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ABSTRACT
Maize is one of the most important crops for plant biologists not only for its
tremendous values for agriculture but also for its wealthy genetic information for biology.
Recent years, the advent of biotechnology has further expanded the possibility of this crop.
One of the most important tools for crop improvement and basic biological studies is genetic
transformation. While plant genetic transformation using either Agrobacterium tumefaciens
or biolistic gun as delivery systems has been available for more than 20 years, genetic
transformation of many plant species, especially cereal crops, is still a challenging task for
most laboratories.
The efficiency in genetic transformation depends upon the establishment of a robust
and reproducible plant tissue culture system as well as an efficient delivery system for
transformation. For current maize transformation system, immature embryos are routinely
used as starting material for Agrobacterium infection or particle bombardment. The major
problem for using the immature embryos is that it requires maize plants to be grown in the
greenhouse year-round to meet the research demands.

This practice requires large

greenhouse spaces, quality growth conditions and experienced supporting staff.
One other problem with the current maize transformation system is that only Hi II, a
hybrid germplasm bred specifically for tissue culture purposes, is amendable for
transformation. For the maize community, inbred lines are the most desirable target for
transformation due to their genetic background and agronomic importance in crop
improvement.
This research program aimed at developing a transformation system using maize
mature seeds as starting material for inbred lines B73, B104, H99, Mo17 and W22.
The first challenge in this study was to obtain sterilized mature embryo material for
callus initiation. We have established an efficient and optimized seed sterilization protocol
for maize seeds harvested from field-grown plants which have an increased amount of seedborne pathogens. Our protocol ensures 98-100% sterility of plant material without noticeable
compromise of the vigor and callus initiation.

ix

Two different approaches: shoot meristematic cultures (SMC) and somatic
embryogenic cultures (SEC) have been evaluated to obtain transformation-target tissue.
Although SMC of different inbred lines could be obtained in a non-genotype dependent
fashion, and GUS expression was detected when performing genetic transformation using
Agrobacterium-mediated and the biolistic gun, no plants were recovered using this tissue
culture system. On the other hand SEC was observed in all inbred lines at different levels,
however just H99 responded with high frequency on callus induction medium (71 %).
Bombardment of SEC of inbred line H99 resulted in fertile transgenic plants. Analysis of
progeny indicated that both gus and bar transgenes have been transmitted to the next
generation. Bialaphos resistant callus frequency (BRCF) ranged from 24.1 % to 74 % with
this system.
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CHAPTER 1. INTRODUCTION
1.1

Importance of maize
Maize or corn (Zea mays L. ssp. Mays) is the third most cultivated crop in the world

(after wheat and rice) (Torney et al, 2007). It is an important crop for alimentary, cultural,
economic, and scientific reasons. From ancient to modern cultures, maize has been a staple
food in several regions in America and Africa (Barreiro, 1989) and has thousands of uses. It
is the most important crop used for food and feed around the world (Torney et al, 2007).
Maize is responsible for 15-20% of the total daily calories in the diets of more than 20
developing countries in Latin America and Africa (Downswell, et al, 1996). It was
considered as a sacred plant in ancient mythology of the Pre-Columbian Americas especially
about its origin (Fusell et al, 1992). Modern maize and its ancestor teosinte have drastically
different morphology in many aspects, making this plant culturally and scientifically
intriguing.
In addition to being major feed and food sources, maize is used for many other
industrial purposes, including starch plastic, sweeteners, paper, adhesives, additives, etc
(Johnson, 2000). Lately, probably the area that draws most attention is the production of
ethanol from maize to be used as a biofuel (Torney et al, 2007). Today, the United States,
China, the European Union, Brazil and Mexico are the world's largest producers of maize
(Meng et al, 2000). The US and China are the producers of nearly 60% of the total
production of maize (Smith et al, 2004). Around 68% of the land used to produce maize is
located in developing countries, however only 46% of maize production occurs there,
indicating that there is a need for improvement of yields in those countries where it is a
major source of direct human consumption (Pinglai, 2000). The United States is the country
that produces and consumes more corn than any other. The annual production is around 257
X

106

tons

and

the

consumption

is

approximately

210

X

106

tons

(http://www.ers.usda.gov/Briefing/Corn/).
In the scientific field, maize has been one of the most explored crops over the last 70
years. It has some particular features that cannot be found in any other cereals. It is a C4
plant with higher yield when compared to other crops, it has a wide adaptation and natural
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genetic variability and it is considered as a unique plant for cytogenetics research (Vasal et
al, 2006). The development of sophisticated tools in molecular biology has accelerated the
improvement of this crop. Tools such as molecular markers have been remarkable in
fingerprinting maize genotypes (Smith et al, 1997; Senior et al, 1998; Warburton, 2001) for
maize breeding programs and for other areas such as improvement of maize tissue culture
response (Armstrong et al, 1992), gene mapping (Burr et al, 1988; Austin et al, 2000) study
of transposable elements (Casa et al, 2000), stress (Quarrie et al, 1995), and lately, genetic
engineering which has made possible the development of enhanced genotypes of maize with
resistance to biotic stress (fungi, bacterial, virus, insects) (Castle et al, 2006) and abiotic
stress (cold, drought, salinity) (Vinocur and Altman, 2005).
These tools have made more efficient the study and improvement of maize and is
leading the evolution of traditional plant breeding.
1.2

Maize improvement using traditional plant breeding
Plant breeding has been part of the human life for centuries and it has evolved

together with mankind. The ultimate goal of plant breeding is to cultivate crops suitable for
human’s usage in the fashion of improving his life. Maize was probably one of the first
plants which underwent breeding and actually it is also the biggest example of the potential
of this field since it has evolved in such a tremendous manner that not even the suggested
ancestor (teosinte) is similar to the modern maize plant. There is an enormous amount of
information generated through the path of maize breeding along the years (Galinat, 1978).
Maize is a cross-pollinated crop and naturally shows higher heterozygosity and
genetic variability (Phoelman and Sleper, 2003). Many breeding methods have been applied
to enhance maize genotypes. Specific methods such as recurrent selection and its variants
have been probably the most widely used in corn. It consists in a systematic selection of
superior individuals from a population followed by their recombination to produce a new
different population; the process is repeated in a recurrent manner (Fehr, 1987). Another
strategy used for maize breeding has been the development of synthetic cultivars, which are
created by intercrossing selected inbred lines. While synthetic cultivars are used in some
countries, they are not used in the United States where hybrid cultivars are preferred (Fehr,
1987).
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Among the breeding methods used to improve maize, the development of hybrids has
been probably the highest achievement in maize breeding (Shull, 1909; Crow, 2001).
Hybrids are developed by the crossing of two or more inbred lines. Hybrid maize produce
higher yields, they are more vigorous due to their ability to generate heterosis or hybrid vigor
(Duvick, 2001). Presently, hybrid maize is predominantly used in the United States for
commercial purposes.
The primary goal of plant breeding science is and has been to increase crop yield
through improving disease and pest resistance, abiotic stress (salinity, draught, high and low
temperatures), protein content, starch composition etc. Selection and improvement against
maize diseases have been practiced and evolved through the years (Jeffers et al, 2000).
Efforts in pest resistance have also been conducted mainly for worms affecting different parts
of the plant (Mihm et al, 1997, Bergvinson, 2002, Martin et al, 2004, Jauhar, 2006).
Development of germplasm to resistant to abiotic stress such as drought (Rosielle and
Hamblin, 1981; Edmeades et al, 2000; Bruce et al., 2002,), heat, extreme temperatures, highvelocity winds, frost, salinity, etc (Jauhar, 2006) are also major part of maize breeding
programs.
Plant breeding methods have been powerful in generating superior maize cultivars.
However there are some limitations. First of all, it is a long process to acquire the desirable
genotype and to express the desirable traits. For example in pest control, the incorporation of
resistance to European corn borer (ECB) was achieved after 12 years of conventional
breeding (Vasal et al, 2006). Some traits can be difficult to establish to satisfy the field
performance. Corn rootworm (CRW) is one of the most severe pests in the US Corn Belt
(Lamkey and Lee, 2006). Development of resistance to CRW was approached through
conventional breeding. However after decades of breeding (Rogers et al, 1975) the tolerance
achieved was insufficient to combat the insect in the field (Vasal et al, 2006). The second
limitation of the conventional breeding is the incorporation of undesirable traits along with
the targeted trait during the breeding process. To fix a desired trait and remove the undesired
trait, it takes many generations of backcrosses that can be time and resource consuming. A
third disadvantage is that the conventional plant breeding does not allow to introduce useful

4

traits from unrelated species (Jauhar, 2006). The development of modern technologies such
as genetic engineering has made possible the overcoming of these difficulties.
1.3

Maize improvement using genetic engineering
Genetic engineering is defined as the modification of the genetic structure of an

organism, involving isolation, manipulation and reintroduction of DNA into cells of an
organism usually with the purpose to express a protein (Schouten et al, 2006). In plants,
genetic transformation is a critical technology to study the functions of genes (i.e.
complementation, overexpression, gene silencing) and also an important tool in crop
improvement.
In maize, the first commercialized product carrying a desirable trait incorporated
through genetic engineering, the Bt corn (European Corn Bore resistant), was released in
1996 and by 2005, 35% of the total US crop planted was Bt corn (Brookes and Barfoot,
2006). Another example of successful and applicable maize transformation is the
development of herbicide tolerant maize which has been commercially used since 1997 and
in 2005, half of the total US maize crop was planted with this enhanced corn (Brookes and
Barfoot, 2006). A third example is the development of corn rootworm resistance which was
planted in 5 % of the total maize planting (Brookes and Barfoot, 2006).
While genetic transformation technology has been used widely in basic and applied
plant researches, the successful frequencies for different plant species or even different
genotypes within a species can be very different. There are three main factors that have to be
considered to perform efficient transformation: delivery method, target tissue and selection
system. In this chapter delivery methods and target tissues will be emphasized.
1.3.1 Delivery methods
One of most important issues in delivering DNA into plant cells is to overcome the
barrier of plant cell walls. Numerous techniques have been examined during the last 20
years. Basically, two types of delivery system have been used. One system is the natural
delivery system, that is, the use of a soil bacterium Agrobacterium tumefaciens to deliver
DNA into plant cells. The other system is the physical delivery system, that is, the use of
various physical or chemical means to introduce DNA into plant cells. These methods
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include: biolistic gun, polyethylene glycol solution (Armstrong et al, 1990; Morocz et al,
1990; Golovkin et al, 1993; Omirulleh et al, 1993), electroporation (Fromm et al, 1986;
Rhodes et al, 1988), silicon carbide whiskers (Kaeppler et al, 1992; Frame et al, 1994), etc.
To date, the most successful and popular methods for maize transformation is the biolistic
gun and Agrobacterium-mediated methods.
1.3.1.1 Agrobacterium tumefaciens.
Agrobacterium tumefaciens is a tumor-inducer bacterium in plants (Smith and
Townsend, 1907). Its oncogenic capacity (ability to produce tumors) is ascribed to the ability
of transferring a portion of DNA into the host genome. The first evidence that a disarmed
strain of this bacterium was able to transfer the T-DNA with a modified portion of DNA was
described by Bevan et al, 1983, Fraley et al, 1983, Herrera-Estrella et al, 1983.
The T-DNA penetration from the bacteria to the plant is efficient to produce
transgenic plants; however the mechanism of this delivery method is still unclear. The TDNA region, which is the part of Agrobacterium Ti (tumor-inducing) plasmid DNA
transferred to the plant cell, is bracketed by two 25-bp border sequences. Virulence (vir) is
another critical factor on the Ti plasmid; this region is located in the outer part of the DNA.
The vir genes produce enzymes and proteins to facilitate the T-DNA transfer. It is believed
that the T-DNA is cleaved from the Ti plasmid a single stranded molecule (T-strand) is
coated by virE1 and E2 proteins and capped by virD2 protein in the bacteria. The process of
transferring the nucleoprotein complex into the plant cell is similar to conjugation. A.
tumefaciens uses a type IV secretion system to transfer the nucleoprotein complex into the
plant cell (Gelvin, 2000). Recently, efforts to improve genetic transformation are based on
modifying bacterial components. Transformation of maize was reported by several groups
(Schlappi and Hohn, 1992; Ritchie et al, 1993; Shen et al, 1993). Transgenic plants carrying
the gus and nptII genes were obtained using this technology by the infection of shoot apices
(Gould et al, 1991) and the first robust method for maize Agrobacterium-mediated
transformation was reported in 1996 (Ishida et al, 1996).
1.3.1.2 Biolistic.
The biolistic gun system is an apparatus capable to deliver high-velocity microparticles. This system relies in the acceleration of microparticles coated with DNA, which are
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forced to penetrate into the target tissue (Torney et al, 2007). The gun used for biolistic was
reported for the first time by Klein et al (1987) and later fertile plants were recovered using
this system (Gordon-Kamm et al, 1990). This system has shown to be reproducible and
robust to transform different types of explants of maize. The use of this technology was
rapidly adopted and led to the creation of the Bt corn, the first commercial transgenic product
released after six years from the first work reporting the attainment of fertile maize plants
(Fromm et al, 1990; Gordon-Kamm et al, 1990). In 1989, Klein obtained stable transformants
using BMS cell suspension. Stable transgenic plants were also achieved using embryogenic
maize suspension cultures (Fromm et al, 1990; Gordon-Kamm et al, 1990; Register et al,
1994), from type I callus (Wan et al, 1995), type II callus (Fromm et al, 1990; Walters et al,
1992; Armstrong et al, 1995; Pareddy and Petolino, 1997; Frame et al, 2000) from immature
zygotic embryos (Kozyel et al, 1993; Songstad et al, 1996; Brettschneidder et al, 1997;
Frame et al, 2000). Some attempts have been made to use this technology with shoot apical
meristem-derived cultures (Lowe et al, 1995; Zhong et al, 1996; O’Connor-Sanchez et al,
2002; Zhang et al, 2002) but they have been inefficient.
1.3.2 Target tissues
There are two important aspects to be considered when selecting a tissue to be
suitable for genetic transformation: competence and regenerability. Competence reflects the
ability of a cell/tissue to be transformed by receiving DNA and then regenerate in a full
fertile plant suitable to inherit the trait for which it was transformed to the descendants
(Torney et al, 2007). In general, the desirable target tissue would be the one from which
genetic transformation can be achieved on the germ-line cells and also that it can maintained
for a shorter period on tissue culture conditions since it has been observed that an extended
period is associated with an increase of somaclonal variation (Lee and Phillips, 1987).
Unlike plant regeneration in tobacco, it is difficult to regenerate plants in maize from
any mature tissues such as leaf or roots. In maize the immature zygotic embryo has been the
preferred starting material and it has been also used to develop other target tissues as
embryo-derived scutellar callus and callus derived liquid suspension. It has been used
directly as a target for transformation as well, using either particle bombardment (Koziel et
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al, 1993; Songstad et al, 1996; Frame et al, 2000) or Agrobacterium-mediated transformation
(Ishida et al, 1996, 2003; Zhao et al, 1998, 2001; Negroto et al, 2000; Frame et al, 2002).
1.4

