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ABSTRACT

Rice Transformation as a Means to Study Gene Expression.
(Augug 2009)
Y iming Jiang, B.S., Guangxi Agricultural College;
M.S., Y unnan Agricultural University

Chair of Advisory Committee: Dr. Timothy C. Hall

An exceptionally effective transformation procedure has been established by using class
| embryo-derived rice callus. Every treated callus clump yielded multiple independently
transformed plants (average 40 plantlets). Analysisof genomic DN A blotsand pollen expressng
green fluorescent protein (GFP) from T, plants revealed that 64% bore a single locus T-DNA
insertion in which half had one T-DNA copy. Additive transgene expression was observed
fromT, plants with GFP driven by mUbil promoter. Transgenic plants could be rapidly
characterized by analyzing GFP pollen from T, plants without the need for further generations
or genomic DNA blot analysis.

Agrobacterium tumefaciens-mediated transformation of microspore-derived callus for
generating large numbers of T-DNA haploid and doubled haploid(DH) plants has also been
invedigated. The established transformation procedure resulted in 100% transformation
frequency for class | microspore-derived rice callus. Each callus typically yields multiple
independent transgenic plants. Genomic DNA blot analysis suggested 98% of the transgenic

plants are independent events. About half of the transgenic plants were identified as haploid



plants, whereas half are DH hemizygous or homozygous transgenic plants. DH homozygous
transgenic plants were obtained from Tplants and confirmed by pollen GFP expresson and
genomic blot analysisin T transgenic DH plants. In this study, about 60% of T jtransgenic DH
plants had a single locus T-DNA insertion of which 45% bore one T-DNA copy. Furthermore,
in a population of over 2,000 haploid and doubled haploid T-DNA plants, about 25% showed
phenotypic differences from non-transformed haploid plants. Approximately 5% were seriously
phenotypically abnormal including lethal or semi-lethal mutants. This highly efficient
transformation procedure using microspore-derived callus could be valuable in speeding up
plant breeding and in new gene discovery.

Diversification of the mUbil promoter led to a minimal promoter that has a similar
function as the original mUbil. Transient and stable transformation as measured from gene
expressiondriven by the minimal promoter suggestedthat it hasasimilar function asthe original

wild type promoter.
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CHAPTER1
INTRODUCTION

Rice, the main food for about half of the world's population, is one of the most
important cropsin theworld. Itshigh and stable production iscrucial for feedingthe 8.3 billion
peoplethat are predicted to be in existence by the year 2025 (Borlaug, 2000). T herefore, rice
isavery attractive candidate for genetics and biology studies. Itssmall genome (400-430Mb)
also makes it an excellent monocot model for genomic sequencing and many other studies

(Shimamoto, 1995).

ORIGIN, DISTRIBUTION AND VARIATION OF RICE

Indica and Japonica rice are the most common and important varietal typesin Oryza
sativa that are distributed in the rice cultivation countries around the world. Due to their
economic importance in the world, these two types of rice have been sudied extensively and
deeply at different levels, such as morphology, physology, and genetics including classical
genetics and molecular genetics. Various studies between the indica and japonica types show
thatindicariceisquitedifferent from japonicarice, not only inorigin anddistribution, but also

in both morphology and molecular composition.

This dissertation follows the format of Plant Molecular Biology.



Origin of rice

There are two hypotheses about the origin of indica and japonica rice; the diphyletic
hypothesis and the monophyletic hypothess (Oka, 1991). The first hypothes s assumed that
indica and japonica originated independently, whilethe second hypothesis assumed that both
indica and japonica was domesticated from same wild rice.

Themonophyletic hypothesiswassupported by studiesonintermediatewild-cultivated
rice from the Jeypore Tract, India (Oka, 1991). The observations showed that japonica-like
plants can be produced from typical indica-indica crosses and indica-like plants can be
produced from typical japonica-japonica crosses (Oka, 1982). Therefore, it was believed that
indica and japonica were derived from the same progenitor.

The diphyletic hypothes's was widely supported by studies at the biochemical and
molecular level. Studies of isoenzymesindicated theindica and japonicamost likely originated
independently(Second, 1982; Morishima, 1986). T heresultsfrom cpDNA comparisonsof 93
cultivated rice, 32 indica and 61 japonica, also supported the diphyletic hypothesis and
suggested that indica and japonica are from different centers of origin (Sun et al., 1998).

RAPD, RFLP, nuclear SSLP and chloroplast SSLP analyses on 4 japonica and 5
indica rices (Bautista et al., 2001) showed that indicarice is amilar to O. rufipogon from
tropical countries (India, Malaysia, Myanmar and Indonesia) and possibly originated from
these areas, while the japonicarice is strongly smilar to O. rufipogon from China wherethe

japonica most likely originated. It is also supported by the archaeol ogical evidence in which



that the oldest japonica grains were discovered along the Changjiang river in China, further
suggesting that Chinais the origin center of japonicarice (Jiang et al., 1996).

Short interspersed nuclear elements (SINEs) was also used to study the origin of
cultivated rice. It was found that the indica subspecies likely arose from one group of O.
rufipogon lineswhilethejaponica arose from another group of O. rufipogon lines. Thisresult

also supported the indica and japonica originated diphyletically (Cheng, 2003).

Geographical distribution of rice

Rice is widely digributed from tropical countries to temperate countries. However,
indicariceismainly grown in the tropical and subtropical areas while japonicariceiswidely
planted from the tropics to northern temperate zones. In Asia, the indica rice is mainly
distributed on the continent (mainly in India, China, Thailand and Vietnam), so it was called
"Continent" rice. The japonica is distributed both from Japan to Indonesia and the continent
areas, but it wasalso called "Idand" rice (Jiang et al., 1996).

The distribution of Indicaand Japonicais also affected by altitude. The studies onthe
distribution of rice in Yunnan, China, found that the indicas are mainly cultivated in the
mountainous areas below 1,200m while both indicas and japonicas are distributed between
1200-1700m. Only japonica was found in the mountainous regions above 1,800 (up to
2,370m). From those data, it isclear that thedistribution of indica and japonicain Yunnan is

mainly affected by temperature (Jiang et al., 1996).



Morphological variations of rice

The morphological characters of typical indica plants are quite different from typical
japonicarice. The most conspicuousdifference may bein grainforminwhichindicaisslender
and flattened whilejaponicais short and round. Thetypical indicaleaf isbroad and light green
while japonicais narrow and dark green. The tillering ability of indicaisstronger than that of
japonica. There are many other characters that are different from each other (Jiang et al.,
1996). Although typical indica and japonica plants differ in many characters, there are still
many intermediate varieties that were difficult to group to either indica or japonica. Never is
it possible to distinguish the two subspecies from each other by single character comparison.
It was found that over 39% of rice cultivars were wrongly grouped when relying only on the
length-widthratio of grains (Morishimaand Oka, 1981). Jiang (1996) investigated theindica
and japonica intermediates fromY unnan province, China. It was inferred that those
intermediates are mixture of indica and japonicadue to natural crosses between each other and

natural selection (Jiang et al., 1996).

Isozymes variations of rice

Investigation of 1,688 native cultivars from different Asian countries for allelic
frequenciesat 15 isozymesloci using amultivariatetechnique (Glaszmann, 1987)showed that
95% of those rices can be grouped into six enzymatic groups and 5% fall into an intermediate

type which can not be grouped into any other groups. In this study, the indica rices can be



foundinfive different isozymegroupsand showed great variationwhilejaponica (bothtropical
and temperate varieties) are relatively uniform and distributed in one isozyme group. If the
alelic variability for isozyme loci is calculated by the average gene diversity using Nei's
formula (Nei 1975), isozymevariation is observed more clearly between indica and japonica

lines than within (Oka, 1991).

DNA variations of rice

Chloroplast DNA isvery conservativein evolution. Rice cpDNA is130kb (Hirai et
al., 1985). The study of fragment length polymorphism of chloroplast DNA using three
endonucleases found that nine types of chloroplast DNA are different between indica and
japonica rices (Ishii et al., 1988). The cpDNA of indica and japonica subspecies were also
different from each other (Dally and Second, 1990). A study on the large chloroplast DNA
insertion on the long arm of chromosome 10 that the insertion is nearly identical inindicaand
japonica. It suggested that the cpDNA transfer from wild rice occurred before the divergence
of indicaand japonicarice (Yuan et a., 2002).

Rice mtDNA isvery conserved in evolution as well. A study on mtDNA inrice
showed that the mtDNA arrangement commonly found in wild rice mtDNA is mainly found
inindica, rarely in japonica. Further ssudy showed that the common wild rice mtDNA found
inindicaisvery conservative. But themtDNA injaponicaisquitedifferent from that in indica.

It isvery interesting that some japonicas also have the common wild rice mtDNA. Studies on



restrictionfragmentlength polymorphi sm (RFLP) of mitochondrial DNA from riceshowed that
the RFLP patternsin Indica rice were different from Japonicarice (Abe et al., 1999).
Restriction fragment length polymorphism (RFLP), random amplified polymorphic
DNA (RAPD) and s mple sequence length polymorphisms (SSLP) were used to study the
genetic variations of indica and japonicarice. (Sun et al., 2000; Bautista, 2001; Zhu et al.,
2001). RFL Presults showed that the genetic variation of indicaislarger when comparing with
japonicain O. sativa using proportion of polymorphic loci, average number of alleles per loci
and average gene diversity astheparameters. The RFL P data was used to cal culate the genetic
distance indicaand japonica accessons. It was found that genetic disance withinindicarice
islarger than that within japonicarice.
The RAPD, RFLP, nuclear SSL P and chloroplast SSLP analyses on rice also showed
that the patterns of both RAPD and SSLP variants of indica rice is different from those of
japonica, while no difference in RFL P variants was detected between these two subspecies

(Bautista, 2001).

Genome of rice

Rice (Oryza Sativa. L )hasachromosome number of 2N=24. A draft sequence of both
indica and japonica rices was published (Goff et al., 2002; Y u et al., 2002). The complete
sequence of the japonica cultivar Nipponbare is available from TIGR database. From the
published data, the genome size of indicais466 megabase, while that of japonicais 420 M b.

The estimated number of genesin the indica genome ranges from 46,022 to 55,615 genes,



whilethat injaponicatherangeisfrom 32,000 to 50,000 genes. The difference between indica
and japonica on chromosome 4 is 16% estimated at the gross level(Y u et al., 2002). When
compared at the nucleotide level, although the alignment is only partial, the sngle nucleotide
polymorphisms (SNP) rate is 0.43% and the rate of divergences in insertion/deletion

polymorphisms (InDels) is 0.23%.

AGROBACTERIUM TUMEFACIENS-MEDIATED TRANSFORMATION OF RICE

The first green revolution was based on the introduction of high-yielding semi-dwarf
varieties of wheat and rice, in combination with applications of large amounts of nitrogen
fertilizertoincreasegrainyied. It wascrucial to feed the almost doubledworld populati on that
occurred inthe 1960's. Sixty yearslater, it was estimated the world population will reach 8.3
billion by 2025. A second green revolution for plant breeding and cultivation is needed to feed
the increasing world population. Genetic engineering of food crops has turned out to play an
important role for the expected second revolution. Rice is a staple food for aimost half the
world's population. It is crucial to improve rice production to achieve the projected food
productivity to feed the growing world population.

For almost adecade, the devel opment of methodsfor genetic transformation of riceand
other cerealslaggedin comparison withthe progressfor dicotyledonous crops. The major cause
of thisdelay was the fact that transformation mediated by the soil bacterium Agrobacterium
tumefaciens Was initially thought to be inapplicable to cereal plants, necesstating the use of

direct transformation techniques such as bombardment (Cao et al., 1992). However, Hiei et



a.(Hiei et al., 1994)demonstrated efficient transformation of rice by Agrobacterium and
similar procedures (Dong et al., 1996)are now widely used. Nevertheless, particle
bombardment remains a powerful tool for analysis of transient expression of foreign genesin
plant cells (Komari et al., 1998).

The soil phytopathogen Agrobacterium tumefaciens has been utilized routinely for
transformation of dicotyledons. Advantages include the transfer of pieces of T-DNA with
defined ends and minimal rearrangement, the transfer of relatively large and intact segments
of DNA, theintegration of small numbers of copiesof genesinto chromosomes, and the high
fertility of resultant transgenic plantsin contrast to direct DNA uptake methods (Sheng and
Citovsky, 1996; Hie etal., 1997)

In the past few decades, although various attempts to infect monocotyledons with
Agrobacterium weremade, no conclusive evidence of integrative transformation was obtained
until inthemiddle of 1990s. Successful transformation of cereal cropsvia Agrobacterium has
been achieved inwheat (Cheng et al., 1997), maize (Ishidaet al., 1996; Shen et al., 1999) and
rice. Efficient transformation of several subspeciesofriceviadgrobacterium hasbeen reported
(Chanetal., 1993; Hiei et a ., 1994; Aldemita and Hodges, 1996; Dong et al., 1996; Komari
et al., 1996) and genes of interest have been transferred into rice for commercial purposes
(Burkhardt et al., 1997; Cheng et al., 1998; Ye et al., 2000).

AnAgrobacterium-mediatedricetransformation system using binary vectorshasbeen
established in our lab. It issimilar to previously published procedures (Aldemita and Hodges,
1996; Chanetal., 1993; Dong et al., 1996; Hiei et al., 1994; Zhang et al. 1997; Cheng et al.,

1998; Vijayachandra et al., 1995). An Agrobacterium-mediated transformation procedure



using inflorescence as the explant source was also egablished (Dong et al., 2001). The
Agrobacterium-mediated transformation system has been used in generating alarge number
(morethan1500) independent transformants from different geneconstructs.(Vijayachandra et
al., 1995; Cheng et al., 1998) Recently, a dual T-DNA transformation system for the

production of marker-free transformants of rice was established in our lab.

