sterile, but typically remain female fertile. The use of
chemical gametocides is described, for example, in U.S. Patent No. 4,936,904, the
disclosure of which is specifically incorporated herein by reference in its entirety.
Furthermore, the use of ROUNDUP herbicide (Monsanto, St. Louis, MO) in
combination with glyphosate tolerant corn plants to produce male sterile corn plants is

disclosed in PCT Publication WO 98/44140.

Following emasculation, the plants are then typically allowed to continue to
grow and natural cross-pollination occurs as a result of the action of wind, which is
normal in the pollination of grasses, such as corn. As a result of the emasculation of
the female parent plant, all the pollen from the male parent plant is available for
pollination because pollen bearing flowering parts, have been previously removed
from all plants of the plant being used as the female in the hybridization. Of course,
during this hybridization procedure, the parental varieties are grown such that they are
isolated from other plant fields to minimize or prevent any accidental contamination
of pollen from foreign sources. These isolation techniques are well within the skill of

those skilled in this art.

Both parental plants of a cross may be allowed to continue to grow until

maturity or the male rows may be destroyed after flowering is complete. Only the
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seeds from the female parental plants are harvested to obtain the seeds of a novel F;
hybrid. The novel F, hybrid seed produced can then be planted in a subsequent
growing season in commercial fields or, alternatively, advanced in breeding protocols

for purposes of developing novel inbred lines.

Alternatively, in another embodiment of the invention, one or both first and
second parent plants can comprise a plant minichromosome. Thus, any plant
comprising a minichromosome of the invention forms a part of the invention. As
used herein, crossing can mean selfing, backcrossing, crossing to another or the same
variety, crossing to populations, and the like. All corn plants produced using plant
comprising a minichromosome as a parent are, therefore, within the scope of this

invention.

EXAMPLES

The following examples are included to further illustrate various aspects of the
invention. It should be appreciated by those of skill in the art that the techniques
disclosed in the examples that follow represent techniques and/or compositions
discovered by the inventor to function well in the practice of the invention, and thus
can be considered to constitute preferred modes for its practice. However, those of
skill in the art should, in light of the present disclosure, appreciate that many changes
can be made in the specific embodiments which are disclosed and still obtain a like or

similar result without departing from the spirit and scope of the invention.

EXAMPLE 1
General Telomere Truncation Methods

Telomere-mediated chromosomal truncation is accomplished by the
introduction of six copies of telomere repeats into an endogenous plant chromosome
via a transformation plasmid. In this particular case the telomere repeats were made
from Arabidopsis telomeres previously cloned by Richards and Ausubel (1988).
Maize Hill (Armstrong and Green, 1985) immature embryos were transformed
following the protocols for Agrobacterium-mediated transformation with a standard
binary vector (Frame et al, 2002). During the Agrobacterium-mediated

transformation, the T-DNA is protected by Agrobacterium VirD2 and VirE proteins,
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and integrated into the plant genome by an illegitimate recombination mechanism.
Small deletions may occur mostly in the left border region, and sometimes in the right
border region. However, these deletions will not destroy the telomere sequence. The
presence of the telomere repeats truncates the chromosome upon integration. The
telomere-associated chromosome truncation has been demonstrated to occur, and has
been used to produce minichromosomes in mammalian cells (Farr ef al., 1991, 1992,
1995; Barnett et al., 1993, Itzhaki et al., 1992; Heller et al., 1996; Mills et al., 1999;
Saffery et al, 2001). Using two telomere-mediated chromosomal truncation
constructs, it was demonstrated that six copies of direct Arabidopsis telomere units
could render chromosomal truncation in maize.

Two binary constructs for chromosomal truncation were constructed for
Agrobacterium-mediated gene transformation of maize Hill immature embryos
(PWY76 and pWY86; see FIG. 1). Ninety three and eighty three transgenic lines
were recovered for pWY76 and pWY86, respectively. A fluorescence in situ
hybridization (FISH) method (Kato et al., 2004) was used to detect transgenes on
metaphase chromosomes of TO transgenic plants. A total of 123 transgene integration
sites for pWY76 and 107 sites for pWY86 were visualized, with 54 and 55 integration
sites localized at the ends of chromosomes. Pollen abortion was also observed in
transgenic lines in which chromosomal truncation occurred. Furthermore, deletions
of distal FISH markers in several transgenic lines were detected by a karyotyping
probe cocktail. For example, in one pWY76 transgenic line, the chromosome 3 short
arm was truncated.  Southern blot analysis demonstrated smear patterns of
hybridization, which is a typical feature of heterogeneous newly seeded telomeres
(Farr et al., 1991). These studies indicated that chromosome truncations occurred in
these transgenic lines. In contrast to the pWY76 and pWY86 transgenes, two other
constructs without the telomere repeats were also transformed simultaneously;
however, no chromosomal truncations observed. These results indicated that the
telomere repeats were the cause of chromosome truncation.

