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ABSTRACT

Plant transformation is nowacoreresearch tool in plantbiology and apractical
tool for cultivarimprovement.Thereareverifi edmethodsfor stableintroduction
of novel genesinto thenucleargenomesof over 120diverseplant species. This
review examinesthecriteria to verify plant transformation; thebiological and
practical requirements for transformation systems; the integration of tissue
culture,gene transfer, selection, and transgene expression strategiesto achieve
transformation in recalcitrant species; andotherconstraintsto planttransforma-
tion includingregulatoryenvironment, public perceptions, intellectualproperty,
and economics. Because the costsof screening populations showing diverse
genetic changes can far exceed the costsof transformation, it is important to
distinguishabsoluteanduseful transformationefficiencies.Themajor technical
challenge facing plant transformation biology is the development of methods
and constructs to produce a high proportion of plants showing predictable
transgene expression without collateral genetic damage. This will require an-
swerstoaseriesof biological andtechnicalquestions,someof whicharedefined.
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INTRODUCTION

Plant transformationis at a threshold.Over 3000 field trials of transformed
plantsarein progressor completedin at least30countries.Thesetrials involve
over40 plantspeciesmodifiedfor variouseconomictraits(33,andupdatesin
GeneticTechnologyNews). We areemergingfrom a periodof plant transfor-
mationresearchdominatedby theneedto developprovengenetictransforma-
tion methods for themajorexperimentalandeconomicplantspecies,into the
eraof application of transformation asacoreresearchtool in plantbiologyand
a practicaltool for cultivar improvement. Someof the most importantissues
(problemsand strategies)affecting theseusesare very different from those
foremostin our thinking in recentyearswhile the discipline focusedon the
scientific understandingand technicaldevelopmentof reliable systemsfor
genetic transformation of a widerange of plantspecies.

Thecapacityto introduceandexpressdiverseforeigngenesin plants,first
describedfor tobaccoin 1984 (37, 74, 120), hasbeenextendedto over 120
speciesin at least35 families.Successesincludemostmajoreconomiccrops,
vegetables,ornamental,medicinal,fruit, tree,andpastureplants.Therapidand
simultaneous developments in transformation technology and  information
technologymaketabulations of transformedspeciesquickly out of date(41,
131), andit is advisableto use computer-basedsearches tolocate referencesto
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currenttransformationmethodsfor speciesof interest.Theprocessof diversi-
fication andrefinementof transformationtechniquesfor greaterconvenience,
higher efficiency, broader genotype range, and  desiredmolecular charac-
teristicsof transformantswill continueto good effectfor some time. However,
genetransferand regenerationof transgenicplantsareno longer the factors
limit ing the developmentandapplicationof practicaltransformation systems
for manyplant species.Attention is increasinglybeingdirectedto achieving
thedesiredpatterns ofexpressionof introducedgenesandto solvingeconomic
constraintson practical plantmolecularimprovement.

Thereareexcellentrecentreviewsof thedevelopmentof plant transforma-
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-
hensivelyaddressedin recenttexts(12,54,61,90,110)andmethodsmanuals
(39,53,57,127,153),to which thereaderis referred forbackgroundinforma-
tion. In this review I aim to identify key problemsremainingin the develop-
ment ofplant transformationsystems, key issues to beresolvedin thepractical
applicationof thesesystems,andstrategiesby which we mayovercomethese
limitations.

DEFINITION AND VERIFICATION OFTRANSFORMATION

This reviewis concernedwith thestableincorporation andexpressionof genes
introducedinto plantsby meansotherthanfusionof gametesor othercells.It
focuseson transformationinvolving integrationof introducedgenesin the
plant nucleargenome,although someissuesare equally applicableto trans-
formed plants in which introduced genesare expressedfrom an organelle
genome(21), or a replicatingviral vector (139).