TRANSGENE EXPRESSION AND SILENCING

Although efficient protocols for transformation of some cereal crops are now available,
there are still many hindrances to the successful application of this biotechnology to crop
improvement. Transgene slencingisoneimportant congraint. A variety of silencing effectshas
been described in theliterature, involving single transgeneloci, interactions between unlinked
loci, or even interactionswith or through an endogenoushomol ogousgene(Meyer etal., 1992;
Iglesias et al., 1997; lyer et al., 2000). Epigenetic silencing of transgenes and endogenous
genes can occur at the transcriptional level (TGS) or at the posttranscriptional level (PTGS)
(Fagard and Vaucheret, 2000). A spectssuch asinsert location, rearrangements, multiple-copy
loci, homology to an endogenous sequence, excessive level of transcription and others have
been claimed to be apparent triggers of silencing. Several sudiesmake it evident that at least
some silencing mechanisms are part of normal gene regulation systems that operate during
plant growth and development. Additionally, silencing is now known to beinvolved in plant
defensesystemsagainstinvasiveDNA or RN A sequences(virus, transposons) and surveillance

processes that check the genome integrity to suppress the expresson of abnormal or alien
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transcription units (Jorgensen et al., 1998; Kumpatla et al., 1998; lyer et al., 2000). Recent
studies have shown that small RNA, such as small interfering RNAs (SRNAS) and micro-
RNAs (miRNAs) play important roles as regulators of gene expression in eukaryotes

(Hutvagner and Zamore, 2002; Lai, 2002; Rhoadeset al., 2002).
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CHAPTER II
HIGHLY EFFICIENT PRODUCTION AND CHARACTERIZATION
OF DIPLOID TRANSGENIC RICE VIA AGROBACTERIUM
TUMEFACIENS-MEDIATED TRANSFORMATION

INTRODUCTION

Transformation of rice (Oryza Sativa L.) was conducted via naked DNA uptake
(Battraw and Hall, 1990; Battraw and Hall, 1992)or by biadligtics (Chrigou, 1992). However,
multiple and rearranged copiesof the desired genetogether with the plasmid vector was often
integrated into the genome, which often results in gene silencing (Christou, 1992; Jorgensen
etal., 1998; Kumpatlaet a., 1998; lyer et al., 2000). Agrobacterium tumefaciens-mediated
transformation has been utilized routinely for transformation of dicotyledonswhereit has been
shown that transfer of piecesof T-DNA with defined endswith minimal rearrangement. Also,
the method allowstransfer of relatively large and intact segmentsof DNA, leadsto integration
of small numbers of copiesof genesinto chromosomes, and the resultant transgenic plants have
a high fertility in contrast to direct DNA uptake methods (Shen and Ho, 1995; Hie et al.,
1997). For ailmost a decade, the devel opment of methodsfor genetic transformation of rice and
other cerealswas not very successful until Hiei et al.(Hiei et al., 1994)demonstrated efficient
transformation of rice by Agrobacterium and Dong et al extended it to Javanica rice (Dong et
al., 1996). T heestablished proceduresof Agrobacterium tumefaciens-mediatedtransformation

of rice are now widey used.
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With the compl ete genome sequence aswell as abundant genetical and physiological
data, riceis a well established model for cereal crops. Now the challenge for the scientific
community isclearly to assign a biochemical, cellular, developmental or adaptive function to
themagjority of therice genes. There are several well established approachesto reach thisgreat
goal: targeted/random gene disruption, gene detection, gene activation and/or gene slencing
methodsto discover and validate the genefunctioninrice. RN A interference (Fireetal., 1998)
has been proved to be effective to inactivate the expression of a target gene or a gene family.
Homologousrecombination (HR) was reported to be valuable in the targeted gene disruption
or genereplacementinrice (Teradaet al., 2002). All those functional genomicsresourceswill
benefit from a highly efficient transformation system.

Characterization of transgenic rice can be conducted through both molecular analysis
and genetics approaches. PCR has proved to be very limited for the determination of transgene
copy numbers. Genomic Southern blot analysis isvaluable in characterization of transgenic
rice, athough it is time-consuming. The characterization for the number and location of
genomic insertsin transgenic plants has to be performed through genetics analysis in their
progeny. It needs at | east one generation and considerable examinationincluding molecul ar
testson each of many progeny. Inthischapter, a simple approach was described to characterize

the T-DNA locus number and the copy number on original transgenic rice (T,).
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MATERIALS AND METHODS

Plant material and tissue culture media

Japonica rice (Oryza sativa L. cv Taipei 309 and Nipponbare) plantswere grownin
agreenhouseasdescribed previously (Battraw andHall, 1990). Immature seeds or mature seed
was used for callus induction. Media used for tissue culture and transformation are listed in

table 2-1.

Plasmid and Agrobacterium strains

The binary plasmid pUbilF (Figure 2.1) was constructed from pJD7 (Dong et al.,
2001), in which the GUS (uidA4 gene) reporter was replaced with an mGFP5-ER reporter and
the 35S promoter was replaced with mUbil promoter that was amplified from pJD4 (Dong et
al., 2001). The binary vector pJD7 (a derivative of pRPA-BL -150a that confers gentamycin
resistance for plasmid selection and extracopies of aDNA fragment encoding virulence genes
of Agrobacterium: virC, virD, virG and the 3' part of the virB operon from pTVK291 were
used in the transformation experiments. The T-DNA of pUbilF contains selectable marker
genesfor hygromycin resistance (35S-Apt-35S) and agfp reporter gene construct (m Ubi 1 -gfp-
nos) for monitoring transformation events. The tri-parental mating procedure was used to

mobilize pUbi1lFand pTVK291into Agrobacterium strain LBA4404. Agrobacterium strains
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facilitates molecular analysis of geneinsertion number.
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Table 2.1 Media for scutelum-derived callus induction and Agrobacterium-mediated
transformation procedure

Medium Composition

N6M Basic Chu (N6) Basal salt mixture (Sigma), M S vitamins (Murashige and Skoog
1962), 30g/l sucrose

N6M N6M Basic, 500mg/l proline, 500mg/l glutamine, 300mg/l casein acid
hydrolysate, 1 mg/l 2,4-dichlorophenoxyacetic acid (2,4-D), 2.5g/l Phytagel,
PH 5.8

2N6M N6M Basic+500mg/l proline, 500mg/l glutamine, 300mg/l casein acid
hydrolysate, 2mg/l 2,4-D, 2.5g/l Phytagel, PH 5.8

2N6M-AS 2N6M+10g glucose and 100uM acetosyringone, pH 5.2

AAM AAM ( Hiei et al. 1994)

2N6M-CH  2N6M+350 mg/l cefotaxime, 50 mg/l hygromycin.

PRN 2N6M Basic+500mg/l proline, 500mg/l glutamine, 300mg/I casein acid
hydrolysate, 3 mg/l 6-Benzylaminopurine (BAP), 0.5mg/l «-
Naphthaleneacentic acid (NAA), 5 mg/l ABA, 4g/l Phytagel, PH 5.8.

RN-1 MS and vitamins (Murashige and Skoog 1962), 30 g/l sucrose, 29/l BAP,
0.2g/l NAA, 4 g/l Phytagel, PH 5.8

RN-2 MS and vitamins (M urashige and Skoog 1962), 30 g/l sucrose, 0.5g/1 BAP,
0.1g/l NAA, 3 g/l Phytagel, PH 5.8

M SO0 MS and vitamins (Murashige and Skoog 1962), 30 g/l sucrose, 2 g/l

Phytagel, PH 5.8
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LBA4404(pUbilF) wasgrown on AB minimal medium with 50 mg/L of gentamycin and 100
mg/L of kanamycin for 2 to 3 daysat 28 OC. T he bacteriawere collected and resuspended in
AAM medium for co-cultivation with immature embryo or mature embryo-derived callus.
pJD7 and pJD4 in LBA4404 were also used for transformation of embryo-derived callus as

control plasmid.

Induction of embryo-derived callus

Immature seed of each cultivar were collected, dehusked and surface-sterilized
essentially asdescribed previously (Dong etal., 1996).Theimmature embryo was excised with
sterile forceps and callus was induced on a modified N6 medium (Chu et al., 1975) at 26°C
in thedark. After 4 weeks (wk), callus had developed and was ready for transformation.

Mature seedsfrom each cultivar weredehusked and rinsed with 70% ethanol for 1 min,
then soaked in 50% (v/v) bleach for 45 min on a shaker at 120rpm. The derile seedswere
rinsed fivetimeswith steriledistilled water and placed on N6M medium (Chu et al., 1975)for
two weeksat 26°C in thedark. After 4 weeks (wk), callus had developed. The harvested calli
was cultured for another 2 weeks at 26°C in the dark. The class | type of callus (Figure 2.2)
was selected using a dissecting microscope. The morphological examination of three type of
callus was conducted using an ESEM microscope purchased under National Science

Foundation grant No. ECS-9214314.
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Transformation procedure

Class | type of embryo-derived callus was subcultured on 2N6M medium modified
from previous research (Hiei et al., 1994; Dong et al., 1996) at 28°C in dark for 3 days.
Actively growing Class | callus with turgid cells on the surface (Figure 2.2A) was chosen for
co-cultivation. About 50 piecesof callus, each with adiameter of approx. 5mmwereimmersed
in 10 ml of liquid co- cultivationmedium (AAM) containing Agrobacterium cells at adensity
of 2-3x 10° cells/ml (OD** = 0.5) in a 50 ml sterile centrifuge tube for 30 min.

Calluspieceswereblotted dry on sterile paper towels, transferred tosolid co-cultivation
medium (2N6M-AS) and incubated for 3 days at 21°C in the dark. GFP-positive cells could
be detected by fluorescence microscopy after two days of co-cultivation(Figure 2.3). After co-
cultivation, the callus pieces were gently and briefly rinsed twice with 250 mg/| cefotaximein
liquid 2N 6 medium. Rinsed calli (25 pieces, approx. dia. 5 mm) wereindividually transferred
toone 100 mm-diameter Petri dish contai ning selectionmedium (250 mg/I cefotaxime; 50 mg/I
hygromycin B) (2N6M-CH) for two weeks at 28°C in dark. After two weeks selection,
resistant, light brown calli were evident on the surface of dead and dying (dark brown)
calli(Figure 2.3). The light brown calli (with some dark brown callus attached) were
transferred to fresh selection medium (2N6-CH) for 1 wk at 28°C in thedark. T he surviving
light brownishglobular calli were gently removed from thedead calli and placed inthemedium
surrounding the original callus and cultured for another 5-7 days at 28°C in the dark. Four

weeks after the co-cultivation, the surviving calli were ready for regeneration.
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Figure 2.2. Classification of embryo-derived calli. Class| Callu isshownin paneIA and
D,classll inB and E andclassl!ll in panels C and F. Images in panels A-C were taken under
dissecting microscope and panels D-F are scanning electron micrograph(SEM) images at
270x. The arrows point to arobust, turgid cdl characterigic of type | callusin panel D and

toashrunken cdl intypell callusin panel E.
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Figure 2.3. Stages in class I callus transformation. Panels A-F show images taken under
illumination with 500 nM UV light. Panels A and B show calli 2d and 3d, respectively, after
co-cultivation. Panel C shows calli 10d after co-cultivation (7d on selection). Panels D, E and
F show calli after 14d, 21d and 28d of selection, respectively. Panel G shows calli morphol ogy
under white light after 28d of selection and immediately prior to transfer to pre-regeneration
medium. Panel H showscalli 7d (white light) after placement on pre-regeneration medium and
immediately prior to placement on regeneration medium. Panel | shows calli 7d after transfer
to RN-2 regeneration medium (white light). White bar: 0.2mm; yelow bar: 1mm; blue bar:
2cm.



20

The transformation efficiency and development of hpt-resistant callus was followed
throughoutthesel ection step by fluorescencemi croscopy(Figure2.3). Round, yellowish Class|
calli with turgid cells on the surface were chosen for culture on pre-regeneration medium
(PRN: (Sallaud et al., 2004))for 1 wk at 26°C in the dark. All of the surviving calli from a
single co-cultivated piece of callusweregrouped intoindividual portionon the PRN Petri dish
so that they would not co-minglewith calli surviving from other co-cultivated calli. After 1 wk
of culture on PRN medium, all remaining calli from the same original co-cultivated callus
piece were individually transferred to a single 100 mm dia. Petri dish containing RN-1. The
dish was kept in the dark at 26°C for one day, then at 26°C for 2 wk with a 16/8-h light/dark
cycle. Multiple green shoots, with or without small roots, regenerated from the light brown
surviving calli. All calli with green shoots derived from the original co-cultivated callus were
individually transferred to a 100 mm-diameter/25 mm-height Petri dish contai ning medium
(RN-2) for the second round of regeneration for 2 wk. The plantlets were then individually
transferred to rooting medium (MS,) for one wk. The resulting plantlets were cataloged and

transferred to soil in the greenhouse.

Detection of gfp reporter genes

The expression of the gfp gene in transformed callus and plant tissues was observed
using a Stemi SV11 APO Microscope (Zeiss) fitted with an AxioCam HRc camera. Calli that
expressed GFP wereimaged using a 500 nm filter and an exposure time of 3 sec. Pollen that

expressed GFP were imaged at an exposure time of 2 sec. The mean value of green



Figure 2.4. Locus number of T-DNA insertion on rice chromosome revealed
by pollen GFP expression. Panel A: Singlegeneticlocusof T-DNA insertiononrice
chromosome revealed by pollen GFP expression. In accord with the segregation of
the GFP reporter in pollen, 1:1 ratios for GFP positive : negative pollen (arrow)
showed under fluorescent microscope (x2 test for 1:1 of this transgenic plant,
P=0.488). Panel B: Two genetic loci of T-DNA insertion on two non-homologous
chromosomes revealed by pollen GFP expression. In accord with the segregation of
the GFP reporter in pollen, x2 test for 3:1 ratios for GFP positive : negative pollen
(arrow), P=0.796. Panel C: Three genetic loci of T-DNA insertion on three non-
homologous chromosomes revealed by pollen GFP expression.y2 test for 7:1 ratios
for GFP positive : negative pollen (arrow), P=0.546. Panel D: T hree genetic loci of
T-DNA insertion on three chromosomes(both members of one pair of homologous
chromosomes and one non-homologous chromosome) revealed by pollen GFP
expression.y2 tes for 1:2:1 ratiosfor 1GFP+++:2GFP++:1GFP+ , P=0.789.
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fluorescence for each pollen was measured using the interactive measurement module of
AxioVision 3.0 (Carl Zeiss). Each reading was normalized by subtracting the nearby
background fluorescence reading. Seeds that expressed GFP were imaged at an exposure time

of 1 sec.