An A chromosome derived mini-chromosome was found in one pWY86 line
by FISH screening. This mini-chromosome was found to originate from chromosome
7 with most of the long arm deleted. This mini-chromosome was originally found in a
tetraploid line without B chromosomes. Because it occurred in a polyploid, the
deficiency caused by the truncation of the chromosome was compensated by its

homologues in diploid gametophytes. In fact, the typical 50% pollen abortion
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observed in diploid lines with one chromosome deficiency was not observed, and
progenies containing this mini-chromosome were recovered after crossing the
recovered transformant by a diploid plant, which reduced the ploidy level to triploid.
The ploidy level was further reduced to diploid plus the minichromosome in both Hill
and Mo17 backgrounds. Further studies showed that this minichromosome did not
cause any abnormal phenotypes. The minichromosome transmitted at 38.5% (10/26)

rate as male when crossed to a diploid plant.

Nucleic acid constructs for telomere truncation in plants

Two truncating constructs and a telomere-minus control were constructed by
using the binary vector pTF101.1 (Paz et al., 2004) and used for the minichromosome
production (see FIG. 1 for maps of constructs). Components on these constructs are
listed in order as below: pWY76: LB-Tvsp-Bar-2XP35S-/lox66-GFP-Tnos-Pmas-
HPT-Tmas-6x telomeres-RB, pWY&86: LB-Tvsp-Bar-2XP35S-/ox71-DsRed-Tnos-
Pnos-FRT-FLP-Tnos-6x telomeres-RB and pWY96: LB-Tvsp-Bar-2XP35S-lox71-
DsRed-Tnos-Pnos-FRT-FLP-Tnos-Pmas-HPT-Tmas-RB

Promoterless 10x66-GFP, or lox71-DsRed fusion genes were included in
pWY76 and pWY86, respectively, to allow further gene specific integration at the lox
site. In addition, a Pnos-FRT-FLP-Tnos cassette was included in pWY86 to allow

site-specific recombination at the FRT site for further gene integration.

EXAMPLE 2
Telomere Truncation in B-Chromosomes

To produce mini-B chromosomes by telomere-mediated chromosomal
truncation, B chromosomes from Black Mexican Sweet (BMS) com cells were
introduced into a maize Hill parent A line and allowed to accumulate to multi-copies.
The two telomere-associated chromosomal truncation constructs were mixed with a
pACH25 construct (Christensen and Quail, 1996) for targeting Hill hybrid or Hill
parent A immature embryos with multiple B chromosomes by biolistic transformation
(Frame et al., 2000). The bar gene driven by a maize ubiquitin promoter in the
pACH25 construct enables efficient selection of transgenic events on media
supplemented with bialaphos. Telomere sequences on the constructs truncate B
chromosomes as well as A chromosomes once integrated into the chromosomes, thus

both minichromosomes from truncated B and A chromosomes can be produced. Root
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ﬁp metaphase chromosomes obtained from regenerated herbicide resistant plants (T0)
were screened by FISH for minichromosomes. The pACH25 plasmid and a pWY96
construct (see Example 1), which has almost all other sequences of both pWY76 and
pWYS86 (see below) except the telomere sequence, are used as probes for FISH
screening. The pWY96 probe can efficiently hybridize with both the pWY76 and
pWYR86 transgenes. A B-repeat probe was used to identify truncations of the B
chromosomes (Alfenito and Birchler, 1993). Forty eight minichromosomes were
identified; 41 of which were from the B chromosome while 7 were from an A
chromosome. All minichromosomes from B chromosomes were transmissible and
most of them were recovered in the T1 generation. A chromosome doubling
treatment (Kato and Birchler, 2006) was conducted on three truncated A
minichromosomes to preserve the minichromosomes as they would otherwise be lost

in meiosis if maintained in a diploid.

