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I Summary

Plastid transformation offers several advantages over nuclear transformation. These include

targeted insertion of the transgenes at a determined position via homologous recombination,

a higher expression level when compared to nucleo-cytoplasmie expression, the potential of

engineering whole pathways by polycistronic expression of transgenes, and maternal

inheritance of plastidic genes in most crop species thus preventing crossing-out of

transgenes to wild relatives via pollen Despite considerable efforts, efficient plastid

transformation in higher plants is only possible in tobacco and only a single transplastomic

Arabidopsis thaliana was reported so far

While the biolistic method was the first successful approach for plastid transformation, PEG

mediated transformation may offer advantages for the transformation of crop species Here,

the establishment of a simple and effective PEG-based protocol to create transplastomic

tobacco lines with minimised hands-on time is described Inserts of more than 5 5 kb have

been integrated into the plastome without a drop in transformation efficiency These seem to

be the longest inserts transformed into the plastome so far

Apart from selection for spectinomycin resistance, kanamycm resistance encoded by the npi\\

gene is the only alternative marker for plastid transformation of higher plants so far A/pfll has

the disadvantage that large numbers of nuclear transformants resulting from nuclear

expression of the marker gene are produced in plastid transformation experiments

Therefore, an artificial 'translatable intron
,
which has the potential to strongly reduce the

number of nuclear transformants, was developed It may increase the chance of creating

transplastomic crop plants using npfll as a selection marker The concept of the translatable

intron is part of a patent application filed in collaboration with Novartis Services, Basel,

Switzerland

When targeting integration of a plastid transformation vector close to the junction of the

inverted repeat A and the large single copy region of the tobacco plastome, an unusual

integration pattern not described in higher plants so far was discovered Detailed analysis

revealed multiple copies of the vector integrated into the plastome as well as several forms of

free plasmid A model is presented which can explain the results reported Based on these

findings, an approach for the removal of the antibiotic marker gene after completion of sorting

out of transplastomes was investigated While this approach did not lead to the desired

effect, adaptations are suggested which may solve the problem encountered

A transplastomic model for the in vivo study of endosymbiotic gene transfer from plastids to

the nucleus is presented Plastids are thought to be descendants of formerly cyanobactenal

endosymbionts, and gene transfer from these endosymbionts to the nucleus of their host is a

key factor in the evolution of eukaryotes
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SI Zusammenfassung

Die Transformation von Plastiden weist gegenüber der Kerntransformation eine Reihe von

Vorteilen auf. Diese umfassen eine gezielte Insertion des Transgens durch homologe

Rekombination, ein höheres Expressionsniveau im Vergleich zu nuklearer Expression, die

Möglichkeit, dank polycistronischer Expression ganze Stoffwechselwege zu beeinflussen,

und die matemale Vererbung der Plastiden in den meisten Nutzpflanzen, was der

Auskreuzung von plastidiaren Transgenen einen Riegel schiebt Trotz vielfaltiger

Bemühungen ist die Piastidentransformation bei höheren Pflanzen nur bei Tabak effizient

durchfuhrbar, und bei Arabidopsis thaliana konnte erst eine einzige transplastomische

Pflanze gezeigt werden

Die biolistische Methode war der erste erfolgreiche Weg zur Transformation von Plastiden.

PEG-vermittelte Genubertragung konnte im Vergleich zur biolistischen Methode Vorteile

aufweisen wenn es darum geht, die Plastiden von Nutzpflanzen zu transformieren. In der

vorliegenden Arbeit wurde ein einfaches und effizientes Protokoll zur PEG-vermittelten

Herstellung von transplastomischem Tabak erarbeitet DNA von mehr als 5 5 kb Lange

konnte ohne Verminderung der Transformationsrate in das Piastom integriert werden. Diese

Transgene sind anscheinend die längsten bisher in ein Piastidengenom integrierten DNA-

Stucke.

Die Selektion fur Kanamycm-resistenz ist bei den höheren Pflanzen zur Zeit die einzige

Alternative zur Selektion auf Spektinomycin-resistenz. Die Kanamycm-resistenz kommt durch

die Expression des npfll-Gens zustande und hat den Nachteil, dass bei Plastiden-

Transformationsexpenmenten jeweils eine grosse Zahl von Transformanden auftritt, die das

npfll-Gen im Kern exprimieren statt in den Plastiden Um dies zu andern wurde ein

künstliches "translatierbares Intron" geschaffen Dieses Intron hat das Potential, die Zahl

unerwünschter Kerntransformanden drastisch zu senken und kann dadurch die Chance

verbessern, durch Selektion auf Kanamycm-resistenz transplastomische Nutzpflanzen

herstellen zu können. Das Konzept der translatierbaren Introns wurde in Zusammenarbeit mit

Novartis Services zum Patent angemeldet

Beim Versuch, Gene im Ubergangsbereich zwischen dem Inverted Repeat A und der Large

Single Copy Region des Piastoms einzufügen, wurde ein bisher in höheren Pflanzen nicht

beschiebenes Integrationsmuster gefunden Ein Modell wurde erarbeitet, das die gefundene

Mehrfach-Integration des Transformationsvektors und verschiedene Formen freier Plasmide

erklaren kann. Aufgrund dieser Resultate wurde ein DNA-Vektor konstruiert, welcher die

Entfernung des Resistenzgens aus dem Piastom transplastomischer Pflanzen ermöglichen
sollte. Obwohl damit das erwünschte Ziel nicht erreicht wurde, führten die daraus

gewonnenen Erkenntnisse zur Formulierung möglicher Alternativen

Ein transplastomisches Modell fur die in wi/o-Untersuchung von endosymbiotischem
Gentransfer von Plastiden in den Zellkern wird vorgestellt. Plastiden stammen von

endosymbiotischen Cyanobaktnen ab. Der Gentransfer von den ehemals bakteriellen

Plastiden und Mitochondnen in den Zellkern ist ein zentraler Faktor in der Evolution der

Eukaryoten.



4

III Acknowledgements

My heartfelt thanks go to the following people:

To Prof. Ingo Potrykus for offering me the opportunity to work in his group, for

his constant support and for his interest in my work. The energy with which he

pursues his vision of a useful application of science sets an admirably high

standard.

To Dr. Roland Bilang for introducing me into the art and science of molecular

biology and plant transformation, and for his guidance through this Ph. D.

thesis. Not only the scientific discussions we had were most helpful and

motivating for me, also our discussions on the public perception of genetic

engineering were always very stimulating and rewarding.

To Prof. Nikolaus Amrhein for acting as co-examiner and for his moral

support during my thesis, especially towards the end when both Roland and

Ingo had left the ETH. His exciting lectures on plant biochemistry during my

undergraduate studies did a great deal to lead me on the path I have taken.

To PD Dr. Othmar Käppeli, for acting as co-examiner and for giving me the

opportunity to work at his agency for biosafety research before starting my

Ph. D. thesis. Through him, not only did I learn very much about the potential

risks and benefits of transgenic plants, but I also made the first contact to

Ingo regarding my thesis.

To Dr. Nania Schärer-Hemandez for being the excellent friend and colleague

she is, for many interesting discussions, for careful reading of this thesis, and

more.



5

To Petra Frey, president of the "Junge Forschende für eine verantwortungs-

bewusste Gentechnologie" and also an excellent friend and colleague, for her

charming company during countless Tannenbar sandwiches.

To the former members of the former plastid group, Dr. Y. L. Nandadeva

Yakandawala, Daniel Weber, Clemens Meyer, and Damian Page, for the

excellent working atmosphere we always shared. Special thanks go to

Suzanne Kronenberg, now studying biotechnology at the Hochschule

Wädenswil, who did an exceptional job as a technician.

To Dr. Johannes Fütterer for interesting discussions and many helpful

suggestions (and for the hope that at least some of my transplastomic lines

will be in good hands), to Alessandro Galli for generous technical support, to

Brigitte Spaargaren for help in all administrative matters, and to all the other

past and present members of the Potrykus Group, for creating a pleasant

working environment.

To Prof. Yves Poirier, Dr. Peter Beyer and Salim al Babili for the generous gift

of plasmids and for interesting discussions, to Dr. Elisabeth Ehler for

assistance with the confocal laser scanning microscope, and to Dr. Ernst

Wehrli for electron micrographs.

To my parents, for their constant support and encouragement.

And, last but not least, to Viktoria Langadaki Lupi, for her wonderful support

and loving care at all times, for her interest in my work, and for her patience

towards the end of this thesis.



6

IV Table of Contents

I SUMMARY 2

II ZUSAMMENFASSUNG 3

III ACKNOWLEDGEMENTS 4

IV TABLE OF CONTENTS 6

III LIST OF ABBREVIATIONS 9

VI GENERAL INTRODUCTION 11

1 DEVELOPMENT OF A SIMPLE AND EFFICIENT PROTOCOL

FOR PEG-MEDIATED PLASTID TRANSFORMATION 17

1.1 Introduction 17

12 Materials and Methods 18

12.1 Cloning of pCL72 18

1.2.2 Plant material 19

1.2.3 Protoplast isolation 19

1.2.4 Transformation 20

1.2.5 Embedding of protoplasts and plant regeneration 21

1.2.6 DNA isolation and Southern analysis 22

1 3 Results 24

13.1 Cloning of pCL72 24

1.3 2 Transformation efficiency determined by Southern analysis 24

1.3.3 Hands-on time and total time until identification of transplastomic plant lines 28

1.4 Discussion 28

2 DISCOVERY OF A DYNAMIC EXCISION/RE-INTEGRATION PATTERN

IN TOBACCO PLASTIDS AFTER INTEGRATION OF DNA AT THE INVERTED

REPEAT/LARGE SINGLE COPY JUNCTION 30

2.1 Introduction 30

2.2 Materials and Methods 32

2.2 1 Cloning of pCL85 32

2.2 2 DNA isolation, PCR DIG labelling of probes and Southern hybridisation 33

2.2.3 Transformation of competent E. coli cells with tobacco total DNA

and isolation of plant-derived plasmids 34



7

2.3 Results 35

2.3.1 Construction ofpCL85, a vector targeting integration at IRA/LSC-junotion 35

2.3.2 Southern analysis reveals Single Homologous Recombination 35

2.3.3 Four different plasmids can be isolated several months post transfection 40

2.3 Discussion 45

3 PLASTID-SPECIFIC NPTIlEXPRESSION USING A NEWLY DESIGNED

ARTIFICIAL TRANSLATABLE INTRON 49

3.1 Introduction 49

3.1.1 Selectable Markers Used for Plastid Transformation 49

3.1.2 Kanamycin resistance. A promising marker with shortcomings 50

3.1.3 Requirements for the restriction of nptll expression to the

plastidic compartment 51

3.1.4 Editing efficiency is difficult to predict 52

3.1.5 Differential splicing mechanisms as promising candidates for

plastid-specific expression 53

3.1.6 The novel concept of "Translatable Introns" 54

3.1.7 Considerations for the creation of a TRIN 55

3.2 Materials and Methods 57

3.2.1 De-novo synthesis of TRIN1 and cloning of transformation vectors 57

3 2.2 Assessment of kanamycin resistance in E coll mediated by TRIN-NPTII 59

3 2.3 PEG-mediated transformation and Southern analysis 59

3.3 Results 60

3.3.1 Tnn 1 sequence and cloning of vector pCL95 and derivatives 60

3.3.2 Kanamycin resistance in E coli mediated by TRIN-NPTII 60

3.3.3 Nuclear transformants obtained with and without TRIN1

preceding the nptll ORF 63

3.3.3 Regeneration and Southern analysis of transplastomic lines 64

3.3.4 Assessment of kanamycin resistance in transplastomic plants 64

3 4 Discussion 65

4 TOWARDS REMOVAL OF THE ANTIBIOTIC RESISTANCE GENE IN

TRANSPLASTOMIC PLANTS 67

4.1 Introduction 67

4.2 Materials and Methods 70

4.2.1 Cloning of the "recombination trap" 70

4.2.2 Plastid transformation and Southern analysis 70

4 3 Results 71

4 3.1 Cloning of vector pCL96 containing the recombination trap 71

4 3.2 Plastid transformation and Southern analysis of transplastomic plants 71

4.4 Discussion 76



8

5 A METHOD FOR THE OBSERVATION OF ENDOSYMBIOTIC

GENE TRANSFER FROM PLASTIDS TO THE NUCLEUS 80

5.1 Introduction 80

5 2 Materials and Methods 83

5.2.1 Cloning ofpROB 15 and pCL84 83

5.2.2 Plastid transformation and regeneration of transplastomic plants 84

5.3.3 Regeneration of hygromycin resistant plants from transplastomic protoplasts 84

5.3 Results 86

5.3.1 Vector pCL84 and analysis of transplastomic plants harbouring this construct 86

5.3.2 Hygromycin resistant plants derived from transplastomic protoplasts 86

5.4 Discussion 88

APPENDIX A 93

Transplastomic plants with polycistronic const ructs 93

APPENDIX B 96

REFERENCES 97

CURRICULUM VITAE 108

Publication list 109



9

HI List of Abbreviations

16R 16SrRNAgene

2,4-D 2,4-dichlorophenoxyacetic acid

aadA(*) aminoglycoside 3'-adenylyltransferase (with asterisk: DIG labelled

probe annealing to this gene)

amp ampicillin

atpB ATPase e subunit

BAP 6-benzylaminopurine

bla(*) beta-lactamase (ampicillin resistance gene; with asterisk: DIG

labelled probe annealing to this gene)

bp basepair

CaMV Cauliflower mosaic virus

clpP ATP-dependent protease proteolytic subunit

DHR Double homologous recombination

hpt(*) hygromycin phosphotransferase (with asterisk: DIG labelled probe

annealing to this gene)

HR Homologous recombination

IRa Inverted repeat A

IRB Inverted repeat B

kb kilo-basepairs

lacZ ß-galactosidase, partial coding sequence

LB Luria-Bertani broth

LSG Large single copy region of the plastome

min minutes

MS Murashige-Skoog

NAA naphthylacetic acid

npti\(*) neomycin phosphotransferase (with asterisk: DIG labelled probe

annealing to this gene)

nt nucleotide



ORF Open reading frame

pBSK cloning vector pBLUESCRIPT (Stratagene)

PCR Polymerase chain reaction

PEG Polyethylene glycol

psbA photosystem II 32 kd protein

rbcL ribulose-1/5-bisphosphate carboxylase/oxygenase

rpm revolutions per minute

SHR Single homologous recombination

SSC Small single copy region of the plastome

UTR Untranslated region

w/v weigth per volume



VI General Introduction

The principal function of piastids is oxygenic photosynthesis, which involves

the conversion of solar energy (light) into chemical energy (ATP) and the

reduction of atmospheric carbon dioxide to organic compounds.

Photosynthesis evolved at least 3.5 billion years ago and is thus only about

500 million years younger than the earliest forms of life (Awramik 1992). !t

was carried out by cyanobacteria which had metabolic capabilities very similar

to the ones found in present-day cyanobacteria, and it is assumed that all

major evolutionary innovations that are characteristic of oxygenic

photosynthesis had already occurred by then (Blankenship 1992). The fusion

of a photosynthetic cyanobacterium and a eukaryotic ce!! une containing

mitochondria later gave rise to the ancestor of plants, and through gene

transfer from the cyanobacterial endosymbiont to the host nucleus, the

cyanobacteria were gradually transformed into the plant organelles now

known as plastids (Gray 1992, Martin and Herrmann 1998, see chapter 5 for

more details).

Today, virtually all life depends on the energy conversion and carbon fixation

carried out in plastids (Mooney and Field 1989). Also human nutrition is

entirely based on this process, either directly in the form of crop plants or

indirectly in the form of animal products. Even in technical energy conversion

systems, 90 % of the energy consumed is provided by fossilised plant material

in the form of coal, petroleum or gas (Hammond 1994).

Several types of plastids are found in plants. Depending on the tissue type,

the green, photosynthetic chloroplasts, chromoplasts for the display of

coloured pigments, or amyloplasts used for the storage of starch are found. All

of these plastid types can differentiate from the largely inactive proplastids

found in meristematic tissue. Other vital roles of plastids include the synthesis

of amino acids, lipids and starch (Mullet 1988).

11
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Although most of the genes encoded on the formerly cyanobacterial genome

have been transferred to the nuclear genome, all known plants have retained

at least some genes in their plastids (Martin and Herrmann 1998). The plastid

genome (or plastome) of photosynthetic flowering plants consists of a circular

chromosome that typically has a size of 120 to 160 kb and includes a

duplicated region of about 25 kb in an inverted repeat orientation (Palmer

1991). Several plastomes have been fully sequenced, including the ones from

tobacco (Genbank accession number S54304), rice (X15901) and maize

(X86563). The gene map of the tobacco plastome is shown in figure VI-1.

In a given species, all plastid types carry identical, multiple copies of the same

plastome (Palmer 1991). There are 10 to 15 proplastids in meristematic cells,

each containing about 50 genome copies. In a mesophyll cell, there may be

up to 100 chloroplasts, each with approx. 100 plastome copies, resulting in as

many as 10,000 copies of the plastid chromosome per cell (Bendich 1987

cited in Maliga 1993). If novel DNA integrated into the plastome is to be

stable, all plastome copies have to be uniformly altered. This cannot be

achieved with the initial transformation event. Rather, a multiple-step process

of integration of transforming DNA, replication of the transplastome,

expression of a selective marker and sorting out of transformed and wild-type

plastomes under selection pressure, eventually leads to a homoplasmic

transplastomic plant (Maliga 1993).

The first successful plastid transformation experiment was carried out by

Boynton et al. (1988) who created transplastomic Chlamydomonas reinhardtii

and showed that the transforming DNA intgrates into the plastome via

homologous recombination (see chapter 2). They used the biolistic system

developed by Klein et ai. (1987) to penetrate the double membrane of

Chlamydomonas chloroplasts. Two years later, the group of Pal Maliga

reported the first successful plastid transformation of a higher plant, achieved

by bombarding leaf pieces of tobacco (Svab et al. 1990). A method to

transform plastids of tobacco protoplasts via PEG mediated transformation

was published by Golds et al. in 1993.
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Figure VI-1. Gene map of the plastid genome of tobacco. Genes shown on

the outside of the map are encoded on strand A and genes on the inside are

on strand B. Asterisks indicate intron-containing genes. Arrows on the inside

of the circle indicate sets of genes that are thought to constitute opérons. The

bold print parts of the circle represent the 25.3 kb inverted repeat. Solid

arrows indicate the insertion sites of transformation vectors pCL85 (1) and

pCL72 and derivatives (2) used in this thesis. IRa, IRb, inverted repeats A and

B; LSG, large single copy region; SSC, small single copy region. After Maliga

(1993), with adaptations.

