Annu.Rev. Plant Physiol. Plant Mol. Biol. 19948:297-326
Copyright© 1997by AnnuaRevievsInc. All rightsreserved

PLANT TRANSFORMATION:
Problems and Strategies for Practical
Application

R. G.Birch
Departmert of Botany, The Universty of Queendand, Brisbang 4072 Austalia

KEY WORDS: plant improvemen, genetrarsfer, trarsgenc plans, trarsgeneexpressia, ge-
neic engneerirg

ABSTRACT

Plant tranformaionis nowacore reseach tod in plantbiology and apractical
toolfor cultivarimprovemert. Therareverifiedmehodsfor stebleintroduction
of novel genesinto thenudear geromesof over 120diverseplant species This
review examinesthe criteria to verify planttrangormation; the biologicd and
pradicd requirements for trangormation sydems; the integraton of tissue
culture, gene transfe, sdection, ard trangere expresion stategiesto acieve
transfamaion in reclcitrant species andother constaintsto planttrandorma
tionincludingreguatory environmert, pulic perceptions intellectual property,
and eanonics. Becaise the costs of saeaning popuations showving diverse
geretic changes can far exceed the costsof transformation, it is important to
distinguishab®lute andusédul transformaion efficiercies. Themajor techrical
chdlenge fadng plant transforméion biology is the development of methods
and corstiucts to produce a high proportion of plans showing predictable
transgene expression without collateral geneic damage This will recquire an
swestoaseiesof biologicd andtechnical questions sameof which aredefined.
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INTRODUCTION

Planttransformationis at a threshold.Over 3000 field trials of transformed
plantsarein progresor completedn atleast30 countriesThesdrialsinvolve
over40 plantspeciesnodified for variouseconomictraits (33, andupdatesn
GeneticTechnologyNews. We areemergingfrom a periodof planttransfor
mationresearcldominatedby the needto developprovengenetictransforma
tion method for the major experimentabndeconomicplant speciesinto the
eraof application of transformation aa coreresearchool in plantbiology and
a practicaltool for cultivar improvement Someof the mostimportantissues
(problemsand strategies)affecting theseusesare very different from those
foremostin our thinking in recentyearswhile the discipline focusedon the
scientific understandingand technical developmentof reliable systemsfor
genetic transformain of a widerange of planspecies.

The capacityto introduceandexpresdliverseforeign genesn plants, first
describedfor tobaccoin 1984 (37, 74, 120), hasbeenextendedo over 120
speciedn atleast35 families. Successemclude mostmajor economiccrops,
vegetablesprnamentalmedicinal fruit, tree,andpastureplants.Therapidand
simultaneus developments in trandormation technology and informaton
technologymaketabulatios of transformedspeciesquickly out of date(41,
131), andt is advisabldgo use computer-basearches ttocate reference®
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currenttransformatiormethodgor specie®f interest.The procesof diverst
fication andrefinementof transformatiortechniquedor greaterconvenience,
higher efficieng/, broader genotype range, and desiredmolecular charae
teristicsof transformantsvill continueto good effecfor some time. However,
genetransferand regeneratiorof transgeniglantsare no longerthe factors
limiting the developmentand applicationof practicaltransformatio systems
for many plant speciesAttention is increasinglybeing directedto achieving
thedesiredpatterns oexpressiorof introducedgenesandto solvingeconomic
constrainton practical planmolecularimprovernent.

Thereareexcellentrecentreviewsof the developnentof planttransforma
tion systemsusing Agrobacterium(72, 146, 165), direct genetransferinto
protoplasts(49, 113, 114), or particle bombardment(14, 25, 26), and the
potentialfor their practicalapplication (30, 73). Thesetopicsarenow compre
hensivelyaddresseth recenttexts(12,54,61, 90, 110) andmethodsnanuals
(39,53,57,127,153),to which thereaderis referred forbackgroundnforma
tion. In this review | aim to identify key problemsremainingin the develop
ment ofplant transformatin systemskey issues to beesolvedn the practical
applicationof thesesystemsandstrategiedy which we may overcomethese
limitations.

DEFINITION AND VERIFICATION OF TRANSFORMATION

Thisreviewis concernedvith thestableincorporation anéxpressiorof genes
introducedinto plantsby meansotherthanfusion of gametesr othercells. It

focuseson transformationinvolving integrationof introducedgenesin the
plant nucleargenome although someissuesare equally applicableto trans

formed plantsin which introduced genesare expressedrom an organelle
genomg21), or a replicatingiral vector (139).

Ingo Potrykusin 1991 (126) offered a provocativebut clarifying assess
mentof planttransformatiortechnologes basedon arigid definition of proof
of integrative transformatia, requiringa combinationof genetic,phenotypic,
and physicaldata.Unfortunatelythe combinaton specifiedwas not usefulin
practicefor verification of transformatiorin someplants.For example analy
sis of sexualoffspring populatbns is problematt in treesthat are slow to
reproducesexually,andin somevegetativelypropagated¢ropssuchassugar
canewith complicated(polyploid, aneuploid)genetics,and many sexually
sterile cultivars. Similarly, a “tight” correlationbetweenphysicaland phene
typic datais notadefining characteristiof genetransfemethodghatresultin
integrationof multiple and often rearrangectopiesof the transferredDNA,
because many transformants have unexpressed copies of introduced se
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guenceslntegrativetransformatiorhasnevertheleseenunequivocaly veri-

fied insuch cases.

Most critical researchergvould thereforeaccepta more generallyapplica
ble subsetf criteriaas rigorougproof of integratie transformation:

1. SouthernDNA hybridizaton analysisof multiple independentransfor
mants,usinga probe(s)for the introducedgene(slandrestrictionenzymes
predictedto generatéhybridizing fragmentsof differentlengthat different
integraton sites (for a graphicrepresentationsee80). It is importantto
confirm thatsizesof hybridizing fragmentsncludingflanking DNA ateach
integraton site are reproduciblewithin a transformedine, and that they
differ betweenindependerty transformedlines. High molecubr weight
signalsin uncut DNA, PCR-generated bands, signalsfrom a single
putative transformedine arenot acceptablesubstitues,becausét is more
difficult to excludethe possibity of artifactsin such data.

2. Phenotypicdata showing sustainedexpressionof the introducedgene(s)
exclusivey in the cells of plantlines positivefor the gene(s)by Southern
analysis.Unambiguos phenotypt datarequire:(a) negativeresultsfrom
all untransformedcontrols (the testedcontrol populationsize must be at
leastequivalento thatyielding 10 independentransformantérom a parat
lel treatedpopulatior), and(b) anassayrevealingthe productof transgene
expressiomwithin plant cells as distinétom contamirating microbial cells,
preferablyfrom a transgeneshownnot to be expressedn bacterialcells.
Intron-GUS (149) or anthocyanirregulatory(16, 18) reportersystemsare
suitabk for suchassaysasarein situ analysedor geneproductswithout
simple visual assayq153). Survival of lines on “escape-fre selectionis
not sufficient, becauseof the possihlity of cross-protectiorby secreted
productsof contamirating microbial cells, or selectionof mutans resistant
to the selectiveagent.Enzymeassayson cell extractsare inadequatee-
cause ofhe possillity of contaminahg transformednicrobialcells.