EXAMPLE 3

Expression of Cre Gene by 4grobacterium-Mediated Gene Transformation
with a BIBAC Vector System

A BIBAC™ vector system was adopted for maize transformation with a large
piece of genetic material including a herbicide resistance marker gene, a 30 kb yeast
genomic DNA as a marker for fluorescence in situ hybridization (FISH), and a 358S-
lox-Cre recombination cassette. Briefly, the BIBAC gene transformation plasmid
pJV21 was constructed as follows. The pCH20 vector (Hamilton, 1997) was
modified to deleted the BamHI to Swal fragment. The BamHI site was reconstituted
by adding a BamHI linker at the Swal site followed with BamHI digestion and re-
ligation. The resulting plasmid is named pJV06. A 3.4 kb HindIll/Sall fragment
containing the 35S-/oxP-Cre gene expression cassette from pED97 was cloned into
the BamHI site by blunt end ligation to make pJV08. Next, a 400 bp telomere
sequence and a ubi-bar gene expression cassette from pAHC25 (Christensen et al.,
1992) were assembled in pPBLUESCRIPT™ (Strategene, La Jolla, California) and
then cloned into the Sr/1 site of pJVO8 by blunt end ligation to make pJV15 in which
the telomere sequence was placed at the left border of the binary vector. The ubi-bar
gene was used as a selection marker for these studies. The telomere sequence

TTTAGGG (SEQ ID NO:1) was orientated towards the left border. Another 400 bp
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telomere sequence was cloned into the Pacl site by blunt end ligation to make a direct
repeat of the 800 bp of telomere sequence at the LB. The clone was sequenced to
confirm the orientation of the telomere repeat. A 30 kb yeast DNA from BIBAC1
(Hamilton, 1997; Hamilton et al., 1996) was then cloned into the Notl site to make
pJV21 (FIG. 2). Constructs were transferred to Agrobacterium strain LBA4404 by
electroporation of competent cells following the manufacturer’s instructions (Gibco,
Invitrogen Co., Carlsbad, California). In this construct, a 35S-/ox66-Cre cassette was
cloned adjacent to the right border in order to place the Cre/lox site-specific

recombination system into the genome by gene transformation.

Genetic transformation

An Agrobacterium-mediated gene transformation was performed with the
pJV21 construct to transform immature embryos of Hill plants with 0 to 12 B
chromosomes. Seventy-five transformed lines were recovered. The transgenes were
confirmed by Southern hybridization and FISH (Kato et al., 2004). In 60 lines
characterized by Southern hybridization, 45 lines had a single copy transgene. Sixty-
three of the 75 transgenic lines had a single transgene as determined by FISH. The
transgene integrity was analyzed by Southern blot hybridizations at both the left and
the right ends of the T-DNA region using probes of the bar gene and the Cre gene,
respectively. In the 75 lines that were analyzed, 52 transgenic lines were found to
have the same copy number at both the left and the right border, indicating that the

transgenes in these cases are intact.

Integration of a transgene into the telomere region

One transgenic event J11-9 showed a smear pattern of Southern hybridization
as compared to the others that have discrete bands. The smear pattern of
hybridization is a hallmark of telomeres that result from natural telomere activity or
neo-telomeres seeded during a telomere-mediated chromosomal truncation, because
the telomerase adds different numbers of the telomeric motif TTTAGGG; (SEQ ID
NO:1) in different cells (Farr et al, 1991; Richards and Ausubel, 1988). To
demonstrate the terminal nature of this transgene, multiple restriction enzymes that
cut the distal region of the transgene just preceding the 800 bp telomere repeat were
used to digest the J11-9 genomic DNA, and a Southern hybridization was performed
with a **P-labeled bar gene probe as described (Yu et al., 2006b). The smear patterns

of hybridization shifted according to the distances between the three restriction
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enzyme cutting sites (Xbal, Xhol and Dral) and the telomeric ends of the
chromosome. For example, the most proximal enzyme Dral generated the largest
sized smear pattern in the range of more than 6 kb, while the most distal one Xbal
generated a smear patterns in the range of 3.2 to 4.6 kb and the X#ol produced smears
between 5 to 6 kb. In contrast, the cleavage at a more proximal HindIII site produced
a discrete band. A discrete band would be generated if there is a HindIII site distal to
the bar gene probe. This Hindlll site was likely present at the natural telomere
because this site was not found in our sequence data of the pJV21 construct. Thus,
the end position of the transgene in J11-9 was potentially the result of an integration
event within the telomeres rather than a de novo telomere formation. In addition, no
abnormal growth, gametophyte sterility, or reduced transmission has been observed in
the J11-9 plants, indicating that there is no functional genetic material loss caused by
this transgene, a phenomenon frequently observed in transgenic plants with
chromosomal truncations (Yu et al., 2006b).

The end location of this transgene was also revealed by a cytological analysis.
Chromosomes from J11-9 root tips were hybridized with a Fluorescein— dUTP
labeled 30 kb DNA probe mixed with a karyotyping cocktail (Kato et al., 2004). The
karyotypes of Hill transformation recipients were produced with this cocktail (Yu et

al., 2006a). The transgene was identified at the end of chromosome arm 3L.

