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Transformation of microspores for generating doubled haploid transgenic
wheat (Triticum aestivumL.)
Abstract
by Weiguo Liu, Ph.D.

Washington State University
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Chair: Diter von Wettstein

Microspores can form homozygous doubled haploids (DH) in one generation by
androgenesis (microspore culture). The goal of this study was to develop a microspore
transformation method for the production of transgenic wheat (Triticum aestivumL.).

In the first part of this study, optimal conditions for generating DH wheat plants from
microspores were identified. First, the chemica inducer formulations effectively triggered
microspore embryogenesis. Second, large populations of isolated embryogenic microspores were
cultured to form embryoids and green plants at optimal conditions, that required purification of
embryogenic microspores, a liquid culture medium with an osmolality around 300 mOsmol Kg*
H-0O, and co-culture with ovaries. Third, conversion of albinos to green plants was obtained by
nutrient addition during pretreatment. Fourth, spontaneous chromosome doubling was achieved
invitro by use of low toxic chemical caffeine.

In the second part of this study, microspores were transformed by co-cultivation with
Agrobacterium tumefaciens strain AGL-1. Over 200 putative primary transformants were
regenerated and 24 primary (To) spontaneously DH transgenic lines were obtained. Polymerase

chain reaction (PCR), DNA sequencing of the amplificate, Southern blot analyses and assay of



the recombinant enzyme confirmed the presence of transgenes in Ty primary transformants and
their stable inheritance in homozygous T; DH progenies. Several factors for successful
transformation were identified: (1) Co-cultivation with Agrobacterium for transfer of the plasmid
T-DNA into microspores should take place at day O for < 24 hours. Volume of the inoculated
AGL-1 cells at ODgoo=1.0~1.5 had to be < 1% of the co-cultivation solution. (2) Killing of AGL-
1 cells after co-cultivation was by filtration and addition of timentin at a concentration of 200-
400 mg/L. (3) Selection of transformants should be carried out with bialaphos at a concentration
of 2-4 mg/L. (4) Identification of transformants by PCR was carried out when regenerating
seedlings were at 4-6 leaf stage.

Thisisthe first report on successful transformation of microspores followed by
regeneration of homozygous transgenic plants expressing a recombinant protein in wheat grains.
The method described and conditions worked out in this study are likely to be applicable to other

plant species.
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CHAPTER ONE

INTRODUCTION

1.1  Aimof thisstudy

The overall goa of this study was to develop a microspore transformation method for the
production of transgenic wheat (T. aestivum L.). This required the development of areliable
procedure to generate doubled- haploid wheat plants from cultured microspores via androgenesis
(also called pollen embryogenesis). In this process, pseudoembryos (embryoids) were formed
from microspores, germinated and developed into mature plants that were homozygous for al
genes. Once this goal was achieved, it was investigated if wheat microspores can be transformed
by co-cultivation with Agrobacterium and the transformed microspores regenerated into

doubled- haploid wheat plants.

1.2 Inconveniences with current whesat transformation methods

Whest is an important crop worldwide. The United States is a major wheat producing
country, and the world's leading wheat exporter. Wheat amounts to about 7.5 percent of all U.S.
agricultural exports by value (USDA/ARS, 2003).

Production of transgenic wheat with desired traits such as disease and pest resistance is of
great importance. Despite the advances in wheat transgenic research and its commercial
application, the efficiency in obtaining transgenic wheat plantsis still low (Vasil et al., 1992;
Chenget al., 1997). Most of the current methods for genetic transformation in wheat use
immature embryos as the target for gene insertion, and plants are regenerated from the

transformed cells. One of the magjor inconveniences in wheat transformation is the lack of an



efficient and reliable regeneration system once the target cells are transformed with cloned
genes, thus requiring preparation of large amounts of embryos. Another inconvenience is that it
may take several years for genetic analysis, and molecular characterization of the transgenic
plants to obtain the desired homozygous plant in the desired genotypic background (Zhou et al.,
2003). It then takes several years to obtain geneticaly true-breeding lines of the transgenic plant
suitable for commercial use. Therefore, novel transformation methods are desired to overcome
the limitations of current techniques such as low efficiency, labor-intensiveness, and time-

consuming breeding procedures.

1.3  Advantages of a microspore regeneration system as applied to wheat transformation

Microspores are haploid cells containing the gametic number of chromosomes.
Microspores can be induced to form embryoids (pseudoembryos), which can develop into
haploid plants. By spontaneous or chemical induced chromosome doubling with colchicine,
herbicides or caffeine, homozygous diploid or amphidiploid plants are generated and the
transgenic trait is stably inherited in the following generations. Thus microspores can form
homozygous doubled haploids in one generation.

There are several advantages in afunctional microspore transformation system over
currently available systems:

It provides a large number of genetically identical and physiologically uniform

embryogenic microspores as target cells for transformation. Millions of microspores can

be easily isolated with a blender in afew minutes. In contrast, it takes alarge effort to

prepare similar numbers of immature embryos as targets for genetic transformation.

Thus, it would be economic and ssmpler to use microspores as targets for gene transfer.



Transgenic microspores are capable of developing into plant embryoids, which are
capable of germinating into homozygous doubled haploid transgenic plantsin ore
generation. Traits are "fixed" in a homozygous plant, and recessive genes of interest can
be expressed. In contrast, transgenic plants regenerated from transformed somatic cells
(immature embryo, callus, protoplast, etc.) have the transgenes generaly ina
heterozygous state and homozygous transformants will have to be selected in the next
generation. Thus, microspore transformation will produce homozygous transgenic plants
in large numbers and in shorter time.
Microspores are cultured at the uni- nucleate stage and are single cells. Foreign DNA
may be incorporated into the microspore genome at the beginning of the culture. If the
foreign DNA is incorporated into the genome before the first mitosis, the introduced
gene(s) are likely to be passed into al daughter cells and chimeras will be avoided.
Despite these advantages, a successful wheat microspore-based transformation system
has not been reported. In part thisis due to the fact that a highly efficient and reproducible

microspore regeneration system has only been worked out recently as afirst part of thisthesis.



CHAPTER TWO

LITERATURE REVIEW

2.1  Methods for generating doubled haploid wheat plants

Since the first discovery of haploid plantsin Datura stramonium (Blakedee et al., 1922),
haploids were induced in 247 species of angiosperms in 88 genera of 34 families (Maheshwari et
al., 1983). Haploids of higher plants are sporophytes with gametic chromosomes. Several
methods of haploid production have been investigated and reported in the literature, including
microspore and/or anther culture (androgenesis), as well as ovule culture (gynogenesis) (Hu,
1997). The importance of Hordeum bulbosum or maize (Zea mays L.) pollination methods (alien
species chromosome elimination), and an alien cytoplasm system has been explored (Kasha and
Kao, 1970; Barcley, 1975; Laurie and Bennett, 1988a and b; Dunwell, 1985; Kasha, 1989).
Microspore and anther culture methods have the potential to produce more than a thousand
haploid plants per cultured anther; al other methods are limited to one haploid plant per floret
(Devaux, 1988). Thus androgenesis is a preferred method for generating doubled haploid plants.

In the alien species chromosome elimination method, crosses between Hordeum vulgare
(female) or T. aestivum (female) and H. bulbosum were made, and the hybrid embryos were
cultured to obtain haploid barley and wheat plants, respectively. The H. bulbosum chromosomes
were preferentially eliminated during embryo development from a hybrid zygote (Kasha and
Kao, 1970; Barcley, 1975). The bulbosum technique as originally developed for barley was
widely used for wheat haploid production. Similarly, Laurie and Bennett (1988a,b) successfully
obtained haploid wheat by carrying out wide hybridization between wheat (female) and maize

and/or sorghum (male), and between barley and maize. Fertilization took place, but all maize



chromosomes were eliminated in the initial cell cycle (Wang et al., 1991). The maize technique
is currently widely used for wheat haploid production. One of the problemsin the crosses of
wheat with maize and sorghum is that 3% and 10% florets were fertilized and set seeds,
indicating the possibility that DNA fragments of maize or sorghum and maize transposon
elements may be transferred into the wheat genome (Laurie and Bennett, 1988a).

In the anther or microspore culture method (androgenesis), microspores were induced in
vitro to develop into mature plants by culturing anthers (anther culture) or isolated microspores
(microspore culture). In the case of anther culture, plants may originate from anther somatic
tissue other than microspores. Therefore microspore culture is the preferred method for haploid
wheat production. Fujii (1970) initially reported the formation of calli by anther culture from T.
aegilopoides and T. dicoccoides, but failed with T. aestivum. Pollen plants of wheat (T. aestivum)
were first obtained by Ouyang and coworkers (1973) by anther culture with low efficiency of
green plant regeneration (0.7%). Androgenesis induction in microspores can be limited by
various factors and is genotype-dependent (Dunwell, 1985). Most efforts toward improving
anther/microspore culture have focused on "stress' treatments to induce androgenesis by
redirecting the preprogrammed gametophytic to the sporophytic development pathway (Touraev
et al., 1996, 1997; Hu and Kasha, 1999; Zhou and Konzak, 1997; Simonson et al., 1997 and
Reynolds, 1997). These early culture systems have been effective only for a narrow range of
responsive genotypes, while many genotypes remained recalcitrant.

Low efficiency in doubled- haploid production via androgenesis in wheat has limited
exploitation of this potentially powerful method for genetic engineering and crop improvement
in this crop plant. Thus, improvement in inductionefficiency, culture condition and green plant

regeneration was needed to obtain effective protocols for the microspore culture of whest.



2.2  Genetransfer techniques for wheat transformation

Techniques for incorporating foreign genes into plant cells have rapidly advanced in the
past few decades. Genetic transformation of wheat has been obtained by co-cultivation with A.
tumefaciens (Cheng et al., 1997; Amoah et al., 2001; Weir et al., 2001), particle bombardment
(Kleinet al., 1987; Vasil et al., 1992 & 1993; Loeb and Reynolds, 1994; Takumi and Shimada,
1996; Mentewab et al., 1999; Pastori et al., 2001; Milligan et al., 2001; Varshney and Altpeter,
2001; Chugh and Khurana, 2003), protoplast electroporation (Zhou et al., 1993; Gustafson et al.,
1995; Sorokin et al., 2000) and polyethylene glycol (PEG)- mediated DNA uptake into
protoplasts (Marsan et al., 1993).

The A. tumefaciens mediated gene transfer has offered promising features such as easy
manipulation in vitro, introduction of low gene copy number into the plant genome, and high co-
expression of the transgene (Songstad et al., 1995; Cheng et al., 1997; Koncz et al., 1989). These
advances have aso been exploited in barley (Horvath et al., 2000; Horvath et al. 2003). In the
case of Agrobacterium tumefaciens mediated gene transfer, the bacteria must be killed after co-
cultivation of the explants or their growth inhibited to allow formation of callus containing
transgenes. Nauerby and others (1997) showed that timentin, a mixture of the penicillin
derivative ticarcillin and clavulenic acid, which is a competitive inhibitor of the anti-antibiotic
enzyme b-lactamase, was a more favorable bactericide than cefotaxime, and is more cost-
effective as well as stable than vancomycin.

Several selectable marker and reporter genes have been successfully used for screening
and identifying transgenic plants. The marker genes used in wheat include uidA encoding 13-

glucuronidase (GUS expression) (Loeb and Reynolds, 1994; Gustafson et al., 1995; Cheng et al.,



1997), and anthocyanin biosynthesis stimulating genes (C1 and B-Peru) (Mentewab et al., 1999).
The bioluminescent green fluorescent protein (GFP) that can be detected in living cells has been
used as visual selection marker in tobacco (Molinier et al., 2000) and whesat (Welr et al., 2001).
Widely used reporter genes in wheat include the neomycin phosphotransferase 11 (NPTII) gene
conferring resistance to amino- glycoside antibiotics such as kanamycin (Cheng et al., 1997), the
bar gene encoding phosphinotricin acetyl transferase (PAT) that inactivates the natural herbicide
bialaphos and the chemically synthetic phosphinotricin (PPT) (Altpeter et al., 1996), and the
phosphomannose isomerase gene (pmi) (Wright et al., 2001).

Once the gene of interest is successfully introduced to the host plant genome, the
transgene must be transcribed and translated. However, thisis frequently not the case. Jorgensen
and colleagues firstly observed a surprising phenomenonin petunias. They introduced a
pigment-producing gene under the control of a powerful promoter in order to deepen the purple
color of these flowers. Instead of the expected deep purple color, many of the flowers appeared
variegated or even white. They named the observed phenomenon "cosuppression”, because the
expression of both the introduced gene and the homologous endogenous gene was suppressed
(Jorgensen et al., 1996; Napoli et al., 1990). In addition to petunias, cosuppression has since
been found to occur in many species of plants. It has also been observed in fungi, and has been
particularly well characterized in Neurospora crassa, where it is known as "quelling" (Cogoni
and Macino, 2000; Guru, 2000, and Hammond et al., 2001).

Two types of gene silencing have been observed. The first type is the transcriptional gene
silencing (TGS), which is often associated with heavily methylated and inactive promoter
sequences. It can be triggered by short doubled-stranded RNA synthesized in the cell nucleus. It

leads to methylation of cytosine bases in the DNA of gene promoters and methylation blocks the



transcription of the gene (Mette et al., 1999; Mette et al., 2000; Meyer et al., 1993; Park et al.,
1996, Bird, 1992). When a transgene integrates into a chromosomal region that is heavily
methylated and or repetitive, it is silenced (Prols and Meyer, 1992). However, a transgene
integrated into hypomethylated DNA can also be transcriptionally inactivated (Prols and Meyer,
1992; Meyer and Heidmann, 1994). This selective methylation of foreign DNA may be a cellular
defense response against the potential harmful activity of ‘foreign’ DNA (Doerfler, 1995).
Transgenes of T-DNASs that are inserted as a direct repeat or an inverted repeat have a tendency
to become inactivated. Thisis frequently associated with DNA methylation. In general, the more
copies alocus contain, the stronger the inactivation (Matzke et al., 1994 ). A transgene locus that
is silenced can also silence honmologous transgenes at ectopic loci (Matzke et al., 1994).
Interestingly, methylation of the target genes is erased after crossing out the silencing locus. This
does not happen immediately but occurs gradually in successive generations (Matzke and
Matzke, 1991). Mette and coworkers (1999 and 2000) showed that introducing plasmids
containing inverted repeats of promoter sequences into tobacco and Arabidopsis led to the
synthesis of double stranded RNA molecules. These inhibit the transcription of adjacently fused
antibiotic resistance genes. Furthermore the insertion and removal of the inverted repeats could
be regulated by site-specific recombination employing lox DNA elements bracketing one of the
repeats. These are recognized by the CRE nuclease, which upon recognition removes the DNA
bracketed by the lox DNA sequences. Interestingly, gene activation and inactivation can be
triggered by homologous pairing of alelic genesin the nuclei of somatic cells (Matzke et al.,
2001). Jakowitsch and coworkers (1999) found that transgenes driven by the endogenous
pararetrovirus (repetitive DNA sequences) enhancer are silenced and methylated but remain

unmethylated in Nicotiana species that lack the retrovirus sequences in their genome. These



incomplete virus genomes can thus furnish virus resistance through homologous sequence
interaction. This finding opens a new area for the basis of viral immunity. Aufsatz and coworkers
(2002) studied relationships between RNA signals, DNA methylation and chromatin
modifications by performing a genetic screen to recover Arabidopsis mutants defective in RNA-
directed transcriptional silencing and methylation of a nopaline synthase promoter—
neomycinphosphotransferase |1 (NOSpro— NPTII) target gene. Studying the methylation sitesin
the target DNA that have been de- methylated in the Arabidopsis mutant reveals that the mutation
preferentially addresses the CNG methylation sites. CG methylation in centromeric region was
not reduced in this mutant. The identified protein is a putative histore deacetylase indicating the
structure of the chromatin to be important for specificity of cytosine methylation (Aufsatz et al.,
2002). Using the promoter with inverted repeats as target, mutations identified the gene DRD1.
It preferentially causes methylation at CNG sites and target genes in the euchromatin rather than
DNA in the centromeric heterochromatin. It is considered to be a protein involved in chromatin
reorganization (Kanno et al., 2004).

The second type is the post-transcriptional gene silencing (PTGS), which occurs when
the promoter is active but the mRNASs fail to accumulate. Experiments show that the homologous
transcript is made, but that it is rapidly degraded in the cytoplasm and does not accumulate
(Cogoni and Macino, 2000; Hammond et al., 2001; Ingelbrecht et al., 1994). It has now become
clear that PTGS occurs in both plants and animals and has roles in viral defense and transposon
silencing mechanisms. The transgene-induced PTGS mechanism affects expression of the
transgenes and of endogenous genes with which they share a considerable degree of sequence
identity. Using homologous sense transgenes, the expression of many endogenous genes has

been suppressed. PTGS is mediated by a diffusible, trans-acting molecule. Palaugui and



colleagues (1998) induced PTGS in a host plant by grafting a silenced, transgene-containing
source plant to an unsilenced tobacco host. From work done in nematodes and flies, it is now
clear that the trans-acting factor responsible for PTGS in plants is double-stranded RNA
(dsRNA) (Cogoni and Macino, 2000; Guru, 2000; Hammond et al., 2001; Guo and Kempheus,
1995; Fireet al., 1998). How does dsRNA lead to gene silencing? Hamilton and Baulcombe
(1999) discovered the presence of small RNAs of ~25 nucleotides in plants undergoing
cosuppression that were absent in nontsilenced plants. These RNAs were complementary to both
the sense and antisense strands of the gene being silenced. PTGS through RNA interference
(RNAI) isinitiated by the introduction of double-stranded RNA (dsRNA). Both biochemical and
genetic approaches have led to the current models of the RNAiI mechanism. In these models,
RNAI includes both initiation and effector steps (Hammond et al., 2001; Hutvagner and Zamore,
2002; Cerutti, 2003). In the initiation step, perfect and extensive double-stranded RNA (dsRNA)
structures, induced by virus or transgene, are processed by Dicer-like proteins (DCLS) into
double-stranded short interfering RNAs (SRNAS). In the effector step, SRNAS are recruited into
the RNA-induced silencing complex (RISC) that regul ates the endonucleolytic cleavage of target
MRNASs by the perfect or near perfect base pairing between ssRNAs and the targeted sequences.
The emerging use of PTGS and, in particular, RNA interference as a functional geromics tool to
knock out expression of specific genesin avariety of organisms becomes exciting. Thisis based
on the fact that RNAI has the ability to quickly and easily create loss-of- function phenotypes.
More recently, Song and coworkers (2004) identified the crystal structure of argonaute
proteins suggesting a mechanismfor ssIRNA-guided mRNA cleavage, and Liu and coworkers

(2004) further identified Argonaute2 being responsible for messenger RNA cleavage activity.

10



These experimental evidences support a model in whichArgonaute contributes " Slicer" activity
to the RNA-induced silencing complex (RISC), providing the catalytic engine for RNAI.

