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1 Introduction

Maize (Zea mays L. ssp. mays) is one of the three most cultivated crops in the
world, along with wheat and rice. Modern maize is quite different from its
proposed ancestor, the teosintes (Zea mays L. ssp. parviglumis or mexicana),
grown by the pre-Columbian and Mesoamerican civilizations. Centuries of
selection and genetic improvement of domesticated maize have influenced
its evolution into the hundreds of landraces now grown worldwide. Genetic
improvement of maize has been sustained by an increase in the variety of
uses of this crop (Johnson 2000). In addition to genetic improvement through
breeding, recentdevelopments inplantgenetic transformationhave introduced
new possibilities for trait improvement in maize.

1.1 Old and New Uses of Maize

Maize does not exist in the wild. It was created through the domestication of
teosinte by the Mesoamerican civilizations for which it was the major staple
food. Today, maize is the most important food and feed crop worldwide. In
the past 20 years, it has also been increasingly used in industrial processing;
and in 2004, close to one-third of United States maize production was for food,
feed or industrial use (Fig. 1).

New industrial uses of maize include plastic, sweeteners and ethanol. Zein,
a major protein component of the maize kernel, is a good example of this
diversification of use. Its thermoplastic and film-forming properties are used
by industry to produce paper and paperboard adhesive, additives in oil cloth
and linoleum, moisture and oxygen barriers and varnish substitutes (Johnson
2000). In the United States, maize seed is currently refined to produce six major
outputs: high fructose corn syrup (HFCS), fuel alcohol, beverage alcohol, glu-
cose and dextrose, starch and food (Fig. 2). In the past 25 years, production of
sweeteners (HFCS), and in particular fuel alcohol, has increased dramatically.
Productionof ethanol from maize is a rapidly developing area of industrial crop
utilization, due in part to the search for alternative energy sources. Although
any starch-containing grain is theoretically suitable for ethanol production,
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Fig. 1. United States national use of maize from 1980 to 2003. The proportion of industrial use
(gray) has steadily increased in 23 years. Data compiled and published in the Corn Refiners
Association Annual Report (http://www.corn.org/)

Fig. 2. Diversity and evolution of maize use in the United States from 1980 to 2003 (USDA
Economic Research Service, Feed Outlook)

maize represents 95% of the current starting material for this process. For
sweeteners, maize competes with sugar beet and sugar cane, the two major
sweetener-producing crops in the world.

All continents (except Antarctica) produce maize, which ranks second to
wheat in metric tonnes (t) of crop production world-wide. The United States
produces and consumes more maize than any other country, with an annual
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Table 1. Production and consumption of maize in the world (×103 t). Source: USDA, Foreign and
Agricultural Services

Country 2002/2003 2003/2004 2004/2005
Produc-

tion
Consump-

tion
Produc-

tion
Consump-

tion
Produc-

tion
Consump-

tion

Brazil 44,500 37,500 42,000 38,600 35,500 38,900
Canada 8,999 12,576 9,600 11,238 8,836 10,905
China 121,300 125,900 115,830 128,400 128,000 131,500
Egypt 6,000 10,900 5,740 9,500 5,780 10,600
India 11,100 12,000 14,720 13,200 13,600 13,600
Indonesia 6,100 7,500 6,350 7,350 6,500 7,200
Mexico 19,280 24,700 21,800 26,400 22,000 27,900
Nigeria 5,200 5,200 5,500 5,500 6,500 5,900
Romania 7,300 7,200 7,020 7,200 12,000 9,400
Serbia Montenegro 5,585 4,850 3,800 4,450 6,274 5,300
South Africa 9,675 8,520 9,700 8,677 12,000 8,950
European Union 49,360 49,526 39,861 46,814 53,350 52,500
United States 227,767 200,748 256,278 211,723 299,917 224,420

World total 601,714 627,224 623,711 647,185 706,263 680,472

production nearing 257×106 t and an annual consumption of about 210×106 t
(Table 1). Second is China, producing and consuming half that of the United
States. Most of the United States production and, therefore, the world maize
production, is localized in the “corn belt” of Illinois, Iowa, Indiana, Ohio,
Minnesota, Missouri and Nebraska.

One of the major turning points in maize production occurred in the 1940s
during the green revolution. Maize hybrids, a concept first outlined by Shull
(1908) reached 2 t ha−1 during this period due to continued germplasm im-
provement and increased use of agronomic inputs, such as fertilizer and herbi-
cides. Since 1962, maize yields have doubled in the United States and the world
average maize yield almost tripled (Fig. 3). In recent years, novel tools such
as plant genetic engineering have again revolutionized our approach to crop
improvement. Tremendous resources have been directed towards using these
technologies to complement traditional breeding strategies in order to improve
the productivity of maize. If crop improvement in the green revolution was de-
fined by the synergistic use of plant breeding and increased agronomic inputs,
today’s gene revolution (http://www.fao.org/newsroom/en/news) is catalyzed
by the use of genetic engineering as a complementary tool for improving crop
productivity.

1.2 Maize Improvement Through Genetic Engineering

For a ninth consecutive year, the increase in agricultural land cultivated to ge-
netically engineered crops has reached double digits. Globally, land cultivated
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Fig. 3. Progression of maize yield in the United States from 1900 to 2004 (USDA-NASS Statistical
Database) and average world maize yield increase from 1962 to 2004 (FAOSTAT 2004). The world
data includes Argentina, Australia, Brazil, Canada, Chile, China, France, Germany, India, Kenya,
Mexico, Nigeria, South Africa, Spain and Turkey

to biotech crops increased by 20% between 2003 and 2004; and it has increased
47-fold since 1996 (James 2004). Biotech maize (19.3×106 ha) is second to soy-
bean (48.4×106 ha) in cultivated area devoted to biotech crops world-wide. In
2004, this represented 23% of the total land area planted to biotech crops and
14% of the total land for maize cultivation.

When these numbers are broken down into genetically engineered traits
across all biotech crops, herbicide tolerance represents by far the most widely
cultivated trait. For maize specifically, it is not herbicide tolerance, but Lep-
idoptera resistance (Bt technology) which represents 14% (11.2×106 ha) of
the total biotech crop worldwide and 12.9% of the total maize cultivated area
(FAOSTAT 2004). In addition, a new tendency is emerging for that of “dou-
ble trait” biotech crops. The stacking of both herbicide resistance and Bt
traits in maize, as well as in cotton, represents a major improvement in the
agronomic usefulness of these genetically modified crops. More recent devel-
opments include the novel use of plant biotechnology for producing phar-
maceuticals and industrial products. This remains a controversial develop-
ment due to concerns about the potential for contamination of food supplies
(http://www.plantpharma.org/forum/index.php).

Now, 2005 is the closing year of the first decade of biotech crop commercial-
ization. The fact that the rate of increase in land area committed to these crops
continues to increase, even though the purchase price of the seed is generally
greater than non-biotech seed (Moschini et al. 2000), is testimony to the success
of biotech crops worldwide.
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1.3 Maize Genetic Transformation: The Critical Points

Genetic modification of plants through hybridization and selection is the basis
of successful crop improvement in agriculture. However, genetic modification
of maize using recombinant DNA technology became possible only in the final
decade of the past century. The first fertile transgenic maize plants were re-
ported in 1990 (Gordon-Kamm et al. 1990), while the first attempt at inserting
a foreign gene into maize was reported as early as 1966 (Coe and Sarkar 1966).
In this earliest experiment, DNA from one maize variety was injected into
apical meristems of developing seedlings of another maize variety. The donor
seedlings from which the DNA was extracted were homozygous for various
dominant traits such as red anthers or purple sheaths. The targeted recipient
seedlings were homozygous recessive for the same traits. If successful, red pig-
ment was expected to appear in the 242 recipient plants. However, phenotypic
evidence of genetic transformation was not observed. Although unsuccessful,
this precedent experiment outlined two critical points for achieving maize
transformation, namely: penetration and competence.