Position and the distribution of transgenes

The FISH analysis was extended to all the transgenic lines in order to profile
the transgene positions and distributions. Transgenes were found in every
chromosome of the karyotype (Table 2) and integration sites were found in or near
telomeres, centromeres, euchromatic regions, heterochromatic knobs and NOR
regions by FISH. All chromosome arms were included except 8S and 10S. The
transgenes were distributed randomly among the 10 A chromosomes with greater
numbers on large chromosomes, and less numbers on small chromosomes as
expected. However, no transgene was observed on any B chromosome although there

were up to 12 B chromosomes (“Bs”) present (average 3.9) in the transformed plants.
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Table 2: Transgenic events with the pJV21 construct of maize by Agrobacterium-mediated

transformation.
Trans. Bs Southern | FISH Cre Chromosome
Line bar | Cre | Y30 Activity location
10-1 4 1 1 1 + 1L, Satellite
10-2 5 1 1 1 + 1S
10-3 1 1 1 1 + 1S, Distal
10-4 3 1 1 1 + 1S
10-5 3 1 2 1 + 58, Distal
10-6 4 1 0 1 + 6L
10-7 2 1 0 1 - 10L, Very Distal
11-1 4 1 1 1 + 7L, Cent.-Knob-Y30
11-2 0 1 1 2 + 2L+7L, 2L=Sat.-Y30-5SRNA,
7L=Distal
11-3 6 3 3 3 + 2C+4S5+5L, 2C=Centromeric,
4S=Satellite, SL.=Middle
11-5 3 1 1 1 + 5L, Sat.-Y30-Knob
11-6 4 1 2 1 + 28, Cent.-Y30-Sat.
11-7 6 1 1 1 + 1L
11-8 3 2 3 1 + 1S, Cent.-Y30-Knob
11-9 5 1 1 2 + 3L+5L, 3L=Very Distal,
5L=Distal
11-10 8 1 0 1 - 10L, Distal
11-11 3 2 1 1 + 7L, Knob
11-12 1 1 1 1 + 1L, Distal
11-13 2 1 1 1 + 7L, Distal
11-14 4 1 1 1 + 1L
11-15 3 3 1 1 + 1S, Middle
11-16 4 3 1 1 + 6L, Middle
11-17 6 2 2 2 + TLA7S, 7L=Cent.-Y30-Knob
11-18 6 1 2 1 + 38, Distal
11-19 2 1 1 1 + 7L
11-20 5 1 1 1 + 9S, Cent.-Y30-Knob
11-21 5 3 0 1 - 2C, Centromeric
11-22 3 2 0 1 -
11-23 8 1 2 1 + 1L, Satellite
11-24 7 1 1 1 + 7L
11-25 7 1 1 1 + 3L, Distal
11-26 2 2 2 2 + 2L+9L, 21.=Middle, 91.=Distal
11-27 6 1 1 1 + 10L, Distal
11-28 4 1 1 1 + 5L, Distal
11-29 9 1 2 1 + 38, Distal
11-30 1 1 1 1 + 5L, Knob
11-31 4 1 1 2 + 7L+10L, 7L=Knob, 10L.=Very
Distal
11-32 2 1 1 1 + 4L, Distal
12-1 6 1 1 2 + 21478
12-2 3 3 3 1 - 3S
12-3 11 2 2 2 + 41, Middle
12-4 6 1 1 1 + 9L, Distal
12-5 5 1 2 1 + 7L, Distal
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Trans. Bs | Southern | FISH Cre Chromosome
Line bar | Cre | Y30 Activity location

12-6 0 1 1 1 + 8L, Very Distal

12-7 2 1 1 1 + 5L

12-8 0 1 2 1 + 1L+3L+68S, 1L=Distal to Sat.

12-9 2 1 1 1 + 4§, Proximal to Sat.
12-10 1 1 1 1 + 28, Distal
12-11 5 1 1 1 + 9L, Middle
12-12 0 1 1 1 + 5L, Distal
12-13 2 1 1 1 + 48, Cent.-Y30-Sat.
12-14 2 1 1 1 + 8L, Knob
12-15 2 1 0 1 + 4L, Middle
12-16 11 1 1 1 + 3L, Middle
12-17 6 1 1 1 + 4L, Middle
12-18 6 1 1 1 + 5L, Middle
12-19 4 3 3 1 + 61, Distal
12-20 6 4 2 2 + 1L+10L, 1L=In the Sat.,