Recent work in wheat reveals an overall smilarity between the plant and animal RNA-
silencing pathways, as well as some intriguing plant-specific aspects (Tang et al., 2003; Voinnet,
2003). Tang and coworkers (2003) found that standard wheat germ extract contains Dicer-like
enzymes that convert double-stranded RNA (dsRNA) into two classes of small interfering RNAS,
aswell as an RNA-dependent RNA polymerase activity that can convert exogenous single-
stranded RNA into dsRNA. Demeke and coworkers (1999) observed low GUS and NPT
enzyme activities in transgenic wheat seeds, even though Southern blot and PCR analyses
indicated the presence of an intact transgene expression cassette. The transgene of these wheat
plants was methylated based on Southern blot analysis of genomic DNA restricted with
methylationsensitive enzymes. Northern blot analysis revealed that the plants with the
methylated transgene did not accumulate the uidA-nptll fusion gene transcript. Alvarez and
coworkers (2000) observed that when wheat HMW glutenin subunit genes 1Ax1 and 1Dx5 were
introduced into a commercial wheat cultivar that already expresses five subunits, silencing of all
the HMW glutenin subunits was observed in two different events. Interestingly, the silencing of
all HMW glutenin subunits was reverted and the revertant T2 seeds expressed the five
endogenous subunits plus the 1Ax1 transgene, which was found to be associated with a reduction
of transgenes from a high to alow copy number. The expression of 1Ax1 and 1Dx5 transgenes,
associated with silencing of all the endogenous high- molecular-weight glutenin subunits,
resulted in flours requiring lower mixing time, optimal stretch resistance and sedimentation

volumes, and alower gluten strength (Alvarez et a., 2001).
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2.3  Effortsin transformation of microspores in various plant species

Several researchers recognized the great advantage that a functional microspore
transformation system would offer, and tried to transform microspores in severa species such as
barley (Jahne et al., 1994; Y a0, et al. 1997), tobacco (Stoger et al., 1995), and oil seed rape
(Fukuoka et al., 1998; Dormann et al. 1995, 1998) by using micro-projectile bombardment and
A. tumefaciens-mediated methods, demonstrating stable integration of DNA.

Mentewab et al. (1999) and Folling and Olesen (2001) used micro-projectile
bombardment to transform haploid embryos and isolated microspores in wheat, and observed
transient expression of marker genes, but transgenic wheat plants were not obtained, probably
because of the inefficient microspore regeneration in the experiments. Less than 100 embryoids
were produced from microspores of several spikes in the controls. The efficiency is likely to be
further reduced with the introduction of genes by micro-projectile bombardment since
microspores are very sensitive to physical damage (Y ao, et al. 1997).

Fukuoka and others (1998) obtained successful rapeseed microspore transformation
demonstrating stable integration of the marker gene (firefly luciferase) in To and T; plants by
PCR and Southern analyses. A highly efficient microspore culture method was used and
modified in which over 10, 000 embryoids were obtained from one million bombarded
microspores. Four embryoids were identified to be transgenic from 5 experiments in this study.

Dormann and coworkers (1995, 1998) reported successful A. tumefaciens-mediated
rapeseed microspore transformation with molecular evidence (PCR and Southern analyses). A
single copy of the PAT gene was integrated into the plant genome. An efficient microspore
culture method was used, and microspores were transformed by co-cultivation with bacteria for 2

to 3 days. The bacteria were washed from the culture plate and their growth was further inhibited
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by 200 mg/L timentin. fourty embryoids were recovered from one million co-cultivated
microspores, and upon germination of the embryoids, two plantlets survived a rooting assay for
the herbicide glufosinate ammonium (phosphinothricin, PPT) test.

Similarly, the success in microspore transformation in barley (Jahne et al., 1994; Y ao, et
al. 1997) and in tobacco (Stoger et al., 1995) depended upon effective microspore regeneration
methods. Thus, a highly efficient microspore culture system in wheat was required as a basis for
transformation experiments. Advances in research on androgenesis in many crop species over the
past few decades yielded information on critical factors affecting androgenesis. Successful
androgenesis required two events:

Step 1: induction of androgenesis. In this process, microspores become embryogenic by
changing from the programmed gametophytic pathway (pollen development) to sporophytic
pathway (embryo development).

Step 2: embryoid development and plant regeneration. In this process, embryogenic
microspores develop into mature embryoids and plants.

For induction of androgenesis, stress treatments (nutrient starvation, high or low
temperature) were widely used (Kyo and Harada, 1985; Touraev et a., 1996, 1997; Hu and
Kasha, 1999), and responses were dependent on environmental and genetic factors (Anderson et
al., 1987; Tuvesson et al., 1989; Zhou and Konzak, 1997; Simonson et al., 1997 and Reynolds,
1997). A positive relationship between androgenesis and certain chemical treatments was
observed (Bennett and Hughes, 1972; Rowell and Miller, 1971; Picard et a., 1987), and there
seemed a positive correlation between male sterility and microspore culture response. So it was
thus necessary to identify the chemical formulations that could induce a large proportion of

microspores to become embryogenic. It was further investigated if the effects of stress and
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chemical treatments were additive, to allow the combination of both treatments to achieve high
efficiency of androgenesis induction.

It was recognized that after embryogenesis was induced, the induced microspores
required an optimal physiological environment to develop further into embryoids able to
germinate and develop into green plants. Beneficial effects of ovaries as nurse factors for
formation of good quality embryoids were observed (Kohler and Wenzel, 1985; Bruins et al.
1996; Puolimatka et a. 1996; Hu and Kasha 1997). Different media were used for microspore
culture in different crops and in the same crop. Most media seemed to contain adequate nutrients
to feed devel oping embryoids. The physical constraints of osmolality therefore became critical
for the development of embryoids. Medium osmolality for microspore culture of wheat or other
crop species needed optimization.

Plant regeneration and albinism was another problem in anther and microspore culture.
Genotypic differences in androgenesis induction did exist (Anderson et a. 1987; Tuvesson et al.
1989). Some genotypes naturally reacted better than others in response to environmental
changes, such as stress treatments applied to microspores. To overcome such differences,
microspores needed a better environment so that the physiological limitations could be partially
compensated for with readily available nutrient resources. It was conceivable that genotypes with
reduced plant regeneration and a high frequency of abino plant development were less
competent in their efficiency to utilize the nutrients in tissues surrounding the microspores
during the pretreatment of whole spikes. If this was the case, then to reduce the number of
regenerated albino plants, an adequate supply of nutrients must be readily available to

microspores during this pretreatment or “starvation” period. In other words, microspores should
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not be “starved” severely. It would be possible to test conditions to improve plant regeneration
efficiency and to increase the number of green plants.

It was the goal of this study to determine the conditions for successful microspore
transformation and regeneration of transgenic wheat plants from the transformed microspores.
Optimal nutrient and chemical inducer formulations were first developed for high androgenic
embryoid yields and quality in a number of wheat varieties. Further improvement of
androgenesis could be achieved by optimizing the culture conditions, including co-cultivation
with ovariesin liquid medium with favorable osmolality. Summary data of these researches
have been published in Liu et al. 20023, b and Zheng et al. 2001. In the second part of the
present work, experiments were carried out to determine the optimal co-cultivation time and
concentrations of A. tumefaciens and microspores. Furthermore the optimal time of adding the

bacteria during embryoid induction culture was worked oui.
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CHAPTER THREE
MATERIALS AND METHODS
3.1  Generation of doubled haploid wheat plants
3.1.1 Growing wheat plants and selecting microspore-containing tillers

One to three plants per pot (20 by 25 cm) were grown in a greenhouse controlled at
27°C+ 2°C(day) and 17+2°C(night), and a light regime of 17 hours light and 7 hours dark. Winter
wheat seedlings were artificially vernalized at 6°C for two to two and half months before
growing in the greenhouse. Further application of fertilizer was achieved by daily watering with
nutrient solution containing 200 to 250 ppm of water-soluble fertilizer of nitrogen (N),
phosphorus (P.Os) and potassium (K 20), 20% each. Quality donor plants were selected for
microspore culture.

Fresh tillers containing microspores enclosed within the anthers in the middle section of a
spike at the mid to late- uninucleate stage of development were cut below the second node,
counting from the top of the tiller, and immediately placed in a clean container with distilled
water. All leaves were removed by cutting at their bases. Morphological features of tillers
containing microspores at these stages were established for each cultivar via microscopic
examination of microspores in an anther sample with acetocarmine stain.

3.1.2 Treatment of microspores with chemical inducers and chromosome doubling agent

The collected tillers were placed in an autoclaved sterile flask, containing 50 ml of one of
the following sterile (autoclaved) solutions:

A. Digtilled water (the control treatment for inducer formulations);

B. Inducer formulations (0 to 1 g L'* 2-hydroxynicotinic acid (2-HNA) (Sigma-Aldrich

Co, St. Louis, USA), with or without 107° mol L™ 2,4-dichloro-phenoxyacetic acid
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(2,4-D), and 107 mol L™ 6-benzylaminopurine (BAP) aimed at inducing microspore
embryogeness,

C. Inducer formulation (0.1 g L'* 2-HNA, 10° mol L™ 2,4-D, and 10° mol L BAP),
plus chromosome doubling agent (0 to 1 g L™ caffeine) aimed at conversion of
haploid to doubled haploid (DH) in vitro;

D. Inducer formulation (0.1 g L'* 2-HNA, 10 mg L'* 2,4-D and 2 mg L* BAP, 3mg L*!
giberellic acid), with or without 10% nutrient medium aimed at albino-to- green plant
conversion in vitro. The full-strength nutrient medium contains 232 mg L™ (NH,)
»S04, 1415 mg L™ KNO3s, 83 mg L™ CaCly-2H,0, 200 mg L't KH,PO4, 93 mg L
MgSO,-7H20, 5 mg L' H3BO3, 0.0125 mg L™ CoCl-6H,0, 0.0125 mg L™ CuSO,-
5H,0, 0.4 mg L' KI, 5 mg L'* MnSO,-4H,0, 0.0125 mg L™t Na;MoOs-2H,0, 5 mg
Lt ZnS0O4-7H,0, 37.3mg L't N&EDTA, 27.8 mg L'* FeSO,-7H,0, 50 mg L'* Myo-
inositol, 0.5 mg L™ Nicotinic acid, 0.5 mg L™* Pyridoxine-HCI, 5 mg L™ Thiamine-
HCIl, 500 mg L'* Glutamine, 1 mg L'* Phenylacetic acid (PAA), 90 g L™ Maltose,
adjusted to pH7.0 and filter-gerilized.

The open end of a plastic bag was placed over the spikes, wrapped around the neck of the
flask and sealed around the flask with masking tape to limit microbial contamination and
excessive loss of water. The flask was placed in an incubator at 33°C for a desired period of
time, ranging between about 48 hours to 72 hours depending on the genotypes, until microspores
enclosed within the anthers from the center section of a spike showed a characteristic
embryogenic structure, i.e. the fibrillar-appearing cytoplasm of induced microspores: the
embryogenic microspores typicaly had eight or more small vacuoles immediately adjacent to the

cell wall. These vacuoles surrounded the condensed cytoplasm in the center, forming afibrillar
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structure that can be observed under phase contrast in a Zeiss inverted microscope (Axiovert 25)
by squashing an anther from the middle section of a treated spike.

Alternatively, a second protocol was used to evaluate chemicals in inducing
androgenesis. In this protocol, microspores were isolated right after the spikes were sampled
from greenhouse and no pretrestment was conducted. After the isolation of microspores as
described in Chapter 3.1.3, these freshly isolated microspores were suspended in aliquid solution
A containing chemical formulations, as a pretreatment for inducing androgenesis. Solution A
contained in mgL™!: KCl, 1,492; MgS04.7H,0, 246; CaCl,.2H,0, 148; KH,PO., 136; H3BOs, 3;
Kl, 0.5; MnS04.4H20, 8.0; ZnSO4.7H20, 3.0; FeS0,4.7H,0, 56.0; maltose, 9,000; 2-HNA, 50;
Kinetin, 0.2; it was autoclaved without adjusting the pH.

After microspores were treated in solution A for about 48 hours (ranging between 40 and
70 hours or until formation of a characteristic fibrillar structure), microspores were transferred to
anew Petri dish containing liquid embryoid induction medium, which contained full-strength
nutrient medium, plus 0.2 mg L' 2,4-D, 0.2 mg L™ Kinetin, adjusted to pH7 and filter-sterilized,
and cultured as described in Chapter 3.1.4.

3.1.3 Microsporeisolation and purification

After the tillers were pretreated, they were removed from the treatment flask in alaminar
flow hood. All foliage beneath the first tiller node was removed, keeping only the boot
containing the spike. Isolated boots were then placed on a paper towel and sprayed with 75%
ethanol to saturation. The boots were wrapped in the towel and placed in the hood for
approximately 45 min, or until the ethanol had fully evaporated. Alternatively, isolated boots
were disinfected by immersing them in 20% of a commercial chlorine bleach solution (which

contains 6% sodium hypochlorite, 1.2% fina concentration) in a cylinder for 20 minutes,
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followed by rinsing with distilled water 2 times. The spikes were aseptically removed from each
disinfected boot and placed on top of a 125 mL Waring MC Il blender cup. Awns (if present),
and the upper spikelets were removed, using sterile forceps and scissors. Florets were cut from
their bases and alowed to drop into the open blender-cup. Florets obtained from one to three
spikes were used for each run of the blending process. Forty mL of a0.3 mol L'* mannitol
solution (autoclaved) was added to the blender-cup, and a sterilized cap was placed on the
blender-cup, which was assembled on the blender. The florets were blended for 20 s at 2200
rpm to release most microspores. The blended slurry was poured from the blender-cup into a
sterile filter (a container with 100 um stainless steel mesh at the bottom), and the blender-top
was rinsed twice with 5 mL of a0.3 mol L'* mannitol solution per rinse, and the mannitol
solution was poured into the filter. Residue trapped on top of the filter was discarded, and the
filtrate was pipetted into 15 mL sterile centrifuge tubes and centrifuged at 100 x g for 3 min. The
supernatant was discarded from the tubes, and the pellets were combined and re-suspended in 2
mL of 0.3 mol L'! mannitol solution. The re-suspended pellets were layered over 5 mL of a0.58
mol L' maltose solution (sterile) and centrifuged at 100 x g for 3 minutes A band formed at the
interface. Three mL of the upper band (containing microspores) was collected and resuspended
in 10 mL of a0.3 mol L' mannitol solution in a 15 mL centrifuge tube. The lower band (pellet)
was resuspended (for counting purposes) in 12 mL water in a separate 15 mL centrifuge tube.
Both centrifuge tubes were centrifuged at 100 x g for 3 min. The supernatant was discarded and
the pellet resuspended in 3 mL culture medium for upper band microspores, or 3 mL water for
lower band microspores. The number of microspores in each band was counted with a
haemocytometer, and after counting the lower band microspores were discarded. The total of

microspores isolated was the sum of the microspores from both the upper band and the lower
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band. Only the microspores from the upper band were used for culture. The lower band
microspores appeared to be those that were too young, or too old and containing starch, thus they
had not devel oped sufficiently or had developed beyond the stage of development useful for DH
production. The upper band microspores were resuspended in 10 mL of culture medium in a 15
mL centrifuge tube and centrifuged at 100 x g for 3 min. The supernatant was discarded and the
pellet resuspended in induction medium.

3.14 Co-cultivation of microspores with live ovariesin liquid medium

|sol ated microspores were cultured at a concentration of approximately 1 x 10*
microspores mL™ as a suspension in liquid embryoid induction medium, which contained full-
strength nutrient medium (as described in 3.1.2), plus 0.2 mg L'* 2,4-D, 0.2 mg L'* Kinetin,
adjusted to pH7 and filter-sterilized. An aliquot of 2 mL media per 35 mm x 10 mm Petri dish,
or 5 mL media per 60 mm x 15 mm Petri dish, at a density of approximately 1 x 10* microspores
mL"! was used. For optimization of osmotic pressure in the induction media for androgenesis,
osmolality was adjusted by changing concentrations of maltose and mannitol in induction
medium. Osmolality of each medium was measured by Osmette S Model #4002 (Precision
Systems, Inc., 16 Tech Circle, Natick, MA 01760, USA).

Immature ovaries were added to the culture at a density of one mL™* medium,
immediately preceding the incubation. Ovaries were aseptically dissected from fresh and
disinfected spikes. The ovaries from the cultivar Chris (awnless, spring wheat) were used as
convenient sources for supporting embryogenesis of the whesat lines tested. The Petri dish was
sealed with Parafilm™, and incubated in the dark at 27°C.

For testing the effects of ovary source and co-culture methods on androgenesis, ovaries

were either freshly isolated right before co-culture from freshly harvested spikes, or extracted
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from fresh ovaries of the three genotypes by grinding them in liquid nitrogen and filter-sterilized
with 0.22 um filter (Minipore, INC).
3.1.5 Production of microspore-derived embryoids and doubled haploid plants

It took about one month to harvest the first group of mature embryoids. Multi-cellular
proembryoids, still enclosed within the microspore wall or exine, were formed in approximately
one week after microspores were cultured in liquid embryoid induction medium. In
approximately one more week, the exine wall ruptured and immature embryoids emerged, which
grew into mature embryoids after another 10 to 14 days.  After embryoids had grown to 1 to 2
mm in diameter, they were transferred aseptically to autoclaved solid regeneration/germination
190-2 medium (Zhuang and Xu, 1983) at a density of 25 — 30 embryoidsin each 100 x 15 mm
Petri dish for germinating into plants. The embryoids were incubated under continuous
fluorescent light at room temperature (22 +3°C) with 150-180 pmol m ~2 s of illumination. In
approximately two weeks, green plants developed and were subsequently transferred to soil and
grown to maturity in the greenhouse. To do so, the plantlets in the Petri dish were washed with
running water to wash away phytagel and medium. Small 2 x 2 x 2" plastic trays were filled
with soil that was premixed with fertilizers (N, P, K). Plantlets were planted in the small plastic
trays. The small plastic trays were placed in a20 x 12 x 2" plastic tray. During the first week
after transplanting, a transparent plastic cover tray (propagation dome) was placed over the pots
in the tray to maintain the high relative humidity for the plants while light still penetrated the
cover. Plants were watered every 2 days or whenever the soil appeared to be dry. The plastic
cover tray was lifted gradually so that plants became acclimated to the greenhouse conditions. In

about 2 to 3 weeks, the plants grew vigorously. The plastic cover was removed, and the plants

were transplanted to larger, 20 x 25 cm pots for doubled haploid production. Green plants were
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raised in the greenhouse, much like plants grown from seeds. Stomata size on the 3rd leaf was a
relatively good indicator of ploidy. If plants appeared to be haploid, colchicine or caffeine was
applied to induce chromosome doubling (Thomas et al., 1997). Briefly, the haploid seedling
crowns were immersed in a 3% caffeine solution for 24 hours, followed by rinsing the treated
seedlings in running water for 6 hours. Seeds produced on any plants were instantly
homozygous.

To avoid hias, the first available 200 embryoids from each Petri dish were transferred in
order to evaluate the plant germination rate and doubled haploid percentage. Green and albino
plants with well-developed roots and shoots were counted at 14 days after embryoids were
transferred to germination culture media. Plant fertility was evaluated on the basis of seed set.

More than 20 plants per replication were evaluated for seed fertility.