However, these results were difficult to reproduce, and in 1996 a slightly

modified protocol was reported (Koop et al. 1996, see chapter 1 for a more

detailed description of PE mediated transformation and an alternative

protocol). To date, tobacco is still the only higher plant in which plastid

transformation is efficient. One report on Arabidopsis thaliana plastid
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transformation has been published so far, but transformation efficiency was

low and only a single, sterile plant was obtained (Sikdar et ai 1998).

However, very recently two papers that may be of importance for plastid

transformation of higher plants other than tobacco were published. Knoblauch

et ai (1999) developed a so-called "galistan expansion femtosyringe" that

enables femtoliter to attoliter samples to be introduced into prokaryotes and

subcellular compartments of eukaryotes. Using this device, the authors were

able to inject the gene coding for the green fluorescent protein (GFP) into

tobacco and Vicia faba chloroplasts and observed green fluorescence

resulting from transient GFP expression. Khan and Maliga (1999) reported the

successful use of a fusion between the aadA gene used as a spectinomycin

resistance marker in plastid transformation and the gene coding for GFP. The

fusion protein was fluorescent and still conferred spectinomycin resistance.

This fusion protein may facilitate detection of transplastomic regions in the

non-green plant tissues used in the transformation process of monocots and

other plants (see chapter 3 for a discussion of selectable markers and

selection schemes in monocots).

The availability of a plastid transformation system in tobacco has greatly

facilitated the study of questions related to plastid molecular biology, including

mRNA stability (Staub and Maliga 1994), promoter activity (Allison and Maliga

1995, Shiina et ai 1998, Sriraman et ai 1998), splicing of plastidic introns

(Bock and Maliga 1995), editing (Chaudhuri et ai 1996, Bock et ai 1996,

Bock and Koop 1997), the roles of the nuclear encoded and the plastid

encoded RNA polymerases (Allison et ai 1996, Hajdukiewicz et al. 1997,

Serino and Maliga 1998, Liere and Maliga 1999), and the elucidation of the

role of certain genes by deletion or replacement (Ruf er ai 1997, Burrows et

ai 1998, Sugita et ai 1997, Kofer et ai 1998).

The potential of transplastomic plants for the improvement of agronomie traits

and other applications is promising. For instance, McBride et ai (1995)

transformed tobacco plastids with an crylA(c) gene from Bacillus thuringiensis

(Bt) conferring resistance to several insect pests. This resulted in an
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accumulation of an unprecedented 3 - 5 % of total soluble protein as Bt toxin.

This strongly contrasts to nuclear transformations with Bt genes, where

despite extensive gene resynthesis, promoter optimisation and protein

targeting, total soluble protein contents of only up to 0.8 % have been

achieved (Wong et ai 1992). In addition to often low expression levels,

nuclear transformation is also hampered by so-called "position effects", which,

depending on the integration site of the transgene, lead to very variable gene

expression levels or even to complete silencing of transgene expression

(Weising et ai 1988, Iglesias et al. 1997). Since in transplastomic plants the

transgene integrates via homologous recombination, position effects can be

avoided (Kofer et al. 1998).

Daniell et ai (1998) used plastid transformation to create herbicide resistant

tobacco. The herbicide glyphosate (trade name Roundup) is a potent inhibitor

of the 5-enol-pyruvyl shikimate-3-phosphate synthase (EPSPS) which is a

nuclear-encoded plastidic enzyme in plants (Amrhein et ai 1980). By

introducing the gene encoding a resistant form of EPSPS from petunia into

the tobacco plastome, Daniell et ai obtained plants which were resistant to

high concentrations of glyphosate.

Herbicide resistant crops have also been created by nuclear transformation.

However, in some of these, problems may arise due to the fact that the

transgene conferring resistance can be transferred to wild relatives or other

cultivars via pollen. An example for such a situation is oilseed rape (Brassica

napus) resistant to the herbicide glufosinate. B. napus is a close relative of the

weed Brassica campestris and hybrids between transgenic B. rapa and B.

campestris were found in field experiments (Mikkelsen et ai 1996). From an

ecological standpoint, the resistance trait in the weed may be of little

significance because herbicides are not applied in natural ecosystems and the

new trait therefore does not confer a competitive advantage there.

Nevertheless, from an agronomic point of view, crossing-out of herbicide

resistance genes is undesirable because it reduces the value of both the

herbicide and the herbicide-resistant variety. Considering that in the great

majority of crop plants plastid genes are inherited by the female parent only,
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the spread of transgenes via pollen in transplastomic plants is prevented in

these species (Gilham et ai 1991).

Another advantage of gene expression in the plastids is the ability of the

plastidic translation machinery to translate multiple genes encoded on a single

polycistronic mRNA (Sugita and Sugiura 1996, Drapier et ai 1998). This

opens the possibility of coordinately expressing several transgenes from a

single expression unit and therefore the engineering of whole metabolic

pathways. In the nucleus, efficient polycistronic expression is not possible and

successful examples of pathway engineering are still very scarce (Ye et ai

1999, submitted). As a first example of poycistronic expression in

transplastomic plants, Staub and Maliga (1995) have shown internal initiation

of translation in an mRNA of a marker gene inserted downstream of the

tobacco rbcL gene. Due to the difficulties encountered with the coordinate

expression of several genes in the nucleus, and owing to the high transgene

expression levels of transplastomic plants, pathway engineering in plastids

may become an important application of plastid transformation in the future

(see also appendix A).

The goal of this thesis was the establishment of an efficient protocol for PEG-

mediated plastid transformation and the development of tools and methods

needed for the application of plastid transformation in tobacco or in crop

plants. Each topic investigated is treated in a separate chapter containing

introduction, materials and methods, results, and discussion. The trans¬

formation method developed is described in chapter 1. In chapter 2, the

finding of an unusual integration pattern of the transforming vector DNA is

reported. A novel element termed "translatable intron" used to reduce

expression of the npû\ gene in the nucleus (thereby increasing the chance to

create kanamycin-resistant transplastomic plants) is described in chapter 3.

Chapter 4 describes an approach to produce transplastomic plants from which

the antibiotic resistance gene used as a selectable marker has been removed.

In chapter 5, a transplastomic model for the in vivo study of endosymbiotic

gene transfer is presented.



1 Development of a simple and efficient protocol for PEG-

mediated plastid transformation

1.1 Introduction

In order to reach the plastidic compartment, the transforming DNA has to

permeate the cell wall (unless protoplasts are used), the cell membrane, and

the double membrane of the plastid. This was first achieved by Boynton et ai

in 1988, who used particle bombardment to introduce DNA into

Chlamydomonas reinhardtii plastids. The same method was used two years

later by Svab et ai (1990) to transform the plastome of Nicotiana tabacum. In

1993, plastid transformation by polyethylene glycol (PEG)-mediated direct

gene transfer was demonstrated by Golds et ai (1993) and by O'Neille et ai

(1993). PEG-mediated transformation (Paszkowski et ai 1984) has the

advantage that only normal tissue culture laboratory equipment is required for

the gene transfer process and the simplicity of the process allows the rapid

treatment of many samples (Bilang and Potrykus 1998, see Potrykus et ai,

1995 for review).

The mechanism by which the DNA enters the plastids is not known. In the

case of particle bombardment, the double membrane may be opened by the

impact of the particle. However, particles and tobacco chloroplasts are of

similar dimensions and a direct hit would probably destroy the latter. PEG may

lead to ruptures in the cell membrane, thus allowing the DNA to enter the

cytoplasm. Whether it is also involved in the passage of the DNA through the

chloroplast membrane is not known.

In the protocol described here, protoplasts are isolated following a modified

protocol of Nagy and Maliga (1976). The PEG-mediated transformation

procedure is a simplified version of that described by Negrutiu et ai (1987).

Treated protoplasts are grown and selected in bead-type culture (Shillito et ai

17



Chapter 1 PEG-mediated plastid transformation

1983, with modifications), and plant regeneration from transplastomic calli is

achieved according to Potrykus and Shillito (1986).

1.2 Materials and Methods

1.2.1 Cloning of pCL72

Vector pFaadAII is a gift from Dr. H.-U. Koop. It contains a 4656 bp Bgh\

fragment from the tobacco plastome (positions 111 515 - 116 171 in

Shinozaki et ai (1986)) that targets insertion of the construct into the small

single copy region of the tobacco plastome. A cassette containing the

aminoglycoside 3'-adenylyltransferase (aadA) from E. coli (Prentki and Krisch

1984), which confers spectinomycin and streptomycin resistance, was

inserted at the SnaB\ site (position 115 265) of the plastome fragment. The

aaûM gene is flanked by the tobacco 16S rDNA promoter fused to an rbcL

leader and the Chlamydomonas reinhardtii rbcL 3' untranslated region (UTR)

used as termination signal for RNA stability (for details see Koop et ai 1996).

Plasmid pCL71 is a cloning vector constructed for taking up the Acc\ fragment

from pFaadAII. The two oligonucleotides SAAA.top (5'-qtctaccqqafafcqtaqac-

3') and AAAS.bottom (5'-gtacqtctacqafafccqqtaqacaqct-3') were annealed,

thereby creating a double-stranded DNA linker with overhangs compatible to

the overhangs created by v4sp718l and Ssti (in bold). In addition, the linker

contains two Acc\ sites (underlined) and an EcoRV site (in italics) as a spacer

between the two Acc\ sites (note that Acc\ has a degenerated recognition site.

The two sites are compatible with the sites in the Acc\ fragment of pFaadAII,

but not to one another). This piece of DNA was ligated into pBluescript SK I"

cut with y4sp718l and Ssfl (removal of the polylinker), resulting in plasmid

pCL71. In this cloning vector all restriction sites of the original polylinker have

been lost (including Aspl\B\ and Ssfl, as these sites are not restored by the

linker ligation) and two Acc\ sites (and a EcoRV site) have been added. The

new polylinker still allows blue/white selection as the open reading frame of

the lacZ gene is preserved.
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pFaadAII was cut with Acc\ and the released fragment was inserted into

cloning vector pCL71 digested with Acc\, resulting in plasmid pCL72. This

Plasmid was then used as starting point for further constructs, and as a

transformation vector for selection of spectinomycin-resistant transplastomic

plants.

1.2.2 Plant material

Sterilised seeds of Nicotiana tabacum L. cv Petit Havana were sown on Vi MS

medium (2.2 g/l MS salts including vitamins [Duchefa], 10 g/l sucrose, 0.1 g/l

myo-inositol, 8 g/l agarose, pH adjusted with KOH to 5.8 and autoclaved).

After approx. 3 weeks shoot tips were subcultured onto 125 ml Vz MS in 720

ml glass jars supplied with sponge plugs inserted in their lids. Plants were

grown at 25 ° C with a daily light regime of 16 hours (approx. 0.5-1 W rrf1)

before harvesting of mature leaves. Shoot tips of mature plants were

subcultured as described above for 5 to 10 rounds before being replaced by

shoots grown from fresh seeds.

1.2.3 Protoplast isolation

Fully expanded leaves were harvested after 6 to 8 weeks, wetted on the axial

side in enzyme solution (1.2 % [w/v] Cellulase Onozuka R-10 and 0.6 % [w/v]

Macerozyme R-10 [both from Yakult Pharmaceutical Ind. Co, Japan] in PCN1

[see below]. The suspension was stirred for approx. 20 min and centrifuged at

approx. 7000 g for 10 min. Then the supernatant was filtered through a 0.2

(im sterile filter and stored at -20° C) and placed abaxial side down in a 10 cm

plastic Petri dish containing 10 ml enzyme solution. The mid rib was removed

and the remaining leaf cut into pieces of approx. 3 mm x 10 mm. The Petri

dish was filled until the leaf pieces covered the entire surface. Leaf pieces

were incubated in the dark for 12 to 16 hours at 25 9 C.
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After incubation, the suspension was shaken carefully to free the protoplasts

from remaining cell walls and then filtered through a 100 urn stainless steel

sieve fitted onto a 100 ml glass beaker. A volume of 5 ml of PCN1 (3.18 g/l

Gamborgs B5 salts, [Duchefa, The Netherlands], 265 mg/l CaCI2
*
2 H20,

136.8 g/l sucrose, 0.2 g/l myo-inositol, 1 mg/l thiamine-HCI, 2 mg/l pyridoxin-

HCI, 2 mg/l nicotinic acid, 2 mg/l D-Ca-panthotenate, 0.02 mg/l biotin, 0.1 mg/l

NAA, 1 mg/l BAP, 0.5 mg/l 2,4-D dissolved in distilled water. The pH was

adjusted to 5.8 with KOH and the medium was autoclaved) was added to the

leaf pieces remaining in the Petri dish and the protoplasts were liberated by

pipetting the mixture up and down. This mixture was also filtered through the

100 urn sieve. All pipetting and other handling was performed slowly and

carefully in order to avoid destruction of the protoplasts. The filtrate was

divided into aliquots of 10 ml and transferred into 14 ml tubes (Greiner,

Germany), overlaid with 1 ml W5 (154 mM NaCI, 125 mM CaCI2, 5 mM KCl,

and 5 mM glucose dissolved in distilled water) and centrifuged at 80 p/for 10

min. Protoplasts were collected from the interphase of the two media.

Interphase protoplasts from two tubes each were pooled into a fresh tube,

washed in 11 ml W5 and centrifuged at 80 g for 5 min. The supernatant was

subsequently removed and the washing step repeated. After the second

centrifugation, protoplasts were resuspended in 11 ml of W5 per tube and up

to 4 tubes were pooled in a 250 ml Erienmeyer flask. Isolated protoplasts

were stored for at least 2 hours and up two days at 4 2 C in the dark. Cell

density was determined using a Jessen hematocytometer.

1.2.4 Transformation

Protoplasts were pelleted by 5 min centrifugation at 80 g and resuspended in

transformation buffer MMM (15 mM MgCI2, 0.1 % [w/v] morpholinoethane-

sulfonic acid (MES) and 0.5 M mannitol in distilled water; pH was adjusted to

5.8 with KOH, the solution was autoclaved and stored at room temperature) at

a density of 2
* 106 per ml. The solutions were pooled in order to obtain

homogeneous protoplast distributions and aliquots of 250 ul (5
* 105 proto
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plasts) were placed at the bottom of fresh tubes.

25 ui of plasmid DNA (2 ug/u.l, isolated from E. co//XL1-blue using the Jetstar

maxiprep kit [Genomed, USA] according to the manufacturer's

recommendations) were added to the protoplasts and the suspension was

mixed by swirling the tube for 1 to 2 sec. Immediately afterwards 250 jil

polyethylene glycol (PEG; 40 % [w/v] PEG 4000 [Merk] in 0.4 % mannitol and

0.1 M Ca(N03)2. PEG was dissolved in 0.4 % mannitol and 0.1 M Ca(N03)2

[the final concentration of these two compounds will be lower due to the

volume of PEG] and the pH adjusted to 8-9 [the pH takes several hours to

stabilise and drops to pH 6-7 after autoclaving]) were added slowly (PEG is

very viscous) into the suspension and mixed by swirling for 2 additional

seconds. During the following 10 min the protoplasts were resuspended every

2 min by gentle swirling. Over the next 10 min W5 was added gradually to the

transformation buffer in order to allow adaptation to osmotic pressure (first 1

ml W5, after 2 min 2 ml, etc. up to a total volume of 11 ml).

1.2.5 Embedding of protoplasts and plant regeneration

The protoplast suspension was centrifuged for 5 min at 80 g. The pellet was

resuspended in 0.5 ml PCN2 (same composition as PCN1, but with 68.4 g/l

sucrose and 39.6 g/l glucose instead of 136.8 g sucrose) and placed in a 6 cm

plastic Petri dish, to which 4.5 ml of 0.6 % Sea Plaque agarose (FMC

Bioproducts, USA) in PCN2 (cooled to 42 e C after melting) were added. It is

important that the protoplasts are distributed evenly but gently and that the

Petri dish is not moved before the agarose has solidified completely. Petri

dishes were sealed with parafilm, placed in the dark for 24 to 36 hours at 25 -

C and then cultured at 25 q C with 16 hours light (approx. 0.5 - 1 W rrf1) per

day.

After the first cell divisions had taken place, each agarose disk was cut into 8

segments and 4 segments each were transferred into 40 ml medium A (4.3 g/l
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MS salts [Duchefa], 30 g/l sucrose, 50 g/l mannitol, 0.1 g/l myo-inositol, 0.1

mg/l NAA, 1 mg/l BAP, 1 mg/l pyridoxine-HCI, 10 mg/l Thiamine-HCI, 1 mg/l

nicotinic acid) supplemented with 500 mg/l spectinomycin in a transparent 110

ml Greiner dish (Germany). The plastic dishes were placed on a rotary shaker

(approx. 50 rpm) and the cells were cultured at 25 9 C with 16 hours light

(approx. 0.5 - 1 W m"1) per day for up to three months. After about 7 weeks

the first spectinomycin resistant colonies could be identified by their green

colour and the larger size when compared to sensitive colonies, which

remained white and grew slower. Sensitive colonies remain viable even after

several months of culture in the presence of 500 mg/l spectinomycin.

Green colonies were placed on 25 ml MSmorpho (4.3 g/l MS salts [Duchefa,

The Netherlands], 30 g/l sucrose, 0.1 g/I myo-inositol, 0.1 mg/l NAA, 1 mg/l

BAP, 0.1 mg/l pyridoxine-HCI, 0.1 mg/l thiamine-HCl, 0.1 mg/l nicotinic acid,

1.0 mg/l D-Ca-panthotenate) supplemented with 500 mg/l spectinomycin in a

transparent 190 ml Greiner dish (up to 4 colonies per dish). After three weeks

of culture (same light and temperature conditions as before), when the calli

had reached a diameter of approx. 0.5 cm and the first shoot had appeared,

approx. 100 mg of green callus were harvested for DNA isolation. Leaflets of

plants shown to be transplastomic by Southern analysis were placed on fresh

MSmorpho containing 500 mg/l spectinomycin for the next round of callus

formation and shooting. In order to allow complete sorting out of wild-type

plastomes, this procedure was repeated 3 times before shoot tips were placed

in 1/2 MS supplemented with 500 mg/l spectinomycin and whole plants were

regenerated in order to obtain seeds.