10L=Distal

12-21 0 2 1 1 + 2L, Middle
12-22 3 2 1 1 + 3L, Middle
12-23 1 1 0 0 -

12-24 7 1 1 1 + 8L, Knob
12-25 4 1 2 1 + 2L, Cent.-Sat.-Y30
12-26 5 1 1 1 + 10L, Distal
12-27 9 1 1 1 + 1S, Middle
12-28 3 1 1 1 +

12-29 2 1 1 1 + 3L, Middle
12-30 5 1 0 1 + 1L

12-31 4 1 1 1 + 6S, NOR
12-32 4 1 1 1 + 38, Distal
12-33 2 1 1 1 + 3L, Middle
12-34 3 1 1 1 + 28, Distal
12-35 4 1 1 1 - 8L, Cent.-Y30-Knob
12-36 0 1 1 1 + 8L

12-37 2 1 1 2 + 1S+6L, 1S=Knob, 6L.=Distal

Cre/lox site-specific recombination system

The transformation with the BIBAC construct placed 84 transgenes randomly
into the maize genome. These transgenes are mostly intact as indicated by Southern
hybridizations. Ninety-one transgenic sites were detected in 75 transgenic lines by
Southern hybridizations with a Cre gene probe (Table 2). To demonstrate that these
Cre transgenes were expressed and functional, a reporter construct pHK52 (Srivastava
et al., 1999) was biolistically delivered into the immature embryos of the progeny of
the transgenic plants. The pHKS52 construct contains an antisense orientated beta-
glucuronidase (GUS) gene under the maize ubiquitin promoter. The antisense GUS

gene is flanked by inverted repeats of the JoxP site. The antisense GUS gene can be
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reverted to the sense orientation and expressed at the presence of a Cre recombinase
which catalyzes the inversion of genetic elements flanked by inverted repeats of lox
sites. A transient GUS assay was performed on bombarded embryos from all
transgenic lines. This study demonstrated the Cre gene was functional in 68 lines
(Table 2). An embryo population was segregating for the transgene in an outcross of
J11-9 to the Hill line. GUS expression was activated in 30 out of a total of 50

embryos, a ~1:1 ratio.

EXAMPLE 4

Telomere Truncation of B Chromosomes by Particle Bombardment
Transformation

Since the B-chromosome has many properties that make it preferable for as a
minichromosome, further studies were performed to determine whether plant
minichromosomes derived from B chromosomes may be efficiently generated.
Telomere truncation constructs, pWY76 and pWY86 (FIG. 1) were used in these
studies. Additionally, plasmid pWY86-bar was made by digesting pWY86 with
Pmlil/Avrll and self-ligation to delete the 35S-bar gene expression cassette. Plasmid
pAHC25 used in the studies has been previously described by Christensen and Quail
(1996).

Briefly, immature embryos between 1.2 to 2.0 mm were dissected aseptically
in a flow hood. Biolistic-mediated gene transformation of maize immature embryos
was conducted as described by Songstad et al. (1996) and Frame et al. (2000).
Immature embryos were placed face down on callus initiation media with N6 salts
and vitamins (Chu et al.,, 1975) supplemented with 2.0 mg/1 2, 4-D, 100.0 mg/l myo-
inositol, 2.8 g/l proline, 30.0 g/l sucrose, 100.0 mg/l casein hydrolysate, 3.0 g/l
GELRITE, 25 pM silver nitrate, PH 5.8. Embryos were induced at 28°C for 2-4 days,
then transferred to osmotic media with N6 salts and vitamins supplemented with 2.0
mg/l 2, 4-D, 100.0 mg/l myo-inositol, 0.7 g/l proline, 30.0 g/l sucrose, 100.0 mg/l
casein hydrolysate, 36.4 g/l sorbitol, 36.4 g/l mannitol, 3.0 g/l GELRITE, 25 uM
silver nitrate, pH 5.8 for 4 hours osmotic treatment prior to bombardment.

Plasmids were prepared with a Qiagen miniprep kit (Qiagen, Valencia,
California). Three milligrams of 0.6 p gold particles (BIO-RAD, Hercules,

California) were coated with the mixture of 1 pg telomere truncation plasmid

34



10

15

20

25

30

WO 2007/134122 PCT/US2007/068589

(pWY76, pWY86, or pWY86-bar) and 0.25 pg pAHC25. The bombardment was
carried out with the PDS 1000/He biolistic gun (BIO-RAD) using the following
parameters: 650 psi rupture disk pressure, 6 cm target distance, 6 mm gap, 1.2 cm
from macro-carrier to stopping plate, and 28 Torr vacuum at rupture.

Bombarded embryos on the osmotic media were wrapped with PARAFILM
and incubated at 28°C overnight and then transferred tovcallus initiation media the

next morning.