3.2  Transformation of microspores and regeneration of homozygous transformants
3.2.1 Wheat genotypes

Spring wheat genotypes “Chris’, “Pavon 76", “WED 202-16-2", “NPBCT” and
“Bobwhite” were used. These genotypes are either highly culture-responsive (Liu et al., 2002) or
transformable by particle bombardment (Pellegrineshi et al., 2003).
3.22 Plasmids

The primary goal of this study was to test the hypothesis that microspores can be
transformed. The choices of genes to be used in this study were less important. In order to avoid
time-consuming constructions of new plasmids, a plasmid containing transgenes that were
expected to express in wheat were selected from the collection of von Wettstein’s lab at WSU.
Plasmid RS 128/Xyl (Fig.1) had been used for production of barley transformants (Kohl, 2003)

and was used in this study for transformation of wheat microspores.
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Plasmid RS 128/Xyl (Fig. 3.2.2) is a double cassette vector containing the bar selection
marker between one set of T-DNA left and right borders and the codonoptimized target gene for
1,4-(3-xylanase between a second set of T-DNA borders. The target gene was driven by the
hordein D gene promoter and was supplied with the code for the signal peptide launching the
newly synthesized enzyme precursor into the pathway for endosperm protein storage (Horvath et
al., 2000; Horvath et al. 2002; Jensen et al. 1998; Stahl et al., 2002). The two cassettes were
frequently incorporated into different chromosomes or chromosome arms and therefore provided
the opportunity for selecting herbicide marker-free transformants (Stahl et al., 2002; Van Fleet,
2001). Wheat transformants expressing the enzyme 1,4-3-xylanase may be of some practical
interest. This enzyme depolymerizes the major endosperm cell wall component of wheat grain,
namely the arabinoxylans or pentosans (chains of (1? 4)-3-D-xylose molecules with a-L-
arabinose side chains attached to the xylose by (1® 2) and/or (1? 3) linkages). These have been
identified as major antinutritive components in mature barley and wheat grains. In atrial with
144 starter pigs (10kg), pigs fed with arabinoxylan-enriched fractions of barley ate less and
gained less weight than pigs fed with whole kernel diet. Xylanase addition could counteract the
negative effects (Ankrah, 1999). This corroborated the antinutritive effects established for wheat
pentosans in broiler chicken, piglets and lactating dairy cows and the possibility for correction by
[3-xylanase enzyme treatments (Choct and Annison, 1990; Schingoethe et al., 1999; Rode et al .,
1999).

3.2.3 Binary vector construction

Binary vectors were used for microspore transformation experiments. The binary vector

consists of adisarmed Ti plasmid with virulent genes for mobilization of the T-DNA, and a

plasmid carrying the target transgenes between the left and the right T-DNA borders. A.
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Figure 3.2.2 Plasmid RS 128/Xyl. It is a double cassette vector containing the bar gene (position
3968-4522) driven by the ubiquitin promoter (position 2012-3967) between one set
of T-DNA left and right borders, and the codon-optimized target gene for 1,4-13-
xylanase (position 536-1093) driven by the hordein D gene promoter (position 39-

472) and supplied with the code for the signal peptide (position 473-535) between a
second set of T-DNA borders.
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tumefaciens strain AGL-1 carries adisarmed Ti plasmid, which is derived from the
hypervirulent, attenuated tumor-inducing plasmid pTiBo542 by precise excision of the T-region
(Lazo et al., 1991). It also has an insertion in its recA gene that stabilizes the recombinant
plasmid and renders the strain resistant to carbenicillin. Plasmid DNA was purified with Qiaexl|
kit from Qiagen, Valencia, CA by following the manufacturer’s protocol. AGL-1 cells were
transformed with the vector RS 128/Xyl by electroporation as described in a published protocol
(Mersereau et al., 1990) and modified as the follows:

(1) Preparation of AGL-1 competent cells:. AGL-1 cells were plated out from the
glycerol stock on LB plates, and grown at room temperature for 1-2 days or until single colonies
appeared. A 5 ml LB culture was inoculated from a single colony on the plate, and grown
overnight on shaker with 250 rpm at room temperature. 1 L LB culture was then inoculated with
1 ml of overnight liquid culture, and grown overnight on shaker with 250 rpm at room
temperature until Aspo=1.5~2.0. The cells were harvested by centrifugation at 4500 X g for 5
minutes, and resuspended in 15 ml of cold sterile distilled H>O. The cells were again harvested
by centrifugation at 4500 X g for 5 minutes, and this process was repeated three times. The clean
cells were resuspended in 5 ml of cold sterile distilled H,O with 10% glycerol. The competent
cells were stored in 150 pl aiquotsin 1.5 ml Eppendorf tubes at —70 °C after quick-freezing in
liquid nitrogen. The cells were used for transformation with the vector.

(2) Transformation of competent AGL-1 cells by electroporation: Cellsin glycerol stock
in the freezer were thawed on ice, and 40 pl of cells were dispensed into a 0.2 gap cuvette which
was pre-chilled onice. 1 pl of the vector DNA in H,O (=100 ng) was added into the gap cuvette,
and mixed with the cells by tapping so that the cell-DNA mixture was settled down at the bottom

of the gap cuvette without any trapped air bubbles. The cold and dry gap cuvette was placed in
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the holder of the BIO-RAD Gene Pulser |1, and electroporated with the setting of 1.25 kv/cm, 25
pF and 200 p. 1 ml of LB medium was added into the cuvette immediately after the
electroporation. The mixture was then transferred to an Eppendorf tube and incubated at room
temperature on a shaker with 200 rpm for 1 hour. 100 pl of the cells were plated out on LB
medium containing the antibiotic kanamycin at a concentration of 50 mg/L. The rest of the cells
were centrifuged at 13, 000 rpm for 30 seconds. The supernatant was removed, and the
remaining cells were plated out on LB medium containing the antibiotics kanamycin. The plates
were incubated at room temperature, and colonies appeared in 2 to 3 days, indicating successful
transformation of AGL-1 cells with the vector RS 128/Xyl. The plasmid DNA was isolated and
purified with a Quantum Prep® Plasmid Miniprep Kit (Catalog number 732-6100, BIO-RAD
Laboratories, USA) by following the manufacturer’s protocol. The purified plasmid DNA in 100
pl of sterile distilled H,O was stored at —18 °C for further use, and was used as a DNA template
for PCR analysis to confirm the presence of the vector in the AGL-1 cells. A positive single
colony was plated out by stripping on new LB plate with kanamycin (50 mg/L), and incubated at
room temperature. It was re-plated out by stripping to new plate every 2 weeks for a period of 2
months. Fresh AGL-1 cells from this plate were used for Agrobacterium tumefaciens culture and
preparation as described in Chapter 3.2.4 for transformation of microspores.

Alternatively, these freshly transformed AGL-1 cells were used to make glycerol stocks.
To do so, the freshly transformed AGL-1 cells were inoculated into 25 ml of LB with kanamycin
(50 mg/L) in an autoclaved flask, and incubated on shaker with 200 rpm at room temperature
overnight or until media became non-transparent (ODgpo=1.0 — 1.5). 50% of autoclaved glycerol
in H,O was added to the flask, and mixed well. 250 ul of the medium containing AGL-1in LB

was added to each autoclaved Eppendorf tube (1.5 ml), and stored at —18 °C.
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3.2.4 Agrobacterium tumefaciens culture and preparation

The fresh AGL-1 cells containing the binary vector were cultured in 5 ml of LB plus
kanamycin (50 mg/L) on a shaker with 200 rpm at 20 °C for 48 h or until ODgpo=1.0— 1.5. For
the glycerol stock of AGL-1 cells, each tube with 250 pl of the medium containing AGL-1inLB
was used for inoculation of 5 ml LB without kanamycin on a shaker with 200 rpm at 20 °C for 48
h or until ODgpp=1.0 — 1.5.

The AGL-1 cells were centrifuged at 2500 rpm for 2 min and the supernatant was
removed and the pellet was resuspended in 2 ml of microspore culture liquid embryoid induction
medium, and was then used in co-cultivation experiments.

3.2.5 Microspore preparation and transformation

The method for obtaining microspores as described in Chapter 3.1.1 to 3.1.3 was used.
The procedure was modified to be suitable for transformation. After microspores were isolated
and suspended in 5 ml embryoid induction medium in a60 x 15 mm plate, co-cultivation of
microspores with AGL-1 cells was performed by adding AGL-1 cells to the plate, which was
prepared as described in Chapter 3.1.4. The plate was sealed with Para film and was incubated at
25°C.

Transformation of microspores by co-cultivation of embryoid-forming microspores with
A. tumefaciens containing the plasmid RS 128/Xyl was carried out for 1 to 48 h with various
concentrations of A. tumefaciens in the culture media during embryoid induction culture at days
0,135,714, 21, and 30.

3.2.6 Methods for elimination of A. tumefaciens post co-cultivation
Filtration and rinsing plus the use of antibiotic timentin in the induction medium were

tested for elimination or growth inhibition of A. tumefaciens after a desired period of time of co-
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cultivation with microspores. A. tumefaciens cells were smaller than microspores (<5 vs. 40-50
pm). A filter with the desired mesh pore size (38 pum) was constructed. A. tumefaciens cells
were filtered out by pouring liquid co-cultivation medium through the filter and by rinsing the
filter. All microspores, including transgenic microspores, were collected and re-cultured in the
embryoid induction medium for embryoid production. Timentin was added to the liquid culture
medium to kill the escaped A. tumefaciens or inhibit their growth. The strategy was to use
filtration and rinsing to eliminate most A. tumefaciens cells, followed by the use of antibiotic to
kill or inhibit the growth of residua A. tumefaciens. Optimal timentin concentration at a range of
0 to 800 mg/L was determined by experimentation.

Five fresh ovaries were then added to the plate. The plate was incubated in dark at 25 °C
for embryoid production.
3.2.7 Plant regeneration from transgenic microspores & selection for transformants

The embryogenic microspores cultured in the liquid embryoid induction medium began
to form mature embryoidsin 4 to 6 weeks. After embryoids grew to 1 to 2 mm in diameter, they
were transferred aseptically to solid bialaphos-containing 190-2 medium in 100 x 15 mm Petri
dish for plant regeneration. The embryoids were incubated under continuous fluorescent light at
room temperature (22 °C). In approximately two weeks, green plants devel oped and were
transferred subsequently to soil and grown to maturity in the greenhouse as described in Chapter
3.1.5.

Selection for putative transformants was carried out at the embryoid germinating stage.
Bialaphos was used in the regeneration media to inhibit embryoid germination and growth of
non-transformants while putative transgenic embryoids could germinate and grow because

transformants carried the BAR gene conferring resistance to bialaphos. The bialaphos
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concentration from 0 to 5 mg/L was tested, and optimal concentrations were determined.
Bialaphos was added to the 190-2 medium after autoclaving the medium.
3.2.8 Identification of transgenic plants with introduced genes

PCR techniques were used for initial screening and identification of putative
transformants. Specific primer sets were designed for identification of each transgene (BAR,
Xylanase). The amplified single band unique for xylanase was sequenced to determine if this
unique band was faithfully amplified from DNA template of the xylanase gene. Southern blot
hybridization analysis was performed for T; progenies (Kleinhofs et al., 1993; Horvath et al .,
2002) to determine presence of the introduced gene (xylanase) and the gene copy numbersin
transgenic plants. The enzymatic assay for xylanase and a rapid method to qualitatively
determine the xylanolytic activity were developed previously (Sa-Pereiraet al., 2002), and were
modified to identify transgenic wheat grains expressing (1,4)-b-xylanase.
3.2.8.1 PCR and Reverse Transcription PCR analysis

Polymerase chain reaction (PCR) was performed with plant genomic DNA as atemplate,
which was extracted from young leaves of four week old Tp and T; plants according to the quick
extraction protocol of Horvath et al. (2002) after modification as described in Appendix A.

The primer sets used for PCR are listed in Table 1. Primer set Bar5' and Bar3' amplified
373 bp of fragments (position 56 from 5" end of bar gene and position 428 at the 3' end of bar
gene). Primer set HorS' and Liuxyldown amplified 837 bp of fragments (position 39 from 5 end
of hordein D gene promoter and position 875 at the 3' erd of xylanase gene).

For PCR analysis of the xylanase, PCRs were carried out in atotal volume of 25 pl
reaction mixture, consisting of 1 pl of plant genomic DNA, 1.2 pmol of each primers, 0.2 mM

dNTPs, Pfu buffer (10 mM KCI, 10 mM (NH4)2SOa4, 20 mM Tris-HCI (pH 8.75), 2 mM MgSOs.,
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0.1% Triton X-100, 100 pg/ml BSA (Bovine Serum Albumin)) and Pfu Polymerase (1 unit).

DNA was denatured at 97 °C for 1 minute, followed by annealing at 58 °C for 20 seconds and
extension at 72 °C for 1 minute. This was followed by 29 amplification cycles of 97 °C for 30
seconds, 60 °C for 20 seconds, and 72 °C for 1 minute. An additional extension at 72 °C for 5

minutes was followed.

Table 1. Primer sets used for PCR analysis and the expected size of PCR products.

Primer Sequence Gene Band
size (bp)

Bar5” 5 CGGCGGTCTGCACCATCGTCAACCAC Bar 373
Bar3” 5 GGCATATCCGAGCGCCTCGTGCATG
Bar-Ubil-up 5 CTTTCCCCAACCTCGTGTT Bar 1212
Bar-Ubil-down 5 GTACGGAAGTTGACCGTGCT (with intron)
Bar-Ubil-up 5 CTTTCCCCAACCTCGTGTT Bar 198
Bar-Ubil-down 5 GTACGGAAGTTGACCGTGCT (without intron)
Hor5” 5 AAGCTTCGAGTGCCCGCCGATTTG Xylanase 837

Liuxyldown 5'GTAGCGCGTGGTCGTGTAGATGTCG

For PCR analysis of the bar gene, reactions were carried out in atotal volume of 25 pl
reaction mixture, consisting of 1 pl of plant genomic DNA, 0.8 pmol of each primers, 0.2 mM
dNTPs, Taq buffer (20 mM Tris-HCI, pH8.4, 50 mM KCl), 10% DM SO (v/v), 5 mM MgCh and
Taq Polymerase (1 unit). DNA was denatured at 94 °C for 3 minutes, followed by 25
amplification cycles of 94 °C for 45 seconds, 58 °C for 30 seconds, and 72 °C for 1 minute. An
additional extension at 72 °C for 5 minutes followed.

After PCR, the 25 pl PCR mixture was directly used for 1% agarose gel e ectrophoresis
using 1 x TBE buffer (Tris 10.778 g/L, N&wEDTA 0.93 g/L and Boric acid 5.5¢/L, pH 8.3, stored
at room temperature). 3 pul of ethidium bromide stock (10 mg/ml, wrap in foil, stored in dark at
room temperature.) was added to the 100 ml of 1% agarose gel. 2 pl of Blue Juice (Glycerol 300

ml, Bromophenol Blue 2.5 g, Xylene Cyanol 2.5 g and H,O 700 ml, store at 4 °C) was added to
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the PCR mixture. All 25 pl of PCR product was loaded to the wells of the gel. 15 ul of 1 kb
DNA ladder (50 pl of 1 kb DNA ladder stock, 950 pl of 1x loading buffer (1 ml of Blue Juice, 9
ml of TE buffer pH 7.0 (10 mM Tris, 1 mM EDTA)) was used as marker. The gel was run at 120
V for 1 hour. The DNA band was visualized under UV light and a picture was taken.

To confirm that the DNA template in the PCR reactions for the bar gene was not from the
plasmid DNA due to potential Agrobacterium contamination on the leaves, primer set Bar-Ubil-
up and Bar-Ubi1-down (Table 1) was designed. This primer set amplified a 1212 bp fragment
with plasmid DNA as template (positions 2869 to 4080). However, this same primer set would
amplify a 198 bp fragment with the transformant cDNA as template due to the intron removal
(positions 2954 to 3967). The cDNA was obtained by Reverse Transcription PCR using total
RNA isolated from transformants as described in Appendix C. 1 nl RT-PCR product containing
the cDNAs was used in PCR reactions for the bar gene. The reactions were carried out in a total
volume of 50 pl reaction mixture, consisting of 1 pl of cDNA from RT-PCR, 1 pmol of each
primers (Bar-Ubi1-up and Bar-Ubil-down), 0.15 mM dNTPs, 1 x Red Taq buffer, 0.25 mM
MgCh and Red Taq Polymerase (Sigma D5684). DNA was denatured at 95 °C for 4 minutes,
followed by 35 amplification cycles of 95 °C for 1 minute, 58 °C for 1 minute, and 72 °C for 1
minute. An additional extension at 72 °C for 5 minutes followed. After PCR, 40pl PCR mixture
was directly used for 1% agarose gel electrophoresis using 1 x TAE buffer. 5 pl of ethidium
bromide stock was added to the 100 ml of 1 % agarose g&l. The gel was run at 100 V for 1.5
hou. The DNA band was visualized under UV light and a picture was taken.
3.2.8.2 Cloning and sequencing of DNA fragment

A unigue single band was produced with the designed primer pairs by PCR for

identifying the presence of xylanase gene from transgenic plants. This DNA fragment was
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purified from agarose gel, cloned into PUC 18 vector, and sequenced. This sequence was
compared with the sequence of xylanase gene in the plasmid RS 128/Xyl.

To purify the DNA after PCR, the amplified DNA fragment to be cloned and sequenced
was visualized under long UV light with a portable Mineral Light® lamp (Model UV SL-25 with
multiband UV of 254/366 nm, Ultra-violet Products, Inc., San Gabriel, CA, USA) with minimal
exposure time to avoid DNA mutation, and was carefully cut using a sharp blade. The cut DNA
fragment was placed in a 1.5 ml Eppendorf tube, and was purified with a QIAEX |1 agarose gel
extraction kit (QIAGEN Inc., Vaencia, CA, USA), by following the manufacturer’s protocol.
The purified DNA in 20 pl of H,O was stored at —18 °C for further use.

To clone the purified DNA fragment into the PUC 18 vector, the DNA was first
phosphorylated with T4 polynucleotide kinase (PNK), which was carried out in atotal volume of
25 pl reaction mixture, consisting of 17 pl of purified DNA fragment, 1.5 ul of T4 PNK (10
U/ul), 3 ul of 10 X T4 PNK buffer A, 2.4 ul of ATP (10 mM), and H>O. The reaction was
incubated at 37 °C for 1 hour, and purified with QIAEX |1. The concentration of the purified and
phosphorylated DNA fragment was examined by running a 0.8% agarose gel, together with the
PUC 18 DNA (Smal, dephosphorylated) and 1 kb DNA ladder. In doing so, 2 pl of the DNA
fragment was mixed with 3 pl of TE buffer and 2 pl of Blue Juice. The gel was run at 100 V for
1 hour. The concentrations were determined for adjusting the ratio of concentrations of DNA
fragment to PUC 18 in the next ligation step. The purified DNA in 20 pl of H,O was stored at —
18 °C for further use.

The second step of cloning the purified DNA fragment into PUC 18 vector was to ligate
the purified and phosphorylated DNA fragment with PUC 18 vector, which was carried out in a

total volume of 20 pul reaction mixture, consisting of 5 to 16 pl of DNA fragment, 1 to 2 pl of
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PUC 18 vector, 1 x T4 DNA ligase buffer, 1 pl of T4 DNA ligase, and H;O. The ratio of amount
of DNA fragment to PUC 18 was adjusted to be 5 to 1 in the ligation reaction mixture. The
ligation mixture was incubated at room temperature for 30 minutes.

