THE UNIVERSITY OF CALGARY

Regeneration and Transformation of Brassica rapa (Canola)

by
John Hachey

A THESIS
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE

DEGREE OF MASTER OF SCIENCE
DEPARTMENT OF BIOLOGICAL SCIENCES

CALGARY, ALBERTA

JUNE,1992

@ John Hachey 1992



* National Library
- of Canada

Acquisitions and -

Bibliotheque nationale
du Canada

Direction des acquisitions et

Bibliographic Services Branch  des services bibliographiques

395 Wellington Street
Ottawa, Ontario
K1A ON4 K1A ON4

The author has granted an
irrevocable non-exclusive licence
allowing the National Library of
Canada to reproduce, loan,
distribute or sell copies of
his/her thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

- — e — - -

ISBN 0-315-83185-5

i+l

Canada

395, rue Wellington
Ottawa (Ontario)

Your file Volre référence

Qur file Nolre rélérence

L’auteur a accordé une licence
irrévocable et non exclusive
permettant 4 la Bibliothéque
nationale du Canada de
reproduire, préter, distribuer -ou
vendre des copies de sa thése
de quelque maniére et sous
quelque forme que ce soit pour
mettre des exemplaires de cette
théese a la disposition des
personnes intéressées.

L’auteur conserve la propriété du
droit d’auteur qui protége sa
thése. Nila thése ni des extraits
substantiels de celle-ci ne
doivent étre imprimés ou
autrement reproduits sans son
autorisation.



Name

Soiw HACHeY

Dissertation Abstracts International is arranged by broad, general subject categories. Please select the one subject which most

nearly describes the content of your dissertation. Enter the corresponding four-digit code in the spaces provided.

PeANT CUEIURE

/

Y

Subject Categories

' SUBJECT TERM

THE HUMANITIES AND SOCIAL SCIENCES

COMMUNICATIONS AND THE ARTS

Architecture ......oeerervererersvrnses 0729
Art HISIOTY .ccereriiniinnininiinns 0377
Cinema 0900
Dance 0378
Fine Ars ...ccoreveremerersirecosesninann 0357
Information Science ......corererereeee 0723
Journdlism .......... ....0391
Library Science ....oueiiureccrensnnnne 0399
Mass Communications ............... 0708
Music 0413
Speech Communication .....cceccer. 0459
Theater 0465
EDUCATION

General .0
Administration .0514

Adult and Cont
Agricdlturdl ...........

rt
Bilingual and Multicultural .

Community Colleg

Curriculum and Instr .0727
Early Childhood ..... .0518
Elementary .......cceceeurecruecerceresns 0524
Finance . 0277
Guidance and Counseling ......... 0519
Health 0680
Higher 0745
History of ...c.cveceeecncrecminniiinns 0520

Home Economics

Industrial .....eievcererncens .0521
Language and Literature .0279
Mathemalics .....cvevereeercineninnenn 0280
Music 0522
Philosophy of .....cvuicrcrnisiserenes 0998

ysical 0523

Psychology ....ceerevernrereessrerernans 0525
Reading ...... ....0535
Religious .. ...0527

Sciences ...

Secondary ....... ..0533
Social Sciences ....0534
Sociology of ..c.ceecorecrererencerenes 0340
Specjal 0529
Teacher Training .......ceceverersrrens 0530
Technolo ....0710
Tests emdg easurements . .

Vocationa

LANGUAGE, LITERATURE AND

LINGUISTICS

Language
%enerol ..............................
Ancient ...... .
Linguistics ..
Modern ....cvverereiveseriiniocnns

Literature

eNneral .oveveereerseereeserecereres

Classical .... .
Comparative .
Medieval ...
Modern .....
African ..
American...

Asian
Canadian {English)

THE SCIENCES AND ENGINEERING

BIOLOGICAL SCIENCES
Agriculture
Generdl .... 0473
Agronomy
Animal Culture and
NUIFHON ..ot 0475
Animal Pathology ...ecoveererees 0476
Food Science and
Technolo%y ...................... 0359
Forestry and Wildlife .0478
Plant Culture ....... .0479
Plant Pathology ... .0480
Plant Physiology ...... .0817
Range Management .0777
Wood Technology ............... 0746
Biology
ENEral .euceerecsennensererernense 0306
Anatomy .. .0287
Biostatistics .0308
Botany ...cveeeeerererreennnnennnns 0309
Cell 0379
ECOlogy veverersremsemensserssessunes 0329
Entomology .. 0353
Genefics ...... .0369
Limnology .... .0793
Microbiology .0410
Molecular ....... 0307

Neuroscience ...
Oceanography .
Physiology ...

Radiation.......... ..0821
Veterinary Science... ..0778
Zoology ....ccveevrvenene ..0472
Biophysics
Generd| .... ..0786
Medicdl .... ..0760
EARTH SCIENCES
Biogeochemistry . ..0425
Geochemistry . ..0996

0352
Canadian (French) 0355
English .. 0593
Germanic .. 0311
Latin Americ 0312
Middle Eastern 0315
Romance 0313
Slavic and Eas! .0314
Geodesy ..vvrinirimieimisierenesnens 0370
Geology ...... ...0372
Geophysics . ..0373
I,:iX/drology ..0388
ineralogy .. ..0411
Paleobotany ... .0345
Palececology ... .0426
Paleontology ... .0418
Paleozoology ... .0985
Pl ynolog ............. .0427
Physical Geography ....... .0368
Physical Oceanography ............ 0415
HEALTH AND ENVIRONMENTAL
SCIENCES
Environmental Sciences ............. 0768
Health Sciences
Generadl .... .0566
Audiology . ..0300
Chemotherapy .. . 0992
Dentistry ....... 0567
Education ......cccceeene .0350
Hospital Management.......... 0769
Human Development ...........0758
Immunology .......ceonee .0982
Medicine and Surgery .........0564
Mental Health ....-.... ....0347
Nursing ........ ....0569
NUIFHON «oeveerencrreerenecniannes 0570

Obsteirics and Gynecology .. 0380
Occupational Health an

T-1erar)y ........................... 0354
Ophthalmology . ....0381
Pathology ......... ..0571
Pharmacology ..0419
P mrmcc%{ ......... .0572
Physical Therapy ..0382
Public Hedlth ..... .0573
Radioclogy ... ...0574
Recreation .......ccccecvencerreenes 0575

PHILOSOPHY, RELIGION AND
THEOLOGY

Philosophy .....ceeverenervenerereerenneens 0422
Religion
eneral ........ovverercureeeenennes 0318
Biblical Studies ...0321
Clergy «....... ..0319
History of .... ..0320
Philosophy of . ..0322
Theology ....creureeereureerenercrrennne 0469
SOCIAL SCIENCES
American Studies .....evecrrerrnrenens 0323
Anthropolog
Archaeology ......ccvuvererrennne. 0324
Cultural ...0326
Physical
Business Administration
General ...cccevevererennecennenes 0310
Accounting . ...0272
anking ......... ..0770
Management . ..0454
Marketing ...... ...0338
Canadian Studies .....uveverrirenene 0385
Economics -
General ....couueveveeenrererennenns 0501
Agriculturdl ........ ...0503
Commerce-Busine: ..0505
Finance 0508,
History 0509
Labor”. 0510
Theory 0511
Folklore . 0358

Geograp 0366

Gerontolog 0351
istory

Generdl .. ..0578

PHYSICAL SCIENCES

Pure Sciences

Chemistry
General .u.evueeerevenersesneennacns 0485
Agricultural ..0749
Analytical ...... ..0486
Biochemistry .. ..0487
Inorganic ... ..0488
Nuclear ..... ..0738
Organic.. 0490
Pharmace 0491
Physical 0494
Polymer .. 0495
Radiation 0754

Mathematics .
Physics -
General ..
Acoustics
Astronomy a

Astroﬁhysics ....... ..0606
Atmospheric Science. ..0608
AOMIC .o ....0748
Electronics and Electricigl ..... 0607
Elementary Particles an

High Energy ....c.ovevreereennee 0798

Applied Sciences
Applied Mechanics . 0346
Computer Science ...

o191 21

UMI

SUBJECT CODE '

ANCIENt ...everrereercaererersesereenes 0579
Medieval . ..0581
Modern ... ..0582
Black ... ..0328
ARICAN vovrerercrereereeresesennes 0331
Asia, Australia and Oceania 0332
Canadian ...cveeerervereriareres 0334
European ..... ..0335
Latin American ... ..0336
Middle Eastern ... ..0333
United States ....... ..0337
History of Science ..........coveenee 0585
Law 0398
Political Science
eneral ... ..0615
Internation:

Relations ...
Public Admin
Recreation .
Social Work

Sociclogy
General ....oucveeriererernziennannns 0626
Criminology and Penology ... 0627
Demograpl ,{ ....................... 0938
Ethnic and Racial Studies .....0631
Individual and Family
e 0628

Industrial and Labor

Relations
Public and Social Welfare ....0630
Social Structure an

Development ...................
Theory and Methods ............
Transportation .....uevreeescscsenns
Urban and Regional Planning ....0999
Women's Studies .......ccineiincne 0453
Engineerin
Generdl .....oeecnereninrncenes 0537
Aerospace .. ...0538
Agriculturdl ..... ..0539
Automotive ..... ...0540
Biomedical .. ...054}
emical ..0542
Vil vevervenrersqaseriens ..0543
Electronics and Electrical ......0544
Heat and Thermodynamics ... 0348
Hydraulic .vcvunverniecennseeennenn 0545
Industrial
Marine ...........
Materials Science
Mechanical ........
Metallurgy
Mining ...
Nuclear ..
Packaging
Petroleum ........ccceereene
Sanitary and Municipdl .......
System Science ..........
Geotechnology ........
Operations Research
Plastics Technology ..
Textile Technology .......crvenennenes
PSYCHOLOGY
eneral ...ovveeerreemrerensereeennene 0621
Behavioral .......ccniereereenrserarennans 0384
Clinical 0622
Developmental .........cocorrrreeennne 0620
Experimental ...0623

Industrial ... 0624
Personality . 0625
Physiologica 0989
Psychobiology 0349
Psychometrics 0632
Social ....... 0451



Nom

Dissertation Abstracts International est organisé en catégories de sujets. Veuillez s.v.p. choisir le sujet qui décrit le mieux votre
thése et inscrivez le code numérique approprié dans I'espace réservé ci-dessous. :

Catégories par sujets

SUJET

HUMANITES ET SCIENCES SOCIALES

COMMUNICATIONS ET LES ARTS

Architecture .....cceveveenreercrenccne 0729
Beaux-aris ........ ...0357
Bibliothéconomie .......ccveereereres 0399
Cinéma 0900
Communication verbale ............. 0459
Communicalions ......e.eivssrneses 0708
Danse 0378
Histoire de I'art ....cccecvcvvreecereenns 0377
Journalisme .. ...0391
Musique .....o.oonuereinnnns ..0413
Sciences de Vinformation ........... 0723
Théétre 0465
EDUCATION

GANETAlIIES c.verereererrnrrerenseneanas 515
Administration ......cceeennnecnene 0514
Art 0273
Colléges communautaires .......... 0275
COMMErCe ..uverevereaereerarnns ...0688

Economie domestique ...

Education permanente ..

Education préscolaire

Education sanitaire .,

Enseignement gqricol .
i

Enseignement bilingue e
multiculturel ...... ..0282
Enseignement indu

Enseignement primaire.
Enseignement professionnel .......
Enseignement religieux .........oce..
Enseignement secondaire
Enseignement spécidl ......
Enseignement supérieur
Evaluation ...

FInAnces .....vveeenenssesnnenes

Formation des enseignants ..0530
Histoire de |'éducation...... ...0520
Langues et littérature ......c.cevenne 0279

Lecture 0535
Mathématiques ......ccvereseecrenenes 0280
MUSIQUE cecvernrenennnianens . 8522

Orientation ef consultation
Philosophie de I'éducation ...

Physique .........

Programmes d'études et

enseignement

Psychologie ...

Sciences ..........
Sciences socidles..........
Sociologie de I'éducation..

Technologie .......cccneresesrresnee . 0710
LANGUE, LITTERATURE ET
LINGUISTIQUE
Langues
ENEralites ...oveerererrrereneenes 0679
Anciennes.... ..0289
Linguistique .. ..0290
Modernes .........oveeerceennenccne 0291
Littérature
GEn&ralités .uvvveeeencrsneruaces 0401

Anciennes ..
Comparée .

SCIENCES ET INGENIERIE

SCIENCES BIOLOGIQUES

Agriculture
GEnEralitds .....vvrrererrereencs 0473
AGronomie. ....c.eeserermssescssras 0285

Alimentation et fechnologie
alimentaire . .0

Cullure .......... 0479
Elevage et alim vereeee. 0475
Exploitation des péturages ...0777
Pathologie animale . 0476
Pathologie végétale 0480
Physiologie végétale 0817
Sylviculture et faune 0478
Technologie du bois ... ..0746

Biclogie
GEnEralités ..oveueeererererercanes 0306

natomie .............. ...0287

Biologie (Statistiques) . .0308
Biologie moléculaire .. 0307
Botanique .......c.... 0309
Cellule ... ..0379
Ecologie . ..0329
Entomologie ..0353
Génélique ... ..0369
Limnologie ..... ..0793
Microbiologie ..0410
Neurologie ........ ..0317
Océanographie .. ..0416
Physiologie .... ..0433
Radiation ........... ..0821
Science vétérinaire . ...0778
Z00l0gie ..cucvuresersrernesirrensies 0472

Biophysique
GENBIalits eoverereceecrrecaians 0786
Medicale ....cooeverrcmrerisencinns 0760

SCIENCES DE LA TERRE

Biogéochimie

Géochimie.....

Géodésie .....ivurinine

Geéographie physique

Mediévdle..... ..0297
Moderne...... ..0298
Alfricaine ..... .0316
Américaine .. ..0591
Anglaise ...... ..0593
Asiatigue ......cceeieienns ..0305
Canadienne [Anglaise) ........ 0352
Canadienne (Frangaise) ....... 0355
Germanique .......oou.. .0311
Latino-américaine ..0312
Moyen-orientdle .. ..0315
Romane .......ceciiesivene ..0313
Slave et est-européenne ....... 0314
G0logie ...ouveveeenereerereenrenerercns 0372
Géophysique . ..0373
Hydrologie .... 0388
inéralogie ... 0411
Océanographi 0415
Paléobotanique 0345
Paléoécologie 0426
Paléontologie 0418
Paléozoologie 0985
Palynologie ... 0427
SCIENCES DE LA SANTE ET DE
L’ENVIRONNEMENT
Economie domestique ..........cuuee 0386
Sciences de 'environnement ...... 0768
Sciences de la santé
Genéralités u....peresrsviecreiinns 566

Administration des hipitaux ..0769
Alimentation et nutrition 05,

Audiologie .
Chimiothérap
Dentisterie...

thérapie ..

Médecine ef chirurgie ...
Obstétrique et gynécologie ... 0380
Ophtalr}r:olggie .................... 0381

Ortho

VOOT

Radiologie

Santé mentale .
Santé publigue ...
Soins infirmiers ...

Toxicologie

onie ...
athologie .
harmacie .
harmacologie
hysiothérapie

PHILOSOPHIE, RELIGION ET
THEOLOGIE

Philosophie ....coeevsvsrcriiserereniene 0422
Reli%;on
enéralités .....ceererenenenens 0318
Clergé .0319
Etud%s bibliques .
Histoire des relllg
Philosophie de la religion .....0322
Théologie vecurrcernrerasisersisaecinne 0469
SCIENCES SOCIALES
Anthropologie
Archéologie .....ccrurrvrersiserens 0324
Culturelle .0326
Physique
Droit
Economie
Généralités 0501
Commerce-AHai 505
Economie agricole 503

Economie du trava
Finances ..
Histoire .
, Théorie.
Etudes américaines

Etudes canadiennes .0385
Etudes féministes ......ocrererserenens 0453
Folklore 0358
GEographie .......cimeressssesssense 0366
Geérontologie ......ccoeuererecersennes 0351
Gestion des affaires
GENELAlItS ..vuverrererarecnresenans 0310
Administration . .0454
Banques ...... .0770
Comptabilité .0272
Marketing «.c.eeecrererserersencrnns 0338
Histoire
Histoire générale ........ccunene. 0578
SCIENCES PHYSIQUES
Sciences Pures
Chimie
Gengralités ....uvrveerrerecrsenne 0485
Biochimie...... ... 487
Chimie agricole.... .0749
Chimie analyfique .0486
Chimie mingrdle ...... .
Chimie nucléaire . 0
Chimie organique
imie pharmaceutique ....... 0491
Physique 0494
PolymCres ... .
Radiation ..... .0
Mothématiques ......cveeervceresonnens
ysique
Genéralites ...eccreeerrererrerensens 0605
ACOUSHGUE oueererrisiensisesnes 0986
Astronomie et
astrophysique .....eueveerenenee 0606
Electronique et électricité ...... 0607
Fluides et plasma. .0759
Météorologie .0608
Optique .... .0752
Particules {P!
nucléaire) ..... 0798
Physique afomiq 748

Physique de |'état sol
Physique moléculaire ..
Physique nucléaire....
Radiation.........
Statistiques

Sciences Appliqués Et

Technologie

INfOrmatiqUe «..ce.vveeeerssererereranes

Ingénierie
Généralités
Agricole ......
Automobile

Administration publig
Droit et relations

Généralités ...
Aide et bien-ditre so

UMI

CODE DE SUJET
Ancienne .......vcercinreerensinens 0579
Médiévale .. ..0581
Moderne....... ..0582
Histoire des noirs .. ..0328
Alricaine .......... .0331
Canadienne .. .0334
Etats-Unis ..... ..0337
Européenne .. ..0335
Moyen-orientale ....0333
Latino-oméricaing ........ccuvee.. 0336
Asie, Australie et Océanie....0332
Histoire des sciences........coeevreen 0585
Loisirs 0814
Planification urbaine et
régionale .....covceinnnincininnnnns 0999
Science politique
Géneralités .......uns... 0615

infernationales ........
Sociologie

Criminologie et

établissements
énitentiaires .......cceeeeneene 0627
Demographie .......cueerersennens 0938
Etudes de I individu et
. delafomille ..coveeerercennnne 0628
Etudes des relations
interethniques et
des relations racidles ........ 0631
Structure et développement
50CHAl Lorireicerrnerereererenes 0700
Théorie et méthodes. ............ 0344
Travail et relations
industrielles .........ceevvereenne 0629
Transports .......... .