Ingo Potrykusin 1991 (126) offered a provocativebut clarifying assess-
mentof plant transformationtechnologiesbasedon a rigid definition of proof
of integrative transformation, requiringa combinationof genetic,phenotypic,
andphysicaldata.Unfortunatelythe combination specifiedwasnot useful in
practicefor verificationof transformationin someplants.For example,analy-
sis of sexualoffspring populations is problematic in treesthat are slow to
reproducesexually,andin somevegetativelypropagatedcropssuchassugar-
canewith complicated(polyploid, aneuploid)genetics,and many sexually
sterilecultivars.Similarly, a “tight” correlationbetweenphysicalandpheno-
typic datais notadefining characteristicof genetransfermethodsthatresultin
integrationof multiple and often rearrangedcopiesof the transferredDNA,
because many transformants have unexpressed copies of introduced se-
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quences.Integrativetransformationhasneverthelessbeenunequivocally veri-
fied in such cases.

Most critical researcherswould thereforeaccepta moregenerallyapplica-
ble subsetof criteriaas rigorousproof of integrative transformation:
1. SouthernDNA hybridization analysisof multiple independenttransfor-

mants,usinga probe(s)for the introducedgene(s)andrestrictionenzymes
predictedto generatehybridizing fragmentsof different lengthat different
integration sites (for a graphic representation,see80). It is important to
confirm thatsizesof hybridizing fragmentsincludingflankingDNA ateach
integration site are reproduciblewithin a transformedline, and that they
differ betweenindependently transformedlines. High molecular weight
signals in uncut  DNA,  PCR-generated  bands,  orsignals from  a single
putative transformedline arenot acceptablesubstitutes,becauseit is more
difficult to excludethe possibility of artifactsin such data.

2. Phenotypicdatashowing sustainedexpressionof the introducedgene(s)
exclusively in the cells of plant lines positivefor the gene(s)by Southern
analysis.Unambiguous phenotypic datarequire:(a) negativeresultsfrom
all untransformedcontrols (the testedcontrol populationsize must be at
leastequivalentto thatyielding10 independenttransformantsfrom a paral-
lel treatedpopulation), and(b) anassayrevealingtheproductof transgene
expressionwithin plant cells as distinctfrom contaminating microbial cells,
preferablyfrom a transgeneshownnot to be expressedin bacterialcells.
Intron-GUS(149) or anthocyaninregulatory(16, 18) reportersystemsare
suitable for suchassays,asarein situ analysesfor geneproductswithout
simple visual assays(153). Survival of lines on “escape-free” selectionis
not sufficient, becauseof the possibility of cross-protectionby secreted
productsof contaminatingmicrobialcells,or selectionof mutants resistant
to the selectiveagent.Enzymeassayson cell extractsare inadequatebe-
cause ofthe possibility of contaminating transformedmicrobialcells.
Of course, more detailed molecular, phenotypic, and genetic charac-

terizationis likely to beundertakenontransformedlinesproducedfor practical
purposes. Insomecases,targetgenesilencing ratherthantransgeneexpression
may provide anunambiguousphenotype(15,103).Dataonco-transmission of
introducedgenecopiesandtheresultingphenotypein sexualoffspringpopula-
tions, where available,provide compelling confirmation of transformation,
givensuitablecontrols (126). Applicability in several independent laboratories
is animportantpracticalconfirmation, becausesometechniqueswith publish-
ed molecularevidence have never beenrepeatable.

300 BIRCH



PURPOSESOFPLANT TRANSFORMATION

An ExperimentalTool for Plant Physiology
The capacityto introduceandexpress(or inactivate)specificgenesin plants
providesa powerful new experimentaltool, allowing direct testingof some
hypothesesin plantphysiology thathavebeenexceedinglydifficult to resolve
usingotherbiochemicalapproaches(31). Exciting examplesincludethe mo-
leculargeneticanalysisof cellularsignalscontrolling sexualreproductionand
plant-microbeinteractions(116,143);therolesof specificenzymesin metabo-
lic processesdetermining partitioning of photosynthates,andthusharvestable
yield (67); andthe rolesof specificenzymesandhormonesin plant develop-
mentalprocesses,including thoseaffecting quality and storagelife of mar-
keted plantproducts(109,147).