1.2.6 DNA isolation and Southern analysis

Approx. 100 mg of green callus or leaf material were harvested and

lyophilysed. The dry material was ground in a 2 ml Eppendorf tube and total

DNA was isolated using the Phytopure DNA isolation kit (Amersham, UK)

according to the manufacturer's recommendations with the exception of an

additional phenol/chloroform extraction before DNA precipitation. DNA quality
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and quantity was checked on an ethidium-bromide-containing agarose gel.

Between 6 to 8 u.g of DNA from each callus were digested with the

appropriate restriction enzymes. The fragments were separated by

electrophoresis on a 0.8% agarose gel and transferred to a Hybond-N nylon

membrane (Amersham, UK)

DIG-labelled probes were generated using the PCR DIG labelling kit from

Roche Molecular Biochemicals according to the manufacturer's

recommendations. For the aadA* probe, primers FaadALFor (5'-gaa gcg gtt

ate gec gaa g-3') and FaadA2.Rev (5'- tta ttt gec aac tac ctt agt gat-3') were

used to amplify a 785 bp fragment from the aadA gene, using pCL72 as a

template. For the orf313* probe, primers orf313 For (5'-ctt ctg gac att tec cac

taa gcg-3') and orf313.Rev (5'-acg ctt cat tag ccc ata ccg ctc-3') were used to

amplify a 533 bp fragment from the tobacco plastome (position 116 434 to

116967), using total tobacco DNA as a template. This probe anneals to a

plastome region 3' to the right flanking sequence of pCL72, hence it is not part

of the transformation vector.

The denatured probes were added to 8 ml DIG easy Hyb (Roche Molecular

Biochemicals) and hybridised to the DNA on the Hybond N membrane at 42Q

C for 12 to 16 hours. Washing and DIG chemiluminescent detection were

performed as recommended by the manufacturer of the DIG system (Roche

Molecular Biochemicals). CDP-Star (Roche Molecular Biochemicals) was

used as the substrate for luminescence. Exposure times varied from 1 to 30

mm.
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1.3 Results

1.3.1 Cloning of pCL72

Transformation vector pCL72 is a derivative of pFaadAII, which was obtained

as a gift from H.-U. Koop. Plasmid pFaadAII targets insertion of an aadA

resistance cassette conferring resistance to spectinomycin and streptomycin

into the small single copy region of the tobacco plastome.

Plasmid pFaadAII has the drawback that all sites commonly used for cloning

are present at least twice because it carries the full pBluescript polylinker with

the exception of BamH\ at the end of the flanking sequences. In order to make

this vector accessible to further cloning, the following strategy was used:

pFaadAII contains an Acc\ fragment which spans the entire flanking regions

and the expression cassette with the exception of 204 bp at the 5'end of the

left and 85 bp at 3' end of the right flanking sequence. This fragment was

inserted into pCL71, a cloning vector which contains only two ,4ccl-sites and

no additional restriction sites in the polylinker. In the resulting vector pCL72,

several restriction sites have become single (shown in bold in figure 1-1 A).

This plasmid was subsequently used both as a selective marker for the

generation of transplastomic plants and as a starting point for the construction

of more complex vectors harbouring additional elements and multiple

cassettes.

1.3.2 Transformation efficiency determined by Southern analysis

Total DNA was isolated from calli growing on 500 mg/l spectinomycin, cut with

H/hdlll and Xho\ and subjected to Southern analysis using probes orf313* and

aadA*. A representative example is shown in figure 1-1 C.
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Figure 1-1: (A) Schematic representation of transformation vector pCL72. Restriction sites important for

cloning and Southern analysis are indicated (single sites in bold). (B) Recombination of transformation

vectors pCL72 or pFaadAII with homologous plastome sequences. Restriction sites and DIG-labelled

probes used for Southern analysis and resulting fragment length are indicated. Letters in brackets refer to

bands in panel C. (C) Southern blots of total DNA from spectinomycin-resistant and wild-type caili digested
with Xho\ and Hinû\\\. The blot on the left was hybridized with probe or1313*, the one on the right with probe
aadA*. L, Roche Molecular Biochemicals Marker 111; 1, transplastomic plant transformed with pFaadAII; 2, 3,
transplastomic plant transformed with pCL72; 4, plant resistant to spectinomycin, putatively due to mutation

in 16R rDNA. 16R, 16S rRNA promoter and rbcL leader; aadA, aminoglycoside 3'-adenylyltransferase;
rbcL, Chlamydomonas reinhardtii rbcL 3'UTR; RFS, right flanking sequence; orf313*, probe hybridising to

ort'313 gene (outside of flanking sequence); aadA*, probe hybridising to aadA gene.
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After the transformation procedure was found to be effective, pCL72 and

pFaadAII were replaced by vectors derived from pCL72 and carrying

additional genes of interest. An overview of the transformation efficiency

obtained with these plasmids, pCL72 and pFaadAII is given in table 1-1.

Table 1-1. Overview c>/ transforrnati'ons exoeriments.

Exp. No. L92 L93 L94 K12 L111 L112 L114

Construct T G S+ T G S+ T G s+ T Ca S+ T G S+ T G S+ T G S+

pFaadAII 4 7 6 3 3 3

pCL72 4 6 6 3 2 1

pCL82 4 3 1

pCL84 5 14 3

pCL85 5 6 4 3 5 2

pCL89 3 3 1

pCL92 3 0 0

pCL93 3 6 6

pCL94 4 4 2

pCL96 4 6 2 4 2 1

pCL97 4 2 2

pCL98 4 13 6

pCL99 4 11 1

T, number of transformations; G, number of spectinomycin-resistant (green)
calli; S+, number of Southern positive transplastomic plant lines. The nature ot

the transformation vectors used is described in this chapter, the following
chapters and in appendix A. Nucleotide sequences of all vectors are available

upon request.

The results summarised in table 1-2 show that the transformation method

used reliably produces transplastomic lines. Although transformation rates are

quite variable, only in one experiment no transplastomic line was obtained

after the transformation of 3 samples. Considerable variation in transformation

efficiency was also observed in nuclear transformations, which yielded

between 42 and 117 hygromycin-resistant colonies after transformation with a

hygromycin-resistance gene driven by a 35S promoter. On average, 0.7

transplastomic lines were produced per transformation. The size of the
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transformation vector did not seem to play a crucial role for the transformation

efficiency, as exemplified by the results obtained after transformation with

pCL93.

Apart from expression of aadA, also spontaneous mutations in the 16R rDNA

can lead to spectinomycin resistance (Harris et ai 1989), leading to calli which

are green under spectinomycin selection but not transplastomic. We found

that on average every second spectinomycin-resistant line analysed was

transplastomic.

Table 1-2: Summary of experiments with different vectors and mean values of

transformation efficiency.

Construct size [kb]

Total of

transformations

Transplastomic lines

per transformation

Transplastomic lines

per spectinomycin-
resistant line

T G S+

pFaadAII 8.9 7 10 9 1.3 0.9

pCL72 8.6 7 8 7 1.0 0.9

pCL82 10.0 4 3 1 0.3 0.3

pCL84 10.5 5 14 3 0.6 0.2

pCL85 6.6 8 11 6 0,8 0.5

pCL89 11.4 3 3 1 0.3 0.3

pCL92 10.0 3 0 0 0.0 -

pCL93 11.6 3 6 6 2.0 1.0

pCL94 10.0 4 4 2 0.5 0.5

pCL96 10.6 8 8 3 0.4 0.4

pCL97 11.9 4 2 2 0.5 1.0

pCL98 13.1 4 13 6 1.5 0.5

pCL99 12.1 4 11 1 0.3 0.1

Total of all constructs; 64 93 47 0.7 0.5

Abbreviations see table 1 -1.
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1.3.3 Hands-on time and total time until identification of transplastomic

plant lines

Up to 30 transformations per day can easily be performed by one person

using the protocol described. After transformation, only two changes of

medium are required until Southern analysis of calli and shoots can be

performed, thus limiting total hands-on time for approx. 20 transplastomic

lines to about 1.5 days. Total time between transformation and confirmation of

transplastomic nature of spectinomycin-resistant plant lines is about 12-14

weeks.

1.4 Discussion

The transformation method described here aims at the integration of foreign

DNA into the plastome at a position determined by the flanking sequences.

This integration creates restriction length polymorphisms which can be

monitored by Southern hybridisation. The best evidence for a change in

plastome sequence is achieved when a probe annealing outside of the

homologous plastome sequence of the transformation vector is used (probe

orf313* in the case presented here), as this rules out the possibility of signals

originating from vector contamination or integration of the transformation

vector into the nuclear genome. By using a second probe annealing to a part

of the integrated DNA (in this case probe aadA*) residing in another fragment

created by the restriction enzymes used, correct integration is confirmed and

the total size of the integrated fragment can be determined. Figure 1-1 B

shows the annealing positions of the probes used and RFLPs created by the

integrated DNA. All spectinomycin-resistant lines obtained in this study were

examined using the Southern strategy described.

The results presented here show that the protocol used offers a simple and

effective method to create transplastomic tobacco lines with a minimum of

28



Chapter 1 PEG-mediated plastid transformation

hands-on time. It requires far less handling than the protocol of Koop et ai

(1996) and no alginate films in steel or nylon meshes need to be prepared

(Kofer et ai 1998). When compared to the biolistic method, it does not depend

on the availability of a particle inflow gun. PEG-mediated transformation may

also be advantageous in the case of plant species in which embryogénie

tissues containing proplastids have to be used for transformation. Proplastids

are much smaller than leaf chloroplasts and may therefore not be a suitable

target for the particles which are considerably larger than the proplastids.

The average transformation efficiency was about 0.7 transplastomic plants per

transformation. This ensures that the time needed for transformation,

regeneration and identification of transplastomic lines does not become the

limiting factor when one wants to study the effect of a given construct in a

transplastomic line. Inserts of more than 5.5 kb have been integrated into the

plastome without a drop in transformation efficiency. To our knowledge, these

are the longest inserts transformed into the plastome so far.
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2 Discovery of a dynamic excision/re-integration pattern in

tobacco plastids after integration of DNA at the inverted

Repeat/Large Single Copy junction

2.1 Introduction

Homologous recombination (HR) of DNA molecules is of significant

importance for the evolution of organisms since it allows the separation of

favourable mutations from unfavourable ones and the combination of

favourable mutations on one chromosome. In eukaryotes, this occurs mainly

during meiosis, when homologous maternal and paternal chromosomes pair.

In addition to meiotic recombination, somatic recombination contributes to the

repair of damaged chromosomes and thus helps preserving the genetic

information of organisms (for a review on plant HR, see Puchta and Hohn

1996). Apart from its occurrence in the nuclear compartment, homologous

recombination is known to occur in the mitochondrial and chloroplast

genomes of both green algae and higher plants (André etai 1992, Boynton et

ai 1988, Svab et ai 1990). In chloroplasts, the genome is mostly uniparentally

inherited, or, when biparentally inherited, chloroplast fusion is very infrequent

(Gillham et a/.1991, Kuroiwa 1991). Even in Chlamydomonas reinhardtii,

where chloroplasts do fuse in the zygote, one of the parental genomes is

usually selectively degraded (Gillham et a/.1991, Kuroiwa 1991). This

suggests that the selective value of chloroplast HR does not reside in the

generation of genetic diversity by exchange of genetic information as in the

case of meiotic recombination. Instead, it is hypothesised that the primary

function of homologous recombination in chloroplasts lies in DNA repair which

is most likely needed to cope with damage due to photooxidation and other

environmental stresses (Cerutti etai 1995)

The mechanism of HR has been exploited for the transformation of the

chloroplasts of Chlamydomonas reinhardtii, tobacco and Arabidopsis thaliana
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(Boynton et ai 1988, Svab et al. 1990, Sikdar et a/. 1998). When the

introduced DNA has homology to the chloroplast genome on both sides of the

selectable marker, it usually replaces the corresponding region of the recipient

genome, presumably via double homologous recombination (DHR) in the

flanking sequences, allowing the stable and site-directed integration of novel

genes as well as replacement or deletion of wild-type genes. In

Chlamydomonas reinhardtii it has been shown that if the donor DNA has

extensive homology only on one side of the selectable marker, the entire

plasmid may integrate by a single homologous recombination (SHR) event

(Boynton et ai 1990). Unintegrated plasmid DNA has been detected in

Chlamydomonas reinhardtii chloroplast transformants. It was maintained

during growth in liquid culture, but lost upon prolonged growth on solid

medium (Boynton et ai 1988). In Nicotiana tabacum, an 868 bp

extrachromosomal element that formed during transformation was detected.

This extrachromosomal element resulted from an unexpected homologous

recombination event in a 16 bp imperfect repeat present on both the wild-type

plastome and the transformation vector (Staub and Maliga 1994, Staub and

Maliga 1995). No examples of non-homologous chloroplast recombination

have been reported to date.

In this chapter, the finding of an unusual integration pattern of vector pCL85

targeting integration close to the junction of the inverted repeat A (IRA) and the

large single copy region (LSC) of the tobacco plastome is reported. Analysis

of transplastomic tobacco lines transformed with pCL85 revealed multiple

copies of the plasmid integrated into the plastome as well as several forms of

free plasmid. We conclude that although more than 1 kb of homologous

sequences flank either side of the selection marker, the transformation vector

recombines only with the LSC, Further recombination events lead to tandem

repeats of the full vector integrated into the plastome, and to free plasmids

which loop out of the plastomes harbouring multiple inserts.
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2.2 Materials and Methods

2.2.1 Cloning of pCL85

Vector pCL85 contains the same expression cassette as pCL72 (tobacco 16S

rRNA promoter with rbcL leader, aadA gene, Chlamydomonas rbcL 3'

untranslated region [UTR], see chapter 1), but the regions flanking this

cassette target integration into the large single copy region close to the end of

IRA. This site was originally chosen to study the possibilities of atrazine

resistance as a selection system by introducing a point mutation (leading to

exchange of serine 264 by threonine) into the coding region of the psbA gene,

which is part of the right flanking sequence. For cloning and analytical

reasons, additional mutations creating an Ach site were introduced at the

same position.

The flanking region was created by PCR-amplification of the corresponding

sequences using the proofreading polymerase Pfu (Stratagene) and total

tobacco DNA as template. Primers Ntrpl2.For (5'-gac gag etc gtt tea age ace

gac aga acc-3', Ssfl-site in bold) and Thrmutl.Rev (5'-cca ata tgc AaC Gtt

caa caa etc tcg-3', mismatches for S264T mutation and Ach site in uppercase,

Ach site in bold) were used to amplify fragment A. Primers Thrmutl .For (5'-gtt

gaa CGt Tgc ata ttg gaa gat caa teg g-3', uppercase and bold as for

Thrmutl.Rev) and NtpsbA3.Rev (5'-ttt ggt ace aat ctg gga age ggc ate cg-3',

Asp718\ site in bold) were used to amplify fragment B. Both PCR fragments

were purified on a gel and isolated from the gel using the Qia-Ex purification

kit (Qiagen, Germany).

Fragment A was restricted with Ssfl and Rca\ and the 1.3 kb fragment was

ligated into the cloning vector pMCS5 (MoBiTec, Germany) digested with Ssfl

and A/col, resulting in pLFS (Left Flanking Sequence). Fragment A was

digested with Real and Ach and the 0.46 kb fragment was isolated. PCR

fragment B was restricted with Ach and >4sp718I resulting in a 0.5 kb fragment

which was also isolated. The 0.46 kb fragment and the 0.5 kb fragment were

then ligated into pMCS5 cut with Asp718\ and A/col by three-fragment ligation,

resulting in pRFS (Right Flanking Sequence).
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The intermediate vector pLFS was digested with Ssfl and ßssHIl, and pRFS

was restricted with ßssHIl and Asp7î8\, releasing the LFS with a total length

of 1.3 kb and the RFS with a length of 0.97 kb. These two fragments were

then inserted into pBluescript SK I
~

(Stratagene) opened with Ssfl and

Asp718l via three-fragment ligation, thereby giving rise to pFS1.

The polylinker of pBluescript SK II
~

was isolated as a ßssHIl fragment and

inserted into pFS1 linearised with ßssHIl. Plasmids with the orientation LFS -

>4sp718l -Ssfl - RFS were designated pFS2. This construct contains both

flanking sequences with the pBluescript SK II
"

polylinker at the insertion site

(originally the Real site at plastome position 344 (Shinozaki etai 1986)

An Xho\ site was added to the 16S rRNA promoter of pFaadAII by PCR using

Pfu polymerase, pFaadAII as a template and primers Koop16R1.For (5'-gtg

etc gag cgc cgt cgt tea atg aga-3', Xho\-s\\e in bold) and FaadA2.Rev (5'-tta

ttt gec aac tac ctt agt gat c-3'). The PCR fragment was digested with Xho\ and

ßamHI and the promoter fragment was isolated. Plasmid pFaadAW (Koop et

al. 1996) was cut with ßamHI and Noti, and the fragment containing the aadA

gene and the rbcS5'-\JJR was isolated. This fragment and the promoter

fragment were inserted into pFS2 opened with Xho\ and Noti by three-

fragment ligation, resulting in pCL85.

2.2.2 DNA isolation, PCR DIG labelling of probes and Southern

hybridisation

DNA isolation, PCR DIG labelling of probes and Southern hybridisation was

performed as described in (A). Generation of probe aadA* is also described

there. For the psbA* probe, primers Nt1336.For (5'-gca gaa gta gga ata atg

gca ccg -3') and Nt1730.Rev (5'-aca tac ace ttg gtt gac acg-3') were used to

amplify a 785 bp fragment outside of the RFS in the psbA gene, using tobacco

total DNA as a template. For the bla* probe, primers amp1 .For (5'-ggc ace tat

etc age gat ctg-3') and amp2.Rev (5'-cga act gga tct caa cag cgg-3') were
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Chapter 2 Single Homologous Recombination

used to amplify a 706 bp fragment from the ampicillin resistance gene in

pBluescript SK I ".