Travail social

Biomédicdle ......
Chaleur et ther
modynamique ...
Condifionnement
{Embadllage) ...
Génie aérospatid
Génie chimique .
Génie civi
Génie électronique et

Génie industriel ....
Génie mécanique ,
Génie nucléaire ........

Ingénierie des systéimes
Mécanique navale ....
Métallurgie ..............
es matériqux .
hnique du pétrole ..........
hnique miniére ............... 0551

Science
Ted
* Tec]

électrique ..voivvieiiriianeinns

Techniques sanitaires et
MUNICIPAES v...veceemserrenens 0554
Technologie hydraulique ...... 0545
Meécanique appliquée ....0346

GEOlEChNOIOGIE «vveorrorrererereres

Matigres plastiques
{Technologi
Recherche opéra

Of

Textiles et tissus {Technologie) ....0794
PSYCHOLOGIE

GENBralitds ....c..ceveeeeeereacrenreen 0621
Personnalié . 0625
Psychobiologis 0349
Psychologie clinique ......ccrurener. 0622
Psychologie du comportement ....0384
Psychologie du développement ..0620
Psychologie expérimentdle ......... 0623
Psychologie industrielle ......

PS)'l. 10 ugiu physmloglque .
Psychologie sociale

Psychomeétrie .......cccovveniverurunnns




| believe in aristocracy...Not an aristocracy of power, based upon rank and
influence, but an aristocracy of the sensitive, the considerate and the plucky. lIts
members are to be found in all nations and classes, and all through the ages,
and there is a secret understanding between them when they meet. They
represent the true human condition, the one permanent viCtory of our queer
race over cruelty and chaos. Thousands of them perish in obscurity, a few are
great names. They are sensitive for others as well as for themselves, they are
considerate without being fussy, their pluck is not swankiness but the power to
endure, and they can take a joke. - '

E.M. Forster [1939]



THE UNIVERSITY OF CALGARY

FACULTY OF GRADUATE STUDIES

The undersigned certify that they have read, and recommend to the Faculty

of Graduate Studies for acceptance, a thesis entitled "Regeneration and
Transformation of Brassica rapa (Canola)" submitted by John E. Hachey in

partial fulfillment of the requirements for the degree of Master of Science.

29- 9- 92

A0 loloe ot

Supervisor, Dr. M.l\ﬁi‘xnoloney,
Department of Biological Sciences,
The University of Calgary

%{QZ&//&

Dr. T.A. Thorpe, /'
Department of Biological Sciences,
The University of Calgary

\f Z,\ )O

Dr. S.-L. Wong
Department of Biological Sciences,
The University of Calgary

Y/

\Dr. JZA. Holbrook,

Plant Biotechnology Institute,
Saskatoon, Saskatchewan

MM/&«_

(DATE)

Dr. M. Benn
Department of Chemistry
The University of Calgary

ii



Abstract

A system has been developed for efficient regeneration of shoots from
Brassica rapa in vitro that is also susceptible to Agrobacterium - mediated
transformation. Using 4-day old cotyledons with petioles as explants and a
combination of BA (2mgL-1)and NAA (1mgL-1) in the regeneration media, up to
70% of explants produced shoots after 2 weeks in culture. This method was
found to be widely applicable to B. rapa cultivars. Histological studies
indicated the development of multiple shoot primordia from cells about 100 um
from the cut site within 2 days of culture initiation. The wounded surface of
these explants was found to be susceptible to Agrobacterium - mediated
transformation and shoots resistant to kanamycin emerged from the transformed
explant. However, these shoots were not transformed and survived selection
through cross-protection from the selective agent by surrounding transformed
cells. Possible factors preventing the recovery of transformed shoots from this

system are discussed.
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CHAPTER 1 :
INTRODUCTION



1.1 THE GENUS BRASSICA

The genus Brassica contains many economically important crop plants
cultivated for edible seed oil, vegetables and fodder. The relationship of these
plants to each other is most easily summarized by U's triangle (Fig. 1), which he

developed baéed on interspecific hybridization and cytogenetic evidence (U,
| 1935). U's findings have since been corroborated and extended through the
use of many techniques, the most recent being RFLP (Restriction Etagment
Length Polymorphism) analysis of the six species (Song ef al., 1988; Song et
al., 1990). Further, the analysis of the restriction pattern of chloroplastic DNA
has allowed identification of the maternal parent for most of the amphidiploids of

this genus (Palmer et al.,1983).

‘Many species of the ‘Cr‘uciferae (including the genus Brassica ) contain a
sporophytic self-incompatibility (SI) system which forces natural outcrossing
(Nasrallah and Nasrallah, 1989). In sporophytic systems, the Sl phenotype of
the pollen is defermined by the genotype of the sporophyte (i.e. the plant
producing the pollen). This is thought to occur as a result of the relevant genes
beiné expressed pre-meiotically by the pollen mother cells or in the célls of
sporophytic tissues surrounding the developing po'llen (Nasrallah and
Nasrallah, 1989). In its most simplified form, contact between pollen and stigma
of the same genotype will result in inhibition of pollen grain germination,
{hereby preventing the pollen tubes of such grains from penetrating the
stigmatic surface and effecting fertilization (Downey et al., 1980). In the
Brassicas , self pollination occurs in the amphidiploids, whereas the diploid

species are generally self-incompatible. The self-compatible phenotype of the



. Figure 1. Phylogenetié relationships of Braséica épecfes. Letters indicate the

genomes of the three primary épeciés. Arrows indicate the origin of the
amphidipldid genomes. n= the haploid number of rchromosomes in a genome.
Included are some common names of important crop subspecies (ssp.).

(Adapted from Erickson et al. , 1983 and U, 1935).
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amphidiploids would have been essential in o‘rder that the product of the rare
event of a fertile interspecific cross could survive past the first generation. While
the basis of self—compatibility in the amphidiploids is not understood, it has been
hypothesized that it may be the result of the co-supression of the S-locus genes

from each genome (Nasrallah et al., 1991).

In the diploid Brassicas significant loss of vigor and fertility usually occurs
-when they are self-pollinated (inbreeding depression). However, self-
compaﬁble strains do occur naturally. Self—compétfbility in these strains is‘a
result of the action of supressor genes that are unlinked to the S-}ocus
(Nasrallah and Nésrallah, 1989).

Of the six Brassica species described in U's triangle, three are‘diploid
species (Brassica oleracea, Brassica nigra, and Brassica répa) and three are
amphidiploid species (Brassica carinata, Brassica juncea, and Brassica
napus). The laiter three species were formed by interspeéific hybridization

between the diploid species (Downey and Robbelin, 1989; Song et al., 1988).
1.2 ECONOMIC IMPORTANCE
1.2.1 Brassica oleracea

Brassica oleracea contains the cole crops cabbage, cauliflower, brussels
sprouts, broccoli, kohlrabi ‘and kale. Cole crops are among the most widely
grown vegetables in ihe temperate zones. In Europe',‘ over 30% of the land
growing vegetables is occupied by cole crops. They are also among the

leading vegetables grown in North America (Nieuwhof, 1969).



1.2.2 Brassica carinata

Brassica carinata (Ethiopian mustard) is an interspecific hybrid between
Brassica oleracea and Brassica nigra . |t is exclusively cultivated in Ethiopia
and neighboring countries and therefore has had little exposure to modern
plant improvement. However, it has recently gained recognition, because it
possesses several agronomically important traits (eg. drought, insect and
disease resistance; Anand et al., 1985,“c.f. Yang et al., 1991) and has the
potential to fit rain-fed agriculture as evidenced by its ability to outyield the
traditional Indian oilseed crops Brassica juncea and Brassica rapa'in both

seed and oil yield (Anand et al., 1985).
1.2.3 Brassica nigra

Brassica nigra (black mustard) was an important spice in early times but,
because of many characters considered unsuitable for a crop plant (including
pre-harvest seed-shedding and the propensity of the séed to remain dormant in
the soil and so become a weed in succeeding crops), it has been largely
replaced as a crop by high yielding domestic forms of Brassica juncea in Britain

as the main source of hot mustard flour or paste (Gill and Vear, 1880).
1.2.4 Brassica juncea

Brassica juncea (Indian mustard) is an amphidiploid between Brassica
| nigré and Brassica rapa . It is cultivated widely in India (along with Brassica
rapa ) for its seed oil. In Canada, it is grown for the condiment mustard market
but it is also being bred éo that its oil will be suitable for edible oil processing in

Western countries (i.e. that it is Canola quality, see below). Since Brassica



juncea is more heat and drought tolerant than the other species of Canola (i.e.
Brassica napus and Brassica rapa ) it could extend the growing range of
Brassica oilseed production into areas of Western Canada currently unable to

~ cultivate Canola (Woods ef al., 1991).
1.2.5 Brassica rapa (syn. campestris)

The major cultivated forms of Brassica rapa can be classified either
morphologically (as turnip, oilseed or leafy vegetable) or geographically with
respect to their area of origin (Europe, India or Asia). Turnips (ssp. rapifera) are
found in all three regions, but historically have been more important to
European and Asian economies. Oilseeds are mainly of European and Indian
origin, wifh a distinct subspecies being associated with each region. Eurepean
oilseed forms (ssp. oleifera ), commonly known as turnip rape or colza, are the
primary Brassica rapa oilseed types grown in temperate regions. The Indian
oilseeds are known as toria (ssp. dichotoma ) and sarson (ssp. trilocularis ).
The leaf vegetable types of Brassica rapa are mainly of Asian origih. These
include Pak-choi (ssp. chinensis ) and Chinese cabbage (ssp. pekinensis)
(McGrath and Quiros,1991).

1.2.6 Brassica hapus

Brassica napus is the result of a crossing event between Brassica rapa and
Brassica oleracea . It exists in two commercially important forms. Ruiabaga
(ssp. rapifera) is ah irhportant vegetable crop and oilseed rape (ssp. oleifera) is
~ the primary oilseed crop in China, Northern Europe and Canéde (Downey and
Rebbelin, 1989). | -



1.3 The Oilseed Brassicas

Over 13% of the world's edible oil supply comes from the oilseed Brassicas
(rapeseed and mustard), making them the third most important edible oil source
after soybean and palm (Downey and Robbelen, 1989). Due to their ability to
germinate and grow at low temperatures, the oilseed Bfassicas are one of the
few edible oil crops that can be cultivated in the cooier agricultural regions and
at higher elevations. Within the rapeseed species of Brassica napus and
Brassica rapa, both spring and winter varieties occur. The winter forms are
more productive than the spring forms, but are less winter hardy than the winter
cereals. The winter form of Brassica napus predominates in Nbrthern Europe
and Central and Southern China. Under the severe winter conditions
encountered in Western Canada and Western China, as well as in Northern
Sweden, the spring forms of Brassica napus and Brassica rapa must be

grown.

The harvested part of the plant, the seed, no'rmally yields on extraction over
40% oil on a dry weight basis and a meal containing 38%-44% of high quality
proteih. The meal is used as an organic fertilizer in Asian countries or, in the
Westefn World, as a high protein feed for livestock and poultry. About 80% of
the monetary value of the seed is derived from the extracted 6i| and the rest is

from the meal (Downey and Rébbelin, 1989).

In Canada, oilseed varieties of Brassica napus and Brassica rapa are
~ grown extensively. The use of Brassica rapa extends the growing region for
this oilseed crop because it takes less time to mature than does Brassica napus.

Many years of plant breeding have transformed the chemistry of the seed so



that the oil is considered suitable for human consumption in Western countries
and the meal can be used for animal feed. The oil was improved significantly
for human consumption by modifying its fatty acid composition to reduce the
~ levels of erucic acid (Downey, 1964), a compound that was a potential health
hazard for | humans consuming the oil (Daunr, 1984; cf Lamb, 1989).
Glucosinolates were reduced in the meal because this 'class of compéunds was
found to be repellant or tox?ic to some farm animals (Rébbelen and Thies, 1980;
cf Lamb, 1989). The resultant 'double low' varieties ofl rapeseed are known as

Canola, which are this nation's most important oilseed crop (Lennox,1984).
1;4 TISSUE CULTURE OF THE GENUS BRASSICA

Tissue culture techniques for crop species have become a valuable addition
to the plan{ breeder's arsenal of tools for the improvement of a crop's
performance. Not only are these techniques valuable in themselves but are
~also a prerequisite‘ for the application ’of genetic engineering to that crop. The
applications of plant cell and tissue culture are numeroﬁs. For instance, in vifro
meristem culture has been used for the elimination of viruses frorﬁ plants in
order to improve yield (Hu and Wang, 1983) and shoot tip culture is used
extensively for the micropropagation of floricultural crops (Sagawa and
Kunisaki, 1990). Cultured plant cells can be used for secondary product
synthesis (Whitaker and Hashimoto, 1986), td study plant physiology at the cell
level (Moloney ef al. , 1983; Seresinhe and Oertl, 1991; Tan and Liang, 1991;
Messner et al.,, 1991) or for the selection of mutants in vifro (eg. herbicide
_ resistance; Chaleff and Ray, 1984). Haploid plants recovered from cultured

anthers or microspore derived haploid cells are important tools for breeders
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following. diploidization. ‘When these plants are integrated into a conventional
breeding prdgram they have resulted in the rapid development of new varieties
(Morrison and Evans, 1988;‘Morrison et al.,, 1991). Cultured microspores
themselves can be used for a variety of purpbses. They cén be used to seléct
for novel mutants (eg. herbicide resistance; Swanson et al., 1988; Swanson et
al., 1989) or to examine basic developmental phenomenon in plants (e;q.
embryogenesis; Taylor et al. , 1990). Microspore derived embryos are also
being utilized in the deve!opment of synthetic seed technology (Datla and
Potrykus, 1989). |

Embryo rescue is another important tool for the plant breeder. Interspecific
and intergeneric crosées are frequently carried out in plant breeding (most
commonly in cereal crop breeding, but also in Brassica - eg. Kumar et al., 1988)
in order to transfer valuable genes from wild species to cultivated species;
Incompatibility is often encountered in such crosses and results in shriveled
seeds containihg aborted embryos. By excising embryos from such seeds and
“growing them on a simple inorganic medium with an energy source, the
progeny of these wide incompatible crosses can be rescued (Hu and Wang,
1986). : |

Protoplast fusion (somatic hybridization) has béen suggested as an
alternate means to overcome species barriers to sexual hybridizaﬁon so that
useful traits can be introduced into established crops. This technique can
extend the range of péssibilities for gene transfer among or between species
that can be achieved via embryo rescue. For instance, it allows the organellar

genomes of both progenitors to be represented among the hybrids, whereas in-
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sexual hybridization the male parent's organelles are usually excluded

(Glimelius et al., 1991).

‘ Most proposed benefits of plant tissue culture require regeneration of a
genetically modified or cloned plant. Without consistent regeneration of
important crop species, thg agriculf(ural application of blant tissue culture will be
limited (Flick et al. , 1983). Regeneration from plant cel‘ls or tissues in vitro can
occur through two routes; organogenesis or embryogenesis. Embryogenesis
results in the production of bipolar structures bearing both root and shoot apices
in one step while organogenesis usually requires mutually exclusive shoot and
root development regimes. While somatic embryos are produced in greater
number per culture vessel than are adventitious shoots, the Iiét of species that
have been shown to undergo somatic embryogenesis is short when compared

to those that will regenerate via organogenesis (Ammirato, 1983).

Once effective regeneration protocols are achieved, tissue culture can then
be used by the plant breeder. Regeneration in vitro is used for the
maintenance of self-incompatible parent lines where the plantedrcrop is a
hybrid variety:(F 1), asis thé case f'or' many of the Brassica cole crops (Zee and
Johnson, 1983). Another application is to increase the variability within a crop
species through somaclonal variation (Larkin and Scowcroft, 1981). This
variation can be exploited by screéning for useful traits such as disease-,
stress-, and herbicide-resistance (Knowles,1989). Reliable resistance to a
pathogen, for example, can increase yields by up to 60% (Ratafia and Purinton,
1088). |
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Regeneration protocols have been developed for all the species within the
Brassica genus using a variety of explants. These include mfcrospores (from
which haploid somatic embryos are regenerated), mature plant parts (eg. leaf,
root, stem), juvenile plant parts (eg. hypocotyl and cotyledon), and protoplasts
-derived from these plant parts (eg. hypocotyl and leaf). Comparative studies of
| regeneration ability among the different species of the Braésica genus have
consistently shown that Brassica rapa is the least amenablé to regeneration in
vitro. These conéistent differences in brganogenic response in vitro have been
ascribed to genetic determinants (Murata and Orton, 1987) or environmental
influences (represented by growth media and hormonal interactions,
Narasimhulu and Chopra, 1988). The recently reported high level regeneration
response obtained in certain subspecies of Brassica rapa (Chi and Pua,1989)
argues against certain genotypes being inﬁerently of l:ow morphogenic
_potential. Rather, efficient regeneration from recalcitrant species may require
the proper combinatiron of explant, hormones and culture conditions.  The
oleiferous subspecies of Brassica rapa still remain the most consistently

recalcitrant of the various Brassica species to date.

Most studies have involved optimizing a regeneration protocol for a single
genotype. As a result, they may be of limited value upon extrapolation to other
gendtypes (i.e. varieties or subspecies) of the same species or to other species
within the Brassica genus. Also, many of the régeneraﬁon pfotocbls were
developed for tissue culture applications, such as the exploitation of somaclonal

variation (eg. callus culture), or for plant breeding purposes (eg. microspore-
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derived embryogenesis). These protocols may not be suitable for use in a
- genetic transformation system because of the special needs required for this
procedure. [t has been shown (Moloney et al., 1989; Colby et al.,, 1991) that
often the cells competent for transformation via Agrobacterium are not

necessarily competent for regeneration and vice versa.
1.4.1 Tissue Culture of B. rapa

There have been many reports of regeneration frqm various tissues of B.
ra,ba . Dunwéll (1981) achieved 2%-5% regeneration from 2 turnip varieties of
B. rapa (ssp. rapifera) using a combination‘ of BA (1-10 mg/L) and NAA (10
mg/L)A. Singh and Chandra (1984) obtained 100% shoot regeneration from
hypocdtyl derived céll‘us cultures of B. rapa cv. Yellow Sarson (an Indian
oilseed) using only cytokinins (22.1 pM BA or 23.2 M Kihetin). Although
regeneratioﬁ was fairly rapid from the callus cultures (30 days), callus culturé

initiation required 6 months.