Of course, more detailed molecular, phenotypic, and geretic charac
terizationis likely to beundertakerontransformedinesproducedor practical
purposes. Isomecasestargetgenesilencing rathethantransgenexpression
may provide amnambiguasphenotypg15,103).Dataon co-transmission of
introducedyenecopiesandtheresultingphenotypén sexualoffspringpopula
tions, where available, provide compellhg confirmatian of transformatn,
givensuitablecontrols (126). Applicabily in several independent laboratories
is animportantpracticalconfirmatian, becausesometechniquewith publish
ed moleculaevidence have never beespeatable.
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PURPOSIS OF PLANT TRANSFORMATION

An Experimental ool for Plant Physiology

The capacityto introduceand expresgor inactivate)specificgenesin plants
providesa powerful new experimentakool, allowing direct testingof some
hypothesed plantphysiobgy thathavebeenexceedinglydifficult to resolve
using otherbiochemicalapproache$31). Exciting examplesnclude the mo-
leculargeneticanalysisof cellularsignalscontrolling sexualreproductiorand
plant-microbenteractiong116,143);therolesof specificenzymesn metabe
lic processesleterminng partitioring of photosyithatesandthusharvestable
yield (67); andthe rolesof specificenzymesandhormonesn plantdevelop
mental processesincluding those affecting quality and storagelife of mar
keted planproducts(109,147).

A PracticalTool for Plant Improvement

Much of the supportfor planttransformatio researci(and more broadlyfor
plant molecukbr biology) hasbeenprovidedbecausef expectationghat this
approachcould: (a) generateplantswith useful phenotypesinachievableéy
conventionaplantbreeding(b) correctfaultsin cultivarsmoreefficiently than
conventionalbreeding,or (c) allow the commercialvalue of improvedplant
lines to be capturedby thoseinvestingin the researchmore fully thanis
possible under intellectua property laws governing conventionaly bred plants.

Thefirst of theseexpectationdrasbeenmet, with productionof the first
commercialplant lines expressingoreign genesconferring resistancdo vi-
ruses,nsects herbicidespr post-harvestleterioration54, 71,138,147),and
accumulatiorof usefully modified storageproducts(30, 145), including sewv
eral casesvheretherewasno sourceof the desiredtrait in the genepool for
conventionabreeding.The future prospectdn this respectare also exciting,
with preliminary indicationsthat novel genescan be introducedto generate
plant lines useful for productionof materialsrangingfrom pharmaceuticals
(65) tobiodegradablglastics(112).

Theextentto which the otherpracticalor commerciakexpectation®f plant
transformationcan be met dependson the efficiency and predictabiliyy of
productionof lines with the desiredphenoty®, and without undesiredside
effectsof the transformatio processAs the sophisication of the physiobgi-
cal hypotresesto be testedby transformationincreasesgxactly the same
factors becomelimiting. This occursbecauseof the practical difficulty of
screenindarge numbersof plantsfor the desiredexpressiorpatternand the
needto avoid misleadimy resultsfrom unrelatedphysiobgical effectsof unin-
tended genetichanges durinthetransformatiorprocess.
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BIOLOGICAL REQUIREMENTS FORTRANSFORMATION

The essentiakequirementsn a genetransfersystemfor productionof trans
genicplantsare:(a) availability of a targetissueincludingcells competent for
plant regeneration(b) a methodto introduce DNA into thoseregenerable
cells, and (¢) a procedureto selectand regeneratdransformedplants at a
satisfactoryfrequency.

Oneof thesimplestavailableplanttransformatiorsystemsnvolvesinfilt ra-
tion of Agrobacteriun cells into Arabidopss plants before flowering, and
directselectionfor raretransformantsn the resultingseedlingpopulationy7,
23). Unfortunatelysmallplantsize,rapid generatiotime, and high seegield
per plant are prerequisitedor this method.Thesefeaturesare not sharedby
any economicallyimportantplantspeciesOtherapproacheto transformation
via plant gameteshavenot beensuccessfuin practice(126). Therefore,the
totipotency of somesomaticplant cells underliesmost plant transformation
systems.The efficiency with which suchcells canbe preparedastargetsfor
transformations todaythe limiting factorin achievemenof transformatiorin
recalcitrant planspecies.

Using either Agrobacterium or particlebombardmentit is now possibleto
introduce DNA into virtually any regenerableglant cell type. Only a small
proportionof targetcells typically receivethe DNA during thesetreatments,
and only a small proportionof thesecells survive the treatmentand stably
integrateintroducedDNA (47, 59). It is thereforegenerallyessentiato effi-
ciently detector selectfor transformedcellsamonga largeexcessf untrans
formedcells (12), andto establishregeneratiorconditiors allowing recovery
of intact plants derived from single transformedcells (156). Alternatively,
transformed cellsustcontribue to the germlinesothatnonchineric transfor
mantscan be obtaineith the progenyrom sexual reproductio(28).

PRACTICALREQUIREMENTS OFTRANSFORMATION
SYSTEMS FOR PLANTIMPROVEMENT

Beyondthe biological requirements$o achievetransformatio andthe techni
cal requirementdor verification of reproducibletransformatia, desiredchar
acteristicgo considerin evaluatingalternativetechniquespr developingnew
ones for cultivaimprovenent, include:

1. Readyavailabiity of thetargettissue.Theresourcesequiredto maintaina
continwus supply of explantssuch as immatre embryosat the correct
developnental stagéor transformatiorcan besubstantial.
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2. Applicability to a rangeof cultivars. Genotype-specifitechniquesare of
lower valuebecause of the added complgxf extended breeding work to
movedesired geneimto preferredcultivars.

3. High efficiency, economy,and reproducibiliy, to readily producemany
independentransformantgor testing.

4. Safetyto operatorsavoiding proceduresor substancesequiringcumber
someprecautiongo avoid a high hazardto operatorsg(e.g. potental car
cinogenicityof siliconecarbide whiskers).

5. Technicalsimgicity, involving a minimum of demandingor inherently
variable maniplations,suchas protoplasproductionand regeneration.

6. Frequentotransformatin with multiple genessothatahigh proportionof
plant lines selected for marker gene expression will also incorporate
cotransformediseful genes.