2.2.3 Transformation of competent E. coli cells with tobacco total DNA

and isolation of plant-derived plasmids

Competent E. coli XL1-blue cells were prepared using the calcium chloride

method as detailed in Seidman et ai (1995). For transfection, 200 jliI of

competent cells were added to 8 to 10 uJ (approx. 10 jj,g) of total tobacco

DNA, mixed and placed on ice for 30 min. Cells were heat-shocked for 2 min

at 42 9 C and cooled on ice for 2 min before being plated on LB plates

supplemented with 50 mg/l ampicillin and cultured for 12-16 hours at 37 q C.

Plasmid DNA was isolated from the ampicillin-resistant colonies using the

Jetstar miniprep kit from Genomed according to the manufacturer's

recommendations.
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2.3 Results

2.3.1 Construction of pCL85, a vector targeting integration at IRA/LSC-

junction

Plastid transformation vector pCL85 carries the same expression cassette as

pFaadAII (Koop et al. 1996). The cassette contains the tobacco 16S rRNA

promoter fused to the tobacco rbcL leader, the aadA gene conferring

resistance to the antibiotics spectinomycin and streptomycin, and the rbcL 3'

UTR from Chlamydomonas reinhardtii. This cassette is bordered by two

flanking regions. In pCL85 the left flanking region (LFS) consists of 0.94 kb of

the 5' end of inverted repeat A (IRA) and the first 0.34 kb of the large single

copy region (LSC) bordering IRA. The right flanking sequence (RFS) consists

of 0.97 kb of the LSC adjacent to the integration site which corresponds to the

Real site at plastome position 344 (Shinozaki et ai 1986). In order to create a

new Ach site (used as a restriction length polymorphism marker) and to obtain

an amino acid exchange from Ser264 to Thr264 in the PsbA protein (a

mutation described as conferring atrazine resistance in potato without

impairing productivity [Smeda et ai. 1993]), plastome positions 804 to 807

were changed from ACTA to cgTt.

LFS and RFS were obtained by PCR amplification. Sequencing of LFS and

RFS revealed minor deviations from the sequence published by Shinozaki et

ai 1986. An additional thymidine was found both between positions 304 and

305 and between positions 308 and 309. Both of these lie in the 3' UTR of

rbcL These changes were confirmed by an independent round of

PCR/sequencing, suggesting that they are present in the plastome of the

genotype used as starting material. Positions 155,282 and 155,283 in the

intron of rpl2 were found to be "CC" instead of "AA". It was assumed that none

of these differences changes the splicing efficiency of the rpl2 RNA.

2.3.2 Southern analysis reveals Single Homologous Recombination

Transformation of plant plastids has been described as the result of two

homologous recombination events, mediated by two stretches of plastome
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DNA flanking the insertion site (Svab et ai 1990, Staub and Maliga 1992), as

shown in panel A of figure 2-2. The strategy used in the Southern analysis is

shown in panels A and B of figure 2-1. When probed with psbA* - a probe

annealing to a plastome sequence adjacent to the flanking region, but not to

the transformation vector -, transplastomic lines CL85-1 to 6 showed a strong

signal at 1.4 kb (Figure 2-1, band "b") and a weaker band at 4.4 kb (Figure 2-1

band "b"). The upper band corresponds to the signal expected in the wild-type

(compare to lane "wt" in figure 2-1, panel B), indicating that there are still wild-

type plastomes present. The lower band is the result of the introduction of a

novel Ssfl-site and represents transformed plastome molecules. As expected,

the psbA*-probe did not anneal to transformation vector pCL85 (Figure 2-1 A

and B, lane "p").

Probing of the same membrane with probe aadA* lead to the expected band

at 4.4 kb in the transplastomic lines (Figure 2-1 C, band "c"), while the wild-

type DNA did not give rise to a signal. However, in the first analysis all of the

six transplastomic lines analysed showed an additional strong signal at 2.8 kb

(Figure 2-1 C, band "d") that cannot be explained by the standard model of

double homologous recombination. Four months post transfection, line CL85-

1 had lost this signal, while it was still present in the other lines (Figure 2-1 D,

band "d"). The so far unaccounted signal ran at the same position as the aadA

fragment from pCL85 (lane "p" in figure 2-1 D). Contamination of the isolated

DNA with vector DNA could be ruled out because the signal only showed up

in pCL85 lines (and not in other lines and wild-type lines isolated in parallel),

and for other reasons detailed below. The bands of 2.8 kb can be explained

either by freely replicating vector or by integration of the full-length

transformation vector via a single homologous recombination (SHR) event in

the right flanking sequence. SHR in the left flanking sequence would lead to a

signal of different size when probing with psbA* and can therefore be ruled

out.
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Figure 2-1: Southern analysis of transplastomic lines transformed with plasmid pCL85
Panels on the left half show results of DNA isolated from primary callus and digested with Ssfl and

BgM (approx 3 months posf transfection) panels on the right show DNA from shoots derived from

secondary callus and digested with îhe same enzymes (approx 4 months post transfection) Panels

(A), (B), hybridisation with probe psbA* panels (C), (D) hybridisation with probe aadA*, panels (E)
(F) hybridisation with probe bla* Letters a - g correspond to fragments indicated in the text as well
as in figures 2-2 and 2-4 L, DIG-labelled molecular marker 111 (Boehringei Mannheim), 1-6, number
ot transplastomic CL85 line, wt, wild-type, p plasmid pCL85 digested Ssfl and Bgh\
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In order to further investigate the situation, the same membrane was re-

hybridised with bla*, a probe annealing to the ampicillin-resistanee gene in the

backbone of the transformation vector. This gave rise to three bands with

sizes of approx. 6.8 kb, 5.1 kb and 3.9 kb (bands "e", "f", and "g" of figure 2-1

C and D). The longest fragment is explained by a SHR in the left flanking

sequence (compare to figure 2-2 B), while the lowest band fits to the

hypothesis of the autonomous replication of free vector (figure 2-2 F). The

band at 5.1 kb still cannot be explained.

If SHR takes place, the structure shown in panel D of figure 2-2 is produced.

In this structure, both flanking sequences form direct (tandem) repeats with

their homologous sequences on the plastome. Pairing of these direct repeats

(indicated by the dashed arrows in panel D, figure 2-2) and subsequent

homologous recombination would lead to looping-out of the two plasmid

species shown in panel E and F of figure 2-2. The plasmid shown in panel F is

identical to the transformation vector, with the possible exception of the point

mutations in the right flanking sequence (see below). The plasmid depicted in

panel E is made up of both flanking sequences and the backbone of pCL85

(which is derived from the pBSK I
~

backbone) and was designated pFS3. It

differs from pFS1 and pFS2 (intermediate steps in the cloning of pCL85, see

"Materials and Methods") in that the integration site (the Real site at plastome

position 344) is identical to the wild-type sequence and that it does not contain

any additional restriction sites. Also in this case, the point mutations in the

right flanking sequence may or may not be part of the newly formed plasmid.

This depends on the exact position at which the crossing-over during the

homologous recombination events took place. The position of the point

mutations is shown as an asterisk in figure 2-2, or as an asterisk in brackets if

the presence of the mutations has not been determined.
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Figure 2-2: Integration patterns of vector pCL85 and subsequent rearrangements

(A) Wild type plastome around integration site BgM cuts outside of flanking sequences of pCL85 Cutting with BgM - Ssfl and hybridising
with the psbA* probe results in a fragment of 4 4 kb (B) Transformation vector pCL85 Apart from 344 bp 5' to the integration site the whole

left flanking sequence lies in the inverted repeat, the whole RFS lies in the large single copy region (C) Plastome structure after homologous
recombination in left and right flanking sequence Size of band resulting from hybridisation with corresponding probes are indicated (D)
Plastome structure after single homologous recombination in large single copy region and corresponding Southern bands This leads to the

formation of direct repeats of both flanking regions These duplicated regions can anneal (indicated by arrows (L) and (R)) and recombin©

with the homologous plastome sequences (E) Recombination in the inverted repeat region leads to the same plastome structure as in (C)
and releases the circular plasmid pFS3 consisting of the two flanking sequences and the pBSKI backbone (F) Recombination in the single

copy region leads to the same plastome structure as in (A) and releases a circular plasmid corresponding to pCL85 (B) The presence or

absence of the Ach restriction site (*) depends on the position where the homologous recombinations takes place LFS, left flanking
sequence, 16R. 16S rRNA promoter and rbcL leader, aadA ammglycoside 3'-adenylyltransferase rbcL, Chlamydomonas rmnhardthrbcL

3'UTR, RFS, right flanking sequence, pBSKI pBluescript SK I
, asterisk, new Acl\ restriction site, asterisk in brackets, possible position of

Ach restriction site, psbA*, probe hybridising to psbA gene (outside of flanking sequence), aadA*, probe hybridising to aadA gene, bla*,

probe hybridizing to ampicillin-resistanee gene in the pBSKI backbone; letters (a)-(g) indicate bands in figures 2-1, 2-5 and 2-6.
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2.3.3 Four different plasmids can be isolated several months post

transfection

When DNA isolated from CL85 lines was used for the transformation of

competent E coll cells, ampicilm-resistant colonies could readily be obtained,

while no colonies were detected when DNA from CL72 lines transformed with

pCL72 (a vector carrying the same expression cassette but flanking

sequences targeting insertion into the small single copy region of the

plastome, see chapter 1) or wild-type lines were used. When the plasmids

isolated from ampicillin-resistant colonies where digested with Ssti-Asp718\

and Real, the resulting fragments indeed matched the lengths of the

fragments predicted for pFS3 and pCL85 (not shown) According to their

restriction pattern after digestion with Accl (indicative for the presence of the

point mutations in the right flanking sequence), the plasmids obtained could

be placed into four groups as shown in figure 2-3, panel A. Again, the

fragment lengths obtained coincided with the expected size of fragments from

pCL85 and pFS3, both either with or without Ach site.

As shown in figure 2-4, plasmids looping out of the plastome may again act as

substrates for recombination with the plastome (both with wild-type plastomes

and already transformed plastomes) In order to distinguish between free

plasmid and multiple integration, additional Southern analyses were

performed Total DNA of pCL85 lines was cut with Bghl or loaded uncut Bghl

cuts in the plastome sequence bordering the flanking sequences, but not in

pCL85. Figure 2-5 shows a Southern blot with DNA isolated 4 and 7 months

post transfection, figure 2-6 the results from DNA isolated 10 months post

transfection For simplicity, only this Southern is discussed When probed with

aadA*, in lines 1 and 6 cut with Bghl-Ssft, a single band of 4 4 kb appears

(figure 2-6, band "c"), while the cut with Bghl resulted in signals of approx. 5 9

kb (figure 2-6, band "i") This is the length of the fragment expected for

plastomes which have integrated pCL85 via the "standard" double

homologous recombination In lines 1 and 6 these are the only bands

detected 10 months posf transfection.
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The lanes with uncut DNA show that only aadA genes integrated in the high

molecular weight plant DNA are present in lines 1 and 6 (band "h"). The

absence of a signal for the bla* probe in these lines (figure 2-6, panel B)

suggests that they do not contain vector backbone any more.

In the other lines tested, apart from the bands indicating double homologous

recombination, several other bands light up. In the uncut DNA, in addition to

the strong signal obtained from the high molecular weight DNA, two bands

running at approx. 3.6 and 10 kb can be detected (panel A in figure 2-6, bands

"u1" and "u2"). A comparison with the uncut pCL85-DNA suggests that these

bands are produced by free pCL85 looping out of transplastomic plastomes

created by single homologous recombination. As no Bghl site is present on

pCL85, the same bands appear in the lanes with total tobacco DNA and

pCL85 cut with Bghl In addition to the bands of free vector and the band at

5.9 kb (band "I", which is also present in lines 1 and 6 and indicative of

"standard" double homologous recombination), several additional bands can

be found in the DNA digested with Bghl. These lanes can be explained by

single and multiple integration of pCL85 into the plastome via SHR in the large

single copy region. The first SHR into a wild-type plastome would result in a

band of 11 kb (band "j"), further integrations of the full vector (6.6 kb) yield

17.6 kb (band "k"), 24.2 kb (band "I"), and so forth, as detailed in figure 2-4.

While the bands of 11 kb, 17.6 kb and 24.2 kb were resolved on this gel and

their size could be confirmed by the size interpolation software of the Eagle

Eye II transilluminator (Stratagene), the bands of 30.8 kb and longer would - if

present - not be separated from the 24.2 kb band on the gel used. Multiple

integration of several plasmids is also suggested by the results obtained by

probing the same samples with the bla* probe (figure 2-6, panel B), where the

same fragments are detected in those cases where the hypothesis of (single

and multiple) SHR predicts the occurrence of the ampicillin-resistanee gene

and the aadA gene on the same Bgh I -fragment (fragments "j", "k", "I").
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Figure 2-5. Southern analysis of transplastomic lines transformed with plasmid pCL85 in the

second (left part of the panels) and third (right part) round of callus formation/shooting (approx,
4 and 7 months post transfection).
DNA was isolated from shoots and digested with Bgl\\ ("B") and left undigested ("u"). Panel A

shows the membrane hybridised with the aadA* probe annealing to the aadA gene. In panel B

the same membrane has been stripped and re-probed with bla*, a probe annealing to the

ampicillin-resistanee gene in the backbone ot pBluescript SK l\

III, VII, DIG-labelled molecular marker III and VII (Roche Biochemicals); 1-6, number of

transplastomic CL85 line; wt, wild-type.
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Figure 2-6. Southern analysis of transplastomic lines transformed with plasmid pCL85 in the

fourth round of callus formation/shooting (approx 10 months post transfection)
DNA was isolated from shoots and digested with Bgl\\ and Ssfl ("BS"), Bgl\\ alone f'B") or left

undigested ('u") The top panel shows the membrane hybridised with the aadA* probe
annealing to the aadA gene In the lower panel the same membrane has been stripped and re-

probed with bla*, a probe annealing to the ampicillin-resistanee gene in the backbone of

pBluescript SK I" Lower case letters with arrows refer to text and figures 2-2 and 2-4

ill, VII, DIG-labelled molecular marker III and VII (Roche Biochemicals), 1-6, number of

transplastomic CL85 line; wt, wild-type
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2.3 Discussion

When targeting an aadA expression cassette to an insertion site close to the

inverted repeat /large single copy region, we found an integration pattern that

could not be explained by double homologous recombination in both flanking

sequences. All six transplastomic lines showed this unexpected pattern, while

no unusual signals were found in transplastomic lines which had integrated

novel DNA into the small single copy region.

We propose the following model for the integration of pCL85: Recombination

of the left flanking sequence with IRA is impeded, possibly because this region

is already paired with IRe, This leads to full-length integration of the

transformation vector pCL85 via single homologous recombination, thus

creating two direct repeats formed by the flanking sequences and their

counterparts on the plastome. Pairing and subsequent homologous

recombination of the left flanking sequence with the corresponding plastome

sequence leads to looping-out of pFS3. Pairing of the right flanking sequence

with its plastome counterpart leads to the liberation of pCL85. While pFS3 is

only detectable in the early stages of sorting out (probably because it does not

contain the spectinomycin resistance cassette and therefore has no

competitive advantage), pCL85 may re-integrate into the plastome

chromosomes, either into wild-type plastomes or into plastomes already

containing one or more copies of pCL85. At least three pCL85-concatemers

can be observed in several lines even after 10 months of culture (four rounds

of callus formation/shooting). While the multiple integration of several full-

length plasmids puts an additional load on the plastid DNA replication

machinery (an increase of plastome length of about 4 % per integrated

vector), this may be overcompensated by the advantage of several copies of

the resistance gene cassette (gene dose effect). However, a trend towards

loss of multiple copies can be observed even under spectinomycin selection,

since four months posf transfection, line 1 only shows signals corresponding

to the "standard" double homologous recombination, and the same is the case

for line 6 after 10 months. This may indicate that once a homoplasmic state is
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reached, the advantage of shorter plastomes becomes larger than the benefit

of a greater number of resistance gene cassettes per plastome.

Interestingly, a similar and so far unknown integration pattern was found by

Kindle et ai (1994). They transformed a Chlamydomonas reinhardtii line

lacking part of the atpB coding region and the 3' UTR of atpB with a construct

designed to restore the full-length coding region, but only part of the 3' UTR

which plays a role in transcript stability. As the atpB gene lies at the inverted

repeat/single copy junction, the transformation vector spans the same

plastome regions as pCL85. Most of the transformants obtained by Kindle et

ai showed slow photosynthetic growth due to transcript instability resulting

from the only partial stem-loop structure formed in the incomplete atpB 3'

UTR. However, about 1% of the transformants exhibited growth comparable

to wild-type. In these transformants, Kindle et ai found up to 2000 copies of

the transformation vector per chloroplast maintained as tandem repeats.

These findings were investigated in more detail by Suzuki et ai (1997). From

their results they concluded that these tandem repeats were likely to be

present in a large plasmid made up of at least 15 copies of the transformation

vector in a head-to-tail tandem arrangement and that this plasmid replicated

extrachromosomally. By creating a Chlamydomonas line with a deletion in the

part homologous to the transformation vector used, and by transforming this

line with the transformation vector, they investigated whether transformants

with extrachromosomally replicating plasmid could be produced. However, all

of these attempts failed: multiple vector sequences could only be observed if

homologous sequences and therefore possible recombination substrates were

present on the plastome, indicating that integration may be a prerequisite for

the formation of multiple vector copies.

The results presented here show that although some free vector is present,

the majority of vector sequences is integrated into the plastome, as shown by

the increase in the size of restriction fragments upon digestion with enzymes

cutting outside of the vector sequence (Figure 2-6). The free plasmids do not

seem to replicate extrachromosomally, but can be explained as products of

rearrangements from within the plastome. If this holds true it would follow that
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plastomes with multiple vector integrations confer a competitive advantage

under spectinomycin selection during the early stages of sorting out because

preferential amplification of plastomes with multiple copies would be the only

source for more multiple copy integrations.