Murata and Orton (1987) were able to regenerate shoots from cotyledon or
hypocotyl derived callus of two varieties of B. rapa (Canola). Regeneration
frequencies were 7.6% for cotyledons and 2.3% for hypocotyls. No specific
information was prese’ntéd regarding fhe hormone requirements for B. rapa
regeneration but the authors found that medium contéining BA alone was the
most efficientr and that auxin suppiementation generally inhibited shoot

formation.

Most other published protocol‘s for the regeneration of shoots from explants

- of B. rapa involve the use of cotyledons. Jain et al. (1988), using 6 day old
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cotyledons from Indian cultivars of B. rapa, (including a Yellow Sarson and a
Brown Sarson oilseed variety), were able to regenerate shoots at a frequency of
between 8% and 24%. They found that BA was ineffective as a cytokinin and
that an auxin (JAA) was essential for regeneration to oécur. Regarding the use
of cotyledons as an explant source, the authors noted that a large number of

sterile explants could be obtained in a short time, any time throughout the year.

Narasimhulu and Chopra (1 988) and Narasimhulu et al. (1988), using six
day old cotyledons also, were able to regenerate shoots from 12.6% of explants
from a Brow_n Sarson variety of B. rapa and from 32% of explants from a Yellow
Sarson variety of B. répa using a combination of BA (4.4 uM) and NAA (5.3
pM). These authors noted that regeneratidn consisted of two phases : (1) callus

formation and (2) shoot bud regeneration from the petiolar end of the explant.

Chi ahd Pua (1989) obtained regeneration from 2 varieties of chinese
cabbage (B. rapa ssp. chinensis cv Speedy and cv. 2B-21-64) at an efficiency
of 13 % and 30 % respectively using cétyledon explants (with petiole intact) and
a combination of BA (8.8 uM) and NAA (5.4 uM). Again, regeneration occured
at the cut end of the explant. In this case regeneration was improved markedly

(to >80%) by the addition of silver compounds.

As can be gleaned from the above experiments, intact cotyledons are a
good explant source for shoot regeneration from various B. rapa subépecies.
These explants have also been shown to provide for efficient shoot
regeneration in ofher species of Brassica as well, including B. carinata
(Jaiswal et al., 1987), B. juncea (Sharma et al., 1990) and B. napus (Moloney

etal., 1989). In the latter case regeneration from this tissue was shown to be
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cbmpatible with Agrobacterium mediated transformation, resulting in the
efficient production of transformed shoots. As a result cotyledonary petiole
explants were deemed the most likely to yield efficient shoot regeneration from
Canola varieties of B. rapa in a way that was also compatible with

Agrobacterium mediated transformation.
1.5 GENETIC ENGINEERING OF THE GENUS BRASSICA

There are now a wide variety of approaches to introducing exogenous DNA
into plant cells (Potrykus, 1991), though Agrobacterium tumefaciens remains
the transformation method of choice for most plaqt species (Weising et al.,
1988). Genetic engineering techniques offer great potential for adding specific
characteristics to existing varieties of crops, thereby hastening the introduction
of improved versions of established varieties into the field. Application of these
techniques to Canola varieties could include the introduction of herbicide
(Oxotoby and Hughes, 1990), virus (Nelson et al., 1988; Harrison et al., 198?) or
insect (Meeusen and Warren, 1989) resistance. Yiéld losses due to weeds in
Canola fields for example, espécially to the broad leaf cruciferous species, can |
. amount to 12%-14% even under optimum cultural conditions (Miki ef al., 1990).
Other improvements that could be obtained through genetic engineering

include improvement of the quality of the seed proteins (Kriz and Larkins, 1991),
alteration of the content and composition of the seed oil and the production of

valuable or therapeutic proteins in large amounts (Knauf, 1987; Knowles,1989).

By far the most intensely investigated Brassica species with respect to
genetic engineering is Brassica napus , owing to its dominant position

economically among Brassica crop species. Fertile transgenic plants have
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been obtained through transformétion with Agrobacterium tumefaciens of
transverse stem segments (Fry et al., 1987), longitudinal stem segments (Pua et
al., 1987), thin cell layers (Charest et al.,, 1988), hypocotyls (Radke et al.,
1988),microspore embryos (Swanson and Erickson, 1989), cotyledonary
petioles (Moloney et al., 1989), and inflorescence stalks (Boulter et al., 1990).
Fertile transformed plants have also been obtained through transformation of
stem segments with Agrobacterium rhizogenes (Guerche, 1987) and

microinjection of microspore embryos (Neuhaus, 1987).

Two other species, Brassica juncea and Brassica oleracea, have also been
‘transformed successfully with Agrobacterium tumefaciens resulting in the
productibn of transgenic plants (Barfield and Pua, 1991; Mathews et al., 1990;
Srivastova ef al., 1988). However, although Brassica rapa tissues have been
shown to be susceptible to Agrobacterium tumefaciens transformation (ssp.
oleifera : Ohlsson and Eriksson, 1988; Gri}nsley et al., 1989; ssp. rapifera : Hille
et al., 1986; Godwin ef al, 1991), no transformed plants have ever been
regenerated from this species. As Brassica rapa comprises approximately 1/2
of the Canola crop in Canada (by acreage), a reliable transformation system for
this species is desirable so that any agronomic improvement to varieties of the
other Canola crop, Brassica napus, obtained through genetic engineering

could also be available to Brassica rapa.
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1.6 OBJECTIVES

The objective of the present study was to develop a reliable regeneration
system for turnip rape (Brassica rapa ssp. oleifera) that also has the potential to |
be used in a system to genetically engineer this species through Agrobacterium

tumefaciens mediated transformation.
Specific goals were therefore :

1) Evaluate the potential of the cotyledonary petiole method (Moloney et

al., 1989) to the transformation of B. rapa.
2) Optimize conditions for high level regeneration. |

3) Determine whether there is a significant genotype specificity to the

regeneration protocol.

4) Estimate the efficiency of A. tumefaciens -based transformation protocols

for the transformation of cotyledonary petioles in B. rapa .
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2.1 PLANT MATERIALS

Brassica rapa (Canola) varieties ﬁsed in this study were Tobin, Colt,
Parkland, Horizon; and Echo. A high glucosinolate variety (R-500; an Indian
Sarson, ssp. trilocularis) ‘was also used. All seeds were supplied by Dr. Keith
Downey, Agricul;ture Canéda, Saskatoon, Saskatchewan. All seeds were

maintained at 4° C until used for experimental purposes.

Seeds were sterilized in 50 ml of a 10% solution of commercial bleach
(Javex™) with 1-2 drops of TWEEN-20® for 10 minutes, followed by 3 rinses in
25-30 ml of sterile distilled water. ‘The seeds were placed on germination
medium '(Mdrashige and Skoog, 1962) (MS) salts and vitamins, 3% sucrose,

0.7% phytagar (Gibco)) at a density of 20 seeds per plate and maintained at 24°
C in a 16h light/8h dark photoperiod at a light intensity of 60-80 pEm-2s-1.

2.2 SHOOT REGENERATION

Cotyledons were excised from 4 day old seedlings (or from 4, 5, Vand 6 day
‘old seedlings in one experiment) so that they included = 2mm of petiole at the
base. The petioles were embedded into the regeneration media tested here to
a depth of = émm. The culture vessels used were 100 x 15 mm sterile
disposable petri dishes for germination and regeneration, and Magenta® jars
(Sigma) for elongation and rooting. Petri dishes were sealéd with 2 layers of

Parafiim®.

Regeneration media comprised MS salts and vitamins, 1%, 2% or 3%

sucrose, and various concentrations of a-naphthaleneacetic acid (NAA, Sigma)

and 6-benzylaminopurihe (BA, Sigma). BA at2 mgL-1 (8.8 uM) was used in
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conjunction with NAA at 0, 0.5, 1 and 2 mgL-! (0, 2.7, 5.4, and 10.8 pM
respectively). Also, NAA at 1 mgL-1 was used with 0, 1, 2, and 4 mgL-1 BA.
Explantsr (10 per plate) wére maintained at 24° C in a 16h light/8h dark
photoperiod at a"low' light intensity (30-40 pEm-2s-1). After 3 weeks, shoots
and roots arising from the explants were counted. Percentage regeneration per
plate (number of explants regenerating/total number of explants) was averaged
for 6-7 plates for each treatment. A score of 'one' was givén to an explant even

when multiple regenerants were produced.

Rooting and acclifnatization were performed on 2 week old explants
containing regenérating shoots by placing them on Qermination média (see
above) under low light intensity conditio‘ns. Two weeks later the regenerated '
shoots with accompanying rooi mass were transferred to potting mix (Peat
Moss:Vermiculite(Terra-Lite® [W.R. Grace]:Terra-Green®[Qil-Dri], 2:1:2)
~ supplemented with Osmocote®[14-14-14, Grace-Sierra] granular fertilizer and
placed in a misting chamber (average relative humidity of ~40%). After another
two weeks, plants were transferred to a greenhouse for further growth and

flowering.

Since éll data presented here are in the form :of percentages, which have
error variances that are a function-of the mean and are not normally distributed
(Ahrens et al., 1990),k an arcsine transformation of the data was performed (Zar,
1984) before they were subjected to statistical analysis. Significant tréatment

differences were selected by Tukeys Multiple Comparison Test (Zar, 1984).



21

2.3 HISTOLOGICAL STUDIES

To study the ontogeny of adventitious shoot bud differentiation in culture,
petioles from cotyledons at day 0 and those cultured on shoot regeneration
medium (MS + 2% sucrose, 2 mgL-1 BA, 1 mgL-1 NAA and 0.7% phytagar) were
- fixed after 2 57 ahd 11 days and processed for glycol methylacrylate (GMA,
Aldrich) sectioning. After fixing the material in a ffeshly prepared, chilled
solution of 2% glutaraldehyde and 2% formaldehyde in 50 mM sodium
phosphate buffer (pH 6.8), the material was dehydrated in methyl cellosolve
followed by two changes of absolute alcohol (O'Brien and McCully, 1981). The
specimens were then infiltrated with the LKB infiltration sdluﬁon containing
GMA. After the tissue had been infiltrated it Wés embedded and polymerized in
LKB embedding solution. Sections (3 um thick) were obtained on a Reichert-
Jung rotary microtome using dry glass knives. All sections were stained with
periodic acid Schiff's reagent (PAS) for total insolﬁble polysaccharides and

counterstained with amido black 10B for proteins (Yeung, 1984).
2.4 PLANT ‘TRANSFORMATION
2.4.1 Agrobacterium Strains

Transformations of Brassica rapa were attempted according to the protocol

of Moloney et al. (1989) with one of the following Agrobacterium strains :

1) Strain EHA101 (kan' ; Hood ef al. , 1986) containing the binary plasmid
- pCGN-783 (gent’; Houck et al. , 1988). |
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2) Strain EHA101 containing one of a series of binary plasmids (pCGN-
1547,-1548,-1549,-1557,-1558,-1559,-1578 ; genif; McBride and |
Summerfelt, 1990). '

3) Strain EHA101 containing the plasmid pCa2AMVGN-1548 (gent', Oancié

and Roeckel, unpublished).

4‘) Strain MP90 (gent’; Koncz and Schell, 1986) containing the binary
plasmid pITG-15 (kan'; Babic, 1991).

5) Strain A281 (which contains the oncogenic Ti plasmid pTiBo542 ; Sciaky
et al. , 1978) containing the binary plasmid pCGN-763 (Houck et al. ,
1988). '

‘The plasmid pCGN-783 contains betwéen its T-DNA borders a gene
construct comprised of a CaMV 35S promoter, a neomycin phosphotransferase
Il (NPT II) coding region and a transcription terminatogr obtained from the gene
coding for transcript 7 of the T - DNA of the A. tumefaciens octopine plasmid
pTiAch5. The 1500 series of pCGN binary vectors corntain an origin of
replication that is highly stable in A. tu}nefaciens and contain between their T-
DNA borders one of two plant selectable markers. The first is made up of a
CaMV 35S promoter, NPT Il gene and tm/ transcription terminator (from geneé‘b
of the tumor morphology large locus of the octopine plasmid pTiAG; Ream ef al.,
1983). This selectable marker is orientated so that its direction of transcriptfon
is from the right T-DNA border inwards (in pCGN-1558 and -1559) or outwards
toward the right T-DNA border (pCGN-1557 and -1578). The second selectable -

marker comprises a mannopine synthase (mas) promoter, NPT Il gene and mas
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transcription terminator (the mas gene fragments areA also from the octopine
plasmid pTiA6, Ellis et al., 1984). Again, transcription of the marker gene is
eithér inwards from the right border (pCGN-1549) or outwardé towards the right
border (pCGN-1547 and-1548). The binary plasmid pCa2AMVGN-1548 is a
derivative of pCGN-1548. It has an insert that contains a plant selectable
marker comprised of a fusion gene that encodes a protein having both NPT Il
and B-glucuronidase activity (Datla et al.\ , 1991). Upstream from this gene is a
tandem CaMV-35S promoter (Kay et al. , 1987) fused to 35 bp of the &'
untranslatedr leader region from RNA 4 of the alfalfa mosaic virus (AMV), which
acts as a translational enhgncer (prling and Gehrke, 1987). Downstream from
this gene is the the nopaline synthase (nos) translation termination and
polyadenylation sequence (Herrera-Estrella et al., 1983A). pITG-15 is a
derivative of pBIN-19 (Bevan, 1984) that contafns as a plant selectable marker
the same promoter-fusion gene combination ‘that was inserted into
pCa2AMVGN-1548. 1t also contains as a plant selectable marker a mutated
~form of the gene coding for acetolactate synthase (ALS) frorﬁ Brassica napus
that is resisfant to sulfonylurea herbicides (Babic, 1991). Upstream from this
gene is the tandem CaMV-35S : AMYV leader promoter and downstream is the
nos transcription terminator. These Agrobacterium strains were maintained on
'AB minimal media (Chilton et al., 1974) plates solidified with 1.5% Bacto-Agar
(Difco) and containing 100 pgml-1 gentamycin sulfate (Sigma) and 100 },Lgm.'1

kanamycin sulfate (Boehringer Mannheim).
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2.4.2, Transformation

Single colonies of Agrobacterium tumefaciens were grown for 48 hrours at
28°C in 5 mls of AB liquid media supplemented with the same antibiotics as the
plates but at concentrations of 50 pgml-1.  This bacterial suSpension was
centrifuged at 15,000 x g for 1 minute, resuspended in 1 ml of AB media, and
100 W of this concentrate was diluted into 10 mls of AB media (final dilution =
~1/20)in a 60mm X 1“5rhm disposable petri dish. The cut end of freshly excised
“cotyledonary petioles (with cotyledons intact) were dipped in this suspension for
a few seconds, then placed into regenerétion media as described above. After
72 hours of cocultivation with Agrobacterium , explants were transferred to
selection media (= regeneration media supplemented with 20 pgml-1
kanamycin sulfate and ‘500 pugml-1 carbenicillin (Pyopen®, Ayerst, filtér
sterilized and added after media was autoclaved and cooled to approximately
50°C). In experiments testing the effect of acetosyringone (AS; 3', 5'-dimethoxy
4'-hydroxyacetophenone, Aldrich) tréatment of Agrobacterium on

transformation efficiency, bacterial growth conditions were altered. From an

overnight culture of the Agrobacterium strain grown in AB media with -

appropriate antibiotics, 100 pL was used to inoculate 5 ml of MG/L medium
(consisting of 50% of a mannitol-glutamate-salts medium (Garfinkel and Nestor,
1980) and 50% Luria broth (Maniaﬁs et al. , 1982)) that had been filter sterilized
after the addition of AS and adjustment of the pH to 5.6. An overnight growth in

this medium was used for transformations.
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In some experiments, initial exposure conditions of the explant to
- Agrobacterium  were modified. Explants (=20 at a time) were floated on a
bacterial suspension and placed within a sterile 250 ml Nalgene® disposable
filterware container. The container was then attached to a vacuum line for 5
minutes. Explants were then blotted dry on sterile filter paper and placed oh
regeneration medium. This treatment was tried in order to increase infiltration of
the Agrobacterium into the explant. - If access to regenerable cells within the

explant is a limiting factor then this treatment could enhance access.