7. Unequivocalselectionor efficient screeningto recovertransgenicplants
from transformedells.

8. Minimum time in tissueculture, to reducassociatedcosts andavoid
undesiredsomaclonaVariation.

9. Stable,uniform (nonchirreric) transformantdor vegetativelypropagated
speciesor fertile germlindransformantgor sexuallypropagatedpecies.

10. Capacityto introducedefinedDNA sequencewithoutaccompanyingec
tor sequencesot requiredfor integrationor expressiorof the introduced
genes.

11. Capacityto removereportergenesor othersequencenot requiredfollow-
ing selectionof transformedines.

12. Simpleintegraton patternsandlow copy numberof introducedgenesto
minimize the probability of undesiredyenedisruptionatinsertionsites,or
multicopy associatettansgeneilencing.

13. Stableexpressionof introducedgenesin the patternexpectedfrom the
chosengene control sequencesiather than patternsassociatedvith the
stateof the cells at the time of transformation(34), or the chancesite of
integration(122).

14. Optionallyapplicableto transformatin of organellggenomes.

15. Absence of valighatentclaimson products.

Whentestedagainstthe abovecriteria, mostpublishedtechniquedor gene
transferinto plant cells mustbe dismissedas either disproven,unproven,or
impracticalfor usein routine productionof transgeniglants.The techniques
that havebeenprovento producetransgeniglantsfrom a rangeof species,
andin many laboratoriesare Agrobacteriumamediatedtransformatbn, bom-
badment with DNA-coaed microprojediles, and electoporation or PEG
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treatment of protoplasts. Techniques requiring protoplasts are generally
avoidedbecauseof the associatednconvenienceand time in culture. As a
result virtually all plant transformationwork aimed at direct production of
improvedcultivarscurrentlyuses eitheAgrobacterumor microprojecties for
genetransfer.Neither of theseapproachess free of patentclaims, however,
andthere iscontinuing interest in development afternativetechniques (141).
The stagesandtime-coursedor typical transformatiorstrategiesising Agro-
bacteriumor DNA-coated microprojedés showrin Figure 1.

RECALCITRANT SYSTEMS AND APFARENT
CONSTRAINTS

CerealsJegumesandwoody plantsare commonlycategorizedsrecalcitrant
to transformation,becausethese groups have included a disproportonate

Agrobacterium Leaf Disk Transformation

Cocultivate leaf disks with Agrobacterium

! ! 1 -2 days

Wash leaf disks

J

Antibiotic treatment to kill Agrobacterium &
select transformed plant cells

2 - 4 weeks

Surviving leaf disks onto fresh selection /
regeneration medium

@ 6 - 10 weeks

Root excised plantlets on selection
@ 4 - 6 weeks
Potted transgenic plants

Total time in culture ca. 12 - 20 weeks

Microprojectile Callus Transformation

Initiate & proliferate embryogenic callus

8 - 12 weeks

=

Microprojectile bombardment

&

Callus growth without selection

4 days

=

Callus growth under escape-free selection

8 - 12 weeks

&

Plant regeneration and rooting on escape-free
selection

=

8 - 12 weeks
Potted transgenic plants
Total time in culture ca. 24 - 36 weeks

Figurel Typicaltrarsformatonregimensusing Agrobacteriumor DNA-coatedmicroprojectiles.
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numberof untransformear difficult to transformspeciesHowever,the gen
eralizationis becomingless useful as one speciesafter anotherfrom these
groupsjoins the list of plantswith reliable transformatio systems.The hy-
pothesisthat someplantslack the biological capacityto respondto essential
triggersfor integratiwe transformationor havecellularmechanismgreventing
integrativetransformationcan effectively beejected.

It is areasonabl@roposition thattransgeniglantscanberegeneratednly
from cells competentfor both regeneration and integratitransformation
(126). Preliminary evidenceindicates thaflT-DNA integration maybe the
limiting stepin maize transformation(111), but thereis no evidencethat
actively dividing, regenerableells are not competento integrateintroduced
DNA. Wheretisste culturesystemshavebeendevelopedo produceprolifer-
ating and regenerablecells, into which DNA can be introducedat a high
frequency(asindicatedby transientgeneexpressionyithout interferingwith
regenerabilityof the penetratedtells, previouslyrecalcitrantspecieshavebe
cometransformableThe transformatio efficiency hasbeenproportionalto
the efficiency othe tissueultureand gene transfer systerti8, 70,/6,93).

STRATEGIESTO ACHIEVE TRANSFORMATION

It is instructiveto considerspeciessuchasrice, which was onceconsidered
recalcitrantto transformatn but can now be transformedvia direct gene
transferinto protoplasts(140), particle bombardmenbf immature embryos
(27) or cell cultures(20), or Agrobacerium treatmentof embryogeniccallus
(70). In eachcase,successeemdo havefollowed identification (or produe
tion throughtissueculture)of explantswith manyregenerableells, optimiza
tion of parameters for genensfer intahosecells, andailoring selection and
regeneratiorprocedurego recovertransgeni@lants.A generalizedapproach
is illustrated in Figure 2. The nearesttransformedrelativesof an untrans
formed speciesof interestare an obviousreferencepoint in initial work to
developsuitabletissueculture,gene transfer, argklectiorregimens.

TissueCulture Strategies

Tissue culture is nottaeoretical prerequisite fgtant transformatin, but it is
employedin almostall currentpracticaltransformationsystemsto achievea
workableefficiency of genetransfer,selection,andregeneratiorof transfor
mants. Detailed considerationof the options for and optimizaton of tissue
culture systemsuseful for plant transformatio is beyondthe scopeof this
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review,butthebroadtechnologyanddetailedprotocolsareaddresseth recent
techniquesnanualq52,154).

In tissueculture system for planttransformationwhat is mostmportantis
a large numberof regenerablecells that are accessiblgo the genetransfer
treatmentandthatwill retainthe capacityfor regeneratiorior the durationof
the necessaryargetpreparationgell proliferation,andselectiontreatmentsA
high multiplication ratio from a micropropagatin systemdoesnot necessarily
indicatea large numberof regenerableells accessiblg¢o genetransfer(97).

\
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Genetransferinto potentially regenerablecells may not allow recovery of
transgeniglantsif the capacity for efficientegeneration ishort-lived(132).

Thereseemsto be no reasonto preferembryogenicor organogeni@lant
regenerationin the happyeventthatseveratissueculturesystemsneetingthe
primary requirementaboveare availablefor a speciesof interest,the choice
canbe madebasedon featuresaffectingconveniencer efficiency,including
readyavailabiity of explants,andminimal time in tissueculture.Somaclonal
variation,onceconsidered potentially usefulsourceof geneticvariationfor
plant improvement,is now more a baneof genetransferprograms(81). In
somecircumstancesparticularly the direct introducton of genesfor desired
commerciatraits intoelite vegetativelypropagatedultivars,the needto avoid
suchrandomgeneticchangemay becomethe overriding consideratiorin the
choice of tissueultureand gendransfer systems.