The third step of cloning the purified DNA fragment into the PUC 18 vector was to
transform E. coli DH5a cells with PUC 18 vector containing the DNA fragment. 100 ul of the
DH5a competent cells from glycerol stock in the freezer in a 1.5 ml Eppendorf tube were thawed
onice. 5ul of the ligation mixture was added to the tube, and mixed gently. The tube was kept
on ice for 30 minutes, and then was heat-shocked at 42 °C for 45 seconds. It was then kept on ice
for 4 minutes to equilibrate the cells. 1 ml of LB medium was added to the tube, and the tube was
placed on a shaker with 200 rpm at 37 °C for 2 hours to generate ampicillin resistance. 150 pl of
the cells were plated out on LB medium containing the antibiotics ampicillin at a concentration
of 50 mg/L. The rest of the cells were centrifuged at 13, 000 rpm for 2 minutes. The supernatant
was removed, and the remaining cells were plated out on LB medium containing the antibiotic
ampicillin. The plates were incubated at 37 °C for about 14 hours or until colonies became
visible. As soon as the colonies were visible, 10 single colonies were picked using a sterile tooth
stick, and plated out on LB medium containing the antibiotic ampicillin. The position of each of
the 10 colonies on the plate was carefully marked. The plate was kept in the incubator at 37 °C
overnight to check the growth of colonies, then placed at 4 °C for long-term storage. Individual
colonies were analyzed for the successful cloning with PCR analysis. To do so, the colony was
touched with the tip of a sterile tooth stick, and suspended in 10 pl of sterile distilled H,O and
used directly as a DNA template for PCR. The same single band as in the positive plasmid
control would indicate the successful cloning of the DNA fragment into PUC 18 vector present

in the bacterium DH5a cdlls.
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To prepare the DNA for sequencing, the successful clone as identified by PCR was used
for plasmid isolation and purification. To do so, the correctly identified colony was picked using
a sterile tooth pick and suspended in 5 ml LB medium containing the antibiotics ampicillin at a
concentration of 50 mg/L. The tube was kept on a shaker with 200 rpm at 37 °C overnight. The
plasmid DNA was then purified with a Quantum Prep® Plasmid Miniprep Kit (Catalog number
732-6100, BIO-RAD Laboratories, USA) by following the manufacturer’ s protocol. The purified
DNA in 100 pl of sterile distill H,O was stored at —18 °C for further use.

The purified plasmid DNA was analyzed for size and DNA concentration by enzyme
digestion, which was carried out in atotal volume of 20 pl reaction mixture, consisting of 2 pl of
DNA, 2 pl of 10 X reaction buffer (Invitrogen react 2), 0.3 pl of Hind I11 (Gibco), 0.3 ul of EcoR
| (Invitrogen), 15.4 ul of sterile H,O. The tube containing the reaction mixture was incubated at
37 °C for 2 hours. The band was visualized by running a 0.8% agarose gel using the thin comb
(20 pl capacity). The size and DNA concentration was determined. 100 ng of DNA was needed
for the sequencing reaction.

The purified plasmid DNA (PUC 18) containing the cloned DNA fragment was used for
DNA sequencing, which was performed with the dideoxynucleotide chain termination method
with the BigDye Terminator system on an ABI Prism 377 DNA sequencer (applied Biosystems)
by Amplicon Express (1610 NE Eastgate Blvd Suite #880, Pullman, WA, USA). The 837 bp of
PCR amplified DNA fragment from wheat transformant carrying the xylanase gene was
sequenced in two reactions, i.e. forward and reverse, so that the complete sequence of the 837 bp
of PCR amplified DNA fragment was precisely determined. This sequence was compared with

the sequence of xylanase gene in the vector RS 128/Xyl.



3.2.8.3 Southern blot analysis

The methods used for DNA isolation, Southern blotting, and hybridization as described
by Kleinhofs et al. (1993) and Horvath et al. (2002) were used and modified as described in
Appendix B.
3.2.8.4 Enzymatic assay for xylanase activity

The xylanolytic activity was quantitatively measured by the determination of the amount
of reducing sugars liberated from the substrate azo-birchwood xylan (Megazyme). The xylanase
standard curve was made with a dilution series of xylanase (from Thermomyces langinosus
(2500U/g) expressed in Aspergillus oryzae, Sigma Cat. X2753) ranging from 0.125 to 0.625 ng
in glycine buffer, 0.05 M, pH 6.0 with NaOH. 150 1 of xylanase was mixed with 200 m of azo-
birchwood xylan Brilliant Blue R, which was pre-warmed at 50 °C for 30 minutes. The mixture
was incubated at 50 °C for 30 minutes. The reaction was terminated by adding 1 ml of precipitant
solution (5 x stock contains 1.47 M Na acetate.3H,0 and 0.11 M Zn-acetate.2H,O, pH 5.0 with
HCI. Work solution contains 200 ml of 5 x stock and 800 ml of methyl cellosolve (2-
methoxyethanol)). Unhydrolyzed azo-xylans were removed by centrifugation at 7000 rpm for 3
minutes. The supernatant was transferred to a clean tube, and the optical density of water-soluble
products released from the insoluble substrate by xylanase was measured at Asgp. The xylanase
standard curve was made by plotting the data of absorbance Asgo against amount of xylanase in
ng and xylanase activity mini Unit (mU).

To measure amount of xylanase from transgenic wheat grains, 200 mg of ground powder
of whest grains was dissolved in 0.7 ml glycine buffer, 0.05 M, pH 6.0, vortexed for 1 minute,

and incubated at room temperature for 5 minutes. The enzyme extraction solution was collected
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by centrifugation at 13000 rpm for 10 minutes. 150 m of the enzyme extraction solution was
mixed with 200 m of azo-birchwood xylan Brilliant Blue R, and incubated at 50 °C for 30
minutes. The reaction was terminated by adding 1 ml of precipitant solution and centrifuged at
7000 rpm for 3 minutes, supernatant collected, and the optical density was measured at Asgo. The
amount of xylanase contained in the transgenic wheat grains was calculated by the xylanase
standard curve.

The xylanolytic activity in transgenic wheat grains was qualitatively determined by a
modified quick zymogram method (Sa-Pereiraet al., 2002). The wheat seeds were cut into half,
and placed onto plates with the cut end facing down. The plates contain 3% (wv'*) oat-spelt
xylan (Sigma) in 0.05 M glycine buffer, pH 6.0 and 1% agarose (wv'Y), autoclaved. These were
incubated overnight (18 to 24 hours) at 50 °C. The plates were stained in 0.1% Congo Red for 15
minutes, and destained with 1 M NaCl for 15 minutes. Congo Red stains xylan. Xylanase from
endosperms of transgenic wheat grains hydrolyzes xylan around the seeds on the plates showing
ayellowish ring (unstained area) on the red background. Non-transformed wheat grains or wild

type controls do not show this yellowish ring around the grains on the plate.

3.3 Dataanayss
3.3.1 Experiments of development of microspore embryogenesis.

All experiments were analyzed as completely randomized designs. There were two to six
replications for each treatment. For the 2-HNA dose experiment, similar Christillers were
assigned to each flask, and each treatment was randomly applied twice to the flasks.

Microspores from each of the two flasks with the same treatment were separately isolated and

cultured in the same Petri dish (replication), and each Petri dish was separately evaluated. For
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the experiments on osmolality or ovary source, microspores from six Pavon 76 or six Chris
spikes were first isolated, and equally distributed to each Petri dish, and each treatment was
randomly applied twice to the Petri dishes. Each of the two Petri dishes with the same treatment
was considered as a replication and was evaluated separately. Liquid embryoid induction media
with different osmotic pressures were made by adjusting concentrations of maltose and mannitol.
For the genotypic response experiment, the same pretreatment regime with 50 mL of the inducer
formulation (0.1g L'* 2-HNA, 10° mol L' 2,4-D and 10°° mol L'* BAP) was applied to eight
genotypes, and data were pooled means of two to six replications per genotype. The general
linear model (Lentner and Bishop, 1993) was used to analyze the data. Analysis of variance was
conducted, followed by a 5% least square difference analysis for the three properties, i.e. number
of embryoids, green plant percentage, and doubled- haploid percentage.
3.3.2 Experiments with conversion of albino-to-green plants

The experiment was considered as a completely randomized design. There were two
treatments, each replicated twice. Two genotypes were used. Each petri dish containing
microspores from the three spikes of the same treatment was considered as one replication. The
general linear model (Lentner and Bishop 1993) was used to statistically analyze the data.
Analysis of variance was conducted, followed by the 5% least square difference anaysis, for five
traits—i.e. number of embryos, regeneration rate, green versus albino plant percentage and
spontaneously DH percentage. At 45 days after microspore plating, embryos visible to naked
eyes were counted, while smaller structures were ignored. A small portion of the embryos that
matured in the early phase was used for evaluating embryo quality. To avoid bias, the first
available 115 and 95 embryos from each petri dish transferred were used to evaluate plant

regeneration rate for the genotypes WED 202-16-2 and Svilena and DH percentage for WED
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202-16-2, respectively. Embryos were transferred to regeneration media in three groups based on
the size of embryos between 30 days and 45 days after microspore plating. Green and albino
plants with well-devel oped roots and shoots were counted at 14 days after embryos had been
transferred to regeneration media. Between 13 and 20 plants for each treatment were evaluated
for ploidy level based on fertility (10 or more seeds per spike). The experiment was repeated
more than three times. The same treatment was also applied to some NPB breeding lines for DH
production.

3.3.3 Experiments with microspore transformation:

All experiments were analyzed as completely randomized designs. There were two to six
replications for each treatment. Microspores were firstly isolated, mixed thoroughly, and equally
distributed to each Petri dish, and each treatment was randomly applied to the Petri dishes.
Embryoids of 1 to 2 mm in diameter were randomly chosen and plated out in every Petri dish
with different treatment (i.e. bialaphos dose in 190-2 medium). Each Petri dish with the same
treatment was considered as a replication and was evaluated separately. The general linear
model (Lentner and Bishop, 1993) was used to analyze the data. Analysis of variance was
conducted, followed by a 5% least square difference analysis for the four properties, microspore

viability, number of embryoids, plant regeneration percentage, and plant surviving percentage.
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3.4  Scheduletime line for magjor steps

Day 1

Day 3

Day 3t0 30

Day 31

Day 45

Day 60

Day 120

Pretreatment of microspore containing spikes; Growing AGL-1 célls.
Isolation & culture of embryogenic microspores in liquid medium.
Co-cultivation of microspores with AGL-1 cells;

Eliminating A. tumefaciens post co-cultivation.

Transferring embryoids to germination medium for plant regeneration;
Selection for transformants with bialaphos in the germinating medium.
Transferring plants to GH for doubled haploid (DH) seed production.

PCR & Southern Blot analysis of leaf DNA samples for identifying positive
transformants.

Harvesting DH seeds; conducting enzyme assay for xylanase with seeds.
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4.1

Generation of doubled haploid wheat plants

CHAPTER FOUR

RESULTS

4.1.1 Microspore embryogenesis triggered by treatment of microspores with chemical inducer

formulations

Over 50% of the total microspores in a spike can be routinely induced to become

embryogenic by treatment with a formulation, including the chemical 2-HNA at 33°C, leading to

the potential development of thousands of green plants originating from the microspores of a
single wheat spike (Table 4.1.1A).
Table4.1.1A Genotypic response to the developed isolated microspore culture method: the

number of green plants obtained from microspores of a single spike of one
recalcitrant and seven medium to highly responsive genotypes.

Name Typet No. of embryoid* Regeneratiorf Greenplant® DH°

Chris HRS 6294 90 99 50

Pavon76 HWS 4965 50 60 65

WED202-16-2 HWS 4305 61 70 80

Svilena SWW 2809 90 90 30

Wawawai SWS 1020 50 48 73

Capo HRW 2056 50 75 30

Caorwa SWS/Club 2210 48 8 20

Waldror® HRS 68 80 99 55

t HRS=Hard Red Spring, HWS=Hard White Spring, SWW=Soft Red Winter, SWS=Soft
White Spring, HRW=Hard Red Winter, SWS=Soft White Spring.

¥ Datawere based on 200 most advanced mature embryoids and estimation of developing
embryoids.

§ Recacitrant genotype.

a Plant regeneration (%)=100 x (no. of green and abino plants)/no. of embryos plated.

b Green or ahbino plant regenerants (%)=100 x (no. of green or abino plants)/no. of
regenerants.

¢ DH plants (%)=100 x (no. of fertile plants with 5 or more seeds per spike) /no. of green

plants evaluated.
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Figure 4.1 The process of generating doubled- haploid wheat plants from microspores. Genotype
Chris. a Growing explants. b & ¢ Sampling and pretreatment of microspore-
containing spikes. d, e, f & g Isolation and purification of embryogenic microspores.
h Mid- to late- uninucleate microspores from the freshly harvested spikes. i
Embryogenic microspores with fibrillar cytoplasm induced by treatment of chemical
inducer formulations at high temperature for 65 hours. j, k, | & mMicrospore-
derived developing embryoids cultured in liquid embryoid induction medium for 7,
14, 21, and 28 days, respectively. n Germination of embryoids on plant regeneration
190-2 medium at day 10. o Transplanting microspore-derived seedlings from Petri
dish to covered plastic trays in greenhouse. p Growing DH plants in greenhouse. q
Production of DH seeds derived from microsporesin 5 months.
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After the treatment, the embryogenic microspores typically have eight or more small
vacuoles immediately enclosed by the cell wall (Fig 4.1 ). These vacuoles surround the
condensed cytoplasm in the center, forming afibrillar structure. The embryogenic microspores
are usually, but not always, of alarger size (about 50 microns)
than the average non-treated or non-induced microspores (25-45 microns). The non-treated or
noninduced microspores do not divide and die when they are cultured in liquid embryoid
induction medium. The embryogenic microspores can form embryoids when they are cultured in
liguid embryoid induction medium (Fig 4.1 j-m). These embryoids can germinate and develop
into green plants (Fig 4.1 n-q).

The optimal concentration of 2-HNA in the formulation for treating microspores to
induce embryogenesis and form mature embryoids was determined to be approximately 100 mg
L (Table 4.1.1B). The number of induced embryoids increased with increasing concentrations
of 2-HNA up to a threshold of 100 mg L%, while the percentage of germinated green plants
(expressed as a percentage of the number of embryoids transferred to germination medium) did
not significantly differ between different concentrations of 2-HNA. Spontaneous chromosome
doubling percentage reached 65% with 2-HNA treatment at 100 mg L™%. A toxic level of 2-HNA
in the pretreatment formulation was observed at the dose 1 g L™, when the tiller stem tissues
deteriorated and microspores died. Microspores, when isolated from tillers pretreated without
chemical inducer formulation (in distilled H,O), appeared to develop toward pollen maturation,
and died when cultured in induction medium.

The chemical, 2-HNA, was effectively and conveniently delivered to act on microspores
by the described method. The chemical inducer formulation is absorbed by the vascular system

of the stem and transported to the anthers and into the microspores, and the 33 °C temperature
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speeds up the efficiency of chemical delivery to microspores. Lower temperatures may be
employed, but adjustments must be made for the slower rates of chemical uptake ard tiller
growth. The optimal period of pretreatment appears to vary somewhat with the genotype and the
treatment temperature, ranging between about 48 h and about 72 h at 33 °C. Tillers can be stored
for conveniencein arefrigerator at 4°C for up to 1 nonth before pretreating the microspores with
the chemical inducer formulation and temperature, and with nutrient stress. Because the
microspore viability falls sharply, tillers should not be stored in arefrigerator at 4°C after the
temperature- nutrient stress treatment. The influence of microspore developmental stages on
androgenesis was very strong. The mid to late uni- nucleate microspores were the most
responsive to chemical induction of androgenesis. Since microspores in wheat spikes are not
synchronized in their developmental stage, one can only expect a portion of the microspores
from a given spike to be inducible to embryogenesis. The task is to synchronize the maximum
number of microspores in a spike at the appropriate developmental stage. Success can be
determined by staining microspores of an anther in the middle section of the spike.

Table4.1.1B Optimization of 2-HNA concentrations for inducing androgenesis. Means of

embryoid yields and percentages of green plants and spontaneous doubled-
haploids from microspores treated with various concentrations of 2-HNA.

2-HNA (mg L) 0* 1 10 100 1000
Number of embryoids’ 22 118° 322° 1238° 0?
Green plant (%) 0? 100° 97° 100° 0?
Doubled-haploid (%) 0? 0? 64° 65" 0?

t No of embryoids with 0.2-2 mm in diameter was counted at day 40 after incubation and
smaller structures (developing embryoids) were ignored. Actual figure would be 5 fold
higher if all potential embryoids were cultured to maturity. Means followed by the same
letter in the same row are not significantly different with ANOVA and 5% L SD analysis.

T Microspores developed in their gametophytic pathway during pretreatment, and died upon
culture in induction medium.

After identifying the effectiveness of 2-HNA in inducing microspore embryogenesis,

other selected chemicals were aso tested for their function in inducing androgenesis. The
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chemicals were selected based on their structural similaritiesto 2-HNA, or potential properties
for causing male sterility, which were positively correlated to induction of androgenesis. Because
it was time-consuming to run experiments with alarge number of chemicals, a ssimpler protocol
was developed. It was observed that after the treatment of microspores with chemical inducer
formulation including 2-HNA, the embryogenic microspores typically had eight or more small
vacuoles immediately enclosed by the cell wall (Fig 4.1 i) and these vacuoles surround the
condensed cytoplasm in the center, forming a characteristic star-like fibrillar structure.
Table4.1.1C The effect of chemical inducersin solution A on formation of embryogenic

microspores with fibrillar structures during a 38 — 52 h pretreatment. Microspores
were al isolated from the spring wheat WED 202-16-2.

Chemica Concentrations tested Optimum Microspore  Embryogenic

Inducer’ (mM) concentration density Microspores
(mM) (no./ml) (%)
Solution A 0 0 4,800 45.1
2-HNA 0.06; 0.12; 0.18; 0.30 0.18 6,100 80.6*
AA 0.09; 0.18 0.09 7,700 67.2*
BT 0.09; 0.18 0.18 7,700 75.7
B-5-CA 0.09; 0.18 0.18 4,600 86.7°
2,3-BM 0.09; 0.18 0.09 2,700 62.6"
DL-H 0.09; 0.18 0.09 4,600 72.3*
2,3-PCA 0.09; 0.18 0.09 2,700 67.4*
SA 0.045; 0.09; 0.13; 0.16 0.13 1,600 70.0*
VAM 0.09; 0.18 0.09 5,100 78.4*

T AA Anthranilic acid, BT benzotriazole, B-5-CA benzotriazole-5-carboxylic acid, 2,3-BM 2,3-
butane-dione monoxime, DL-H DL-histidine, 2-HNA 2-hydroxynicotinic acid, 2,3PCA 2,3-
pyridine carboxylic acid, SA sulfanilamide, VAM violuric acid monohydrate. Chemicals were
added to solution A (control) at described concentrations.

T Statistically significant at P = 0.01 between each treatment and the control based upon at-
test.