Importance of inbred lines
Inbred lines are defined as individuals produced by mating, that are closely related.

The extreme form of inbreeding occurs when one individual is hybridized to itself. When
mating related individuals, the homozygosity is increased by bringing together identical
alleles at a locus; this allows the expression of recessive alleles that may be hidden by a
dominant allele in the parents. If the recessive alleles are less favorable than the dominants,
the performance of the individuals decrease causing inbreeding depression, this phenomenon
is more visible in cross-pollinated species such as maize in which inbred lines have lower
performance, and because of that they are not used for commercial production other than just
for inbred seed production (Fehr, 1989). On the contrary hybrids (which are commonly the
first generation of the crossing of two or more inbred lines) show hybrid vigor (heterosis)
which is reflected in the enhancement of desirable traits in a homogenous manner.
While inbred lines are not suitable for field production, it is an essential resource for
plant breeding and other studies in genetics (Liu et al, 2003). They are mostly used for hybrid
corn development and production (Anderson and Brown, 1952; Troyer, 2001) and also
extremely important for genetic studies such as development of linkage gene maps (Burr et
al, 1988, Patterson et al, 1995; Yu and Buckler, 2006), quantitative trait locus mapping
(Edwards et al, 1987, Kaeppler et al, 2000, Austin et al, 2001; Bruce et al, 2001; MingZhang et al, 2005), molecular evolution (Henry and Damerval, 1997; White and Doebley,
1999; Ching et al, 2002), developmental genetics (Poethig, 1988; Fowler and Freeling, 1996,
Che et al, 2006; Ma et al, 2007) as well as in physiological genetics (Crosbie et al, 1978) and
to estimate linkage disequilibrium in maize (Remington et al, 2001; Tenailon et al, 2001,
Ching, 2002) and lately the genetic diversity and structure among some inbred lines were
reported (Benchimol et al, 2000; Liu et al, 2003, Xia et al, 2004).
Due to the importance of inbred lines in crop improvement and genetic studies, it will
be desirable to develop a robust system for maize transformation using this type of material.
However, most inbred lines, with the exception of some inbred lines such as A188
(Armstrong and Green, 1985), are poor in tissue culture response and recalcitrant in genetic
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transformation (Carvalho et al, 1997). There are some reports of genetic transformation of
inbred immature embryos using the biolistic (Koziel et al, 1993; Brettschneider et al, 1997;
Wang et al, 2003) and Agrobacterium-mediated transformation (Ishida et al, 2003; Frame et
al, 2006; Wang and Wei, 2005). Lately it has been reported successful transformation
through seedling-derived maize callus and mature seeds as starting material using
Agrobacterium-mediated transformation as a delivery system (Huang and Wei, 2005;
Sidorov et al, 2006) and particle bombardment (O’Connor-Sanchez et al, 2002).
1.5

Immature embryo vs mature seed
To date, the most widely used target tissue for maize transformation is the immature

zygotic embryo. Most of maize transformation protocols (using either the biolistic gun or
Agrobacterium-mediate method) use immature embryos 10-14 days after pollination. They
are placed into a media containing auxins to induce callus formation from the scutellum cells.
After 2-3 days, embryogenic callus can be observed in the abaxial, basal area of the
scutellum (Franz and Schel, 1990). Somatic embryogenic callus is categorized as type I and
type II, these types of callus were first observed in inbred line A188. Type I callus is
compact, strengthen, with higher degree of association between lobes, type II is a friable
callus with independent and defined embryogenic structures (Armstrong and Green, 1985).
The first transgenic maize plants obtained using biolistic and immature zygotic embryos were
derived from suspension cultures acquired from highly embryogenic type II callus (derived
from the cross of A188 x B73) (Gordon-Kamm et al, 1990). Subsequently transformation of
type II callus derived from immature embryos using biolistic method was reported (Fromm et
al, 1990, Walters et al, 1992; Pareddy and Petolino, 1997; Frame et al, 2000). In our lab
(Plant transformation facility) the transformation efficiencies using Agrobacterium-mediated
and particle bombardment with immature zygotic embryos are 1-21% and 8-41%
respectively, using the standard binary vector (Frame et al, 2000).
The major problem for using the immature embryos is that it requires maize plants to
be grown in the greenhouse year-round to meet the transformation demands. This practice
requires large greenhouse spaces, quality growth conditions and experienced support staff.
When multiple inbred lines are grown at same time in one greenhouse environment, it can be
challenging to prevent pollen cross contamination among inbred lines. Because these logistic

9

issues, it is desirable to produce transgenic plants using the ready to use mature seed as
starting materials.
The use of mature seeds as starting material for transformation either with biolistic or
Agrobacterium-mediated methods has been popular in a number of small grain cereals such
as rice (Chen et al, 1998; Dai et al, 2001), triticale (Rashid, 2001), wheat (Kim et al, 1999),
barley (Cho et al, 1998), oat (Cho et al, 1999), millet (Rashid, 2002), and some grasses (Ke
and Lee, 1996; Ha et al, 2001). Typically, two types of tissue culture can be induced from
mature seeds, embryogenic callus from mature embryos or scutellum, and meristematic
cultures from shoot apices of germinating seedling.
Both immature embryos and mature seeds have been used for maize inbred line
transformation. Transformation success has been reported in inbred lines using immature
embryos and Agrobacterium-mediated transformation system: Huang and Wei (2005)
obtained stable transformation in four inbred lines, including Mo17 with a transformation
frequency between 2.35 to 5.2. Frame et al (2006) reported a transformation frequency
ranging from 2.8 % to 8 % in four inbred lines including B104.
Stable transformation using organogenic calli from mature seeds and particle
bombardment on tropical and subtropical inbred lines has also been reported (O’ConnorSanchez et al, 2002). Zhang et al (2002) used two methods for inbred line transformation:
sector proliferation method (involving in vitro induction and proliferation of SMCs from
transformed sectors derived from the bombardment of SAM) and direct bombardment of
SMCs, they included the elite inbred line B73.
Lately,

successful

Agrobacterium-mediated

transformation

using

somatic

embryogenic callus developed from different inbred lines and mature seeds (Sidorov et al,
2006) was reported.
1.6

Current status in inbred transformation using mature seed as starting materials
To date maize inbred line transformation using mature seeds has been achieved by

using either shoot meristem cultures or embryogenic cultures (Torney et al, 2007). In most
cases, the biolistic gun was used as the delivery system (Wang et al, 2003). However, most
recently Agrobacterium-mediated mature seed transformation has also been reported
(O’Connor-Sanchez et al, 2002; Sidorov et al, 2006).
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1.6.1 Shoot meristems in maize transformation.
The shoot apical meristem (SAM) is the most distant structure involved in cell
division and differentiation and it contains the germline cells for tissue and organ formation
(Medford, 1992). It is a complex region composed by three cell layers (L1, L2 and L3).
Cereal crops only have L1 and L2 layers. L2 layer will develop the reproductive structures
that lead to the formation of gametes, thus it is the especially important in achieving stable
genetic transformation since it will pass the genetic information to the offspring (Zhong et
al., 1996a; Simmonds, 1997; Maqbool et al., 2002; Chandra and Pental, 2003).
The first attempt to perform genetic transformation in history was using shoot apical
meristems of maize seedlings (Coe and Sarkar, 1966), in this experiment, the total DNA from
purple red-anthered maize plants was extracted and injected directly into apical meristems of
maize seedlings.
Success in using this tissue as starting material for maize transformation was not
reported until 1996 when Zhong et al (1996) produced transgenic maize from a number of
inbred lines.
The difficulty of using this type of explant for transformation is that the DNA has to
be delivered into the germ-line cells or the media has to be manipulated pre and post
transformation to reprogram the cell to assure stable transformation (maintenance and
multiplication of the transformed SMC’s for 2-3 months) (Sticklen and Oraby, 2005). The
failure in doing that could lead to the generation of chimeric plants that may not have the
transgene integrated in the germ-line cells to be transmitted to the offspring. It is believed
that this type of cultures could be excellent target for transformation since they have
continuous growth of the shoot and reproductive organs (Sticklen and Oraby, 2005). The
generation of such culture seemed to be genotype-independent to certain extent. Li et al
(2002) reported that SAM culture could be produced in 70 % of 45 temperate-zone inbred
lines and hybrids.
Zhong et al (1996) demonstrated that the SMC could be used for achieving transgenic
plants in 16 inbred lines using the biolistic gun and bar gene as selectable marker. Their
frequencies ranged between 1-7%.

It has also been reported that B73, a well known
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recalcitrant inbred line, has been transformed using SMC’s and biolistic (Zhang et al, 2002)
but with low frequency 1.3 %).
SMC’s are also considered as elastic explants since it was observed that by altering
the concentration of cytokinins and auxins, somatic embryogenesis can be induced and interconversion embryogenic-organogenic callus of tropical and subtropical maize achieved
(O’Connor-Sanchez et al, 2002).
1.6.2 Somatic embryogenesis in maize transformation.
Somatic embryogenesis through callus initiation involves the formation of asexual
embryos from a single cell or group of cells (Tisserat, 1985). Somatic embryogenesis consist
on establishing an explant in tissue culture conditions, subsequent proliferation of callus and
initiation of pro-embryos (normally on tissue culture media containing a high concentration
of auxins).Those pro-embryos can be induced to independent embryos by cultivating them in
media without hormones. The somatic embryo is an independent bipolar structure; those
embryos can further develop and germinate to generate a plantlet. Embryogenic callus is
heterogeneous and may be composed by different types of cells. When callus is transferred to
a low auxin levels further embryogenesis can occurs to give rise more pro-embryos and preformed pro-embryo initials to develop into bipolar embryos in a non-synchronized fashion
(Tisserat, 1985).
Transformation systems using somatic embryogenic callus originated from mature
seeds have been reported in some cereals such as rice and triticale using biolistic and
Agrobacterium-mediated (Chen et al, 1998; Dai et al, 2001; Rashid 2001). In maize,
embryogenic tissue was obtained deriving from mature seeds of seven inbred lines and
immature zygotic embryos (Huang and Wei, 2005) and genetic transformation was reported
in

four

Mexican

subtropical

inbred

lines

using

particle

bombardment

and

organogenic/embryogenic callus, the selectable marker used was the bar gene but the
transformation frequency was low (O’Connor-Sanchez et al, 2002). Another work reported
stable transformation in nine inbred lines using Agrobacterium-mediated transformation in
seedling-derived maize embryogenic type I callus and the CP4 gene as a selectable marker
which confers resistance to glyphosate. The overall transformation efficiency was 5.2 %
(Sidorov et al, 2006).
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1.7