T1 segregation analysis for GFP activity of pollen fromTplants

Fiverandom chosen field of view of pollen fromT ,plantswere observed using a Stemi
SV11 APO Microscope (Zeiss) fitted with an AxioCam HRc camera. T he image were taken
using an exposure timethat does not saturatethe exposure. Segregation for pollen GFP activity

was calculated by a statistical method using y2-test (Figure 2.4).

T1 segregation analysis for hygromycin resistance and GFP activity of seeds

Fifty to one hundred were dehusked and observed for GFP activity under a Stemi SV11
APO Microscope (Zeiss) fitted with an AxioCam HRc camera. The seeds were then
surface-sterilized, placed on a petri dish containing 30 mg/ml hygromycin and allowed to
germinate under light at 26°C. After 7-10days, seedswere scored for germination. Segregation
for seed GFP activity and hygromycin resisance was calculated by a statistical method using

y 2-test.
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Nucleic acid extraction and Southern blot analysis

Rice genomic DNA wasisolated from fresh leaves as described previously (Buchholz
et al., 1998). Genomic DNA (2 nug) was digested with 20 units of Hindlll for 12 h. After
electrophoretic separation in a 0.8% agarose gel, the DNA fragments were transferred to
Hybond-N+ membrane (Amersham). DNA probeswere labeled usingaDECAprime [1™ kit
(Ambion). Hybridizations were performed using ULTRAhybO (Ambion) according to the
manufacturer’s recommendations. Autoradiography of the membrane was done using a

Phosphorlmager (Fuji, Stamford, CT).

RESULTS

Classification of embryo-derived callus

Embryo-derived callus was examined under a dissecting microscope after 2 weeks of
subculture . The calli were classified into three types of callus according to morphological
characteristics of the surface cell structure (Figure2-2). Approximately 38% of the embryo-
derived calli were class | type of callus with many turgid cells on the surface (Figure 2-2A).
The callus surfacewas dry and no liquid could be detected. Anthoer 34% of embryo-derived
calli wereclass|| type of callus with a few of turgid cells on the surface. Liquid-like surface

covered asmall portion of the callus (Figure 2-2B). The final 28% of embryo-derived calli
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were class |11 type of callus with no detectable turgid cells on the surface. Most of the surface

was covered with liquid.

Time course of production of transgenic plants from transformation of class I callus

Embryo-derived calli of cv.Taipei 309 and Nipponbare, were co-cultured with
Agrobacterium strain LBA4404 harbouring the pUbilF, pJD4 and pJD7 binary plasmid
(Figure 2-1) according to the procedure described in Materials and Methods. GFP expression
in transgenic cells or callus was detected from 2 days after co-culture of the embryo-derived
callus pieces, until plant regeneration (Figure 2.3). Two days following the co-cultivation of
callus with pUbilF on 2N6-AS at 21°C in dark, a few portion of GFP positive cells were
detected using fluorescent microscopy on every co-cultivated classl typeof callus(Figure 2.3).
The number of GFP positive cells or callus increased when the time of co-cultivation and
selection increased (Figure 2.3). One week after transfer to selective medium, growth of the
co-cultured callus was completely inhibited by hygromycin. However, the GFP positive cdls
could be detected all over thetop surface of the co-cultivated callus. Two weeks following the
selection, hundredsof translucent globuleswithdifferent GFP fluorescenceintensity under UV
light excitation could be detected all over the callus surface (Figure 2.3). Whitish resistant cell
linesfrom structurally independent regions of the callus surface were potentially independent
transgenic calli. Most of transgenic calli exhibited different GFP activity at this sage (Figure

2.3).
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After one more week of sdection on the selection medium, the surviving transgenic
calli wereexamined under alight dissecting microscope (Figure 2.3). Class| typeof transgenic
callus could be detected(Figure 2.3). The transgenic calli were classified into three types as
previously described (Figure 2.2). T he selected calli were pre-regenerated for 1 week at 26°C
in dark Then all calli were transferred to regeneration medium for 2 weeks at 26°C in 16h
light/8 h dark. About 8 weekswasheeded to produce transgenic plantletsfrom co-cultivation

using class | type of embryo-derived callus.

Exceptionally efficient transformation of class I type of embryo-derived callus

The reaults of the co-culture experiments of three type of callusfrom each cultivar are
summarized in Table 2-2. Every class | type of co-cultivated calli (100%) yielded multiple
transgenic calli while ~15% class || type of calli yielded at least one transgenic callus. Only
~1% of classl |1 typecalli devel oped at least onetransgenic callus. Transformation of the three
type of callus together (mixture) resulted in very low efficiency (~23%) not only in transgenic
callus production but also in transgenic plantlets per co-cultivated callus (Table 2-2).

Exceptionally efficient transformation of embryo-derived calluswas observed only on
class | type of callus. The mean number of hygromycin-resistant cell linesfor both cultivars
were 23.6 on each co-cultivated callus. The mean number of GFP positive cell lines reached
45.3 on each co-cultivated callus. ~40 plantlets could be regenerated on those transgenic cell

line from a single piece of co-cultivated class | type of callus. More than one thousand
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independent transgenic rice plants could be obtained using this exceptionally efficient

transformation protocol.

Table 2.2 Summary of transformation using different types of callus

Number of  Percentageof Mean (£SD) Mean ( £SD) Mean ( £SD)

Callus co-cultured  co-cultured number of GFP*  number of number of
Type Cultivar  calli calli yielding  cdli per resistant calli plantlet per
resistant cells  co-cultured (GFP)per co-  co-cultured

calus cultured callus calus

T309 62 100.0 472 +134 254+9.2 43.1+15.2
I Nip 52 100.0 434+ 11.3 23.6+8.3 40.3+12.7

T309 54 15.6 1.5+0.83 1.1+0.06 1.8+1.12

. Nip 58 134 1.2+ 0.46 1.3+0.04 1.6+ 0.86
T309 150 0.6 0.2 +0.08 0.3+0.12 0.04 +£0.02
i Nip 165 1.2 0.3+0.12 0.2+ 0.07 0.06 + 0.04
T309 220 22.3 24+11 28+1.6 0.42 +0.23

Mix Nip 216 18.7 28+15 32+11 0.51 + 0.34
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Exceptionally efficient regeneration of class I type of transgenic cell line

The results of regeneration experiments of three types of transgenic callus from each

cultivar are summarized in Table 2.3. An average of 67.6% of class| type of transgenic calli

from both cultivars yielded at least one green plantlet (Figure 2.5). Among those class | type

Table 2.3 Summary of regeneration using different types of callus

Callus Genotype Number of survived calli  Number of calli with Percentage of
Type for regeneration regeneraed plant regenerdion
T309 562 387 68.9
Nipponbare 558 370 66.3
T309 758 36 4.75
I Nipponbare 588 32 5.44
T309 850 2 0.24
M1 Nipponbare 678 0 0
T309 1228 199 16.2
Mix Nipponbare 1167 249 21.3
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Figure 2.5 Regeneration of three type of transgenic callus. Most of class type | of
transgenic calli were able to develop at least one green plantlet(Panel A). Only afew green
plantlets could be recovered from class I type of transgenic calli(Panel B). Almost no green
plantlet could be regenerated from class |11 type of calli(Panel C). Regeneration of the
mixture of three type of callus was presented in panel D.
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of calli with regenerated plantlets, ~20% bore multiplegreen plantlets(Figure2.5A). Only ~5%
of class 1l type transgenic calli yielded at least onetransgenic plantlet. Most of those class ||
type of calli with regenerated plant only bore one recovered plantlet (Figure 2.5B). None of
classlll typeof transgenic calli from Nipponbare yielded any transgenic plantlets(Table 2.3).
Only 2 out of 850 class I11 type transgenic calli from Taipei 309 yielded regenerated plants.
~20% of the mixture of three types of transgenic calli gave riseto regenerated plants (Figure

2.5D and Table 2.3).

Analysis of the transgenic plants regenerated from the same co-cultured callus

The green plants recovered from each co-cultivated callus were numbered and grown
in a greenhouse essentially as described previoudy (Battraw and Hall, 1990). 200 transgenic
plants from both cultivars were analyzed by Southern blotting as described in Materials and
M ethods. Genomic DNA wasisolated from asingle leaf of each plant, digested by arestriction

enzyme (Hind 1) that cut once in the middle of the T-DNA (Figure 1) and hybridized with the
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Table2.4 Summary of the number of independent transgenic plants obtained from
individual callus transformed with pUbilF

Number of Number of Plants Plants I ndependent Independent*
Cali resistantcalli regenerated  analyzed analyzed plantsby plants by
No. (Survived) plants by Southern by pollen  Southern: pollen:

Numbe (%) Number (%)

1 73 52 47 38 44 (936) 36 (94.7)
2 56 39 36 34 36 (100) 34 (100)
3 50 32 32 26 32 (100) 26 (100)
4 65 41 37 30 36 (97.3) 29 (96.7)
5 82 54 48 32 48 (100) 32 (100)
Total 326 218 200 160 196 (98.0) 157 (98.1)

* Percentage of independent events from the number of transgenic plants analyzed.
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hpt and gfp probeslocalized at both T-DNA ends. Asillustrated in Figure 2.6 for callus no. 1
(Table 2.4), all but one of the 25 plants was atransgenic plant. All but one of those transgenic
plants exhibited a distinct hybridization pattern, indicating that 23 plantswereall derived from
independent events, whereas plants 17 and 18 were of clonal origin (sibling). Overal|~98%
wereindependent transgenic events(Table 2.4). Only two plantswere from callusthat escaped
from the selection and turned out to be wild type. For those multiple plants recovered from a
singleco-cultivated callus, Southern blot anlysisindicated almost all of them were independent

transformants.

T-DNA integration pattern

The Southern blot analysis described above also allowed us to distinguish integration
patterns among those independent plants of both rice cultivars. Most of the transgenic plants
bore more than one T-DNA copy. Many of the plants with multiple T-DNA copies showed a
putativetandem structure. Asan examplein Figure2.6, plantsnumbered 3,5, 8,9, 11, 15, 19,
the number of bands hybridizing to the zp¢ (RB) and the gfp (LB) probesweredifferent (Figure
2.6). Head-to-head tandem repeat or truncated T-DNA copies could result in thiskind of band
pattern. T he highest number of bands observed either with the/pt or the gfp probe was used for
the purpose of esimating the T-DNA copy number. For many practical purposes, single T-
DNA insertion isdesired. Asillustrated in Figure 2.6, plantsnumbered 2, 4, 6, 7, 10, 12, 14,

24, both probesindicated one copy of T-DNA insertion. Overall, an average of ~34%
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Figure 2.6 Genomic blot analysis of T, lines of transgenic T309. Genomic DNA from lines
1to 25 (all from one pieceof co-cultivated callus) wasdigested with Hindl 11, and hybridization
was performed with the ipt or gfp probe. The sizesof the bands visualized for each plant with
either the hpt or gfp probesweredifferent,indicatingthat T-DNA integrated at different locations
in the rice genome and that 23 out of 25 transgenic plants were independent transformation
events. (*) indicates the two primary transformants showing the same pattern of hybridization
with zpt and gfp probes. Black arrow indicates the plant without transgenic insertion.



33

of the transgenic plants for both cultivars bore one copy of T-DNA. The number of T-DNA
inserts on each plant averaged 2.6 in a population of 200 transgenic plants as determined by
Southern analysis.

Because the GFP reporter gene driven by pUbilF wasexpressed in pollen (Figure 2.3
and 2.6), it also could be used to characterize the transgenic plants. To estimate the number
of functional inserts, segregation analysis for gfp expresson of pollen in T, plants was
conducted as described in M aterial and M ethods. According to pollen segregation analysis of
gfp, 217 out of 339, ~64% transgenic plants with gfp expression in pollen bore one T-DNA
insertion at asinglelocus(Table2.5). ~22% plants bore two independent loci. About 14% of
plants bore 3 or more independent loci(Table 2.5).

GFP expression was observed in mature seed on those plants with GFP expression in
pollen. The esimate of locus number was analyzed by seed GFP segregation in F; progeny
along with the pollen segregation on T, original transgenic plants (Table 2.6). For the single
| ocustransgenic plants, the segregationfor hygromycin resistance was anal yzed by germinating
seeds on media as described previously. All tested T, lines were found to exhibit a 3:1
segregation ratio for hygromycin resistance (data not shown), thereby confirming the presence
of onelocus insertion.

The copy number of T-DNA insertion at asingle locus varies from oneto four copies
(Table2.7). Southern blot analysis of those transgenic plantswithsingle T-DNA insertion that

was confirmed by pollen segregation revealed that ~55% of single locus T-DNA plants bore
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Table 2.5. T-DNA locus number on chromosome revealed by pollen segregation

One 2loci (2non- 3loci (3non-  4loci (4non-  >2loci ( both of a Total
locus  homologous homologous homol ogous pair of homologous
chromosomes) chromosomes) chromosomes)  chromosomes)

PlantNo. 217 75 34 10 3 339

% 64.0 22.1 10.0 3.0 0.9 100




Table 2.6 Segregation analysisfor GFP activity in pollen of TO and seed of T1 progenies
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Plant  GFP + GFP- Expected 72 GFP+ GFP- Expected %2 Number of
No. pollen pollen segregation  value seed seed segregation  value  independent
number  number  ratio ) number number  ratio ) integration loci

1 443 28 15:1 0.784 323 1 255:1 0.261 4
2 346 328 11 0488 212 71 31 0.972 1
3 455 148 31 0.796 326 19 15:1 0.569 2
4 254 239 11 0.499 158 56 31 0.693 1
5 186 175 11 0563 86 26 31 0.663 1
6 283 292 11 0.707 122 38 31 0.715 1
7 415 398 11 0551 97 30 31 0.720 1
8 276 92 31 0.928 286 15 15:1 0.363 2
9 365 347 11 0.501 184 58 31 0.711 1
10 183 196 11 0504 85 32 31 0.557 1
11 479 0 0 337 0 0 3
12 244 236 11 0.715 156 47 31 0.543 1
13 511 4386 11 0.429 176 62 31 0.708 1
14 437 412 11 0.391 214 68 31 0.731 1
15 276 295 11 0.427 181 53 31 0.407 1
16 169 21 7:1 0546 285 3 63:1 0.476 3
17 354 105 31 0.293 214 12 15:1 0.559 2
19 346 312 11 0.185 165 60 31 0.564 1
20 234 199 11 0.321 196 58 31 0.426 1
21 431 127 31 0222 257 15 15:1 0.617 2
22 338 107 31 0.642 169 9 15:1 0.511 2
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Table 2.7 T-DNA copy number at one | ocus of chromosome

one copy two copies three copies 4 copies total
Plant No. 78 36 20 8 142
% 55.0 25.3 14.1 5.6 100

one T-DNA Copy, and ~25% of singlelocus T-DNA plantsboretwo T-DNA copies. However,
about 20% of thetransgenic plants havemultiple T-DN A copies (three or more) inserted at one

locus.