A PracticalTool for Plant Improvement
Much of the supportfor plant transformation research(andmorebroadlyfor
plant molecular biology) hasbeenprovidedbecauseof expectationsthat this
approachcould: (a) generateplantswith useful phenotypesunachievableby
conventionalplantbreeding,(b) correctfaultsin cultivarsmoreefficiently than
conventionalbreeding,or (c) allow the commercialvalueof improvedplant
lines to be capturedby those investing in the researchmore fully than is
possibleunder intellectual property lawsgoverning conventionally bred plants.

The first of theseexpectationshasbeenmet, with productionof the first
commercialplant lines expressingforeign genesconferringresistanceto vi-
ruses,insects,herbicides,or post-harvestdeterioration(54, 71,138,147),and
accumulationof usefully modified storageproducts(30, 145), including sev-
eral caseswheretherewasno sourceof the desiredtrait in the genepool for
conventionalbreeding.The future prospectsin this respectarealsoexciting,
with preliminary indicationsthat novel genescan be introducedto generate
plant lines useful for productionof materialsranging from pharmaceuticals
(65) tobiodegradableplastics(112).

Theextentto which theotherpracticalor commercialexpectationsof plant
transformationcan be met dependson the efficiency and predictability of
productionof lines with the desiredphenotype, and without undesiredside
effectsof the transformation process.As thesophisticationof thephysiologi-
cal hypothesesto be testedby transformationincreases,exactly the same
factors becomelimit ing. This occursbecauseof the practical difficulty of
screeninglargenumbersof plantsfor the desiredexpressionpatternand the
needto avoidmisleading resultsfrom unrelatedphysiologicaleffectsof unin-
tended geneticchanges duringthetransformationprocess.
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BIOLOGICAL REQUIREMENTS FORTRANSFORMATION

The essentialrequirementsin a genetransfersystemfor productionof trans-
genicplantsare:(a) availability of a targettissueincludingcells competent for
plant regeneration,(b) a methodto introduce DNA into thoseregenerable
cells, and (c) a procedureto selectand regeneratetransformedplants at a
satisfactoryfrequency.

Oneof thesimplestavailableplanttransformationsystemsinvolvesinfilt ra-
tion of Agrobacterium cells into Arabidopsis plants before flowering, and
directselectionfor raretransformantsin theresultingseedlingpopulations(7,
23). Unfortunately,smallplantsize,rapid generationtime,and high seedyield
per plant areprerequisitesfor this method.Thesefeaturesarenot sharedby
anyeconomicallyimportantplantspecies.Otherapproachesto transformation
via plant gameteshavenot beensuccessfulin practice(126). Therefore,the
totipotency of somesomaticplant cells underliesmost plant transformation
systems.The efficiency with which suchcells canbe preparedastargetsfor
transformationis todaythelimi ting factorin achievementof transformationin
recalcitrant plantspecies.

UsingeitherAgrobacterium or particlebombardment,it is now possibleto
introduceDNA into virtually any regenerableplant 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 thereforegenerallyessentialto effi-
ciently detector selectfor transformedcellsamonga largeexcessof untrans-
formedcells (12), andto establishregenerationconditions allowing recovery
of intact plants derived from single transformedcells (156). Alternatively,
transformed cellsmustcontribute to thegermlinesothatnonchimeric transfor-
mantscan be obtainedin the progenyfrom sexual reproduction(28).

PRACTICAL REQUIREMENTS OFTRANSFORMATION
SYSTEMS FOR PLANTIMPROVEMENT

Beyondthebiological requirementsto achievetransformation andthe techni-
cal requirementsfor verificationof reproducibletransformation, desiredchar-
acteristicsto considerin evaluatingalternativetechniques,or developingnew
ones for cultivarimprovement, include:

1. Readyavailability of thetargettissue.Theresourcesrequiredto maintaina
continuous supply of explantssuch as immature embryosat the correct
developmental stagefor transformationcan besubstantial.
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2. Applicability to a rangeof cultivars.Genotype-specifictechniquesareof
lower valuebecause of the added complexity of extended breeding work to
movedesired genesinto preferredcultivars.