Research objectives and thesis organization
The goals of this research project are: 1) to explore genetic transformation methods

for maize inbred genotypes and 2) establish transformation protocols using mature seeds as
starting materials.
This thesis begins with a review of the current literature of maize transformation
which is addressed in chapter I. In this chapter, the importance of maize is the first point
described as well as the advances in maize improvement using traditional plant breeding
followed by the improvement using genetic engineering and tissue culture systems. Chapter 2
describes the establishment of an improved seed sterilization method for mature seeds with
high seed-borne pathogen for in vitro culture purpose. Chapter 3 presents the two different
approaches used for maize tissue culture as well as describes the procedures for genetic
transformation using different inbred lines and mature seeds. Chapter 4 presents the general
conclusions of this work. Finally, appendix I is the optimized system developed to sterilize
maize mature seeds from field-grown harvested seeds and appendix II is a manuscript that we
published in regards of an improved method of soybean transformation where I’m the second
author.
Dr. Kan Wang is my major professor, and together with Bronwyn Frame provided me
the instruction and direction for the entire project. Bronwyn Frame also provided me with the
initial SMCs described in chapter 3. Dr. Jose Luis Cabrera from the Centro Internacional de
Investigaciones y Estudios Avanzados (CINVESTAV) Mexico, provided input and ideas for
this project. Javier Garcia was an undergraduate student from Mexico who assisted me with
the sterilization system development described in chapter 2. Anita Dutta is a high school
teacher who did an internship under my direction and assisted me for the experiments in the
assessment of seedling vigor. Jessica Zimmer is an undergraduate student at Iowa State and
provided technical assistance for routine work derived from the transformation experiments
described in chapter 3.
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CHAPTER 2. OPTIMIZATION OF STERILIZATION TECHNIQUES FOR MAIZE
MATURE SEED USED FOR IN VITRO CULTURE AND TRANSFORMATION
Abstract
An efficient and reproducible method for seed sterilization was developed specifically
for maize mature seeds harvested from field-grown plants. The method includes three major
disinfection stages. First stage involves disinfecting the whole maize seed surface. The
second stage involves disinfecting of seeds and dissection of mature embryos. The third stage
involves disinfection of dissected embryos. With this method, vigor (measured by Seedling
Growth Rate (SGR)), development of normal plants and callus initiation, is not
compromised. Out of five inbred lines tested (B73, B104, H99, Mo17 and W22) genotype
H99 showed the highest performance in vigor and callus initiation appearance. This system
ensures minimum contamination for mature seed-derived explants used for in vitro tissue
culture and genetic transformation.
2.1

Introduction
In vitro culture techniques require a sterile environment and sterile initial material

(Dixon, 1985). The common contaminants affecting in vitro-cultured tissues, are bacterial
and fungi. The enrichment of the media used, make explants very susceptible to these
microorganisms (Leifert and Waites, 1990). Despite of careful attention while applying
sterilization techniques, contamination still may result in 100 % lost in field-grown material
due to the different amount of microorganisms present in the explants (Skirvin et al, 1999)
One of the first steps that have to be overcome during the process of genetic transformation
in any plant is to establish a reliable system to acquire sterile material to initiate a tissue
culture system. In maize there is a well established protocol to sterilize initial material when
immature embryos are used (Frame et al, 2000). In the case of mature seeds there has been
little attention in the improvement of the aseptic techniques and there is not a clear report
about the problems that the sterilization techniques present for this type of material. Mature
seeds harvested from field-grown plants present higher seed-borne pathogen rates than those
harvested in greenhouse mainly because they are much more exposed to air-borne and soilborne pathogens. In order to have sterile seeds to initiate maize in vitro cultures, researchers
work on the basis of using large amounts of initial material to assure sterile seeds, in that
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case, the contamination factor is not completely overcoming but simply the assurance of
sterile material is fulfilled by increasing the chances of having low rate seed-borne pathogens
in a bigger amount of material.
In the initial experiments of this work there was a tremendous amount of
contamination in field-grown harvested seeds which restricted genetic transformation. The
objective of this study was to develop a sterilization system specifically designed for maize
mature seeds harvested from field-grown plants to assure the availability of sterile material to
generate in vitro culture systems, regardless the amount used and the amount of seed-borne
pathogens. We focused on seeds harvested in field since greenhouse seeds will create a
supply-dependency. In this chapter we assessed three surface sterilization methods for maize
mature seeds. These methods included essential oils, chlorine gas and liquid sterilization
(ethanol and sodium hypochlorite at different concentrations). The latest method was
modified and optimized for seed sterilization to establish the tissue culture systems for maize.
2.2

Materials and methods

2.2.1 Plant material
Five maize inbred lines were used as initial material including B73, B104, H99,
Mo17, and W22. B73 genotype was developed in Iowa and selected for recurrent selection
population (C5) from Iowa Stiff Stalk Synthetic (BSSS). Accession number PI 550473
(http://www.ars-grin.gov/cgi-bin/npgs/acc/display.pl?1445409). B104 was developed in Iowa
from BS13(S)C5, a strain from Iowa Stiff Stalk Synthetic after 12 cycles of recurrent
selection.

Accession

number

PI

594047

(http://www.ars-grin.gov/cgi-

bin/npgs/acc/display.pl?1519249). H99 was developed in Indiana. Accession number PI
587129

(http://www.ars-grin.gov/cgi-bin/npgs/acc/display.pl?1073895).

Mo17

was

developed in Missouri, genotype resistant to leaf bright (Helminthosporium turcicum),
pedigree CI 187-2/C103. Accession number PI 558532 (http://www.ars-grin.gov/cgibin/npgs/acc/display.pl?1453504). W22 was developed in Wisconsin, from second cycle
inbred line, plants susceptible to smut, excellent tolerance to stalk rooting organisms.
Accession

number

bin/npgs/acc/display.pl?1098978).

NSL

30053

(http://www.ars-grin.gov/cgi-
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Seeds of all genotypes were kindly provided by Tina Paque (Plant Transformation
Facility, Iowa State University) and the North Regional PI Station in Ames, Iowa. B73 seeds
harvested from field, all in 2006 used for optimization experiments were kindly provided by
Paul Scott (Agronomy Department, Iowa State University).
2.2.2 Seed sterilization methods
2.2.2.1 Plant-extracted essential oils sterilization method
Two different plant-extracted essential oils were tested, oregano (supplied by
Amrita™ Fairfield, IA) and cinnamon (supplied by Aromaland™ Sta. Fe, NM) at three
different concentrations, 1 000, 10 000 and 500 000 ppm. Each treatment was applied to fifty
seeds of the inbred line B73 harvested from field and provided by Tina Paque. Dilutions at
the specific concentration were prepared using soybean oil as a solvent by adding the
essential oil to a 15 ml falcon tube containing soybean oil and mixing. Dry seeds were placed
in a plastic bag and the oil dilution added. Seeds were shaken until they were evenly coated
with a thin layer of the dilution (Christian, Erik, personal communication). Seeds were kept
in the plastic bag overnight to assure penetration of the oil and then 10 seeds were sowed in a
Petri plate containing MS solid basal media. Plates were incubated at 28 °C and 16 h
photoperiod. Contamination was scored after 3 days.
2.2.2.2 Chlorine gas sterilization method
Chlorine gas sterilization was performed as described by Paz et al (2006) with
modifications. Twenty or fifty maize seeds of B73 inbred line (provided by Tina Paque) were
sterilized using chlorine gas at two different concentrations 3N (Jose Luis Cabrera, personal
communication) or 0.42N (Paz et al, 2006) at different periods of time (Table 1). Seeds were
put in a Petri dish and arranged in a single layer. The Petri dish was placed in a desiccator
where the chlorine gas was released. Chlorine gas at 3N was generated by adding 30 ml of
12 N HCl to a beaker containing 120 mL of commercial bleach (6 % v/v) while the
concentration 0.42 N was produced by mixing 3.5 mL of 12 N HCl to a beaker containing
100 mL of commercial bleach. After sterilization, seeds were vented in a flow bench for one
hour and then sowed in a Petri dish containing MS basal media and incubated at 28 °C and
16 h photoperiod. Contamination was scored after 3 days.
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2.2.2.3 Liquid sterilization method
The modified liquid sterilization methods tested in this work were based on the
protocol described by Clemente et al, 2000. The original sterilization was as follows: Thirty
to fifty seeds of inbred line B73 were first soaked in 80% ethanol solution for 2 min, then
into 50 % commercial bleach (6% v/v) containing 0.04% of Tween®20 for 15 min. Seeds
were subsequently rinsed six times with sterile water. Several modifications such as varying
bleach immersion time, use of biocides such as plant preservative mixture (PPM ®) and
silver nitrate, applying double sterilization, seed softening, mature embryo dissection and
embryo sterilization were tested in order to achieve a reliable and efficient method to sterilize
maize seeds.
2.2.3 Plant tissue culture media
In preliminary experiments only inbred line B73 was used. Subsequently more inbred
lines were tested such as B104, H99, Mo17, and W22, all harvested from field in bulk. In
preliminary experiments seeds of B73 inbred line were germinated in MS basal media after
sterilization. In subsequent experiments seeds were germinated directly either in CSMD9B
media (MS base salts, 2.0 mg/L BAP, 0.5 mg/L 2,4-Dichlorophenoxyacetic acid (2,4-D), 500
mg/L casein hydrolysate, 3% sucrose and 3 g/L gelrite, pH 5.8) to induce formation of shoot
meristematic cultures (SMC’s) (Zhong et al, 1996) or in MSVS34 media (MS base salts, 100
mg/L casein hydrolysate, 1.95 g/L MES [2-(N-morpholino) ethanesulfonic acid], 750 mg/L
glutamine, 500 mg/L ascorbic acid, amended with 10 mg/L picloram and 3 mg/L BAP (6benzylaminopurine) and 2.5 g/L gelrite at pH 5.8) to induce somatic embryogenesis (Sidorov
et al, 2006).
2.2.4 Mature embryo dissection
To isolate mature embryos, surface sterilized seeds were dissected under sterile
conditions and under a stereoscope. Two thirds of the primordial root was excised and the
remnant part (including the plumule containing the shoot apical meristem (SAM)) was
sterilized and placed into a Petri dish with the either media mentioned above. Plates were
incubated in a growth chamber 16 h photoperiod and 28 °C. A hand-made strainer tool was
used to facilitate embryo dissection (Figure 1). (See appendix 1 and 2 for details)
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2.2.5 Seedling vigor test
Twenty five maize seeds from each of four inbred lines were used for seedling vigor
test: B73, B104, H99 and W22. Seeds were surface sterilized using the optimized method
(Appendix 1). Mature embryos were isolated and germinated on MSVS34 media for eight
days at 28 °C and 16 hours photoperiod. After eight days, number of dead and abnormal
seedlings were recorded and then discarded. Roots and approximately 1 cm above the
mesocotyl of normal plants were removed from all seedlings.
Leaves were used to conduct the seedling growth rate (SGR) test to assess seedling
vigor. Leaves were placed into a coin envelope to be dried at 80 °C for 24 hours. The dried
leaves were weighed to the nearest mg and recorded. The total dry weight of the normal
seedlings per treatment and per inbred line is divided by the number of seedling included to
arrive at a SGR of mg/seedling. Seedling growth rate test was based on the procedure
developed by the International seed testing association (ISTA, 1999) although some
modifications were made to adjust for in vitro conditions (Such as the germination in culture
media instead of paper towels. The test was applied either under in vitro and non in vitro
conditions.
2.2.6 In vitro callus induction
For in vitro callus induction, SAM explants containing the mesocotyl and part of the
coleoptile were excised from seedlings and placed onto MSW57 media (MS base salts, 500
mg/L thiamine, 500 mg/L casaminoacids, 3% sucrose, 1.38 g/L L-proline, 3.4 mg/L silver
nitrate, 0.5 mg/L 2,4-D, 2.2 mg/L BAP, 2.5 g/L gelrite, pH 5.8) for callus induction. Plates
were incubated under 16 h photoperiod and 28 °C. Callus induction was evaluated as the
first callus appearance (number of days) and the number of callus-deriving lines (every
seedling was considered as a line).
2.2.7 Statistic analysis
The experimental design was a complete randomized design (CRD) with three
treatments and three replications per treatment. Seedling vigor (seedling growth rate),
contamination rate and in vitro callus induction were subjected to analysis of variance (GLM
procedure, SAS institute) and treatment mean comparison was estimated using Duncan’s test.
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2.3