• Penetration. How effectively can DNA be delivered into plant cells? Coe
and Sarkar (1966) emphasized that the cell wall may be a major barrier
to DNA delivery. Since then, several DNA delivery techniques have been
developed, amongst which the two most efficient techniques for maize are
biolistic (Fromm et al. 1990; Gordon-Kamm et al. 1990) and Agrobacterium-
mediated (Ishida et al. 1996) DNA delivery. The development of both meth-
ods required, of course, the correct target tissue.
• Competence. This involves a cell’s capacity to first be genetically trans-

formed and then to regenerate into a fully fertile plant. These attributes
jointly address the issue of target tissue. For maize transformation, sev-
eral possibilities have been tested with varying degrees of success. In vitro
techniques and development of the appropriate combination of media and
selection agent has often been the key for achieving genetic transformation
of maize. In turn, the transformation competency of a given target tissue is
tightly linked to that of the delivery method.

As techniques for maize genetic transformation improve and the number of
transgenic events produced is no longer a limiting factor, considerable focus
can now instead be directed towards transgene integration and the stability
of transgene expression. This emphasis on the quality of transgenic events
underlines the dual nature of efforts to improve maize genetic transformation
technology.

This review outlines how maize genetic transformation has improved from
the pioneer work of Coe and Sarkar (1966) to the present and emphasizes
particular challenges overcome to transform maize. In addition, it presents
the application of some new technologies to maize genetic transformation.
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2 Penetration – Delivery Methods

The challenge of introducing DNA coding for a gene of interest into a cell is
tightly linked to two factors, namely the delivery method and target tissue.
Many combinations have been tested over the years and few were successful.

The uptake of DNA by plant cells was demonstrated beginning in the 1960s
(Strounet al. 1966; 1967a, b; LedouxandHuart 1968;Kleinhofs andBehki 1977).
However, these early studies disagreed on the fate of the DNA following uptake.
Some groups reported that the DNA was integrated into the plant genome and
replicated, while others suggested that the DNA was taken up by cells but then
degraded. Even when needles were used to directly inject the DNA solution
into maize apical meristems, the cell wall was described as a potential barrier
to DNA penetration and the authors suggested that the cell wall may have to
“be disrupted mechanically or chemically or otherwise circumvented” (Coe
and Sarkar 1966).

2.1 Some Unsuccessful Attempts to Genetically Transform Maize

Numerous additional efforts to achieve maize transformation were based on
very interesting concepts, but were unsuccessful and therefore abandoned. At-
temptsweremade to transplantpetunianuclei intomaizeprotoplasts (Potrykus
and Hoffmann 1973), but the experiments were carried out under non-sterile
conditions and no further analysis was done. Uptake of the blue-green alga
Gloeocapsa into maize protoplasts was demonstrated, but no long-term persis-
tence of the introduced alga was observed (Burgoon and Bottino 1976). Most
of this early work in plant transformation using non-conventional methods
was discussed by Kleinhofs and Behki (1977). Two less controversial attempts
at introducing exogenous DNA into maize cells were reported 20 years after the
work of Coe and Sarkar (De Wet et al. 1985; Ohta 1986). In these experiments,
DNA was mixed with pollen and applied to the silks. Some seeds displayed
predicted phenotypic changes, but molecular analysis was not provided by
the authors (Ohta 1986). Later, Bennetzen and Lin (1988) attempted to rescue
alcohol dehydrogenase (adh) defective maize pollen by injecting DNA carry-
ing the cloned adh-1 gene into spikelets. After staining the pollen for adh-1
activity, the authors calculated delivery frequency to be 0.005% and concluded
that further use of this technique was limited, since it was time-consuming,
inefficient and required a large amount of glasshouse space for the donor
plants.

More sophisticated strategies were undertaken. Incubating protoplasts in
a polyethylene glycol (PEG) solution along with DNA proved to be a successful
approach to achieving DNA uptake by maize cells (Armstrong et al. 1990;
Golovkin et al. 1993; Omirulleh et al. 1993). Since protoplasts were used, the cell
wall barrier was not an issue. The frequency of transformation under optimal
conditions using Black Mexican Sweet (BMS) maize cell suspension cultures
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was 0.3% (Armstrong et al. 1990). Although this frequency may seem low, it was
calculated as 300 independent stable transformation events out of a million
cells, and isolating a million protoplasts was feasible by a routine protocol.
The DNA was efficiently delivered into maize protoplasts, but plants could not
be regenerated from transgenic callus events. This inability to recover plants
was a common problem encountered when starting with protoplasts from
suspension cultures (Phillips et al. 1988) and likely one of the reasons that PEG-
mediatedmaize transformationwasnotadoptedextensivelyby thecommunity.
Only one laboratory reported successful PEG-protoplast transformation and
regeneration of fertile transgenic maize (Golovkin et al. 1993; Omirulleh et al.
1993). In this study, a maize embryogenic suspension culture of genotype
HE/89, a line developed by selection for its favorable tissue culture response
(Mórocz et al. 1990), was used for transformation. The authors were able to
obtain a large number of fertile transgenic maize plants from transformation
and regeneration of protoplasts using this line. In addition to these intrinsic
tissue culturedifficulties, thePEG-protoplast technique itselfwasmoredifficult
to perform than electroporation, another technique originally developed for
protoplasts (Fromm et al. 1985).

2.2 Electroporation

Because the cell wall appeared to be a major barrier to DNA penetration, the
use of protoplasts as a starting material for maize transformation was a natu-
ral choice. DNA penetration and expression of the introduced transgene was
demonstrated in electroporated maize cells (Fromm et al. 1985). BMS micro-
calli were incubated with a mixture of cellulase, hemi-cellulase and pectinase
to digest their cell walls. Purified protoplasts were electroporated in a solution
containingplasmidDNAbearing the chloramphenicol acetyl transferase (CAT)
gene, which was subsequently detected in the electroporated cells. Stable trans-
formation of protoplasts derived from maize callus was subsequently achieved
(Fromm et al. 1986). Eventually, transgenic maize plants were produced using
embryogenic cell suspension cultures of the maize line A188 (Rhodes et al.
1988), but these plants were not fertile. Conversely, non-trangenic plants that
were fertile were recovered (Prioli and Sondahl 1989; Shillito et al. 1989).
Thus, although electroporation enabled penetration of DNA into maize cells,
it proved to be an unsatisfactory combination of delivery method and target
tissue for obtaining fertile transgenic maize plants.

Several teams developed tissue, as opposed to protoplast, electroporation
techniques, including immature zygotic embryos or type I callus (D’Halluin
et al. 1992), A188×B73-derived suspension cultures (Laursen et al. 1994) and
type II callus (Pescitelli and Sukhapinda 1995). In all cases, successful trans-
formation of maize cells occurred only when the target tissue was wounded
either by partially digesting the cell wall (D’Halluin et al. 1992; Laursen et al.
1994), or by mechanical wounding and plasmolysis of cells (D’Halluin et al.
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1992; Pescitelli and Sukhapinda 1995). Stable transgenic maize plants were
recovered in all cases.

Although electroporation of either protoplasts or entire tissue has been doc-
umented, the low efficiency of this approach is unlikely to provide a workable
system for the emerging area of functional genomics. Nevertheless, protoplast
electroporation has proven to be a valuable tool for analysis of gene function
through transient expression assays (Sheen 2001).