3. High efficiency, economy,and reproducibility, to readily producemany
independenttransformantsfor testing.

4. Safetyto operators,avoiding procedures,or substancesrequiringcumber-
someprecautionsto avoid a high hazardto operators(e.g.potential car-
cinogenicityof siliconecarbide whiskers).

5. Technicalsimplicity, involving a minimum of demandingor inherently
variable manipulations,suchas protoplastproductionand regeneration.

6. Frequentcotransformationwith multiplegenes,sothatahighproportionof
plant lines selected for marker gene expression will also incorporate
cotransformeduseful genes.

7. Unequivocalselectionor efficient screeningto recovertransgenicplants
from transformedcells.

8. Minimum  time  in  tissueculture,  to  reduceassociatedcosts  andavoid
undesiredsomaclonalvariation.

9. Stable,uniform (nonchimeric) transformantsfor vegetativelypropagated
species,or fertile germlinetransformantsfor sexuallypropagatedspecies.

10. Capacityto introducedefinedDNA sequenceswithout accompanyingvec-
tor sequencesnot requiredfor integrationor expressionof the introduced
genes.

11. Capacityto removereportergenesor othersequencesnot requiredfollow-
ing selectionof transformedlines.

12. Simpleintegration patternsandlow copy numberof introducedgenes,to
minimize theprobability of undesiredgenedisruptionat insertionsites,or
multicopy associatedtransgenesilencing.

13. Stableexpressionof introducedgenesin the patternexpectedfrom the
chosengenecontrol sequences,rather than patternsassociatedwith the
stateof the cells at the time of transformation(34), or the chancesite of
integration(122).

14. Optionallyapplicableto transformation of organellegenomes.
15. Absence of validpatentclaimson products.

Whentestedagainsttheabovecriteria,mostpublishedtechniquesfor gene
transferinto plant cells must be dismissedaseitherdisproven,unproven,or
impracticalfor usein routineproductionof transgenicplants.The techniques
that havebeenprovento producetransgenicplantsfrom a rangeof species,
and in many laboratories,areAgrobacterium-mediatedtransformation, bom-
bardment with DNA-coated microprojectiles, and electroporation or  PEG
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treatment of protoplasts. Techniques requiring protoplasts are generally
avoidedbecauseof the associatedinconvenienceand time in culture. As a
result virtually all plant transformationwork aimedat direct production of
improvedcultivarscurrentlyuses eitherAgrobacteriumor microprojectiles for
genetransfer.Neitherof theseapproachesis free of patentclaims,however,
andthere iscontinuing interest in development ofalternativetechniques (141).
Thestagesandtime-coursesfor typical transformationstrategiesusingAgro-
bacteriumor DNA-coated microprojectiles shownin Figure 1.

RECALCITRANT SYSTEMS AND APPARENT
CONSTRAINTS

Cereals,legumes,andwoodyplantsarecommonlycategorizedasrecalcitrant
to transformation,becausethesegroups have included a disproportionate

Figure 1 Typicaltransformation regimensusingAgrobacteriumor DNA-coatedmicroprojectiles.
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numberof untransformedor difficult to transformspecies.However,thegen-
eralizationis becomingless useful as one speciesafter anotherfrom these
groupsjoins the list of plantswith reliable transformation systems.The hy-
pothesisthat someplantslack the biological capacityto respondto essential
triggersfor integrativetransformation, or havecellularmechanismspreventing
integrativetransformation, can effectively berejected.