Results and Discussion
Initial seed sterilization experiments with inbred line B73 harvested from greenhouse

showed moderate contamination. However, seeds from field-grown plants resulted in 100%
contamination. This problem was reported by other groups using field-grown material that
were more exposed to air and soil borne pathogens (Skirvin, 1999). Therefore, three different
approaches for seed sterilization were evaluated to obtain aseptic material suitable for in vitro
culture and genetic transformation.
2.3.1 Evaluation of various seed sterilization methods
2.3.1.1 Plant extracted essential oils method
Three concentrations of essential oil, 1 000, 10 000 and 500 000 ppm were tested for
seed surface contamination. This method has been successfully used to disinfect seeds
earmarked for sowing in field (Erik Christian, personal communication; Association of
Official Seed Analysts (AOSA). 2002. Rules for Testing Seeds. AOSA, Las Cruces, NM).
However, when tested for in vitro culture, full contamination was observed in all treatments
even with the highest concentration used (data not shown), no further experiments were
performed using this method.
2.3.1.2 Chlorine gas method
Chlorine gas has been used as a standard seed sterilization method for soybean in the
Iowa State University Plant Transformation Facility (Paz et al, 2006). To adopt this method
to corn seed sterilization, we have tested two different chlorine concentrations (3N HCl or
0.42N HCl) and four different treatment durations (5, 10 and 20 min for 3N HCl and 10 h for
0.42N HCl, (Table 1). Twenty to fifty seeds were used for each treatment. Seeds sterilized
with the high concentration of chlorine gas (3N) for 5, 10 and 20 min showed full
contaminated after treatment. Seeds exposed with low chlorine gas (0.42N) but longer time
exposure (10 hr) showed no contamination on germination media. However, this treatment
duration appeared to be detrimental to seed because only few seeds germinated and
developed into abnormal seedlings. No further experiments were performed.
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2.3.1.3 Liquid sterilization method
Liquid sterilization using sodium hypochlorite and ethanol has been the common
method to sterilize maize mature seeds (Huang et al, 2004; O’Connor-Sanchez et al, 2002;
Sidorov et al, 2006) and for other plant seeds as soybean (Clemente et al, 2000). Our first
attempt using liquid sterilization was as described by Clemente et al (2000). Although it was
not completely successful, it worked better compared to the essential oil and chlorine gas
treatments. Approximately 20% of axenic seed was obtained by this method (modification #1
in Figure 2). No abnormal growth from these seedlings was observed. This method was
chosen for further optimization.
2.3.2 Improvement of liquid surface sterilization method for maize seed
Because liquid surface sterilization method has given most encouraging results, we
continued to modify the procedures to further reduce seed contamination rate. Initially, whole
maize seeds were used for germination after surface sterilization as described by the original
sterilization method (Clemente et al., 2002). However, we observed that such surface
sterilization could not eliminate seed-borne pathogens that were in the interior of the seeds
(underneath the pericarp and around the embryo).
A total of 18 different modifications based on the original liquid sterilization method
(Clemente et al, 2002) were tested (Figure 2). These modifications included among others,
varying bleach immersion time, use of biocides such as plant preservative mixture (PPM®,
Caisson Labs. Inc.) and silver nitrate, applying double sterilization, seed softening, mature
embryo dissection and embryo sterilization. Starting with the third modification experiment,
we decided to sterilize the seeds in two steps: first remove the pathogens on seed surface,
then dissect embryos and sterilize the dissected embryos to eliminate any pathogens present
in the interior of the seeds.
As can be seen from Figure 2, the modifications tested in experiment 18 had reduced
contamination rate drastically. The method developed includes three main sterilization
stages. First sterilization was carried out using the seeds as they came from field to eliminate
external pathogens, seeds were surface sterilized for 3 min ethanol 80%, then 2 x 15 min
50% commercial bleach (v/v) and rinsed 5 times with sterile water. Seeds were then soaked
in water for 48 hours for softening and facilitate the embryo dissection. The second
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sterilization was performed after those 48 hours of softening, to eliminate the pathogens that
may remain on the surface of the seeds prior the embryo dissection and the procedure was the
same as the first sterilization. The embryo dissection was conducted to expose the very innerpathogens in the seeds to the antiseptic chemicals. Finally the third sterilization step was
conducted to eliminate those pathogens exposed through the embryo dissection or embryoborne. Embryos were surface sterilized 10 min with 15% commercial bleach (v/v) and rinsed
4 times with sterile water. This multiple step sterilization method is reliable, reproducible and
efficient. This method is suitable for sterilization of mature maize seed, especially seeds
harvested from field-grown plants, used for in vitro tissue culture establishment.
2.3.3 Further optimization of the liquid seed sterilization method
Our improved multi-step seed sterilization method was further optimized by reducing
the concentrations of disinfectants. This is because we wanted to minimize any damage on
seed during the sterilization process.
Three optimizations (treatments) of the seed sterilization method developed were
evaluated on 2006 field harvested B73 seeds (Table 2). The initially improved multi-step
method was used as a control (Treatment 1). Three variation of treatments included change
soaking seeds in water for 48 hr to placing seeds on wet paper towel for 24 hr in the step 1,
reduced ethanol sterilization duration in the step 2, and reduced bleach concentrations and
durations in the step 3 (Table 2).
Number of contaminated embryos was first scored two days after the treatments and
then every day until the eighth day to finally obtain the total number of contaminated
embryos per treatment. Number of abnormal seedlings was recorded 8 days after treatments.
Some examples of normal and abnormal plantlets and their seedling vigor are shown in
Figure 3. Replications were performed all the same day except for treatment 1 which
involved 48 hours soaking in water.
Figure 4 summarizes the percentage of contamination and abnormal seedlings
resulted from the four treatments. Contamination ratios among treatments were not
significantly different; however the percentage of abnormal seedling of Treatments 1 and 2
were significantly higher than that of Treatments 3 and 4 (Figure 4). Treatments 3 and 4 are
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not significantly different from each other (Significance at the 0.05 probability level P=
0.01). Treatment 4 was chosen for analysis of seedling vigor.
These data indicate that even though there is no significant difference in
contamination ratios among treatments, decrease of strengths of ethanol and bleach
treatments lead to better germination of normal plants. It seems that the strength of the
disinfectant has negative effect on seedling vigor (reflected in abnormal seedlings).
2.3.4 Effect of seed sterilization treatments on seedling vigor and in vitro callus
induction.
Because Treatment 4 gave the best seedling germination and minimum
contamination, we used this protocol for further analysis of seedling vigor and in vitro callus
induction on sterilized seeds. Our intention was to assess to what extent these sterilization
methods, the optimized method (Treatment 4) and the original developed method, were
affecting the seedlings vigor and consequently the in vitro callus induction.
Three tests were designed. Test C (Tc): Control. No sterilization, no in vitro
conditions. Seeds were softened 24 hours in moisturized sterile paper towels and then
embryos were dissected and placed into sterile soil in magenta boxes. This test was only used
for seedling vigor assessment. Test A (Ta): Full strength seed sterilization method (the
initially improved method, Treatment 1 in Table 2 except seeds were soaked in water for 24
hours). Isolated embryos were placed into MSVS34 media. Test B (Tb): Optimized method
(Treatment 4 in Table 2). Isolated embryos were placed into MSVS34 media.
2.3.4.1 Contamination rate assessment
Seeds of four inbred lines (B73, B104, H99, and W22) harvested from field were
used. Figure 5A shows the percentages of contamination and abnormal plants resulted from
the two tests (Ta and Tb) under in vitro conditions. Inbred B104 has a lower contamination
rate with no significant difference between tests. Inbred H99 showed a higher contamination
rate in Test A. Comparison among genotypes showed that H99 has a higher contamination
rate followed by B73 and W22, B104 showed the least contamination rate. This may be an
indication about the seed-borne pathogen content. In general, Test A seems to be the best
treatment to sterilize seeds, however even if Tests B showed some contamination, it doesn’t
go beyond 11% which may be acceptable in tissue culture
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2.3.4.2 Seedling vigor assessment
Ten days after seed sterilization and incubation on germination media or soil,
germinating plants from the three tests were removed from their containers. The meristematic
part of each plantlet (located in the base of the coleoptile and the upper part of the mesocotyl)
was removed (around 1 cm length) and placed into MSW57 media (Sidorov et al, 2006) for
callus induction (see below 2.3.4.3).
The rest of each plant without root was used to assess seedling vigor through the
Seedling Growth Rate (SGR) Test (ISTA, 1999) as described in Materials and Methods in all
three tests for each inbred. As can be seen from Table 3, seedling vigor of control for both
inbred lines B73 and B104 was significantly lower than either, the full strength method or the
optimized method. For line W22, data of control was lost due to uncontrolled contamination;
however the seedling vigor ratios of the full strength method and the optimized methods were
no significantly different when compared. For inbred line H99, all tests were significantly
different. In all inbred lines, except W22 the control (grown in soil) showed the lower SGR
which indicates that in vitro culture conditions enhanced the vigor of the seedlings even if the
seeds suffer for the sterilization methods used. In H99 also all treatments are significantly
different, the control showed the lowest vigor and the optimized sterilization method the
highest. The mean comparison among inbred lines showed that H99 has the highest
performance in seedling vigor. Inbred lines B73, B104 and W22 showed no significant
difference in vigor among them (Table 3, Figure 6). Number of abnormal seedlings was also
recorded (Figure 5B). Number of abnormal seedlings was higher in genotype B73 in both full
strength and optimized methods, followed by B104 which may indicate that these two
genotypes are the most susceptible to both seed sterilization methods. Genotypes W22 and
H99 showed the lower ratio of abnormal seedlings. In previous experiments B104 has
showed a lower performance in tissue culture (data not showed) which may be due to the
genetic background of the genotype itself. Inbred line H99 exhibited the lowest ratio of
abnormal seedlings (Figure 5B).
2.3.4.3 Callus induction assessment
Callus induction was evaluated as the first callus appearance (number of days) and
the number of callus-deriving lines (every mature embryo was considered as a line). Callus
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initiation was observed on line H99 after 21 days, in line W22 after 40 days and in lines B73
and B104 after 45 days. Line H99 showed the highest callus induction ratio in both test: full
strength (Test A) and optimized (Test B). Lines B73, B104 and H99 did not show significant
difference in callus induction among tests (Figure 6). Full strength sterilization and optimized
were no significantly different in any of the inbred lines. Finally the correlation between
seedling vigor and callus induction (Figure 6) showed that while the vigor increased
(reflected in SGR), the callus induction increased as well. Line H99 showed the highest
seedling vigor and callus induction. Inbred lines B73, B104 and W22 remained almost
constant without significant difference. Both tests, full strength (Test a) and optimized (Tests
b) have no significant effect on seedling vigor.
2.4. Conclusions
A reliable, repeatable and efficient seed sterilization method for maize, especially
developed for field-grown mature seeds was achieved. (Appendix 1). The optimized seed
sterilization method developed has a high efficiency in disinfecting seeds and at the same
time the vigor is not compromised, which is reflected in a higher rate of plants germinated
and higher rate of callus initiation in inbred line H99. Vigor assessed in terms of abnormal
seedling rate, appears to be genotype dependant, however normal plants developed, seem to
have a homogeneous SGR for the same genotype. Line H99 showed the best performance in
seedling vigor and callus induction. Seedling vigor is positively correlated with callus
initiation
Acknowledgements
I’m very thankful to Bronwyn Frame, Dr. Kan Wang and Margie Paz for the
scientific advices and helpful discussion. Dr. Susana Goggi for providing material, protocols
and advice to conduct the seedling vigor assessment. Eric Christian for his guidance on the
essential oil experiments, Tina Paque and the North Central Regional Plant Introduction
Station for providing the germplasm used for the experiments. Javier Garcia and Jessica
Zimmer for technical assistance. This project was funded by the National Science Foundation
Plant Genome Program (DBI 0110023).