2.3 Silicon Carbide Whiskers

While electroporation was being developed, other research teams were follow-
ing different paths for genetically transforming maize cells. Physical delivery
of exogenous DNA into target cells was demonstrated using two major “brute
force” methods that circumvented the cell wall barrier, namely biolistic and
whiskers. Both techniques rely on the penetration of exogenous particles, and
DNA with them, into plant cells.

Silicon carbide whiskers (SiC), needle-shaped crystals used by industry in
the production of composite materials (Braun 2004), are one of the simplest
ways to introduce DNA into maize cells. In the first report of DNA penetrating
a maize cell using SiC, BMS suspension culture cells were mixed with DNA and
whiskers, vortexed for one minute, and gus gene expression was monitored
(Kaeppler et al. 1990). In all samples tested, transient β-glucuronidase activity
was detected and, two years later, stable transformation of BMS cells was
obtained using this method (Kaeppler et al. 1992). The first fertile transgenic
maize plants generated using this method were produced from A188×B73-
derived suspension cells (Frame et al. 1994).

Using whiskers to transform maize is an attractive method because it is
simple and inexpensive. However, a major drawback of this delivery method
is that it has been successful with only a limited number of regeneration pro-
ficient tissues, such as well dispersed maize suspension cultures (Frame et al.
1994) or callus cultures (Petolino et al. 2000), for which the latter authors con-
cluded that the system was “not particularly efficient for large-scale transgenic
production”.

2.4 Biolistics

Development of a high-velocity micro-particle transformation apparatus in
1987 opened new possibilities for cereal transformation (Klein et al. 1987).
At that time, Agrobacterium tumefaciens-mediated transformation was in its
infancy and, in theory, was restricted to dicotyledonous plants. This new idea
was to force the penetration of DNA into the cell by accelerating microparticles
coated with DNA into the target tissue, thereby overcoming the dilemma of
DNA penetration through the cell wall. Because the biolistic delivery system
circumvented the need for cell wall removal, more organized tissues could be
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targeted for transformation. This invention marked a turning point in the his-
tory of maize transformation. Bt maize, a transgenic product of this transfor-
mation methodology, was commercialized in 1996, only six years after the first
reports of fertile transgenic maize production using this technique (Fromm
et al. 1990; Gordon-Kamm et al. 1990). Recent research has outlined advantages
to targeting maize immature embryos using A. tumefaciens-mediated methods
instead of the biolistic gun (Zhao et al. 1998; Shou et al. 2004). Nevertheless,
biolistic transformation of maize immature embryos remains a widely used
technology in many laboratories (Songstad et al. 1996; Brettschneider et al.
1997; Frame et al. 2000).

2.4.1 The Biolistic Armory

“Biolistic” is a generic term for micro-particle bombardment and derives from
biological ballistic (Armstrong 1999). The original biolistic gun was reported
by Klein et al. (1987) and, a year later, its efficacy for delivering DNA to
intact BMS maize suspension cells was demonstrated (Klein et al. 1988). By
1990, the production of fertile transgenic maize using this device was reported
(Gordon-Kamm et al. 1990). Its original design used a gunpowder charge to
propel the DNA-coated microparticles through a vacuum chamber into target
cells from the surface of a plastic disk referred to as the macrocarrier (Klein
et al. 1987). The macrocarrier, which is also propelled downward by the burst,
is intercepted by a metal stopping screen, while the micro-particles continue
through the screen to penetrate the target tissue placed towards the bottom of
the chamber. Since the late 1980s, the system has been improved and helium
gas has replaced gunpowder to provide the kinetic energy that propels the
particles (Sanford et al. 1991).

Other particle acceleration methods based on similar concepts have also
been developed. Like the biolistic gun, the air gun (Oard et al. 1990) uses
a macro-carrier and tungsten micro-projectiles, but it has the advantage of
being less costly (Songstad et al. 1995). Transient gus gene expression has been
observed in bombarded maize suspension cells. In the ACCELL system, DNA-
coated gold particles are loaded onto a metal sheet, also called a macro-carrier.
An electrical impulse accelerates the particles at a precise velocity controlled
by the voltage. The greater control of particle penetration by this device makes
it a versatile tool for delivering DNA to a variety of crops, genotypes and tissues
(McCabe and Christou 1993).

The Particle Inflow Gun (PIG) was first described by Takeuchi et al. (1992)
and later improved by Finer et al. (1992). It directly accelerates DNA-coated
particles into plant cells with a gentle burst of gas without the use of a macro-
carrier. Minimal damage to target tissue transformed using this gun is at-
tributed to the low-pressure helium stream required to accelerate only micro-
and not macro-projectiles. Stable transformation of embryogenic maize sus-
pensions has been achieved (Vain et al. 1993a).
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2.4.2 Optimization of Biolistic Parameters

The biolistic gun is a relatively simple, robust and reproducible method for
targeting a variety of maize explants for transformation. Stable maize trans-
formation has been achieved using BMS cell suspensions (Klein et al. 1989),
embryogenic maize suspension cultures (Fromm et al. 1990; Gordon-Kamm
et al. 1990; Register et al. 1994), type II callus (Fromm et al. 1990; Walters
et al. 1992; Armstrong et al. 1995; Pareddy and Petolino 1997; Frame et al.
2000), type I callus (Wan et al. 1995) and immature zygotic embryos (Koziel
et al. 1993; Songstad et al. 1996; Brettschneider et al. 1997; Frame et al. 2000).
The biolistic gun has also been used to reproducibly (although inefficiently)
recover stable transgenic maize from shoot apical meristem-derived cultures
(Lowe et al. 1995; Zhong et al. 1996; O’Connor-Sanchez et al. 2002; Zhang et al.
2002).

Following original optimization experiments using non-regenerable BMS
maize cells (Klein et al. 1988), several reports undertook to optimize biolistic
transformation parameters for regenerable maize tissues. A four-fold reduc-
tion in the amount of gold used at bombardment increased stable transforma-
tion efficiency of pre-cultured H99 immature embryos (Brettschneider et al.
1997). Similarly, a reduction in gold particle size from 1.0 µm to 0.6 µm (Frame
et al. 2000) increased stable transformation efficiency in Hi II (Armstrong et al.
1991) type II callus and transient expression of an anthocyanin marker gene
in type I callus (Randolph-Anderson et al. 1997). These authors attributed
improved transformation rates to a reduction in damage to targeted cells at
bombardment, as proposed by Kausch et al. (1995).

Increasing particle velocity by increasing rupture disk pressure from 900 psi
to1,300 psi (1,000 psi=ca.6.89 MPa) increasedstable transformationefficiency
for H99 immature zygotic embryos, which produced a type I callus response
in culture (Brettschneider et al. 1997). Interestingly, neither transient gus gene
expression nor the frequency of post-bombardment somatic embryogenesis
differed at these two helium pressures; only the rate of stable clone recovery was
affected. The authors concluded that the greater rupture disk pressure facili-
tated DNA delivery to cell layers in which cells competent for transformation
and regeneration in these target embryos were located. Similar observations by
Dunder et al. (1995) led the authors to recommend greater rupture disk pres-
sures when targeting type I maize cultures and reduced pressures for type II
callus cultures. In our laboratory, rupture disk pressures as low as 650 psi are
routinely used for targeting both immature embryos and type II callus (Frame
et al. 2000).

The type of particle used in biolistic delivery also plays an important role in
stable transformation efficiency. Gold particles cost more per unit weight than
tungsten particles but have a more homogeneous size and smoother surfaces.
These attributes arebelieved tominimize cell damageatbombardment (Russell
et al. 1992). Moreover, tungsten is reported to have a toxic effect on some cells
and may impair regeneration (Russell et al. 1992). Comparisons of transient
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expression following bombardment of BMS maize cells with gold or tungsten
particles coated with the CaMV35S-driven gus gene or the rice actin-driven
gus gene showed more expressing cell clusters when gold was used (Hunold
et al. 1994).