It is a reasonableproposition thattransgenicplantscanberegeneratedonly
from  cells competentfor both  regeneration  and  integrativetransformation
(126). Preliminary evidenceindicates  thatT-DNA integration  maybe the
limit ing step in maize transformation(111), but there is no evidencethat
actively dividing, regenerablecells arenot competentto integrateintroduced
DNA. Wheretissue culturesystemshavebeendevelopedto produceprolifer-
ating and regenerablecells, into which DNA can be introducedat a high
frequency(asindicatedby transientgeneexpression)without interferingwith
regenerabilityof the penetratedcells,previouslyrecalcitrantspecieshavebe-
cometransformable.The transformation efficiency hasbeenproportionalto
the efficiency ofthe tissuecultureand gene transfer systems (18, 70,76,93).

STRATEGIESTO ACHIEVE TRANSFORMATION

It is instructiveto considerspeciessuchas rice, which wasonceconsidered
recalcitrantto transformation but can now be transformedvia direct gene
transferinto protoplasts(140), particle bombardmentof immatureembryos
(27) or cell cultures(20), or Agrobacterium treatmentof embryogeniccallus
(70). In eachcase,successseemsto havefollowed identification (or produc-
tion throughtissueculture)of explantswith manyregenerablecells,optimiza-
tion of parameters for genetransfer intothosecells, andtailoringselection and
regenerationproceduresto recovertransgenicplants.A generalizedapproach
is illustrated in Figure 2. The nearesttransformedrelativesof an untrans-
formed speciesof interestare an obviousreferencepoint in initial work to
developsuitabletissueculture,gene transfer, andselectionregimens.

TissueCulture Strategies

Tissue culture is not atheoretical prerequisite forplant transformation,but it is
employedin almostall currentpracticaltransformationsystemsto achievea
workableefficiency of genetransfer,selection,andregenerationof transfor-
mants.Detailedconsiderationof the options for and optimization of tissue
culture systemsuseful for plant transformation is beyondthe scopeof this
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review,but thebroadtechnologyanddetailedprotocolsareaddressedin recent
techniquesmanuals(52,154).

In tissueculture systems for planttransformation,what is mostimportantis
a large numberof regenerablecells that are accessibleto the genetransfer
treatment,andthatwill retainthecapacityfor regenerationfor thedurationof
thenecessarytargetpreparation,cell proliferation,andselectiontreatments.A
high multiplication ratio from a micropropagation systemdoesnot necessarily
indicatea largenumberof regenerablecells accessibleto genetransfer(97).

Figure 2 A generalizedapproachto development of transformationsystemsfor recalcitrant plant
species.
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Genetransfer into potentially regenerablecells may not allow recoveryof
transgenicplantsif the capacity for efficientregeneration isshort-lived(132).

Thereseemsto be no reasonto preferembryogenicor organogenicplant
regeneration.In thehappyeventthatseveraltissueculturesystemsmeetingthe
primary requirementaboveareavailablefor a speciesof interest,the choice
canbe madebasedon featuresaffectingconvenienceor efficiency,including
readyavailability of explants,andminimal time in tissueculture.Somaclonal
variation,onceconsidereda potentially usefulsourceof geneticvariationfor
plant improvement,is now more a baneof genetransferprograms(81). In
somecircumstances,particularly the direct introduction of genesfor desired
commercialtraits intoelitevegetativelypropagatedcultivars,theneedto avoid
suchrandomgeneticchangemay becomethe overridingconsiderationin the
choice of tissuecultureand genetransfer systems.

The desireto minimizesomaclonal variation isonemotivationfor eliminat-
ing or minimizing the tissue culturephase,by genetransferinto intact tissue
explantsandregenerationwithout substantial in vitro culture.In severalcere-
als, it hasbeenpossible to dispensewith tissueculturefor targetpreparation,
by genetransferinto immaturezygoticembryos,althoughembryogeniccallus
culture isstill required torecovertransgenicplants(27,157,159).