32

References
Association of Official Seed Analysts (AOSA). 2002. Rules for testing seeds, AOSA, Las
Cruces. NM.
Clemente, T., B.J. LaValle, A.R. Howe, D.C. Ward, R.J. Rozman, P.E. Hunte, D.L. Broyles,
D.S. Kasten and M.A. Hinchee. 2000. Progeny analysis of glyphosate selected
transgenic soybeans derived from Agrobacterium-mediated transformation. Crop Sci
40:797-803.
Dixon, R.A. 1985. Plant cell culture, a practical approach. R.A. Dixon (Ed). IRL Press.
Oxford, WA.
Frame, B.R., Zhang, H., Cocciolone, S.M., Sidorenko, L.V., Dietrich, C.R., Pegg, S.E., Zhen,
S., Schnable, P.S. and Wang, K. 2000. Production of transgenic maize from
bombarded type II callus: effect of gold particle size and callus morphology on
transformation efficiency. In Vitro Cell Dev Biol Plant 36:21-29.
Huang, X.Q. and Wei, Z.M. 2004. High-frequency plant regeneration through callus
initiation from mature embryos of maize (Zea mays L.). Plant Cell Rep 22:792-800.
International Seed Testing Association (ISTA). 1999. International rules for seed testing.
Seed Sc. Technol. 27(Suppl.):27-32.
Leifert, C., Waites. W.M. 1990. Contaminants in plant tissue culture. Int. Soc. Plant Tissue
Cult. Newsletter 60:2-13.
O’Connor-Sanchez, A., Cabrera-Ponce, J.l., Valdez-Melara, m., Tellez-Rodriguez, P., PonsHernandez, J.L., Herrera-Estrella, L. 2002. Transgenic maize plants of tropical and
subtropical genotypes obtained from calluses containing organogenic and
embryogenic-like structures derived from shoot tips. Plant Cell Rep 21:302-312.
Paz, M.M., Martinez, J.C., Kalvig, A.B., Fonger, T.M., Wang, K. 2006. Improved
cotiledonary node method using an alternative explant derived from mature seed for
efficient Agrobacterium-mediated soybean transformation. Plant Cell Rep 25:206213.
Sidorov, V., Gilbertson, L., Addae, P., Duncan, D. 2006. Agrobacterium-mediated
transformation of seedling-derived maize callus. Plant Cell Rep 25:320-328.
Skirvin, R.M., Motoike, S., Norton, M.A., Ozgur, M., Al-Juboory, K., McMeans, O.M. 1999.
Workshop in micropropagation establishment of contaminant-free perennial plant in
vitro. In Vitro Cell and Devep Biol. Vol 34 4:278-280.

33

Figure 1. Hand-made strainers used for mature embryo
sterilization
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Figure 2. Contamination ratios of different modifications for liquid seed sterilization
method. Data of modification 12 and 13 were completely lost due to external contamination.
Contamination ratio was calculated as the number of sterile seeds obtained divided by the
total number used (X 100). No replications were performed for these experiments.
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Figure 3. Best (two on the left in each picture) and worst (two on the right on each picture)
B73 plantlets for each treatment of seed sterilization optimization experiment. A. Treatment
1 B. Treatment 2 C. Treatment 3 and D. treatment 4
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Figure 4 Contamination and abnormal plantlets rates for seed sterilization optimization
experiment on B73. A. Contamination rate. No significant difference among treatments
(Significant at the 0.05 probability level. (P= 0.01). B. Abnormal plantlets ratio. Treatments 1
and 2 are significantly different from treatments 3 and 4 (Significant at the 0.05 probability
level. (P= 0.01).Three replications per treatment and 25 seeds per treatment.
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Treatment
Treatment description
1
5 min, 3N CG
2
10 min, 3N CG
3
20 min, 3N CG
4
10 hours, 0.42N CG
N = Concentration expressed in normality
CG = Chlorine gas

No of seeds
50
50
50
20

Table 1. Treatment description for seed sterilization using chlorine gas
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Treatments
1

2

3

4

Step 1

3 min in ethanol,
15 min in
bleach(50) 2x, 6x
rinse. Soak in
sterile water, 48 h

3 min in ethanol, 15
min in bleach(50)
2x,, 6x rinse.
Softening on wet
paper towel, 24 h

3 min in ethanol, 15
min in bleach(50)
2x,, 6x rinse.
Softening on wet
paper towel, 24 h

3 min in ethanol, 10
min in bleach(50) 2x,
6x rinse. Softening
on wet paper towel,
24 h

Step 2**:

3 min in ethanol,
12 min in
bleach(50), 6x
rinse

1 min in ethanol, 5
min in bleach(50), 6x
rinse

1 min in ethanol, 5
min in bleach(50), 6x
rinse

2 min in bleach(50),
4x rinse

Step 3***:

10 min in
bleach(15), 4x
rinse

10 min in bleach(15),
4x rinse

5 min in bleach(15),
4x rinse

5 min in bleach(15),
4x rinse

Step 2**,
Step 3***,

Ethanol: 80%; Bleach(50): 50% commercial bleach + 0.1% Tween 20.
Bleach(15): 15% commercial bleach + 0.1% Tween 20.

Table 2. Steps used on different treatments for optimization of the seed sterilization
method
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Genotype
B73

B104

W22

H99**

Test
c
a
b
c
a
b
c
a
b
c
a
b

control*
full strength
optimized
control*
full strength
optimized
control
full strength
optimized
control*
full strength*
optimized*

SGR (mg/seedling)
Mean

Std error

0.00171
0.01436
0.01339
0.00514
0.0134
0.01217
N/A
0.01187
0.00983
0.07399
0.08999
0.10998

0.00064
0.00133
0.0023
0.00059
0.00237
0.00216
N/A
0.00141
0.00079
0.00012
0.00037
0.00924

* Significantly different between treatments for each inbred line at the 0.05
probability level. (P= 0.01)
** Significantly different between inbred lines at the 0.05 probability level. (P=
0.01)

Table 3. Effects of two different seed liquid sterilization techniques
(Tests a and b, and no sterilization (control), on seedling vigor (SGR).
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CHAPTER 3. ESTABLISHMENT OF TISSUE CULTURE SYSTEMS AND
GENETIC TRANSFORMATION FOR INBRED LINES USING MATURE SEEDS AS
STARTING MATERIAL

Abstract
Two mature seed derived maize tissue culture systems, shoot meristem culture (SMC)
and somatic embryogenic culture (SEC), were developed for five inbred lines, B73, B104,
H99, Mo17 and W22. Using published protocol, SMC of these inbred lines could be
established. A construct carrying a selectable marker bar gene and a screenable marker gus
gene was introduced into the SMC cultures using either biolistic gun or Agrobacteriummediated method. While transient GUS expression could be detected from all callus
materials tested, no transgenic plant was recovered from the SMC transformation
experiments. On the other hand, inbred H99 responded with high frequency on SEC
induction medium, whereas the other four inbreds responded poorly on the same medium.
Bombardment of the H99 SEC has resulted in fertile transgenic maize plants. Progeny
analysis indicated that both gus and bar transgenes had transmitted to the next generation.
Transformation frequency for H99 SEC tissue ranged from 24.1% to 52.7%. This work
indicates that transgenic plants can be produced from inbred H99 using mature seeds as
starting material using the biolistic gun method.
3.1

Introduction
The efficiency in genetic transformation depends upon the establishment of a robust

and reproducible plant tissue culture system to develop target tissue as well as an efficient
delivery system for transformation. There are two important aspects to be considered when
selecting a tissue to be suitable for genetic transformation: competence and regenerability.
Competence reflects the ability of a cell/tissue to be transformed by receiving DNA and then
regenerate in a full fertile germ-line plant suitable to inherit the trait from which it was
transformed to the descendants (Torney et al, 2007). In general, the desirable target tissue
would be the one from which genetic transformation can be achieved on the germ-line cells
and also that it can maintained for a shorter period on tissue culture conditions since an
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extended period is associated with an increase of somaclonal variation (Lee and Phillips,
1987).
For current maize transformation system, immature embryos are routinely used as
starting material for Agrobacterium infection or particle bombardment. The major problem
for using the immature embryos is that it requires maize plants to be grown in the greenhouse
year-round to meet the research demands. This practice requires large greenhouse spaces,
quality growth conditions and experienced supporting staff. One other problem with the
current maize transformation system is that only Hi II, a hybrid germplasm bred specifically
for tissue culture purposes, is amendable for transformation.
For the maize community, inbred lines are the most desirable target for
transformation due to their genetic background and agronomic importance in crop
improvement. To date maize inbred line transformation using mature seeds has been
achieved by using either shoot meristem culture (SMC) or somatic embryogenic culture
(SEC) (Torney et al, 2007). In most cases, the biolistic gun was used as the delivery system
(O’Connor-Sanchez et al., 2002; Wang et al, 2003). Most recently Agrobacterium-mediated
mature seed transformation has been reported (Sidorov et al, 2006). The objective of this
work was to establish/improve tissue culture and development of transformation systems
using maize mature seeds as starting material for inbred lines B73, B104, H99, Mo17 and
W22.
3.2

Materials and Methods

3.2.1 Plant material
Mature seeds of five elite inbred lines were used as initial material: B73, B104, H99,
Mo17, and W22. B73 genotype was developed in Iowa and selected for recurrent selection
population (C5) from Iowa Stiff Stalk Synthetic (BSSS). Accession number PI 550473
(http://www.ars-grin.gov/cgi-bin/npgs/acc/display.pl?1445409). B104 was developed in Iowa
from BS13(S)C5, a strain from Iowa Stiff Stalk Synthetic after 12 cycles of recurrent
selection.

Accession

number

PI

594047

(http://www.ars-grin.gov/cgi-

bin/npgs/acc/display.pl?1519249). H99 was developed in Indiana. Accession number PI
587129

(http://www.ars-grin.gov/cgi-bin/npgs/acc/display.pl?1073895).

Mo17

was
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developed in Missouri, genotype resistant to leaf bright (Helminthosporium turcicum),
pedigree CI 187-2/C103. Accession number PI 558532 (http://www.ars-grin.gov/cgibin/npgs/acc/display.pl?1453504). W22 was developed in Wisconsin, from second cycle
inbred line, plants susceptible to smut, excellent tolerance to stalk rooting organisms.
Accession