Unexpected recombination phenomena were discovered independently in

tobacco and Chlamydomonas when a transformation vector spanning the

inverted repeat/single copy region was used, although the plastome

sequences in the transformation vector used by Kindle et ai and the one used

here do not share common genes. Also the selection mechanisms were

different. While in Chlamydomonas it was the partial restoration of atpB

expression (leading to photosynthetic growth), in tobacco it was

spectinomycin resistance conferred by expression of aadA. These vectors

share the pBluescript backbone, which may point to a role of the backbone in

vector multiplication. However, the pBluescript backbone has been routinely

used by several groups in plastid transformation events without leading to

unexpected results. We tend to speculate that it is the position at the junction

as such and not the nature of the genes encoded on the transformation vector

which lead to multiple vector copies. This could be tested by targeting a

selectable marker to one of the other three ends of the inverted repeats.

The same flanking sequences and insertion site of pCL85 has been used

before by Carrer and Maliga (1995) to create transplastomic tobacco lines. No

unusual recombination events were reported in this paper. Unfortunately, in

the Southern analysis of their lines, Carrer et al. only used restriction enzymes

which gave rise to internal fragments of the transformation vector, so even if

multiple copies would have been present, the analysis performed would not

have detected them. However, in Carrer et ai (1995) the vector targeted to

the IR/LSC region was co-transformed together with another vector and did

not carry the resistance gene selected for, so multiple copies would not

present a selective advantage and therefor probably did not arise at all.

The experimental data presented here indicate that the transformation vector

does not recombine freely with the inverted repeat region, and, furthermore,
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that the model presented by Kindle et ai and Suzuki et ai depends on a SHR

as the initial step for vector multiplication. This may result from the fact that

the inverted repeat regions are paired already and are therefore not a good

substrate for homologous recombination. However, further experiments would

need to be done in order to test this hypothesis.

The results obtained here show that many aspects of homologous

recombination, vector integration and sorting out of transplastomes are still far

from understood. The vector presented here and the derivatives suggested

can be used to further investigate these questions.
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3 Plastid-specîfic nptll expression using a newly designed

artificial translatable intron

3.1 Introduction

3.1.1 Selectable markers used for plastid transformation

In Chlamydomonas, selectable markers for plastid transformation include

resistances to streptomycin, spectinomycin, kanamycin, and erythromycin,

each of which is due to a different mutation in the plastid ribosomal RNA.

Spectinomycin and streptomycin resistance due to selection for the aadA

gene has also been reported. Additional markers in Chlamydomonas are

resistance to herbicides, mediated by point mutations in psbA, and sensitivity

to tentoxin, brought about by point mutations in atp (Carrer et ai 1993 and

references cited therein).

In tobacco, however, spectinomycin and streptomycin resistance - mediated

either by the expression of aadA or by mutant plastid 16S rRNA genes - is the

only efficient marker to date. This limitation is disadvantageous mainly for two

reasons. On one hand, the dependence on spectinomycin and streptomycin

does not allow the introduction of additional genes into the plastome of a

transplastomic plant line because this line would already express the

resistance gene used in earlier transformation processes. On the other hand,

selection for spectinomycin and streptomycin is not practical in many plant

species other than tobacco. For instance, Hordeum vulgare (Kofer et ai 1998)

and Oryza sativa (Nandadeva 1999) do not show a reduction in growth at

spectinomycin concentrations of 1000 mg/l. In addition, spectinomycin and

streptomycin are not lethal even to sensitive tissues but rather lead to a

reduction in the growth rate and to the formation of white calli and shoots,

whereas resistant cells and tissues eventually turn green and form green

shoots. In tobacco, greening of transgenic tissues takes place already a few

weeks after transformation and shoots are readily obtained. Most other

species, namely monocotyledonous plants, turn green only after several
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months of regeneration, rendering green/white selection difficult, if not

impossible. Khan and Maliga (1999) have recently reported the successful

use of a fusion between the aadA gene and the gene coding for the green

fluorescent protein (GFP). The fusion protein is fluorescent and still confers

spectinomycin resistance. This fusion protein may facilitate detection of

transplastomic regions in the non-green plant tissues used in the

transformation process of monocots and other plants. However, whether it will

be possible to create homoplasmic plants other than tobacco with this vector

has not been shown so far, and the presence of the GFP in crop plants may

lead to yield reductions under field conditions.

3.1.2 Kanamycin resistance: A promising marker with shortcomings

So far, the only alternative selection marker used for the production of

transplastomic tobacco is npfll (neomycin phosphotransferase), encoding

resistance to the aminoglycosides kanamycin, paromomycin and G418

(Carrer et al. 1993). Kanamycin effectively inhibits cell growth and is used for

the nuclear transformation of various plant species including tobacco, rice and

Arabidopsis thaliana (see Nap et. al 1992 for review). However, selection for

kanamycin resistant transplastomic plants can lead to unexpected results.

When Comeliessen et ai (1988) tried to transform tobacco plastids using

Agrobacterium with an npfll gene under control of the plastid psbA promoter,

they were able to regenerate numerous kanamycin resistant plants which had

incorporated the npfll gene in the nuclear genome. This indicates that the

psbA promoter either contains signals allowing npfll expression in the nuclear

and cytoplasmic compartment, or that npfll expression originates from a

nuclear promoter situated upstream of the integrated npfll gene. Kanevski et

ai (1992) found that 3-4 ng NPTII per mg total protein (0.0003 % of total

soluble protein) were sufficient for the growth of tobacco cells on 50 mg/l

kanamycin (the standard concentration for the selection of kanamycin

resistant tobacco), indicating that very week NPTII production may be

sufficient for the detoxification of a cell. Carrer et ai (1993) used the tobacco

16S rRNA promoter fused to the rbcL leader to express npfll in the plastids.
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Also with this promoter, large numbers of transformants were obtained, but

only 1 line out of 50 kanamycin resistant plant lines was transplastomic.

In the early phase of this thesis a plastid transformation vector was used that

contained the maize 16S rRNA promoter together with the maize rbcL leader,

fused to the npfll gene. After introducing this vector into tobacco protoplasts

by PEG-mediated transformation, we obtained on average 110 kanamycin

resistant calli per transformation. Under the same transformation conditions,

but using a vector with a 35S promoter and nos terminator, we obtained an

average of 210 transformants. Despite screening of more than 100 kanamycin

resistant calli from several experiments with the plastid transformation vector,

we did not find any transplastomic lines (not shown). Most of the plant lines

investigated were resistant to kanamycin concentrations of 500 - 1000 mg/l,

which is about 20 times the concentration needed to select for transgenic

plants expressing npfll. From these findings and the results described above

we concluded that weak nuclear transcriptional activity of plastidic promoters

may be a general phenomenon that prevents the efficient use of npfll as a

selection marker for transplastomic plants. Due to the potential usefulness of

npfll, namely for the generation of transplastomic cereals, we decided to

develop vectors which make use of regulatory mechanisms that limit NPTII

production to the plastidic compartment,

3.1.3 Requirements for the restriction of npfll expression to the

plastidic compartment

Any mechanism capable of limiting expression of NPTII to the plastidic

compartment would have to ensure that (1) npfll is efficiently transcribed and

translated in the plastid and that (2) npfll is not transcribed and/or not correctly

translated in the nuclear compartment. Plastids contain their own genetic

system that show a number of both prokaryotic and eukaryotic features. For

instance, transcription of some plastid genes - most of them involved in

photosynthesis - is carried out by a plastid-encoded RNA polymerase highly

similar to that of E. coli (Maliga 1998). In addition, a nuclear-encoded single
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unit RNA polymerase similar to the ones from T7 and T3 phages transcribes

another set of genes, most of which code for elements of the transcription and

translation apparatus needed for the expression of photosynthetic genes

(Maliga 1998). Apart from regulation at the level of transcription, plastid genes

are regulated post-transcriptionally by differential mRNA stability, editing and

splicing.

From the findings presented in 3.1.2, it can be concluded that npfll fused to

plastidic expression signals integrated into the nuclear genome can be

transcribed to some extent, producing an mRNA that is sufficiently stable to

be translated, and that the mRNA can be translated despite the differences in

the translation machinery of the plastidic and the nuclear compartments. This

leaves editing and splicing as possible candidates for a mechanism fulfilling

the above requirements.

3.1.4 Editing efficiency is difficult to predict

Editing is one of the most intriguing and least understood mechanisms in gene

expression. This post-transcriptional process alters nucleotides in transcribed

RNA so that the final nucleotide sequence differs from the one encoded by the

DNA. It is most common in mitochondria, but can also be found in plastids,

viruses and in mammalian nuclei. In plants, editing has only been discovered

in plastids and mitochondria. In many cases, the conversion of an ACG codon

to an AUG start codon can be observed (see Maier et ai 1996 for review). A

possible application of editing would involve placing an ACG codon at the start

of an open reading frame containing the npfll sequence. As conversion of the

ACG codon to an AUG start codon would be restricted to the plastidic

compartment, npfll could only be translated in the plastid. However, by

introducing chimeric constructs carrying editing sites into the tobacco

plastome, Bock et ai (1994) and Chaudhuri ef al. (1995) showed that while

some sites were nearly completely edited, others were not edited at all. This

indicates that editing efficiency cannot be predicted and that, at least in some

cases, additional c/s-acting elements not present on the transformation vector
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are needed for correct editing. For this reason, the use of editing as a means

to shut down NPTII production in the nucleus was not investigated further,

leaving splicing as a means to limit npfll expression to the plastid.

3.1.5 Differential splicing mechanisms as promising candidates for

plastid-specific expression

Although already the first applications of DNA sequencing in the 1970s

revealed that genes in eukaryotes are discontinuous, the roles and origin of

introns are still strongly debated. Introns are widespread in the genes of

complex eukaryotes, while simple eukaryotes and prokaryotes generally lack

them. Plastids and mitochondria are interesting in this respect, since even

though they are descendants of prokaryotic ancestors, many of their genes

contain introns. The fact that introns are abundant in "higher" eukaryotes and

mostly absent in the "lower" prokaryotes may lead to the conclusion that

introns were acquired late during evolution. Contradicting this point of view,

De Souza, Long and Gilbert (1996) present strong evidence that introns are

the remains of the so-called "RNA-world", a very early stage of evolution when

RNA served both as means to store information and ~ in the form of

ribozymes - to catalyse a broad number of reactions. According to this "intron-

early" hypothesis, introns were present in the most primordial forms of life and

the eukaryotes are primitive in as far as they still contain remains of the "RNA-

world", while prokaryotes - probably due to their higher rate of replication,

which increases the adaptive advantage of smaller genomes and faster

translation - do not possess these ancient traits any more.

In present plants, distinct types of introns are present in the plastome and the

nuclear genome. Plastids possess so-called group I and group II introns which

have also been found to interrupt the reading frames of fungal and plant

mitochondria. They fold into a characteristic, evolutionary conserved

secondary structure, and some members of group I and group II introns

exhibit self-splicing activity in vitro (see Sugita and Sugiura 1996 for review).

Bock and Maliga (1995) showed that a group II intron placed in front of a
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reporter gene and transformed into the tobacco plastome was correctly

spliced, although only approx. 70 % of the transcripts were spliced compared

to more than 90 % splicing of the same intron at its wild-type position.

Nuclear introns do not fold into a structure similar to that of group II introns,

but rather possess conserved sequences at both ends of the intron, the so-

called 5' and 3' splice sites. The splicing of nuclear introns is governed by a

dynamic ribonucleoprotein complex called the spliceosome (see Simpson and

Filipowicz 1996 for review). Several lines of evidence suggest that nuclear

pre-mRNA introns, group I and group II introns share a common ancestor. It

seems that the splicing mechanism is driven by similar RNA structures, but

that these structures are provided in trans (by the spliceosome) in the case of

the nuclear pre-mRNA introns, and in eis in the two other types of introns

(Jacquier 1990).

One way of exploiting introns for plastid-specific expression is to insert a

plastidic intron into the coding sequence of npfll. Ideally, the intron would not

be spliced if the gene is transcribed in the nucleus and therefore no functional

NPTII would be produced in the cytoplasm. However, due to the potential self-

splicing activity of group I and II introns, splicing of pre-npfll mRNA in the

nucleus cannot be ruled out. In addition, correct and efficient splicing in the

plastids is not certain, as only one case is documented so far (Bock and

Maliga 1995, see above). Contrary to the potential self-splicing of group I and

II introns in the nucleus, splicing of a nuclear intron in the plastidic

compartment seems highly unlikely due to the absence of the spliceosome.

3.1.6 The novel concept of "Translatable Introns"

Based on these considerations, it was decided to investigate the potential of a

novel concept termed "Translatable Intron" (TRIN). A patent describing this

concept was filed in collaboration with Novartis Services, Basel, Switzerland.

A TRIN is a stretch of DNA placed in front of the coding sequence of a gene

that carries all elements necessary for splicing in the nucleus. Upon splicing,
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an mRNA that leads to out-of-frame translation of the coding sequence

downstream of the TRIN and hence to a non-functional protein is produced. If

the TRIN is expressed in the plastid it is translated into a polypeptide that

does not inhibit the function of the protein encoded on the downstream open

reading frame to which it is translationally fused. For our purpose, this

approach has the advantage that the functionality of the TRIN-NPTII fusion

protein can be tested in E. coli before using the construct in transformation

experiments. In addition, a large amount of information is available on

sequence requirements needed to ensure correct splicing in the nucleus, thus

limiting the risk of a failure that can only be discovered after the regeneration

of transgenic plants..

3.1.7 Considerations for the creation of a TRIN

The basic requirements of a TRIN are that it should carry all traits needed to

allow efficient splicing and that it encodes a continuous peptide, meaning that

no stop codons should be present. As a high AU content is essential for

splicing in plants (see below), we found numerous stop codons (UAA, UAG,

UGA) on all naturally occurring plant introns investigated. Therefore, a fully

artificial intron sequence had to be created. The prerequisites for the

processing of a plant intron are (1) the conserved sequence AG/GTAAGT at

the 5' splice site (the slash indicates the intron/exon border), (2) the

conserved sequence TGCAG/GT at the 3' splice site (Simpson et ai 1993),

(3) an AU content of about 70% for dicots and of 60% for monocots (Goodall

and Filipowicz 1989), and (4) a minimum length of 70 nt (Goodall and

Filipowicz 1990). A highly conserved branch site sequence is required for

splicing in fungi, but is neither strictly conserved nor required for processing of

higher plant or mammalian introns. Nevertheless, using synthetic introns,

Goodall and Filipowicz (1989) were able to map a branch site to the sequence

CUAAC, positioned 31 nt from the 3' splice site.

The main prerequisite for the peptide translated from the TRIN sequence is

that it should not interfere with the function of NPTII, to which it is
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translationally fused. The amino acid composition that would ensure this

property is difficult to predict. For the production of the TRIN presented below,

care was taken to avoid amino acids forming disulphide bonds and to favour

water soluble amino acids as well as amino acids with short side chains.
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3.2 Materials and Methods

3.2.1 De-novo synthesis of TRIN1 and cloning of transformation vectors

HPLC-purified primers LTrinl.For (5'- gga tec atg gaa ggt aag tct ttt tct aat att

gaa tta tat caa gat ttt gtt tat aaa ata aat tta ac~3', Ncol site in bold) and

RTrinl.Rev (5'- ccc aag ctt ate gat gac ctg caa aga aac atg ata ttt ata att aac

gtt agt taa att tat ttt ata aac-3', H/ndlll site underlined, Clal site in bold) were

annealed and extended using Pfu (Stratagene) as polymerase, resulting in

fragment trinl. The extended fragments were cut with Ncol and H/ndlll and

cloned into a pMCS5 (MoBiTec, Germany) vector opened with the same

enzymes. The resulting plasmid was termed pTRINI. Correct sequence of trinl

was confirmed by sequencing.

In order to test functionality of the TRIN1-NPTII fusion protein, a vector was

constructed which carries signals leading to expression in E coli. Previous

results indicated that a rice 16S rRNA promoter fused to an artificial ribosome

binding site (Nandadeva 1999) and a tobacco psbA-3' untranslated region

(UTR) lead to strong expression in E, coli (not shown). This promoter was

available as an Xhol-Ncol fragment in pBluescript SK I
~

(pBSK I", Stratagene).

The tobacco psM-3'UTR was amplified from total tobacco DNA using primers

P3prime1.For (5'-ccc gcg gec get cga ata tag etc ttc ttt c-3', Noti site in bold),

P3prime2.Rev (5'-aga tct gca gga tec tgg cet agt eta tag-3', Psfl site in bold,

BamHl site underlined) and Pfu polymerase. The resulting fragment was cut

with Noti and Psfl and cloned into the respective sites of pBSK I", resulting in

pPsb3'. The BamHl site was then filled using Klenow fragment and the correct

sequence of the PCR fragment was confirmed by sequencing.

Plasmid pPZP111 (Hajdukiewicz ef ai 1994) was used as a template for the

npfll gene. It was amplified using primers PzpnptlM.For (5'-ata cca tgg ata teg

ata ttg aac aag atg ga-3', Ncol site in bold, Clal site underlined) and

Pzpnptll2.Rev (5'-cag ctg cag tea gaa gaa etc gtc-3', Psfl site in bold), and Pfu

as polymerase. The resulting PCR fragment was cut with Ncol and Psfl. This
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fragment and the Xhol - Ncol fragment carrying the rice 16S rRNA promoter

were ligated into the vector pPsb3' (carrying the psbA 3' UTR) opened with

Xhol and Psfl by two-fragment ligation, resulting in pCL50. Vector pTRINI was

cut with Ncol and Clal and the trinl fragment was inserted into pCL50 cut with

the same enzymes (note that the second Clal site in the psbA 3'UTR is

methylated), resulting in pCL51.

For the selection of transplastomic plants, the rice 16S rRNA promoter was

exchanged for the tobacco cipP promoter. This promoter sequence was

amplified from total tobacco DNA using primers CIpPLFor (5'-cct gag etc atG

aaa tga aag aaa gaa eta aat ac-3', Ssfl site underlined, Real site bold, upper

case G indicates T to G conversion immediately upstream of start codon

introduced in order to create an Real site) and ClpP2.Rev (5'-tag act cga gtt

gat ccc att ttc-3', Xhol site in bold), and Pfu polymerase. The PCR fragment

was first cut with Ssfl and Xnol and subcloned into pBSK I" cut with the same

enzymes in order to sequence the fragment. After confirmation of correct

sequence the fragment was cut with Xhol - Real and the resulting fragment was

cloned into the backbone of pCL51 cut with Xnol and Ncol (exchange of the

promoters), giving rise to vector pCL52. From this plasmid the /4sp718l-A/ofl

fragment (containing the cipP promoter, the trin-npfl! fusion and the psbA

3'UTR) was excised and ligated into pCL72 opened with >4sp718l and Noti,

resulting in plasmid pCL95. Transformation experiments were carried out using

pCL96. This plasmid is identical to pCL95, with the exception of an additional

element called "recombination trap" inserted into the Noti site between the

aadA resistance cassette and the trin-npfl I cassette of pCL95. The nature of

this element is detailed in chapter 4.