The desireo minimizesomaclol variation isonemotivationfor eliminat
ing or minimizing the tisste culture phase by genetransferinto intacttissue
explantsandregenerationwithout substantl in vitro culture.In severalcere
als, it hasbeenpossibek to dispensewith tissueculturefor targetpreparation,
by genetransferinto immaturezygoticembryos althoughembryogenicallus
culture isstill required taecovertransgeniglants(27,157,159).

The goal of genetictransformationwithout tissue culture has beenap
proachedn soybeangotton,bean,and peanutby particle bombardmeninto
meristemat tisste of excisedembryonicaxes,shoot proliferation to yield
somelines with transformationof germlire cells, and screeningfor trans
formed sexualprogeny(26). The limiti ng factorsremainthe ability to me-
chanically prepare the explantsransfer genesnto regenerable cellsand
select or screen for transformaatsan efficiency sufficierfor practical use in
cultivar improvementFor example the reportedgermline transformatiorrate
for bean(0.06% of excisedand bombardedapical meristens, 0.03% of as
sayedshoots)would makethe processtoo expensivefor many laboratories
(133). Thereremainsunexplainedcultivar specificity for transformationvia
meristembombardmentvithin someplantspecies suchs bean (133)mprac
ticality of genetransferinto meristens of otherssuchasrice (27), anduncer
tainty aboutapplicability in vegetativelypropagatedpeciesuch as sugarcane
(51).

While tissueculture remainsan essentiacomponenof practicaltransfor
mation systems for most plargpecies, researchimed atminimizing so
maclonalvariation deserves high priority. Curiously little of the published
researcton somaclonaVariationhasbeen directed dhis goal (81).
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GeneTransfer Strategies

Suggestedpproache developmenbr optimizationof transformatio proto
colsusingparticlebombardmen(12) or Agrobacterium (152) havebeenpub-
lished, basedon practicalexperiencesn laboratoriesvorking on recalcitrant
crops.For particlebombardmentit is generallymostefficientto first examine
the availabletissueculture systemsdeterminethe modesof regeneratiorand
thelocationof thecellsinvolved, optimizeissuecultureconditionsto increase
the numberor accessibiliy of suchcellsif necessaryandthendevelopcondk
tions for nonlethaltransferof DNA into large numbersof such cells per
bombardmen(12).

For Agrobacteriumiit is consideredmore efficient to first establishthe
conditionsfor genetransferandthenwork on conditions for regeneratiorof
transformedcells (152). This contrastmay be biologically well-founded,be-
causeof the greatercomplexty and lesserunderstandingf the biological
interactionprecedingthe genetransfereventfrom Agrobacterium.Unfortu-
nately, thereis no guarantedahat a transformableplant cell type will prove
regenerable, even the hand®f the mossuccessful tissuculturist.

If preliminary transformationexperimentsusing techniquessuccessfuin
similar plantsystemsarenot successful, my advitgto establish by histogi-
cal studiesthe precisecellular origins and timing of eventsleadingto plant
regenerationvithin the explantsto be usedastargetsfor genetransfer.Thisis
likely to avoidmuchwastedime andfrustrationfrom optimizing genetransfer
and regenerationwithin the sameregion of the explant, but potentialy in
different cells, so that transformedplants are unlikely to result. Work in
sunfloweris a fine exampleof the value of this relatively simple checkto
explainandpotentally overcomedifficulty in transformatiorof a recalcitrant
species (91).

Assaysfor transientexpressiorof introducedreportergenesin plant cells
can provideunequivocakvidence of gengansfer. A great deal dime canbe
wastedunlessthis analysisis focusedon regenerableells, which often com
prisea smallandinaccessibldraction of thetargettissue(12, 91). Exhaustive
experiment€o maximze transientexpressiorare also futile if they involve
conditionsharmfulto regeneratioror molecularcharacteristicef transformed
cells (8, 26). For example,particle bombardmentonditionscan now be ar
rangedto give highly reproducibleresultsin transientassaysby deliveringa
large numberof copiesof potentally transcribableDNA into the nuclei of
targetcells. However,a differentform and concentratiorof DNA is likely to
be optimal for efficient productionof low copy numbertransformantg12).
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Thereis little informationon formsof DNA or sequencethatmayincreasdhe
frequency of stableansformation(8, 19, 142).

Thereis considerabldatch-to-batctvariationin the frequencyof transient
expressioreventsfollowi ng cocultivaton with Agrobacerium (78). The cor-
relation betweentransientexpressiorand stabletransformatbn hasnot been
thoroughlytested.Agrobacteriumemploysa highly evolvedandstill incom
pletelyunderstoodjene transfer and integratispstem that appeaoptimized
for efficient nucleartargetingandintegration of a protein-compéxedsingle-
strandedDNA introducedas a small numberof copiesper cell (165). There
fore, stabletransformationmay occur at a high frequencyin cells without
detectableransientexpressiorof the introducedDNA. Positiveresultsfrom
transientassaysfor Agrobacterium-mediatedgenetransferinto regenerable
cells are encouraging(70, 76, 93), but until the parametersaffecting such
expressionare betterunderstoodit is unwiseto abandonhopetoo quickly
based omegative resultBom transientassays.

It may benecessaryo introduce aonsiderable number génesnto plants
for somepurposesThe limits of availablegenetransfertechniqueshavenot
yet beendefined.At least12 separatelasmidsandup to 600 kb of DNA can
be introduced at once by particle bombardmen{62), but the numberof ex-
pressedyeneshasnot beentested.Thereare someindicationsthatlargeplas
mids (>10 kb) may be subjectto greaterfragmentationduring particle bom
bardment(12). Transposon-derad vectors have beenshownto deliver an
increasedproportionof intact, single-copyinsertsof up to 10 kb following
directgenetransferinto protoplastg92). Recentvidenceandicatesthatuseof
a binary bacterialartificial chromosomevector,with helperplasmidsenhane
ing productionof VirG andVirE proteins,canallow efficient Agrobacteriura
mediatedtransferof at least150 kb of foreign DNA into the plant nuclear
genomeFurthermorethetransferredNA appearedo be presentaisanintact
single copy that wasfaithfully inheritedin the progenyof severalof the
characterizetransformant$64).