number

NSL

30053

(http://www.ars-grin.gov/cgi-

bin/npgs/acc/display.pl?1098978). Seeds of all genotypes were kindly provided by Tina
Paque (Plant Transformation Facility, Iowa State University) and the North Regional PI
Station in Ames, Iowa.
3.2.2 Seed sterilization
Mature maize seeds were disinfected by a multi-step sterilization method developed
in this laboratory (see Appendix 1 of Chapter 2). Sterilization consisted of three major steps:
1) Sterilization of mature seeds (80% ethanol, 3 min; 50% commercial bleach, 15 min x 2; 2)
Seed softening in water for 24 hours and second sterilization once again as described in step
1, and 3) Embryo dissection followed by embryo sterilization (15% commercial bleach, 5
min).
3.2.3 Shoot meristem culture (SMC) establishment and regeneration
Mature embryos of B73 and H99 maize inbred lines were germinated directly on
SMC induction medium CSMD9B (MS base salts, 2.0 mg/L BAP, 0.5 mg/L 2,4Dichlorophenoxyacetic acid (2,4-D), 500 mg/L casein hydrolysate, 3% sucrose and 3 g/L
gelrite, pH 5.8) (Zhong et al, 1996) under 28 ºC, 16 h photoperiod, for two weeks. After two
weeks, leaves were removed and nodal portions containing the apical and adventitious
meristems were transferred to a fresh CSMD9B media. Primordial SMCs were transferred
and propagated every two weeks to fresh CSM9B media. After four to five weeks, SMC
pieces were transferred to regeneration media (MS basal salts, 3% sucrose, 3 g/L gelrite, no
hormones, pH 5.8). After 10 to 15 days, a “hedgehog”-type callus will form. This callus
could regenerate to plants after 10 to 15 days. Conditions of incubation were the same in all
transfers, 28 ºC and 16 h photoperiod. Plantlets were then transferred to soil for acclimation
and seven to ten days later transferred to a greenhouse and grown until maturation.
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3.2.4 Somatic embryogenic culture (SEC) establishment
Sterilized embryos were germinated on MSVS34 (MS base salts, 100 mg/L casein
hydrolysate, 1.95 g/L MES [2-(N-morpholino) ethanesulfonic acid], 750 mg/L glutamine,
500 mg/L ascorbic acid, amended with 10 mg/L picloram and 3 mg/L BAP (6benzylaminopurine) and 2.5 g/L gelrite at pH 5.8) (Sidorov et al, 2006) plates were incubated
at 28 °C and 16 h photoperiod for 7 days. Nodal section was removed in all seedlings
(approximately 1.5 cm long sections of the mesocotyl-coleoptile) containing the apical and
adventitious meristems and split longitudinally, then placed cut side down on MSW57 media
(MS base salts, 500 mg/L thiamine, 500 mg/L casaminoacids, 3% sucrose, 1.38 g/L Lproline, 3.4 mg/L silver nitrate, 0.5 mg/L 2,4-D, 2.2 mg/L BAP, 2.5 g/L gelrite and pH was
adjusted to 5.8) for callus induction. Plates were incubated at 28 °C and 16 h photoperiod for
two weeks and transfers to fresh MSW57 media were made every two weeks, until
primordial embryogenic callus appeared. Primordial embryogenic callus was transferred to
fresh MSW57 and incubated at 28 °C in darkness. Embryogenic callus was propagated by
making transfers to a fresh MSW57 media every two weeks.
3.2.5 Particle bombardment
3.2.5.1 DNA construct
Plasmid pBU-B35S.IG (Figure 1, CSIRO Plant Industry) DNA was isolated from E.
coli DH5a strain and purified using the Quiagen kit®. The selectable marker gene of this
plasmid is the CaMV 35S-bar (phosphinothricin acetyltransferase) and the screenable marker
gene is the CaMV 35S-gus (ß-glucoronidase).
3.2.5.2 Plant culture preparation
Four hours prior to bombardment, SMC explants from B73 inbred line were sliced
and placed directly into resting media (CSMD9B medium amended with 4.25 mg/L silver
nitrate). Thirty pieces of SMCs (5 mm in size) were placed in each bombarded plate directly
onto the media.
For embryogenic callus bombardment, healthy pieces of embryogenic callus derived
from mature seeds of different inbred lines were dissected and used as a target explants.
About 19 to 29 pieces (3-5 mm in size) were plated directly on osmotic media (same
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formulation as MSW57 but supplemented with 3.64 % mannitol and sorbitol (Vain et al,
1993)) 4 hours prior to bombardment.
3.2.5.3 Particle bombardment conditions
Biolistic transformation of either SMC tissue or somatic embryogenic callus culture
followed the established protocol published by Frame et al (2000). Before bombardment a
1X aliquot of sterile gold particles (3 mg) was thawed and sonicated for 15 second. Plasmid
DNA at the concentration of 0.1 µg was added to the 1X gold tube. While the tube was
mixed with a vortexer, 50 µL of 2.5 M CaCl2 were added followed by 20 µl spermidine (0.1
M). The gold was allowed to settle and the tube was centrifuged at 5000 rpm for 15 sec.
Supernatant was discarded and pellet completely resuspended in 250 µl of 100% chilled
ethanol. The gold was allowed to settle down one more time and then the tube was
centrifuged again at the same conditions. Supernatant was discarded and 120 µl of chilled
ethanol added.
Ten µl of the DNA-coated gold was pipetted on top of each macrocarrier while the
suspension was continuously shaken to avoid gold settle down. Once loaded, macrocarriers
were maintained in a container with of Drierite (Fisher) (Frame et al, 2000). Particle
bombardment transformation was conducted using the PDS 1000/He biolistic gun (BioRad,
Hercules CA) and the following parameters: 650 psi rupture disk pressure; 6 cm target
distance, 6 mm gap, 1.2 cm from macrocarrier to stopping plate and 28 torr vacuum at
rupture, also a 150 µm screen (McMaster-Carr, Elmhust, IL) was inserted between the target
tissue and the launch assembly (Gordon-Kamm et al, 1990; Wilson et al, 1995). All supplies
for the biolistic gun were obtained from BioRad. After bombardment, plates with SMC’s
were maintained in resting media for 16h and then transferred to fresh resting media for 7
days. Incubation conditions were 28 °C and 16 h photoperiod in all cases. Bombarded
embryogenic callus were maintained in osmotic media for 16 hours at 28 °C, in darkness, and
then transferred to fresh MSW57 media for resting during 7 days.
3.2.6 Agrobacterium-mediated transformation
3.2.6.1 Agrobacterium culture preparation
Agrobacterium strain EHA-101 hosting the binary vector pBU-B35S.IG (Figure 1,
CSIRO Plant Industry) was used. Agrobacterium was refreshed from long term storage -80°C
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glycerol stock and by streaking a scoop (using a bacterial loop) onto a plate containing solid
YEP media (5 g/L yeast extract, 10 g/L peptone, 5 g/L NaCl2, 15 g/L Bacto-agar, pH
adjusted to 6.8 with NaOH) amended with 50 mg/L rifampicine and 50 mg/L spectinomicine.
Plate was incubated at 28 °C for 36h. A single scoop of the bacteria culture obtained in the
YEP plate was inoculated in a flask containing 250 ml Yep amended with antibiotics (same
as mentioned above) and incubated for 36 hours (250 rpm, 28 °C) or until OD650=1.0 was
reached.
3.2.6.2 Agrobacterium infection
For SMC’s, bacteria cultures were resuspended in infection media (MS salts, 3%
sucrose, 0.05% casein hydrolysate, 20 mM MES [2-(N-morpholino) ethanesulfonic acid],
amended with 2 mg/L BAP (6-benzylaminopurine), 0.5 mg/L 2,4-D and 200 mM AS
(acetosyringone), pH 5.4). The OD650 was adjusted to 0.6. The infection media was based on
the formulation used by Paz et al (2006) for soybean transformation and the formulation of
the CSMD9B media (Zhong et al, 1996). Sliced SMC pieces were immersed into the
infection media for 30 minutes under vacuum infiltration (20 In Hg), then blotted in sterile
filter paper to remove the excess of infection media and placed directly in co-cultivation
media with the cut-side down (MS salts, 3% sucrose, 500 mg/L casein hydrolisate, amended
with 2 mg/L BAP, 0.5 mg/L 2,4-D, 300 mg/L cysteine and 100 mM AS and 3 mg/L gelrite).
Plates were incubated at 24 °C and 16 hours light for three days. After co-cultivation, excess
Agrobacterium was removed by washing the explants with CSMD9B media amended with
500 mg/L carbenicillin and 100 mg/L vancomycin and then transferred to resting media
(CSMD9B media amended with 500 mg/L carbenicillin) for 7 days an incubated under the
same conditions.
For embryogenic callus, bacteria cultures were resuspended into half strength MS
salts media enriched with 1 mM L-proline, 3.6% glucose. 6.85% sucrose and 200 µM AS,
pH 5.2. The OD650 was adjusted to 1.0 (Sidorov et al, 2006). Sliced embryogenic callus
pieces were immersed into the resuspension media for 30 minutes. After infection explants
were blotted on sterile filter paper and placed into a Petri dish on top of a double layer of
filter paper. Plates were sealed with parafilm and maintained at room temperature (~24 °C) in
dark for two days (Sidorov et al, 2006).
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3.2.7 Selection and regeneration for biolistic gun-mediated transformation on
embryogenic callus
After the resting period, embryogenic callus were transferred to selection media I
(same formulation as MSW57 but containing 3 mg/L Bialaphos (Duchefa biochemicals)) for
two weeks and then transferred to selection II (same formulation as in MSW57 amended with
5 mg/L Bialaphos). Transfers to a fresh selection II media were made every two weeks. After
obtaining enough callus material, some pieces were transferred to regeneration media I (MS
basal salts, 3% sucrose, 100 mg/L myo-inositol, 0.25 mg/L 2,4-D, 0.3% gelrite. pH 5.8, 5
mg/L Bialaphos) and incubated at 28 °C in darkness. After two weeks, callus were
transferred to regeneration II media (MS basal salts, 6% sucrose, 100 mg/L myo-isnositol,
0.3 % gelrite, pH 5.8, 6 mg/L glufosinate, no hormones). Plates were incubated at 28 °C in
darkness. After two more weeks, callus were transferred to regeneration III media (MS basal
salts, 3% sucrose, 0.3% gelrite, pH 5.8) and incubated at 28 °C and 16 h photoperiod for two
more weeks (Frame et al, 2006). After regeneration, plantlets were transferred to soil for
acclimation, screened for glufosinate resistance and grown in a greenhouse until maturation.
3.2.8 Histochemical GUS assay and herbicide resistance test
GUS transient expression assay was carried out on plant cultures 48 hours after the
transformation experiments according to Jefferson (1987). Explants were immersed in XGLUC solution (2 mM 5-bromo-4-chloro-3-indoyl-ß-D-glucoronic acid, 0.05 potassium
ferricyanide, 0.05 mM potassium ferrocyanide, 0.1 % mM Triton X-100 (v/v), 0.1 M sodium
phosphate buffer pH 7) and incubated for 2 to 24 hrs. Typically three samples of each inbred
line were assayed and the histochemical data were scored 2 hrs to one day after the GUS
incubation.
One week after plant acclimation in the soil, putative transgenic events were sprayed
twice with 250 mg/L Liberty® (Bayer Crop-Science, USA) (glufosinate as active ingredient)
with one day interval between herbicide application (Brettschneider et al, 1997). Resistant
clones were scored after 3 days from the last application.
Bialaphos resistant callus cultures or leaves were analyzed for stable GUS expression
using the histochemical GUS assay analysis (Jefferson, 1987). Samples of each putative
transformed plant were taken from leaves using a punch-hole tool and collected in a 24-well
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plate. Plates were placed in a vacuum infiltration chamber for 20 min to facilitate penetration
of X-GLUC solution into the tissue and then incubated 2 to 24 hrs at 37 °C.
3.2.9 Progeny analysis
Putatively transformed events were analyzed by transgene segregation in the progeny.
To accelerate the progeny analysis, immature kernels from T1 ears (17-day after pollination)
were harvested. Kernels were surfaced sterilized for 20 min with 50% commercial bleach and
rinsed 3 times with sterile water. Immature embryos were dissected and allowed for
germination on full strength MS medium incubated under 28 °C, 16 hr photoperiod. Seven
days after germination, plantlets were moved to soil for further growth and then sprayed
twice with 250 mg/L Liberty with one day interval between each application. Herbicide
resistant plants were scored 3 days after the second spray.
3.2.10 Statistical analysis
Segregation of the transgenes inheritance in the progeny was statistically analyzed for
goodness-of-fit to simple Mendelian ratio by Chi-square (?2) test.
3.3

Results and Discussion
To date maize inbred line transformation using mature seeds have been achieved by