The goal of genetic transformationwithout tissue culture has beenap-
proachedin soybean,cotton,bean,andpeanutby particlebombardmentinto
meristematic tissue of excisedembryonicaxes,shoot proliferation to yield
some lines with transformationof germline cells, and screeningfor trans-
formed sexualprogeny(26). The limiti ng factors remain the ability to me-
chanically prepare  the  explants,transfer  genesinto regenerable  cells,and
select or screen for transformantsat an efficiency sufficientfor practical use in
cultivar improvement.For example,thereportedgermline transformationrate
for bean(0.06% of excisedand bombardedapical meristems, 0.03% of as-
sayedshoots)would makethe processtoo expensivefor many laboratories
(133). Thereremainsunexplainedcultivar specificity for transformationvia
meristembombardmentwithin someplantspecies suchas bean (133),imprac-
ticality of genetransferinto meristems of otherssuchasrice (27), anduncer-
taintyaboutapplicability in vegetativelypropagatedspeciessuch as sugarcane
(51).

While tissuecultureremainsan essentialcomponentof practicaltransfor-
mation systems  for  most  plantspecies,  researchaimed  atminimizing so-
maclonalvariationdeservesa high priority. Curiously little of the published
researchon somaclonalvariationhasbeen directed atthis goal(81).
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GeneTransferStrategies

Suggestedapproachesto developmentor optimizationof transformation proto-
colsusingparticlebombardment(12) or Agrobacterium (152)havebeenpub-
lished,basedon practicalexperiencesin laboratoriesworking on recalcitrant
crops.For particlebombardment,it is generallymostefficient to first examine
theavailabletissueculturesystems,determinethemodesof regenerationand
thelocationof thecellsinvolved, optimizetissuecultureconditionsto increase
thenumberor accessibility of suchcells if necessary,andthendevelopcondi-
tions  for nonlethal transferof DNA into large numbersof such cells per
bombardment(12).

For Agrobacterium,it is consideredmore efficient to first establishthe
conditionsfor genetransferandthenwork on conditions for regenerationof
transformedcells (152). This contrastmay be biologically well-founded,be-
causeof the greatercomplexity and lesserunderstandingof the biological
interactionprecedingthe genetransferevent from Agrobacterium.Unfortu-
nately, thereis no guaranteethat a transformableplant cell type will prove
regenerable, even inthe handsof the mostsuccessful tissue culturist.

If preliminary transformationexperimentsusing techniquessuccessfulin
similarplantsystemsarenot successful, my adviceis to establish by histologi-
cal studies the precisecellular origins and timing of eventsleadingto plant
regenerationwithin theexplantsto beusedastargetsfor genetransfer.This is
likely to avoidmuchwastedtimeandfrustrationfrom optimizinggenetransfer
and regenerationwithin the sameregion of the explant, but potentially in
different cells, so that transformedplants are unlikely  to result. Work in
sunflower is a fine exampleof the value of this relatively simple check to
explainandpotentially overcomedifficulty in transformationof a recalcitrant
species (91).

Assaysfor transientexpressionof introducedreportergenesin plant cells
can provideunequivocalevidence of genetransfer. A great deal oftime canbe
wastedunlessthis analysisis focusedon regenerablecells,which oftencom-
prisea smallandinaccessiblefractionof thetargettissue(12,91).Exhaustive
experimentsto maximize transientexpressionare also futile if they involve
conditionsharmful to regenerationor molecularcharacteristicsof transformed
cells (8, 26). For example,particlebombardmentconditionscannow be ar-
rangedto give highly reproducibleresultsin transientassays,by deliveringa
large numberof copiesof potentially transcribableDNA into the nuclei of
targetcells.However,a different form andconcentrationof DNA is likely to
be optimal for efficient productionof low copy numbertransformants(12).
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Thereis litt le informationonformsof DNA or sequencesthatmayincreasethe
frequency of stabletransformation(8, 19, 142).