FISH analysis of mini-chromosomes in transgenic plants

TO transgenic plants were screened for mini-chromosomes by FISH as
described above. Probes of pWY96 and pAHC25 were labeled with Texas red dCTP
by nick translation (Kato et al, 2004) and hybridized to transgenes. B repeat
sequence (Alfenito and Birchler 1993) was labeled with Alexa Fluor-488 dCTP, and
mixed with either pWY96 or pAHC25 transgene probes to screen transformed B
chromosomes by biolistic-mediated transformation. CentC (Ananiev et al., 1998) and
NOR (Stein et al, 1998) probes were labeled with Alexa Fluor-488 dCTP
(Invitrogen) ; CRM (Zhong et al, 2000) was labeled with Cy5-dCTP.
Minichromosomes were identified by their size as compared to normal A or B type
chromosomes. FISH of meiotic cells was performed as described by Gao et al. (1999)
and Yu et al. (2006). B repeat was labeled with Texas red dCTP and the knob
sequence (14) was labeled green with Alexa Fluor-488 dCTP.

Two hundred eighty one transgenic events were regenerated from bialaphos
resistance calli (67 with pWY76, 87 with pWY86, and 127 with pWY86-bar). FISH
revealed that forty one events had transgenes on B chromosomes, which included 24
mini-chromosomes with distal transgenes and 20 intact B chromosomes with internal
transgenes. Additionally, 5 A-B and 1 B-A translocations, and 7 fragments from A
chromosomes were identified. Finally, 10 truncated B chromosome derivatives
without transgene signals were also identified. These events were likely produced
when telomere-mediated chromosomal truncation occurred in such an orientation that
the transgenes are retained on acentric fragments and are lost during mitosis. These
mini-chromosomes would be lost during selection in the transformation process if
they had not been supported by additional transgenes in the same event. Thus, these

minichromosomes were fewer in number than those with transgenes.
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Minichromosome size measurement

To measure the size of the B centromere repeat of 86B23, the green channels
of 10 metaphase chromosome images that has B repeat labeled green were imported
to the Fujifilm Image Gauge V3.3 program (Fuji, Tokyo, Japan). The quantity of the
minichromosome centromere and that of a normal B chromosome centromere were
measured and the ratio of the mini-chromosome centromere to that from a normal B
was calculated from each individual cell. The average ratio and standard deviation
were calculated. To measure the chromosome size of 86B23, the pachytene
chromosomes were stained with 4'-6-Diamidino-2-phenylindole (DAPI), images were
captured via a Zeiss fluorescence microscope (Carl Zeiss, Inc., Oberkochen,
Germany) and imported to Fujifilm Image Gauge program (Fuji). The lengths of the
mini-chromosome and the normal B chromosome were measured, and their ratio was
calculated. The sizes of other mini-chromosomes were estimated visually based on
their appearance as compared with those of normal B chromosomes in the same cell.

Size comparisons of several truncated B chromosomes are shown in Table 3.

Transmission test of mini-chromosomes

Results from these studies showed that transmission of mini-chromosomes
during meiosis varies (Table 3). The transmission of a univalent R2 (34.8% from a
self-pollination) was comparable with a previously reported isochromosome 8S+8S
(37.5%) (Yu et al., 2006). The transmission of B type mini-chromosomes varies from
12% (86-74) to 39% (76-15a) via the male parent (Table 3). Transmission of mini-
chromosomes was affected by many factors, such as a chromosome size limit
(Schubert, 2001; Spence et al., 2006). It is also known that the B centromere size and
structure can affect the transmission of B chromosome derivatives (Kaszas and
Birchler 1998). Most of the B chromosome derived minichromosomes underwent
nondisjunction in the presence of normal B chromosomes. The B chromosome long
arm distal region and the centromere are responsible for nondisjunction of B
chromosomes (Carlson 1978). For example, in the presence of normal B
chromosomes, male parents transmitted 2 copies of mini-chromosomes to the progeny
(Table 3). This property of B type mini-chromosomes provides a mechanism to
create a dosage series of the mini-chromosomes for increased expression of genes of

interest.
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Events 76-15a 86-74 86B23 | 86B155 R2
Chromosome Size 1/2B 1/5B 1/20 B 3/4B NM
Transgene Location distal distal distal distal distal
Cross asmale | asmale| asmale self self
Transmission 14/36 3/25 7/29 9/18 15/46
Transmission* 30/36 6/25 8/29 16/18 16/46

NM indicates not measured. * Number of progeny with minichromosomes/ number of progeny tested.
** Number of minichromosomes transmitted/ number of progeny tested.