In addition to physical parameters, improvements in culture methods have
contributed to increased transformation efficiencies using biolistic delivery
methods. Four hours prior to bombardment, embryogenic cell suspensions
were placed on a medium containing 0.2 M sorbitol and 0.2 M mannitol (Vain
et al. 1993b). Osmotic treatment prior to bombardment was hypothesized to
minimize cell damage at particle impact by reducing turgor pressure in the cell.
The same treatment was applied after bombardment to help cell recovery. The
transformation efficiency was significantly greater when both pre- and post-
osmotic treatments were applied to the target tissue than when one or the other
or neither was done (Vain et al. 1993b). Similar results were achieved using
12% sucrose to increase the osmotic potential of the medium (Dunder et al.
1995). In addition, pre-culturing explanted immature embryos for a period
of days prior to bombardment was shown to increase biolistic transformation
efficiency (Songstad et al. 1996).

2.5 Agrobacterium tumefaciens

While using “brute force” to facilitate penetration of exogenous DNA into plant
cells was proven to be very effective, an alternative approach was also being
developed.

The role of the soil-borne bacterium A. tumefaciens in tumor develop-
ment in plants was described as early as 1907 (Smith and Townsend 1907).
It was confirmed subsequently that this tumor-inducing ability could be at-
tributed to the transfer of a bacterial DNA sequence into the plant host genome
(Chilton et al. 1977). Finally, evidence that a non-oncogenic (disarmed) strain
of A. tumefaciens could be used to introduce a T-DNA sequence modified with
exogenous DNA into a plant cell, and that this foreign DNA sequence could be
expressed, was reported independently in 1983 by three laboratories (Bevan
et al. 1983; Fraley et al. 1983; Herrera-Estrella et al. 1983). Since A. tumefaciens
was known to be a pathogen of dicotyledonous and not monocotyledonous
plants, its use as a vector for stable plant transformation was initially limited
to dicotyledons. Maize infection by A. tumefaciens was demonstrated as early
as 1986 (Grimsley et al. 1986) and transgene expression in maize cells after
A. tumefaciens infection was reported by several teams (Schlappi and Hohn
1992; Ritchie et al. 1993; Shen et al. 1993). Recovery of maize plants containing
the gus and nptII genes after inoculation of cut shoot apices with an Agrobac-
terium suspension was reported as early as 1991 (Gould et al. 1991), but not
until 1996 was a robust protocol reported for production of stable transgenic
maize using an Agrobacterium-mediated gene-delivery method (Ishida et al.
1996).
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2.5.1 Penetration of the T-DNA into Plant Cells

Penetration of T-DNA from bacterial cells into plant cells is efficient enough
to produce transgenic plants, although the mechanism is not completely un-
derstood. Two 25-bp border sequences bracket and define the T-DNA region,
which is the only part of Agrobacterium Ti (tumor-inducing) plasmid DNA
transferred into the plant cell. Another critical component on the Ti plasmid
is the virulence (vir) region located outside of the T-DNA. The vir genes pro-
duce a number of enzymes and proteins that facilitate the T-DNA transfer.
The T-DNA is believed to be cleaved from the Ti plasmid as a single-strand
molecule. This single-stranded T-DNA, the T-strand, is coated by virE1 and
E2 proteins and capped by virD2 protein in the bacteria. In a process similar
to conjugation, A. tumefaciens uses a type IV secretion system to transfer this
nucleoprotein complex into the plant cell (Gelvin 2000).

Until recently, most efforts to enhance transformation efficiency using
A. tumefaciens have focused on modifying bacterial components. Using strain
LBA4404 to harbor a binary vector containing extra copies of certain vir genes
(called the super binary vector) resulted in high transformation efficiencies in
rice (Hiei et al. 1994) and maize (Ishida et al. 1996; Zhao et al. 1998).

Using forward and reverse genetics, plant mutants have been identified that
react differently to the same A. tumefaciens strain (Gelvin 2000, 2003; Hwang
andGelvin2004).This indicates thatplant factorsarealso involved inmediating
the transformation process. Modifying the target plant so that it becomes the
“ideal” recipient for A. tumefaciens may also be one way to enhance transfor-
mation efficiency. Gelvin’s group identified Arabidopsis thaliana “rat” mutants
(resistant to Agrobacterium transformation; Zhu et al. 2003). One of them was
deficient for the HTA-1 gene coding for H2A-1 histone. Transient expression
was observed in this mutant, but stable expression was not obtained (Mysore
et al. 2000). Penetration of the T-DNA was observed in the rat-5 mutant by
transient gus expression, although the plant cells were not competent for sta-
ble transformation. Interestingly, Agrobacterium transformation by the flower
dipprocedure (CloughandBent1998)was still possible for thismutant.Expres-
sion of the wild-type HTA-1 gene in the rat-5 mutant of Arabidopsis restored
the competency for stable transformation via tissue culture and enhanced
efficiency for transformation using the floral dip method (Mysore et al. 2000).

2.5.2 The Super Binary Vector

The super binary transformation system for maize was the second major turn-
ing point in maize genetic transformation after the 1990 reports using the
biolistic gun. Ishida et al. (1996) used immature zygotic embryos from the
maize line A188 as a target tissue for their seminal work in stably transforming
maize using Agrobacterium tumefaciens. One of the key points in their success
was the use of a Ti plasmid “super binary” system, in which a DNA segment
containing virB, virC and virG genes were cloned into the binary vector that
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normally carries only genes of interest (Komari and Kubo 1999). The presence
of extra copies of these vir genes, in addition to the endogenous vir genes
on the disarmed Ti plasmid, allowed the authors to reach transformation ef-
ficiencies as high as 30%. The transformation system used the bar gene as
a selectable marker and the intron-containing gus marker gene, both driven
by the CaMV35S promoter. Molecular analysis by Southern blot showed that
A. tumefaciens-mediated transformation produced large numbers of single-
and low copy number transformation events. This high transformation effi-
ciency and high proportion of single-copy events using the super binary vector
system was later confirmed using the maize Hi II genotype (Zhao et al. 1998).

2.5.3 The Standard Binary Vector

A. tumefaciens-mediated transformation of maize proved to be a low-cost tech-
nique generating transgenic events with simple transgene integration patterns
(Ishida et al. 1996) and improved transgene expression stability (Shou et al.
2004) and reports of using standard binary vector system for DNA delivery
have also been forthcoming (Frame et at. 2002; Zhang et al. 2003). One advan-
tage of the standard binary vector is that no homologous recombination step
is required for introducing the gene of interest into the Agrobacterium strain.
In our laboratory, A. tumefaciens strain EHA101 harboring the standard bi-
nary vector pTF102 (Frame et al. 2002) is used to infect 10- to 13-day-old Hi
II immature zygotic embryos. Co-cultivation is carried out for three days on
medium supplemented with the anti-oxidant l-cysteine, following earlier work
in soybean (Olhoft and Somers 2001). Bialaphos-resistant type II callus events
are recovered eight weeks after infection at 5% frequency and regenerated to
produce stably transgenic R0 plants and stably transformed R1 progeny.

3 Competence and Regenerability – Target Tissue

Discussion of maize genetic transformation in this chapter focuses on systems
that lead to stable transformation. In order to achieve this end, a transforma-
tion-competent targeted cell must first be able to receive DNA fragments and
stably integrate them into the nuclear genome. The transformed cell must then,
in most cases, proliferate under a suitable selection scheme to distinguish it
from non-transformed cells. Finally, a fertile maize plant must be recovered
that is germ-line transformed and thus transmits the introduced trait to its
progeny.