The star-like fibrillar structure can be used as an indicator for successful induction of

androgenesis. Based on the results of Kyo and Harada (1985) with tobacco microspores, a



similar procedure was developed in wheat for producing DH from isolated microspores, and was
used to evauate the effect of chemicals for inducing the star-like fibrillar structurein
microspores. The results are summarized in Table 4.1.1C.

The results showed that many chemicals had similar function as 2-HNA to significantly
increase the number of microspores with a characteristic embryogenic structure. In addition to 2-
HNA, two chemicals, benzotriazole-5-carboxylic acid and violuric acid monohydrate were tested
for inducing plant regeneration and showed similar results to 2-HNA (data not shown).

4.1.2 Embryoid formation favored by purification of isolated microspores

Once microspores are embryogenic, it is necessary to separate them from the spikes and
culture them in liquid nutrient media. Liquid culture of isolated microspores provides many
advantages over anther culture. First, the entire process of microspore embryogenesisin the
culture plate can be easily monitored under an inverted microscope and the process of
embryogenesis followed over time, as desired. Microscopic examination provides an effective
way to observe development. Second, all embryoids formed in the culture plate are certain to be
microspore-derived, and plants regenerated are either haploid or doubled- haploid, because the
only cells placed in the culture plates are microspores (Fig 4.1 htk).

The isolation process should minimize damage to microspores. Different microspore
isolation methods were tested, including use of a vortexer, stirring bars, glass bar grinding and
blending. While all methods seemed to work, only isolation by use of a blender produced
repeatable results, and high yields of viable and responsive microspores, especially when fixed
mechanical conditions such as blend speed and time were monitored. Using a blender isarapid
and efficient means for processing large numbers of samples (Fig. 4.1 d and €). Despite these

advantages, It has been observed that using a blender damages over 50% of the embryogenic
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microspores, resulting in early abortion of development toward mature embryoids. Future
research should aim to improve the isolation methods to reduce damage to the induced
embryogenic microspores. Nevertheless, since as many as 50% of the microspores in the spikes
can be induced to be embryogenic, the current procedure already can produce large numbers of
microspore-derived green plants. In fact, so many embryoids are usually produced that the
transfer of the embryoids to germination media can be the factor limiting the number of plants
recovered.

Purifying embryogenic microspores is another important step for which results are
repeatable. The dead, non-embryogenic microspores or debris may interfere with developing
embryoids by releasing phenolics and by changing media composition, such as pH and
osmolality. Several purification methods were found to work, but the combination of asimple
gradient centrifugation by 0.58 mol L' maltose and meshfilter filtration proved to be most
effective and efficient (Fig. 4.1 f and g).

4.1.3 Embryoid formation favored by live ovaries in embryoid induction medium

The female part of the wheat reproductive system definitely plays an essential role for the
re-programmed sporophytic development. In our studies, even large populations of embryogenic
microspores were obtained and cultured in nutrient media, but the majority of the developing
embryoids ceased cell division in the process toward forming mature embryoids in media
without the presence of live ovaries. Extracts of ovaries were not active, indicating that female
nurse substances, only synthesized by live ovaries, were responsible for nursing the majority of

embryogenic microspores to become mature embryoids (Table 4.1.3).
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Table4.1.3  Effects of ovary source and co-culture methods on androgenesis.

Ovary sourcet Ovary per plate  Number of embryoids  Green plant percentage
Pavon/fresh live 2 225% 1007
Chrig/fresh live 2 259% 1002
WED202/fresh live 2 230% 1002
Pavon/extract 2 o o
Chris/extract 2 o o

Y ecora Rojo/extract 2 o° o°
Pavon/extract 10 o o
Chris/extract 10 o o

Y ecora Rojo/extract 10 o° oP°

+ Ovaries were either freshly isolated right before co-culture from freshly harvested spikes, or
extracted from fresh ovaries of the three genotypes by grinding them in liquid nitrogen and
filter-sterilized with 0.22 um filter (Minipore, INC).

Means followed by the same letter in the same column are not significant by ANOVA and
5% L SD procedure. Actual figure would be 5 fold higher if all potential embryoids were
cultured to maturity.

The results also showed that there were no significant differences in the nurse function
for androgenesis among the live ovaries of the three different wheat genotypes tested. In fact, it
was found that live ovaries from other genotypes, including those of low or non-responsive
genotypes and even oat and barley ovaries had similar nurse effects for androgenesis. This
finding indicates that a universal mechanism, present in ovaries of any given wheat genotype
effectively provides nurse factors for androgenesis. Thus, one can take the advantage of the
finding such that Chris ovaries, for example, can be used for androgenesis of all genotypes. This
is especialy valuable in situations where only a limited number of spikes from a target genotype
are available for isolated microspore culture, as often is the case in breeding programs.

4.1.4 Embryoid formation affected by osmoldity in the liquid culture media
With a large population of embryogenic microspores isolated, the task isto provide a
favorable environment to enable them to develop into mature embryoids. In the described

method, embryogenic microspores began their first cell division after approximately 12 hin

culture. Multi-cellular proembryoids, still enclosed within the microspore wall or exine, were
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formed in approximately one week. After an additional week, the exine wall ruptured and
immature embryoids emerged, which grew into mature embryoids within about 10 to 14 days
(Fig. 4.1 i-m). This process was affected by a number of factors, of which culture media
composition and osmolality were critical (Table 4.1.4).

Table4.1.4  Optimization of osmotic pressure in the media for androgenesis.

Media'

1 2 3 4 5 6 7 8
Osmolality 1525 2025 2525 299 347 4025 4495 4975
(mOsmol Kg* H,0)*
Maltose (g LY 40 57 76 90 90 9 90 9
Mannitol (g L'} 0 0 0 0 8 17 245 345
Size of calli on day 14 005 005 02 02 01 01 01 005
(mm)
Number of embryoids® 52 22%  90°  100° 10° 02 0 0

+ Osmoldity was adjusted by changing concentrations of maltose and mannitol in liquid
embryoid induction medium.

¥ Osmolality of each medium was measured by Osmette S Model #4002 (Precision Systems,
Inc., 16 Tech Circle, Natick, MA 01760, USA).

8 Actua figure would be 5 fold higher if al potential embryoids were cultured to maturity.
Means followed by the same letter in the same row are not significantly different with
ANOVA and 5% LSD analysis.

Several mediaincluding MS and MN 6 (Murashige and Skoog, 1962; Chu and Hill,

1988) seem to work successfully for embryoid devel opment, and the composition of most media

contains adequate nutrients to feed developing embryoids. Thus, the physical constraint of

osmolality becomes critical in the development of embryoids. As demonstrated in Table 4.1.4,

the number and size of calli/embryoids were influenced by osmotic pressure in the culture media.

The number and size of calli/embryoids increased with increasing osmotic pressure up to 300

mOsmol Kg* H,0, then decreased with higher osmotic pressure. The results indicated that the

optimal osmotic pressure in culture media for embryoid formation is about 300 mOsmol Kg*

H20.
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4.1.5 Albinism avoided by nutrient addition to pretreatment medium

The presence of additional nutrients in the pretreatment solution during the initiation of
microspore embryogenesis did not affect embryo production for the two genotypes tested. All
Petri dishes produced a similar number of embryos at 45 days after microspore plating (Table
4.1.5). Embryos eventually completely covered the entire bottom of al Petri dishes. When larger
embryos were removed and the culture media and ovaries were refreshed weekly, hundreds more
multi-cellular structures or pre-embryos developed into mature embryos. Each Petri dish
continuously produced more than 1,000 embryos over a period of several months. This indicates
that when microspores are being switched from the programmed gametophytic towards the
sporophytic pathway by a chemical inducer formulation under proper physiological conditions,
additional nutrients available to microspores are not the essentia factors for inducing the
formation of embryos. Nutrients present in tissues such as anther walls and stem tissue
surrounding microspores may be the nutrient source during the pretreatment. Microspores are not
really completely “starved” in this pretreatment regime.

For the genotype WED 202-16-2, the addition of 10% embryo induction medium in the
pretreatment solution significantly increased both the plant regeneration rate (15% increase) and
the percentage of green plants (27% increase) among regenerants (P=0.05) (Table 4.1.5). This
result shows that, with respect to a “problematic” genotype, such as WED 202-16-2, the
availability of additional nutrients to the microspores during embryo initiation helped enable a
large population of microspores to develop into embryos of good quality that were competent for
regenerating into green plants, while it did not negatively affect the growth of embryos from a
genotype with a*“good” genetic background, such as Svilena (Table 4.1.5). The regenerated

plants from each treatment looked similar, and no significant difference in the spontaneous DH
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frequency was detected for the genotype WED 202-16-2 (Table 4.1.5). Svilena plants were not
evauated for the percentage of spontaneous DHs because there was no difference in green plant
regenerants. Similar results for genotypes WED 202-16-2 and Svilena were obtained when the
experiments were repeated. When the same nutrient treatment was applied to some breeding
lines, there was a significant improvement in green plant frequency among regenerants in those
genotypes having a moderate to high frequency of abinos (data not shown).

Table4.1.5 The effect of nutrients in the pretreatment solution on plant regeneration

WED 202-16-2" Svilena
Nutrient Control LSD Nutrient Control LSD
(0.05) (0.05)
Number of visible embryos 620" 640" 624" 650"
at day 45
Plant regenerationt’ (%) 70" 615 4 92" 8g® 3
Green plant regenerants® (%) 89" 708 4 95" 94” 7
Albino plant regenerants® (%) 114 308 4 5A 6" 7
DH plants’ (%) 63" 64" 52

t Meansfollowed by the same letter in the same row are not significantly different by ANOVA
and 5% LSD anaysis

Plant regeneration (%)=100 x (no. of green and abino plants)/no. of embryos plated

Green or abino plant regenerants (%)=100 x (no. of green or albino plants)/no. of

regenerants
1 DH plants (%)=100 x (no. of DH plants/no. of green plants evaluated)

wn +H

4.1.6 Chromosome doubling obtained by treatment of microspores with caffeine in liquid
media
Sampling, pretreatment, microspore isolation, culture and plant regeneration were the
same as described in Chapter 3.1. Caffeine stock solution was made at a concentration of 20 g/l.
It was dissolved in ddH,O and filter-sterilized with afilter pore size of 0.2 um. Caffeine

treatment was conducted in such a way that caffeine stock solution or its diluted solution was
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added to the pretreatment formulation in the flask for the entire period of pretreatment, or/and to
the induction medium for a desired period of time. Caffeine was removed from the induction
medium either by centrifugation of the microspores or by filtration with meshfilters. Caffeine
was carefully rinsed out twice, each with 5 ml of embryoid induction medium. Microspores then
were re-suspended in embryoid induction medium free of caffeine.

The number of embryoids was counted 30 days after the microspores were isolated from
spikes and cultured in the embryoid induction medium. Embryoids larger than 0.2 mm in
diameter and visible to naked eyes were counted. Embryoids larger than 1 mm in diameter were
transferred to 190- 2 regeneration medium. Green and abino plants with roots and shoots
development were counted. Green plants were transferred to the green house and fertility was
evaluated based on seed set.

In the first experiment, the spring wheat Chris was used to evaluate effect of caffeine
treatment in the pretreatment solution at different doses, and in the induction media for a short
period of time at a high dose on embryogenesis induction, regeneration, and spontaneous
chromosome doubling. Data are summarized table 4.1.6.1. The resultsindicated that 10 g/l of
caffeine in the pretreatment solution significantly promoted embryoid induction(P = 0.02) for
the genotype Chris. The embryoid quality as measured by regeneration and green plant
frequency was also affected by caffeine treatment in that 10 g/l caffeine in pretreatment solution
increased plant regeneration while caffeine dose at 1 g/l decreased both plant regeneration (P =

0.002) and green plant frequency.
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Table4.1.6.1 Effect of caffeine treatment on chromosome doubling of cultivar Chris. Means of
each combination of treatment for embryoid number, regeneration percentage,
green plant percentage, number of green plants per single spike, doubled-haploid
percentage and number of DH plants per spike are given for an experiment with a
3 x 2 factorial design with 2 replications per treatment. Caffeine was added to the
pretreatment solution at the concentration of 0, 1 and 10g/I, and in the embryoid

w +H

induction mediafor 20 hoursat 0 and 0.5 g/L.

Factor A: 0 1 10 P-vdue

Caffeine in pretreatment
(L)

Factor B:
Caffeine in media (g/L) 0 0.5 0 0.5 0 0.5 A B AxB
No. of embryoids' 1180 1160 1150 1180 1220 1230 0.016 0.624 0.347
Regeneration
percentage’ 3 34 27 19 47 43 0.002 0179 0.678
Green plant percentage*t 100 78 67 80 98 91 0.010 0.219 0.027
No. of green
plants/spike* 279 204 135 119 369 321 0.000 0.063 0.534
DH percentage® 60 78 75 88 47 73 0.103 0.029 0.705
DH plants/spike’ 168 158 101 104 174 235 0.026 0.420 0.487

Results were evaluated at 45 days after culturing microspores in induction medium when

the first group of embryoids was transferred to regeneration medium. Embryoids larger

than 0.2 mm were counted for each plate.
Means were based on 2 replications and 480-transferred embryoids/calli.

Chromosome doubling data were based on evaluation of fertility of 142 plantsin the

greenhouse.

Actual figure would be several folds higher if al embryoids were cultured to maturity.

As aresult, the number of green plants per spike was higher when using 10 g/l caffeinein

pretreatment (P < 0.001). While the high dose caffeine treatment in the induction medium did

not show any effect on embryoid induction and plant regeneration, it did promote the

chromosome doubling of regenerants (P = 0.03). At 1 g/l caffeine resulted in the highest

chromosome doubling frequency. Overall, the use of caffeine at a concentration of 10 g/l in the

pretreatment medium yielded in the highest number of DH plants per spike used for culture.
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This experiment yielded a much higher DH frequency than many previous experiments
with the genotype Chris, even though the standard culture procedure was used. | have repeatedly
observed that the frequency of DH, and induction response have been affected by the explants
sampled. Earlier herbicide experiments showed that controls in 4 groups of experiments, all with
the same standard culture procedure, yielded very different DH frequencies ranging from 18 to
49%. Additional studies on the effects of physiological conditions of explants on culture
response may be desirable and useful.

In the second experiment, the spring wheat Pavon 76 was used to evaluate the effect of
caffeine treatment in the pretreatment solution at different doses, and in the induction mediafor a
short period of time at a high dose on embryogenesis induction, regeneration, and spontaneous
chromosome doubling. Data are summarized in Table 4.1.6.2. The results showed clearly that the
interactions between factors A and B were significant for all traits (P < 0.01), except
regeneration percentage (P = 0.352). Each combination of caffeine treatment in the pretreatment
and in the induction medium needed to be compared in order to choose the best treatment
combinations.

For embryoid induction, the best two combinations were 1 or 10 caffeine in the
pretreatment followed by 0 or 0.5 g/L caffeine in the induction medium, respectively.

Caffeine treatment at 0.5 g/L in the induction medium decreased the embryoid
regeneration frequency (P = 0.018) for all three pretreatment regimes.

Green plant and DH frequency showed similar trends. They both were decreased by
caffeine treatment merely in the induction medium, or in the pretreatment regimes, suggesting

that it was necessary to include caffeine both in the pretreatment and in the induction medium, or
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not useit at al. The best treatment for total green plants and DH production per spike was

identified as 10 g/L in the pretreatment and 0.5 g/L in the induction medium.

Table4.1.6.2 Effect of caffeine treatment on chromosome doubling of cultivar Pavon 76.

wn +H

Means for embryoid number, regeneration percentage, green plant percentage,
number of green plants per single spike, doubled-haploid percentage and number
of DH plants per spike (Factors A and B combinations). In the experiment with a
3 x 2 factorial design with 2 replications per treatment caffeine was added to the
pretreatment solution at the concentration of O, 1 and 10g/l (Factor A), and in the
embryoid induction media for 20 hours at 0 and 0.5 g/L (Factor B).

Factor A: 0 1 10 P-vaue
Caffeine in pretreatment

(gL)

Factor B:
Caffeine in media (g/L) 0O 05 O 0.5 0 0.5 A B AXE
No. of embryoids’ 700 640 740 720 620 730 0.033 0.537 0.009
Regeneration percentage” 34 31 41 30 39 33 0312 0.018 0.352
Green plant percentage’ 51 24 43 57 47 66 0.000 0.147 0.000
No. of green plantg/spike’ 118 46 127 123 111 158 0.006 0.292 0.004
DH percentage® 45 21 41 50 25 63 0.036 0.050 0.001
DH plants/spike 53 10 52 61 27 99 0.009 0.084 0.001

Results were evaluated at 45 days after culturing microspores in induction medium when the
first group of embryoids was transferred to regeneration media. Embryoids larger than 0.2
mm were counted for each plate.

Means were based on 2 replications and 1440-transferred embryoids/calli.

Chromosome doubling data were based on evaluation of fertility of 167 plantsin the
greenhouse.

Actual figure would be severa folds higher if all embryoids were cultured to maturity.

It was concluded that caffeine, when used at proper concentrations during the

pretreatment regime and in the induction medium, could promote microspore embryogenesis and

spontaneous chromosome doubling frequency. For green plant production, caffeine treatment

decreased the green plant frequency in a good genotype such as Chris, but increased it in other

genotypes, such as Pavon 76, at acombination of 10 and 0.5 g/L in the pretreatment and

induction medium, respectively. For chromosome doubling, caffeine treatment generally



increased the DH frequency. Interms of total DH plant production efficiency, a caffeine
trestment combination of 10 g/L in the pretreatment for 2-3 days followed by 0.5 g/L in the
induction medium for 24 hrs was found to be most effective.

Genotypic differences in response to caffeine treatment were observed. Good genotypes
in DH frequency such as WED 202-16-2 did ot respond to caffeine treatment, indicating its
strong-genetic control over high DH frequency. Upon caffeine treatment, this good genotype
response may be damaged, resulting in albinism and reduced DH frequency (data not shown).

DH frequency was also found to vary greatly between experiments without treatment
with a chromosome doubling agent for the same genotype such as Chris (18-65%) (Data not
shown). The physiological condition of explants is an important factor affecting DH frequency
in microspore embryogenesis. It seems that good greenhouse growth conditions are necessary

for good explant production and higher DH frequency.

4.2 Transformation of microspores

A procedure was devel oped by experimentation for successful microspore transformation
and plant regeneration from transgenic microspores. Over 200 transgenic wheat plants were
produced by transformation of microspores. 24 spontaneously doubled haploid (DH) transgenic
lines were obtained. PCR, DNA sequencing, and Southern blot analyses showed thet the
Xylanase gene was present in the primary transformants (To), and also in all the T, DH progenies,
indicating that (1) the xylanase gene was stably integrated into the wheat genome, and (2) the Ty
DH progenies were indeed homozygous.

Various factors affecting microspore transformation were investigated and the results are

reported here.
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4.2.1 Effect of concentration of AGL-1 cells in the medium on androgenesis

The goal of this study was to transform microspores by co-cultivation with A.
tumefaciens strain AGL-1 cells containing plasmid RS 128/Xyl. After co-cultivation, the
transgenic microspores need to be alive and be capable of developing into embryoids. The
androgenesis was affected by introducing A. tumefaciens into the microspore culture medium
(Table 4.2.1). Both microspore viability and embryoid production decreased with increasing
AGL-1 concentration in the co-cultivation medium. To obtain embryoids and regenerate plants,
the maximum concentration of AGL-1 cells in the culture medium for 24 hours co-cultivation
was identified to be 1%. Higher concentrations of AGL-1 (>1%) caused complete microspore
desth.