In order to assess the effect of TRIN1 in nuclear transformants, two vectors

were compared. Plasmid pHP28 consists of the npfll gene under control of the

CaMV 35 promoter and the nos terminator. Vector pCL60 also carries the 35S

promoter and nos terminator, but the EGFP gene from Clontech (USA). The

EGFP coding region was removed by opening pCL60 with Ncol and Psfl, and

replaced by the trinl-npfll fragment obtained after cutting pCL51 with the same

enzymes, resulting in pCL52.

58



Chapter 3 Translatable Intron

3.2.2 Assessment of kanamycin resistance in E. coll mediated by TRIN-

NPTII

Competent E. co//XL 1-blue were transformed with pCL50 (no trin) and pCL51

(trin-npflI) and selected on ampicillin plates as detailed in the methods section

of chapter 2. Transformed colonies were picked and added to 3 ml liquid LB

medium supplemented with 50 mg/I kanamycin monosulphate in 15 ml plastic

tubes. The bacteria were grown overnight on a rotary shaker (180 rpm) at 37°

C. One ml of these precultures was used to inoculate 200 ml LB supplemented

with 50 mg/l kanamycin monosulphate in a 1 I Erienmeyer flask. The cultures

where grown on a rotary shaker (180 rpm) at 37
° C. Growth was monitored by

measuring optical densities (OD) in a spectrophotometer at 600 nm in 1 cm

plastic cuvettes at different time intervals. Growth rates were calculated by

linear regression of the logarithmic OD values during exponential growth (Brock

and Madigan 1991b).

3.2.3 PEG-mediated transformation and Southern analysis

Transformation and regeneration of transplastomic plants as well as Southern

analysis were performed as described in chapter 1. Nuclear transformations

with pHP28 and pCL52 were also done as described, with the exception that 5

jxg of transformation vector, linearised with Seal and mixed with 25 pig of EtOH

sterilised calf thymus DNA (Sigma) as a carrier were added to the protoplasts

prior to PEG treatment. Nuclear transformants were selected on 50 mg/l

kanamycin monosulphate.
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3.3 Results

3.3.1 Trinl sequence and cloning of vector pCL95 and derivatives

Trinl has a length of 108 bp, coding for 36 amino acids preceding the npfll

sequence in the unspliced state. The AU content of the intron is 82 %, thus

even exceeding the 70 % required for splicing in dicots. 5' splice site, 3' splice

site and branch point are indicated in the sequence shown in figure 3-1 A.

When the intron is processed, the open reading frame is shifted by one

position after the third codon, and translation is terminated after the seventh

codon (see figure 3-1 B).

Plastid transformation vector pCL95 is shown in figure 3-2 C. It contains the

flanking sequences and the aadA cassette of pCL72 (see chapter 1), and an

additional cassette with the tobacco cipP promoter expressing the trinl-npfll

fusion and the psbA 3' UTR for mRNA stability. Transformation experiments

were performed with pCL96, a vector which is identical to pCL95, with the

exception of an additional element called recombination trap (see chapter 4)

at the Noti site between the two cassettes (figure 3-2 D).

3.3.2 Kanamycin resistance in E. coli mediated by TRIN-NPTII

in order to assess kanamycin resistance mediated by the TRIN1-NPTII fusion

protein when compared to the NPTII alone, the growth rates of E. coli

expressing the npfll gene with or without the trinl pre-sequence was

determined. Competent E. coli cells were transformed with vectors pCL50

(without trinl pre-sequence) or pCL51 (with trinl pre-sequence, see figure 3-2

A) and grown in liquid culture in the presence of 50 mg/l kanamycin. Growth

was monitored by measuring the optical density of the cultures at different

time intervals (see appendix B).

As seen from the growth curves shown in figure 3-2 B, the trinl pre-sequence

resulted in a considerably longer lag phase. However, in the logarithmic phase
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(A) Unspliced trinl

5' splice site

AUG GAA Ggu aag ucu uuu ucu aau auu gaa uua uau caa gau

Met Glu Gly Lys Ser Phe Ser Asn Ile Glu Leu Tyr Gin Asp

TRIN1S=>
putative branch point

uuu guu uau aaa aua aau uua acu aac guu aau uau aaa uau cau

Phe Val Tyr Lys lie Asn Leu Thr Asn Val Asn Tyr Lys Tyr His

3' splice site

guu ucu uug cag GUC AUG GAU GGG AUU GAA CAA GAU GGA UUG

Val Ser Leu Gin Val Ile Asp Gly Ile G Lu Gin Asp Gly Leu

NPTII C==>

(B) Spliced trinl

AÜG GAA GGU CAU CGA UGG GAU UGA

Met Glu Gly Hxs Arg Trp Asp
*

Hindlll Ncol

(C) PCL52

pHP28

M

Hindlll

TRIM

Ncol

nptll

Pstl Bglll

>t

nptll

Pstl Bglll

Figure 3-1. (A) trinl (pre-)mRNA (upper line) in the unspliced state and corresponding amino acid

sequence (Sower line) Putative branch point 5 and 3' splice site are indicated AU content of the

intron is 82 % Nucleotides and amino acids from the nptll gene/protein are in italics (B) trinl

mRNA (upper line) after splicing and corresponding protein sequence Translation is out of frame

with respect to the unspliced reading frame and stops after 7 codons (lower line) (C) Vectors for

nuclear expression of nptll with trinl presequence (pCL52) and without trinl presequence

(pHP28) Expression in both cases is under control of the Cauliflower 35S gene promoter and the

nos terminator
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Figure 3-2. (A) Vectors for nptll expression in E coli without trinl presequence (pCL50) and with

trinl presequence (pCL51) Expression in both cases is under control of the rice plastid 16S rRNA

promoter and the tobacco psbA 3 UTR (B) Growth curves of E coli transformed with pCL50 (open
markers) or pCL51 (filled markers) and grown in liquid culture in the presence of 50 mgl/l
kanamycin (C) Vector pCL95 carrying (in addition to the aadA cassette used for selection) a

casette in which the trinl-npfll fusion is expressed form the tobacco cipP promoter (D) For

transformation experiments pCL96 carrying an additional element ( recombination trap ) was used

(see chapter 4) Clal in brackets indicates methylation of this site (E) Southern analysis of

transplastomic lines transformed with pCL96 Isolated DNA was digested with H/ndlll and Xhol All

three lines show the expected band of approx 3 4 kb hybridising to the aadA* probe The wild-type
(wt) plant only shows the expected signal at 7 8 kb L Roche Molecular Biochemicals marker 111

62



Chapter 3 Translatable Intron

the growth rate of the bacteria expressing TRIN1-NPTII was comparable or

even slightly higher to the growth of bacteria expressing NPTII alone. By

linear regression through the logarithmic OD6oo values during exponential

growth (Brock and Madigan 1991b), average growth rates of two cultures

were found to be 0.53 per hour (r2 = 0.99) for the cultures of bacteria

transformed with pCL50, and 0.60 per hour (r2 = 0.98) for the cultures of

bacteria transformed with pCL51. Bacteria transformed with a construct not

carrying an npfll gene failed to grow in the medium containing 50 mg/l

kanamycin.

3.3.3 Nuclear transformants obtained with and without TRIN1 preceding

the npfll ORF

Vector pCL52 contains the trinl-npfll fusion under control of nuclear

expression signals (see figure 3-1 C). After PEG-mediated transformation of

tobacco protoplasts with pCL52 and selection for kanamycin resistance,

transformation efficiency of this vector was compared to the one from pHP28

carrying the same nuclear expression signals but no trinl sequence preceding

npfll (see figure 3-1 C). Table 3-1 shows the results of three parallel

transformations.

Table 3-1. Number of kanamycin-resistant calli regenerated after trans-

formation with vectors with (pCL52) and without (pHP28) trin 1 preceding nptll.

Construct Experiment

1 2 3

pCL52 (trinl) 35 36 21

pHP28 (no trin) 409 136 298

Ratio trin/no trin [%] 8.6 26,5 7.0
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The two vectors used in these experiments both share the same expression

signals for nuclear transformation but differ in the presence or absence of the

trinl sequence in front of the npfll gene. Differences in transformation

efficiencies can therefore be attributed to the effect of trinl. As shown in table

3-1, trinl reduces the number of kanamycin-resistant calli by about a factor of

10.

3.3.3 Regeneration and Southern analysis of transplastomic lines

In two experiments, a total of 8 transformations with pCL96 were carried out..

Eight spectinomycin-resistant calli could be regenerated from the transformed

protoplasts (note that plastid transformants were selected on spectinomycin

and not on kanamycin). Southern analysis using probe orf313* (see chapter 1)

revealed that 3 of these calli had integrated pCL96 at the correct position in

the plastome. Plant lines regenerated from these lines were designated CL96-

1 to CL96-3.

3.3.4 Assessment of kanamycin resistance in transplastomic plants

Leaves of transplastomic CL96 lines were placed on MSmorpho containing 50

mg/l kanamycin. No significantly higher degree of resistance was found in

these lines when compared to CL72 lines placed on the same medium.

However, the lack of npfll resistance cannot be attributed to the trin sequence.

Rather, the additional element placed between the aadA cassette and the trin-

nptil cassette (recombination trap) seems to have led to the unexpected loss

of the trin-npfll cassette due to recombination events, as discussed in chapter

4.
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3.4 Discussion

By developing a novel concept termed "translatable intron", a way of

restricting npfll expression to the plastidic compartment was investigated. An

artificial sequence was designed which carries all known signals needed for

efficient splicing in the nucleus. Splicing of this artificial intron in the nucleus

leads to a frameshift, and the npfll sequence fused to trinl is no longer

translated. If expressed in the plastids, the artificial intron is not expected to

be spliced due to fundamental differences in the splicing mechanisms of

nucleus and plastids. Instead, the trinl sequence is translated into a

polypeptide which is translationally fused to the npfll gene. This then leads to

translation of the TRIN1-NPTII fusion protein.

By expressing the trinl-npfll sequence in E. coli it was shown that the fusion

protein still conferred kanamycin resistance, although the lag phase was

considerably longer for the bacteria expressing the trin-npfll fusion. However,

due to the fact that already a very low level of npfll expression can lead to a

resistant phenotype in plants (Kanevski et ai 1992), it was assumed that the

reduced activity of the TRIN1-NPTII should not limit kanamycin selection

when using the trinl-npfll construct as a selection marker.

The trinl-npfll sequence was put under control of nuclear expression signals

and introduced into tobacco protoplasts via PEG-mediated transformation.

The number of kanamycin resistant calli was then compared to the one

resulting from a parallel transformation with a vector containing the same npfll

ORF and expression signals, but lacking the trinl sequence 5' to the npfll

gene. It was found that the trinl sequence reduced the relative number of

resistant calli by a factor of about 10. This is in accordance with the results of

Goodall and Filipowicz (1989, 1990 and 1991), who found that approx. 80 to

90 % of the mRNA harbouring artificial introns with the same characteristics

as trinl were spliced.
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Unfortunately, the level of kanamycin resistance in the transplastomic plants

could not be assessed due to the loss of the trinl-npfll cassette in the

transplastomic plants during selection for spectinomycin. This was the result

of unexpected recombination events due to the so-called recombination trap

which is located between the aadA cassette and the trinl-npfll cassette in

pCL96 (see chapter 4 for a detailed description). Additional transformation

experiments with vector pCL95 not carrying this element would be needed to

assess the effect of trinl on kanamycin selection and the level of resistance in

transplastomic plants.
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4 Towards removal of the antibiotic resistance gene in

transplastomic plants

4.1 Introduction

Marker genes are essential for the production of transgenic plants because

the transforming DNA is stably integrated and expressed in only a small

fraction of the treated cells. For instance, in the case of PEG-mediated

transformation, the ratio between independent transformants and treated

protoplasts is about 10"3 (Bilang and Potrykus 1998). In plastid transformation

the need for a selectable marker is even more crucial, as presumably only a

very small proportion of the ca. 10,000 plastomes per mesophyll cell initially

integrates the transformation vector. Only if the possession of transformed

plastomes provides a selective advantage for the plastids and the cells

harbouring them, transformed plastomes may increase in number at the

expense of wild-type plastomes, finally leading to a homopiasmic state in

which all plastomes carry the inserted DNA.

To date, the only efficient marker gene for the production of transplastomic

plants is aadA, conferring resistance to the antibiotics spectinomycin and

streptomycin (Svab and Maliga 1993). As discussed in chapter 3, this

precludes the possibility of introducing another gene of interest into an already

transformed transplastomic line, because this line would already express the

resistance gene used in earlier transformation processes. Apart from

developing novel selection schemes with alternative markers (e. g. npfll, see

chapter 3), removal of the resistance gene after a homopiasmic state is

reached is the only alternative way to achieve pyramiding of several genes in

the plastome. Pyramiding of useful traits by repeated transformation may be

of even greater importance in transplastomic plants as compared to nuclear

transformants, since traits encoded on the plastome cannot be combined by

sexual crossing (as frequently done in conventional breeding) due to the
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mostly uniparental inheritance of plastids and the lack of plastid fusion in crop

plants (Gillham etai 1991).

Possible adverse effects of antibiotic resistance genes in food derived from

transgenic crops are often claimed in the debate on genetically engineered

plants. It is postulated that antibiotic resistance markers in plants may

contribute to antibiotic resistance in bacteria. Due to the extensive use of

antibiotics for medical and veterinary purposes, the selective pressure for

antibiotic resistance genes has increased, and the spread of antibiotic

resistance in pathogenic bacteria has become a problem in modern medicine

(Dennesen et ai 1998). Antibiotic resistance genes are common in bacteria

and are often located on plasmids that can easily be transferred between

related or even unrelated species of bacteria via conjugative transfer or other

means (Brock and Madigan 1991).

The exchange of plasmids between bacteria is a well-established and

frequent event. This strongly contrasts to the transfer of genetic information

between plants and bacteria. Such an event has never been observed under

natural conditions so far and has only been documented under highly artificial

conditions (Schlüter and Potrykus 1995, de Vries and Wackernagel 1998).

Nap et ai (1992) found that even in a worst case scenario, the increase of

kanamycin resistant bacteria in the human intestine as the result of regular

consumption of tomatoes containing a kanamycin resistance gene would be

less than 10"6%.

Although there is no scientific evidence for a possible contribution of antibiotic

resistance markers in transgenic plants to the problem of antibiotic resistance

in bacterial pathogens, in the public debate often a link is made between the

two incidents. No difference is made between a stably integrated resistance

gene in a plant genome and a resistance gene in a living bacterium encoded

on a plasmid which can spread easily by conjugative transfer. For instance,

when asked whether the ampicillin resistance gene present in a transgenic

maize line from Novartis (Switzerland) could pose a potential problem, a

leading Swiss food scientist answered "... Still, a transfer of the resistance
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cannot be excluded, nor is it known how likely it is. The question of admission

is a political one. In my view, our food should not contain any antibiotic

resistant germs if possible. How shall I explain to the consumers why they

should not drink raw milk, if at the same time tons of such maize are imported

into Switzerland? That is not possible. Therefore I am convinced that the

Swiss Federal Office of Public Health should not grant an import license for

this maize..." (Tages-Anzeiger, October 24, 1997, translated by the author). In

April 1999, the Swiss Agency for the Environment, Forests and Landscapes

(BUWAL) rejected a field trial with transgenic plants because they contained

the npfll gene, conferring resistance to antibiotics used rarely if ever in

medicine (BUWAL press release, April 16 1999, Nap et al. 1992). Obviously,

the removal of the antibiotic resistance marker in transplastomic plants would

not only be technically advantageous in view of the pyramidisation of genes,

but may also become a prerequisite for the commercialisation of

transplastomic plants.

From the results presented in chapter 2 it became clear that stretches of

direct repeats can be maintained in the plastome, but that these repeats are a

substrate for homologous recombination leading to gradual looping out of the

DNA situated between the direct repeats. Here, an attempt to make use of

this discovery for the removal of the antibiotic marker is presented. By

introducing a stretch of DNA from the end of the left flanking sequence

between the marker gene cassette and the gene of interest cassette, a direct

repeat was formed. It was hypothesised that after integration into the

plastome, the construct would be stable enough to allow selection for

transplastomic plants, but that the marker gene would be lost due to looping

out once selection pressure was discontinued.
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4.2 Materials and Methods

4.2.1 Cloning of the "recombination trap"

Plasmid pCL95 has been described in chapter 3 and was used as a starting

point for the creation of pCL96. The 5' end of the left flanking region of pCL95

was amplified using primers INSI.For (5'-aga gcg gec gcG GAC GAC ACT

ATT AGC TCG-3', A/ofl-site in bold) and lNS2.Rev (5'-cga gcg gec qcc tcq

agG TAT TGA TTG GTG AGC TAA TC-3', Noti site in bold, Xnol site

underlined) using Pfu (Stratagene) as a polymerase. This PCR fragment

contains the 408 bp of the left flanking region bordering the promoter of the

aadA cassette in pCL95 ("recombination trap"). It was cut with Noti and

inserted into pCL95 linearised with Noti (in pCL95 the Noti site is situated

between the aadA cassette and the npfll cassette). The orientation of the

insert was determined by cutting with Xnol, and plasmids in which the insert

had the same orientation as the end of the flanking sequence - thus forming a

direct repeat with it - were termed pCL96 (see figure 4-1 A).