3.1 Selectable Markers

As aptly emphasized by Vain et al. (1993a), the effectiveness of any target tissue
and gene-delivery method is highly dependent on a selectable marker system
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and the promoters for recovering transformed cells, although promoters will
not be a subject of this chapter. Recent successes in efficient maize transforma-
tion have, in part, been attributed to the move away from the aminoglycoside
selection agents that had proven so effective for the rapid advancement of di-
cotyledon transformation in the1980s to theuseof the bar (bialaphos-resistant)
selectable marker gene which confers resistance to phosphinothrycin, the ac-
tive ingredient in several commercial herbicides (Gordon-Kamm et al. 1991).
The use of this selectable marker gene for recovering stable transformants
of bombarded maize cells was described by Spencer et al. (1990) using non-
regenerable BMS cultures and, shortly thereafter, by Gordon-Kamm et al.
(1990) using embryogenic suspension cells in the first report describing the
recovery of fertile transgenic maize. More recently, transgenic maize events
produced using Agrobacterium-mediated methods have been recovered at high
frequency, also using this selection system (Ishida et al. 1996, 2003; Zhao et al.
2001). Other herbicide-resistant genes that have been used effectively as se-
lectable marker genes to recover fertile transgenic maize in combination with
their complementary herbicides are ALS (acetolactate synthase and chlorsul-
furon; Fromm et al. 1990) and EPSPS (5-enolpyruvylshikimate-3-phosphate
synthase and glyphosate; Howe et al. 1992).

An effective selectable marker gene for maize that is neither antibiotic nor
herbicide-based is the pmi (phosphomannose isomerase) gene. A cell express-
ing this gene can metabolize mannose as a carbon source, thereby confer-
ring a positive advantage to transformed cells under selection on mannose-
containing medium (Evans et al. 1996). This selectable marker system has
also been reported to work very effectively in Agrobacterium-mediated maize
transformation systems (Negrotto et al. 2000). The search for so-called “safe”
selectable marker systems (Reed et al. 2001), such as pmi/mannose, is likely to
maintain its momentum and interest as one approach to producing transgenic
events that do not carry antibiotic- or herbicide-resistant genes. Recently, the
use of d-amino acid oxidase (DAAO) in Arabidopsis has shown that, depending
on the d-amino acid used, negative selection or a positive selection for trans-
formed cells can be achieved (Erikson et al. 2004). d-Alanine, for example, was
an effective negative selectable marker agent for Arabidopsis and these authors
also described its toxicity in maize. This preliminary evidence suggests the
possibility of using d-alanine and the DAAO gene as a new selection system
for maize.

3.2 Stable Integration of Transgenes

The first requirement for competency of a targeted cell is that it be capa-
ble of stably integrating exogenous DNA. Depending on the transfer method,
exogenous DNA penetrates the cell in different forms. Physical delivery meth-
ods such as electroporation, whiskers and the biolistic gun use naked DNA,
whereas Agrobacterium transformation transfers a nucleoprotein complex.
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Thesedifferences lead todownstreamconsequences regarding exogenousDNA
integration. Both processes remain largely unknown, but recent progress has
shed light on various aspects of transgene integration into the plant genome.
Most of the information available on the integration mechanism comes from
sequencing and analysis of transgene integration sites.

3.2.1 Transgene Integration via Physical Delivery Methods

Current understanding of the process of exogenous DNA integration is quite
poor. The transgene is understood to integrate into the genome by illegitimate
recombination (IR) or non-homologous end-joining (NHEJ; Kohli et al. 2003).
One of the hypotheses is that DNA integration is a two-phase process (Kohli
et al. 1998).

The first phase is a pre-integration one in which the exogenous DNA is
processed by the cell before being integrated into the genome. After bom-
bardment, the cells enter a stress-response phase as demonstrated by callose
formation (Hunold et al. 1994). During this phase, multiple enzymes are acti-
vated, including those for DNA repair and DNA degradation. It is believed that
a combined action of those two types of enzymes on the freshly introduced
DNA may result in multimerization of complete and incomplete exogenous
DNA molecules (Kohli et al. 1998), which may explain the complex integration
patterns found when sequencing transgene integration sites (Makarevitch et al.
2003).

The secondphaseoccursat integration.Double-strandedbreak-points in the
host genome may serve as landing sites for the intact or rearranged exogenous
DNAbystimulating the cell’s recombinationmachinery (Kohli et al. 1998). Such
temporary “hot spots” may become the site for IR or NHEJ, since separately
introduced transgenes frequently integrate at the same site in the genome
(Register et al. 1994; Kohli et al. 2003). These sites vary in targeted cells,
resulting in the multitude of integration patterns observed when a number
of independent transgenic events are compared. Interestingly, transgene copy
numbers assessed by detailed Southern blot analysis could not reveal the real
complexity of an insertion site as effectively as could the use of sequencing
(Kohli et al. 2003).

3.2.2 T-DNA Insertion

How the T-DNA is inserted into the host genome remains somewhat of a mys-
tery. Some pieces of the puzzle have, however, been elucidated. T-DNA enters
the cell as a nucleoprotein complex. The VirD2 protein that caps the T-DNA and
the VirE2 protein both contain nuclear localizing signals (NLS). The VirD2 NLS
signal interacts with a host importin-α (Ballas and Citovsky 1997). Modifica-
tionof theVirD2NLSalters thenuclear localizationof theT-DNAnucleoprotein
complex and affects transformation efficiency (Shurvinton et al. 1992; Mysore
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et al. 2000). Interestingly, the VirE2 NLS does not interact with the same host
protein, but rather with the VirE2 interacting protein 1 (VIP-1) to allow nuclear
import (Tzfira et al. 2001). A. tumefaciens seems to have developed two parallel
systems to insure the nuclear import of its transferred T-DNA. The molecular
process of the insertion itself is not yet fully understood, although some groups
suggest that micro-homologies between the T-DNA and the insertion site aid
in integration (Mayerhofer et al. 1991; Kohli et al. 2003).

3.3 From Targeted Cell to Fertile Plant

Several plants, like tobacco, can be regenerated from leaf explants (Vasil et al.
1964; Vasil and Hildebrandt 1965). However, early work with maize tissue
cultures demonstrated totipotency only from shoot meristem or some embryo-
derived cells (Green and Phillips 1975). Although immature embryos from six
inbred lines were cultured in this study, embryogenic scutellar callus capable of
regenerating plants was produced from only inbred line A188, or its reciprocal
crosses with inbred line R-navajo. These results demonstrated the totipotency
of immature embryo-derived callus but also emphasized that its production
was genotype dependent, a characteristic that still presents problems for maize
genetic transformation 30 years later.

The ideal maize explant to target for transformation would be one for which
germ-line transformation is ensured with as short a period of in vitro cul-
ture as possible. Potential maize transformation target explants, ranked from
high to low for morphological complexity, are presented in Fig. 4. In this
simplistic depiction, the less complex the targeted explant, the greater the
probability of germ-line transformation. In turn, if prolonged culture is re-

Fig. 4. Morphological
complexity of potential
maize target explants



Maize 89

quired to achieve this undifferentiated or dissociated state, the probability of
somaclonal variation increases (Lee and Phillips 1987). Unicellular protoplasts
were considered an ideal target to ensure germ-line transformation and recov-
ery of non-chimeric maize plants, but failure to recover fertile transgenic plants
from transformed protoplasts was attributed to loss of totipotency after pro-
longed culture (Rhodes et al. 1988). Tissue culture-induced variation would
be all but eliminated were in planta transformation achieved, but targeting
a plant organ would also reduce the likelihood of germ-line transformation
unless it was a gametophyte. Although the latter scenario has been achieved
in Arabidopsis thaliana using the floral dip method (Bechtold et al. 1993), no
conclusive evidence for maize gametophyte or in planta transformation has
yet been reported. Interestingly, this in planta approach to transformation was
that taken in some of the earliest attempts to transform maize and remains an
intriguing prospect today.