using either shoot meristem culture or embryogenesis culture (Torney et al, 2007). However
few works have been reported and there is still a lack in transformation for some elite and
very important inbred lines, since it is known that the performance of different maize types in
tissue culture is genotype dependent. The first approach of this work was to develop a robust
tissue culture system and then perform genetic transformation. Two tissue culture systems
were explored SMC’s and somatic embryogenic callus.
3.3.1 Shoot meristems culture (SMC) transformation
The first approach to establish a tissue culture system suitable to be used for genetic
transformation was through shoot meristems. The basis of this system is to induce the
development of clumps of multiple meristematic shoots called shoot meristematic cultures
(SMC’s) (Zhang et al, 2002) using mature seeds as starting material.
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3.3.1.1 SMC establishment
This system was the most successful in terms of tissue culture system development
for both inbred lines B73 and H99. A whole system started from mature seeds to adult plants
was established (Figure 2). Some modifications on the original system were made that
resulted in the reduction of the time to obtain SMC’s, from 3 to 5 weeks (Zhong et al, 1996)
to 2 to 4 weeks.
In the original protocol, seeds were germinated first and then the portion containing
the shoot tip was excised and placed on SMC induction media (CSMD9B) for 4 weeks under
dark conditions. In our modified system, we placed disinfected mature embryos with the root
excised directly on CSMD9B under light conditions. Initial SMC’s could be observed after 24 weeks with some organogenic structures (Figure 2B). Primordial SMC’s showed a faster
growth and well developed into SMC structures after 4 weeks (Figure 2C). These structures
could be induced for plant regeneration. During the time that SMC remained on regeneration
media, a “hedgehog” type callus was observed (Figure 2E). This structure carried a large
number of independent shoot-meristematic tips in which every single one was able to either
develop into a whole plant if continue to be placed onto regeneration medium (Figures 2F,
2G and 2H) or into more SMC’s if placed back onto CSMD9B medium. With this system, it
was also possible to generate embryogenic callus but only with the inbred line H99 (Fig. 2D).
Regenerated plants showed a high level of somaclonal variation with feminized tassels
(Figure 3) and reduced amount and length of the ear stigmata.
Although no specific percentage of SMC callus induction rate from the B73 and H99
embryos was recorded, majority of the embryos produced SMC callus. The same procedure
was also tested on inbred lines B104, Mo17 and W22. Each inbred gave different responses
on the SMC induction CSMD9B media (Figure 4). Among 5 inbred lines tested, B73, H99
and W22 were able to respond well on CSMD9B medium at different degrees, with B73
produced most SMC and H99 produced the least. Mo17 and B104 produced minimum SMC
(< 5%).
3.3.1.2 Biolistic transformation
We proceeded with genetic transformation on B73 SMC cultures using the biolistic
gun. A total of 330 pieces of B73 SMC were bombarded in two different experiments. About
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30 pieces of bombarded callus were assayed for transient GUS expression (Figure 5A). The
remaining callus were transferred to resting medium for 7 days and further cultured in
selection media (CSMD9B media containing 5 and 8 mg/L Bialaphos). A relatively high
intrinsic resistance to herbicide Bialaphos was observed from B73 SMC, because it could
grow on 5 or 8 mg/L Bialaphos media for as long as 10 or 6 weeks, respectively, in non
transformed plants.
While strong transient GUS expression was obtained from these experiments, we
recovered only one Bialaphos resistant cluster after 14 months of selection. This callus
started to develop organogenic structures. When we subjected it for GUS assay, it appeared
to be blue (Figure 5B). No plant was regenerated from this cluster.
Our result confirms the low transformation frequency as it was reported by Zhang et
al, (2005) where they obtained 1.3% transformation frequency for B73 using mature seed
derived SMC and particle bombardment. In our case, we only recovered one stable
transgenic callus clump (out of 330 bombarded SMC pieces) after several cycles of selection
for the inbred line B73 generated from the biolistic transformation.
3.3.1.3 Agrobacterium-mediated transformation.
SMC’s of 4 inbred lines (B73, B104, Mo17 and W22) were used for Agrobacteriummediated transformation. A total of Number of 583, 80, 32 and 24 explants, respectively,
were infected (Table 1). Number of explants used for transformation varied depending on the
availability of SMCs of each inbred line which depended also on the response for SMC
induction. Transient GUS expression was assayed for each inbred line three days after
infection (Table 1, Figure 6). GUS expression on explants assayed was strong in B73 but
weak in the rest of inbred lines (Figure 6). Remaining infected explants were transferred to a
fresh selection media (CSMD9B containing 5 mg/L first and then 8 mg/L Bialaphos) every
two to three weeks. No Agrobacterium carry over contamination occurred during the
experiments. Even though transient GUS expression was detected on some tissue sampled,
we did not recover any stable transformant after 8 weeks of selection.
Our attempts to recover transgenic plants from either system in SMC’s were not
successful. However we improved a tissue culture system to obtain SMC for all five inbred
lines tested. In addition we decreased the time of initial SMC establishment by 1-2 weeks.
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Despite the unsuccessful attempts for transformation, SMC may still have the potential to be
used as target for transformation since they have continuous growth of the shoot and
reproductive organs, which are desirable traits for efficient genetic transformation (Sticklen
and Oraby, 2005).
3.3.2 Somatic embryogenic callus (SEC) transformation
In 2006, Sidorov et al reported success in transforming somatic embryogenic callus
culture from maize mature seed using Agrobacterium-mediated method. Callus cultures were
initiated from seedlings, derived from mature seeds of five inbred lines using the system
described by Sidorov et al (2006) with some modifications. In this work we tested different
inbred lines from those reported in this previous work. Particle bombardment was used as
alternative delivery method for genetic transformation. Another difference is that we isolated
embryos from mature seeds to develop seedlings instead of germinating the whole seed.
3.3.2.1 Embryogenic callus initiation frequency
SEC callus initiation frequencies of five inbred lines were assessed and are
summarized in Table 2. Embryogenic callus initiation varied between genotypes. From five
inbred lines tested H99 showed the higher frequency (179 out of 253 embryos responded,
70.8%) and the fastest growth, followed by W22 (6.02%), B73 (4.46%) and B104 (2.1%).
Just one embryo (out of 403 embryos) developed embryogenic callus from Mo17 (0.25%).
However this unique Mo17 line showed faster growth in subsequent subcultures. SEC could
be initiated from inbred H99 around 21 days after placed on the induction medium, whereas
it took twice amount of time (40 – 45 days) to initiate SEC from the other four inbred lines
(Table 2). Our SEC induction frequency for H99 (70.8%. a total of 253 embryos tested) was
higher when compared to what reported in Sidorov et al (2006) where 18.5% SEC induction
(a total of 92 embryos tested) was achieved for the same genotype.
It was also observed that after consecutive subcultures, B73 and B104 callus had
tendency to become degenerated and non-embryogenic. The SEC morphology of H99 was
similar to that initiated from mature embryos reported by Sidorov et al (2006), whereas B104
SEC appeared to be similar to callus cultures obtained from immature embryos with the same
genotype (Frame et al, 2006). Genotypes B73, Mo17 and W22 developed a similar pattern of
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embryogenic type I callus (Figure 7) as reported for inbred line A188 (Armstrong and Green,
1985).
Because there is a well established protocol for callus development for hybrid Hi II
genotype using immature embryos (Songstad et al, 1996; Pareddy et al, 1997; Zhao et al,
2001, Frame et al 2000 and 2002), we also tested SEC initiation from mature seed of this
genotype. Hi II genotype developed well defined, friable, fast growing type II callus (Figure
7F). No callus induction frequency was evaluated for HiII genotype.
Embryogenic callus of all inbred lines were maintained and propagated until we
create a stock to perform genetic transformation.
3.3.2.2 Genetic transformation
Genetic transformation was performed in all inbred SEC in two experiments, except
for H99 in which we performed a total of 5 experiments. Transient gus expression was
observed in all inbreds, with strong blue stains seen on W22 and H99 SEC (Figure 8).
After 10 weeks of selection on 5 mg/L Bialaphos containing medium, Bialaphos
resistant callus pieces from H99 could be identified. However, no resistant calli were
obtained from inbred B73, B104, Mo17 and W22. This could be due to two reasons. One was
that we did not bombard enough callus materials (we only bombarded between 15 to 30
pieces callus each inbred due to slow culture growth) to generate transgenic materials, the
other one could be due to the lower growth rate of these inbred callus culture. It has been
reported that a fast growth rate is an important parameter for successful genetic
transformation (O’Connor-Sanchez et al, 2002). Cell lines that show a higher mitotic index
are more responsive for transformation (Hazel et al, 1998)
When compared to H99, the rest of the four genotypes showed a slower callus
initiation rate and low frequency (Table 2). Inbred lines B73 and B104 are also highly
recalcitrant, and degenerate into a non-embryogenic callus after consecutive subcultures.
Mo17 and W22 did not degenerate after subculturing, but no transgenic callus was obtained.
All these four inbred were reported to be transformable with low frequencies using immature
embryos or immature embryos derived callus cultures. B73 was transformed with the
biolistic gun with low frequency (0.7%, Wang et al., 2003). B104 was transformed using
Agrobacterium-mediated method (Frame et al, 2006) at a frequency of 6.8%. Mo17 was
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transformed using Agrobacterium method at frequency of 2.6% (Huang and Wei, 2005) and
W22 could be transformed using the biolistic gun at frequency of 1% (B. Frame, personal
communication).
Bialaphos resistant callus frequency (BRCF) of inbred line H99 is showed in Table 3.
Here we use BRCF instead of transformation frequency (TF %) because we did not know
whether all Bialaphos resistant calli were true transformants. BRCF was calculated as the
number of independent resistant calli grown on 5 mg/L Bialaphos media, recovered after 10
weeks on selection and produced from the total number of calli bombarded (responding and
non responding) (X 100). Ten Bialaphos resistant calli from experiment 1 and 7 resistant calli
from experiment 2 were recovered, respectively. Three more experiments were conducted
using H99 (Experiments 3, 4 and 5) (Table 3). Stable transformation recovered after eight
weeks on selection was assessed. BRCF for these three experiments were measured based on
stable gus gene expression showed by the embryogenic callus (Table 3, Figure 9).
After 10 weeks on selection media, transgenic callus pieces from each independent
event of experiments 1 and 2 of H99 inbred line were transferred to regeneration media. Two
Bialaphos resistant and GUS expressing callus of experiment 2 did not yield any plant in
spite best effort in regeneration (regeneration was attempted twice with these events). It is
possible that the insertion and/or location of the transgenes may affect the regeneration
process. It is also possible that the bar gene may be non-functional in these transformants due
to gene silencing or lost of fragment because Bialaphos was included in the regeneration
medium.
Approximately 1.5 months after placing on regeneration media, regenerated plantlets
were transferred to soil and sprayed with the herbicide for phenotypic selection (glufosinate
resistance). All plantlets were resistant to 250 mg/L Liberty and transferred to big pots and
grown in the greenhouse (Figure 10).
3.3.2.3 Transgenic plant analysis
Stable transformation in all experiments on inbred line H99 were assessed through the
expression of the gus gene at different stages. Leaf samples from each independent event (T0)
were assayed for gus gene expression (Figure 11A). Phenotypic expression of the bar gene
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(after herbicide spraying) corresponded to the gus gene expression because all T0 plantlets
were herbicide resistant plants were also positive for the gus gene.
T0 plants were grown to maturation in a greenhouse. All plants were female fertile,
however different degrees of somaclonal variation in tassels (feminization) were observed.
The different levels of somaclonal variation in the tassels were classified as normal, moderate
variation and severe variation (Figure 12). From 86 plants representing 15 different
Bialaphos resistant events, the overall frequency (%) of normal plants was 55.3%, of
moderate variation 44.2% and severe variation 1.16%. Pollen collected from plants with
moderate variation was fertile and used for pollination. Most of the plants were pollinated by
non-transgenic Hi II pollen.
Transmission and segregation of the transgenes were analyzed in T1 progeny. To
accelerate progeny analysis, immature embryos were rescued from some events for in vitro
germination. Table 4 summarized the transgenes expression and segregation ratio from plants
progeny of 3 events (out of a total of 15 events) analyzed up to date. Analysis of ?2 for the
bar and gus genes in progeny of H99 indicates that the transgenes were inherited in nine
events assayed and except for events 7 and 10, all segregated in the expected ratio (1:1 or
3:1) for single locus integration. It is not clear why the transgenes did not behave as expected
on events 7 and 10. To verify, more seeds should be tested for transgene expression.
Molecular genotyping (PCR, Southern) should also be used to verify whether the transgenes
are present in the progeny. Such abnormal segregation pattern for transgene has been
observed previously (Frame et al, 2006), in which out of 6 events for inbred line B104, two
did not fit into the expected Mendelian ratio. Transgene silencing or other epigenetic
suppression may be the reasons behind such phenomenon.
Phenotypes of all T1 plants recovered are normal and fertile.
3.4

Conclusions
Using published protocols, we have tested two mature seed derived tissue culture

systems, shoot meristem culture (SMC) and somatic embryogenic culture (SEC), in five
maize inbred lines, B73, B104, H99, Mo17 and W22.
We have improved the SMC system by shortening the SMC initiation duration by 1-2
weeks. SMC’s performance in five inbred lines was genotype-independent to certain extent
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since regardless the genotype background, all inbred lines developed SMC in our system at
different levels.
While no transgenic plants were recovered from SMC transformation experiments,
the SMC tissue culture responses results were encouraging. More experiments and
optimization should be carried out for further development of SMC as target tissue for
genetic transformation.
We achieved genetic transformation on mature seed derived SEC for H99 using the
biolistic gun method. The average Bialaphos resistant callus frequencies of 5 bombardment
experiments were 50.7 %, ranging from 24.1% to 74%. Progeny analysis indicated that the
transgenes were transmitted to next generation and segregated as Mendelian fashion. Further
research is needed to increase SEC response and transformation on more inbred lines.
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Figure 1. Plasmid pBU-B35S.IG used for genetic transformation with the
screenable marker gene CaMV 35S-gus and the selectable marker
CaMV 35S-bar
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Figure 2. Tissue culture system for SMC’s. A. Mature seeds. B. Embryos developing SMC.
C. SMC development after 30 days. D. Embryogenic Tissue from genotype H99 E. SMC of
B73 andH99, each small shoot can develop a plant or new clumps of SMC. Hereby called
“hedgehog” stage F. Regeneration through either somatic embryogenesis or SMC G.
Regenerated plants H. Plants in greenhouse
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Figure 3. Somaclonal variation in B73 inbred line
after regeneration from SMC in non-transformed
plants
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Figure 4. Response to
SMC induction on
different inbred lines A.
B73, B. B104, C. H99, D.
Mo17 and E. W22
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Figure 5. GUS gene expression for bombardment experiments. A. Transient GUS expression
of B73 inbred line after 2 days SMC bombardment, B. Stable GUS expression after 14
months on selection
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Figure 6. Transient GUS expression in SMC’s after 3 days infection with
Agrobacterium. A. B73, B. B104, C. Mo17 (No transient expression),
D. W22
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Figure 7. Morphology of embryogenic callus initiated from mature seeds of different inbred
lines and hybrid Hi II. A. B73, B. B104, C. H99, D. Mo17 (non embryogenic), E. W22, F.
Hi II (Type II callus)

66

1

2

3

4

5

6

Figure 8. Transient GUS expression of embryogenic bombarded callus of different inbred
lines. 1. B73, 2. B104, 3. Mo17, 4. W22, 5. H99 and 6. Positive control Hi II zygotic
embryos bombarded with the same construct
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Figure 9. Stable gus gene expression on embryogenic callus of H99 inbred line after 8
weeks selection for biolistic experiments number 4 (top row), 5 (middle row) and 6
(bottom row). The first well on the left is the negative control.
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Negative control H99