4.2.2 Plastid transformation and Southern analysis

Plastid transformation, regeneration of transplastomic plants and Southern

analysis were performed as described in chapters 1 and 3. Leaves of lines in

which the integration of pCL96 has been verified were subjected to 3 rounds

of callusing and shooting on MSmorpho containing 500 mg/l spectinomycin in

order to allow sorting out of transplastomes. After this, shoots were placed in

1/2 MS with (CL96-X S+, where X is the number of the transplastomic line) or

without (CL-X S-) spectinomycin so that the presence of the aadA cassette

was no longer selected for. Plants rooted and were grown for additional 3

months, during which shoot tips were subcultured once. DNA was extracted

as described in chapter 1 from leaf material of these plants and digested with

H/ndlll and Xnol. The DNA was electrophoresed, blotted onto nylon

membranes and the blots were hybridized with probes orf313*, aadA* and

npfll*. Probe npfll* was generated as described in chapter 1 by amplifying 770

bp of the npfll coding region on pCL95 with primers Nptll2.For (5'-atg gat tgc
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acg cag gtt etc ccg-3') and Nptll3.Rev (5'-cgt caa gaa ggc gat aga agg cg-3')

in the presence of DIG labeled nucleotides.

4.3 Results

4.3.1 Cloning of vector pCL96 containing the recombination trap

Figure 4-1 A shows the result of the cloning steps leading to a vector with two

cassettes separated by the so-called "recombination trap". The recombination

trap has a length of 408 bp and is a direct repeat of the 5' end of the left

flanking region (indicated by the arrows in figure 4-1 A). By annealing and

subsequent recombination of the two repeats, the aacM-cassette between the

two repeats is expected to loop out and leave the other cassette (in this case

the npfll cassette) behind.

4.3.2 Plastid transformation and Southern analysis of transplastomic

plants

A total of 8 transformations yielded 8 spectinomycin resistant calli. Southern

analysis showed that 3 of these calli were transplastomic (not shown). After 3

rounds of callus induction/shooting in the presence of 500 mg/l spectinomycin,

performed to enrich transplastomes and to eventually obtain a homopiasmic

state, shoots of lines CL96-2 and CL96-3 were rooted and plants were grown

with or without spectinomycin in order to allow loss of the aac/A-cassette due

to looping out. Line CL96-1 was green under spectinomycin selection but

failed to shoot. After three months, DNA extracted from plants grown with or

without selection was isolated and analysed by Southern hybridisation. Figure

4-1 shows the result of this analysis after probing with 011313" (panel B) and

aadA* (panel C, compare also to panel D for lengths of expected fragments

and position of Southern probes).
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Figure 4-1. (A) Vector pCL96 with the aadA cassette and the nptll cassette separated by the
'

recombination trap' This element is a direct repeat of the 5' end of the left flanking region (LFS)
inserted there in order to allow looping out of the aadA cassette (B,C) Results of Southern

analysis after digesting total plant DNA with H/ndlll and Xhol Blot shown in (B) was hybridized
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refer to the arrows in panels B and C
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Panel B shows that (1) the fragment size of the band found in the DNA of line

CL96-1 corresponds to the wild-type signal. A week signal at the wild-type

position can also be seen in all of the other bands including line CL94-1 which

was included as a control. This indicates that the lines are not yet fully

homopiasmic. (2) In the DNA of line CL96-2, a fragment longer than the one

expected from transplastomic plants is detected. This points to a loss of one

of the restriction sites used for the analysis, or to the insertion of additional

DNA into that fragment.

Probing with aadA* (panel C of figure 4-1) also reveals unexpected findings,

namely (1) line CL94-1 does not contain the aadA* gene any more.

Spectinomycin resistance in this line seems to be mediated by a point

mutation in the 16S rRNA. The loss of the aadA gene also explains why this

line failed to shoot under spectinomycin selection. (2) In line CL96-2, the aadA

gene is found on two fragments. One is identical to the expected fragment

also seen in all the other lines, while the other is considerably smaller. Similar

findings described in chapter 2 were found to be the result of recombination

activities of extrachromosomal plasmids (3) By judging from the intensity of

the bands, the number of aadA genes is comparable in all the lines,

irrespective of whether these were cultured in the presence or absence of

spectinomycin. This indicates that the recombination trap did not act as

expected.

The most astonishing finding, however, was obtained when probing with the

npfll* probe. The DNA analysed was found to be devoid of all npfll genes as

no signal was detectable even after long exposure times (not shown). Since

this was completely unexpected, a possible mix-up of samples was

suspected, but no indication of such errors could be found. However, based

on the above results the following hypothesis could be formulated which can

explain the above findings and the fact that the recombination trap did not act

as expected (compare also to figure 4-2): Integration of the full vector is

expected to result in the insertion of both the aadA cassette and the npfll

cassette.
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Upon recombination of the recombination trap with its counterpart in the left

flanking sequence, a plasmid containing the aadA cassette and the sequence

corresponding to the recombination trap is released. Instead of being lost as

anticipated, this plasmid may recombine again with a wt plastome via the

recombination trap sequence. Integration of the released plasmids creates a

plastome molecule which contains a complete aadA cassette conferring

resistance to spectinomycin. Under spectinomycin selection, this plastome

may be selected for at the expense of both the plastome molecules containing

aadA and npfll cassettes and the ones containing only the npfll cassette. This

would then lead to the gradual loss of all plastome molecules containing an

npfll gene.

The additional band found in line CL96-2 is in accordance with the scenario

described above, in which free plasmids consisting of the aadA cassette and

the recombination trap are predicted. If such a plasmid is digested with H/ndlll

and Xnol, a fragment of 1.8 kb is produced to which the aadA* probe anneals

(see figure 5-2 D). This corresponds to the size of band "d" found in the

Southern analysis shown in figure 5-1 C. Unfortunately, time for additional

analyses needed to verify the hypothesis presented was lacking.
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4.4 Discussion

By placing a stretch of DNA originating from the end of the left flanking

sequence ("recombination trap") between the resistance gene cassette and

another cassette representing the gene of interest (here the npfll cassette

described in chapter 4), a direct repeat was formed in the transformation

vector. It was hypothesised that under selective conditions the selective

marker would be maintained in the plastome and would allow sorting out of

transplastomes. After discontinuation of selection, the antibiotic resistance

gene was expected to be lost due to recombination between the two direct

repeats.

The data presented here indicate that in reality a different scenario may have

come into action. It seems that the aadA cassette indeed looped out of the

transformed plastomes, but then - instead of being lost - integrated again into

wt plastomes which can be expected to be abundant in the plastids at least in

the early stages of selection. The result of such an integration would be a

plastome molecule with an integrated aadA cassette flanked by the

recombination trap sequences on both sides. It seems plausible that under

spectinomycin selection these plastome molecules are favoured and other

plastome molecules carrying the full pCL96 insert or the npfll cassette alone

would be lost due to sorting out, ultimately leading to plastids not containing

the npfll cassette any more, as it was found in the work presented here. This

hypothesis is strengthened by the finding that an additional band found in the

Southern analysis of one of the plants can be explained by a free plasmid

consisting of the aadA cassette and the recombination trap. However, the

validity of the hypothesis presented can only be tested with further analyses.

AadA* cassettes integrated as described above would still be flanked by direct

repeats of the original length, and looping out may therefore still occur.

However, re-integration as the result of a second looping out would simply
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reverse the excision, in contrast to the first looping out/integration cycle, which

led to the separation of aadA cassette and npfll cassette. If looping out still

can occur, why is the aadA gene not lost then after aadA selection is

discontinued? The presence of wild-type plastomes in all lines indicates that

the plant lines were not homopiasmic when shoots were placed on media with

or without spectinomycin. After three months of culture, no difference in the

ratio of wild-type to transformed plastomes was found between the plants on

selection and the ones grown without selection. Obviously, spectinomycin

selection in the mature plants did not lead to a loss of wild-type plastomes,

and the absence of selection did not result in an increase in wt plastome

number. A possible explanation for the apparent lack of looping out of the

aadA cassette could therefore be that sorting out is less efficient in mature

plants when compared to calli subjected to shoot formation. Another

explanation could be found in differences between the rate of excision and the

rate of re-integration, which are not necessarily linked. If the excision rate was

low and the integration rate high, the result would be that the aadA cassette

would not be lost.

As mentioned before, the idea for the recombination trap was the result of the

findings presented in chapter 2. However, a literature survey later revealed

that a similar approach has been tested in Chlamydomonas. Fischer et ai

(1996) bordered an aadA expression cassette with direct repeats of 100 bp,

230 bp, 483 bp and 832 bp. Transplastomic Chlamydomonas plants were

produced by selecting for spectinomycin resistance. Once a homopiasmic

state was reached, cells were streaked and cultured on media without

spectinomycin and then replica-plated on selective media. While no reversion

to spectinomycin sensitivity was observed with the repeats of 100 bp and 230

bp, revertants could easily be obtained with the repeats of 483 bp and 832 bp.

However, it is important to note that in these experiments the aadA cassette

was not linked to a gene of interest cassette. Therefore, only loss of the aadA

gene, but not retention of a linked gene of interest was investigated using this

method.
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Fischer et ai (1996) also presented a different method which could prove

useful in removing marker genes from transplastomic tobacco. They

performed co-transformation with (1) a plasmid containing the equivalent to

the gene of interest and targeting integration at a position not interrupting

important plastid functions, and (2) an aadA expression cassette which upon

integration into the plastome disrupts an ORF known to be essential for

plastid function. Under selective conditions, the first plasmid was transferred

to all plastome copies, while the aadA insertion remained heteroplasmic due

to the vital function of the gene it replaces. After growing the cells on non¬

selective media, the heteroplasmic aadA insert was lost, while the

homopiasmic gene of interest remained. Due to fundamental differences

between Chlamydomonas (one plastid per cell, unicellular) and tobacco

(many plastids per cell, multicellular) it is not obvious that the "essential ORF

method" would also work in tobacco. However, the feasibility of co-

transformation in tobacco plastids has been shown by Carrer et ai (1995),

and the fact that some gene replacements in tobacco plastids do not become

homopiasmic was demonstrated by Kofer et ai (1998). Hence, an attempt to

use the essential ORF method for the removal of plastid marker genes in

tobacco might be successful.

Also the "direct repeat method" may not be a lost case in tobacco if

modifications are applied, if the hypothesis proposed above holds true, it is

evident that due to the plastidic origin of the sequence used for the inverted

repeat, the recombination trap is not only the cause of the excision, but also

acts at the same time as the entrance gate into a wild-type plastome, resulting

in the separation of selection marker and gene of interest. This situation could

be changed by flanking the aadA cassette with DNA not containing stretches

homologous to plastome sequences. An excised cassette could then only re¬

integrate into a transformed plastome molecule and would therefore remain

linked to the gene of interest as long a selective conditions are applied. Care

would have to be taken that 5' and 3' UTR sequences needed for expression

and usually derived from plastome sequences are kept as short as possible

so that the chance of integration via these elements is minimised
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The usefulness of a marker removal system both for basic and applied

science seems to make worthwhile another attempt to find such a system, be

it via the essential ORF method or via the modified direct repeat method

presented above.
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5 A method for the observation of endosymbiotic gene

transfer from plastids to the nucleus

5.1 Introduction

The extensive genome sequencing programmes carried out during the last

years have elucidated that life on Earth comprises three primary lineages, the

eubacteria, the archaebacteria and the eukaryotes, all of which have

descended from a common ancestor (Margulis 1996). Nearly all eukaryotic

cells harbour two physically and functionally distinct genomes (those of the

nucleus and the mitochondrion, respectively). Photosynthetic eukaryotes

contain a third one, that of the plastid (Gray and Doolittle 1982). Many lines of

evidence, based on biochemical and genetic data, indicate that both

mitochondria and plastids are derived from eubacteria - the mitochondria from

an a-proteobacterium and the plastids from a cyanobacterium (Gray and

Doolittle 1982, Gray 1992).

The "endosymbiosis theory", articulated by Lynn Margulis in 1970, states that

cells of a "proto-eukaryotic" lineage, which had developed a nucleus and a

cytoskeletal system, engulfed eubacteria that, instead of being digested, lived

as endosymbionts inside the proto-eukaryotic host cell. It is speculated that

this situation was stabilised through mutual advantage. In Margulis's theory,

the eubacterial partner is thought to have provided ATP derived from

respiration (the function of mitochondria in present day eukaryotes) in

exchange for metabolisable substrates and physical protection. Due to a

series of morphological and genetic changes discussed in more detail below,

the former a-proteobacteria developed into mitochondria (Margulis 1970).

A different model, the so-called "hydrogen-hypothesis" was recently presented

by Martin and Müller (1998). Based on molecular evidence and the

biochemistry of energy consumption and production in putative hosts and

symbionts, they propose that eukaryotes arose through symbiotic association
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of a hydrogen-dependent archaebacterium (the host) with a eubacterium (the

symbiont) that produced molecular hydrogen as a waste product of its

metabolism. According to this model - which in some ways is more plausible

than the original endosymbiosis theory - nucleus, cytoskeleton and other

features of the present-day eukaryotes evolved later. However, irrespective of

the precise nature of the original symbiosis and the partners involved

(archaebacteria - eubacteria or proto-eukaryote - eubacteria), it is generally

accepted that plastids evolved from cyanobacteria living in endosymbiosis

with a eukaryotic cell containing mitochondria (Margulis 1996).

When comparing the plastids found in modern plants and the cyanobacteria

they are derived from, the loss of most of the genetic information encoded on

the plastid DNA is evident. While the genome of the cyanobacterium

Synechocystis codes for more than 3000 proteins, photosynthetic higher plant

plastids encode about 60 to 80 proteins. However, the genetic information no

longer present in the plastids has not simply been lost. Estimations of the

number of different proteins found in plant plastids range from 1000 to 5000

(Martin and Herrmann 1998 and references therein).

The discrepancy between the number of plastid genes and the number of

plastid proteins is explained by "endosymbiotic gene transfer". During

evolution, genes have been exported from the organelles to the nucleus and

the products of these genes are then re-imported with the help of transit

peptides and a protein import machinery (see Gray [1992] for review).

Interestingly, the products of transferred genes do not always return to the

compartment that donated the gene. For instance, higher plants possess a

largely eubacterial glycolytic pathway in their cytosol, and several enzymes in

chloroplasts are not of cyanobacterial origin, but rather are proteobacterial

proteins encoded by nuclear genes of mitochondrial origin, (reviewed by

Martin and Herrmann 1998). Brennicke et ai (1993) divide the transfer of

organellar genetic information into the following steps: (1) An organellar gene

is transferred into the nuclear genome, (2) The gene acquires nuclear

expression signals (promoter, poly(A) signal, etc.) (3) A transit peptide
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sequence is inserted 5' of the formerly organellar ORF, allowing import into

the organelle, (4) The original copy of the organellar gene is lost.

Very little is known about the mechanisms of any of the steps involved in

endosymbiotic gene transfer. Here, for the first time an approach allowing the

observation of gene transfer from the plastids to the nucleus is presented.

Transplastomic plant lines carrying a hygromycin resistance gene under

control of nuclear expression signals in their plastomes were produced. By

preparing protoplasts from these plants and putting them on hygromycin

selection during regeneration, it was possible to obtain hygromycin resistant

calli. Although thorough molecular analysis of the plant lines regenerated from

these calli will only be possible in the next generation, evidence for a transfer

of the hygromycin resistance gene from the plastids to the nucleus is

presented.
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5.2 Materials and Methods

5.2.1 Cloning of pROB15 and pCL84

Plasmid pROB5 contains a modified hygromycin phosphotransferase {hpf)

gene under control of a CaMV 35S promoter and a 35S terminator and is a

highly efficient marker for the generation of transgenic dicots {Bilang et ai

1991) and monocots (Dalton et ai 1995, Nandadeva et al. 1999). Because

pROB5 does not allow excision of the entire expression cassette, the following

modifications were carried out. The Xhol-h/ffel fragment of pCL60 (see chapter

3) containing the 5' part of the 35S promoter, and the Mfel-H/ndlll fragment of

pROB5 containing the rest of the 35S promoter, hpt and the 35S terminator

were cloned into pBluescript SK I" (pBSK I") opened with Xhol-H/ndlll by two

fragment ligation, resulting in pCL63.

Using primers hptl.For (5'-tca teg aat tTa gcg aga gee tga cet att gc-3', Apol

site in bold, silent point mutation used to delete EcoRI site in uppercase) and

hpt2.Rev (5'-gat cgc ate cat Age etc cgc gac egg ctg-3'), pROB5 as a template

and Pfu (Stratagene) as polymerase, PCR fragment Lhpt was created. PCR

fragment Rhpt was amplified as described but using primers hpt3.For (5'-gcg

gag gcT atg gat gcg ate get gcg gcc-3') and hptARev (5'-act gaa ttc gag age

ctg cgc gac gga cgc a-3', Mfel site in bold, silent point mutation used to delete

Ncol site in uppercase).

These PCR bands were purified and an aliquot of each fragment was added

to a fresh PCR reaction mixture. Three PCR cycles were carried out without

addition of primers. This leads to annealing of the 3' end of Lhpt (top strand)

and the 3' end of Rhpt (lower strand), and to extension of the two strands.

After these initial cycles, the outer primers (hptl.For and hptARev) were

added and another 25 PCR cycles were performed, so that the full length

product could be amplified. The purpose of this manipulation is the

introduction of a silent point mutation (C to T conversion at nucleotide position

249 [the "A" in the hpt start codon being nucleotide 1], see uppercase letter in
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primers hpt2.Rev and hpt3.For) that leads to the deletion of an internal Ncol

site in hpt. The full length PCR product was isolated and restricted with

enzymes Apol and A/del. This fragment was then ligated together with the

Mfel-EcoRl from pCL63 by two fragment ligation into pCL63 opened with Mfel

and A/del, resulting in vector pR0B15. Note that the ligation of the EcoRl site

to the Apol site results in the deletion of the EcoRl site. Vector pROB15

contains the same expression cassette as pROB5, but the EcoRl and Ncol

sites inside the hpt ORF have been deleted, and at both ends of the cassette

restriction sites are available now which allow further cloning. The efficiency of

pROB15 for the production of nuclear transformants was the same as that of

pROB5, indicating that the silent point mutations and the slightly different

backbone of pROB15 do not influence expression of the hygromycin

resistance gene (not shown).

The Xhol-Noti fragment of pROB15 containing the 35S promoter hpt- 35S

terminator cassette was inserted into pCL82 opened with the same enzymes,

resulting in pCL84. This vector contains the aadA cassette used for selection

of transplastomic plant lines together with the hpt gene conferring hygromycin

resistance to nuclear transformants under control of nuclear expression

signals (see figure 5-1 A).