Since the introduction of the biolistic gun as a method for transforming
maize, three maize target tissues have been commonly used, namely the im-
mature zygotic embryo, immature embryo-derived scutellar callus and callus-
derived liquid suspension cultures. Although the immature embryo is the
starting ex-plant for all these target tissues, it was the last amongst them to be
targeted for stable transformation, in part because of the trade-offs illustrated
in Fig. 4. Instead, early biolistic experiments were carried out using liquid sus-
pension cultures or friable type II callus, based on the premise that targeted ex-
plants had to be reduced to their most dissociated state (least morphologically
complex) prior to DNA delivery to ensure that non-chimeric transgenic plants
would be regenerated from single transformed cells. The first report demon-
strating stable maize transformation (using electroporation) from more orga-
nized explants such as immature embryos and type I callus (D’Halluin et al.
1992) stated that “embryogenic, friable, type II cell cultures were no longer
a prerequisite for genetic transformation of maize”. Furthermore, the authors
argued that Mendelian inheritance of their transgene demonstrated the non-
chimeric nature of their primary transformants and, therefore, the single cell
origin of their transgenic events. By challenging the premise that morpho-
logically complex explants were less competent transformation targets, these
results helped expand the range of potential target tissues in maize.

3.3.1 Callus or Suspension Cultures

Embryogenic callus can be produced from scutellum cells of maize immature
zygotic embryo explants dissected 10–14 days after pollination and placed
with their adaxial side in contact with auxin containing medium. Beginning
2–3 days later, embryogenic callus forms from rapidly dividing cells in the
abaxial, basal region of the scutellum (Fransz and Schel 1990).

Maize callus phenotypes are characterized as type I or type II. Using maize
genotype A188, high concentrations of proline and N6 salts (Chu et al. 1975),
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friable, rapidly growing, highly embryogenic callus was developed (Armstrong
and Green 1985) and called type II to differentiate it from that which had
been observed previously (designated type I). In contrast to type II callus,
in which embryogenic structures are independently suspended in the friable
callus matrix, the latter is compact and embryogenic lobes show a high degree
of association.

Type II embryogenic callus, like non-regenerable BMS callus (Sheridan
1982), could be used to produce finely aggregated liquid suspension cultures.
While BMS cell cultures were used for preliminary optimization experiments
with the biolistic gun (Klein et al. 1988) and whiskers (Kaeppler et al. 1990,
1992), it was suspension cultures produced from highly embryogenic type II
(A188×B73) callus that facilitated production of the first fertile transgenic
plants using the gene gun (Gordon-Kamm et al. 1990) and whiskers (Frame
et al. 1994). Recovery of some somaclonal variant transgenic lines using these
target cells (Gordon-Kamm et al. 1990) was attributed to prolonged time in
culture and cryo-preservation was used by these and other authors (Register
et al. 1994) to extend the “shelf-life” of particularly desirable cell lines. As
early as 1990, stable biolistic transformation of type II callus was also reported
(Fromm et al. 1990) and was rapidly followed by several reports of targeting
type II callus using the gun (Walters et al. 1992; Pareddy and Petolino 1997;
Frame et al. 2000) and whiskers (Petolino et al. 2000).

Stable transgenic maize plants have been regenerated from type I callus
transformed using electroporation (D’Halluin et al. 1992) and the biolistic
gun (Wan et al. 1995; Wang et al. 2003). Because many inbred or elite maize
genotypes often produce type I callus instead of type II callus from cultured
immature embryo scutella (Duncan et al. 1985), establishing the transforma-
tion competence of this more structurally complex tissue was a significant
development for expanding the inventory of maize genotypes accessible to
transformation. However, when compared with friable type II callus, the com-
pact, differentiated and slow growing characteristics of type I callus require
that increased selection pressure and labor be used for effective recovery of
transgenic events after transformation (Pareddy and Petolino 1997).

Finally, targeting callus cultures for transformation provides access to maize
genotypes that display notoriously low embryogenic callus induction fre-
quency from immature zygotic embryos. Callus cultures (type I or type II)
can be bulked up from the few responding embryos of a recalcitrant genotype,
providing access via biolistic transformation (Wan et al. 1995; Wang et al. 2003)
to a callus phenotype and genotype of choice.

3.3.2 Immature Zygotic Embryos

Seventeen years ago, Klein et al. (1988) observed transient gus gene expression
in scutellar cells of maize immature zygotic embryos following particle bom-
bardment. Armed with the additional knowledge that totipotent callus could
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be produced from this explant (Green and Phillips 1975; Armstrong and Green
1985), the authors stated that the immature embryo would be a prime target for
transformation. Today, where dedicated glasshouse or growth chamber space
is available for embryo donor plant production, this has become the explant of
choice for biolistic or Agrobacterium-mediated transformation.

While the target explant is the immature embryo scutellum, it acts as a repos-
itory for abaxial somatic cells located from one (Fransz and Schel 1990) to five
cell layers deep (Pareddy and Petolino 1997) which, when precultured in the
presence of auxin, undergo rapid division and differentiation into embryogenic
cell clusters to form embryogenic callus. It is from these proliferating, totipo-
tent cells that transgenic events are recovered after selection. Importantly,
prolonged tissue culture steps are not required to produce this population of
transformation competent cells, thereby minimizing loss of totipotency due
to somaclonal variation (Songstad et al. 1996). Immature embryos have been
directly targeted for routine stable transformation using both the biolistic gun
(Koziel et al. 1993; Songstad et al. 1996; Frame et al. 2000) and Agrobacterium-
mediated methods (Ishida et al. 1996, 2003; Zhao et al. 1998, 2001; Negrotto
et al. 2000; Frame et al. 2002).

Development of the hybrid Hi II line (Armstrong et al. 1991), in conjunction
with a medium regime on which 100% of F1 or F2 immature embryos produced
type II embryogenic callus (Armstrong and Green 1985; Songstad et al. 1996),
has enabled widespread use of the immature embryo explant for transgenic
research and production using either biolistic or Agrobacterium-mediated
transformation methods. Our laboratory, for example, routinely transforms
Hi II immature zygotic embryos using the PSD-1000/He delivery system with
an average transformation frequency of 15 bialaphos resistant events per 100
bombarded embryos.

Recently, this “transformability” of Hi II germplasm was transferred to an
elite stiff stalk line using marker assisted breeding; and an efficient Agrobac-
terium-mediated protocol for transforming this type II elite line callus was
developed (Lowe et al. 2004).

3.3.3 Maize Inbred Line Transformation

In spite of the outlined advantages to targeting immature embryos, transfor-
mation of maize inbred or elite lines for crop improvement using this explant
is limited by the quality and frequency of embryogenic callus induction from
immature embryos of a given genotype on a given medium. Except for some
inbred lines such as A188 (Armstrong and Green 1985), the response frequency
is generally low, despite attempts to identify a genotype-independent culture
system for this explant (Duncan et al. 1985; Carvalho et al. 1997). Use of breed-
ing to improve the tissue culture response is one approach to targeting elite
lines (Armstrong et al. 1992; Lowe et al. 2004). Some success has also been re-
ported for directly targeting immature embryos of inbred or elite lines (other
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than A188) using the biolistic gun (Koziel et al. 1993; Brettschneider et al. 1997;
Wang et al. 2003) or A. tumefaciens (Ishida et al. 2003; Frame et al. 2005; Huang
and Wei 2005).