Histochemical GUS assay in individuals of transgenes on B chromosomes and

derivatives

As with supernumerary B chromosomes from other organisms, the B
chromosome of maize is inert without any detected active genes (Jones, 1995).
However, it is not known whether the lack of gene activity on B chromosomes is
caused by the absence of genes or because of suppression of gene transcription by the
B chromosome due to its heterochromatic nature. The transformation of the B
chromosome in maize is used to determine whether there is suppression of transgene
expression. In this study 17 transgenic events were recorded that had only transgenes
on B chromosomes. This indicated that they were probably supported by the
transgenic bar gene expression from B chromosomes, although it was possible that
transgenes on A chromosomes were present but were too small to be detected by the
FISH method. GUS gene expression from 9 of these events were determined by
assaying the resistant calli. The absence of GUS expression from other events can be
attributed to either the silencing of the GUS gene or the absence of an intact GUS
gene cassette during the transformation process. However, in at least 6 events, the
GUS gene expression was attributed to the transgenes on B chromosome or
derivatives (Table 4). In these cases, primary roots germinated from segregating
progeny were tested for GUS expression. For example, in the progeny of 76-15a, 76-
15b and 86-74 outcrossed to recipient strain plants, all progeny that had transgenes on
the B chromosome or truncated derivatives (14, 11 and 3 individuals, respectively)
expressed GUS, but none of them that did not have transgenes on the B chromosomes
or derivatives (22, 19 and 22 individuals, respectively) expressed GUS. In progeny of
self pollinated 86B23 that had the smallest mini-chromosome, 23 out of 25

individuals that had transgenes on the mini-chromosomes expressed GUS, but none of
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the 26 that did not have the mini-chromosome showed GUS expression. The absence
of GUS expression from progeny lacking the transgenes on the B chromosome and
derivatives demonstrated that the GUS expression was from the transgenes on the B
chromosome or derivatives and not undetected A-chromosome events. Thus
transgenes inserted into the B chromosomes were expressed, at least in those sites that
were tested. These sites seem to be randomly distributed along the B chromosome

from the centromere to the end of the long arm of the B chromosome.

Table 4: Transgene expression in B minichromosomes.

Events 76-15a 76-15b | 86-74 | 86B23 | 86B155| 76-10 86-14
Chromosome Size 12B 1B 1/5B| 1/20B 3/4B 1B 1B
Transgene Location distal internal distal distal distal distal | centromere
GUS+ 14 11 3 23 7 2 16
Total 14 11 3 25 9 12 23
% 100.0 100.0 100.0 92.0 77.8 16.7 69.6
10 Histochemical assay of GUS gene expression was performed according to

15

20

25

Jefferson et al. (1987) by a GUS staining kit (Sigma, St. Louis, MO). Calli or cut
roots of 2 to 5 mm long were placed directly into a 50 ul GUS staining solution
arrayed in a 96 well PCR plate. The plate was wrapped with PARAFILM and
incubated at 37°C for 1 hour.

Recombination between J11-9 and R2

To demonstrate the use of mini-chromosomes as an AC platform, the lox site
on the R2 mini-chromosome was tested for Cre catalyzed exchange. A transgenic
plant J11-9 with a distal transgene 35S-lox66-Cre expression cassette was crossed as a
female by R2, which contains a promoterless lox71-DsRed (Clontech, Mountain
View, California) gene. Lox66 and lox7] are mutated Jox recombination sites that can
recombine most favorably in the forward reaction, as described above. Successful
recombination of the two transgenes results in the exchange of the distal regions of
the two transgenes and the addition of genetic material to the R2 mini-chromosome
from J11-9. The recombination can be monitored by the reciprocal reaction that
places the promoterless DsRed gene under the control of 35S promoter, thus
producing a recognizable red fluorescence protein. The recombination events were
screened on primary roots of germinated seedlings using a fluorescence stereo
microscope with a Texas red filter. Four plants were identified based on the

fluorescence assay from a total of 44 F1 progeny from a cross of heterozygous J11-9
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by heterozygous R2. Approximately 8.7% of the progeny (about 4 plants) should
have both of the transgenes based on the transmission of R2 (Table 4) and J11-9.