5.2.2 Plastid transformation and regeneration of transplastomic plants

Plastid transformation, regeneration of spectinomycin resistant calli, Southern

analysis and regeneration of transplastomic plants were carried out as

described in chapter 1.

5.3.3 Regeneration of hygromycin resistant plants from transplastomic

protoplasts

Protoplasts were isolated from fully expanded leaves of transplastomic lines

containing the insert of pCL84 and from wild-type Nicotiana tabacum cv Petit

Havana as described in chapter 1 with the exception that after the
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determination of protoplast density (part 1.2.3), transformation (part 1.2.4) was

omitted. Instead, protoplasts were resuspended in PCN2 and plated as

described in part 1.2.5 at a final density of 105 per ml. Petri dishes with

embedded protoplasts were sealed with parafilm, placed in the dark for 24 to

36 hours at 25 - C and then cultured at 25 q C in 16 hours dim light per day.

After the first cell divisions had taken place (after 1 - 2 weeks), the agarose

disks were cut into halves and the cells embedded in the agarose were

transferred into 25 ml medium A supplemented with 25 mg/l hygromycin

(Duchefa, The Netherlands. 25 mg/l correspond to 27355 units as defined by

Duchefa) in a transparent 110 ml Greiner dish (Germany). The plastic dishes

were placed on a rotary shaker (approx. 50 rpm) and the cells were cultured

at 25
° C with 16 hours light (approx. 0.5-1 W m"1) per day for up to three

months. After about 6 weeks the first growing calli could be identified.

Colonies of approx. 5 mm in diameter were placed on 25 ml MSmorpho (no

selection) in a transparent 110 ml Greiner dish (up to 4 colonies per dish).

After three weeks of culture (same light and temperature conditions as before)

shoot tips were placed in Vz MS without selection and whole plants were

regenerated.
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5.3 Results

5.3.1 Vector pCL84 and analysis of transplastomic plants harbouring

this construct

Vector pCL84 is a derivative of pCL72 (see chapter 1) that contains an aadA

expression cassette used as a selection marker for the generation of

transplastomic plants and an additional cassette harbouring the hpt gene

conferring resistance to hygromycin. The hygromycin ORF is flanked by the

35S promoter and terminator of CaMV, both of which are nuclear expression

signals. Figure 5-1 B shows pCL84 together with restriction sites used for

cloning.

Five transformations gave rise to a total of 14 green calli upon selection of the

transformed cells on spectinomycin. Southern analysis revealed that 3 of

these calli were transplastomic, as shown in figure 5-1 C and D.

5.3.2 Hygromycin resistant plants derived from transplastomic

protoplasts

Protoplasts isolated from transgenic plants carrying the hpt gene under control

of nuclear expression signals were put on hygromycin selection. Table 5-1

summarises the outcome of two independent experiments.

Picture 5-1 E gives a typical example of calli derived from CL84 lines after

approx. 6 weeks in medium A supplemented with 25 mg/l hygromycin. In the

left half of picture 5-1 E, calli derived from a wild-type plant are seen. While

calli derived from CL84 lines turn green and grow vigorously, calli from wild-

type plants never turned green and remained small (right side of figure 5-1 E).

Only calli growing vigorously and turning green were designated hygromycin

resistant.
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Figur© 5-1: (A) Vector pCL84 contains

two cassettes The aadA cassette is

identical to the one from pCL72 (see
chapter 1) and is used as a selection

marker for the production of

transplastomic plants The second

cassette contains the hygromycin
phosphotransferase gene from E coli

under control of nuclear expression

signals If integrated into the nucleus, this

cassette can confer hygromycin
resistance The two cassettes are

bordered by the same flanking sequences
as in pCL72 (see chapter 1) (B) Vector

pCL84 integrated into the plastome,
position of Southern probes and length of

fragments after digestion with H/ndlll and

Xhol (C, D) Result of Southern analysis
after probing with orf313* (C) and both

aadA* and hpf (D) Letters with arrows

refer to fragments in figure fffcl84 (B)
Lane 1 contains wt DNA lane 2 DNA from

line CL84-1 (E) Typical results of 6 weeks

of protoplast culture in the presence of 25

mg/l hygromycin In the left container,

protoplasts from a CL84 line were

cultured Note large, green calli (arrows)
Protoplasts from wt plants did never

produce green calli Some small calli

appeared but did not turn green or

develop further CaMV 35S pr, promoter
of the cauliflower mosaic virus 35S gene,
CaMVt terminator of the same gene,

hpt hygromycin phosphotransferase, L,
Roche Molecular Biochemicals marker III

other abbreviations see chapter 1
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Table 5-1: Number of hygromycin resistant calli regenerated from CL84

protoplasts put on hygromycin selection

Experiment 1

Protoplast

source

Number of

regenerating

protoplasts

Number of

hygromycin

resistant calli

Number of hygromycin

resistant calli per Mio

regenerating PP

CL84-1 2* 10® 8 4

CL84-2 5* 10b 2 4

CL84-3 1.5* 10® 4 2.6

Experiment 2

Protoplast

source

Number of

regenerating

protoplasts

Number of

hygromycin

resistant calli

Number of hygromycin

resistant calli per Mio

regenerating PP

CL84-1 2.5* 10® 1 0.4

CL84-3 5* 10® 8 1.6

wild-type 3* 10® 0 0

5.4 Discussion

The transfer of genes from the formerly endosymbiotic, eubacterial organelles

to the nuclear compartment derived from an archaebaeterium is a key aspect

of eukaryote evolution (reviewed by Brennicke et ai 1993), ultimately leading

to multicellular organisms as complex as plants and mammals. Here, for the

first time a possible model to study gene transfer from plastids to the nucleus

is presented. A hygromycin resistance gene under control of nuclear

expression signals was shown to be stably integrated into the plastid genome.

By regenerating protoplast of these transplastomic lines in media containing

25 mg/l hygromycin, it was possible to obtain calli greening and growing
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vigorously. A total number of 23 hygromycin resistant calli were obtained after

putting 11.5 million regenerating protoplasts on hygromycin selection,

resulting in an average of 2 resistant calli per million protoplasts. The same

treatment of protoplasts derived from wild-type tobacco did only occasionally

result in the development of small calli which failed to green and did not

develop further. No case of spontaneous mutations leading to hygromycin

resistance is documented to our knowledge for tobacco.

The transfer of the hpt expression cassette and subsequent expression in the

nucleus is a possible explanation for the observations described above.

However, the following two alternative possibilities cannot be ruled out to date.

(1) Nothing is known on the co-transformation rate between nucleus and

plastids, but it is possible that at least some transplastomic lines contain

copies of the transformation vector in the nucleus that are not detected

because of the 10'OOOfold greater vector copy number present in the

plastome. When leaves of CL84 lines were put on MSmorpho containing

hygromycin, they were found to be as sensitive as wild-type plants, indicating

lack of hpt expression in the cytosol. However, it cannot be ruled out that

silent copies were present in the nuclear genome and the hygromycin

resistant phenotype was brought about by rearrangements in the nuclear

compartment. Similarly, fragmented copies of the hygromycin resistance

cassette may have been integrated into the nucleus. These could then be

restored by homologous recombination in the nucleus (Puchta and Hohn

1996).

(2) The fact that the transplastomic plants did not generally show an increased

level of hygromycin resistance indicates that - at least in the context of the

initial integration - expression of hpt in the plastids is low or absent.

Nevertheless, a rearrangement in the plastome could possibly lead to strong

hpt expression. As hygromycin is a inhibitor not only of organellar protein

synthesis but also of the cytosolic translation machinery, expression of hpt in

the plastids alone would have to be high enough to ensure detoxification also
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of the cytoplasm. Whether this would be possible at all is not known but it

cannot be excluded.

Due to these two alternative hypotheses, sound evidence for a gene transfer

from plastids to the nucleus has to show that (1) no nuclear copies as the

result of the initial transformation process are present in the transplastomic

source of the protoplasts and (2) hpt transcription takes place in the nucleus

rather than in the plastidic compartment.

In transplastomic plants, the first point is very difficult to prove because (as

mentioned above), the approx. 10 000 hpt copies per mesophyll cell in the

plastome would have to be physically completely separated from the copy or

the copies in the nucleus in order to detect nuclear copies in the nucleus. This

is probably not convincingly feasible. However, the fact that pollen plastids are

excluded from the zygote during fertilization opens a biological way of

separation: By using the transplastomic plants as pollen donors for the

pollination of wild-type plants, a T1 generation can be produced carrying only

wild-type plastids. The nuclear genes in this hybrid T1 generation are inherited

in a Mendelian manner. Presence or absence of a nuclear copy in the original

CL84 lines can be shown by PCR or Southern analysis of crosses between

the original CL84 lines and a wild-type plant. Nuclear copies in crosses

between the hygromycin resistant CL84-derivatives and wild-type plants can

be identified the same way. As each hygromycin resistant callus can be

expected to result from independent integration of hpt at different loci, each

hygromycin resistant line should show a different integration pattern in the

Southern analysis, if enzymes cutting once inside hpt and once outside of the

transformation vector are used to digest the total plant DNA. Different

integration patterns in lines stemming from the same original CL84 line would

be an additional independent proof for gene transfer from the plastome to the

nuclear genome.

The second point (expression in nucleus and cytoplasm but not in the

plastids) can be shown by reverse transcription/PCR of the hpt mRNA. If hpt

is transcribed in the nucleus, the mRNA can be expected to carry a poly(A) tail
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at its 3' end (reviewed by Rothnie 1996), while in the case of plastidic

expression, no addition of poly(A) signals to mRNAs is known. By using a

primer designed for annealing to the poly(A) tail in the reverse transcription

reaction, subsequent amplification of the cDNA and sequencing of the cDNA

the nucleus-specific addition of the poly(A) tail can be demonstrated.

Crossing of the CL84 lines and the hygromycin resistant derivatives with wild-

type lines and analysis of the progeny was not possible due to time

constraints. However, this work will hopefully be continued. If indeed the

transfer of the gene can be proven, this would be the first direct observation of

an endosymbiotic gene transfer from plastids to the nucleus. Thorsness and

Fox (1990) showed that a plasmid introduced into yeast mitochondria was

transferred to the nucleus. However, the plasmid used carried origins of

replication which allowed extrachromosomal replication both in the

mitochondria and in the nucleus. It seems unlikely that free replication of an

organellar plasmid in the nucleus played a role in endosymbiotic gene

transfer, and hence the work of Thorsness and Fox seems to mirror the

evolutionary transfer and the integration of genes into nuclear chromosome

less closely than the approach presented here. Later, Thorsness and Fox

(1993) showed transfer of a gene which was stably integrated into the yeast

mitochondrial genome, but again the gene also carried a nuclear origin of

replication and the transferred gene was not integrated into a nuclear

chromosome but replicated freely in the nucleus. The frequency of gene

transfer events was calculated to be in the range of 5
* 10"® events per cell

and per cell division.

Irrespective of whether the hygromycin resistant phenotype described in this

thesis results from endosymbiotic gene transfer or not, it is evident that the

calculation of the frequency of such an event in multicellular plants is not

easy. It can be expected that transfers also take place in the absence of

selection for such an event. If, for example, such a transfer takes place in a

cell line out of which later the germ line develops and, further, if the

transferred gene is actively transcribed in the nucleus, half of the progeny of

this plant would indicate a transfer event in all of their nuclei. This example
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shows that the frequency of transfer in multicellular organisms has to be

determined with the help of Southern analysis, where the number of different

integration patterns reflects the number of independent transfers.

As mentioned in the introduction, the transfer of a gene from an organelle to

the nucleus is only the first step in a whole cascade of events which ultimately

leads to the loss of the organellar copy of the transferred gene. Parts of this

cascade include acquisition of nuclear expression signals and of a sequence

coding for a transit peptide. Also the likelihood of such events and the

mechanisms behind them could be studied experimentally. For instance, the

acquisition of nuclear expression signals could be studied by introducing a hpt

gene under control of plastidic expression signals into the plastome. As

expression in the plastids is possibly not sufficient to result in hygromycin

resistant cells, a hygromycin resistant phenotype would depend on the

transfer of the gene and on the acquisition of nuclear signals. Alternatively,

promoterless hpt genes could be introduced into cells by means of nuclear

transformation, thus omitting the need for a transfer event from the plastids to

the nucleus.

The acquisition of a transit peptide could be studied the following way. By

deleting a plastome-encoded gene essential for photosynthesis (e.g. rbcL,

psbA, etc.) using plastid transformation, a well defined albino mutant can be

produced. Via nuclear transformation, a copy of the deleted gene under

control of nuclear expression signals, but without transit peptide, is then

introduced into the nuclear genome of this mutant. The acquisition of a transit

peptide which directs the cytoplasmic copy of the deleted plastid protein into

the chloroplasts could then be detected by the formation of green segments in

the albino background.
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Transplastomic plants with polycistronic constructs

Several vector constructs were designed to study polycistronic expression in plastids These

vectors were transformed into tobacco protoplasts by PEG mediated direct gene transfer and

transplastomic plants were regenerated Preliminary Northern Blot analysis performed with

several probes annealing to different parts of the putative polycistronic mRNAs showed

transcription of different mRNA species with a length of up to 4 7 knt Similarly, vectors were

constructed for the expression of the green fluorescent protein (GFP) in plastids and

transplastomic plants containing these constructs were regenerated However, the plants

showed no obvious phenotype and further analysis of these plants was not possible within the

scope of this Ph D thesis

Nucleotide sequences of all vectors and details on the cloning strategies used are available

upon request In the following, the main features of the vectors mentioned are described

For the study of polycistronic expression, two opérons have been used The first one is from

the bacterium Erwinia The members of this genus synthesise ß-carotene (pro-vitamin A) from

geranyl-geranyl pyrophosphate via three enzymatic steps carried out by the enzymes CrtY,

Crtl and CrtB (Hundle et al 1994) A part of the operon containing the three genes coding for

the enzymes mentioned was generously provided by Dr Peter Beyer and Salim Al Babili,

Freiburg, Germany The crtl gene is of additional interest for plastid transformation because it

confers resistance to the bleaching herbicide norflurazone and other herbicides interfering

with carotenoid biosynthesis, and may therefore act as a selectable marker in chloroplast

transformation (Misawa et al 1994)

The constructs used for plastid transformation contain only the crtYand the crtl genes CrtB,

the enzyme acting first in the cascade leading to ß carotene, was planned to be expressed in

the nucleus and then imported into the chloroplasts The full pathway would then be

completed by crossing homopiasmic, transplastomic plants expressing crtY and crtl with the

nuclear transformant expressing crtB The purpose of this was to avoid possible adverse

effects on the selection of transplastomic plants resulting from negative impacts of additional

ß-carotene biosynthesis in the plastids

The second operon cloned is the phb operon from the bacterium Alcaligenes eutrophus

Three enzymatic steps, carried out by the enzymes PhbA, PhbB and PhbC, lead from acetyl-

CoA to poly-hydroxy-butyrate which is a storage material used by many bacteria, but can

also serve as raw material for a biodegradable plastic (Slater etai 1988, Nawrath etai 1994,
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see Poirier etai. 1995 for review). The three genes used from this operon were the generous

gift of Yves Poirier, Lausanne, Switzerland.

The green fluorescent protein (GFP) plays an important role as a visible marker in nuclear

plant transformation and in many other fields of modern biology (Kendall et al. 1998).

However, in plastid transformation, so far only transient GFP expression with low frequencies

was reported (Hibberd et al. 1998), and only very recently a paper with stably transformed

plants expressing GFP in the plastids was reported (Khan and Maliga 1999).

For the constructs used in this thesis, a GFP variant called "enhanced cycle 3 mutant" (EC3)

was constructed. The EC3 is based on the "Cycle 3 mutant", a gene optimised for expression

in a prokaryotic background by gene shuffling (Cramen etai. 1996). The chromophore of the

Cycle 3 mutant, which is identical to the one in the wild-type GFP, was changed to the

chromophore of the "EGFP" (Clontech) mutant, the most efficient chromophore known to date

(Cormack etai. 1997).

The constructs used to create transplastomic plants carrying the genes described above can

be grouped into two sets. The first set is based on pCL72 (see chapter 1 and figure A-1) and

contains constructs pCL89 and pCL93. Vector pCL72 was opened at the Psfl-site

immediately downstream of the aadA stop codon. The genes of the opérons used were then

linked to the aadA gene by a sequence called "cistron junction" and ligated to the rbcL 3' UTR

in pCL72. The "cistron junction" is made up of the 3' end of the tobacco plastid gene atpF, the

intergenic region between atpF and atpA, and the 5' end of atpA. As atpF and atpA are part of

a polycistronic expression unit on the plastome, the "cistron junction" is expected to contain

the signals needed for the recognition of an internal translation start.

The constructs in the second set (pCL82, 94, 97, 98 and 99) are similar to pCL95 (see

chapter 3 and figure A-1 ), only that the trinl -npfll sequence has been replaced by the

bacterial opérons or the EC3 GFP variant. Vector pCL82 is an exception in this group

because it contains the modified rice 16S rRNA promoter described in Nandadeva (1999)

instead of the cipP promoter of pCL95
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Figure A-1 Plastid transformation vectors for the study of polycistronic gene expression of bacterial genes

and for the expression of EC3 a mutant GFP version in plastids Transplastomic plants transformed with

these vectors were produced but could not be analysed in detail within the scope of this thesis See text for

abbreviations and more information on vectors
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Table B-1. Growth of E. coli cultures expressing nptll without trinl

presequence (pCLSO) and with trinl presequence (pCL51). Growth was

monitored by measuring optical density at 600 nm.
___ ______

time posf

inoculation

[min]

OD600 of c

pCL50 (npfll)

ultures of E. colitransfo

pCL51 (trinl-npfll)

rmed with

negative control

#1 #2 #1 #2 #1

0 0.019 0.018 0,016 0.016 0.016

150 0.029 0.027

290 0.211 0.185 0.025

325 0.307 0.258

365 0.437 0.382

400 0.617 0.546

445 0.88 0.752

480 1.076 1.015

520 1.22 1.181 0.009

540 0.031 0.063

600 1.411 1.382

615 0.061 0.148

665 0.172 0.293 0.008

720 1.468 1.444

735 0.352 0.535

800 0.605 0.834

860 0.916 1.119

915 1.130 1.270

1165 1.340 1.370 0.010
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