After 2-3 weeks in culture, any regenerated shoots that remained green and
healthy were transferred to elongation medium with kanamycin and
carbenicillin (= 1X MS salts and vitamins, 1% sucrose, 0.7% phytagar, pH 5.8,
supplemented with antibiotics as in selection media) to allow apical dominance
to develop. Shoots that exhibited normal apical dominance and remained
unbleached after a further 1-2 weeks were transferred to elongation media (as
above but unsupplemented with antibiotics) for rooting. Rooted pl‘ants were

cultivated to flowering as described above (Section 2.2).
2.5 IDENTIFICATION OF TRANSFORMANTS"
2.5.1 NPT Il Assays

Putative transgenic plants or calli were assayed for neomycin
'phosphotransferase (NPT-II) activity essentially as described by Radke et al.
(1988), but modified according to Staebell et al. (1990). Approximately 150 mg
of callus tissue or leaf tissue taken from regenerated shoots was homogenized

- (onice) in an equal volume (w/v) of extraction buffer (50 mM sodium phosphaté
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buffer (pH 7.0), 1 mM NaéEDTA, (pH 8.0), 0.1% Triton® X-100, 10 mM B-
mercaptoethanol, 0.1% Sarkosyl). Homogenization was performed in 1.5 ml
disposable plastic tubes (Bioplastics) using disposable pestles (KONTES) and
an electric drill. The homogenate was centrifuged at 15,000 x g at 4°C for 15
min and the supernatént assayed for NPT-Il activity. For every sample, two
reactions were performed : one which contained kanamycin (at 0.4 mgml-1) and
the second, a negative control, which lacked this substrate. To a 20 aliq‘uot of
tissue extract was added 10 pl of reaction buffer (67 mM Tris-Maleate (pH 7.1),
42 mM MgCl,, 400 mM NH4CI, 1.7 mM dithiothreitol). Reactions were initiated
by adding 10 wl of a radiolabeled ATP mix (1.5 mM unlabeled ATP and 40 uCi
of HPLC purified [y-32P] ATP (4500 CimM-1; ICN) and were incubated for 45 min
at 37°C. The reaction catalysed by. NPT Il is as follows :

" Kanamycin + ATP = Kanamycin-P + ADP' (Haas and Dowding, 1975)

Entire reaction volumes were pipetted onto cellulose phosphate paper (P81,
Whatman) and the P81 paper was subjected to six washing steps. The paper
was washed in 300 ml of 10 mM sodium phosphate (adjusted to pH 7.5) for 5
min at room temperature, then for 1 hr at 65°C in 10 ml of 1% SDS. After this,
the filter was washed with 300 m! of 10 mM sodium phosphate (pH 7.5) at 65°C
for 5 min and then with another 300 mls of the same buffer at 65° for 1 hour.
‘The final two washes were with 300 m! of 10 mM sodium phosphate (pH 7.5) at
room temperature for 5 min. The paper was then air dried and subjected to
autoradiography overnight at -80°C using Kodak XAR-5 film and Dupont

Cronex® Lightening-Plus intensifying screens.
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2.5.2 PCR Assays

Some putatively transformed tissue was also subjected to PCR (polymerase
chain ;r_eaction) analysis in order to éscertain whether or not DNA had been
incorporated into the plant genome through Agrobacterium mediated
transformation. This was done according to the protocol of Edwards et al.
(1991). A leaf disc from the plant to be tested was pinched into an eppendorf
' tube‘ using the lid of the tuber. The tissue was macerated using a disposable

teflon pestle for 15 seconds. Then 400 pl of gxtraction buffer (200 mM Tris HCI
(pH 7.5), 250 mM NaCl, 25 mM EDTA, 0.5% SDS) was added and the sample
“was vortexed for 5 seconds. The sample was left at room temperature for 1
hoﬁr and then centrifuged at 15,000 x g for 1 minute. 300 pl of the resultant
supérnatant was transferred to a new tube, mixed with an equal volume of
isoprdpanol and left at room temperature for 2 minuies. This solution waé
centrifuged at 15,000 x ¢ for 5 minutes, the supernatant discarded and the pellet
vacuum dried. The pellet, containing the plant DNA, was theh resuspended in
100 pl of TE (10 mM Tris-HCI (pH 8.0), 1 mM NasEDTA (pH 8.0)). 2.5 pl of this
sample was used for a standard 100 pl PCR containing 10 pl 10x PCR buffer
(100 mM Tris-HClI (bH 8.3), 500 mM KCI, 15 mM MgCig, 0.1% (w/v) gelatin), 16
Wl dNTP mix (10 mM each of dATP, ‘dGTP, dTTP and ACTP; final concentration
of 200 pM), 7.5 ul of each primer (specific for the 5' and 3' ends of the NPT Il
gene-20 uM stock; final concentration of 1.5 uM) and 2.5 units Taq polymerase
(BRL). The reactions were covered with 100 wl of mineral oil to prevent
eyaporation and were incubated in a programmablethermocycler (Techne)
using the following conditions: an initial incubation at 94° for four minutes, 30

cycles of 92° for 1 minute, 48° for 1 minute and 72° for 3 minutes and a final
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incubation at 72° for 10 minutes. ~ Samples of the reactions (20 pl) were _
electrophoresed on a 0.7% agarose gel containing 1X TAE buffer (40 mM Tris-
acetate, 1 mM NasEDTA (pH 8.0)). After electrophoresis, the gels were stained
in 1X TAE buffer containing 1 pgml-1 ethidium bromide for approximately 15

minutes.
' 2.5.3 Southern Blots

In order to check the identity of the amplified bands, gels containing samples
of PCR amplifications weré subjeéted to Southern analysis. Gels were placed
in denaturing solution (1;5 M NaCl, 0.5 M NaOH}) for 30 minutes, and then in
neutralizing solution (1.5 M NaCl, 0.5 M Tris-HCI (pH 7.2); 1 mM NaoEDTA
(pH8.0)) for another 30 minutes The DNA was then transferred to a nylon
membrane (Hybond N, Amersham) by capillary blotting as described in
Maniatis et al. (1982). The filter was prehybridized for about 16 hours at 65°C in
prehybridization solution (6X SSC, 5X Denhardt's solution and 0.5% SDS),
then hybridized for about 16 hours at 65°C in the same solufion containing 32P-
labelled probe. The probe was a 1 kb Pst | fragment of the NPT Il gene
(obtained by PCR) that had been labelled by the random-primer synthesis
method (Feinberg and Vogelstein, 1984) and had a specific activity of about 108
dpm pg-1, The filter was washed twice for 15 min in 2X SSC at 65°C, an%i once
for 15 min in 2X SSC, 0.1% SDS at 65°C. The filter was autoradiographed for
about 16 hours at -80°C using Kodak XAR-5 film and Dupont Cronex®

Lightening-Plus intensifying screens.
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3.1 Regeneration of B. rapa Cotyledonary Explants
'3.1.1 Effect of Media Composition

Initial experiments on regeneration from B. rapa COtyledén explants were
aimed at reducing the necrosis of explants. This was approximately 90% after 3
weeks using the unmodified protocol previously developed for B. napus
| ,regeneratioh (Moloney et al.,1989). In an attempt to decrease explant necrosis,
the light intensity was reduced from 60-80 pEm-2s-1to 30-40 pEm-2s-1.
Supraoptimal light intensities have been shown to be detrimentél to bofh callus
growth and shoot initiation (Seibert et al., 1975). This resulted in improved
survival of explants but had no effect on regeneration. Lowering the sucrose

concentration from 3% to 2% increased explant survival considerably and

callus formation was favoured, but regeneration was still a rare event. Sucrose

at 2% was used in this case because of the findings of Murata and Orton (1987),
using cotyledon explants of Brassica species, that almost no shoot formation

occured on their MS media with 3% sucrose present.

At this point it was reasoned that hormonal factors might be the the most
critical factor limitiné regeneration from this system. As a result, the
manipulaﬁon of both cytokinin and auxin concentrations in the medium was
evaluated for its effect on regeneration. Lowering the BA concentration from 4
| mgL-1 to 2 mgL-1 increased regeneration to 5%. The most critical factor for
enhancement of shoot regeneration was the inclusion of NAA in the medium.
With NAA, regeneration frequency increased to an optimum of =70% at 1 mgL-1
- NAA and 2 mgL-1 BA. Figure 2 shows the dose-response relationship of these

explants to increasing NAA concentrations. In the presence of NAA some root
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Figure 2. Regeneration of shoots () and roots ([1) from cotyledon explants

of Brassica rapa cv. Tobin on 2 mg/L BA and various concentrations of NAA.
| Columns witﬁ similar letters are not significantly different at P =0.05 (Tukeys
Multiple Comparison Test). Upper case letters compare shoots, lower case

letters compare roots.
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Figure 3 Regeneration ofrshoots (IW) and roots () from cotyledon explants
of Brassica rapa “cv. Tobin on 1 mg/L NAA and various concentrations of BA.
- Dqté for 1 mg/L NAA and 2 mg/L is from the same experiment as in Figure 2.
BA Columns with similar letters are not significantly different at P = 0.05
(Tukeys Multiple Comparison Test). Upper case letters compére shoots, lower

‘case letters compare roots.
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formation was also promoted, but this did not adversely affect the appearance of

shoot primordia.

The amount of BA in the medium was also varied to establish the
concentration of this growth regulator required for maximum shoot regeneration
(Figure 3). It was found that BA at a concentration of 2 mgL-1 or 4 mgL-1 was
optimal for shoot regeneration among the concentrations tested. While 4 mgL-1
BA was also effective for shoot regeneration, the shoots arising on this fnedium
weré of a lesser quality oftén being more vitreous than those arising from
explants on 2 mgL-1 BA. Cytokinins have been implicated as a causal factor in
the occurrence of the vitreoys state among in vitro cultured plants (Phan, 1991).
It was alsb difficult to obtain shoots with well defined apical dominance at the
higher BA concentration. It was unclear from this whether the auxin - cytokinin
ratio was the major determinant for shoot regeneration or whether the absolute
" concentrations of BA and NAA were most impoftant. Therefore, the
concentrations of NAA and BA were reduced while maintaining the samevmolar
ratio (1 : 1.63 NAA : BA). This resulted in a reduction in regeneration frequency
to 14% after a five-fold reduction in absolute concentrations of these growth
substances. A ten-fold reduction in absolute concentration practically abolished

shoot regeneration (down to 1.6%, Figure 4).

The presence of NAA in the medium provoked the concurrent formation of
roots and shoots from the explant. Increasing the concentration of NAA from 0.5
to 2 mgL-'1 caused an inérease 'in the production of shoots relative to the
production of roots (Figure 2). Similarly, an increase in the concentration of BA

from 0 to 4 mgL-1 caused an increase in shoot production relative to root
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Figure 4. Regeneration of shoots (M) and roots () from cotyledon
explants of Brassica rapa cv. Tobin on MS medium with 2% sucrose and either
_ 1/5 of the optimum NAA and BA concentrations (MSBN/5; 0.4 mg/L BA and 0.2
mg/L NAA) or 1/10 the optimum concentration of these hormones (MSBN/10;
0.2 mg)L BA and 0.1 mg/L NAA). Columns with similar letters are net
significantly different at P .= 0.05 (Tukeys Multiple Comparison Test). Upper

case letters compare shoots, lower case letters compare roots.
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production (Figure 3). These roots appeared at the base of the regénerating
~shoots and frequently transfer of regenerated shoots to a rooting medium was
not required. Instead, transfer to a medium devoid of growth regulators allowed
elongation of both roots and shooté to occur. In fact, maintenance of the
explants on regeneration medium for longer than two weeks was detrimental
and resulted in the vitrification of the newly formed shoots. The presence of
both BA and NAA was essential within the first few days after explant excision
for efficient regeneration to occur. If NAA was absent fronﬁ the regeneration
media during the first 4 days of culture, regeneration dropped by 36%. Also, if
both BA and NAA were missing from the regeneration media during the first four

days of culture, regeneration dropped by 48% (Figure 5).

Experiments were performed to establish whether there was a significant
effect of silver ions on regeneration. Such an effect has been previously
reported for members of the Brassicaceae (Chi and Pua,1989; De Block et al.,
1989; Chi et al.,, 1991) and is presumed to be due to this ion's property as an
antagonist of ethyleneraction (Beyer, 1976). In this system, using optimal NAA :
BA ratios, treatment with 25 mgL-1 AgNOs (147 puM) and 500 mgL-1
carbenicillin, as suggested by De Block et al. (1989), was actually detrimental
reducing regeneration frequencies to a value 10% below that obtained without
these supplements (Table 1}. This treatment also resulted in an increase in
callus formation at the cut end of the explant and the production of vitreous

shoots with an aberrant morphology.
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| Figure 5. Regeneration of shoots () and roots (EI)' from"cotyledon explants
of Brassica :rapa cv. Tobin from MSBN media after 4 days preculture on
medium Iackihg NAA (MSBA) or on medium lacking hornﬁones (GERM).
Columns with similar letters are not significantly different at P = 0.05 (Tukeys
Multiple Comparison Test). Upper case letters compare shoofs, lower case

letters compare roots



% EXPLANTS WITH SHOOTS/ROOTS

100

MSBA- GERM- MSBN-
MSBN MSBN MSBN

TREATMENT

40



41

TABLE 1 : REGENERATION OF SHOOTS FROM COTYLEDONARY
PETIOLES OF Brassica rapa ON MSBN MEDIA IN THE PRESENCE
(+) OR ABSENCE (-) OF 25 mgL-1 AgNOg3 and 500 mgL-1
CARBENICILLIN

MEDIUM % REGENERATION
MSBN (-) 51 A*
MSBN (+) 41 B

*Values with similar letters are not significantly different at P = 0.05 (Tukeys

Multiple Comparison Test).
3.1.2 Explant Age

The age of the explani is another important factor that can affect shoot
regeneration (Sharma et al. ,1990; Yang et al. , 199:1; Sharma and Thorpe,
1989). A steady decrease in shoot regeneration was apparent from explants
derived from seedlings older than 4 days (Figure 6). While explants younger
than 4 days old were not tested for their regeneration response, it has been
shown for B. juncea that a steady decline in regeneration efficiency occurs from

explants younger than 4 days old (Sharma et al., 1990).
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Figure 6. Regeneration of shoots () and foots (O) from cotyledon explants
of Brassica rapa cv. Tobin obtained from donor seedlings of different ages.
Columns‘with similar letters are not significantly different at P = 0.05 (Tukeys
Multible Comparison Test). Upper case letters compare shoots, lower case
letters compare roots. * = high light (i.e. explants were incubated with light at

an intensity of 60-80 pEm-2s-1).
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| 3.1.3 Light Intensity

it has been stated th'at‘trhe role of light in:o:rganogenesis is an often |
neglected factor (Thorbe, 1980). The effect of light intensity on morphogenesis
from these explants is shown in Figure 6. Maintenance of 6-day-old explants
under a high light intensity (60-80 pEm-2s-1) causes a decrease in shoot |
production relative to root formation as compared to those incubated under the

low light intensity regime (30-40 pEm2s-1).

In order to more fully explore the role of light in the regeneration response of
B. rapa cotyledonary petioles, a range of illuminaﬁon‘conditions‘were tested for
their effect on the prodection of shoots and roots from these explants. Also, the
level of sucrose in the media was varied in combination with light levels in order
to determine if there is any interaction between theee two variables with respect
to their effect on regeneration. Under standard low-light conditions, optimum
shoot production occurs with a sucrose concentration of 2%‘(Figure 7). Both
shoot and root production decline when the sucrose concentration'i‘s gither
decreased to 1% or increased to 3%. Under high light conditions, shoot |
production was also highest in media containing 2% sucrose (Figure 8).
However, absolute shoot production was lower under "high light" conditions
| than under "low light" conditions while root production was favoured by "high
light". Organogenic responses Were greatly depressed in the absence of light
at all three sucrose levels tested (Figure 9). Rooting response increased with
~ increasing sucrose levels while shooting response increased from 1% to 2%
sucrose but remained the same from 2% to 3%. These reeults indicate that of

the three combinations of lighting and sucrose levels tested here, the best
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Figuré 7. Regeneration of shoots (-) and roots ([O) from cotyledon explants
of Brassica rapa cv. Tobin on regeneration medium with 1, 2 or 3% sucrose -
under low-light conditions. Columns with similar letters aré not significantly
different at P = 0.05 (Tukeys Multiple Comparison Teét). Upper case letters

compare shoots, lower case letters compare roots.
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Figure 8. Regeneration of shoots () and roots (1) from cotyledon explants
- of Brassica rapa cv. Tobin on regeher’ation medium withr 1,2 or 3% surcr:ose
under high-light conditions. Columns with similar Iettérs afe not significantly
differént af P = 0.05 (Tukeys Multiple Comparison Test). Upper case letters

compare shoots, lower casé letters compare roots.
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Figure 9. ' Regeneration of shooté (W) and roots ([1) from cotyledon explants
of Brassica rapa cv. Tobin on regeneration medium With 1, 2 or 3% sucrose
under no - light conditions. Colurrins with similar letters are not significantlyi
different at P = 0.05 (Tukeys Multiple Corﬁparison Test). :Upper cése letters

compare shoots, lower case letters compare roots.
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regeneration response was obtained under "low light" conditions in media that

contained sucrose at a level of 2%.
3.1.4 Genotype Specificity

To determine whether the protocol presented here is genotype specific or of
general utility for the regeneration of shoots from olieferous subspecies of B.
rapa in vitro, several cultivars. were tested for their organogenic response
(Figure 10). Of the 6 cultivars tested, 75 exhibited a shoot regeneration
frequency of 40% or greater. The one recalcitrant cultivar (R-500) is a non-
Canola (i.e. high glucosinolate) variety of B. rapa. Also, R-500 is an rlndianr
Yellow Sarson cultivar (ssp. trilocularis) as distinct from most other 'Canola’
quality B. rapa lines which are Polish types (ssp. oleifera). An experiment .
dujring which the regeneration response of R-500 was tested over a range of
‘both BA and NAA concentrations was performed. The results of this experiment
showed that R-500 is also capable of significant regeneration (up to 40%) over
a range of NAA (Figure 11) and BA (Figure 12) concentrations, with an optimal
response of shoot regeneration relative to root production occurring in media
containing 2 mgL-1 BA and 0.5 mgL-1 NAA (Figure 12).

3.1.5 Growth of Regenerated Plants

As this regeneration system will be used for the production of transgenic B.
rapa plants, the ability of the regenerated shoots to mature normally and set
seed is an important consideration. Once regenerated shoots were placed on

germination media, about 75% (41/55) displayed apical dominance and these
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Figure 10. Regeneration of shoots (M) and roots (1) from cotyledon
explants of different varieties of Brassica rapa on 2 mg/L BA and 1 rhg/L NAA.
Columns with similar letters are not significantly different at P = 0.05 (Tukeys
Multiple Comparison Test). Upper case letters compare shoots, lower case
letters compare roots. 1= Colt; 2= Echo; 3= Tobin; 4= Horizon; 5= Parkland; 6=

R-500.
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Figure 11. Regeneration of shoots (M) and roots (1) from cotyledon
explants of Brassica rapa cv. R-500 on 2 mg/L BA and various concentrations
of NAA. Columns with similar letters are not significantly different at P =0.05
(Tukeys Multiple Comparison Test). Upper case letters compare shoots, lower

case letters compare roots.