Additive gene expression of gfp driven by pUbilF

Additivetransgene expression was observed in pollen segregati on on plantsthat boretwo
or moreindependentloci (Figure 2.4). In those transgenic plants with multipleindependent | oci
of T-DNA insertion, the higher intensity of reative green fluorescence was displayed in pollen
that bore more T-DNA copies(Figure 2.4). The pollen with different GFP intensity segregated
in a Mendelian fashion on T plants that could be used to estimate the T-DNA insertion loci
number (Table2.6). Additive gene expresson of gfpin pollen was confirmed by analysis of the
relative green fluorescence in pollen along with the Southern blots of each T, transgenic plant
and its progeny (Figure 2.7). The relative green fluorescence (RGF) of pollen bearing both
copies of T-DNA was equal to the addition of RGF of pollen in plants number 1 and 3 bearing

asingle copy of T-DNA (Figure 2.7 Panel C).
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Figure 2.7 Additive gene expression of gfp in pollen. Panel A: Southern blot of
a T, plant (number 5) with two independent single copy insertions, and its
progeny (number 1, 2 and number 3, 4) that bore asingle copy insertion. Panel B: gfp
expression pollen in the plants corresponding to Southern blot. The relative green

fluorescence of pollen bore both copiesof T-DNA (Panel C, number 5, corresponding
to pollenwith higher GFP intensity), one copy of T-DNA (Panel C, number 1 and 3).
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DISCUSSION

An exceptionally efficient transformation procedure on class I type of embryo-derived callus

for japonica rice

A highly efficient transformation procedure has been established on the basis of class|
type of callus that was chosen using a dissecting microscope. With the help of the gfp reporter
gene driven by pUbilF, transformation could be evaluated at a very early stage. Usually gfp
expressionin transformed class| type of callus could bereadily detected only two days after co-
cultivation. In some cases, gfp expression in transformed cell was detected 36 hours after co-
cultivation. Numeroustransgeniccell swithstrong gfp expression werefound all over the surface
of co-cultured class| type of callus. The technique is suited either for sable transformation or
for transient gene expression studies. Agrobacterium-mediated transformation could be
conducted in asimplelaboratory without requiring much equipment. With such high efficiency
at the early stage of transformation, the procedure could replace particle bombardment at a
much lower cost for measuring trans ent gene expression.

The most attracting aspect of thisimproved procedure is the high efficiency for stable
transformation. 100% of co-cultivated class | type of callus resulted in multiple transgenic
hygromycin resistant calli. Furthermore, the class | type of transgenic callus was found to be
regenerated into green plant at very high percentage compared to class |1 or class |l type of

callus. It was discovered that transformation of cellsin class | type of callus can be detected
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early during the selection process. As the seection culture time extended, class| type of callus
was gradually transformed to Class Il type or Class Il type of callus. Frequent subculture

proved to be helpful to maintain the class| type of callus.

Additive gene expression of gfp driven by pUbil F

Additive transgene expression was previously reported mainly based on the studies
between homozygous transggenic plant and hemizygous plants that was derived from same
transgenic plant (Halfhill et al. 2003 )(Niwaet al ., 1999; Stewart, 2001; Jameset al., 2002). In
our transgenic plants, gfp expression was presented in the pollen at different level of green
fluorescence(Figure 2.4). Additive gene expression of gfp in pollen was confirmed by analysis
of therelativegreen fluorescence in pollenalong with its Southern blot of T ytransgenic plant and
itsprogeny(Figure2.7). Therelativegreen fluorescenceof pollen insinglelocus T-DNA plants
also shows additive gene expresson according to the T-DNA copy number(Figure 2.8). It is
interesting that the pollen gfp expression for one copy at single locus varied from each other
among a few of independent one copy T-DNA plants(Figure 2.8 Panel A,B,C). The possible
interpretation for this is the different insertion position on chromosome that affect the gene

expression.
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Figure 2.8 GFP expressionin pollen of transgenic plants with one chromosome insertion
(1 locus). Panel A, B, C, are pollen images from transgenic plants with one copy of T-DNA,;
Panel D shows pollen from plant with two copies, Panel E shows pollen from plant with three
copies; Panel F shows pollen from plant with four copies.
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Rapid characterization of transgenic plant via pollen gfp expression

The additive gene expression in pollen could be used to rapidly to characterize the
transgenic plants. There are many pollens in a single T, transgenic plant creating a large
segregating population for genetical analysis onthe T-DNA integration pattern without extra
cost. Only one or two floretsfrom plantsat the flowering stage could provide enough pollenfor
the characterization of original transgenic plants.

In previous studies, the average number of integration loci was difficult to estimate in
multiple-copy plants due to gene silencing (Hiei et al., 1994; Sallaud et al., 2004). T,
segregation analysis for hpt was limited when both members of a pair of homologous
chromosomes bear at least onecopy of T-DN A insertion(Figure2.4D). Inthiscase, therewould
be no segregation for hpt. With the help of statistical analyss on the pollen data, we could
estimate the T-DNA insertion locus number and the copy number on a single locus without

much extra cost of the study.
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CHAPTER III
HIGHLY EFFICIENT PRODUCTION OF HAPLOID AND
DOUBLED HAPLOID TRANSGENIC RICE VIA AGROBACTERIUM
TUMEFACIENS-MEDIATED TRANSFORMATION

INTRODUCTION

Initial success with rice transformation was attained using naked DN A introduced into
rice cells by physical means, such as electroporation of protoplasts (Fromm et al., 1986) and
particle bombardment of callus tissues (Cao et al., 1992). However, it became evident from
studies in our lab and others that the transgenes inserted by these approaches were typically
rearranged and frequently silenced (Kumpatla and Hall, 1998b; Svitashev et al., 2002). In
contrast, Agrobacterium-mediated transformation generally resulted in insertion of intact
transgenes and relatively infrequent silencing (Dong et al., 1996; Hiei et al., 1997). However,
whereas homozygous linesare highly desirable for both practical and basi ¢ studies, all of these
procedures yield hemizygous plants.

T he production of haploid rice through anther/microspore cultureiswidely used inrice
breeding since doubling of the chromosome compliment resultsin ahomozygous plant (Afzaet
a., 2000). Therefore, it would seem the transformation of haploid cells, such as microspores,
should provide an attractiveroute for production of homozygous plantsand it issurprisng that
very few articles exist describing the use of this approach. Indeed, we have located only one

paper (Brisibe et al., 2000) describing transformation of a monocot (wheat) via anther culture
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bombardment. There are several articles describing the production of homozygous rice plants
by anther culture, but these are quite different as they deal with plants that are already
transformed (Baisakhet al., 2001; Zeng et al., 2002). While an article describing the adaptation
of rice anther culture on gene transformation was found during the preparation of this
manuscript, thehighesttransformation efficiency wasonly 11.27%for hygromycinresistant calli
(Chen, 2006).

Successful Agrobacterium-mediated transformation of microspore-derived embryoshas
been described for the dicot genera Datura and Nicotiana (Sangwan et al., 1993); a patent
application exigs for transformation of flax by this approach (Chen and Dribnenki, 2003).
However, for all three examples, transformation efficiency and production of homozygous
transgenic plantswere very low.

In this study, a highly effective transformation procedure of microspore-derived callus
hasbeen established. Hundreds even thousands of transgenic haploid and doubled haploid plants
could be generated in asingle transformation experiment using high quality microspore-derived
callus. In this protocol, the high quality microspore-derived callus is readily selected under a
dissecting microscope. The modified protocol for selection and regeneration iseasy to handlefor
a high efficient transformation. The homozygous doubled haploid plants could be simply to
identified by the examination of pollen from theT  plants without growing and examining the
next generation. Many phenotypic mutations even lethal or semi-lethal transgenic haploid and

doubled haploid have been detected.
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MATERIALS AND METHODS

Plasmid and agrobacterium strains

The binary plasmidspUbilF (Figurel), pJD4 and pJD7in LBA4404 were used in this
study. It wasconstructed asdescribedin Chapter I1.. Agrobacterium strainsLBA4404(pUbi1F)
was grown on AB minimal medium with 50 mg/L of gentamycin and 100 mg/L of kanamycin
for 2 to 3 daysat 28 OC. The bacteria were collected and resuspended in AAM medium (Hiei

et al., 1994)for co-cultivation with microspore-derived callus.

Plant materials and tissue culture media

Rice (Oryza sativa ssp Japonica, cv Nipponbare and Taipei309) plants were grown in
Redi—earth® in 5" pots in a greenhouse at 25°C-32°C under natural light from March to
October; supplemental light was provided from November to February to give 16 h day and 8 h
night. Water was supplied by an automatic system and the plants perpetually produced tillersfor
anther culture at any season in ayear. The media used for tissue culture and transformation in
thisstudy waslisted in Table2.1. The medium used for anther culture was supplemented with

20g/L Sorbital in the N6M .



Figure 3.1 Microspore-derived callus. A. Anther on modified N6 medium. B.
After two weeks on N6M-A medium, globular calli, derived from individual

microspore, are visibleusing adissecting microscope. C. Individual microsporesfrom
a single anther give rise to many active calli after another two weeks. D. After 6
weeks of callus induction, about 50% of cultured anthers produced multiple calli
ready for transformation.

45
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Induction of microspore-derived callus

I n order to maximizecollection of microsporesat the mid-uninucleateto early binucleate
stagesof devel opment, di sease-free panicles(boots) were collected from till ersof ratooned plants
when the distance of the flag leaf auricleto that of the next |eaf was 2-7 cm. Collections were
made between 8 and 10 a.m. or between 4 and 5 p.m. as microspore mitosisismaximal at those
times. The panicles were wrapped with foil, accurately labeled with the date and time of
collection and placed in anincubator at 4-8°C. After 7 days the panicles were surface-sterilized
by surface-spraying with 70% ethanol. Boots were removed carefully with sterile forceps and
floretswith anthers that did not exceed half of the floret length were selected. The anthers were
excised with sterileforcepsand calluswasinduced on a modified N6 medium (Chuetal., 1975)
at 26°C in the dark. After ~6 weeks (wk), haploid callus had developed and was ready for

transformation (Figure 3.1).

Transformation procedure

Microspore-derived calluswas subcultured on 2N6 medium (Hiei et al., 1994; Dong et
al., 1996) at 28°C in dark for 3 days. Actively growing Class | callus with turgid cells on the
surface (Figure 3.2) was chosen for co-cultivation. About 50 pieces of callus, each with a
diameter of approx. 5 mm wereimmersed in 10 ml of liquid co- cultivation medium (AAM)

containing Agrobacterium cells at adensity of 2-3x 108 cellgml (OD>**=0.5) ina50 ml sterile



Figure 3.2 Class I type of microspore-derived callus for transformation. A. Class
| type of callus at diameter ~5mm was chosen and subcultured on 2N6M medium. B and
C was the image under dissecting microscope, many active turgid cells on the callus
surface that could be transformed during the co-cultivation. White bar: 1mm; Red bar:
0.1mm.

47
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centrifuge tube for 30 min. Callus pieceswere blotted dry on sterile paper towels, transferred to
solid co-cultivation medium (2N 6-AS) and incubated for 3 days at 21°C in the dark. After co-
cultivation, the callus pieceswere gently and briefly rinsed twice with 250 mg/l cefotaxime in
liquid 2N 6 medium. Rinsed calli (~20 pieces, approx. dia. 5 mm) wereindividually transferred
to one 100 mm-diameter Petri dish containing selection medium (250 mg/l cefotaxime; 50 mg/I
hygromycin B) (2N6M-CH) for two weeks at 28°C in the dark. After two weeks selection,
resistant, light brown calli wereevident on the surface of dead and dying (dark brown) calli. The
light brown calli (with some dark brown callus attached) were transferred to fresh selection
medium (2N6M-CH) for 1 wk at 28°C in the dark. T he surviving light brownish globular calli
were gently removed from the dead calli and placed in the medium surrounding the original
calusand cultured for another 5-7 daysat 28°C in thedark. Four weeks after the co-cultivation,
the surviving calli wereready for regeneration.

The transformation efficiency and development of hpt-resstant callus was followed
throughout the selection step by fluorescence microscopy. Round, yellowish Class | calli with
turgid cellson thesurface (see Figure 3.2C) were chosen for culture on pre-regeneration medium
(PRN) (Sallaudetal., 2004) for 1 wk at 26°C inthedark. All of the surviving calli from asingle
co-cultivated piece of callus were grouped into individual sectorsof the PRN Petri dish so that
they would not co-mingle with calli surviving from other co-cultivated calli. After 1 wk of
culture on PRN medium, all remaining calli from the same original co-cultivated call us piece
were individually transferred to a single 100 mm dia. Petri dish containing RN. The dish was
kept in thedark at 26°C for one day, then at 26°C for 2 wk with a16/8-h light/dark cycle. Many

green shoots, with or without small roots, regenerated from the light brown surviving calli. All
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calli with green shoots derived from the original co-cultivated callus were individually
transferred to a 100 mm-diameter/25 mm-height Petri dish containing medium (RN-2) for the
second round of regeneration for 2 wk. The plantlets were then individually transferred to
rooting medium (M S;) for onewk. The resulting plantlets were catal oged and transferred to soil

in the greenhouse.