3.3.4 Shoot Meristems

Poor induction of embryogenic callus from the immature embryo explants of
manymaize inbred lines led researchers to investigate alternative explants from
which to develop transformation competent cells. If, in addition, mature seeds
could be used as starting material for producing target cells, one would not
have to rely on greenhouse space to grow maize plants for weekly production
of immature embryos. Targeting shoot apical meristems of germinated seeds
was the subject of the first attempt at maize genetic transformation 40 years
ago (Coe and Sarkar 1966) and recently has been one of renewed interest.

Because the fate of cells in the apical meristem is predetermined by their
location in that meristem (Bowman and Eshed 2000), the challenge to using
these cells as transformation targets is either to deliver DNA into a germ-line
progenitor cell, or to reprogram the cell by manipulating culture conditions
before or after transformation, to ensure stable transformation. If not, meris-
tem transformation and regeneration produces a chimeric plant which does
not transmit the transgene to its progeny (Cao et al. 1990; Gould et al. 1991).

Two approaches have been used to produce stable transgenic progeny from
maize shoot apical meristem explants. In the first system, the apical domes
of coleoptile-stage immature embryos were bombarded with an antibiotic
selectable marker and a gus reporter gene, and plants germinated. Sectors in
the apical meristems of these regenerated plants that were chimeric for the
introduced transgene were proliferated on medium containing a cytokinin
and the antibiotic selection agent that inhibited chloroplast development. In
this way, chimeric plantlets could be regenerated and, through sequential
vegetative propagation of de novo meristems, transgenic plants and progeny
were eventually obtained (Lowe et al. 1995).

In the second system, the authors used medium supplemented with both
cytokinin and auxin to induce heterogenous multiple shoot meristem cultures
from the shoot apical meristem (SAM) of germinated mature seeds (Zhong
et al. 1996). In spite of concerns that biolistic targeting of morphologically
complex shoot tip cultures would lead to chimeric plant production, stable
transformation and transmission of the transgene to progeny was demon-
strated, although at low frequency, and chimeric plants were not reported.
This was attributed to the morphologically elastic phenotype of the bom-
barded SAM cultures used (Zhong et al. 1992). For example, by varying relative
concentrations of cytokinin and auxin, these cultures could also be induced
to produce somatic embryos directly from the SAM, or from callus derived
from the SAM. Inter-conversion between embryogenic and organogenic cal-
lus in SAM-derived cultures of subtropical and tropical maize was observed
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using a similar medium supplemented with adenine (O’Connor-Sanchez et al.
2002). Using the biolistic gun, stably tranformed plants and progeny were also
produced in this latter study.

One important advantage to targetingSAM-derivedcultures for transforma-
tion is that theirproduction is reported tobe somewhat genotype-independent.
SAM cultures were produced in 70% of 45 temperate zone inbred and hybrid
lines tested (Li et al. 2002a) and all nine tropical and subtropical lines reported
(O’Connor-Sanchez et al. 2002). In addition, SAM cultures of the well known
but notoriously recalcitrant inbred line B73 have been transformed using the
biolistic gun, although at low frequency (Zhang et al. 2002).

Progress towards stably transforming these heterogeneous, shoot meristem-
derived tissues using Agrobacterium has been reported (Li et al. 2002b). Alter-
natively, shoot apical meristems were first incubated with Agrobacterium cells
and then induced to form either somatic embryogenic callus or organogenic
shoot meristem cultures from which R0 transgenic plants, but no progeny,
were recovered (Sairam et al. 2003). When embryogenic callus was first in-
duced (directly or indirectly) from mature seed derived nodal sections and
then co-cultivated with A. tumefaciens (Sidorov et al. 2006), stable transfor-
mation was achieved and transgenic progeny plants were recovered.

In a recent study, potentially novel, embryogenic tissues derived from the
embryo explant of mature seeds of seven maize inbred lines, including Mo17,
were described (Huang and Wei 2004) but not targeted for transformation.
While implementation of this methodology has yet to be reported by other
laboratories, it is indicative of the widespread interest in developing readily
available, genotype-independent, competent cells for maize crop improvement
using genetic transformation technology.

4 Future Prospects

As already discussed, targeting a wider range of maize genotypes, and some
inbred lines in particular, for research or trait improvement purposes will
continue not least of all in an effort to marry transformation technology with
current genomic characterization of specific inbred lines. Maize transforma-
tion (both biolistic andAgrobacterium-mediated methods) is now a routine but
not a trivial task. The production and maintenance of large numbers of trans-
genic maize plants requires committed resources and efficient organization.
As functional genomics demands more transgenic plants for gene analysis, the
importance of improving transgenic plant quality becomes imminent.

Currently, the quality of transgenic events is addressed by using the “num-
bers game” strategy. Hundreds of independent events are produced routinely
to select for a few “successful” events (Z.Y. Zhao, personal communication).
For most academic laboratories, this production is an unattainable task. In the
next stage of improving maize transformation, the quality issue will likely be
addressed using different strategies.
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For research programs, it may be sufficient to simply choose transgenic
events that strongly and stably express the transgene under study. However,
for a commercial program, the quality of a transgenic event also pertains to
how “clean” it is; i. e., does it (1) only contain one copy of the gene of interest,
(2) only contain the desired and essential sequences and (3) not contain the
selectable marker. Furthermore, control of pollen dissemination to avoid cross-
pollination with non-transgenic maize may be of particular interest especially
if maize producing pharmaceutical and industrial products is commercialized.

4.1 Clean Insertion Strategies

4.1.1 Isolated Cassette Bombardment

Biolistic transformation is known to generate complex integration patterns,
which is believed to cause transgene silencing (Fagard and Vaucheret 2000)
and may also be a legal concern for biotech crop commercialization. In order
to overcome these drawbacks, several strategies have been tested.

In a standard biolistic transformation experiment, the entire vector se-
quence is delivered together with the transgene into a targeted cell, such that
they cannot be separated as Mendelian traits. One solution to avoid their
insertion is to use transgene expression cassettes only instead of complete
plasmids carrying the vector backbone and the antibiotic resistance gene for
bacterial selection. In rice, using a supercoiled plasmid, or a double-stranded
isolated gene expression cassette for transformation, resulted in no loss of
transformation frequency using the latter (Breitler et al. 2002). Furthermore,
the occurrence of silencing decreased drastically in T0 plants. However, this
approach did not seem to decrease the complexity of the integration site based
on the Southern blots shown in the work (Breitler et al. 2002).

4.1.2 Site-Directed Recombination

Site-specific DNA integration, as well as specific excision of a DNA fragment,
are attractive ways of solving many issues inherent to genetic engineering
(randomness of the transgene insertion or presence of undesired sequences in
the transgene integration site, for example). Both phenomena can be achieved
through site-specific recombination: the recombination of two precisely ori-
ented sequences (target sites), either in two separate DNA molecules or in the
same DNA molecule, catalyzed by a specific enzyme, the recombinase (Ow
2002). For instance, if the target sites bracket the selectable marker gene (e. g.,
bar or nptII) in the same orientation, it becomes possible to remove the unde-
sirable gene by expressing a recombinase (Lyznik et al. 1996; Ow 2001; Zhang
et al. 2003).Otherapplicationscanbeenvisaged for this sequence removal strat-
egy. Simplification of complex integration sites by removing extra sequences
is possible. This was demonstrated using wheat as a model and a modified
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Cre/lox system (Srivastava et al. 1999). In all four independent transgenic
events produced with lox target site-containing plasmids, and crossed with
a Cre recombinase expression line, simplification of transgene integration pat-
tern was observed as well as selectable marker sequence removal (bar gene).
In similar experiments with maize, simple insertion events were also obtained
(Srivastava and Ow 2001).