55

100

20 |

L]
(=]
<

60 |

]
L=
o]

S100H/SLOOHS HLIM SLINVIdX3 %

0.5

CONCENTRATION OF NAA (mg/L)



56

Figure 12. Regeneration of shoots (M) and roots ([J) from cotyledon
‘explants of Brassica rapa cv. R-500 on 1 mg/L NAA and various concentrations
of BA. Data for 1 mg/L NAA and 27mg/L is from the same experiment as in
Figure 11. Columns with similar letters are not significantly different at P =0.05
(Tukeys Multiple Comparison Test). Upper 6ase letters compafe shoots, lower

case letters compare roots.
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went on to flower and mature normally (6/6 followed through to maturity). The
mature plants were then induced to set seed after self-pollination through the
use of a sodium chloride solution to overbome_ the self-incompatibility present in -

this species (Monteira et al.,1988).
3.1.6 Histogenesis of Shoot Primordia

The sequence of events that occur during shoot production from B. rapa
cotyledonary petioles in vitro is shown in Figure 13. At day 0 the cortical cells
of tHe cut end of the petioles were largely vacuolated, while the vaécular
parenchyma comprised highly cytoplasmic cells with a prominent nucleus.
Starch grains were randomly distrjbuted in the cortical cells (Figure 13A). By
day 2 oﬁ shoot regeneration medium, random cell division activity had
commenced in cells = 100 um from the cut end of the petiole (Figure 13B). By
day 5, rapid cell divisioné were restricted to the peripheral areas which resulted
in the formation of multiple meristematic nodules (Figure 13C). These nodules
gave rise to shoot bud meristems by day 7 (Figure 13D), which in turn formed
leaf primordia by day 11 (Figure 13E). Shoot buds became mécroscopic by day
15 and fully differentiated shoots were obtained by 21 days (Figure 13F). As
can be seen in Figufe 13C, each éxplant is capable of devéloping several
meristematic nodules. This ultimately leads to multiple shoot proliferation from

a single explant.
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Figure 13. Ontogeny (A-E) and morphology (F) of shoot bud histogenesis
from cotyledonary petioles of Brassica rapa cv. Tobin. '[co-cotyledon; ct-cortex;
mec-meristematic cells; mn-meristematic nodule; sb-shoot bud; sm-shoot
meristem; st-starch; vp-vascular parenchyma]. A. Longitudinal section of
petiolar cut end at day 0 shbwing the presence of highly cytoplasmic cells with a
‘ prominerit nucleus in the vascular bundles. Note the presence of randomly
distributed starch grains in the cortical cells (x378). B. Transverse section of
the petiole about 100 um from the cut end at day 2. The cells of'the vascular
' pare'nchyma are undergoing random cell divisions (x378). C. Transverse
section of the petiolar cut end at day 5 showing the formation of meristematic
nodules in the peripheral regions (x189). D. Transverse section of the petiolar
cut end at day 7 showingr tﬁe devélopment of an apical meristem at the surface
of the meristematic nodule, indicated by the presence of orgénized dermal
layers (x189). E. TransVerse section of the petiolar cut end at day 11 showing
the dévelopment of a shoot meristem along with leaf primordia (x189). F.
Formation of adventitious shoots from cotyledon explants after 21 days in
culture. The explant was transferred from regeneration medium to hormone

free medium at day 14 (x2).
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3.2 AGROBACTERIUM -MEDIATED TRANSFORMATION
3.2.1 Antibiotic Selection

In most DNA-mediated genetic transformation syétems the proportion of cells
that stably incorporate exogenous DNA is very small. For instance, th'e
frequency at which Brassica rapa protoplasts are transformed by
'Agrobacterium tumefaciens under optimal conditions was found to be
approximately 1 in 10-3 (Ohlson and Erikson, 1988). As a result, it can be
difficult to distinguish the -progeny of transformed cells from the progeny of
untransformed cells. One way around this problem is to inclyde in the foreign
DNA a gene which will confer a selective adyantage to the transformed cells
relative to the untransformed cells (i.e. a selectable marker gene). The selective
advantage is a result of the transformed cells being able to survive the presence
of a nérmally toxic compouhd because of the presence of the selectable marker

gene.

Two main classes of selectable marker genes are used in plant
transformation studies. One class of gene encodes proteins that detoxify
“antibiotics such as kanamycin (Herrera-Estrella et al;, 1983B), hygrolmyc':in B
(Waldron et al., 1985), methotrexate (Hauptmann et al., 1988), gentamydin
(Hayford et al., 1988), and bleomyein (Hille et al., 1986). Another class of genes
confer tolerance to herbicides such as phosphinotricin (DeBlock et al., 1987),
the sulfonylureas (Haughh et al, 1988) and 2, 4-D (Streber and Willmitzer,
1989). The most common selectable hiarker gene in use for plant
transformation studies is the gene from transposon 5 (Tn5) of Escherichia coli

strain K12 encoding the eniyme commonly known as neomycin
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.phosphotransferase Il (NPT Il) which inactivates the antibiotics kanamycin,
G418 and neomycin by phosphorylation (Flavell et al., 1992). Another common
selectable marker gene that is used when selection on kanémycin is inefficient
(eg. Lloyd et al., 1986) is the gene encoding the enzyme neomycin

phosphotransferase IV (NPT IV) which inactivates the antibiotic hygromycin.

Prior to conducting experiments involving transformation of the plant tissue,
it was necessary to ascertain what concentration of the selection agent is
required for toxicity to the plant cells. Therefore, dose response experiments
were carried out to ascertain the sensitivity of Brassica rapa cotylédonary
petiole explants to the antibiotics kanamycin and hygromycin. Explants were
cultured on regeneration medium for 4 days before being placed on
regeneration medium supplemented with 500 mgL-1 carbenicillin and various
concentrations of kanamycin sulfate or hygromycin B (Boehringer Mannheim).
Carbenicillin was included in the selection medium tormimic conditions that
would be used during transformation experiments. In transformation
experiments with Agrobacterium tumefaciens, carbenicillin is utilized for its
bactericidal activity in order to prevent bacterial growth from dominating the
culture medium. Carbenicillin has been shown to be non-toxic to plant cells; a
probable result of its spééiﬁc acﬁon on components of the bacterial cell wall

which do not exist in plant cells (Pollock et al., 1983).

The production of both shoots and roots declined sharply when placed on
10 mgL-1 kanamycin (Figure 14). Shoot and root production did not decrease
significantly from the values at 10 mgL-1 up to kanamycin concentrations of 50

mgL-1. All expanded regenerated shoots underwent chlorosis (or bleaching)
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Figure 14. Regeneration of shoots (M) and roots ([J) from cotyledon
explants of Braséica rapa cv. Tobin on regeneration medium supplemented
with various concentrations of kanamycin. Columns with similar letters are not
| signiﬁcantly different at P = 0.05 (Tukeys Multiple Comparison Test). Upper

- case letters compare shoots, lower case letters compare roots.
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on treatment with 10 mgL-! kanamycin. These shoots lost all pigmentation
within 10 days of the regeneration on applied selection. All subsequent
selections during transformation experiments were performed at 20 mgL-1

kanamycin.

Hygromycin was a very potent inhibitor of shoot and root regeneration in this
system (Figure 15). Shoot formation dropped dramatically at 5 mgL-1
hygromycin and was completely suppressed at 10 mgL-1. Root formation was
less sensitive to the presence of hygromycin than shoot formation but was

completely suppressed on treatment with 20 mgL-1 of the antibiotic.
3.2.2 Transformation Experiments

~ Initial tranéformation experiments applied the successful regeneration
system of Brassica rapa described above to the protocol of Moloney et al.
(1989). Ali regenerated shoots were bleached indicating that they were not
stably trénsformed. Standard conditions for this protocol included no
preculturing of the explants, a three day co-cultivation 6f explants with
Agrobacterium tumefaciens , and no hse of either a feeder iayer or chemical
stimulators of Agrobacterium virulence (eg. acetosyringone; Stachel et al,,
1985). Therefore, several modifications of the procedure were tested for their

effect on transformation.

Certain plant Compounds that are released from cells upon wounding (eg.
acetosyringone) have been found to induce transcription of Agrobacterium
tumefaciens virulence genes that are essential for transformation of the plant

cells (Stachel et al., 1985). Also, it has been found that transformation
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Figure 15. Regeneration of shoots (M) and roots ([1) from cotyledon
explants of Brassica rapa cv. Tobin on regeneration medium supplemented
with various concentrations of hygromycin. Columns with similar letters are not
'signiﬁ'cantly different at P = 0.05 (Tukeys Multiple ‘Comparison Test). Upper

case letters compare shoots, lower case letters compare roots.
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Figure 16. Regeneration of shoots (H) and roots (AE]) from‘4, 5 orr6 day old
- cotyledon explants of Brassica rapa cv. Tobin treated with Agrobacterium
tumefaciens étrain EHA101 x 783 grown in the presence (+) or absence (-) of
aéetosyringone. Columns with similar letters are not significantly different at P
= 0.05 (Tukeys Multiple Comparison‘Test). Upper case letters cbmpare shoofs,

lower case letters compare-roots. -
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efficiencies can be enhanced by the addition of acetosyringone prior to
(Sheikholeslam and Weeks, 1987) or during (Owens and Smigocki, 1988) -
cocultivation. The use of acetosyringone (20 uM) in the Agrobacterium growth
medium did not result in the production of transgenic shoots and actually
- caused a reduction in shoot production in most ca.sesr(Figure 16). This was
- often the result of a high incidence of bacterial growback on plates containing
explants that were exposed to acetosyringone-treated Agrobacterium .
Agrobacterium grown under inducing conditions may have been more
proliferative resulting in a higher inoculum used for transformation. As a
consequence, it would be more likely that a low frequency spontaneous
mutation conferring resistance to carbenicillin could appear. This phenomenon
has been observed before when Agrobacterium was used in concert with
AgNOg (Boulter et al., 1990). Perhaps a different bacteriostatic used alone or in
combination withicarbenicillin could overcome this problem. Figure 16 also
suggests that 4-day-old explants regenerate better than 5- or 6-day old explants

under transformation conditions.

In order to test whether lower concentrations of acetosyringone would
reduce thé growback problem while still having an effect on transformation
efﬁciency, a range of acetosyringone concentrations were added to the
Agrobacterium growth medium (Figure 17). An AS concentration of 5 #M had
much less of a detrimental effect on regeneration than did higher
concentrations. Treatments containing 10 pM or 20 uM AS in the
Agrobacterium growth medium again resulted in much bacterial growback and
a consequent reduction in regeneration. In this experiment, some shoots

remained unbleached after at least 3 weeks on selection medium and were
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Figure 17. Regeneration of shoots (M), green shoots (F]) and roots ()
from 4 day old cotyledon explants (with 1 day of preculture) of Brassica rapa cv.
Tobin treated with Agrobacterium tumefaciens strain MP90 x ITG?15 grown in
~ the presence of 0, 5, 10 or 20 uM acetosyringone. Columns with similar letters
are not significantly different at P = 0.05 (Tukeys Multiple Corﬁparison Test).
Upper case letters compare shoots, lower case letters compare roots, upper

case outlined letters compare antibiotic resistant shoots.
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Figure 18. Regeneraﬁon of shoots (M) and roots ([1) from 4 or 5 day old
‘c‘otyleddn explants of Brassica rapa cv. Tobin treated with Agrobacterium
tumefaciens strain EHA101 x 783. '+'= 1 day preculture. Columns with ‘simil.ar
letters are: not significantly-different at P = 0.05 (Tukeys Multiple Cdmparison

Test). Upper case letters compare shoots, lower case letters compare roots.
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retained for further analysis to determine whether they were transformed.

The effect of preculturing explants before exposure to Agrobacterium on the
regeneration of shoots is shown in Figure 18. Precultured 4-day-old explants
treated with EHA101 x 783 produced more shoots than either non-precultured
4-day-old explants or non-preculiured 5-day-old explants that had undergone
the same treatment. This indicates that a one day preculture period in the
transformation protocol decreases the detrimental effects of Agrobacterium
exposure on the ability of the explants to produce shoots. However, because
meristematic nodules arise quickly with these explants (Figure 13), preculturing
could deprive Agrobacterium of access to potentially regenerable cells. Also,
as was seen in the regeheration experiments, the ability of the explants to -

produce shoots declines with the age of the explant.

To test whether longer periods of preculture would have a beneficial effect
on shoot regeneration and/or transformation, explants were treated to 1, 2 or 3
days of preculture on regeneration medium before being exposed to
Agrobacterium (Figure 19). In this case, regeneration was highest after 2 days
of preculture. However, the proportion of antibiotic-resistant tissue was greatest
after only one day of preculture indicating that a preculture longer than one day |
was detrimental to transformation of cells (the correlation between antibiotic

resistance and transformation is discussed below).
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Figure 19. Regeneration of shoots (M) and persistence of antibiotic resiétant |
calli (B) from 4 day old cotyledon explants of Brassica rapa treated with
Agrobacterium tumefaciens after 1, 2 or 3 days of préculturing. Colurﬁns with
similar letters are not significantly different at P = 0.05 (Tukeys Multiple
Comparison Test). Upper case letters compare shoots, lower case letters

compare calli.
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- Figure 20. Regeneration of shoots (H), green shdbts ([4) and persistence of
antibiotic resistant calli (B) from 4 day old cotyledon explants of Brassica rapa
treated with Agrobacterium tumefaciens strain EHA101 x 783 for 3,4o0r5 days

| of éocultivation. Columns with similar letters are not sigriificahtly differentat P =
0.05 (Tukeys Multiple Comparison Test). Upper case letters compare shoots,
lower case letters compare calli, upper case outlined letters compare antibiotic

resistant shoots.
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- Another factor that may affect the efficiency of transformatién by
'Agrobacterium is the length of time that the explant is cocultivated with the
bacteria before a bacteriostatic agent is applied. This factor was tested for its
effect on regeneration and/or transformation of Brassica rapa (Figure 20). The
duration of cocultivation did not dramatically affect regeneration from explants
treated with Agrobacterium. However, it did have an effect on the recovery of
antibiotic resistant shoots from these explants. Green shoots were more
“numerous from 3-day cocultivated explants than from 4- or 5-day cocultivated
explanté. Total production of antibiotic resistant tissue (i.e. the sum of shoots

and callus), though, was not affected by duration of cocultivation.

If access by Agrobacterium to the regenerable tissue in the explant is a
limiting factor in the production of transgenfc shoots, then prolonging the initial
exposure of the explant to the bacterium or increasing the infiltration of the
tissue by the bacterium could have an effect on transformation efficiency. This
was tested by submerging the cut end of the cotyledonary petiole in the
Agrobacferium suspension for 5 minutes and performing the incubation under
vécuum (Figure 21). Vacuum infiltration and subsequent co-cultivation
increased the percentage of antibiotic resistant tissue and green shoots arising

from explants.

In order to test whether the orientation of the marker gene within the T-DNA
or the strength of the promoter driving expression of the marker gene had an
effect on transformation, a series of related binary vectors (the pCGN-1500
series) were used in transformation experiments with Brassica rapa‘ (Figure

22). All vectors were capable of producing green shoots. Also, there was no
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Figure 21. Regeneration of shoots (l) green shoots ([4) and persistence of
antibiotic resistant calli (E) from 4 or 5 day old cotyledon explants of Brassica
rapa . Explants were treated with Agrobacterium tumefaciens strain EHA101 x
' CagAMVGNJ 548 under standard conditions (4, 5 day) or for 5 minutes under
vacuum (5v). Columns with similar letters are not sighiffcantly different at P =
0.05 (Tukeys Multiple Comparison Test). Upper case letters compare shoots,
lower case letters compare calli, upper case outlined letters compare antibiotic

resistant shoots.
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significant difference between the CaMV35S promoter and MAS promoter with
respect to their ability to produce green shoots (10.8 2.9 S.E.vs 9.7 £ 1.2 S.E.
‘ respectively averaged over all vectors). Similar results were obtained with B.
napus hypocotyl explants (Harpster et al., 1988). While vector pCGN-1559
produced significantly more shoots than the other vectors, none of these proved
to be transformed (see below). It has been shown that DNA introduced into
plant cells via Agrobacterium is preferentially integrated into actively
transcribed genomic regions (Koncz ef al., 1989; Herman et al., 1990). It has
also been shown that transcriptional readthrough actively interferes with the
expression of a downstream gene in an opposite orientation in transgenic
plants (Ingelbrecht et al., 1991). Thérefore, the orientation of the marker gene
within the T-DNA could affect its expfession once it is integrated into the plant
genome. In addition, the 'strength’ of the promoter that directs expression of the
marker gene may have an effect on transformation efficiency. The CaMV 358
promoter has been shown to direct gene expression at higher levels (20-30
'fold) than both the NOS promoter (Sanders et al., 1987; Harpster ef al., 1988)
and the MAS promoter (McBride and ‘Summerfelt, 1990). This could be

important if a 'position effect’ on thé integrated DNA is strong.

This effect, whereby the expression of foreign genes is influenced by their
chromosomal location (which has been demonstrated in animal cells; Al-Shawi
et al., 1990) might be related to chromatin structure and/or to the location of
endogenous promoters/enhancers close to the integration site (see above).
The position effect has been invoked as one possible reason to explain the
clonal variation (up to 200 _fold) in the level of foreign gene expression usually

observed between individual transformants (Weising et al., 1988). If the effect is
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| Fig:ure 22, Regeheration of shoots (M) and green shoots (F4) from 4 day old
cotyledon explants (with 1 day precultUre) of Brassica rapa treated with a
~variety of pCGN vectors.  Columns with similar letters are not significantly
different at P = 0.05 kTukeys Multiple Comparison Test). Upper case letters

compare shoots, Uppér case outlined letters compare antibiotic resistant shoots.
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analogous to that seen in animal cells, then weaker promoter elements will be
more susceptible to position effects than stronger promoters (Walden and
Schell, 1990).

3.3 TESTING OF PUTATIVELY TRANSFORMED TISSUE

All shoots surviving selection for at least one month were tested for the
presence of NPT Il activity. All shoots tested were negative in this test. This |
could indicate that either the shoots were not transformed, the level of NPT I
expression was below the detection level of this test, that chimaeric
transformants had been prodUced, or that the shoots were transformed but the
'transferred genes had become inactive. A more sensitive test for NPT Il activity
is the leaf disc assay (De Block ef al., 1989). By placing leaf explants from
putatively transformed tissue onto media that induces callusing (in this case,
MSBN) supplemented with 50 mgL-1 kanamycin, even low levels of NPT II
activity allow transformed tissue to survive. Leaf explants frorﬁ three randomly
chosen regenerants that had survived selection were tested for their callusing
ability on selection medium. No callusing from these explants from any of the

three plants was observed and all tissue turned yellow.

Another possible explanation for the presence of antibiotic resistant, NPT Il
negative shoots is that the NPT Il gene is present but has stopped being
expressed in the shoots surviving selection. This has been shown to occur with
- the nopaline synthase gene in the case of Brassica napus transformation (Fry
et al., 1987). In order to test this hypothesis, PCR was performed. The reaction

amplified a band of appropriate size from DNA of many of the putatively
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Figuré 23 Separation 'Ao.f ’PCR'V bfoducts following amplification. PCR
conditions are as in Materials and Methods. Lanes 1-7, 11, 12 and 14 contain
PCR products from individual putatively transformed plants of Brassica rapa .
Lane 8 contains PCR product from 1 ng of pCGN50 (pbéitive control). Lane 9
cohtains 1 ng of pCGNSO. Lane 10 bontains PCR product from untransformed
Brassica napus | (negative control). Lane 13 contains PCR product from B.
‘napus callus known to have been transformed with the oncogenici
Agrobacterium strain A281 x 200. The expected PCR product (730 bp) is

- indicated with an arrow.
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Figure 24. Southern blot analysis of separated PCR products. Lanes 1-7, 11,
12 and 14 contain PCR products from individual putatively transformed'plants of
Brassica rapa . Lane 8 contains PCR product from 1 ng of pCGN50 (positive

control). Lane 9 contains 1 ng of pPCGN50. Lane 10 contains PCR product from

. untransformed Brassica napus (negative control). Lane 13 contains PCR

'product from B. napus callus k'nown to have been transformed with the
oncogenic Agrobacterium strain A281 x 200. The expected PCR product (730

bp) is indicated with an arrow
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transformed plants. However, since other bahds were also present (Figure 23),
the PCR amplifications were subjected to a Southern blot in order to confirm the
identity of the bands. This test indicated that the émplified bands did not
represent the NPT Il gene (Figure 24). Therefore, this test was rinconclusive for
determining the presence/absenée of the transgene. Based on rprevious results
though, (Fry et al., 1987;. McCormick et al., 1986), one would not expect all

transformed regenerants to have had their fransgene's expression turned off.