Detection of gfp reporter genes

Theexpression of the gfp genein transformed callus and plant ti ssueswasobserved using
a Stemi SV11 APO Microscope (Zeiss) fitted with an AxioCam HRc camera. Calli that
expressed GFP were imaged using a 500 nm filter and an exposure time of 3 sec. Pollen that
expressed GFP were imaged at an adjusted exposure time so that none of pollen images was

saturated in pixels. Seeds that expressed GFP were imaged at an exposure time of ~1 sec.

T1 segregation analysis for hygromycin resistance and GFP activity of seeds

Fifty to one hundred were dehusked and observed for GFP activity under a Stemi SV11
APO Microscope (Zeiss) fitted with an AxioCam HRc camera. The seeds were then
surface-sterilized, placed on a petri dish containing 30 mg/ml hygromycin and alowed
togerminate under light at 26C. After 7-10days, seedswere scored for germination. Segregation

for GFP activity and hygromycin res stancewas cal cul ated by astati stical method using y 2-tests.
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T1 segregation analysis for GFP activity in pollen from T, plants

Five random chosen field of view of pollen fromT jplants were observed using a Stemi
SV11 APO Microscope (Zeiss) fitted with an AxioCam HRc camera. The image were taken
using an exposure time that does not saturate the exposure. Segregation for pollen GFP

activitywas calculated by a statistical method using x 2-tests.

Nucleic acid extraction and Southern blot analysis

Rice genomic DNA was isolated from fresh leaves as described previously (Buchholz
et al., 1998). Genomic DNA (2 pg) was digested with 20 units of Hindlll for 12 h. After
electrophoretic separation in a 0.8% agarose gel, the DNA fragments were transferred to
Hybond-N+ membrane (Amersham). DNA probes were labeled using a DECAprime 1™ Kit
(Ambion). Hybridizations were performed using ULTRAhybO (Ambion) according to the

manufacturer’ s recommendations.

Ploidy determination by chromosome counting

The protocol used for chromosome counting was modified from the protocol described
by Dong et al. (2001). The root tips from haploid tiller and doubled haploid seedling were
treated with 0.035% hydroxyquinoline for 2 hours and fixed in 4:1 100% ethanol: acetic acid

solution. Fixed root tips were then digested with 5% w/v cellulase Onozuka R-10 (Yakult
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Honsha, Japan) and 1% w/v pectolyase Y -23 (Seishin Pharmaceutical, Japan) in 0.05M citrate
buffer pH 4.5 for 52 min at 37 °C. Chromosomeswere stained with SlowFade® Gold antifade
reagent containing DAPI (Invitrogen) and their karyogram were revealed using Olympus

FV1000 confocal microscope .

Amplification and sequencing of T-DNA left border flanking regions

The amplification of T-DNA left border flanking region was carried out using the
Adaptor ligated PCR described in Siebert et al. (Siebert et al., 1995). The protocol consiss of
three steps: ligation, polymerase chain reaction (PCR)1 and PCR2. Each DNA sample (1.5u.0)
wasdigested with EcoRV and precipitated using aphenol/chlorof orm/isoamyl al cohol protocol.
Thepurified digested genomic DNA wasligatedin 10ul volumewith the ADP1/ADP2 adaptor
using T4 DNA ligase at 16 °C overnight. The adaptor was prepared by annealing the
complementary oligonucleotides, ADPL1
(5-CTAATACGACTCACTATAGGGCTCGAGCGGCCGCCCGGGCAGGT-3)andADP2
(5-P-ACCTGCCC-NH2-3") by incubationat 97 °C for 5minin NEB restriction enzyme buffer
no 2 followed by gradual cooling to room temperature (~24 °C). PCR1 was conducted with a
specific adaptor primer, AP1 (5-GGATCCTAATACGACTCACTATAGGGC-3), AP2
(5'-AATAGGGCTCGAGCGGC-3"), and a specific T-DNA left border primer,

LB1: 5-GAATTAGTCGAGACACGTCGAAATAAAGATTTCCG-3).
LB2: 5-CGACGGATCGTAATTTGTCGTTTTATCAAAATGTAC-3

LB3:5-CCATATTGACCATCATACTCATTGCTGATCCATG-3
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If the previous PCR failed, the a specific T-DNA right border primer was used,

RB1: 5-GCTGAAAGCGACGTTGGATGTTAACATCTACAAATTG-3

RB2: 5-CGTAAGCGCTTACGTTTTTGGTGGACCCTTGAGG-3'

RB3: 5-GATGGGGGGCATCGCACCGGTGAGTAATATTGTAC-3

Thethermocycling conditionswere5 min at 94 °C, followed by 29 cyclesof 94 °C 30 s, 62 °C
for 45s, and 72 °C for 2 min, with afinal polymerization step at 72 °C for 10 min. PCR2 was
performed with anested specific adaptor primer, AP2 (5-CTATAGGGCTCGAGCGGC-3),
and anested specific T-DNA | eft border primer, LB2 or RB2. PCR2wasperformed witha 1/50
dilution of the PCR1 product using thesame conditionsasfor PCR1, except for thefinal volume
of the reaction which was adjusted to 100 ul. A 4-ul aliquot of the PCR2 reaction was loaded
on a 1.2% agarose ge for electrophoress. After gel staining with ethidium bromide, PCR
products showing a unique band were then directly sequenced with a third nested specific

primer, LB3 or RB3.

RESULTS

Induction of microspore-derived callus of rice

Mi crospore-derived callus was induced using the method described asin Materials and

M ethods. Globular callus derived from individual microspores in the anther could be observed

under a dissecting microscopeafter two weeks culture on N6M-A medium (Figure 3.1). Many

independent microspore-derived calli could be observed without use of a dissecting microscope
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after 4 weeks culture. Approximately 50% of anthers cultured from T aipei 309 and Nipponbare
could produce microspore-derived callus (Figure 3.1). After 6 weeks of anther culture,
microspore-derived calluswasready for transformation. The modified medium used was based
on N6 medium (Chu et al. 1975) supplemented with 500mg/l proline, 500mg/l glutamine,

300mg/| casein acid hydrolysate, and 30g/l sucrose and 20g/I D-sorbital.

Transformation of class I type of microspore-derived callus at exceptional efficiency

The transformation protocol was essentially described in previousreports (Hiei et al.,

1994; Dong et al., 1996) . Class | type of microspore-derived callus (Figure 3.2) was pre-

cultured on 2N6M medium at 28 °C in thedark for 3 days, followed by co-cultivation on
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2N6M-AS medium at 21 °Cinthedark for 3 days, firg selection on 2N6M-CH medium at 28
°C inthe dark for 14 days, and second selection on 2N6M-CH medium at 28 °C in the dark for
14 days. Four weeks after the co-cultivation, the surviving calli were generally ready for
regeneration. A highly efficient transformation procedure was established using class| type of
callus. All three gene constructs, pJD4, pJD7 and pUbilF, resulted in amos 100%
transformation rate for co-cultivated class | type callus. Typically each co-cultivated callus at
approx. dia. 5mm could produce dozens of transgenic calli and multiple transgenic plants
(Figure 3.3).

Time coursefor thetransformation of class| type of microspore-derived callusissimilar
to that of embryo-derived callus. ~8 weekswasneeded from the time calluswasinoculated with
Agrobacterium to the recovery of regenerated green plants from class | type of microspore-

derived callus.
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Figure 3.3 Exceptionally efficient Transformation of class I type of microspore-
derived callus. A. After 3 daysof co-cultivation, the co-cultivated calluswasplaced onfirst
selection medium. B. After two weeks of selection, the surviving transgenic cell linescould
be observed on every co-cultivated callus surface without help of amicroscope. C. After two
weeks of second sel ection, dozens of surviving transgenic cell lines could be obtained on each
co-cultivated callus. D. Dozens of class | type of transgenic calli could be observed under a
dissecting microscope, Panel D indicates the active class | callus in high quality for
regeneration. E. Surviving calli from each co-cultivated callus were harvested and
subcultured on the pre-regeneration medium. All of the surviving calli from a single co-
cultivated pieceof callusweregroupedintoindividual sectors. F. Calli derivedfrom the same
co-cultivated callus were placed on one petri-di sh containing regeneration medium; most of
those class | type of transgenic calli could be regenerated into green plants.
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Evaluation of transformation via GFP

The transformation efficiency and development of /ipt-resigant callus was followed
throughout the selection by fluorescence microscopy (Figure 3.4). Figure 3.4 illustrates the
efficiency of the protocol that | have developed for Agrobacterium-mediated transformation of
microspore-derived callus. Moreover, theuseof pUbilF (Figure2.1) permitsanearly evaluation
of how successful the transformation event was. Indeed, several hundreds of GFP-positive cells
can normally be detected in any small region of virtually all calli by 3 days after co-cultivation
(Figure3.4A). In most cases of the experiments, GFP cells coul d be detected under fluorescence
microscope only two daysafter co-cultivationwith Agrobacteriumon 2N6M-AS medium. More
GFP positive cdlscould be observed 5 days after co-cultivation (Figure 3.4B). Even though the
number of cells with GFP decreased at 7 days after the first sdection (2N6M-CH), overall,
hundreds of cell lines with GFP at different intensity of fluorescence level were observed on
small portions of a piece of co-cultivated callus (Figure 3.4C). Hundreds of globular calli
expressing GFP were visible at different position all over the surface of the co-cultivated callus
after surviving on the sel ection medium for 2 weeks (Figure 3.4D). Most of those GFP cell lines
survived another weeks of selection (second selection). The GFP cell lines could be observed
throughout the selection course (Figure 3.4E and F).

Asillustrated in Figure 3.3, dozens of green transgenic plants could be regenerated



Figure 3.4 Highly efficient transformation of class I type of
microspore-derived callus of rice revealed by GFP. A. 3 daysafter co-cultured,;
B. 5 days after co-cultured; C. 7 daysafter selection; D. 2 week s after selection; E.
3 weeks after selection; F. 4 weeks after selection. White bar: 0.1mm; Red bar:
0.5mm; Yellow bar: Imm.
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Table 3.1. Transformati on efficiency for microspore-derived callus (cv. Nipponbare)

Experiment  Number of class|  Number of Tranggenic plants  Transformation
calli used independent co-cultivated rate (%)

for transformation transgenic plants  callus

1 20 913 45.65 4,565
2 46 1,862 40.48 4,048

3 50 1,173 23.46 2,346
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from asingle piece of co-cultivated typel callus. The production of high numbers of transgenic
plants from a single co-cultivation is exemplified by the data shown in Table 3.1 for three
typical experiments. Thousand of transgenic plants could be obtained from a single
transformation experiment on dozens of class | type of microspore-derived callus. The
calculation on the transformation rate (%) based on the number of transgenic plant for each co-
cultivated callus reached well above 100% (Table 3.1). We prefer to use the number of
transgenic plants per co-cultivated callus to indicate the transformation efficiency for each
transformation experiment.

Theregenerated plants from each co-cultivated callus were cataloged and transferred to
soil in the greenhouse. Genomic DN A was isolated from a single leaf of each transgenic plant.
Southern blot analysis was conducted as described previously. That the plants are
overwhelmingly independent transformants is clear from the Southern blot analyses shown in
Figure 3.5. To date, we have analyzed over 200 individual plantsand have only encountered 4

sibling plants.
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Figure 3.5 Genomic blot analysis of T, lines of transgenic plants from microspore-
derived callus. Genomic DNA from lines 1 to 24 (all from one piece of co-cultivated callus)
was digested with Hindlll, and hybridization was performed with the apt or gfp probe. The
sizesof the bands visualized for each plant with hpt or gfp probe weredifferent, indicating that
T-DNA integrated at different locations in the rice genome and that all 24 transgenic plants
from asingle co-cultivated callus were independent transformation events.
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Identification of homozygous plants inTtransgenic lines

Antherswereisolated from florets of T plants and crushed gently on aslidein one drop
of ddH20. The pollen wasimmediatel y examined usinga ZeissSV-11 fluorescence microscope
and imaged using an AxioCam HR camera (Carl Zeiss, Jena, Germany). The exposuretimewas
adjusted so that the pixels in the spot images were not saturated. All pollen grains from
homozygous doubled haploid (DH) plants had a uniform green fluorescence, revealing the
absence of wt pollen grainsthat lack GFP (Figure 3.6A). The accuracy of the visual teg was
confirmed by genomicblot analysisof progeny (Figure3.6B).HemizygousDH transgenic plants
show (wt) pollen and GFP pollen segregation (Figure 3.6B; wt pollen is present as dense black
grains) that can be used to determinethe number of chromsomesbearing a T-DNA insertion as
described in Chapter 11. From our preliminary ex periment results, about 60% of thehemizygous

transgenic DH plantshave one T-DNA insertion locus (Table 3.2).
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Figure 3.6 Homozygous T-DNA doubled haploid plant revealed by GFP pollen.
A. All pollen grainsfrom homozygousdoubled Haploid (D H) plantshad a uniform green
fluorescence; B. Half of the pollen from a hemizygous DH transgenic plant had green
fluorescence, indicating a single locus T-DNA insertion after chromosome doubling; C.
A homozygous T-DNA DH plant as confirmed by Southern blot. All progeny from one
regenerated plant had the same pattern of T-DNA insertion.

Table 3.2. Independent locus of chromosomes bearing T-DNA insertion revealed by pollen
segregation

1 locus 2 loci 3loci 4 |oci BHC* Total
insertion insertion  insertion insertion insertion
No. of plants 242 96 44 14 3 399
% 60.7 24.1 11.0 35 0.7 100

*BHC: Both members of apair of homologous chromosome have one T-DNA insertion
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Distribution of haploid and doubled haploid transgenic plant in transformation of

microspore-derived callus

Although haploid plantsare not readily distinguishable at the timethey are transplanted
to soil from the Magenta box, visual differences are usually evident after culture in soil for 1
month. Haploid plantsaresterile, havereduced floret size and are typically substantially smaller
in stature than are wt diploid plants (Figure 3.7A and B). The accuracy of the visual teg of
haploid and DH plants were confirmed by chromosome counting (Figure 3.8), as described in
Materials and M ethods. Without colchicine treatment, about 45% of the transgenic plantswere
haploid (Table 3.3, Control). About 46% of the transgenic plants were hemizygous T-DNA
plants, indicating that nearly half of the haploid cells had already spontaneously doubled the
chromosomes before the time of transformation.