VectorsoverexpressingirG arealsoa componenbf the thoroughy veri-
fied systemsfor Agrobacteriuramediatedtransformationof rice (70), maize
(76), and cassavg93), anddeservewider testingin recalcitrantplants.Other
keyvariablesn Agrobacerium-mediatedyenetransferincludeAgrobacerium
andplant genotype tfreatmentwith vir geneinducerssuchasacetosyringone,
woundedcell extracts feedercells or sugarspH, temperaturegell concentra
tion, light conditions and duration of cocultivaton; explant type, quality,
preculture(152), hormonetreatment50), wounding,or infiltration (11); and
use of appropriateantibacterialagents(95), antioxidans (124), ethylenean
tagonists(35), and/ormethylaton inhibitors (117) to reducedamageand/or
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genesilencingin treatedplant cells. With so many variables,and little evi-
denceof combinatias that are broadly applicableacrossplant speciesit is
evidentwhy transientexpressiorassaysre useful,if imperfect,asindicators
of suitableconditionsfor genetransfer(76), beforemoreexpensivestudiesto
optimize stabletransformatio.

Seletion Strategies

For transformatiorsystens that generatesubstaritl numbersof nonchimeric
primary transformantsgenesconferring resistanceto a selectivechemical
agent(161),genesconferringa phenotye allowing visual or physicalscreen
ing (16, 18, 129), or evenPCR screeningo identify plantscontainingtrans
ferredgeneg27, 83) canall beusedto recovertransformantsTransformation
systemsthat generatechimeric primary transformantsncluding transformed
germline cells, as intermedatesin the productionof homogeneouslytrans
formed (R1) progeny plants, generally require screeningrather than lethal
selectionto reveal primary transforman(&8, 83,105).

Screeningapproacheareexpensivaunlessthe transformaiton efficiencyis
high, and generallyimpracticalif the proportionof transformantamongre-
generatedines is below 1072 to 10°2. In our hands,the recoveryof trans
formedplantswas 10-fold lower from visual screeningcomparedvith antibk
otic selection(18). This may occur becauseantibiotic selectionprovidesa
continuousadvantageto transformedcells, which may otherwisebe over
grown by the far greaternumbersof proliferating nontransfornad cells (48,
78). Underthesecircumstancesantibiotic selectionmay allow a higherpro-
portionof transformedtellsto multiply andregeneratein addition to facilitat-
ing the recognitiorof transformants.

An excellentreview hasbeenpublished on selectablenarkergenesassay
ablereportergenes,and criteria for their usein plant transformaton studies
(16). Broadly applicable simge, androbustselectionregimensnow exist for
transgeni@lants,requiringlittle experimentationwvith thetiming andconcen
tration of selectiveagentsto matchthe targettissueandgenetransfersystem.
However,it is still importantto considerthe physidogy of antibiotic action
and resistancanechanismm when choosingor modifying selectionprotocols
(36). Thereare alsoreportsof interactionsbetweenselectiveagentand sub
sequentregenerability(137), and interactionsbetweenantibioic and gelling
agentg101). Attentionis increasinglybeingdirectedto introduction of multi-
ple agronomicallyuseful genesinto plant lines, without having to pyramid
selectable genes theprocess (2732, 155,163).
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Transgene Expression Strategies

Thefirst attemps to expresgoreigngenedailed becaus®f theinability of the
plant transcriptionalmachineryto recognizesomeforeign genecontrol se
guencesparticularlypromotersequencesf manybacterialgenesThis initial
hurdlewas overcomeby exploiting control sequencessolatedfrom genesof
Agrobacteriumand cauliflower mosaicvirus, which were known to be ex-
pressedn plant cellsaspartof theprocessof molecularsubversiorof hostcell
machinery by these pathogens. Quritig characterizatioof many plant
genes,and analysesof transientand stableexpressiorof foreign genecon
structsin plants, have contribued to a growing understandingf features
usefulfor the regulatedexpressiorof transgenei plants.Featuregypically
consideredn preparatiorof suchconstructsnclude:(a) appropriatgranscrip
tional promotersand enhancerg9); (b) introns (98, 100); (c) transcriptonal
terminatorsand 3' enhancer¢130); (d) polyadenylaibn signals(3, 162); (€)
untranslated’ leaderand 3 trailer sequence$38, 56, 148); (f) codonusage
(87, 125); (g) optimal sequenceontextaroundtranscriptionand translation
startsites,including absencef spurious startodong(5, 55, 66,99); (h) transit
sequencesor appropriatesubcelluar compartmentan and stability of the
geneproduct(58,68,82,115); (i) absencef sequencesuchascrypticintrons
(129) or polyadenylaibn signalsresultingin inappropriaé RNA processing
(87,125);and(j) absencef sequenceresultingin undesiredylycosylaton or
lipid anchorsites(24,46). Recenfprogresawvith chloroplastransformatiorhas
addedthe possiblity of expressiorfrom the plastid or nucleargenome(21,
104).

This understandindpasgreatlyimprovedthe ability to tailor transgenesor
various strengthsand patternsof expressioressentiafor practicalplant ge-
netic engineering(10). Levels and patternsof expressiongenerallyvary to
someextent, even betweenindependensingle copy transformantsThis re-
flects the influenceof different sequenceflanking the integration sitesupon
expressiorof the transgend122,151). Although this variationmay generate
transformedines which by chancehavenew and useful expressiorpatterns
(34),this isunlikely tooccuratafrequencythatis usefulin practice unlesswe
can bias integrationtoward regionsof the DNA that are preferentially ex-
pressedunderspecifiedconditions.Otherwise randomvariationwill greatly
increasethe expenseof the varietal improvementprocess becauseigorous
evaluationof manytransformedineswill be neededo identify thosewith the
desiredphenotypeOneattractionof transformatiorfor cultivarimprovernent
is thetheoreticalpotentialfor very precisegeneticchangelf randomvariation
arounda desiredphenotypéan individual transformant:ecessitateextensive
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field characterizatioto selectcommercialines,theremaybeno advantagén
using transformatiornover conventionabreeding.In thesecircumstanceshe
value of planttransformaibn in cultivar improvementwould be restrictedto
traits not achievableby conventionalbreeding,particularly introduction of
new genes tthe germplasnavailableto breeders.

Of evengreaterconcernis unpredictabe lossof theimproved phenotypen
transformectultivarsbecausef silencingof thetransgeneThis phenomenon
is discussedn severalexcellentrecentreviews (45, 103, 107). In practical
termsiit is fortunatethattransgeneilencinghasto datealwaysbeendetectable
soonaftertransformationcrossing,or field testingof transformantgsee45).
The problem would be much more seriousif unstablelines could not be
reliably detectedandeliminatedduring the routine screeningand propagation
of transgenidines beforecommercialrelease becauseof the potentialcom
mercial damagé&om loss ofanessentiatrait suchas diseaseesistance. There
is still muchto be learnedaboutthe causesof transgenanactivaton. For
example multicopy transgene$iavebeenidentified asa probablecause(see
45), indicating a disadvantagef direct genetransfertechniquesvhich result
in higher averagecopy numbersthan Agrobacteriumn. However,our expert
encefrom severalyearsof laboratoryandfield testingwith hundredf trans
genic sugarcandines is that somepromoter-reportegeneconstructsare si-
lencedat high frequency,whereasothers are almostinvariably stably ex-
pressedwith no relationshp to copy number(13). It will be importantto
discoverwhat sequencesvithin theseconstructstrigger or inhibit silencing,
andwhethermatrix attachmentegions(142), demethyhtion sequence$94),
or targetedntegraton systemg?2, 118) canbedevelopedo protectsusceptible
foreign sequencdsom silencingin transgeniglants.