To determine whether the red fluorescence was a result of site-specific
recombination, genomic DNA was isolated from each of the 4 plants that expressed
red fluorescence, and was used as templates for PCR amplification across both of the
predicted recombination products. The amplified products were sequenced and
recombination at the Jox site was confirmed in each case. The configurations of the
sequenced regions matched the expected patterns. Thus, this minichromosome was
demonstrated to be amenable for genetic manipulations via a site-specific
recombination system, and can serve as a prototype of minichromosome based

artificial chromosomes (ACs).
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CLAIMS

1.. A plant minichromosome produced by truncating one or both arms of a
starting plant chromosome, wherein the minichromosome comprises a native plant
centromere and is stably transmitted during mitosis and meiosis in a plant comprising
the minichromosome that is of the same species as the plant from which the starting

plant chromosome was obtained.

2. The plant minichromosome of claim 1, wherein about 25% to about 99.9% of

the starting plant chromosome has been truncated.

3. The plant minichromosome of claim 1, wherein the minichromosome

comprises engineered telomere sequences.

4, The plant minichromosome of claim 3, wherein the engineered telomere

sequences comprise about 2 to 100 telomere repeats.

5. The plant minichromosome of claim 3, wherein the engineered telomere

sequences comprise about 6 telomere repeats.

6. The plant minichromosome of claim 3, wherein the engineered telomere

sequences are from Arabidopsis.

7. The plant minichromosome of claim 1, wherein both arms of the starting plant

chromosome have been truncated.

8. The plant minichromosome of claim 1, wherein the minichromosome is from

about 1 Mb to about 100 Mb in size.

0. The plant minichromosome of claim 1, wherein the starting plant chromosome

is an A chromosome.

10.  The plant minichromosome of claim 1, wherein the starting plant chromosome

is a B chromosome.

11.  The plant minichromosome of claim 1, wherein the starting plant chromosome

1s from a dicot.

12. The plant minichromosome of claim 11, wherein the starting plant

chromosome is from a monocot.

13.  The plant minichromosome of claim 12, wherein the starting plant

chromosome is from maize.
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14.  The plant minichromosome of claim 1, further comprising a site-specific

recombination site.

15. The plant minichromosome of claim 15, wherein the site-specific

recombination site is an FRT or lox site.
16.  The plant minichromosome of claim 1, further comprising a transgene.

17. The plant minichromosome of claim 16, wherein the transgene confers a trait
selected from the group consisting of insect resistance, herbicide tolerance, altered
carbohydrate metabolism, altered fatty acid metabolism, disease resistance, male

fertility restoration and pest resistance.

18. A plant cell comprising the plant minichromosome of claim 1.

19. A plant comprising the plant minichromosome of claim 1.

20.  The plant of claim 18, wherein the plant is maize.

21. A seed comprising the plant minichromosome of claim 1.

22. A method of producing a plant minichromosome, comprising the steps of:

(a) transforming a starting plant chromosome with a heterologous nucleic
acid comprising at least two telomere repeat sequences; and
(b) allowing truncation of the starting plant chromosome to occur to

produce a plant minichromosome.

23. The method of claim 22, further comprising transforming the starting plant

chromosome with a site-specific recombination site.

24.  The method of claim 22, wherein the site-specific recombination site is an

FRT or lox site.

25.  The method of claim 22, wherein the telomere repeat sequences are from

Arabidopsis.

26.  The method of claim 22, wherein the heterologous nucleic acid comprises

about 6 telomere repeat sequences

27. The method of claim 22, wherein the starting plant chromosome is

transformed by Agrobacterium-mediated transformation.

28.  The method of claim 22, wherein the starting plant chromosome is
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transformed by DNA bombardment.

29.  The method of claim 22, wherein both arms of the starting plant chromosome

are truncated.

30.  The method of claim 22, wherein the starting plant chromosome is an A

chromosome,

31.  The method of claim 22, wherein the starting plant chromosome is a B

chromosome.

32.  The method of claim 22, further comprising transforming the starting plant

chromosome with a selected coding sequence.

33.  The method of claim 22, wherein the selected coding sequence confers a trait
selected from the group consisting of insect resistance, herbicide tolerance, altered
carbohydrate metabolism, altered fatty acid metabolism, disease resistance, male

fertility restoration and pest resistance.

34. The method of claims 22, wherein the starting plant chromosome is comprised

in a plant cell.

35.  The method of claim 34, wherein the plant cell comprises at least 2 B

chromosome copies.

36. The plant cell of claim 18, wherein the plant minichromosome comprises a

transgene.

37.  The method of claim 22, wherein the starting plant A chromosome is

transformed by Agrobacterium-mediated transformation.

38. The method of claim 22, wherein the starting plant B chromosome is

transformed by microprojectile bombardment.

39.  The plant minichromosome of claim 17, wherein the coding sequence

conferring male fertility restoration is a Rf3 gene.

40. The method of claim 33, wherein the coding sequence conferring male fertility

restoration is a Rf3 gene.
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