In order to increase the number of homozygous transgenic DH plants in the T,
transformants, several experiments were conducted on the col chicine treatment protocol during
selection (Table 3.3). 0.03% colchicine (Sigma) (w/v) was added in selection medium
(2N 6-CH). The experimentswere conducted by keeping the co-cultivated calli on 2N 6-CH with
colchicine supplement for the first sel ection only, for both selections (first and second ) and a
control (2N6-CH with no colchicine supplement). Colchicine treatment following the co-
cultivation step significantly increased the frequency of recovery of transgenic homozygous
plants and reduced the haploid plants for both experiments. Up to 26% of the plants recovered

were homozygous transgenic doubled haploids (see Table 3.3).
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Figure3.7. Transgenic haploid plants in greenhouse. A. Thestature of transgenic haploid
(1n) plantsis usually shorter than that of adiploid (2n) wt plant. B. Compared with the wt
diploid (2n) panicle, the haploid (1n) panicleis shorter and floret size isgreatly reduced. C.
Haploid plants with abnormal (a), semi-lethal (b) and lethal (c) phenotypes. Thetall plantis
a“wt” haploid control. D. Transgenic haploid plantsfrom asingle co-cultivation werelabeled
and planted in greenhouse. E. Transgenic haploid plants growing in the same tray depict
various phenotypic aberrancies (arrows indicate wild type).
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Figure3.8. Chromosome examination of haploid and doubled haploid transgenic plants.
A. Representativekaryogram from atransgenic haploid plant contai ning 12 chromosomes(1N
= 12); B. Representative karyogram from a transgenic doubled haploid plant containing 24
chromosomes (2N=24).

Table 3.3. Transgenic plants from transformati on of microspore-derived call us

Heploid plants  Doubled haploid Doubled haploid ~ Semi-lethal or Tota

(survived) (hemizygous) (homozygous) lethd plants
Treatment
Number %  Number % Number % Number % No. %
Control 416  45.56 425 4655 33 362 39 427 913 100
| 185 35.1 258 48.8 67 12.7 18 34 528 100
Il 74 22.8 158 48.6 85 26.2 8 24 325 100

I. Colchicine treatment for 1st selection period (14 d). 1. Col chicine treatment over 2 selection regimes (28 d).
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Phenotypical variation of haploid and DH transgenic plants

At flowering , visible phenotypic differences between transgenic haploid plants and wt
haploid plants often become apparent. Transgenic haploid plants with visible phenotypes are
readily identified from the original transgenic haploid plants by comparing them with
non-transgenic haploid plants that were regenerated and planted in greenhouse as controls.

Three months after transfer to the greenhouse, about 25% of theT jhaploid plants were
visibly different from haploid plants recovered from calli that had not been subjected to
co-cultivation ("wt" haploid plants). About 6% of the T, haploid plants exhibited seriously

abnormal phenotypes that were lethal or semi-lethal (see Table 3.4 and Figure 3.7C).

Table 3.4. Distribution of transgenic haploid plantswith visible phenotypes

Experiment Haploid plant Haploid plant with  Haploid plant semi- Haploid plant
like wild type visible phenotype lethal or lethal (total)
Number % Number % Number % Number %
1 332 729 84 185 39 8.6 455 100
2 507 69.6 187 257 34 4.7 728 100

Identification of rice phenotypic mutants

Thehomozygous DH transgenic plantswere planted in the greenhouse (4 plants per line
using 2 wild type Nipponbare or Taipei 309 plants asacontrol). All plants were planted under

the same cultivation and environmental conditions (two mutant plants and one wild type plant



67

inonepot). T he growth-base phenoty pic profile was collected and rice phenotypic mutantswere
identified by comparing to the phenotypic profile of wild type plants. From the preliminary
experimental results, 57 rice phenotypic mutants were identified. Homozygous transgenic
insertionwasconfirmed in these plants by examination of pollen GFP and genomic Southern bl ot

analysis.

Diploidization of haploid transgenic plants by tissue culture

A large number of transgenic haploid plants have been obtained from a single
co-cultivation experiment using microspore-derived callus. However, for usein comprehensive
studiesof novel genefunction, it ishighly desrableto have a seed-bearing fertile plant. For this,
the chromosomesin a haploid have to be doubled. There are several published approaches for
diploidization of ahaploid plant (Maluszynski etal., 2003). One of theseisthe use of colchicine
treatment on haploid tillers; another is the manipulation of haploid tissue culture.

In an exploratory experiment, haploid plants were removed from soil and washed with
water. Therootsof the plantswere cut 3-5cm from the plant base and the upper portion trimmed
to 20-30 cm before immersion in a 0.1% col chicine solution dissolved in 2% dimethysulfoxide
(DM SO) containing 0.01% Tween 20 for 5 hat room temperature. T heefficiency of conversion
wasonly 30%. However, since no DH plants were recovered from the non-treated controls, the
experiment was very encouraging as it established the feasability of this approach.

The inflorescence (about 1-2cm in length), leaf and stem tissues were cultured on MS

medium (Murashigeand Skoog, 1962) supplemented with 2mg/l 2,4-D and 1mg/l kinetin ( plus



68

30mg/I hygromycin B for selection) for 3 weeks at 26 C in the dark. The active callus that was
induced from the tissue was transferred to regeneration medium (M SD4) (Dong et al. 2001)at
26 °C in the dark for 3 weeks. 75% of young inflorescences from transgenic haploid could
produceactivecallus. Fertiledoubled haploid plants have been regenerated for all tested haploid
sterileplants (see Table 3.5). Thisapproach isespecially useful to obtain doubled haploid plants
from the transgenic plants with serious abnormal phenotype that are not s¢rong enough to go

through the colchicine treatment.

Table 3.5. Doubled hapl oid plants induced by tissue culture

Explant Callus induction on tissue Plant regeneration

No. of tissues  No. of tissues  No.of sterile hgploid ~ No.sterile haploid giving

on culture with cali (%) plantstested fertile plants (%)
Inflorescence 64 48 (75) 12 12 (100)
Stem or shoot 30 11 (36.7) 10 3 (30.0)
Leaf 28 0 (0.0 12 0 (0.0)

Determination of T-DNA chromosome insertion location

The amplification of T-DNA left border flanking region was performed using the
Adaptor-ligated PCR described in Siebert et al. (1995). The three step PCR was proved to be
effective to recover the left border flanking sequence from the tested mutant plants. A typical

agarose gel showing the PCR2 product corresponding to the flanking sequence amplification
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Figure 3.9 Isolation of T-DNA flanking sequences from genomic DNA of 16
Transgenic haploid plants by adaptor-ligation PCR method. Visualization of the PCR
reaction product was performed by electrophoresis on 1% agarose Gel. For each plant,
genomic DNA was digested with EcoRV and ligated with Adaptor. Two step PCR was
performed using T-DNA left border specific primer with adaptor AP1 and AP2 primers.
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fromDNA isolatedfrom 32 T-DNA linesand digested with EcoRV redtrictionenzymesisshown
inFigure 3.9.

Through collaborationwith Dr. SivaKumpatla (Dow AgroSci.) and Dr. Sujata Pammi
(Ocimum Biosol utions), Inverse PCR protocol and Tail PCR (2003) were used to identify the
T-DNA insertion stein haploid transformants possess ng aberrant phenotypes. In apreliminary
screen from 32 haploid transformants, regions flanking the left border of T-DNA in 6
transformants were successfully sequenced and data obtained were used as queries to search
against TIGR database. The T-DNA insertion stesin these 6 transformants were mapped to

their rice chromosome loci (Table 3.6).

Table3.6 BLAST resultsusing TIGR databases

Line Phenotypes L ocus number Gene Product
(FromTIGR)

Mut-2 Yellow leaves, small size, semi-lethal LOC_0s08g28930 unclassified putative retrotransposon
protein

Mut-11 No flowers, yellow leaves LOC_0s01g71040 expressed protein (unknown function)

Mut-14 No flowers, yellow leaves, semi- LOC_0s03g08680 Mitochondrial import inner membrane
lethal translocase subunit Tim17 family protein

Mut-22 short stem LOC_0Os06946940 putative cyanogenic beta-glucosidase
precursor

Mut-24 few flowers LOC_0s05¢51620.1 Unknown gene, Hypothetical protein

Mut-26 few flowers LOC_0s05g51620.1 Unknown gene, Hypothetical protein
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DISCUSSION

Rice, arguably the most important food crop worldwide, has become a model plant for
molecular studies of monocot crops. A major attraction isits relatively small genome; indeed,
sequencing of the entire genome of the Japonicarice, Oryza sativa L. var. Nipponbare genome
is complete (International et al., 2005). A second important attraction is the ease with which it
can be transformed, and our laboratory has made much use of thisin studying various aspects
of genesilencing (lyer et al., 2000; Yang et al ., 2005).

The simplicity of rice transformation renders it particularly suitable for T-DNA
insertional mutagenesis, and, with the published sequence avail abl e for guidance, attention has
rapidly turned to the use of this approach for the acquisition of genome-wide functional
information. It iswell established that harmful mutations are often recessve and that harmful
genes in the homozygous recessive state may well be lethal. Unfortunately, in undertaking
genomic screens for novel important genes, i.e. genes having adramaitic effect on the organiam,
mutationsin recess ve genes appear to be under-represented. T hisisnot surprising. For example,
if arecessive gene is mutated, the functional dominant counterpart will completely mask the
effect. Thus, the presently available hemizygousinsertional librariesshow no phenotypein the
primary transformants (T0O) and at least one additional generation is required to obtain any
homozygous recessive transgenic plants. Forward screening for the desired homozygous
recessive mutantsisin any case laborious and, compared with Arabidops's, substantially more

containment greenhouse space is needed for rice. Based on the cal culation developed for the
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Arabidopsisgenome, over 660,000 independent ricetransformantsare needed to ensurea 99%
probability that an insertion occurs every 3 kb or so (Krysan et al., 1999). Screening for this
number of insertional mutant linesand for identifying the homozygous mutants would be a huge
amount of work. If there are two or more T-DNA insertion loci, screening of homozygous
mutants from hemizygous trangenic lines becomes considerably more onerous.

The problems associated with hemizygous insertional mutational libraries, mentioned
above, can be overcome by the use of haploid cells as the target for transformation. Several
successful experiments using a microspor e culture system as the target for transformation have
been reported (Palmer et al., 2005). These include Brassica napus (Pechan, 1989) , Datura
innoxiaand Nicotianatabacum (Sangwanetal., 1993) Zeamays (Fenne | and Hauptman, 1992)
and Triticum aestivum (Leob and Reynolds, 1994).

Thepotential benefitsof usinghaploidand doubled haploid (DH) plantsin crop breeding
has been known for over 80 years (Kasha and M aluszynski, 2003) but, until recently (Palmer
etal.,2005), remarkably little effort has been put into their utilization for either applied or basic
purposes. In part, difficulties in the routine production of haploid plants have decreased
enthusiasm for their use. Here, we report for the first time details of procedures not only for
highly effective and reproducible production of haploid culturesof acommercial ricevariety but
alsofor,to our knowledge, unprecedented high ratesof Agrobacterium-mediated transformation
together with very low occurrence of siblings. Further, we have pioneered the use of GFP
expression in pollen for effective, rapid and inexpensive identification of homozygosity and
estimation of the number of chromosomes bearing T-DNA insertions. We believe these

procedureswill greatly enhance progressin the functional genomicsof rice, avital crop for much
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of the world's population and one of the few plants for which the genome is completely
sequenced.

The routine regeneration of thousands, rather than the typical dozen or so, of
independently transformed pl antletsfrom asingle co-cultivation isamajor technical advance of
substantial value in studying functional genomics of rice. The ability for early detection of a
failed transformation vastly reducescosts incurred in maintaining failed cultures. The reliable
GFP-fluorescencetedsfor transformation efficacy and homozygosity of individual transformants
are rapid, inexpensive, very smple and exceptionally beneficial in reducing the need for
radioactive material's.

Whilethe merits of therapidity, reliability andlow cost of thetransformation system we
have devel oped are extremely beneficial, its greatest attributeislikely to beitshigh potential for
revealing novel gene functions, especially those having lethal or near-lethal effectsif they are
disrupted, e.g. by insertional mutagenesis. This results from the relatively high frequency of
occurrence of homozygous recessive transdormants. Although we do not anticipate identifying
completely lethal mutations (no regeneration), we do expect to be able to culture transformants
with severely debilitating mutations long enough to obtain sufficient DNA to identify the
location of the mutation.

Since haploid cells can survive and be induced to, or even spontaneously diploidize to
yield doubled haploid (DH) cellsthat can be regenerated to yield fertile plants, arelatively high
frequency of homozygous recessive plants could be recovered. The highly efficient production
of tranggenic haploid and DH plants offersa substantially improved method to discover novel

rice phenotypic mutants of special interest in functional genomics. Indeed, success inthisstudy
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with ricewould endorseitsusefor virtually any flowering plant species since a haploid hasonly
one set of chromosomes (1n) instead of the 2 sets (2n) of the diploid. Consequently, recessive

mutations will show up directly..
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CHAPTER 1V
A SMALL MODIFIED MUBI1 PROMOTER CONFERS HIGH
LEVEL EXPRESSION IN RICE

INTRODUCTION

The development over the past decade of highly effective and reliable systems for
Agrobacterium-mediated transformation of rice portends successful use of many
biotechnologi cal modificationsthat will alter and enhancethiscropthat iscentral to thenutrition
of millions. While thetransformation technologiesare available, awider range of promotersand
regulatory elements to drive transgene expresson in a reliable manner isvital as molecular
approaches of plant improvement become more complex.