There are two possible explanations for the appea:rancé of apparenﬂy
kanamycin-resistant shoots from explants treated with Agrobacterium . : Either
these shoots represent 'escapes' in that they are resistant to the levelrof
antibiotic used in these experiments without being transformed 6r they are able
to survive selection because the antibiotic is being detoxified in the vicinity
through the presence of transformed callus. As no green shoots were observed
when regeneration occured from explants under selection that had not been
exposed to Agrobacterium , it seemed the latter possibility was more likely. To
test this possibility, calii originating from the cut petiolar end of the explant that
~ remained green for at least one month under selective cohditions were assayed
for the presence of NPT Il activity. Twelve randomly selected calli were tested
- (Figure 25). All the calli except two gave a strong positiVe signal and those two
gave a weak positive signal for NPT Il activity. That the plant tissue tested
represented axenic material wés demonstrated by a lack of bacterial growth

upon placing the calli on plates containing a rich bacterial growth medium (LB).
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Figure 25. NPT Il dot blot assay of tissue extracts of Brassica rapa. Row A
(+) represents reactions that contained kanamycinwhile Row B (-) represents
reactions that did not contain kanamycin. Lanes 1-12 contain extracts from
kanamycin resistant calli that had been treated with Agrobacterium tumefaciens.
Lanes 1,2,6,9,10 and 12 were treated with strain EHA101 x pCapAMVGN-1548,
The remainder were treated with EHA101 x pCGN-783. Lane 13 (-C) contains
untransformed Brassica napus leaf tissue extract . ‘Lane 14 (+C) contains
extract from transformed B. napus crown gall tissue containing a kanamycin -

resistance gene.
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4.1 REGENERATION

B. rapa has consistently proven to be one of the 'most recalcitrant of the
Brassica species with respect to shoot regeneration in vitro (Dietert et al.,
1982; Dunwell, 1981; Glimelius, 1984; Jain ef al., 1988; Murata and Orton,
1987; Narasimhulu and Chopra, 1988). Amongst various explants tested, shoot
bud regeneration from cotyledons appears to have been the most effective to
date. Narasimhulu and Chopra (1988) found an optimal regeneration from one
subspecies of B. rapa tested (ssp. jéponioa 32%) using similar media and
hormone combinations as were used here. Also, Jain ef al. (1988) found auxin
in the media to be essential for regenerétion of shoots from cotyledon explants
of B. rapa (up to 18%). They noted, however, that BA was an ineffective
cytokinin in this regard. The differences in regeneration reported in these two
studies could be due to variations in culture conditions, preparation of the

explant, 6r the genotype.

These results and those presented heré are indicative of the need for
exogenous auxins in the regeneration medium for B. rapa. This does not
appear to be a requirement for shoot regeneration in somé of the less
recalcitrant members of the genus such as B. napus (Moloney et al., 1989), B.
juncea (Sharma et al., 1990) and B. carinata (Jaiswal et al.,, 1987). It was
surprising to find that increasing the auxin concentrations in the media caused a
reduction in the frequency of root formation while increasing the frequency of
shoot formation (Figure 2). This is in contrast to what one rhight have expected
based on the classical findings of Skoog and Miller (1957) on organogenesis in

tobacco. However, as has been pointed out before (Thorpe, 1980), it is the
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endogenous auxin-cytokinin balance which is important for the initiation of

organogenesis.

The previbus'use of cotyledonary explants from B. rapa resulted in callus
formation and shoot regeneration from all parts of the explant including non -
wounded surfaces (Chi and Pua, 1989). In the material described here the
' rege:neration occurs only at the cut end of the explant (i.e. at the base of the
petiole; see Figure 13). The regeneration occurs with a minimum of callus
formation and is very rapid (2 - 3 weeks). It is clear that the method described
here may be useful for' a wide variety of genotypes, although slight
modifications may be necessary to optimize it for certain genotypes (eg. R-500).
Generally, B. rapa regeneration has displayed a high degree of genotype
specificity (Jain et al.,, 1988), which limits the number of varieties that can be

routinely manipulated.

Previous work with B. napus , (De Block ef al., 1989) B. oleracea (Sethi et al.,
1990; Williams et al., 1990), B. juncea (Chi et al., 1990) and B. rapa ssp.
chinensis (Chi and Pua, 1989; Chi et al., 1991) demonstrated a significant
improvement in regeneration rates in a variety of explant types with inhibitors of
ethylene action. In our system, the use of Ag+ ions ap;;eared to reduce overall
yield of shoots, to result in the formation of shoots with an aberrant morphology
and to increase callus pro'duction’ at threr cut end of the explant. As no dose
response experiments were done on the effect of different AgNOj
concentrations on regeneration, the amount used here may have been

supraoptimal. In fact, the AgNO3 concentration used here was higher than that
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used in most studies involving Brassica species. However, thé use of AgNOg3
has also been found to inhibit shoot formation (eg. B. oleracea : De Block et al.,
1989) and in other systems ethylene has been shown to be essential for
organogenesis (Kumar ef al., 1987; Van Aartrijk ef al., 1985; Cornejo-Martin et
al., 1979). |

It was observed that the infensity of light under which explants are
incubated has an effect on the regenefation frequency. " Another photo-regime
that has been shown to affect regeneration is the use of continuous illumination
for the incubation of explants. Relative to a 16 hour photoperiod, this regime
resulted in enhanced regeneration and the absence of premature flowering
amongst reg‘enerated plants (Jain et ral., 1988; Radke ef al., 1988). Premature
flowering was often encountered with the B. rapa regenerants and was

routinely discouraged by manual pruning.

As was observed previously in B. juncea (Sharma and Bhojwani, 1990),
multiple shoot differentiation in B. rapa was also preceded by the formation of
multiple meristematic nodL;les. THese nodules, which formed within 2 days of
culiure, originated from the meristematic activity of vascular parenchyma cells
within 100 um of the cut end of the petiole. Such proximity to the cut surface
would favour easy access of Agrobacterium to the meristematic cells during the
initial, co-cultivation stége of a transfo‘rmation protocol. Therefore, the system
described here should lend itself readily to the transformation procedure of

Moloney ef al. (1989) which also uses cotyledonary petioles as the explant.

The cotyledonary petiole regeneration system described here has been

~ shown to be efficient with other species of the Brassica genus (see above) and
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has been shown to be susceptible to Agrobacterium mediated transformation.
Therefore, this system holds promise as a generally applicable regeneration
system for Brassica that can also be used to genetically engineer the genus.
This would allow rapid dissemination of valuable agronomic traits through
transformation into the many important agricultural crops included in this

genus.

In addition, this regeneration system could be useful for elucidating the
molecular basis of differentiation. It has been found by classical genetics and
Iinkége analysis studies that the number of genes controlling regeneration is
rather limited (Peng and Hodges, 1989; Willman et al., 1989; Koorneef et al.,
1087) and that both nuclear and cytoplasmic genes are involved. The isolation
| and charabterization of these genes could yield insights into important steps in
plant cell development both in vitro and in vivo (Jacobsen, 1991). A
regeneration system that will not rege‘nerate under conditions where a single
factor is changed (eg. a phytohormone) provides the opportunity to characterize
these genes at the molecular level through differential screening of cDNA
libraries. This approach would allow the correlation of specific and differential
behaviors at the biochemical and molecular level with a morphogenic
response. Insights gained in the process could change plant tissue and cell

culture to a more predictive and less empirical science (Jacobsen, 1991).
4.2 TRANSFORMATION

The present study was-unsuccessful in obtaining transformed, regenerated

shoots from cotyledonary explants of B. rapa. Transformed tissue was obtained



99

and regeneration of shoots after cocultivation was observed. However,
'transformation and regeneration remain as two distinct‘events from this tissue
and further work is required in order to integrate these events for the production
of transgenic plants. A similar situation has been observed with dry bean
(Phaseolus vulgaris ; McClean et al., 1991), grapevine (Vitus vinifera ; Colby et
al., 1991), primary explants of sugarbeet (Beta vulgaris ; D'Halluin et al., 1992)

“and with many monocot species (Potrykus, 1990).

Nevertheless, the production of transformed callus can be used as a system
to determine factors influencing transformation (Lulsdorf et al. , 1991). Since it
was shown that antibiotic resistant callus represented transformed cells (Figure
25) and that green regenerated shoots were always accompanied by antibiotic
resistant callus, the amounts of these tissues produced during the different
treatments can serve as an indicator of the relative effectiveness of each

treatment in transforming B. rapa cotyledonary petiole cells.

The use of acetosyringone-induced Agrobacterium did not result in
e‘nhénced transformation frequencies (Figures 16 and 17). This was also
observed with transformation of B. napus cotyledonary petioles (Moloney et al.,
1.989). Owens and Smigocki (1988) observed that acetosyringone (AS) was
ineffective in enhancing transformation frequencies of soybean cotyledon
explants when used on the highly virulent L,L-succinamopine Agrobacterium
strain A281 (which is the oncogenic equivalent of the strain used here, EHA101;

Hood et al., 1986). This was ascribed to the fact that several vir genes in strain
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A281 have been shown to be expressed at much higher levels in response to
AS than were the same genes in an octopine strain of Agrobacterium (Jin et al.,
1987). Therefore, induction of virulence in A281 type strains is very efficient
and the amounts of vir -inducing compounds produced by the wound surface of
the explant could be sufficient for maximal induction of these strains. This may
also be the case for nopaiine stréins (Figure 17). In fact, the use of AS has
been shown to reduce transformation frequencies in sofne cases (Godwin et al.,
1991). ' ’

As was observed for regeneration alone, regeneration under transformation
conditions decreased with increased explant age (Figure 16). However,
regeneratioh could be increased when the explant was cultured for 1 day
before being exposed to Agrobacterium (Figure 18) and increased even further
upon 2 days of preculture (Figure 19). As the further increase in regeneration
encountered with 2 days of preculture was accompanied by a reduction in
transformed callus production, a 1 day preculture was deemed optimal. A
“reduction in transformation frequency caused by preculturing explants before
exposure to Agrobacteriu:ﬁ has also been observed with pea callus (Lulsdorf et
al., 1991). However, some. systems require longer precultures for efficient
transformation (eg. flax (Linum usitatissimum ) requires 9-12 days of preculture

for efficient transformation, McHughen et al., 1989).

The length of time that an explant is cocultivated with Agrobacterium has
been shown to affect the efficiency of transformation. For B. napus hypocotyl
explants the frequency of shoot regeneration decreased slightly with a

cocultivation regime of 48 or 72 hours as compared to a 24 hour regime but
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transformation efficiencyﬂ was greatest with a 48 hour regime (Radke et al,, -
1988). A 2 day cocultivation period was also found to be optimal for
transformation of B. napus thin cell layer explants (Charest ef al., 1988).
However, longer cocultivation times have resulted in iricreased transformation
frequencies in other species (eg. carnation (Dianz‘hus caryophyl/qs L.), Lu et al.,
1991; a highly embryogenic genotybe of alfalfa (Medicago varia ), Chabaud et

al., 1988; and Kalanchoe laciniata , Jia et al., 1989).

Vacuum infiltration of explénts resulted in a significant increase in shoot
production, green shoot production and NPT I positivel callus relative to the
non-infiltrated control (Figure 21). This indicates that infiltration may increase
access to wounded cells by Agrobacterium , resulting in a higher transformation
efficiency. This higher transformation ffequericy is accompanied by an increase
in shoot formation iﬁdicating that the presence of transformed cells may
facilitate the de novo formation of shoots under selection cbnc;litions. However,
the greater access to the target tissue did not result in the production of
transformed shoots. Therefore, it would appear that access to organogenically
competent cells by Agrobacterium is not the limiﬁng factor for tﬁe production of
transgenic shoots from this system and that the transformed cells provide 'cross-
protection' from the antibiotic to nearby cells that are organogenically
competent. This phenomenon has been observed with other systems. With the
leaf disc procedure (Horsch et al., 1985) some shoots that regenerate under
selective conditions do not contain T-DNA or the inserted DNA has lost
expression of the gene during development. In this case, the problem was dealt

with by subjecting regenerated shoots to a second round of selection during
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rooting. However, if any basal callus tissue remains on the shoots then rooting

can still occur (Jordan and McHughen, 1988).

rln Melon (Cucumis nﬁelo L.) transformation, regeneration from cotyledon
explants is efficient under transformation conditions (26%-78%) but only about
4% of the explants give rise to transgenic plants (Dong et al., 199"1). Also, in
this study it was found that the proportion of regenerated shoots fhat were
transformed was highest when selection was applied immediately after
cocultivation. This proportion became lower when when selection was applied
after two weeks and was the lowest when no selection was applied at all. Frorﬁ
these data, the authors concluded that transformed cells had to compete with
non-transformed cells in differentiation, possibly due to cross-protection of the

non-transformed cells.

It has been found through metabolic studies that organogenesis is an
energy intensive process r.esulting. in higher rates of respiration and a greater
utilization of reducing power (NADPH) and ATP as compared to non-
organogenic tissue. (Thorpe, 1980). This also seems to be the case for
organogenesis from cotyledonary petioles, as evidenced by the rapid
mobilization of starch “from both the petiole and the cotyledon during shoot
formation from these tissues of B. juncea (Sharma and Bhojwani, 1990). If
transformed and non-transformed cells are competing for limited resources for
differentiation, transformed cells may be at a disadvantage during selective
~ conditions. Although the transformed cells are able to withstand the presence
of kanamycin in the medium, this carries a high metabolic price since ATP is

required to detoxify the antibiotic. This would divert ATP from other uses which
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may include organogenesis. Meanwhile, neighboring organogenically
competent cells may have their immediate surroundings detoxified of the
~ antibiotic at no metabolic cost to themselves. This would leave more of their
metabolic resources intact for other purposes, including organogenesis.
Therefore, if selection with kanamycin was delayed until after a critical energy
intensive phase of differenﬁaﬁon, ‘transformed cells would be on a more even

footing, with respect to energy utilization, compared with non-transformed cells.

Delayed selection has been employed in other transformation systems. It
was found for the transformation of tomato stem segments that when kanamycin
selection was applied at the shoot development stage of regeneration,
transf‘ormation efficiency improved significantly over that obtained with
immediate selection (Chyi and Phillips, 1987). Also, transformed B. napus
shoots were obtained from transverse segments of inflorescence stalks when
kanamycin selection was delayed for 2 weeks (Boulter ef al., 1990). Delayed
selection was also employed for the transformation of B. napus hypocotyl
explants (Radke et al., 1988) and for the transformation of leaf éxplants from
potato (Higgins et al., 1992). A deiay in the addition of kanamycin to the culture
medium could have the additional benefit of avoiding the presence of the
kanamycin breakdown product, phenylacetic acid, which is a physiologically
active auxin (Holford and Newbury, 1992) and therefore could interfere With the |

shoot regeneration response under selective conditions.

In addition to their effect on regeneration, as discussed in section 4.1, silver
compounds can also influence transformation efficiency. While the use of

- AgNOg did not stimulate regeneration from cotyledonary petiole explants (Table
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1), this compound could have an effect under transformation conditions.
DeBlock et al. (1989) found that for B. oleracea regeneration from hypocotyl
explants was more efficient under non-selective conditions in the absence of
AgNOg. However, under selective conditions, the addition of AgNO3 was a
prerequisite for obtaining transformed shoots. The authors hypothesize that this
compound may stimulate non-meristematic transformed cells to regenerate. It
has been argued that meristematic cells may not be suscepﬁble to integrative
transformation (Potrykus, 1991). Higgins et al. (1992) found that the inhibition

of ethylene perception by silver thiosulphate (STS) increased the |
transformation frequency of potato leaf explants. These workers hypothesized
that the interference with ethylene responsé could reduce the induction of a
pathogen defence response and therefore overcome resistance in the plant to
Agrobacterium infection. Therefore, experiments with inhibitors of ethylene
action under selective conditions could have an effect on the recovery of

transgenic tissue from B. rapa cotyledon explants.
4.3 SUMMARY AND FUTURE PROSPECTS

A regeneration system has been developed for Brassica rapa (ssp. oleifera)
that is generally"applicable to many Canola varieties and, with mindr‘
modifications, to non-Canola varieties of this subspecies. The protocol requires
the use of young seedling tissue (4 day old‘cotyledonary‘petioles), and a
" combination a cytokinin (BA) and and auxin (NAA) on MS medium. Incubation
under a relatively low light intensity (30-40 nEm-2s-1) was beneficial and the
use of ethylene inhibitors was detrimental to shoot regeneration from this

system.
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This system was tested for its suitability to be modified as a transformation
protocol using Agrobacterium tumefaciens . Transformed tissue was obtained
and regenerated shoots were associated with transformed callus, but
tranéformaﬁon and regeneration remain as distinct processes from this tissue.
In addition to the modifications discussed above (Section 4.2), other parameters

remain to be tested with this protocol :

1) When cocultivation is performed in the presence of a nurse culiure (i.e.
an aliquot of suspension culture cells overlaying the agar medium),

transformation frequencies have been shown to increase (Klee et al., 1987).

2) It has been shown that the efficiency of transformation of a given host
is influenced by both the genotype of the plant and the strain ef Agrobacterium
used (Hobbs et al.,, 1989; Charest et al., 1989). Therefore, genotype x strain
interactions should be tested for their effect on the recoVery of transgenic tissue

and transgenic shoots.

3) If the recovery of transformed shoots from the cotyledonary petiole
rregeneratlon system described here remains problematic, then other explants
that have been shown to be amenable to Agrobacterium-mediated
transformation should be tested for their ability to provide transgenic B. rapa
plants. Other members of the genus Brassica have been transformed using
stem explants (B. napus : Pua et al., 1987; Fry et al., 1987) or thin cell layer
explants (B. ‘napus : Charest et al;, 1988). Hypocotyl explants have also -
provided transgenic shoots from a number of Brassica species V(B. napus :
‘Radke et al., 1988; De Block et al., 1989. B. juncea : Barfield and Pua, 1991. B.

oleracea and B. rape : De Block et al., 1989).