Table4.21  Effect of concentration of A. tumefaciens in the culture medium on androgenesis.

AGL-1 dose (%) 0 01 1 5 10 25 50
Viable microspores (%) at Day 7+ 33* 11° 4 0o 0o 0o 0
No. of embryoids at day 30 860° 300° 88 0o o o o

t A tumefaciens strain AGL-1 cells were co-cultivated with microspores of genotype Chris for
24 hrs before being filtered out. Timentin at the concentration of 200 mg/L was added in the
medium post co-cultivation.

¥ Meansfollowed by the same letter in the same row were not significantly different with
ANOVA and 5% LSD analysis.

The results indicate that when microspores are inoculated for a long co-cultivation

duration (i.e. 24 hours), low concentrations (<1%) of AGL-1 cells should be used.

4.2.2 Effect of co-cultivation duration on androgenesis
As expected, androgenesis was affected not only by introducing A. tumefaciens to the
microspore culture medium, also by the co-cultivation duration. When 20% of A. tumefaciens-

containing solution was added to microspore culture plate, both microspore viability and
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embryoid production decreased with increasing co-cultivation duration (Table 4.2.2). When 20%
of A. tumefaciens-containing solution was added to the microspore culture plate, the maximum
permissible co-cultivation duration to obtain embryoids and regenerate plants was 45 minutes.
Longer co-cultivation duration (>45 min) resulted in complete microspore death.

The results indicate that when high concentrations (i.e. 20%) of AGL-1 cells are used for

co-cultivation, the co-cultivation duration should be relatively short (i.e. less than 1 hour).

Table4.2.2  Effect of co-cultivation duration on androgenesis.

Duration (minute) T 0 15 30 45 60 180 300 420
Viable microspores (%) 30 10 8 5 4 2 1 0
a Day 7
Viable microspores (%) 200 7 8% 4 o¢ o 0 o
at Day 14*
No. of embryoids 9407 410° 300° 282> O° O° O O°
at day 40

T 20% of A. tumefaciens-containing solution was added to microspore culture plate of
genotype Chris for 0 to 420 min before A. tumefaciens was filtered out. Timentin at the
concentration of 200 mg/L was added in the medium post co-cultivation.

¥ Meansfollowed by the same letter in the same row were not significantly different with
ANOVA and 5% LSD analysis.

4.2.3 Effect of timing for co-cultivation on transformation

Based on the results of co-cultivation duration and A. tumefaciens inoculation
concentration, several strategies for microspore transformation were devel oped:
(1) Thefirst strategy was to use higher initial inoculation concentration of AGL-1 cells (1 to
20%) with shorter co-cultivation duration (<5 hrs); and
(2) The second strategy was to use lower initial inoculation concentrations of AGL-1 cells
(0.1 to 1 %) with longer co-cultivation duration (24 hrs).

Both strategies were used to transform microspores. The co-cultivation of AGL-1 cells

with microspores was carried out at 0 to 30 days during embryoid induction culture. Over 200
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putative transformants were obtained when co-cultivation was carried out at day 0, i.e. co-
cultivation was followed immediately after microspores were isolated from donor spikes (Table

4.2.3, Fig. 4.2).

Table4.2.3  Effect of timing for co-cultivation on androgenesis and transformation.

Timing (day)" 0 1 3 5 7 14 21 30
No. of transformant* 200 0 0 0 0 0 0 O
t Days during embryoid induction culture when co-cultivation of A. tumefaciens and
microspores was carried out. Genotypes Chris and WED 202-16-2. A. tumefaciens-
containing solution was added to the microspore culture plate for 15 min to 24 hrs before A.
tumefaciens were filtered out. Timentin at the concentrations of 200 or 400 mg/L was added
in the medium post co-cultivation.
¥ Transformants were detected by PCR, DNA sequencing, and Southern blot analyses.

4.2.4 Methodsfor elimination of A. tumefaciens post co-cultivation

It is essential to use timentin to kill or inhibit growth of A. tumefaciens post co-
cultivation. The addition of timentin in the embryoid induction medium may affect androgenesis.
Results showed that number of embryoids decreased with increasing concentration of timentin in
the embryoid induction medium (Table 4.2.4). The optimal concentration of timentin was
determined to be 100 to 400 mg/L. With these doses of timentin present in the medium, a
reasonable number of embryoids was produced while quality of embryoids (plant regeneration
potential) was maintained.

It was observed that the AGL-1 cells were either completely inactive, presumably dead
upon use of timentin post-co-cultivation, or they grew vigorously to eventualy kill the
microspores. The time of adding timentin in the medium post co-cultivation was critical. If the
AGL-1 cellswere not killed post-co-cultivation by timentin, AGL-1 cells grew back rather fast,
within a couple of days. If this happened, it was difficult to kill AGL-1 cells by re-use of

timentin without severely inhibiting embryoid formation. The microspores were very sensitive to
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additional manipulation post co-cultivation. Generaly, the medium in the culture plate
containing transformed microspores should be totally visually transparent and free of active,
moving and live AGL-1 cells under microscopical examination. If the medium in the culture
plate turns nontransparent by visual inspection post co-cultivation, it indicates the failure to kill
AGL-1 cells, and thus results in total failure of obtaining embryoid and plant.

Table4.24  Effect of timentin in the culture medium on androgenesis.

Timentin' (mg/L) 0O 100 200 300 400 500 600 700 800
No. of embryoidat  312% 220° 164° 156 144° 100 52%® 24° 4°
day 30*

No. of embryoid 60 60 60 60 60 60 50 20 O
transferred

No. of green plant 27 22 20 25 26 21 16 1 0
germinated

No. of albino plant 0 0 0 0 0 0 0 0 0
germinated

Plant regeneration’ 452 372 33% 422 43 35° 322 5° (°
(%)

T Timentin at the concentrations of 0 to 800 mg/L was added in the embryoid induction
medium at the beginning of microspore culture. Embryoids were produced from microspores

of wild type genotype Chris.
¥ Meansfollowed by the same letter in the same row are not significantly different with

ANOVA and 5% LSD analysis.
4.25 Plant regeneration from transgenic microspores and selection of transformants

The use of bialaphos in the regeneration medium serves two purposes. (1) putative

transformants that contain the bar gene(s) will survive, and (2) non-transformants will not
regenerate. Because no information was available regarding the tolerance level of microspore-
derived embryoids that contained the bar gene(s), several selection schemes were tested using the
wild type microspore-derived embryoids. The strategy was to determine the minimum

concentration of bialaphos in the regeneration medium, which would effectively inhibit plant

regeneration from wild type microspore-derived embryoids carrying no bar gene.
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Table 4.2.5A Effect of bialaphos used in the regeneration medium on plant regeneration.

Biaaphos 0 1 2 4 6 8
(mg/L)’
Morphology of G, G, G, G, NG NG
plantat day 7% green, 5cm green, 3cm paegreen,  yelow,

lcm 0.5cm
No. of plantsat 432 6° 3 2° ¢ 0
day 28°
Morphology of  Greenshoot  Green Pae-green  Yelow - -
plantsat day 28 with root shoot with  shoot shoot

root without root without root

t Embryoids of 1-2 mm in diameter derived from microspores of wild type genotype Chris
were transferred onto 190-2 medium containing bialaphos at concentrations of 0 to 8 mg/L.

¥ G=germinating, NG=non-germinating.

8§ Maeansfollowed by the same letter in the same row are not significantly different with
ANOVA and 5% LSD analysis.

Results indicated that bialaphos at a concentration of 2 mg/L in the regeneration medium
would effectively inhibit embryoid regeneration of wild type microspore-derived embryoids
(Table 4.2.5A). With bialaphos at a concentration of 2 mg/L or higher in the regeneration
medium, only a few embryoids survived and developed shoots but no roots. These, however
cannot develop into mature plants with the employed plant regeneration protocol which requires
embryoids to develop both shoot and roots in 190-2 medium.

When small germinating embryoids were germinated for 7 days on 190-2 medium
containing no bialaphos and transferred to bialaphos-containing media, plant regeneration was
completely inhibited on medium containing high dose of bialaphos (4 mg/L) while 38% of plant
regeneration was obtained on medium containing a low dose of bialaphos (1 mg/L) (Table

4.2.5B). 70% of these germinating embryoids survived on the low dose of bialaphos (1 mg/L)

medium were able to survive when being transferred to media containing high dose of bialaphos

(4 mg/L).
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Table 4.2.5B Effect of different selection schemes with bialaphos in the regeneration medium
on plant regeneration.

Plate Code' A B C
Bialaphos dose (mg/L) 0 1 4
No. of embryoid transferred 80 80 80
No. of green plants germinated at day 7 51 0 0
No. of green plants germinated at day 21 0 21 0
Plant regeneration (%)* 642 3 0°
Plants transferred from A to B & C°

No. of green plants transferred from AtoB & C at day 7 26 25
No. of green plants survived at day 21 10 0
Plant surviving (%) 382 o°
Plants transferred from B to C°

No. of green plants transferred from B to C at day 21 10
No. of green plant survived at day 35 7
Plant surviving (%) 70

T Embryoids of 1-2 mm in diameter derived from microspores of wild type genotype NPBCT
were transferred onto 190-2 medium containing bialaphos concentrations of O(Plate A),
1(Pate B), and 4 mg/L (Plate C).

¥ Meansfollowed by the same letter in the same row are not significantly different with
ANOVA and 5% LSD analysis.

8 The 7-day-old germinated green plants on Plate A were transferred to Plate B Plate C. Green
plants survived on Plate B were again transferred to Plate C.

1 Plantsdied 14 days after transferring to Plate C.

To avoid escapes (false positive transformants containing no introduced genes which
survive the selection process), the best selection strategies is to germinate putative transgenic
embryoids either on media containing 2 mg/L or higher bialaphos; or to germinate putative
transgenic embryoids on media containing none or alow dose (1%) biaaphos followed by
transfer of the germinated embryoids to media containing a high dose of bialaphos (4 mg/L).
These selection schemes can completely prevent false positive transformants from germinating
(escaped) on the regeneration medium.

Based on these selection strategies, over 200 transgenic wheat plants were generated.

During summer of 2003 to early spring of 2004, the greenhouse was heavily infected with mites,
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and many of the transgenic wheat plants were lost. However, some 24 primary (To)
spontaneously doubled haploid (DH) transgenic lines were obtained.
4.2.6 Identification of transgenic plants with introduced genes

Polymerase chain reaction (PCR) was performed with plant genomic DNA as a template
obtained from four- month-old young leaves of the primary transformants (Top). Optima PCR
conditions were developed for reliable identification of the bar and xylanase genes in the
samples. Various parameters were tested. Among all the PCR parameters, primer sequence was
found to be critical. 16 and 9 different combinations of primer sets were tested for the xylanase
and bar genes, respectively. The primer sets BARS' and BARS3', and 5 Hor5 and 3’ Liuxyldown
were found to be robust for generating a single band for the bar and the xylanase genes,
respectively (Table 3.8.1, Figure 4.2.6A). An expected DNA fragment of 373 bp for the bar
gene was amplified by PCR with wheat transformants. An expected DNA fragment of 837 bp for
the xylanase gene was amplified by PCR with different DNA concentrations of the transformant
B4. It is concluded that with the standard quick DNA extraction methods as described in Chapter
3.8.1, by using the described PCR conditions and 0.2 to 2 pl of tenplate DNA, a single band can
be reliably generated from positive transformants containing the introduced transgenes bar and
xylanase.

In order to confirm that the single band PCR product was truthfully amplified from the
bar gene from the transgenic plants other than potential contaminant Agrobacterium on plant
leaves, total RNA was isolated from transformants, and cDNA was obtained by reverse
transcription from the total RNA. The cDNA was used as the DNA template for PCR reactions.
The primer set Bar-Ubi1-up and Bar-Ubi1-down was designed to amplify a 1212 bp DNA

fragment with the plasmid DNA (Figure 4.2.6B), which contained an intron (1014 bp). PCR
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reactions with the same primer set produced an expected 198 bp band with the cDNAs from the
transformants (Figure 4.2.6B). The results showed that the intron was successfully removed after
the introduced bar gene was transcribed into mMRNA. This demonstrates that the wheat
transformants carry the bar gene and the PCR products are not due to Agrobacterium

contamination.

Figure 4.2.6A PCR anaysis of primary transformants for identification of the bar and xylanase
genes. a). Sample code from left to right: 1 kb DNA ladder; 9 transformants; and plasmid
DNA. A 373 bp band was produced for the bar gene.  b). Sample code: 1 = H,0, 2 = wild
type wheat DNA, 3 = 1 kb DNA ladder; 4 = plasmid DNA; 5 to 8 = DNA sample of the
primary transformant (Tp) B4 at four concentrations 2, 1, 0.5, and 0.2 pl with the standard
DNA extraction methods as described in Chapter 3.8.1. A 837 bp band was produced for the
xylanase gene.

Figure 4.2.6B Reverse Transcription PCR analysis for the bar gene. Sample code from left to
right: cODNAs of two wheat transformants; plasmid DNA; 100 bp DNA ladder. A DNA
fragment of 198 bp was amplified by PCR from cDNAs of transformants, while a 1212 bp
band was produced with plasmid DNA. The gel shift was due to intron removal.

1212bp -
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To confirm that the 837 bp DNA fragment amplified by PCR was truly from the
transformed xylanase gene, it was purified and cloned into PUC18 vectors and sequenced
(Figure 4.2.6C). The sequence was compared to the sequence of xylanase gene used for
construction of plasmid RS128/Xyl. Both sequences showed exact match (100% identity). The
results indicate that xylanase gene is present in the primary transformants (To), and the quick
DNA extraction procedure and PCR conditions used in this study works reliably for

identification of the xylanase gene in the positive transformant samples.

Figure 4.2.6C Cloning and sequencing of a DNA fragment of 837 bp amplified by PCR from the
primary transformant (Tp) B4.  a). Successful cloning of the DNA fragment into PUC 18
vector that was transformed into the E. coli strain DH5a cells. An expected single DNA
fragment of 837 bp was amplified by PCR in DH5a clones (1 to 13, 16 to 23, and 25 to 29).
Sample code: 15 = plasmid DNA (positive control). 30 = H20 (negative control). M =1 kb
DNA ladder. b). Successful purification of plasmid DNA (PUC 18 containing 837 bp of
DNA fragment) and estimation of DNA concentration by enzyme digestion. Sample code: 1
= uncut PUC 18 containing the 837 bp DNA fragment, M = DNA ladder I, 3= PUC 18
containing the 837 bp DNA fragment digested with enzyme Hind 111 and EcoRI. An
expected band of 890 bp was cut by enzymes, and DNA concentration was estimated at 80
ng/ul. plasmid DNA purified from Clone #1 was used for sequencing.
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To confirm that xylanase gene was stably integrated into the wheat genome and the
integrated gene in Tp was stably inherited to next generation (T;), 13 randomly chosen DH seeds
(T1 progenies) from the primary transformant (To) B4 were planted and their leaf DNA samples
were individually extracted and used for PCR analysis. The primer set (5’ Hor5 and
3 Liuxyldown) was used. All 13 T, progenies had the 837 bp DNA fragment (Figure 4.2.6D).
The results indicate that

(1) The xylanase gene is stably integrated into the wheat genome, and inherited into Ty

generation, and

(2) The primary transformant (To) B4 is homozygous for the introduced transgene

(Xylanase), and no gene segregations occurred in the T; DH progenies.
Figure 4.2.6D PCR analysis of 13 randomly chosen DH seeds (T; progenies) from the primary

transformant (Tp) B4. Sample code: 1 = 1 kb DNA ladder, 2 = plasmid DNA, 3=
wild type wheat DNA; 4 t0 16 = 1 to 13 T; progenies.

5 6 78 9 10 11 121314 15 16
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Southern blot analyses were performed with 10 T; progenies each from different Ty
transformants, and 3 T, progenies originated from the same Ty transformant (B4). The results
showed that DNA samples 8, 9, 11, 12, and 13 had unique hybridization band (high molecular
weight, on the very top indicated by an arrow), which the wild type samples (negative controls,
lanes 14 and 15) lacked (Fig. 4.2.6E). So it can be concluded that transformants 8 and 9 contain
the introduced xylanase gene. Transformants 11, 12, and 13 are three different T; progenies from

the same Tp primary transformant B4 as identified by PCR and sequencing analysis (Fig. 4.2.6

65



A, C & D), showing homozygous status of the introduced xylanase gere (no segregation).
Southern analysis also showed one T-DNA insertion site (one copy of xylanase gene) per haploid
genome for 5 T; seedlings analyzed in this study. The Southern blotting results were in
agreement with the PCR and sequence results.

Figure 4.2.6E Southern blot analysis of homozygous T; seedlings for identification of
transformants containing xylanase gene. Putative transformants were obtained by co-
cultivation of microspores with A. tumefaciens strain AGL-1 cells containing plasmid RS
128/Xyl carrying xylanase gene driven by Hor3 promoter and D hordein signal peptide. The
genomic DNA was isolated and purified. 10 pl of genomic DNA was digested with Hind I11,
separated on 1% agarose gel, blotted onto positive charged nylon membrane and probed with
the digoxogenin (DIG)-labeled coding region and promoter as well as signal peptide
sequences of the transgene xylanase (837 bp). Picture ID: C1, C2, C3 = 2, 4, and 8 copies of
the 837 bp probe DNA; M = molecular marker; lanes 1-10 = T; doubled-haploid seedlings of
10 different primary (To) transformants; lanes 11-13 = T; doubled-haploid seedlings of the
same primary (To) transformant B4; lanes 14-15 = wild type wheat DNA (negative controls).

A fast zymogram method was successfully developed and used for identifying transgenic
wheat grains expressing the transgene xylanase. Unstained areas around the transgenic seeds on

plate were observed (Fig. 4.2.7), indicating the presence of active xylanase activity. The wild
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type wheat grain lacked the xylanase activity, as xylans around the seed on the plate were not
hydrolyzed. This method enables fast identification of transgenic grains from large number of
seeds.

The standard curve for the amount of xylanase activity at Asgp Was established (Fig.
4.2.8). At the range from 0.125 to 0.625 ny of xylanase, it is a good fit (R°= 0.999). It was used
to quantitatively measure the xylanase activity in transgenic wheat grains.

Transgenic wheat grains (T,) from six different Ty transformants, and two barley
transgenic grains (T1) were tested for xylanase activity. All six transgenic wheat samples had
significantly higher xylanase activity compared with the non-transformant wild type (Table
4.2.6). The amount of xylanase in the six transgenic wheat samples were estimated to be 0.19 to
0.23 ng per 60 mg of grain or 9.5to 11.5 ng per gram of wheat grains. The xylanase activity in
these transgenic wheat grains was estimated to be 0.49 to 0.59 mini U per 60 mg ground grains
or 8.2to 10 mini U per gram grains. Two transgenic barley samples also had higher xylanase
activity compared with the wild type variety Golden Promise (Table 4.2.6).