Thereis considerablebatch-to-batchvariationin thefrequencyof transient
expressioneventsfollowing cocultivation with Agrobacterium (78). Thecor-
relationbetweentransientexpressionandstabletransformation hasnot been
thoroughlytested.Agrobacteriumemploysa highly evolvedandstill incom-
pletelyunderstoodgene transfer and integrationsystem that appearsoptimized
for efficient nucleartargetingandintegration of a protein-complexedsingle-
strandedDNA introducedasa small numberof copiesper cell (165).There-
fore, stabletransformationmay occur at a high frequencyin cells without
detectabletransientexpressionof the introducedDNA. Positiveresultsfrom
transientassaysfor Agrobacterium-mediatedgenetransfer into regenerable
cells are encouraging(70, 76, 93), but until the parametersaffecting such
expressionare betterunderstood, it is unwise to abandonhopetoo quickly
based onnegative resultsfrom transientassays.

It may benecessaryto introduce aconsiderable number ofgenesinto plants
for somepurposes.The limi ts of availablegenetransfertechniqueshavenot
yet beendefined.At least12 separateplasmidsandup to 600kb of DNA can
be introduced at onceby particlebombardment(62), but the numberof ex-
pressedgeneshasnot beentested.Therearesomeindicationsthat largeplas-
mids (>10 kb) may be subjectto greaterfragmentationduring particlebom-
bardment(12). Transposon-derived vectorshave beenshown to deliver an
increasedproportionof intact, single-copyinsertsof up to 10 kb following
directgenetransferinto protoplasts(92).Recentevidenceindicatesthatuseof
a binarybacterialartificial chromosomevector,with helperplasmidsenhanc-
ing productionof VirG andVirE proteins,canallow efficient Agrobacterium-
mediatedtransferof at least150 kb of foreign DNA into the plant nuclear
genome.Furthermore,thetransferredDNA appearedto bepresentasanintact
single copy that  wasfaithfully inherited in the progeny of severalof the
characterizedtransformants(64).

VectorsoverexpressingvirG arealsoa componentof the thoroughly veri-
fied systemsfor Agrobacterium-mediatedtransformationof rice (70), maize
(76), andcassava(93), anddeservewider testingin recalcitrantplants.Other
keyvariablesin Agrobacterium-mediatedgenetransferincludeAgrobacterium
andplant genotype,treatmentwith vir geneinducerssuchasacetosyringone,
woundedcell extracts,feedercellsor sugars;pH, temperature,cell concentra-
tion,  light conditions, and duration of cocultivation; explant type, quality,
preculture(152),hormonetreatment(50), wounding,or infiltration (11); and
useof appropriateantibacterialagents(95), antioxidants (124), ethylenean-
tagonists(35), and/ormethylation inhibitors (117) to reducedamageand/or
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genesilencingin treatedplant cells. With so many variables,and little evi-
denceof combinations that are broadly applicableacrossplant species,it is
evidentwhy transientexpressionassaysareuseful,if imperfect,asindicators
of suitableconditionsfor genetransfer(76), beforemoreexpensivestudiesto
optimizestabletransformation.

Selection Strategies

For transformationsystems that generatesubstantial numbersof nonchimeric
primary transformants,genesconferring resistanceto a selectivechemical
agent(161),genesconferringa phenotype allowing visualor physicalscreen-
ing (16, 18, 129),or evenPCRscreeningto identify plantscontainingtrans-
ferredgenes(27,83) canall beusedto recovertransformants.Transformation
systemsthat generatechimericprimary transformantsincluding transformed
germlinecells, as intermediatesin the productionof homogeneouslytrans-
formed (R1) progeny plants, generally require screeningrather than lethal
selectionto reveal primary transformants(28, 83,105).

Screeningapproachesareexpensiveunlessthetransformation efficiencyis
high, andgenerallyimpracticalif the proportionof transformantsamongre-
generatedlines is below 10−2 to 10−3. In our hands,the recoveryof trans-
formedplantswas10-fold lower from visualscreeningcomparedwith antibi-
otic selection(18). This may occur becauseantibiotic selectionprovidesa
continuousadvantageto transformedcells, which may otherwisebe over-
grown by the far greaternumbersof proliferatingnontransformed cells (48,
78). Under thesecircumstances,antibiotic selectionmay allow a higherpro-
portionof transformedcellsto multiply andregenerate,in addition to facilitat-
ing the recognitionof transformants.