Putative transgenic plants H99

Figure 10. Phenotypic expression of the bar gene after herbicide spraying. All
negative control plants died (left). All putative transgenic plants (T0) were resistant (right).
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Figure 11. Stable gus gene expression for T0 plants of inbred line H99. A. Gus gene
expression on leave sectors (non-stained sectors are negative controls) for the first two
experiments on H99. First well is negative control, followed by the 10 events recovered from
experiment 1 and the 7 recovered from experiment 2. B. Stable gus expression on different
plant tissue: B1. Embryogenic callus, B2. Plantlets, B3. Immature ear, B4. Tassels
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Figure 12. Levels of somaclonal variation in tassels of T0 plants for the inbred line H99. A.
Normal tassel, B. Moderate variation, C. Severe variation (female fertile)
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Genotype

B73
B104
Mo17
W22

Total # of
explants
infected
583
80
32
24

Transient GUS expression
(No.positive/No. explants assayed)
4/58
2/10
0/3
1/3

The total numbers of B73 include 4 different experiments

Table 1. Transient expression after transformation of different inbred maize
genotypes using Agrobacterium-mediated and SMCs
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Genotype # embryos producing callus/
total # embryos cultured (%)
B73
B104
H99
Mo17
W22

23/516
11/523
179/253
1/403
31/515

# days to first
appearance of callus**

4.46%
2.10%
70.80%
0.25%
6.02%

45
45
21
42
40

* The frequency was calculated after callus initiation for each inbred line. Numbers were
combined from different experiments
** Including the germination period

Table 2. Callus initiation frequency for different inbred lines*
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Genotype

B73
B104
H99

Mo17
W22

Experiment

# callus
pieces
bombarded

1
2
1
2
1
2
3
4
5
1
2
1
2

21
15
26
22
25
29
76
74
75
29
29
28
30

GUS expression analysis
(No.positive/No. explants
assayed)
Transient
3/3
2/2
3/3
2/2
3/3
3/3
9/9
9/9
9/9
4/4
3/3
3/3
3/3

Stable
0
0
0
0
0
0
39/70
36/60
43/58
0
0
0
0

Bialaphos resistant callus
frequency (BRCF)
# recovered
0
0
0
0
10
7
N/A
N/A
N/A
0
0
0
0

%
0
0
0
0
40
24.14
55.7
60
74
0
0
0
0

Table 3. Bialaphos resistant callus frequency (BRCF) of bombarded embryogenic
callus of different inbred lines. BRCF was calculated as the number of independent
resistant calli grown on 5 mg/L Bialaphos media, recovered after 10 weeks on
selection and produced from the total number of calli bombarded (responding and
non responding) (X 100)
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Event
#

Segregation ratio

Line

Herbicide
Res
Senb
a

8*
9*
5*
6*
7*
10*
11*
14**
19*

7
7
18
18
18
18
18
18
18

23
1
4
1
1
3
11
6
6

12
2
4
5
12
11
13
3
5

2

X
3.44
0.33
0
2.66
10.28
4.57
0.16
0.47
0.09

GUS
Pos
Negd
c

17
1
12
1
1
3
11
6
6

12
8
12
5
12
11
13
3
5

Transgenic plants were crossed as the female with pollen of non-transformed
plants(*) or self crossed (**)
a
Res, resistant to glufosinate spray (bar-expresser)
b
Sen, sensitive to glufosinate spray (bar non-expresser)
c

Pos, GUS assay positive (gus-expresser)
Neg, GUS assay negative (gus non-expresser)

d

X2= 3.8 (0.05, 1df)

Table 4. Segregation analysis for bar and gus gene expression on T1
progeny plants. Two events of line 7 and 7 from line 18 were analyzed.
Only two events (7 and 10 from line 18) did not fit the expected
Mendelian ratio
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CHAPTER 4. GENERAL CONCLUSIONS
This work explored the possibility of performing genetic transformation using maize
mature seeds as starting material in different elite inbred lines using two different
approaches: Shoot meristem cultures (SMCs) and Somatic embryogenic callus (SEC)
through Agrobacterium-mediated and the biolistic gun methods. This work also aimed to the
development of a sterilization method able to provide sterile material to initiate either tissue
culture system without loosing material due to high contamination rates and also without
compromising seedling vigor and SMC or SEC initiation.
In chapter 2, we developed an efficient and reliable optimized method for mature
seeds sterilization. This method was especially developed for material coming from fieldgrown plants and has a high efficiency to provide with sterile, material without
compromising the vigor. In this chapter it was observed that inbred line H99 has a higher
potential to be transformed since it presented the higher vigor, expressed as the seedling
growth rate (SGR) and callus induction rate, which are desirable traits when performing
genetic transformation for plants. In general vigor and callus induction of the different inbred
lines used for this work showed a genotype dependency. Seedling vigor is also positively
correlated to callus initiation.
In chapter 3, we explored two different approaches to generate a tissue culture system
for maize mature seeds and inbred lines, suitable to perform genetic transformation with the
two most widely used methods for genetic transformation: Agrobacterium-mediated and
particle bombardment. We demonstrated, based on published protocols that SMCs can be
obtained for elite inbred lines B73, B104, H99, Mo17 and W22. We also observed that the
performance of these five inbred lines was genotype-independent to a certain extent with this
system, since regardless the genotype background, all inbred lines were able to develop SMC
at different levels. We also improved the SMC system by shortening the time of initiation of
this type of culture (by 1-2 weeks) compared to the original protocol already published. SEC
was also explored and it was observed that all five inbred lines behave differently with this
system, meaning that this response in tissue culture is genotype dependent and that inbred
line H99 was the most responsive. Compared to the already published system, we improved
the rate of callus initiation by 4 fold for this inbred line. We also successfully transformed
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this inbred line but only using the biolistic gun with an average Bialaphos resistant callus
frequency (BRCF) ranging from 24.1 % to 74 %. Analysis of progeny was also conducted
and most of the plants segregated and transmitted the transgenes to the next generation in
Mendelian fashion. No plants were recovered for the rest of inbred lines (B73, B104, Mo17
and W22).
For both systems, SMCs and SEC, more research is needed to explore further genetic
transformation using SMC in these and other inbred lines and also improvement is needed to
enhance the SEC system to increase the callus induction frequency of different inbred lines to
ultimately expand the possibilities of successful genetic transformation.
Appendix 1 shows the optimized protocol developed to sterilize maize mature seeds
harvested from field-grown plants. The protocol and the supplies needed are described in
detail.
Appendix 2 is a manuscript on soybean transformation in which I made contributions.
This work is an improvement of the soybean cotyledonary node transformation system by
using half mature seeds through Agrobacterium-mediated transformation.
The work presented in this thesis led to the attainment of a seed sterilization system
for mature seeds with high contents of seed-borne pathogens which can be used for all types
of corn regardless the source from which they are coming from. We also demonstrated the
induction of SMC and SEC in different inbred lines that can be used for genetic
transformation. Finally based on SEC system and biolistic gun, we stably transformed the
inbred line H99.
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APPENDIX I
OPTIMIZED SEED STERILIZATION AND EMBRYO DISSECTION FOR
FIELD-HARVESTED SEEDS
MATERIALS
? Fifty seeds of each maize inbred line (genotype)
? One 150 ml beaker per genotype
? One stir bar per beaker
? One stirrer plate per beaker
? Ethanol 80 % (300 ml) enough for 200 seeds
Ethanol 100%
Millipore
water

240 ml
60 ml

? Bleach 50 % v/v (900ml) enough for 200 seeds
Commercial
bleach
Millipore water

450 ml

Tween-20

2 drops

450 ml

? One 60X20 Petri dish per genotype
? Sterile Millipore water
? One forceps per genotype
? One scalpel per genotype
? Two or more home made strainers (see picture)
? Bleach 15 % (v/v) (100 ml) enough for 200 dissected embryos
Commercial bleach

15 ml

Millipore sterile
water
Tween-20

85 ml
1 drop
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? Aluminum foil
? Marker
? Shaker plate
? One parafilm strip per Petri dish
? Paper towels
? Half of one 100X150 Petri dish for embryo dissection per genotype
? Stereoscope
? Ethanol 70 % in a spray bottle
? Big container for liquid waste
? Medium size container for liquid waste
? Timer
? Micropore tape

METHODS
First seed sterilization
1. Before starting make sure to turn on the oven-sterilizer placed into the flow bench at least
half an hour in advance. Put the forceps inside and keep them there.
2. Place 50 seeds of each genotype in different beakers along with a stir bar and cover it
with a piece of aluminum foil, label the surface of the aluminum foil as well as on the
wall of the beaker with the name of genotype, year of harvesting and the date.
3. Add ~ 75 ml of ethanol 80 % to each beaker, cover with the aluminum foil and take them
(with the tray) to a stirrer plate, stir under medium speed for 3 minutes. (Use a timer to
take all the periods of time)
4. Take the beakers back to the flow bench and pour the ethanol into a liquid-waste
container, use the sterile forceps to retain seeds and avoid throwing away any to the waste
container, do this any time you pour away liquid waste and re-sterilize the forceps
5. Add the same amount (as above) of 50 % bleach+tween, cover with the aluminum foil
and take the beakers again to the stirrer plate and stir for 15 minutes on medium speed
6. Take beakers back to the flow bench and pour the bleach in the liquid-waste container,
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repeat step 5
7. Take the beakers to the flow bench and pour the bleach away
8. Rinse 5 times with sterile Millipore water
9. Keep seeds in sterile water, cover with aluminum foil and keep the beakers inside the
flow bench for 24 hours (seeds also can be soften by keeping them in moisturized paper
towels for 24 hours)
Second seed sterilization
10. After 24 hours, sterilize seeds again. Add 50 % bleach + tween to the beakers and cover
with the aluminum foil and take the beakers again to the stirrer plate and stir for 2
minutes on medium speed. Repeat steps 7 and 8.
Embryo dissection
11. Clean the work space in the flow bench you will use for the dissection spraying ethanol
70% and drying up with paper towels. Put the forceps and scalpels without blades into the
hot sterilizer at least 5 minutes, take them out and let them cool, once they are cool
enough set a new blade in each scalpel.
12 . Set everything aside before starting dissection, put the scope on the flow bench and clean
it with 70 % ethanol as well. Prepare 4, 60X20 Petri dishes and label them on both lids,
pour around 10 ml of Millipore sterile water into each. Take two whole 100X150 plates
and place them into the flow bench. Have enough MSVS34 media (germination) to plate
the embryos after the last sterilization (~20 plates).
13. Take half of one 100X150 plate and place it on the platform of the stereoscope, turn the
light on. Take one of the small plates with water next to the stereoscope and open it
14. Start with the first genotype, take the stir bar out of the beaker with sterile forceps and
leave it in a paper towel, make sure you do not touch the paper towel with the forceps.
Take seed by seed from the beaker to the half plate with forceps, count 25 or as you wish.
15. Start dissecting with forceps and scalpel taking the seed from the middle and narrowest
part, cut the flanks away, cut the base of the seed and two thirds of the root (tip), then
gently take the embryo out using the scalpel and place it in the small plate with water.
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16. Repeat step 15 until you dissects all the seeds. Place the rest for dissection in the same
half of the big plate. Once you are done, trash the plate with the garbage (rests of the
kernels) and close the small Petri dish with the embryos, reserve.
17. Repeat steps 13 to 16 with the remainder genotypes.
Embryo sterilization
18. Put the hand-made strainers into the oven-sterilizer, after ~3 minutes take them out and
get them cool. Take the small Petri dishes with the embryos and place them on a large
paper towel (do everything inside the flow bench) open the plates and pour away the
water into the medium size waste-container using the strainer to retain the embryos,
repeat this with all the genotypes. Re-sterilize the strainers every time you change
genotype by spraying ethanol 70% on the mesh and putting those 30 seconds into the hot
oven- sterilizer (the re-sterilization has to be made every time the strainers are used).
19. Add ~ 15 ml of 15% bleach to each Petri plate for 5 minutes, start the timer, cover with
the lid and wrap tightly with one strip of parafilm around the plate (to avoid
contamination, assuming that the shaker is out of the flow bench). Take the plates to the
shaker and shake on medium-low speed for the rest of the time.
20. Take the plates back to the flow bench, unwrap and pour the bleach away (remember to
re-sterilize the strainer each time you pour a liquid).
21. Rinse the embryos 4 times with Millipore sterile water.
22. Pour away the water of the last rinse, reserve the embryos. Re-sterilize the forceps for
around 1 minute, let them cool.
23. Place ten embryos per plate of MSVS34 media using a different forceps for each
genotype. The root-side has to be in contact with the media but not deeply.
24. Seal the plates with micropore tape and incubate embryos for germination at 27 C, for 7
to 10 days
25. Check the plates after 2, 3 and 4 days for possible contamination, if one embryo seems to
be contaminated, move out the rest of the embryos to a fresh plate. Do this OUTSIDE the
flow bench (the sink or a place where air blows are not present is recommended).
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