The Zea mays (maize) polyubiquitin-1 (mUbil) promoter has been shown drive high
levelsof reporter activity in several monocot species (Christensen et al., 1992; Takimoto et al .,
1994; Christensen and Quiail, 1996). It isalso widely used to drive marker genes for transgenic
plant selection (Cornejo et al., 1993) and for expressing foreign genes to produce recombinant
proteins (Zhong et al 1999)(Hood et al., 1997; Witcher et al., 1998). Indeed, it remains one of
the most active constitutive genes characterized in plants.

The mUbi 1 promoter is 1,992 bp long and includes 899 bp of promoter region, 83 bp
of untranslated exon (leader) sequence and a1,010 bp-long first intron (Christensenetal., 1992;
Christensen and Quail, 1996). The 5' flanking sequence of mUbil includes regions with

similarity to defined cis-acting elements. A TATA box islocated in the consensus position, and
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two overlapping sequences with smilarity to the Drosophila hsp70 heat shock element are
located approximately 0.2 kb upstream of the transcription start site. Modification of these
elementsresulted in an altered reporter gene expression pattern but high levelsof heterologous
gene expression in maize were retained (Streatfield et al., 2004).

Thelong promoter sequence can be inconvenient for cloning and is susceptible to gene
silencing (Kumpatla, 1997; Kumpatla et al., 1997; Kumpatlaand Hall, 1998b). Reducing the
size of the promoter appeared to be an attractive approach to address both of these deficiencies.
However, concern existed that deletion of promoter regions could affect the topology or
chromatin structure (Hall et al., 1998; Li et al., 2001), thereby decreasing its high expression
levelsand ubiquitous spatial pattern of expression that are valuable features of this promoter.
A strong enhancing effect on gene expression was shown when intron 1 wasincluded along with
the upstream region of the mUbil promoter by Salguerio et al. (Salgueiro et al., 2000), and
similar results have been obtained for introns associated with other promoters (Sinibaldi and
Mettler, 1992; Takumi et al., 1994; Vain et al., 1996). Therefore, in desgning truncations of
mUbi1 promoter we were careful to assess the possible effect on intron-mediated enhancement.
Although inspection of the sequence motifspresent in apromoter ishel pful in designing mutated

forms, it is still necessary to test the effects experimentally.
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MATERIALS AND METHODS

Plasmid construction

The constructs used for transient expression are shown in Figureure 4.1. The
mUbi-900-1n (Figure 4.1A) construct (1992 bp) includes 899 bp of the5' promoter region, 83
bp of untranslated exon (leader) sequence and 1,010 bp of the first intron (Christensen et al.,
1992; Christensen and Quail, 1996). A 5 primer which contained a Hindlll site (
atgaagcttttcttgtttcgagtagataatg) and a 3' primer containing a BamHI site
cgggatccaggcctgcagaagtaacaccaaacaac) were used to to amplify the 5' region of the mUbil
promoter up to base -343, thereby eiminating 556 bp of the original 5' promoter. The PCR
amplification reaction was performed using PCR supermix (Invitrogen). PCR products were
purified, digested with Hindl 11 and BamH, thenclonedinto BJ81 (avector that containstherice
ubiquitin 2 promoter driving the gfp gene (Yang et al., 2001), yielding mUbi1-343-in
(Figureure 4.1B), a truncated ubiquitin promoter driving the gfp coding region. To further
shorten the promoter, an Xbal fragment (from +123 to +706) was excised from intron-1 of
mUbi-343-1n,yieding mUbi-343-tIn(Figureure4.1C). Construct mUbi-0-1n (Figureure4.1D)
hasfull-length intron1 but no upstream promoter sequence and was derived from mUbi-343-1n
by digegtion with Hindl Il and Bgll1, followed by Mung Bean N ucleasetreatment and subcloned
into BJ81; congtruct mUbi-0-tIn (Figureure 4.1E) was made similarly from mUbi-343-tin.

For stable transformation of rice calli, binary vectors pUbi-900-In, pUbi343-In ,
pUbi-343-tin, were constructed by cloning the promoter and gfp fragments from the

intermediate plasmid pBJ81 between the Hindl Il and M scl sites of pJD7 (Dong et al., 2001).
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Figure 4.1. Schematic diagram of constructs. (A) Ubi-900-In is the full-length intron
(Im)-containing promoter originally described by Christensen et al. (Christensen et al, 1996);
the promoter extends 900 bp upstream of the transcription initiation site(+1). (B) Ubi-343-In
issmilar to A, but the promoter is shortened to 343 bp. (C) Ubi-343-tIn issimilar to B, but
thefirst intron wastruncated (tIn) by the excision of an Xbal fragment between positions123
and 706. (D) Ubi-O-Inissimilar to B but lacksthe5' proximal promoter (-343 to +1) and 5'
UTR (+1to 93) regions. (E) Ubi-0-tInissimilar to D butlacks part (+123 to +706) of intron
1. All five congtructs contain the entire mGFP coding sequence (Siemering et al, 1996) and
nos terminator.
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Theresulting binary vectorsweretransferred into Agrobacterium strain LBA 4404 by triparental

mating (Ditta et al., 1980).

Initiation of scutellar calli

Mature T309 seedswere dehusked and rinsed with 70% ethanol for 1 min, then soak ed
in 50% (v/v) bleach for 45 min on a shaker at 120 rpm. T he sterilized seeds were washed five
timeswithsteriledistilledwater. T he seeds were then placed embryo sideface up on N6 medium
(Chu et al.,1975) for twoweeksinthedark at 28 C. Induced calli were separated from seed and
plant tissueand cultured on N 6 medium for 10 to 14 days. During thistime, many embryogenic

calli developed that were subcultured, yielding many actively growing calli.

Biolistic transformation

Robust, actively growing calli were chosen and placed on high osmolarity N6 medium
supplemented with mannitol and sorbitol (0.3M each) for 4 h before bombardment. Gold
particles(1.0 pm, 600 pg) werecoatedwith1 g plasmid DNA and used for bombardment with
aBioligicParticleDelivery Syssem modd PDS-1000 using 1300 psi rupturediscs (E. I. du Pont
deNemours & Co., Wilmington, DE). Bombarded calli wereincubated in the dark (28 °C) and

examined after 72 h.
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Agrobacterium-mediated transformation and regeneration

Actively growing embryogenic calli were co-cultivated (Hiei et al., 1994) with
Agrobacterium LBA4404 containing binary plasmids mUbi-900-In, mUbi-343-In and
mUbi-343-tIninthedark at 21°C for 3 days. After co-cultivation, infected calli wererinsed with
steriledistilled water containing cefotaxime (250 mg/l) before being transferred to N6 selection
medium containing 2, 4-D (2 mg/l), hygromycin (50 mg/l), and cefotaxime (250 mg/l). Calli
were transferred onto fresh selection medium every 2 weeks. After 4 weeks on selection
medium, somatic embryogenic calli were transferred to MSD4 regeneration medium (MS
supplemented with 0.5mg/l 6-BAP and 0.05mg/l NAA) (Dong et al., 1996). Once shoot
initiation was observed, the platesweretransferred to an incubator with 16 h light and 8 h dark
photoperiods at 26 °C to allow chloroplast development. Two weeks later, actively growing
plantlets were transferred to Magenta boxes for rooting in M SO (M S without plant regulators)
for 2 weeks, then transferred to soil and grown to maturity in the greenhouse (Buchholz et al .,

1998).

Fluorescence imaging, quantification and data processing

Intransi ent assays, for each plasmid used, 100 greenfluorescent spotswereimaged using
an AxioCam HR (Carl Zeiss) camera attached to a Zeiss SV 11 stereomicroscope (Carl Zeiss,
Oberkochen, Germany), using 470-nm excitation and 500- nm emission filters. The exposure

time was adjusted so that none of the pot imageswas saturated in pixels and the mean value of
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green fluorescence for each spot was measured using the interactive measurement modul e of
AxioVision 3.0. Each reading was normalized by subtracting the nearby background
fluorescence reading. The normalized readings from 100 spots for each plasmid were used to
calculate average values. Green fluorescence in seed, roots, leaves, ssamen and pollen was
recorded using the same method. Measurement of fluorescence for 100 pollen grains from each
of at least 50 independently transformed riceplantswas performed s milarly except that readings
for nearby non-transgenic pollen grains were used for normalization. For the wild type (wt,
non-transgenic) control, the fluorescence values for 100 pollen grains from 5 plants were
normalized by subtractingthe valuefor the nearby back ground fluorescence. Averagevaluesand

standard errors were calculated using Microsoft Excel.

Protein extraction

Approximately 500 mg of 7 day-old etiolated seedling tissue was ground to a fine
powder in liquid nitrogen using a mortar and pestle, and transferred into an Eppendorf tube.
Total leaf protein was then extracted with TE buffer (pH 8.0) for 10 min and centrifuged at 1.2
x 104 g for 20 min. The supernatant was collected and total protein concentration determined

(Bradford, 1976).

Determination of GFP fluorescence in total protein

Thefluorescence of plant samples(50 pg protein) wasdetermined (Bio-Rad V ersaFluor
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fluorometer; Bio-Rad, Hercules, CA, USA) relative to a standard curve for a GFP (Clontech,
Mountain View, CA, USA) concentration range of 100 ng/ml to 1 g/ml using 480/20 nm

excitation and 510/10 nm emission filters.

RESULTS

Generation of a small functional mUbil promoter

Whereas a typical Pol |l promoter lies entirely upstream of the transcription start site,
the region commonly thought of as the mUbil promoter includes a sequence element that
encodesalengthy (1,010 bp) intron (black bar in Figureure 4.1A) that encompasses most of the
5'UTR and amore traditional element (-900 to+1, red bar in Figureure 4.1A). Our strategy for
shortening the promoter was, therefore, two-fold with one objective being to shorten the
traditional element and the second to shorten the intronic element. The 3' region of the mUbil
promoter was amplified up to position -343 by PCR, thereby diminating 556 bp of the 899 bp
promoter 5' region. The full length (mUbi-900-In) and truncated (mUbi-343-tIn) promoter
constructs were inserted into the pBJ8lvector to drive GFP expression (Figureure 4.1).
Bombardment of wt rice calli showed that the truncated mUbi 1 promoter was functional, with
asimilar leve of activity asthewt full length mUbil promoter.

In desgning truncation of the intronic element, we took advantage of convenient Xbal
restriction sitesat positions+123 and +706 bp to excise 583 bp from theintronic region without

changing its5' or 3' ends. Thisyie ded the mUbi-343-tIn derivative (Figureure 4.1C), in which
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both the promoter and intronic elements are truncated. The size of the modified promoter was
reduced to 853bp. The removal of 1,139bp from the full length mUbil has deleted 154
restriction endonucleases sites. This will be very helpful to further cloning of the modified
promoter into different constructs. Following insertion into the pBJ81vector, it was used for

bombardment of wt rice calli; green fluorescence confirmed functionality.

Comparison of transient expression driven by the truncated promoters

The activities of four modified promoters (Figureure 4.1B—E) relative to the full-length
(mUbi-900-1n) congruct (Figureure 4.1A) wereinitially assessed in transient expression assays
using particle bombardment of wt T309 ricecalli. Four days after bombardment, discrete green
fluorescent spotsrepresenting promoter activity were imaged as described previously (Y ang et
al., 2005). As shown in Figureure 4.2, panel A, the calli bombarded with mUbi-343-In and
mUbi-343-tIn showed strong GFP expression, similar to that of mUbi-900-1n; compareimages
(B) and (C) with image (A). Quantitative measurement, (Panel B and legend) supported the
visual assessment, with mUbi-343-1n having 93.2% and mubi-343-tln having 89.3% of the
activity of the full-length mUbi-900-In. A combination of the mUbi-343 truncation and the
intron truncation (mUbi-343-tIn; Figureure 4.1C) resulted in a 10.7% reduction in expression

compared with mUbi-900-In (Figure 4.2). However, adramatic decrease in activity (to only



Figure 4.2. Transient expression of GFP in rice callus. Representative images of rice
calli bombarded with constructs; A) mUbi-900-1n; B) mUbi-343-1n; C) mUbi-343-tin; D)
mUbi-0-1n; E) mUbi-0-tIn or F) No congtruct (control).
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Figure 4.3 Relative green fluorescence. A) mUbi-900-In; B)
mUbi-343-1n; C) mUbi-343-tIn; D) mUbi-0-In; E) mUbi-O-tIn or F)
No construct (control).
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Figure 4.4 T-DNA regions of constructs for Agrobacterium-
mediated transformation of rice. (A’) mUbi-900-In; (B’) mUbi-343-
In; (C’) mUbi-343-tIn; The arrows indicate direction of transcription
35S, the 35S promoter from cauliflower mosaic virus; muUbil, full-
length ubiquitinl promoter from maize; TmUbil, truncated ubiquitin
promoter from maize (Figureure 1 B); Intron, full-length first intron; tin,
truncated first intron (Figureure 1 C); hpt, the coding sequence for
hygromycin phosphotransferase conferring resistance to hygromycin B;
GFP, the coding sequence for green fluorescent protein; nos, 3' nos
terminator. RB, T-DNA right border; LB, T-DNA left border.
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Figure4.5. GFP expression in various rice tissues stably transformed with mUbi-343-tIn.
(A) callus at 4 days after co-cultivation with Agrobacterium; (B) callus at 3 weeks after

co-cultivation; (C) seed; (D) root; (E) leaf blade, ligule (arrow) and sheath; (F) stamen; (G)
pollen; (H) pollen from awt plant.

12% of the full-length promoter) was evident upon further deletion of the upstream promoter,
even though thefirst intron remained intact (mUbi-0-In, Figureure 4.1D). Virtually all activity
waslost when the 5' promoter wasdel eted and theintron wastruncated (mUbi-O-tIn: Figureure

4.1E).
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GFP expression driven by truncated mUbil promoters in transgenic rice plants

A binary vector containing the full length mUbil promoter (mUbi-900-1n) and two
contai ning promoter truncations(muUbi-343-1nand mUbi-343-tIn) wereconstructed (Figure4.4)
and used for Agrobacterium-mediated transformation of wt T309 calli (Hiel et al., 1994). GFP
expressionwas detected as early as 3 days after co-cultivation (Figure 4.5A); asthe callus cells
grew and divided, more highly fluorescent cells were evident (Figure 4.5B). Regeneration of
plants from these stably transformed calli was as described in Materials and Methods. Bright
green fluorescence was evident in all tissues (Figure 4.5 C-G).