Integrating Components of Transfortitan Strategies

Featuresof representativestrategiesfor productionof transgenicplants are
comparedn Tablel. Othercombinatonsexist,butthetableillustratesthatthe
choiceof transformatiorstrategyinfluencesmanysecondanparametersuch
astime in tissueculture and numberof plants processeder transformant,
which oftendeterminehe practicalityof the system

It is commony generalizedhat Agrobacterum producessimpler integra
tion patternsthandirect genetransfer,but both approachesesultin a similar
range of integratiorvents, includig truncatiors, rearrangements, anarious
copy numbersandinsertionsites.Furthermorethe frequencydistribuions of
copynumberandrearrangementgary with transformatio parameteror both
genetransfermethods(25, 60, 107, 150). More careful work is requiredto
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Table1 Features influencingracticalapplicaton of successful plant transfoation strateges

Successfulransfamaion Strateges

Parameters  In plant Vegetaive Meristem Embiyo Calus
tissue
Geretransfer Agrobacterium Agrobacterium Partice bom  Particlebom-  Partice bom
method bardnent bardment bardnent
Explant Floweringplant Any tissue Embryonic Intactor sec-  Embryogenic
with regener-  axesor meri-  tioned em- or organo-
ablecells stems bryos geric callus
Target celldor Gerndinecells Anyregerr-  Gernlinecells Epidernal Surfaceor sub
effective gene latein floral ablecells in meristems  cells of surfacecells
transfer dewvelopment scutelum
Regeneration Flowering Organogenesis Shmtforma-  Embryogenesis Embryogenesis
shoot/zygotic or tion/zygdic or
embryo embryogenesis embryo orgarogeresis
1°regererant  Fewfloral cells No Germinetrans- No No
chimeric transforned formed
Sexwalrepro-  Essential Unnecessary Prokably Unnecessary Unnecessary
duction essential
Selecton Yes (R Yes Not beforeR1  Yes Yes
progeny) progeny
Screenale Optional Optional Essential Optional Optional
marker
Hormonal Unnecessary  Auxin +/or Usually Auxin+/— Auxin+/-
treatmert cytokinin cytokinin cytokinin cytokinin
Transfomarts  1-10 1-10 0.00L 0.01 0.01-1
per treated
explant
Transfomarts  0.00L 1 0.003 1 1
per testede-
generah
Tissue culture Unnecessary 10weeks 4—-6weeks 10weels 20weeks
duration
Time from 7-10 weels 10weels Onegeneration 10weels 10weeks
treamert of time
nonchimeric
transfornant
Provenapplica- Arabidopsis(7) Manyspp.(59) Several sppn- Several cereals Many spp (17,
bility (e.g.) cludingleg- (27,77) 26)
umes (26,
105)

optimize methods for simple integraton patternsbeforeany reliable conclu
sionsaredrawn aboutthe relative potentialof the techniquego deliver such
patternsat a satisfactorfrequency.



314 BIRCH

The apparenttargetingof T-DNA integrationinto transcribedregionsis
usefulfor geneandpromotertagging,andfor transgenénsertian into regions
favoring subsequengxpression(86). However,the observatiorthatover 90%
of T-DNA inserticns may disrupttranscriptionalunits (96), with 15-26%of
transformantshowingvisible mutantphenotypesesultingfrom T-DNA in-
sertions(44), soundsan alarmfor direct productionof improvedcultivarsin
highly selectedcrops, where mogthenotyjic change$rom random mutatins
arelikely to be adverseFor suchwork, integrationshouldideally be directed
to transcribedregionswithout disruptian of existing plant genes.To achieve
this will require more researchto bring genetargetingtechnologyin plants
closerto the level achievedn modelanimals(79, 118). WhetherDNA intro-
ducedinto plant cells by direct genetransferis also preferentiallyintegrated
into transcribedegions omactive genes hawtbeen adequatelgsted (85).

OTHERCONSTRAINTS TO RESEARCH AND
DEVELOPMENTIN PLANT TRANSFORMATION

Regulatory Environment and PlibPerceptions

In most countries, plannedield releasesand commercial development
transgeniglantsarefirst scrutinizedand approvedby regulatoryauthorities
establishedby the nationalgovernmentto ensurethat productsaresafeto the
environmentand consumerg33, 43, 158). This processcan be importantto
obtainthe maximum socialbenefitfrom transgeniglantlines.Forexamplejn
severakountries releaseof transgenidnsect-resistanplantvarietieshasbeen
linked to mandatoryprogramsof insectmonitoring andindusty response$o
avoid prematurdoss of usefulinsectcontrol genesbecauseof a build-up of
resistaninsectpopulatiors (88).

Scrutiny by regulatoryauthoritesis alsoan importantmechanismto reas
sure the generalpublic of the safety of a new technoloy that is not well
understoody mostpeople.However,if the procesds conductednefficiently
by the regulatoryauthorities|t canseverelyslow researchFor examplejt is
essentiato characteriza substantl numberof independentransformedglant
linesin both physiolaical experimentsandin selectinggeneticallyimproved
cultivars. The availability of sufficient containnentgreenhousepacerapidly
becomedimiting if the procesf evaluationbeforeapprovalof field releases
is slow.

The conservativeassumptn underlyingregulationsin many countriesis
thatall transgeniglantsarepotentialy hazardousScientifictheoryandprac
tical experienceshowthatthis is not the case. The hazardselateto the genes



PLANT TRANSFORMATION 315

transferredor the phenotypeproducednot to the genetransfermethodused.
There have beenno reportsof any harmful environmeral effects or other
hazardousinforeseerbehaviorof transgeniglantsin the thousandf field
trials conductednternationdly to date(33). As public experienceandunder
standingof plant transformationincrease,it is to be hopedthat regulatory
processesnay bestreamlined, with thdéocus on productsrather than on

processes of plageneticmodification (108).

Consumer responseo transgenilant productshasnow beentestedwith
the commercialreleaseof improvedvarietiesin a rangeof crops(Table 2).