All results in this study suggest that wheat microspores can be transformed with
Agrobacterium-mediated techniques, and the transgenic doubled- haploid wheat plants can be
generated from the transformed microspores via androgenesis. Moreover, the introduced gene

xylanase is successfully expressed in the target tissue i.e. wheat grains.
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Figure 4.2.7 Zymogram for identifying transgenic wheat grains containing the active
recombinant enzyme 1,4-b-xylanase. Wild type wheat grains (arrow) lack the yellowish

ring around the seeds, while transgenic wheat grains have unstained areas around the
seeds against the Congo Red stained background.

Figure4.2.8 The standard curve for the amount of xylanase activity plotted against Asgo.

Xylanase was from Thermomyces langinosus with 2500U/g expressed in Aspergillus
oryzae (Sigma Cat X2753).

Standard curve for xylanase

Absorbance at 590

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
ug of xylanase
(1 ug =2.5 mini Unit)
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Table4.2.6  Xylanase activity measured form transgenic wheat and barley grains. The amount
of xylanase in seed grains was measured from the standard curve for xylanase and
1 ng xylanase has 2.5 mini U according to product information from Sigma. 150
n of the 500 m enzyme extraction solution from 200 mg ground grains was used

for the assay.

Sample Name Genotype Asgo Xylanase amount  Xylanase activity
(Mg per 60 mg (MU per 60 mg
ground grains) ground grains)

WED202-16-2  Wheat wild type  0.1437 0.0988 0.2469
Chris Wheat wild type  0.1648 0.1148 0.2869
B4 Transgenic WED 0.2989"" 0.2167" 0.5418"
RS128/xyl 1  Transgenic WED 0.3036" 0.2203" 0.5507""
RS128/xyl 6  Transgenic Chris  0.2714° 0.1958" 0.4894°
RS128/xyl 8  Transgenic Chris 0.2789" 0.2015 0.5037"
RS128/xyl 10  TransgenicWED 0.2981°" 0.2161" 0.5402""
RS128/xyl 11  Transgenic WED 0.3241" 0.2358" 0.5896
Golden Promise Barley wild type  0.3667 0.2682 0.6704
2c Transgenic GP 0.4270 0.3140 0.7851
2b Transgenic GP  0.4260 0.3132 0.7831
P-vdue 0.0108 0.0078 0.0000
LSD (0.01) 0.1464 0.1069 0.2673
LSD (0.05) 0.1038 0.0758 0.1894
*x Valueis significantly different from the same wild type control with ANOVA and 1%

LSD anaysis.

* Valueis significantly different from the same wild type control with ANOVA and 5%

LSD analysis.
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CHAPTER FIVE

DISCUSSION

5.1  High efficiency of generating doubled haploid wheat plants by optimizing several

conditions

Doubled haploid wheat plants were obtained with high efficiency in this study. The
culture system established represents a major advance for DH production in wheat. The overal
efficiency in terms of number of estimated green plants/single spike ranges from 50 to 5500,
indicating that the procedure would be effective for use in genetic transformation, breeding and
research programs. Winter wheat genotypes responded as well as spring wheats when they were
fully vernalized. Several factors are important. First, the procedure provides an effective and
efficient means to obtain large populations of embryogenic microspores, as demonstrated for the
eight genotypes tested. The chemicals 2-HNA and others can effectively trigger microspore
embryogenesis. Second, large populations of isolated embryogenic microspores are cultured at
optimal conditions to form embryoids and green plants. The optimal conditions include
purification of embryogenic microspores from dead microspores and tissue debris, a liquid
culture medium with an osmolality around 300 mOsmol Kg* H,0, and co-culture with ovaries
for providing the nurse factors, which the embryogenic microspores apparently cannot efficiently
synthesize. Third, conversion of albinos to green plants can be obtained by adjustment of
pretreatment condition, i.e. nutrient addition. Fourth, spontaneous chromosome doubling can be
achieved in vitro by use of low toxicity chemical caffeine. When this procedure was applied for

production of doubled- haploids for over 50 wheat genotypes, microspores of a single spike from
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moderately responsive genotypes and crosses have yielded over 100 embryoids and over 50
green plants.

Albinism was one of the major problems in microspore culture. Other reports indicate
that the ratio of green to albino plants could be affected by the genetic and environmental factors,
including the temperature during pretreatment for inducing microspore embryogenesis (Zhou and
Konzak 1997; Hu and Kasha 1999). This study demonstrates that an apparently genetic influence
on androgenesis can be overcome, to some extent, by providing improved conditions to
microspores for induced androgenesis. While stresses including reduced nutrient availability may
be beneficia for the induction of androgenesis, some nutrients are needed for normal green plant
formation at the very beginning of androgenesis induction. There are reports that albino plantsin
wheat and barley have altered plastids in which the DNA has been changed or partially deleted
(Day and Ellis 1984, 1985; Chen et al. 1986). The question still remains as to how the lack of
nutrients readily available to microspores relates to alterations or deletions in plastid DNA.
Further study should be directed towards determining if the observed responses are due to major
or minor nutrients, or maltose, and towards determining the effects of nutrient concentration and
treatment duration.

If plants appear to be haploid as determined by examining the stomata size and plant
morphology, colchicine is usually applied to induce chromosome doubling. However, colchicine
has high toxicity, especialy to humans. Additionally, it takes extra time and labor to convert
haploid to doubled haploid plants by treating haploid plants. It is therefore highly desirable to
obtain doubled haploid plants when the chromosome doubling events happen spontaneoudly in
the process of embryoid development. Previous reports indicated that treating plant cells with

caffeine causes nuclear fusion in Vicia faba root meristem cells (Roper, 1976; Davidson and
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Armstrong, 1979), and formation of binucleate 2n-2n cells in onion bulb root-tip cells (Gimenez
Martin, et al., 1968). Caffeine was reported to restore fertility of wheat haploid plants (Thomas,
et al., 1997). Thisstudy demonstrates that an increased spontaneous DH production can be
accomplished by the adjustment of culture conditions, with addition of inexpensive
chromosome-doubling agents of low toxicity (caffeine) to the induction medium.

Because of the genetically fixed status of the DH lines, the time needed to produce
homozygous transgenic wheat plants can be reduced by many months. These make isolated
microspore culture an ideal tool for genetic transformation. The devel oped microspore culture

method provided a basis for transformation experiments.

5.2  Successful microspore transformation

In the second part of this study, the developed microspore culture method was used for
transforming microspores to generate transgenic wheat plants successfully. Molecular and
biochemical evidences (PCR, DNA sequencing of the amplificate, Southern blot analyses and
assay of the recombinant enzyme) confirmed the hypothesis that microspores can be transformed
and transgenic microspores can be selected and regenerated to produce homozygous DH wheat
plants with stably inherited transgene expressing a recombinant protein.

Several factors for successful transformation were identified. First, co-cultivation with
Agrobacterium for transfer of the plasmid T-DNA into microspores had to take place at day O for
< 24 hours. The volume of the inoculated AGL-1 cells at ODgpp=1.0~1.5 had to be < 1% of the
co-cultivation solution. It can be presumed that the T-DNA can enter microspores through
germinating pores, which are only closed by the plasma membrane, the plasmalemma (Mizelle et

al., 1989). It is aso possible that damages or wounding of microspore cell walls by the blender
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may serve as channels for T-DNA invasion into microspores, and enhance transformation
(Weber et al., 2002). Dormann and co-workers (1995, 1998) transformed rapeseed microspores
by co-cultivation with Agrobacterium for 2-3 days. However, it was observed in this study that
co-cultivation of wheat microspores with Agrobacterium could not go beyond 24 hours, or
embryogenesis was generally inhibited. Second, killing of AGL-1 cells after co-cultivation was
achieved by filtration and addition of timentin at a concentration of 200-400 mg/L. Careful
handling of microspores is required to obtain viable microspores after co-cultivation. Third,
selection of transformants should be carried out with bialaphos at a concentration of 2-4 mg/L. A
high level of escapes has been reported (up to 95%) with the bar selection scheme (Vasil et al.,
1992, Altpeter et a., 1996, Witrzen et al., 1998). In those studies, callus have gone through many
days exposure to phosphinathricin (PPT) and glufosinate ammonium, the active ingredient in the
herbicide Basta (Hoechst AG) and Liberty (AgrEvo). Callus without the transgenes under these
conditions may become tolerant to the herbicide, resulting in escapes. The low level or lack of
escapes observed in this study is likely due to the different plant regeneration system used. In the
process of androgenesis, individual microspores generally develop into embryoids (no callus
stage) (Liu et al., 2002), and the selection scheme starts at the plant regeneration stage.
Microspore-derived embryoids without the bar gene are sensitive to bialaphos, and are inhibited
for germination and plant development. Fourth, identification of transformants by PCR can be
carried out when regenerating seedlings were at 4-6 leaf stage, and the transgenic wheat grains
expressing the target enzyme (1,4)-b-xylanase can be quickly identified by zymogram.
Thisisthe first report on successful production of transgenic wheat grains expressing a

recombinant protein by microspore transformation.
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53  Outlook

The method described and conditions worked out for microspore transformation in this
study are likely applicable to other plant species, especialy monocots which have lower
transformation efficiency as compared to dicots.

Still, the described method in this study is considered to be imperfect, and there is room
for further improvements. One of the areas to be modified is the selection marker design for easy
identification of transgenic microspores at the embryoid stage. Visual screening markers such as
GFP may be used to aid the identification/selection of transgenic embryoids under florescence
microscope. The transgenic embryoid containing the GFP gene will emit florescence, so only
transgenic embryoids need to be picked up from large population of embryoids for plant
regeneration. Thus, using visual screening markers can save time and labor. Thisis especialy
economic in the case of microspore transformation because a large number of embryoids can be
produced from a large population of microspores. The drawback is the need of microscope
equipped with florescence generator with correct filter sets in order to identify transgenic
embryoids containing GFP gene. It is expected that the labor- and time-saving will compensate
for the expense of the equipment.

Another area of future research is the early counter-selection of non-transgenic
microspores and/or nonttransgenic developing-embryoids. This requires application procedures
for antibiotics or herbicides in the embryoid induction medium that inhibit non-transgenic
microspores to develop into mature embryoids. Such a strategy is expected to work but
modification of the embryoid induction medium from liquid to solid or semi-solid is needed
when bialaphosis to be used. If thisis successful, only transgenic microspores and/or

devel oping-embryoids will regenerate into mature embryoids. Again this will save time and
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labor, which are needed for transferring large amount of embryoids for selection at plant
regeneration stage as required with the present procedure.

It is also interesting to apply other successful gene-transfer techniques to embryogenic
microspores. One promising technique that is expected to work with microspores is the
liposome-mediated gene delivery method. The germination pore of microspores may provide a
good channel for a liposome-encapsulated T-DNA complex to get into microspores. This
method is expected to be more efficient, smpler, easier, and more economic than the
Agrobacterium-mediated and particle-bombardment techniques. Liposomes are spherical
vesicles, with particle sizes ranging from 30 nm to several micrometers, consisting of one or
more lipid bilayers surrounding agueous spaces, and were first described by Bangham and co-
workers (1965). The liposome-vesicles can encapsulate agueous solutions, and have been
introduced as drug delivery vehicles due to their structural flexibility in size, composition and
bilayer fluidity as well as their ability to incorporate a large variety of both hydrophilic and
hydrophobic compounds (Vemuri and Rhodes, 1995; V oinea and Simionescu, 2002). Cationic
liposomes form complexes with DNA and can be used in gene delivery (Felgner et al., 1987;
Farhood et al., 1995; Meyer et al., 1998; Nakanishi, 2003). The advances in liposomes- mediated
gene delivery combined with the elegance of T-DNA offer avery promising future for asmple
transformation method. Extensive researches on Agrobacterium tumefaciens-mediated plant
transformation have yielded detailed information on the T-DNA processing and integration into
the host plant genome (Gelvin, 2000; Ziemierowicz et al., 1999, 2000, 2001; Ziemienowicz,
2001). Two bacterial virulence proteins, VirD2 and VirE2, play key rolesin the nuclear uptake
and genomic integration of T-DNA in plants. VirD2 plays avital role in T-DNA synthesis by

recognizing and cleaving the pTi plasmid within the conserved border sequences. VirD2 then is
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covaently bound to the 5 end of the ssT-DNA via a phosphotyrosine bond resembling an
eukaryotic nuclear localization signal (NLS), which is essential for the nuclear import of the
complex. Agrobacterium strains deficient in VirD2 are unable to produce viable T-DNA, and
mutations in VirD2 motifs result in reduced integration efficiency and deletion of the T-DNA &
ends. VirE2 covers the entire length of T-DNA thus protecting it from degr adation and
maintaining its conformation for nuclear import. Agrobacterium strains deficient in VirE2 result
in extensive deletion of the T-DNA 3’ ends and drastically lower transformation efficiency.
VirD2 and VirE2 proteins are both essential and sufficient to mediate nuclear import of in vitro
synthesized T-DNA complexes into mammalian and plant cell nuclei (Ziemienowicz et al., 1999,
2001; Pelczar et al., 2004). This strategy coupled with high efficiency in a microspore
regeneration system may yield promising transformation methods for quick production of
transgenic plants.

The established method for generating homozygous transgenic wheat plants in one
generation via microspore transformation may provide useful means in wheat research and trait
development. It allows researchers to routinely introduce cloned genes into wheat plants and
express the introduced genes in target tissue in arelatively short period of time. It is expected
that the transgenic wheat research will likely play a more important role in wheat improvement
in several aspects, such as improving tolerance to biotic and abiotic stress, and nutritional
enhancements. Advances in transgenic rice and barley research provide an impetus for wheat
researchers. Transgenic rice with agronomically useful genes has been produced, as reviewed by
Giri and Laxmi (2000). More recently, rice researchers have tried to manipulate dwarfism, a high
value trait. The LAX Panicle gene LAX was overexpressed in rice resulting dwarfism

accompanied by severe sterility (Komatsu et al., 2003). When the gene OsGA20x1 coding the
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gibberellin catabolic enzyme GA 2-oxidase was overexpressed in rice shoots, normal fertile
semi-dwarf rice plants were obtained (Sakamoto et al., 2003). Increase tillering in transgenic rice
plants was achieved by overexpressing MOCL1 gene, which encodes a GRAS family nuclear
proteins found mainly in axilliary buds (Li et al., 2003). Wang and co-workers (2003) identified
the pollen-development specific protein RAFTIN by RNAiI method inrice. Katiyar-Agarwal and
co-workers (2003) obtained transgenic rice plants with enhanced heat tolerance by
overexpression of Hsp101, a heat shock protein from Arabidopsis thaliana. Transgenic rice
carrying an Na'/H" antiporter gene OsNHX1 had enhanced salt tolerance (Fukuda et al., 2004).
Expression of the barley trypsin inhibitor CMe in transgenic rice plants improved their insect
resistance (Alfonso-Rubi et al., 2003). Transgenic rice and barley plants have increased disease
tolerance (Itoh et al., 2003; Liu et al., 2004; Horvath et al., 2003). Y e and co-workers (2000)
introduced the entire provitamin A (b-carotene) biosynthetic pathway into rice endosperm and
produced yellow colored rice grains containing provitamin A (Golden Rice). Human milk
proteins were expressed in rice and the recombinant protein lactoferrin has similar properties to
the native protein (Lonnerdal et al., 2002; Suzuki et al., 2003). Horvath and co-workers (2000)
produced transgenic barley grains expressing a recombinant protein (1,3-1,4)-b-glucanase, which
depolymerizes the b-glucans of the endosperm cell wall and converts barley into a high-
metabolic feed grain.

In this study, transgenic wheat grains were produced that expressed a recombinant
enzyme, (1,4)-b-xylanase, which depolymerizes the mgjor wheat endosperm cell wall component
(arabinoxylans) therefore increases the feed value of grains (Ankrah, 1999). Researchers used

transgenic approaches to combat Fusarium head blight (scab) in wheat and barley (Dahleen et
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al., 2001; Okubaraet al., 2002), and to improve wheat flour quality (Masci et al., 2003; Blechl et
al., 2004).

In conclusion, this study demonstrates that it is possible to transform microspores and
generate transgenic wheat plants expressing recombinant proteins in the target tissue, i.e. wheat
grains. Additionally, this method can generate homozygous DH transgenic grains in less than 6
months for spring wheat. It is anticipated that advances in many areas of biotechnology will lead

to more efficient transformation methods and their utilization in wheat improvement.
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A. Plant genomic DNA isolation procedure

Q From approximately 4 week old plants 1-2 cm of young leaf is punched into a 1.5 ml
Eppendorf tube using the lid of the tube. Avoid touching the cut end. Put leaf into the tube, close
lid and tear leaf off. Make sure the leaf is not hanging out of the tube. Close the lid and place it
on ice.

2 Store the tube containing leaf samples in a freezer at —18 °C for future use.

3 Take tubes out of freezer. Add 400 pl of extraction buffer and immerse the leaf
completely in the buffer by using the pipette tip. Place the tubes in a rack at room temperature.
Grind leaf samplesto afine powder using a grinder for about 1 minute. Place a clean pestle
attached to a drill and grind directly in the Eppendorf tube, the blue plastic reusable pestles fit
down into the 1.5 ml tubes. Be careful to place the pestle tip so that the leaf is under the tip or to
the side, and move the tube for efficient grinding. Avoid spilling by adjusting the grind speed
(speed controller position 3-4).

DNA extraction buffer (10 ml):

Stock solution Final concentration
IM TrissHCI pH 8.0 2ml 20mM

5M NaCl 0.5ml 250 mM

0.5M EDTA pH 8.0 0.5ml 25mM

20% SDS 0.25 ml 0.5%

dH,O 6.75mi

4 In hood add 400 pl of chloroform: isoamyl alcohol (24:1 v/v), vortex well and centrifuge

at 13, 000 rpm for 10 minutes.
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(5) Transfer 300 pl of the clear supernatant to a fresh tube. Use yellow tips and avoid
touching with pipette tip any debris or chloroform. Dump the chloroform into a waste bottle and
spent tube to a waste container in the hood.

(6) Add 300 pul of isopropanol and mix well by inverting the tube a couple of times. Allow
standing at room temperature for 1 to 2 hours and centrifuge at 13, 000 rpm for 10 minutes. A
small pellet should be visible.

(7) Decant supernatant and wash the pellet 3 times with 75% ethanol using a squirt bottle.
Take care not to squirt at the pellet and dislodge the pellet. After last wash Suck off any ethanol
visible in the tube without touching the pellet.

(8) Leave the tube on the counter for about 45 minute so that the tubes are completely dry.
9 Add 50 pl of sterile H,O and use the pipette tip to suspend the pellet. Leave at 4 °C
overnight for the entire DNA to dissolve.

(10) Centrifuge for 3 minutes at 13, 000 rpm and collect the clear supernatant with DNA. Store

a 4 °C or —18 °C for long term storage. Use 1 pl as a template for PCR analysis.
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B. Southern blot procedure

Isolation of plant genomic DNA

Q) Harvest 1.5-2 g (about 3-4 full leaf blades) fresh leaf materia of 3-4 week old young
seedlings or very young inflorescence by placing cut pieces (1 in.) into a 50 mL centrifuge tube
to be closed with a cap or into a ziplock bag, and place into liquid nitrogen after sealing and
cutting small vent into bag. Minimize the time (1-2 min per plant).