106

BIBLIOGRAPHY



107

Ahrens, W.H., D.J. Cox and G. Budhwar. 1990. Use of arcine and square root
transformations for subjectively determined percentage data. Weed Science
38 : 452-458.

Al-Shawi, R., J. Kinnaird, J. Burke and J.O. Bishop. 1990. Expression of a
foreign gene in a line of transgenic mice is modulated by a chromosomal
position effect. Molecular and Cellular Biology 10 : 1192-1198.

Ammirato, P.V. 1983. Embryogenesis. in Evans, D.A., W.R. Sharp, P.V.
Ammirato and Y. Yamada (eds.). Handbook of Plant Cell Culture. Volume 1.
Techniques for Propagation and Breeding. Macmillan. New York. pp. 82-
123.

Anand, 1.J., J.P. Singh and R.S. Malik. 1985. B. carinata - A potential oil seed
crop for rainfed agriculture. Cruciferae Newsletter 10 : 76-79.

Babic, 1. 1991. Overexpression of wild type and mutated forms of a Brassica
napus acetolactate synthase gene for herbicide resistance in Brassica
napus . MSc Thesis, Department of Biological Sciences, The University of
Calgary. ‘

Barfield, D.G., and E.-C. Pua. 1991. Gene transfer in plants of Brassica juncea
using Agrobacterium tumefaciens -mediated transformation. Plant Cell
Reports 10 : 308-314.

Bevan, M.. 1984. Binary Agrobacterium vectors for plant transformation. Nucleic
Acids Research 12 : 8711-8721. '

Beyer, E.M. Jr. 1976. A potent inhibitor of ethylene action in higher plants. Plant
Physiology 58 : 268-271. | '

Boulter, M.E., E. Croy, P. Simpson, R. Shields, R.R.D. Croy and A.H. Shrisat.

- 1990. Transformation of Brassica napus L. (Oilseed Rape) using
Agrobacterium tumefaciens and Agrobacterium rhizogenes - A comparison.
Plant Science 70 : 91-99. '



108

Chabaud, M., J.E. Passiatore, F. Cannon and V. Buchanan-Wollaston. 1988.
Parameters affecting the frequency of kanamycin resistant alfalfa obtained
by Agrobacterium tumefaciens ~-mediated transformation. Plant Cell Reports
7 : 512-516.

Chaleff, R.S. and T.B. Ray. 1984. Herbicide-resistant mutants from cell cultures.
Science 223 : 1148-1151. )

Charest,P.J., L.A. Holbrook, J. Gabard, V.N. lyer and B.L. Miki. 1988.
Agrobacterium - mediated transformation of thin cell layer explants from
Brassica napus L. Theoretical and Applied Genetics 75 : 438-445.

Charest, P.J., V.N. lyer and B.L. Miki. 1989. Virulence of Agrobacterium
tumefaciens strains with Brassica napus and Brassica juncea . Plant Cell
Reports 8 : 303-306.

Chi, G.-L. and E.-C. Pua. 1989. Ethylene inhibitors enhanced de novo shoot
regeneration from cotyledons of Brassica campesiris ssp. chinensis
(chinese cabbage) In Vitro. Plant Science 64 : 243-250.

Chi, G.-L., D.G. Barfield, G.-E. Sim and E.-C. Pua. 1990. Effect of AgNO3 and
aminoethoxyvinylglycine on in vitro shoot and root organogenesis from
seedling explants of recalcitrant Brassica genotypes. Plant Cell Reports 9:
195-198.

Chi, G.-L., E.-C. Pua and C.-J. Goh. 1991. Role of ethylene on de novo shoot
regeneration from cotyledonary explanis of Brassica campestris (ssp.)
pekinensis (Lour) Olsson in Vitro . Plant Physiology 96 : 178-183.

Chilton, M.-D., T.C. Currier, S.K. Farrand, A.J. Bendich. M.P. Gordon and E.W.
Nestor. 1974. Agrobacterium tumefaciens DNA and PS8 bacteriophage
DNA not detected in crown gall tumors. Proceedings of the National
Academy of Sciences USA 71 : 3672-3676.



109

Chyi, Y.-S. and G.C. Phillips. 1987. High efficiency Agrobacterium - mediated
transformation of Lycopersicon based on conditions favorable for
regeneration. Plant Cell Reports 6 : 105-108. "

Colby, S.M., A.M. Juncosa and C.P. Meredith. 1991. Cellular differences in
Agrobacterium susceptibility and regenerative capacity restrict the
development of transgenic grapevines. Journal of the American Society of
Horticultural Science 116 : 356-361.

. Cornejo-Martin, M.J., A.M. MingoCastel and E. Primo-Millo. 1979. Organ

redifferentiation in rice callus : Effects of CoHy, CO, and cytokinins. Z.
Pflanzenphysiology 94 : 117-123.

Dalta, S.K. and |. Potrykus. 1989. Artificial seeds in barley : Encapsulation of
microspore-derived embryos. Theoretical and Applied Genetics 77 : 820-
824.

Datla, R.S.S., J.K. Hammerlindl, L.E. Pelcher, W.L.Crosby, G. Selvaraj. 1991. A
bifunctional fusion between beta-glucuronidase and neomycin
bhosphotransferase - A broad-spectrum marker enzyme for plants. Gene
101 : 239-246.

Daun, J.K. Composition and use of canola seed, oil, and meal. Cereal Foods
World 29 : 291-296.

- De Block, M., J. Botterman, M. Vandewiele, J. Docky, C. Thoen, V. Gosselé, N.
Rao Mouva, C. Thompson, M. Van Montagu and J. Leemans. 1987.
Engineering herbicide resistance in plants by expressioh of a detoxifying
enzyme. The EMBO Journal 6 : 2513-2518. '

De Block, M., D. De Brouwer and Paul Tenning. 1989. Transformation of
Brassica napus and Brassica oleracea using Agrobacterium tumefaciens
and the expression of the bar and neo genes in the transgenic plants. Plant
Physiology 91 : 694-701.



110

D'Halluin, K., M. Bossut, E.Bonne, B. Mazur, J. Leemans and J. Botterman.
1992. Transformation of sugar beet (Beta vulgaris L.) and evaluation of
herbicide resistance in transgenic plants. Bio/Technology 10 : 309-314.

Dietert, M.F., S.A. Barron and O.C. Yoder. 1982. Effects of genotype on in vitro
“culture in the genus Brassica . Plant Science Letters 26 : 233-240.

Dong, J-Z., M.-Z. Yang, S.-R. Jia and N.-H. Chua. 1991. Transformation of
melon (Cucumis melo L.) and expression from the cauliflower mosaic virus
35S promoter in transgenic melon plants. Bio/Technology 9 : 858-863.

Downey, R.K. 1964. A selection of Brassica campesiris L. containing no erucic
acid in its seed oil. Canadian Journal of Plant Science 44 : 295.

Downey, R.K., A.J. Klassen and G.R. Stringam. 1980 Rapeseed and Mustard. in
Fehr, W.R. and H.H. Hadley (eds.). Hybridization of Crop Plants. American
Society of Agronomy-Crop Science Society of America. Madison,
Wisconsin. pp. 495-509. '

Downey, R.K. and G. Rdbbelen. 1989. Brassica Species. in Rdbbelen, G., R.K.
Downey and A. Ashri (eds.). Oil crops of The world : Their breeding and
utilization. McGraw-Hill. New York. pp. 339-362. -

‘Dunwell, J.M. 1981. In vitro regeneration from excised leaf discs of three
Brassica species. Journal of Experimental Botany 32 : 789-799.

Edwards, K., C. Johnstone and C. Thompson. 1991. A simple and rapid method
- for the preparation of plant genomic DNA for PCR analysis. Nucleic Acids
Research 19 : 1349.

Ellis, J.G., M.H. Ryder and M.E. Tate. 1984. Agrobacterium tumefaciens TR-
DNA encodes a pathway for agropine biosynthesis. Molecular and General
Genetics 195 : 466-473. '

Erickson, L.R., N.A. Straus and W.D. Beversdorf. 1983. Restriction patterns
reveal origins of chloroplast genomes in Brassica amphidiploids.
Theoretical and Applied Genetics 65 : 201-2086.



111

Evans, D.A., W.R. Sharp and J.E. Bravo. 1984. Cell culture methods for crop
improvement. in Sharp, W.R., D.A. Evans, P.V. Ammirato and Y. Yamada
(eds.). Handbook of Plant Cell Culture. Volume 2. Crop Species. Macmillan.
New York. pp. 47-68.

Feinberg, A.P. and B. Voglstein. 1984. A technique for radiolabelling DNA
restriction endonuclease fragments to high specific activity (addendum).
Analytical Biochememistry 137 : 266-267. :

Flavell, R.B., E. Dart, R.L. Fuchs and R.T. Fraley. 1992. Selectable marker genes :
Safe for plants? Bio/Technology 10 : 141-144. '

Flick, C.E., D.A. Evans and W.R. Sharp. 1983. Organogenesis. in Evans, D.A,,
W.R. Sharp, P.V. Ammirato and Y. Yamada (eds.). Handbook of Plant Cell
Culture. Volume 1. Techniques for Propagation and Breeding. Macmillan.
New York. pp. 13-81. ' ‘

Fry, J., A. Barnason and R.B. Horsch. 1987. Transformation of Brassica napus
with Agrobacterium tumefaciens based vectors. Plant Cell Reports 6 : 321-
325.

Garfinkel, D.J and E.W. Nestor. 1980. Agfobacterium tumefaciens : mutants
affected in crown gall tumorigenesis and octopine catabolism. Journal of
Bacteriology 144 : 732-743.

Gill, N.T. and K.C. Vear. 1980. Agricultural Botany. 1. Dicotyledonous Crops.
(3rd ed.). Gerald Duckworth and Co. LTD. London.

Glimelius, K. 1984. High growth rate and regeneration capacity of hypocotyl
protoplasts in some Brassicaceae . Physiologia Plantarum 61 : 38-44.

Glimelius, K., J. Fahlersson, M. Landgren, C. Sjédin and E. Sundberg. 1991.
Gene transfer via somatic hybridization in plants. Trends in Biotechnology 9 :
24-30.



112

Godwin, 1., G. Todd, B. Ford-Lloyd and H.J. Newbury. 1991. The Effects of
acetosyringone and pH on Agrobacterium -mediated transformation vary
according to plant species. Plant Cell Reports 9 : 671-675.

Grimsley, N., B. Hohn, C. Ramos, C. Kado and P. Rogowsky. 1989. DNA transfer
from Agrobacterium to Zea mays or Brassica by agroinfection is dependant
on bacterial virulence functions. Molecular and General Genetics 217 : 309-
316.

Guerche, P., L. Jouamin, D. Tepfer and G. Pelletier. 1987. Genetic
transformation of oilseed rape (Brassica napus ) by the Ri T-DNA of
Agrobacterium rhizogenes and analysis of inheritance of the transformed
phenotype. Molecular and General Genetics 206 : 382-386.

Haas, M. J. and J. E. Dowding. 1975. Ammoglycosnde modlfymg enzymes.
Methods in Enzymology 43 : 611-628.

Harpster, M.H., J.A. Townsend J.D.G. Jones, J. Bedbrook and P. Dunsmuir.
1988. Relative strengths of the 35S cauliflower mosaic virus, 1', 2', and
nopaline synthase promoters in transformed tobacco, sugarbeet and oilseed
rape callus tissue. Molecular and General Genetics 212 : 182-190.

Harrison, B.D., M.A. Mayo and D.C. Baulcombe. 1987. Virus resistance in
transgenic plants that express cucumber mosaic virus satellite RNA. Nature
328 : 799-802.

Haughn, G.W., J. Smith, B. Mazur and C. Somerville. 1988. Transformation with
Arabidopsis acetolactate synthase gene renders tobacco resistant to
sulfonylurea herbicides. Molecular and General Genetics 211 : 266-271.

Hauptmann, R.M., V. Vasil, P. Ozias-Akins, Z. Tabaeizadeh, S.G. Rogers, R.T.
Fraley, R.B. Horsch and LK. Vasil. 1988. Evaluation of selectable markers for
obtaining transformants in the Gramineae . Plant Physiology 86 : 602-606.



113

Hayford, M.B., J.l. Medford, N.L. Hoffman, S.G. Rogers and H.J. Klee. 1988.
Development of a plant transformation selection system based on
expression of genes encoding gentamycin acetyl transferases. Plant
Physiology 86 : 1216-1222,

Herman, L., A. Jacobs, M. Van Montagu and A. Depicker. 1990. Plant
chromosome/marker gene fusion assay to study normal and truncated T-
DNA integration events. Molecular and General Genetics 224 : 248-256.

Herrera-Estrella, L., A. Depicker, M. Van Montagu, and J. Schell.1983A.
Expression of chimaeric genes transferred into plant cells using a Ti-
plasmid-derived vector. Nature 303, 209-213.

Herrera-Estrella, L., M. DeBlock, E. Messens, J.-P. Hernalsteens, M. Van
Montagu and J. Schell. 1983B. Chimeric genes as dominant selectable
markers in plant cells. The EMBO Journal 2 : 987-995.

Higgins, E.S., J.S. Hulme and R. Shields. 1992. Early events in transformation
of potato by Agrobacterium tumefaciens . Plant Science 82 : 109-118.

Hille J., M. Dekker, H.O. Luttighuis, A. van Kammen and P. Zabel.1986
Detection of T-DNA transfer to plant cells by A. tumefaciens Virulence
mutants using agroinfection. Molecular and General Genetics 205 : 411-416.

Hobbs, S.L.A., J.A. Jackson and J.D. Mahon. 1989. Specificity of strain and
genotype in the susceptibility of pea to Agrobacterium tumefaciens . Plant
Cell Reports 8 : 274-277. |

Holford, P. and H.J. Newbury. 1992. The effects of antibiotics and their
breakdown products on-the in vitro growth of Antirrhinum majus . Plant Cell
Reports 11 : 93-96.

Hood, E.E., G.L. Helmer, R.T. Fraley and M.-D. Chilton. 1986. The
hypervirulence of Agrobacterium tumefaciens A281 is encoded in a region
of pTiBo542 outside of T-DNA. J. Bacteriology. 168 : 1291-1301.



114

Horsch, R.B., J.E. Fry, N.L. Hoffman, D. Eichholtz, S.G. Rogers and R.T. Fraley.
1985. A simple and general method for transferring genes into plants.
Science 227 : 1229-1231.

Houck, C.M.. D.K. Shintani and V.C. Knauf. 1988. Agrobacterium és a gene
transfer agent for plants. Frontiers in Applied Microbiology 4. :

Hu, C.Y. and P.J. Wang. 1983. Meristem, shoot tip, and bud culture. in Evans,
D.A., W.R. Sharp, P.V. Ammirato and Y. Yamada (eds.). Handbook of Plant
Cell Culture, Volume 1. Techniques for Propagation and Breeding.
Macmillan Publishing Co. New York.

Hu,C. and P. Wang. 1986. Embryo Culture : Techniques and Applications. in
Evans, D.R., W.R. Sharp and P.V. Ammirato (eds.). Handbodk of Plant Cell
Culture. Volume 4. Techniques and Applications. McGraw-Hill. pp. 43-96.

Ingelbrecht, 1., P. Breyne, K. Vancompernolle, A. Jacobs, M. Van Montagu and
A. Depicker. 1991. Transcriptional interference in transgenic plants. Gene
109 : 239-242. ’

‘Jacobsen, H-J. 1991. Biochemical and molecular studies on plant development
In Vitro . in Biswas, B.B. and J.R. Harris.(eds.). Subcellular Biochemistry.
Volume 17. Plant Genetic Engineering. Plenum Press. New York.

Jain, R.K., J.B. Chowdhury, D.R. Sharma and W. Friedt. 1988. Genotypic and
‘media effects on plant regeneration from cotyledon explant cultures of some
Brassica species. Plant Cell, Tissue and Organ Culture 14 : 197-206.

Jaiswal, S.K., S.S. Bhojwani and Bhatnagar. 1987. In vitro regeneration
potentialities of seedling explants of Brassica carinata A. Braun.
Phytomorphology 37 : 235-241.

Jia, S.R., M.-Z. Yang, R. Ott and N.-H. Chua. 1989. High frequency
transformation of Kalanchoe laciniata . Plant Cell Reports 8 : 336-340.



115

Jin,S., T. Komari, M.P. Gordon and E.W. Nestor. 1987. Genes responsible for
the supervirulence phenotype of Agrobacterium tumefaciens A281. Journal
of Bacteriology 169 : 4417-4425.

Jobling, S.A. and L. Gehrke. 1987. Enhanced translation of chimaeric
messenger RNAs containing a plant viral untranslated leader sequence.
Nature 325 : 622-625.

Jordan, M.C. and A. McHughen. 1988. Transformed callus does not necessarily
regenerate transformed shoots. Plant Cell Reports 7 : 285-287.

Kay, R., Chan, A,, Daly, M. and J McPherson. 1987. Duplication of CaMV 35S
promoter sequences creates a strong enhancer for plant genes. Science
236 :1299-1302. '

Klee, H., R. Horsch and S. Rogers. 1987. Agrobacterium -mediated plant
transformation and its further applications to plant biology. Annual Review of
Plant Physiology 38 : 467-486.

Knauf, V.C. 1987. The application of genetic engineering to oilseed crops.
Trends in Biotechnology 5 : 40-47. ‘

Knowles, P.F. 1989. Genetics and breeding of oil crops. in Rdbbelen, G., R.K.
Downey and A. Ashri (eds.). Oil Crops of the World. McGraw-Hill Inc. New
York. pp. 260-282.

Koncz, C. and J. Schell. 1986. The promoter of TL-DNA gene 5 controls the
tissue-specific expression of chimaeric genes carried by a novel type of
Agrobacterium binary vector. Molecular and General Genetics 204 : 383-
396. ’

Koncz, C., N. Martini, R. Mayerhofer, Z. Konz-Kalman, H. Koérber, G.P. Redei and
J. Schell. 1989. High-frequency T-DNA-mediated gene tagging in plants.
Proceedings of the National Academy of Sciences USA 86 : 8467-8471.

Koorneef, M., C.J. Hanhart and L. Martinelli. 1987. A Genetic analysis of cell
culture traits in tomato. Theoretical and Applied Genetics 74 : 633-641.



116

Kriz, A.L. and B.A. Larkins. 1991. Biotechnology of seed crops : Genetic
~engineering of seed storage proteins. HortScience 26 : 1036-1041.

Kumar, P.B.A.N., K.R. Shivanna and S. Prakash. 1988. Wide hybridization in
Brassica. Crossability barriers and studies on the hybrid and synthetic
amphidiploid of B. fruticulosa x B. campesiris . Sexual Plant Reproduction 1:
234-2309.