Table2 Commercialreleases afrarsgeric plantvareties

Trait Crop Name Compary Product Statis
Quiality (vinerip- Tomato Flaw Savr Calgere Released 994
enedflavor,
shelflife
Qualty (vinexip- Tomato EndlessSummer DNA Plart Blockedby
enedflavor, Tecmadogy paentclaims
shelflife)
Qualty (pase Tomato — Zereca Released 995
corsistercy)
Oil characgrisics Carola Laurcal Calgere Released 994
Virus resisance Tobacco — (China) Released
Tomato 1993-19%
Capsicum
Virus resisance Saquash Freedon I Asgrov Released 995
Insectresistace Catton Bollgard Monsarto Released
Paato NewLeaf 1996-1997
Maize YieldGuard
Insectresistane Maize Maximizer CibaSeeds Released 996
Herbicide Flax Triffid University of Released 95
resistace Saskathewan
Herbicide Catton BXN Calgere Released 995
resistace
Herbicide Carola Innovatar AgrEvo Released
resistace Corn Liberty Link 1995-199%
Herbicide Soybean Roundup Monsarto Released
resisance Carola Ready 1995-199%
Catton
Herbicide Soybean Roundup Pioneer Released
resisance Ready STS 1996-1997
Corn Liberty Link
Male steriiity Carola — PlantGeneic Approved 1996
hybrid system Systems (USA, FDA)




316 BIRCH

Theseeleasedavecoincidedwith increasinglisseminatin of information on
transgeni@lantsin forms accessibléo the generalpublic (158).1n eachcase,
consumershave respondedpositively to quality or price advantagesand in

severakaseglemandhasoutstrippedsupplyin thefirst seasonHowever,it is

clearthat continuedwork is importantto provide the broadcommunity with

informationto supportonsideredesponseto emergingroducty63).

Intellectual Property

As technicallimitations are overcomeit is possiblethat commerciallimita-
tionswill becomemoreseriousbarriersto exploitaion of genetictransforma
tion. New technologiesdevelopedn this areaare effectively inventiors and
arethereforeeligible for patentprotection(84,123).Forexample patenthave
alreadybeenissuedon mostestablishe@r promising plantgenetictransforma
tion strategiegq29, 69, 89, 102,119, 134, 136) and on many isolatedgenes,
promotersandtechniquedor plantgenemanipuhtion (see121 and montHy
patentupdatesn GeneticTechnologyNew3. The patentiteraturehasbecome
an important sourceof information in plant transformatio researchalbeit
more difficultand expensivéo search thathe scientift literature (640).

A patent providesthe inventor or assigneewith a period ofexclusive
ownershipor formally a rightto exclude others frommaking,using, or selling
the invention. Thereis no statutoryexclusionfor infringment when patented
productsor methodsare usedfor researctpurposesThe widespreadniscon
ceptionthat disclosurein the patentdocumentallows researcherto practice
the invention in orderto improve on it (73) possibly arisesbecausepatent
ownersaregenerallyreticentin instituting infringementproceedingsntil the
level of damageshat may accruebecomessommerciallysignificant. Thereis
no obligation to licenseandno constrainton royalty levelsprovidedthe patent
holder makesactive useof the intellectualproperty. Somepatentsmake ex-
tremelybroadclaims,andpatentholdersarenot requiredto developall posst
ble manifestatios of aninventionto retainbroadownership(144). Penalties
for infringementof proprietaryrights can be severe,so it is importantto
determinewhetherthe tools or topicsof proposedesearctarealreadyin the
public domainor subjectto patentprotection(160). This can be difficult to
establishwithout periodicpatentsearching, or evelegal challengeé’5s).

The posiion may differ betweercountries For example particlebombard
mentfor genetransferinto plant cells hasbeenpatentedn the United States
(134) but not in Australia. Apparatusfor particle bombardmentnvolving a
macroprojectileand stop plate hasbeenpatentedin Australia (135) but not
apparatusnvolving particle acceleratiorin a gaspulse.Patentcoveragefor
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many genesand promotersis similarly restricted.For example,the maize
ubiquitin promoteris the subjectof grantedpatentsor applicatiors in Europe,
Japanandthe United Stateq128) but apparentlynotin manyothercountries,
includingAustralia.

Under thesecircumstancesa transgenicplant variety producedand used
commerciallywithout infringing any patentrights in one country could in-
fringe certainpatentclaimsif used(evenfor researctor othernoncommercial
purposes)n anothercountry. To complicate mattersfurther, patentapplica
tions are not availablepublicly in somecountries(notablythe United States)
until the patentis granted,which can be yearsafter the applicationis filed.
There are movesto harmonizeinternatonal practice,e.g. by providing for
ownershipfor 20 yearsfrom the dateof applicationandpublishing 18 months
after applicationto eliminatethe practiceof “submarine”patentapplicatons
that only surfaceafter a competibr hasindependentlynadethe sameinven
tion (42). Theissuesnvolvedarecomplicatedandsomeimportantdifferences
in patentlaw betweencountriesappearunlikely to be resolvedin the near
future (4).

Patentareintendedo encouragendrewardusefulinvention andtechnical
innovation andthe newtechnoloy entersthe public domainaftera periodof
17to 20years(42,84).In theinterim,commerciakestrictionscanappeanuite
ruthlessas patentholdersadoptcommercializatio strategiesto capturethe
value of protectedintellectwal property (75). In an eraof tight public sector
researchfunding and high researchand developmentcosts, the benefits of
corporateinvestent to develop transformatidechnologies outweigh the
inconveniencef patentrestrictions.Debatecontinueson mechanismso bal
ance the competingterestg22).

FUTURENEEDSAND DIRECTIONSIN PLANT
TRANSFORMATION RESEARCH AND DEVELOPMENT

TransformatiorEfficiency

The methoddor genetransferinto plantcells, particularlyAgrobaceriumand
particlebombardmentarenow sufficiently developedo allow transformation
of essentiallyany plant speciesn which regenerableells can be identified.
Broadlyapplicableselectiormethodsarewell establishedThekeyto transfor
mationof recalcitranspecies appears b@ developmenif methodgo expose
manyregenerableellsto nondestructivgenetransfer treatments.

What currentlylimits the practicaltransformatiorof manyplantspeciess
the combinationof alow frequencyof transformatioranda high frequencyof
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undesiredgeneticchangeor unpredictal® transgeneexpressionTheseprob-
lemsnecessitatexpensivdarge-scaldransformatiorandscreeningprograms
to produceuseful transformants The first constraintmay be addressedy
researchinto tissue culturesystemso enrichfor regenerableellsaccessibléo
genetransfer.Contact transformationservices(106) may implementecone
miesof scaleto afford robotic systemq1) for routinelargescaletargetprepa
rationand gene transfer treatments.