2 Lyophilize to total dryness and store samples in sealed plastic bag (with desiccant) at -20
9C until used. Samples prepared and stored this way will be good for extraction for many years.
Or store fresh samples at -80 °C.

3 Put 0.1 g dry or 1.0-1.5 g fresh materials in a 50 ml mortar and pestle, add some liquid
nitrogen and carefully grind to a very fine powder. This takes about 30 seconds. Put the
powdered sample into al5 ml polypropylene conical tube.

4 Add 7 ml of extraction buffer (110 mM Tris pH8.0, 55 mM EDTA pH8.0, 1.54 M NaCl,
1.1 % CTAB; Trisisfromal M stock pH8.0, EDTA isfrom a0.5M stock pH8.0, NaCl isfrom
a5 M stock, CTAB is from a 10% stock kept in 3 7 °C incubator.), which has been pre-warmed
to 65 °C. Do one tube and then do step 5 & 6 to that tube before doing another tube.

) Immediately vortex tube thoroughly so there are no chunks,

(6) Immediately add 0.7 ml of 20% SDS. Mix tube gently without making bubbles by end
over end rotation and incubate in 65 °C water bath for 2 hr with occasional inversion. (The final
composition is now 100 mM Tris, 50 mM EDTA, 1.4 M NaCl, 1 % CTAB, and 2% SDS).

) Remove from water bath and let cool 5 minutes on lab bench.

(8 Add chloroform: (24 parts chloroform: 1 part isoamylacohol) to 14ml mark on tube.
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9 Mix thoroughly for at least 15 minutes by inversion (not too fast) to form an emulsion
(two phases not visible).

(20 Centrifuge 20 minutesin clinical centrifuge at 2000 rpm to separate the phases.

(11 Remove top phase slowly with disposable 10 ml pipette and transfer to fresh 15 ml
polypropylene conical tube. Do al the tubes.

(12 Do this step one tube at atime. Add 0.6 volume of isopropanol or 2-propanol (e.g. if
8ml top phase add 4.8ml isopropanol). Mix carefully by holding tube flat (sideways) and rocking
slowly so that solution rocks back and forth: one end of tube and then the other (2 seconds
between ends). When strands of DNA form at the interface of the two phases rock for about 1-2
minutes more. If bubbles attach to DNA strands gently flick sides of tube to dislodge them.

(13 Centrifuge 4 minutes in clinical centrifuge at 2000 rpm to collect DNA at tube bottom.
(14) Carefully pour off liquid and make sure that DNA is not poured off by using a blue
pipette tip to block the DNA pellet.

(15 Add 4.0 ml 1x TE buffer. Invert tube to dislodge DNA then let tube stand at 4°C
overnight or may proceed directly to next step.

(16) Next morning, place DNA tubesin 45 °C water bath for 20 minutes and mix gently. Do
this until DNA is dissolved.

a7 Add RNase A (Ribonuclease A, R-4875, Sigma) to final concentration of 10 pg/ml mix
gently and let digest at 37°C. If DNA is not completely dissolved then continue to incubate at 45
°C up to 2 hrs. Be sure that the RNase A has had at least 1 hr to digest at 37 °C.

(18) Add about 8 ml of chloroform and rotate tubes end over end for 10 min and centrifuge

forl5 min at 2000 rpm to separate phases.
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(19 Remove top phase slowly with disposable 10 ml pipette and transfer to fresh 15 ml
polypropylene conical tube.

(20 Add 1/10th volume (about 0.4ml) 3 M sodium acetate solution (pH 5.2). Mix gently.
(21 Add two volumes (about 9 ml) of 95% ice-cold ETOH.

(22) Mix carefully by holding tube flat and rocking slowly so that solution rocks back and
forth: one end of tube and then the other. When mixed well you should be able to see the blob of
DNA.

(23 Centrifuge for 20 minutes at 2000 rpm. Pour off liquid. Using a sterile tip pull the DNA
pellet up the side of the tube about 3 cm. Using a sterile blue pipette tip to flatten the pellet onto
the wall of the tube.

(29 Add about 2 ml of 70% ETOH, and mix so that the pellet comes loose and is washed
thoroughly for 30 seconds and then pour off liquid carefully so as not to lose the DNA pellet.
(25) Using a sterile blue pipette tip, squeeze each DNA pellet and drag the DNA up about |
cm. Using a pipette to remove the liquid, continue to squeeze the DNA until it has reduced its
size about 10 fold removing all liquid.

(26) Place tube containing DNA into dry heat at 37 °C for 20 minutes.

(27) Add 100-150 pl of TE to dissolve DNA and cap tube. Let tube stand at 4 °C overnight.
Next day place in 45 °C water bath for 15 min to dissolve DNA.

(28) Transfer the DNA solution to 1.5 ml bullet tube.

(29 Concentration of working solution should be quantified by visual appearance
(brightness of band) of uncut band (1:10 dilution) in 1% agarose gel after electrophoresis with

TAE buffer at 45 V for 3 hours and staining with ethidium bromide. ? DNA at concentrations of
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5-500 ng/pl are used as markers. Adjust sample DNA to 0.5 to 1.0 pg/pl and store at 4 °C. Pay
attention to sterile technique in all steps.

Southern blotting and hybridization

@ Use 10 pug DNA per sample.

2 Digest DNA using 30 units of the proper enzyme (Hind 111 3ul (10 unit/ul, Invitrogene),
10 x React 2 buffer 3 ul, HoO 4 ul, DNA 20 pl (0.5 pg/ul)) in 30 ul reaction mix in a PCR tube
at 37 °C for at least 10 hours (overnight).

3 Electrophoresis is performed in agarose (0.8 - 1.0%) submarine gels using Ix TAE buffer
without ethidium bromide at 20-25 V overnight (15-18 hours). 1 kb DNA ladder is used as size
marker, and DNA digest plus 3 pl of 10 x loading dye is used. After the blue dye has run about
10 - 11 cm, trim gel at sample dots and then measure the length and cut at 10 cm. The gels are
23 cm wide using a variety of combs. Cut upper right corner of the gel. Stain with ethidium
bromide for 20 min and photograph the gel if necessary. 10-15 pg DNA/sample are used; this
allows for quick turnaround time on the blots and routinely gets 20+ hybridizations per filter. To
determine the copy numbers of the introduced gene in T; transformants, the DNA fragment of
837 bp containing the xylanase gene sequence was used. The concentration of the DNA fragment
of 837 bp was determined to be 40 ng/pl by running 1% agarose gel electrophoresisat 60 V for 1
hour with TAE buffer and ethidium bromide stain with 5ul/lane DNA ladder | as marker. The
DNA fragment of 837 bp was obtained by PCR band purification. Wheat haploid genome has
about 1.6 x 10'° bp. Amount of DNA of the 837bp needed for 2 copies equals to 10 pg (Sample
DNA for gel) x (2 x 837) / (3.2 x 10'), i.e. 0.52 pg. For 4 copies, it is 1.04 pg, and 2.08 pg for 8
copies. 10 ug of wild type WED 2020-16-2 DNA was used for enzyme digestion, and then mixed

as carrier DNA with the copy number marker DNA (837 bp) at three concentrations.
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4 Using alarge dish, wash each gel in about 500 ml of 0.25 N HCI (10ml concentrated
HCI/500 ml water) for 15 min. This depurinates the DNA and alows for transfer of high
molecular weight DNA fragments.

) Rinse gels with deionized water. Using a large dish, wash each gel in about 1 L of Rinse
Solution (0.4 M NaOH containing 0.6 M NaCl; for 1L: 16 g NaOH, 35 g NaCl) on shaking
platform for 15 min.

(6) Cut three 25x30 cm 3M filter papers for wicks. In a12x9 inch tray place 1 L Rinse
Solution and wet the wicks in this solution. Place a 6.5x12.5x125 inches glass plate support over
tray and drape wicks over glass plate.

) Take gel stab from step 2 by using two glass plates with the gel sandwiched between
them, and place it face down on the wicks (add a bit of solution to wick before putting on gel).
Smooth out any air bubbles.

(8 Place Para film strips between tray edge and right up to the gel; do all four edges.

9 In asmaller tray filled with 200 ml deionized water wet a prelabeled 10x22 cm sheet of
genescreen plus (NEN LifeSci: NEF-976). Label the upper right corner of the DRY membrane.
This corresponds to the upper right corner of the gel. Genescreen plus and HyBond N+ work
very well since one can load lots of DNA onto them and you can hybridize 20+ times.

(10) Tothe ge surface add a small amount of deionized water and carefully place the
genescreen sheet (label side down) on the smooth gel surface so as not to trap any air bubbles.
Use a plastic/Teflon roller to remove bubbles and make smooth.

(11) Cut three 3M filter papers to 10x22 cm and wet these in deionized water. Place them on

the genescreen membrane; smooth out any air bubbles. Place a 3 inch wad of paper towels
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(James Rivers 755 single fold, 13x23 cm) on top of the filter papers followed by another glass
plate (same size) and then three 250 ml Eflasks filled with deionized water.

(12) Leaveovernight to transfer DNA to membrane. Disassemble transfer apparatus and air-
dry membrane on 3M papers for about 1-2h at 37 °C.

(13) Soak membranein 2x SSC (20x SSC for 5 L: 877 g NaCl, 44| g Na; citrate.2H,0O) for 5
min, and then blot off the excess moisture. Go to pre-hybridization (thisis best) or wrap with
saran wrap and freeze.

After DNA was separated by agarose gel electrophoresis and blotted onto nylon
membranes, they were hybridized to the 837bp DNA probe of xylanase gene. The hybridization
probe was obtained by labeling the 837 bp DNA fragment of plasmid RS 138/xyl with [w-
32PdCTP using the All-in-One random labeling system (Sigma R7522, R9647). 25 ng DNA was
used. The DNA was added to 1 x TE buffer or H,O to a volume of 45 pl, then boiled for 5 min to
denature double strand. The tube was hold for 10 seconds under cold water and spun down for 10
seconds. The 45 pl DNA was transferred into ALL-in-One reaction tube and 2.5l [=-*P]dCTP
was added. The mix was incubated at 37 °C for 30 min on a counter top protected by plastic to
prevent radiation to human. The [&-¥P]dCTP was stored in a special container in arefrigerator.
A piece of plastic was placed between human and the container or reaction tube containing [r-
32P|dCTP or radioactive labeled DNA probe.

Once the DNA was blotted to the membrane filter, and the probe DNA was radioactively
labeled, the next step was to do prehybridization and hybridization.

@ Make prehybridization buffer:
18 ml ddH,O (DNase free)

6ml 5x HSB
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3 ml Denhardts 111

Mix together and heat to 65 °C and add 3 ml of freshly boiled Carrier DNA.

Sx HSB

30.3 g PIPES in 300 ml dd H,O and adjusted to pH 6.8, add 600 ml 5M NaCl and 40 ml 0.5 M
EDTA Na& 2H,0, recheck pH and adjust volumeto 1 L, and autoclave.

Denhardts 1

150 ml ddH,O

4 g BSA (fraction V)

20 g SDS

4 g Ficoll-400

4 g PVP-360

10 g NayP>O7 x 10 H,O

Dissolve each ingredient, bring volume to 200 ml, and store at RT

Carrier DNA

5 g salmon testis DNA (Sigma D-1626) in one liter of ddH,O

Heat to boiling, turn off heat and stir until DNA is dissolved

Autoclave for 30 min and aliquot to 50 ml reaction tubes

Storeat -20 °C

2 Before adding prehybridization buffer to the membrane, boil the buffer for 7 min (avoids
to get black spots on membrane);

3 Soak membrane in 2 x SSC so that there is no air bubble hampering the wetting. Transfer

membrane from 250 ml 2 x SSC to ancther tray containing 250 ml 2 x SSC. Remove abundant
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SSC sandwiching the membrane between to filter papers and press with your hands on it (will be
not harmful to membrane);

4 Transfer membrane to prehybridization buffer and dightly shake it with hands so there
are no air bubbles disturb contact of membrane to buffer, cover membrane with saran wrap just
above membrane to prevent loss of prehybridization buffer, close lid of the plastic tray, incubate
a 65 °C overnight (at |lease 8 hours for new membrane);

) Make hybridization buffer: for 1-3 membranes

10 ml ddH.O

4ml 5x HSB

2 ml Denhardts 111

(6) Prewarm hybridization buffer to 65 °C

) Add 1 ml of freshly boiled Carrier DNA

8 Add labeled DNA probe

9 Boil buffer 7 min before transfer to membrane (should prevent the occurrence of black
spots)

(10)  Pour hybridization buffer in a new tray, transfer the whole membrane into the tray and
make sure the membrane is moistened by hybridization buffer

(11) Getrid off all air bubbles between membrane and hybridization tray

(12) Hybridize over night (15-20 hours) at 65 °C

Once the membrane is hybridized overnight, the next step is to wash membrane:
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@ Make washing solutions:

Solution A: 2 x SSC/2 % SDS

Solution B: 1 x SSC/1 % SDS

2 Store hybridization buffer with labeled probe in a 50 ml reaction tube

3 Add 100 ml of solution A and shake 1 min; discard the solution in waste container
protected by organic glass plate

4 Add 300 ml of solution A and let shake at 100 rpm at 65 °C for 30 min

) Discard 300 ml of solution A in waste container and add 300 ml of solution B and let
shake at 100 rpm at 65 °C for 30 min

(6) Discard solution B in waste container (if radioactivity > 1000 cpm) or sink with running
tap water, now membrane is not so hot that you do not have to work behind the glass screen

) Dry membranes with two filter papers and cover it completely with saran wrap

8 Check the membrane with a monitor (Geiger counter, Model TBM-3S, Technical
Associates, Canoga Park, California) and related to the activity deduce the days of exposure on a
film: 10 days for 300 cpm, 5 days for 300 - 500 cpm, 2 days for 500 - 1000 cpm, overnight for
1000 — 2000 cpm, 4 hours for >2000 cpm

9 Put the membrane into a Kodak film cassette, front side up, and use tape on edges to hold
filter in place

(10) Inthe dark room with only the safelight on, take a piece of film (Kodak, X-OMAT AR,
20 x 25 cm Cat. 1651454) and clip or bend its corner, which will mark the right corner of the
filter. Placethe film over thefilter

(11) Paceintensifying screen (Dupont, Cronex Lighting Plus) face down onto film and close

cassette and fix the cassette in a press
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(12) Store the membrane during the exposure at - 80 °C for 4 hours to 15 days

(13) Thaw cassette, develop film in adark room (1-4 min in developer, then rinse in water,
agitate in fixer for 2 min, rinse well in water, air dry).

Membrane can be re-used for hybridization by stripping the filter:

@ Remove filters from saran wrap and wash in 2x SSC for 5 min

2 Strip filter by pouring about 500 ml 80 °C strip solution (0.2x SSC + 0.2% SDS) over
filter and agitating for 5 min in shaker at 100 rpm at 65 °C

3 Strip filter by pouring about 500 ml 80 °C strip solution (0.1x SSC + 0.1% SDS) over
filter and agitating for 5 min in shaker at 100 rpm at 65 °C

4 Blot excess moisture from membranes and check radioactivity with counter. If they need
more stripping continue to step 5

(5) Strip filter by pouring about 500 ml 85 °C strip solution (0.1x SSC + 0.1% SDS) over
filter and agitating for 5 min in shaker at 100 rpm at 65 °C

(6) Blot excess moisture from membranes and check radioactivity with counter. If they need
more stripping continue to step 7

@) Strip filter by pouring about 500 ml 90 °C strip solution (0.1x SSC + 0.1% SDS) over
filter and agitating for 3-4 min in shaker at 100 rpm at 65 °C

8 After final strip, quickly blot off excess moisture from membrane and wrap in saran

wrap. Store at —20 °C, flat or do directly to prehybridization.
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C. RNA isolation and Reverse Transcription PCR procedure
1) Grind 1-gram tissue with a mortar and pestle in liquid nitrogen.
2 Add 10 ml TRIzol (pre-heated to 60°C) to tissue in a falcon tube. Swirl to mix. Work in

the hood. Wear safety glasses when working with TRIzol and chloroform.

TRIzol Reagent

Final Concentration
Phenal, pH. 4.3 380 ml 38%
Guanidine thiocyanate 118.2¢g 0.8M
Afnmonium thiocyanate 76.12 ¢ 04M
3M Sodium Acetate, pH 5.0 33.4¢ 01M
Glycerol 50 ml 5%
H,O to 1 liter
Total 1 liter

3 Incubate samples at 60°C for 5 minutes.

4 Centrifuge @3000 x rpm @ 4°C for 10 minutes. Transfer supernatant to 50 ml pp (SS34)
centrifuge tube that has been dipped in chloroform to rinse out any residual RNases.

) Add 2 ml of chloroform. Vortex the sample until color shade is uniform at least 5
seconds, and incubate at room temperature for 5 minutes.

(6) Centrifuge @ 3000 x rpm for 15 minutes @ 4°C.

) Collect the upper agueous layer and transfer to a new 50 ml pp (SS34) centrifuge tube
dipped in chloroform.

(8 Add 0.5 volume of isopropanol & 0.8 M Na-citrate/1.2 M NaCl solution per 1 ml of

agueous solution. Mix gently. Incubate at room temperature for 20 minutes.
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9 Centrifuge @ 3000 rpm for 10 minutes @ 4°C.

(10)  Wash the clear RNA pellet with 10 ml of cold 75% ethanol. Swirl & centrifuge at 9000
rpm for 5 minutes @ 4°C.

(11) Discard supernatant & air-dry the pellet for 10 minutes, inverted on a kimwipe. Dissolve
pellet in 300 ml of DEPC-treated H,O. Resuspend by pipeting up & down afew times.

(120 Add2m RNasin. Incubate at 55-60°C for 10 minutes to resuspend.

(13) Transfer to 1.5 ml microcentrifuge tube and rinse the 50 ml pp (SS34) centrifuge tube
with 100 m DEPC-treated H,O. Check concentration and run agel of 2 m of RNA samples (see
qualitative/quantitative analysis).

(14) Freezing at this step (and storing at -80)..

Qualitative/Quantitative Analysis

(@) To determine concentration, dilute 2 m RNA to 78 m H,O. Measure the absorbancy
260/280 and cal cul ate concentration.

2 Prepare and run a 1% 0.5X TBE-agarose gel (1 m of RNA, 9 m H,O and 2 mi of tracking
dye) at 100 voltsfor 1 hr. 12 nm 100 DNA ladder is used and the 500 bp band containa 170 ng
DNA.

The Reverse Transcription PCR reaction

(@D} Mix 2 m RNA, 1 ml each of 10 pmol primers (Bar-Ubil-up and Bar-Ubil-down), 1 m
PCR H.0, and 1 drop oil, quickly spin down and incubate at 72 °C for 2 min, put on ice for 2
min.

2 Add 5 nl master mix (2 Ml M-MLV RT 5x buffer (Promega M531A), 1 m DDT
(Clontech S 2665), 1 m 10 mM dNTP (Clontech S2666), M-MLV Reverse Transcriptase

(Promega M170A, 200 U/m, Promega, Madison, WI1)).
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3 Incubate at 42 °C for 1 hr, 75 °C for 10 min, and cool to room temperature.
4 Add 1 m RNase H (New England Biolabs # M0297S, 5000U/ml) and incubate at 37 °C
for 20 min.

5) Use 1 ml of this RT-PCR product for regular PCR.
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