Another application for site-directed recombination is site-directed inser-
tion, the most desired feature for transgenic transformation. However, to
achieve this illusive goal, an integration site (a sequence to be targeted) must
first be established, either through genomic characterization or genetic trans-
formation to allow insertion of the gene of interest by the second round of
transformation (Albert et al. 1995; Srivastava and Ow 2002). The concepts and
possible applications are reviewed by Ow (2006).

Site-directed recombination appears to be operable, but more data is re-
quired to substantiate its effectiveness. Thanks to the numerous site-specific
recombination systems in existence, several variations to this approach are
available (Lyznik et al. 1996; Sugita et al. 2000; Ow 2001). However, some issues
may be associated with future adoption of the method. For example, the lox
sites are undesirable for validation of commercial products because of their
bacterial origin. The presence of the recombinase gene in the final product is
also not desirable and requires an extra breeding step for removing it through
segregation.

4.1.3 A. tumefaciens Vector/Strain Improvement

One of the important features in Agrobacterium-mediated transformation
is that the bacterium transfers only its T-DNA region to the recipient plant
genome, such that transgenic events generated by this method should contain
only the desired T-DNA segment. In fact, it appears that the Agrobacterium
method is not as “clean” as had been hoped. Using this method, a high percent-
age of vector backbone elements were carried into transgenic plants (Kononov
et al. 1997; Meza et al. 2002; Shou et al. 2004). Even if these elements do not
influence transgene expression (Meza et al. 2002), undesirable backbone se-
quences can hinder legal validation of a transgenic event. This problem is far
from negligible, since the presence of the vector backbone has been detected in
50–75% of independent events investigated in two separate studies (Kononov
et al. 1997; Shou et al. 2004). Strategies, such as using double T-DNA border
sequences (Kuraya et al. 2001) and negative selection markers inserted into
the backbone, are currently being tested to reduce the occurrence of vector
backbone integration.

Another feature of the Agrobacterium-mediated method has been to allow
removal, by segregation, of the selectable marker gene. Two separate T-DNAs
are used instead of one. One carries the gene of interest and the other carries the
selection marker. This approach has been tested in rice and tobacco (Depicker
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et al. 1985; Komari et al. 1996; McCormac et al. 2001; Breitler et al. 2004).
Depending on the strategy used to deliver both T-DNAs, the co-transformation
efficiency varies from study to study. However, in all of them, some transgenic
events, both in rice and tobacco, show segregation of the two T-DNA in the
progeny. A two T-DNA binary system was used in maize to achieve high-
efficiency transgene segregation in co-transformed maize plants (Miller et al.
2002).

Recently, the ability has been demonstrated of other bacteria (Sinorhizo-
bium meliloti, Rhizobium sp. NG234, Mesorhizobium loti) to transfer DNA
into plant cells (Broothaerts et al. 2005). Although these transformation effi-
ciencies are low compared to Agrobacterium-mediated transformation, using
other bacteria to mediate exogenous DNA delivery to plant cells may open new
possibilities for crop biotechnology (Gelvin 2005).

4.2 Control Pollen

Pollen dissemination, leading to unwanted out-crossing of transgenic pollen
with non-transgenic plants, is a major issue for maize transgenic crop produc-
tion. Several approaches can be envisaged to address this issue. One strategy is
simply to physically and temporally isolate a transgenic maize crop from other
non-transgenic maize fields. In 2003, a one mile (1.6 km) distance was defined
as the minimal isolation radius for open pollination tests for pharmaceutical-
producing maize plants in addition to delayed planting for 28 days (USDA-
APHIS 2003). An extensive study on transgenic maize pollen flow showed that
very little cross-pollination could be found at 300 m away from the transgenic
pollen source (Stevens et al. 2004).

Although physical and temporal isolation minimizes any possible pollen
contamination, biological containment measures are being developed. Two
other possibilities can be investigated for pollen control, namely male-sterile
lines (natural or induced) and organelle transformation.

4.2.1 Cytoplasmic Male Sterility

One way to implement transgenic pollen containment is to prevent the produc-
tion of pollen. Cytoplasmic male sterility (CMS) has been studied in maize in
the context of hybrid seed production because it prevents labor costs associated
with manual de-tasseling (Levings 1993). CMS is a maternally inherited trait
preventing formation of viable pollen. It is generally associated with mitochon-
drial defects (Mackenzie et al. 1994). The first CMS to be described in maize
was the Texas cytoplasm (cms-T; Rogers and Edwardson 1952). It was used for
hybrid seed in the United States until the Southern corn leaf blight epidemic
in the 1970s (Ullstrup 1972) demonstrated a high susceptibility of this male
sterile germplasm to the disease (Levings 1993). Despite this drawback, it is
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possible to envisage the use of CMS as one approach to pollen containment
when transgenic maize is produced on a small scale.

Another possibility is to use genic male sterility (GMS), which is triggered
by a defect in a nuclear gene and therefore segregates as a normal Mendelian
trait. Recent work described a system in which transcription of an inverted
repeat of the Ms45 gene promoter led to transcriptional gene silencing of the
Ms45 gene. This induced a high frequency of male-sterile plants lacking the
Ms45 transcript (Cigan et al. 2005). Such a system, if added to a traditional
gene of interest expression system, would bring about the desired biological
containment of the transgene by producing male sterile plants.

4.2.2 Plastid Transformation

Another biological containment approach for transgenic pollen drift is to place
the transgene in the plastid genome. Because inheritance of chloroplast traits
is maternal in maize (Daniell and Varma 1998), Mendelian transmission of
a transgenic locus associated with the nuclear genome would be circumvented
and pollen grains would not carry the transgene of interest. The first success-
ful plastid transformation was achieved using the biolistic gun to transform
Chlamydomonas reindhartii (Boynton et al. 1988) and this delivery method
is still the tool of choice for plastid transformation. Plastid transformation
offers many advantages over nuclear transformation, but is lagging behind
nuclear transformation because of its current low efficiency and the issue of
heteroplasty.

Two major plastid transformation strategies have been used so far, namely
(1) transformation of the chloroplast genome by homologous recombination
(Maliga 2004) and (2) use of an autonomous replicating vector in the plastid
(Staub and Maliga 1994). Using the first approach, the gene of interest is brack-
eted by two regions highly homologous to a precise part of the chloroplast
genome and the construct is introduced by biolistic transformation allowing
a targeted insertion within the chloroplast genome (Lutz et al. 2001; Maliga
2004). A derivative of a homologous recombination strategy using a phiC-31
phage site-specific recombination system has been described (Lutz et al. 2004),
in which a target site was first inserted using homologous recombination. In
a second round of transformation, a simpler vector was used in combination
with either a nuclear integrated or a transiently expressed recombinase gene.
Targeted insertion was observed as frequently as 17 independent transforma-
tion events per bombardment.

The use of plastids as targets for transformation offers the added advantage
that recombination protein production yields are higher than in nuclear trans-
formants. Such an approach was recently described by Tregoning et al. (2004)
for the production of vaccine in plants.
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5 Concluding Remarks

Maize is an economically important crop with rich genetic information that,
like wheat, has benefited from human intervention for agronomic trait im-
provement. Because of its importance, the need for improving production
levels and broadening the uses of maize has warranted development of genetic
engineering technologies to meet this goal. Although maize genetic trans-
formation is now a routine application in some laboratories, it is far from
being a trivial technique. Since the first attempts of genetic transformation,
many approaches have been explored by the research community to achieve
stable and quality maize transformation events. Through the aim of achiev-
ing reproducible inbred line transformation, it is feasible that completely new
approaches may evolve from those presently described. The issue of what ap-
proach is taken towards crop genetic engineering remains a society debate that
scientists, politicians and the public will undertake for maize and all other
biotech crops.
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