A clearerunderstandingf the eventssurroundinggenetransferby Agro-
bacteriumis alsorequired.Is transientexpressiora satisfactorytestfor Agro-
bacteriummediatedgenetransferinto plant cells, or cananotherconvenient
testbe developedo allow rapid detectionandoptimizaton of this key event?
DoesAgrobacterum selectbetweencell types,andif sowhatfeaturesdeter
minefavoredcellsfor genetransfer?Canthesefeatureshe impartedto highly
regenerableell types?Direct genetransferexperimentsndicatethatif naked
DNA is transferrednto manyactively dividing andregenerableells, a pro-
portionwill be stably transformeds the sametruefor cellsreceivingtypically
lower dosesof T-DNA, or arethereadditioral physiologcal requirementg$or
efficient T-DNA integration(111)?Is T-DNA integrationtargetedto poter
tially expressedegionsof the genome or to regionsundergoingactivetran
scription? Can the transcriptimal statusof target cellsbe manipulatedto
achievea high frequencyof integratbn into regionssuitablefor subsequent
transgenexpressionput a low frequencyof insertionalinactivaton of genes
influencingthe phenotypeof regenerated transformants?

Thereareatleastasmanyrelevantquestioms surroundingdirectgene trans
fer. Is stabletransformatbn efficiency as sensitve astransientexpressiorto
decreasedNA concentration™oes DNA concentratioraffect meancopy
numberor cotransformatiorfrequencyin resulting stabletransformants?s
integrationtargetedo potentialy transcribedegionsasappeargso bethe case
for T-DNA from Agrobacterium? Canartificial T-DNA complexese manu
factured andwill theyinfluencetheefficiencyor integrationpatternsavailable
from directgene transfer?

Usefulvs Absolute Transforntaon Efficiency

In the longerterm, a moreimportant goal thanincreasedransformatioreffi-
ciencyis the developmenbf transformatiormethodsand constructgailored
for predictabletransgene=xpressionwithout collateralgeneticdamageWe
may concludethat muchof the currenteffort in planttransformatiordirected
toward increasedtransformationfrequenciesis naive and misdirected.We
needto distinguish betweenabsoluteand useful transformationfrequencies.
The limiting processin the applicationof plant transformationfor more so-



PLANT TRANSFORMATION 319

phisticatedstudiesof plant physidogy or for cultivar improvementis gener
ally not the production of transformantsbut the screening(or subsequent
breeding)requiredto eliminatetransformantswith collateralgeneticdamage
that would interfere with meaningful physidogical analysisor commercial
use. Dependingon the ratio of effort requiredfor theseprocesses large
increasen absoluteransformatiorefficiency may bdutile if accompaniedy
evenasmalldecreasén the proportionof usefultransformantsConverselya
large drop in absolutetransformationfrequencymay be more than compen
satedby a smallergainin the proportionof usefultransformantsTheseideas
arefamiliar to mostpracticingplantbreederduthaveunderstandalginotbeen
foremost in thenindsof most transformation scientists whileystruggled to
developreliable and efficient systemsfor genetransferinto targetplant spe
cies.

Collateral GeneticDamage

To achievea high proportionof usefultransformantsye needto understand
more clearly the factorscontributingto undesiredgeneticchangeduring the
transformationprocess.To what extentis such changeassociatedvith the
integrationof single or multiple copiesof foreign DNA, asdistinct from the
processesf tissueculture, selectiorandplantregeneration® geneticchange
inducedor selectedduring such processesor is it commony the effect of
preexistingmutatiors in somaticcells that are simply detectedwhen entire
plantsareregeneratedrom single (transformed)cells?If changeis induced,
which arethe mutagenicstagesn the protocols,andcanthey be avoidedf
mutatiors are preexistingcanthe proceduredetailoredto selectivelyprevent
regeneratiomf mutated cells? Compared to adveatiishootproliferation, is
somaticembryogenesidisadvantageabecause of longeturationin culture,
or advantageoubecausehe complexity of the embryogenigrocessactsasa
filter to eliminatemany cells with mutatons?Doesthe approachof germline
transformationof unculturedexplantsfollowed by crossingto obtain non
chimeric transgenic progeny reduce the frequency of undesired genetic
changepr just masksuchchangen the backgroundf geneticvariationfrom
sexualreproduction?The relative importance of thesequestionsvaries be-
tween plant species;vegetativelyvs sexually propagatedcrops provide an
extremeexample Unfortunately the answerdo manyof thesequestionamay
also begenotypespecific.

Idealand Model Transformatiorsystems

As the emphasin usefultransformatiorfrequencyincreasesye may seea
trend toward minimization or elimination of tissue culture stages,targeted
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integrationof singlecopytransgenesanddirect(leaf-discPCR)screeningor
transformantsvith usefulgenesto eliminatethe needfor reportersequences.
As our understandingf the geneticbasisof agronomictraits increasesit is
likely thatthis goalwill be extendedo the introducton of greatedengthsof
DNA encodingmultiple genes.We will needto determinethe capacity of
availablemethoddo introducesuch length®f DNA intact.

Although someof thesequestios may be answeredaindapproachesevet
opedwith modelplants,the featuregshat makethe modelsattractivefor some
geneticstudies(e.g.smallgenomesmall plantsize,rapid generatiortime for
Arabidopss) generally cannot bexploited inpracticaltransformation systems
for most economicallyimportant plants. We must be preparedto selectthe
modelsaccordingto the questims, andtestthe answerdor applicabilty to the
practical targets.

TransformationBreeding, and GenetDiversity

As with conventionalbreedingiit is highly undesirabldor plant transforma

tion to leadto excessivegeneticuniformity in currentvarietiesof any crop.

Even a single genein all varietiescan createproblems.For example,the

United Statesmaizecropin 1970wasdevastatethecausef diseasesuscepti

bility accompanying cytoplasnic malesterility trait usedto simplify hybrid

seedproduction(164). This is anothemreasorto aim for the capacityto trans

form diversegenotypeswithin a speciesto developdiversegenedor desired
phenotypesandto eliminaie unnecessargequencefrom the transformation
process.

When PracticaMeans Commercial

Planttransformatioris alreadysufficiently developedo allow thetestirg and

evencommercializatin of plantswith novel phenotygsundersimplegenetic
control. For continuing practicalbenefits,it will be necessaryo extendour

understandingf the biological basisfor efficient plant transformatio and

developimprovedtechnologes for predictabletransgeneexpressiorwithout

collateralgeneticdamageat a pacematchingthe exciting scientificadvances
in genecloning and characterizationThis will requiresupportfrom industry
for the underlyingesearchAs transformatiorprojectsare increasinglynder

takenwith the possibilty of generatingcommercialy useful products,trans

formationscientiss in turn mustincreasinglyintegratesocial,legal, andeco

nomic issuesas well as technicalissuesfrom the earlieststagesof project
design.
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