Kumar, P.P., D.M. Reid and T.A. Thorpe. 1987. The role of ethylene and carbon
dioxide in differentiation of shoot buds in excised cotyledons of Pinus radiata
in vitro. Physiologia Plantarum 69 : 244-252.

‘Lamb, R.J. 1989. Entomology of oilseed Brassica crops. Annual Review of
Entomology 34 : 211-229.

Larkin, P.J. and W.R. Scowcroft. 1981. Somaclonal variation - a novel source of
variability from cell culture for plant improvement. Theoretical and Applied
Genetics 60 : 197-214. °

Lennox, G. 1984. An overview of the Canadian oilseed industry. Statistics
Canada.

Lloyd, A.M., A.R. Barnason, S.G. Rogers, M.C. Byrne, R.T. Fraley and R.B.
Horsch. 1986. Transformation of Arabidopsis thaliana with Agrobacterium
tumefaciens . Science 234 : 464-466.

Lu, C.-Y., G. Nugent, T. Wardley-Richardson, S.F. Chandler, R. Young and M.J.
Dalling. 1991. Agrobacterium -mediated transformation of carnation
(Dianthus caryophyllus L.). Bio/Technology 9 : 864-868.

Lulsdorf, M.M., H. Rempel, J.A. Jackson, D.S. Baliski and S,L.A. Hobbs. 1991.
Optimizing the production of transformed pea (Pisum sativum L.) callus
using disarmed Agrobacterium tumefaciens strains. Plant Cell Reports 9 :
479-483.



117

Maniatis, T., Fritsch, E.F. and J. Sambrook. 1982. Molecular cloning: A
laboratory manual. Cold Spring Harbor Laboratory Press. Cold Spring
Harbor, N.Y.

Mathews, H., N. Bharathan, R.E. Litz, K.R. Narayanan, P.S. Rao and C.R. Bhotia.
1990. Transgenic plants of mustard Brassica juncea (L.) Czern and Coss.
Plant Science 72 : 245-252.

McBride, K.E. and K.R. Summerfelt. 1990. Improved binary vectors for
Agrobacterium -mediated plant transformation. Plant Molecular Biology 14 :
269-276.

McClean, P., P. Chee, B. Held, J. Simental, R.F. Drong and J. Slightom. 1991.
Susceptibility of dry bean (Phaseolus vulgaris L.) to Agrobacterium
infection : Transformation of cotyledonary and hypocotyl! tissues. Plant Cell,
Tissue and Organ Culture 24 : 131-138.

McCormick, S., J. Niedermeyer, J. Fry, A. Barnason, R. Horsch and R. Fraley.
1986. Leaf disc transformation of cultivated tomato (L. esculentum ) using
Agrobacterium tumefaciens . Plant Cell Reports 5 : 81-84.

McGrath, J.M. and C.F. Quiros. 1991. Intersubspecies hybrids and their progeny
in Brassica campestris-. Journal of the American Society of Horticultural
Science 116 : 349-355.

McHughen, A., M. Jordan and G. Feist. 1989. A preculture prior to
Agrobacterium inoculation increases production of transgenic plants.
Journal of Plant Physiology 135 : 245-248,

Meeusen, R.L. and G. Warren. 1989. Insect control with genetically engineered :
crops. Annual Review of Entomology 34 : 373-381.

Messner, B., M. Boll and J. Berndt. 1991. L-Phenylalanine ammonia lyase in
suspension cultures of spruce (Picea abies ) : Induction by U.V. light and
fungal elicitor. Plant Cell, Tissue and Organ Culture 27 : 267-274.



118

Miki, B.L., H. Labbé, J. Hattori, T. Ouellet, J. Gabard, G. Sunohara, P.J. Charest
and V.N. lyer. 1990. Transformation of Brassica napus canola cultivars with
Arabidopsis thaliana acetohydroxyacid synthase genes and analysis of
herbicide resistance. Theoretical and Applied Genetics 80 : 449-458.

Moloney, M.M., J.F. Hall, G.M. Robinson and M.C. Elliot. 1983. Auxin
requirements of sycamore cells in suspension culture. Plant Physiology 71 :
927-931.

Moloney, M.M., J.M. Walker and K.K. Sharma. 1989. High efficiency
transformation of Brassica napus using Agrobacterium vectors. Plant Cell
Reports 8 : 238-242. - '

Montiera, A.A., W.H. Gabelman and P.H. Williams. 1988. Use of sodium chloride
Solution to overcome self-incompatibility in Brassica campestris .
Horticultural Science 23 : 876-877.

Morrisoh, R.A. and D.A. Evans. 1988. Haploid plants from tissue culture : New
plant varieties in a shortened time frame. Bio/Technology 6 : 684-690.

Morrison, R.A., D.A. Evans and Z. Fan. 1991. Haploid plants from tissue culture.
Application in crop improvement. in Biswas, B.B. and J.R. Harris (eds.).
Subcellular Biochemistry. Volume 17. Plant Genetic Engineering. Plenum
Press. New York. '

'Murashige, T. and F. Skoog. 1962. A revised medium for rapid growth and
bioassays with tobacco tissue cultures. Physiologia Plantarum15 : 473-497.

Murata, M. and T.J. Orton. 1987. Callus initiation and regeneration capacities in
Brassica species. Plant Cell, Tissue and Organ Culture 11 : 111-1283.

Narasimhulu, S.B. and V.L. Chopra. 1988. Species specific shoot regeneration
response of cotyledonary explants of Brassicas . Plant Cell Reports 7 : 104-
106.



119

Nasrallah, J.B. and M.E. Nasrallah. 1989. The molecular genetics of self-
incompatibility in Brassica . Annual Review of Genetics 23 : 121-139.

Nasrallah, J.B., T. Nishio and M.E. Nasrallah. 1991. The self-incompatibility
genes of Brassica : Expression and use in genetic ablation of floral tissues.
Annual Review of Plant Physiology and Plant Molecular Biology 42 : 393-
422,

Nelson, R.S., S.M. McCormick, K. Delanney, P. Dube, J. Layton, E.J. Anderson,
M. Kaniewska, R.K. Proksch, R.B. Horsch, S.G. Rogers, R.T. Fraley and R.N.
Beachy. 1988. Virus tolerance, plant growth and field performance of .
transgenic tomato plants expressing coat protein from tobacco mosaic virus. .
Bio/Technology 6 : 403-409. |

Neuhausﬂ,G., G. Spangenberg, O. Mittleson Sheid and H.-G. Schweiger. 1987.
Transgenic rapeseed plants obtained by the microinjection of DNA into
microspore-derived embryoids. Theoretical and Applied Genetics 75 : 30-36.

Nieuwhof, M. 1969. Cole crops. Botany, cultivation, utilization. Leonard Hill
Books. London.

hO'Brien, T.P. and M.E. McCully. 1981. The study of plant structures : Principles
and selected methods. Termarcarphi Pty. Ltd., Melbourne.

Ohlsson, M. and T. Eriksson. 1988. Transformation of Brassica campestris
protoplasts with Agrobacterium tumefaciens. Hereditas 108 : 173-177.

Owens, L.D. and A. Smigocki. 1988. Transformation of soybean cells using |
mixed strains of Agrobacterium tumefaciens and phenolic compounds.
Plant Physiology 88 : 570-573.

Oxotoby, E. and M.A. Hughes. 1990. Engineering herbicide tolerance in plants.
- Trends in Biotechnology 8 : 61-65.

Palmer, J.D., C.R. Shields, D.B. Cohen and T.J. Orton. 1983. Chloroplast DNA
Evolution and the origin of amphidiploid Brassica species. Theoretical and
Applied Genetics 65 : 181-189. |



120

Peng, J. and T.K. Hodges. 1989. Genetic analysis of plant regeneration in rice -
(Oryza sativa L.). In Vitro Cellular and Developmental Biology 25 : 91-94.

Phan, C.T. 1991. Vitreous state in Vifro culture : Ethylene versus cytokinin.
Plant Cell Reports 9 : 517-519.

Pollock, K., D.G. Barfield and R. Shields. 1983. The tox1cnty of antlblotlcs to plant
- cell cultures Plant Cell Reports 2 : 36-39.

Potrykus,l. 1990. Gene transfer to cereals : An assessment. Bio/Technology 8 :
535-542.

Potrykus, l. 1991. Gene transfer to plants : Assessment of published epproaches
and resulis. Annual Review of Plant Physiology and Plant Molecular Biology
42 : 205-225. |

Pua, E.-C., A. Mehra-Palta, F. Nagy and N.-H. Chua. 1987. Transgenic plants of
Brassica napus L. Bio/Technology 5 : 815-817.

Radke, S.E., B.M. Andrews, M.M. Moloney, M.L. Crouch, J.C. Kridl and V.C.
Knauf. 1988. Transformation of Brassica napus L. using Agrobacterium
tumefaciens : Developmentally regulated expression of a reintroduced napin
gene. Theoretical and Applied Genetics 75 : 685-694.

Ratafia, M. and T. Purinton. 1988. World agricultural markets Bio/T echnology6
280-281.

Ream, L.W., M.P. Gordon and E.W. Nestor. 1983. Multiple mutations in the T-
regions of the Agrobacterium tumefaciens tumor inducing plasmid.
Proceedings of the National Academy of Sciences USA 80 : 1660-1664.

Rdbbelen, G. and W. Thies. 1980. Variation in rapeseed glucosinolates and
breeding for improved meal quality. in Tsunoda, S., K. Hinata and C.
Gomez-Campo (eds.). Brassica Crops and Wild Allies. Biology and
Breeding. Japanese Science Society. Tokyo. pp. 285-299.



121

-Sagawa, Y. and Y.T. Kunisaki. 1990. Micropropagation of floricultural crops. in

~ Ammirato, P.V., D.R. Evans, W.R. Sharp and Y.P.S. Bajaj (eds.). Handbook

of plant cell culture. Volume 5. Ornamental species. McGraw-Hill. New York.
pp.25-56.

Sanders, P.E., J.A. Winter, A.R. Barnason, S.G. Rogers andR.T. Fraley. 1987.
Comparison of the Cauliflower Mosaic Virus 35S and Nopaline Synthase
Promoters in Transgenic Plants. Nucleic Acids Research 15 : 1543-1558.

Sciaky, D., A.L. Montoya and M.D. Chilton .1978. Fingerprints of Agrobacter/um
Ti plasmids. Plasmid 1 : 238-253.

“Seibert, M., P.J. Wetherbee and D.D. Job. 1975. The effects of light intensity and
spectral quality on growth and shoot initiation in tobacco callus. Plant
Physiology 56 : 130-139.

Seresinhe, P.S.J.W. and J.J. Oertl. 1991. Effects of boron on growth of tomato
" cell suspension. Physiologia Plantarum 81 : 31-36.

Sethi, U., A. Basu and S. Guha-Mukherjee. 1990. Control of cell prdliferation
and differentiation by modulators of ethylene biosynthesis and action in
Brassica hypocoty! explants. Plant Science 69 : 225-229,

Sharma, K.K. and T.A. Thorpe. 1989. In Vitro regeneration of shoot buds and
plantlets from seedling root segments of Brassica napus L. Plant Cell,
Tissue and Organ Culture 18 : 129-141.

Sharma, K.K. and S.S. Bhojwani. 1990. Histological aspects of in vitro root and
shoot differentiation from cotyledon explants of Brasszca juncea (L.) Czern.
~ Plant Science 69 : 207-214.

Sharma, K.K., S.8. Bhojwani and T.A. Thorpe. 1990. Factors affecting high
frequency differentiation of shoots and roots from cotyledon explants of
Brassica juncea (L.) Czern. Plant Science 66 : 247-253.



122

Sheikholeslam, S.N. and D.P. Weeks. 1987. Acetosyringone promotes high
efficiency transformation of Arabidopsis thaliana explants by Agrobacterium
tumefaciens. Plant Molecular Biology 8 : 291-298.

Singh, S. and N. Chandra. 1984. Plant regeneration in callus and suspension
cultures of Brassica campestris cv. Yellow Sarson. Plant Cell Reports 3 : 1-
4.

Skoog, F. and C.O. Miller. 1957. Chemical regulation of growth and organ
formation in plant tissues cultivated in vitro. in Biological Action of Growth
Substances. Symposia of the Society for Experimental Biology 11 : 118-131.

Song, K.M,, T.C. Osborn and P.H. Williams. 1988. Brassica taxonomy based on
‘nuclear restriction fragment length polymorphisms (RFLPs). 1. Genome
evolution af diploid and amphidiploid species. Theoretical and Applied
Genetics 75 : 784-794. | -

Song, K., T.C. Osborn and P.H. Williams. 1990. Brassica taxonomy based on
nuclear restriction fragment length polymorphisms (RFLPs). 3. Genome
relationships in Brassica and related genera and the origin of B. oleracea
and B. rapa (syn. campestris ). Theoretical and Applied Genetics 79 : 497-
5086.

Srivastava,V., A. S. Reddy and S. Guba-Mukherjee. 1988. Transformation and
regeneration of Brassica _oleracea mediated by an oncogenic
Agrobacterium tumefaciens . Plant Cell Reports 7: 504-507.

Stachel, S.E., E. Messens, M.V. Montagu and P. Zambryski. 1985. Identification
of the signal molecules produced by wounded plant cells that activate T-
DNA transfer in Agrobacterium tumefaciens . Nature 318 : 624-629.

Staebell, M., D. Tomes, A. Weissinger, S. Maddock, W. Marsh, G. Huffman, R.
Bauer, M. Ross and J. Howard. 1990. A quantitative assay for neomycin
phosphotransferase activity in plants. Analytical Biochemistry 185 : 319-323.



123

Streber, W. and L. Willmitzer. 1989. Transgenic tobacco plants expressing a
bacterial detoxifying enzyme are resistant to 2,4-D. Bio/Technology 7 : 811-
816.

Swanson, E.B., M.P. Coumans, S.C. Wu, T.L. Barsby and W.D. Beversdorf.
1987. Efficient isolation of microspores and the production of microspore-
derived embryos from Brassica napus . Plant Cell Reports 6 : 94-97.

Swanson, E.B., M.C. Coumans, G.L.Brown, J.D. Patel and W.D. Beversdorf.
1988. The characterization of herbicide tolerant plants of Brassica napus L.
after in vitro selection of microspores and protoplasts. Plant Cell Reporis 7 :
83-87. |

Swanson, E.B., M.J. Herrgsell, M. Arnoldo, D.W. Sippell and R.S.C. Wong.
1989. Microspore mutagenesis and selection : Canola plants with field
tolerance of the imidazolinones. Theoretical and Applied Genetics 78 : 525-
530.

‘Swanson, E.B. and L.R. Erickson. 1989. Haploid transformation in Brassica
napus L. using an octopine-producing strain of Agrobacterium tumefaciens.
Theoretical and Applied Genetics 78 : 831-835.

Tan, B.C. and H. G. Liang. 1991. Changes in metabolism of nucleic acids during
the growth and senescence of tobacco cells. Physiologia Plantarum 81 :
121-126.

"~ Taylor, D.C., N. Weber, E.W. Underhill, M.K. Pomeroy, W.A. Keller, W.R.
Scowcroft, R.W. Wilen, M.M. Moloney and L.A. Holbrook. 1990. Storage
protein regulation and lipid accumulation in microspore embryos of Brassica
napus L. Planta 181 : 18-25.

Thorpe, T.A. 1980. Organogenesis in vitro . Structural, physiological, and
biochemical aspects. International Review of Cytology. Supplement 11A :
71-111. '



124

U,N. 1935. Genomic analysis in Brassica with special reference to the
experimental formation of Brassica napus and peculiar mode of fertilization.
Japanese Journal of Botany 7 : 389 - 452.

Van Artrijk, G.J. Blom-Barnhoorn and J. Bruinsma. 1985. Adventitious bud
formation from bulb-scale Explants of Lilium speciosum Thunb. in vitro.
Effects of aminoethoxyvinyl-glycine, 1-aminocyclopropane-1-carboxylic acid,
and ethylene. Journal of Plant Physiology 117 : 401-410.

Walden, R. and J. Schell. 1990. Techniques in plant molecular biology -
Progress and problems. European Journal of Biochemistry 192 : 563-576.

“ Waldron, C., E.B. Murphy, J.L. Roberts, G.D. Gustafson, S.L. Armour and S.K.
Malcolm. 1985. Resistance to hygromycin B - A new marker for plant
transformation studies. Plant Molecular Biology 5 : 103-108.

Weising, K., J. Schell and G. Kahl. 1988. Foreign genes in plants : Transfer,
structure, expression and applications. Annual Review of Genetics 22 : 421-
427. ‘

Whitaker, R.J. and T. Hashimoto. 1986. Production of secondary metabolites. in
Evans, D.A., W.R. Sharp and P.V. Ammirato (eds.). Handbook of plant cell
culture. Volume 4. Techniques and applications. Macmillan. New York. pp.
264-286.

Williams, J., D.A.C. Pink and N.L. Biddington. 1990. Effect of silver nitrate on
long-term culture and regeneration of callus from Brassica oleracea var.
gemmifera. Plant Cell, Tissue and Organ Culture 21 : 61-66.

Willman, M.R., S.M. Schroll and T.K. Hodges. 1989. Inheritance of somatic
embryogenesis and plantlet regeneration from primary (type 1) callus in
maize. In Vitro Cellular and Developmental Biology 25 : 95-100.

Woods,D.L., J.J. Capcara and R.K. Downey. 1991. The Potential of mustard
(Brassica juncea (L.) Coss) as an edible oil crop on the Canadian prairies.
Canadian Journal of Plant Science 71 : 195-198.



125

Yahg, M.-Z., S.-R. Jai and E.-C. Pua. 1991. High frequency of plant regeneration
from hypocotyl explants of Brassica carinata A. Br. Plant Cell, Tissue and
Organ Culture 24 : 79-82. :

YéUng, E.C. 1984. in LK. Vasil (ed.). Cell culture and somatic cell genetics of
plants. Volume 1. Laboratory procedures and their applications. Academic
Press. New York. pp. 689 697.

Zar, J.H. 1984. Biostatistical anaIyS|s (2nd ed.). Prentice-Hall Inc. New Jersey.

Zee, S.Y. and B.B. Johnson. 1983. Cole crops. in Ammirato,r P.V., D.A. Evans,
W.R. Sharp and Y. Yamada (eds.). Handbook of plant cell culture, Volume 3. .
Crop species. Macmillan Publishing Co. New York. pp. 227-246.