Although visual inspection suggested that each of the promoters yielded similar levels
of GFP expression, quantitative measurement of relative fluorescence intensity for seedlings

revealed small but reproducible differences, with seedlings of plants transformed with the
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Figure 4.6 Pollen from stably transformed rice plants. Pollen
is shown from representative plant transformed with (A) mUbi-
900-In; (B) mUbi-343-In; (C) mUbi-343-tin; (D) wt.
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Figure 4.7. Relative green fluorescence intensity of
pollen (blue bars) and etiolated seedlings (green bars)
of transgenic rice plants. (A) mUbi-900-In; (B) mUbi-
343-In; (C) mUbi-343-tin; and ( D) WT control: No
construct. Standard errors of the mean are shown for 50
plants.
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mUbi-343-1n construct having a relative fluorescence of 120% (Figure 4.7). Aswas found for
the bombardment experiments, the relative intensty of GFP expression in cdls of stably
transformed calli can be used to determine relative promoter activity. However, we noted that
expression of GFP in pollengrainswas very uniform (see for example, Figure 4.5G and Figure
4.6), making them highly suitable for quantitative experiments. These results reveal that the
shortened mUbi1 promoter has similar spatial and quantitative characteristics as does the full
length mUbil promoter. Similar results were obtained from the GFP quantitation of total

proteins extracted from seedlingsthat had been etiolated for 7 days (Figure 4.7).

DISCUSSION

The mUbil promoter has been shown to be highly active in many cell types of a wide
range of monocotyledonous plants (Christensen et al, 1992; Toki et al., 1992; Cornegjo et al.,
1993; Christensen and Quail, 1996). In carefully-conducted experiments, Salgueiro et
al.(Salgueiroetal., 2000)compared GUS activity driven by an mUbi1 promoter bearing intronl
with that driven by an intronless promoter. GUS expresson from the intronless promoter was
essentially the same as background, revealing a strong enhancing effect on gene expression for
theintron. These authors also showed that a DNA fragment that included 40 bp of the 5'UTR
(part of exon 1) and the mUbil intron could drive transient GUS expression in tritordeum
inflorescences and wheat scutellae, suggesting that cis-elements important for binding

transcription factors are present in mUbil intronl.
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The present sudy extends the analysis of intron function as part of a promoter
(Salgueiro et al., 2000) through dissections of both upstream promoter sequences and intronl
of mUbi 1. Deletion of 556 bp of upstream sequence (Figure 4.1B) reduced transient expression
by 6.8% [Figure4.2 A, B and Figure4.3 A, B] and increased stable expression by 4% in pollen
[Figure 4.6 B and Figure 4.7B] and by 20.3% in seedling tissues [Figure 4.6B and Figure
4.7B]. Interestingly, deletion of 583 bp (of atotal 1010 bp) of intronl (Figure 4. 1C) only
reduced transient expression from the -343 mUbi1 promoter by 3.9% [Figure 4.2C and Figure
4.3C]; stable GFP expression in pollen decreased by 10.8% [Figure 4.6C and Figure 4.7C] and
that in seedling tissues by 28.3% [Figure 4.7C].

However, the promoter activities are expected to differ in different cereal crops and
different plant tissuesor cell types. Theresults presented in thischapter suggested that themUbi 1
promoter activitieswere highly activeintransformed callus cellsboth in transient express on and
stable transformations. This promoter has been shown to be highly activein all cell typesinthe
rice plant.

Transgene silencing remains an important consideration in the application of
biotechnology to crop improvement. A variety of silencing effects has been described in the
literature, involving single transgene loci, interactions between unlinked loci, or even
interactionswith or through an endogenoushomol ogousgene(Meyer etal., 1992; Iglesiaset al .,
1997; lyer et al., 2000). Epigenetic silencing of transgenesand endogenous genes can occur at
thetranscriptional level (TGS) or at theposttranscriptional level (PTGS) (Fagardand Vaucheret,
2000). Silencing isnow known to be involved in plant defense systems against invasive DNA

or RNA sequences (viruses, transposons) and surveillance processes that check the genome



91

integrity to suppress the expression of abnormal or alien transcription units (Jorgensen et al.,
1998; Kumpatlaet al., 1998; lyer et al., 2000). Aspectssuch asinsertlocation, rearrangements,
multiple-copy loci, homology to an endogenous sequence, excessive level of transcription and
others have been shown to trigger silencing. Whatever mechanism of silencing isinvolved, the
presence of inserted foreign DN A frequently initiates events leading to the failure of a geneto
express. For several years, the concept of homology dependent gene silencing (HDGS) wasin
favor (Matzke and Matzke, 1995), supported by studies showing that 300 bp(Matzke et al.,
1989)and even 90 bp (Vaucheret, 1993) of sequence homology was sufficient for
trans-inactivation. In consequence, the use of short transgene sequencesappeared to be beneficial
in avoiding induction of genesilencing. With the recognitionthat dsRNA, often generated from
rearranged or fragmented DNA , was powerful ininciting RNAi (Mette et al., 2000), the value
of reducing transgene size appeared to be diminished. Indeed, our own gtudies with the 35S
promoter revealed that a second round of rice transformation using a transgene sequence
identical to aresident, silenced, transgene, did not result in silencing of theincoming gene (Y ang
etal., 2005). Nevertheless, it remainspossiblethat certainsequencesor topologiesfavor HDGS,
making the use of relatively small transgenes attractive. Another beneficial aspect of reducing
thesize of transgenes, especially promoter elements, isthe elimination of restriction enzymesites
that complicate transgene construction.

In the experiments described here, 556 bp of -899bp in the promoter upstream region
were removed. The remaining 343bp of upstream promoter contains the TATA box and a
heat-shock element (Christensen, 1992; Streatfield, 2004). The activities of the resulting

modified promoters (pUbi-343-In and pUbi-343-tIn) remained high compared to the full-length



92

mUbil promoter both in transient expression and stable transformed plants. The removal of
556bp of upstream region with anintact, unmodified first intron (pUbi-343-1n) resulted in higher
expressionlevelscompared to thefull-length mUbi 1 promoter only in stably transformed plants.
T hese resultssuggest that the genomic sequenceat theinsertion stein thetransgenic plantsmay
serve as an enhancer for mUbil after the removal of 556 bp promoter sequence. The lower
activities of pUbi-343-Inin transient expression experimentscompared to thefull-length mUbi 1
promoter may mean that the 556 bp promoter upstream region has an enhancer function for the
full-length mUbil promoter. With no genomic sequences flanking the pUbi-343-In , it results
inalower promoter activities in thetransient expression cells. Although stable transformations
are usually consdered to be more reliable than transient expression for assessing promoter
activity, inthiscaseit appearspreferableto usetransient expression to assesstheinnate promoter
activity of each construct since in stable transformations it is possible that genomic sequences
flanking the insertion site could influence the promoter activity.

Theregulatory role of intronsin transcription as measured by gene expression has been
reported in many cases (McElroy et al, 1990; Lag et al, 1991; Luehrsen and Walbot, 1991,
Sinibaldi and Mettler, 1992; Vain et al, 1996). The first intron of mUbil promoter may also
directly drive gene expression becauseit issmilar to typical promoter sequences (Salgueiro et
al, 2000). Therefore, inthiscase, thefirstintronisrecognized as a part of themUbi 1 promoter.
It includes a TATA-box-like sequence (TATAA) at postion +924, and a CAT-box at
position+390 (CAAT), and an E-box at position +404 (CANNTG) (Salgueiro et al., 2000).
After removal of all of the promoter upstream region and part of the5'UTR, themodified mUbil

still showed a small amount of promoter activities in the transient expression experiments. The
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removal of +123to +706 of mUbil firstintronin pUbi-0-tinresultedin removal of the CAT-box
and E-box, and resulted in the complete loss of promoter activity. Interestingly, the truncated
promoter upstream and the 5'UTR presented with the truncated firg intron showed a strong
promoter activity. T he results seen here suggest that 343bp of the upstream promoter region
plays a major role for mUbi1 function. Expression appeared to be lower in green plant tissues
or mature plant leaves, most likely aconsequence of severeinterference of chlorophyll with GFP
fluorescence (Zhou et al., 2005). In present studies, GFP fluorescence intensity in pollen with
the same genetical background wasshownto beuniform. Asthey containsno chlorophyll, pollen
represents an ideal cell type for GFP quantitation.

For practical purposes, the use of a reliable promoter to drive transgene expression is
highly desrable. However, many reports exist in which slencing of a transgene was attributed
to the presence of more than one copy. Aspreviouswork in other labs suggested that identical
sequences of ~100 base pairs rendered the transgenes susceptible to silencing, we decided to
examine the effect of promoter diversification so that no two sequences were identical for
>90 bp. The promoter chosen for the diversification study, mUbil, is generally regarded as a
strong constitutive promoter for monocots. Asisthecasefor many monocot promoters, an intron
isconsidered as part of themUbil promoter. However, del etion of much of mUbil intron-1 did
not affect promoter strength in transgenic rice, permitting the use of a substantially shorter
promoter (343 bp in place of over 1 kb). Sequence substitutions were introduced at positions
-100, -200 and -310 (and permutations thereof) and the diversified promotersused to drive GFP
expression in transgenic rice. Strong GFP expression was detected in all tissues of rice

transformed with the various diversified mUbil promoter - GFP reporter fusions tested, except
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for the triple mutant construct -100/-200/-310-GFP (data not shown). Expression of GFP from
thistriple mutant construct wasremarkableinthat it wasvery strongin all tissues except pollen.
Thisfinding isvery exciting sinceit implies that the use of this promoter to drive expresson of
insecticidal protein will yield protection in all tissues other than pollen. The death of beneficial
insects, such as Monarch butterflies, as a result of consuming pollen that express insecticidal
protein hasbeen of great public concern. It would appear that the use of thetriple mutant mUbi 1

promoter would eliminate this problem.
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CHAPTER V

SUMMARY

Plant transformation is an indispensable tool for plant molecular biology. | mproved
approaches and highly efficient transformation will facilitate functional genomicsand studies
of gene expression and silencing. In this study, an exceptionally effective transformation
procedure has been established by theuse of carefully chosen class| type of callu from bothrice
immature embryos and mature embryos. The procedure was effective for both japonicavarieties
tested (Nipponbare and T-309). Following animproved tissue cultureprocedure, nearly 100%
of treated class| type of calli bear transformed cells within each callus clump (approximately
5 mm diameter) yieding multiple independently transformed plants (average for 62 calli was
approximately 40 plantlets). The regenerated plants from each co-cultivated callus were
cataloged and numbered according to the original co-cultivated callus. Genomic DNA analysis
of the T-DNA integration patternsand pollen segregati on with green fluorescent protein (GFP)
wereexamined. The resultsin apopulation of morethan 400 T, transgenic plants revealed that
about 64% bore a single locus T-DNA insertion. Among those single locus insertions,
approximately 55% were found to bear a single T-DNA copy. Additive transgene expression
was observed for T, T-DNA plants with GFP driven by the mUbi1 promoter. This was found
to be valuable in that a reliable estimate of the number of T-DNA insertion loci on different
chromosomes could be readily obtained simply by examining the segregation of GFP in the
pollen of T, plants. This allows identification of single locus insertion plants from a large

population of T, transformants without the need for further generations or Southern analysis.
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This highly efficient production of transgenic plants could be used to create thousands of
independent transformants in one carefully prepared co-cultivation experiment. The rapid and
simplified method for the characterization of transgenic plantsusing pollen GFP segregation and
additive gene expression is a valuable breakthrough.

Theuseof Agrobacterium tumefaciens-mediated transformation of microspore-derived
callusfor generating largeamount of T-DNA haploid and fertile doubled haploid plantshasal so
been investigated. Using T-DNA constructs bearing the hygromycin resistance (hpt) and green
fluorescent protein (gfp) genes, an exceptional transformation procedure has been established
that results in approximately 100% frequency for class | type of microspore-derived calli
co-cultivated with Agrobacterium. Each callustypically yields multiple independent transgenic
plants. The T-DNA integration pattern in a population of more than 200 transgenic plants has
been characterized by Southern blots. Approximately 98% of those transgenic plants are
independent events. About 45% of the transgenic plants were identified as haploid plants,
whereasabout half are DH hemizygous (doubling occurred prior to integrati on) or homozygous
transgenic plants. The pollen GFP expression segregation patterninfertile T jtransgenic doubled
haploid plants has been analyzed along with corresponding Southern blot data. Approximately
9% of thefertile doubled haploids were homozygous transgenic plants that were confirmed by
Southernblotaswell. Inthetwo cultivars studied, about 60% of T ,transgenic plants werefound
to have asingle locus T-DNA insertion. Among those single locus T-DNA plants, about 45%
of T, plants were found to have asingle T-DNA copy. Furthermore, in a population of over
2,000 haploid anddoubled haploid T-DNA plants, approximately 25% had clear-phenoty pi cal

differencesfrom wt haploid plants, including 5% that were seriously phenotypically abnormal,



97

lethal or semi-lethal mutants. This highly efficient transformation procedure using
microspore-derived callus could be valuable not only in speeding up plant breeding but in new
gene discovery as well.

Gene expression has been investigated using GFP driven by altering mUbil promoters.
Diversification of the mUbil promoter led to discovery of aminimal mUbil promoter that has
asimilar function as the original mUbil. The minimal promoter of m Ubil wascreated by PCR
amplifying the region of mUbil promoter up to base-343, thereby eliminating the 5' 556 bp of
the 899 promoter region, and truncating the firstintron at Xbal restriction sitesat 123 and 706
bp. The resulting minimal promoter was coupled with a GFP reporter gene. Gene expression
driven by this minimal promoter in transient and sable transformants showed the minimal

mUbil promoter has a similar function as the original wild type promoter.
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