An excellentreviewhasbeenpublishedon selectablemarkergenes,assay-
able reportergenes,and criteria for their usein plant transformation studies
(16). Broadly applicable,simple, androbustselectionregimensnow exist for
transgenicplants,requiringlittle experimentationwith thetiming andconcen-
trationof selectiveagentsto matchthetargettissueandgenetransfersystem.
However,it is still important to considerthe physiology of antibiotic action
and resistancemechanisms when choosingor modifying selectionprotocols
(36). Therearealso reportsof interactionsbetweenselectiveagentandsub-
sequentregenerability(137), and interactionsbetweenantibiotic and gelling
agents(101).Attentionis increasinglybeingdirectedto introduction of multi-
ple agronomicallyuseful genesinto plant lines, without having to pyramid
selectable genesin theprocess (27,32, 155,163).
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Transgene Expression Strategies

Thefirst attempts to expressforeigngenesfailedbecauseof theinability of the
plant transcriptionalmachineryto recognizesomeforeign genecontrol se-
quences,particularlypromotersequencesof manybacterialgenes.This initial
hurdlewasovercomeby exploiting control sequencesisolatedfrom genesof
Agrobacteriumand cauliflower mosaicvirus, which were known to be ex-
pressedin plant cellsaspartof theprocessof molecularsubversionof hostcell
machinery  by  these  pathogens.  Continuing  characterizationof many plant
genes,and analysesof transientand stableexpressionof foreign genecon-
structs in plants, have contributed to a growing understandingof features
useful for the regulatedexpressionof transgenesin plants.Featurestypically
consideredin preparationof suchconstructsinclude:(a) appropriatetranscrip-
tional promotersand enhancers(9); (b) introns (98, 100); (c) transcriptional
terminatorsand3′ enhancers(130); (d) polyadenylation signals(3, 162); (e)
untranslated5′ leaderand3′ trailer sequences(38, 56, 148); (f) codonusage
(87, 125); (g) optimal sequencecontextaroundtranscriptionand translation
startsites,includingabsenceof spurious startcodons(5, 55,66,99); (h) transit
sequencesfor appropriatesubcellular compartmentation and stability of the
geneproduct(58,68,82,115);(i) absenceof sequencessuchascryptic introns
(129) or polyadenylation signalsresulting in inappropriate RNA processing
(87,125);and(j) absenceof sequencesresultingin undesiredglycosylation or
lipid anchorsites(24,46).Recentprogresswith chloroplasttransformationhas
addedthe possibility of expressionfrom the plastid or nucleargenome(21,
104).

This understandinghasgreatlyimprovedtheability to tailor transgenesfor
variousstrengthsand patternsof expressionessentialfor practicalplant ge-
netic engineering(10). Levels and patternsof expressiongenerallyvary to
someextent,evenbetweenindependentsingle copy transformants.This re-
flects the influenceof different sequencesflanking the integration sitesupon
expressionof the transgene(122,151).Although this variationmay generate
transformedlines which by chancehavenew andusefulexpressionpatterns
(34),this isunlikely tooccurata frequencythatis usefulin practice,unlesswe
can bias integrationtoward regionsof the DNA that are preferentiallyex-
pressedunderspecifiedconditions.Otherwise,randomvariationwill greatly
increasethe expenseof the varietal improvementprocess,becauserigorous
evaluationof manytransformedlineswill beneededto identify thosewith the
desiredphenotype.Oneattractionof transformationfor cultivar improvement
is thetheoreticalpotentialfor very precisegeneticchange.If randomvariation
arounda desiredphenotypein individual transformantsnecessitatesextensive
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field characterizationto selectcommerciallines,theremaybeno advantagein
usingtransformationover conventionalbreeding.In thesecircumstances,the
valueof plant transformation in cultivar improvementwould be restrictedto
traits not achievableby conventionalbreeding,particularly introduction of
new genes tothe germplasmavailableto breeders.

Of evengreaterconcernis unpredictable lossof theimprovedphenotypein
transformedcultivarsbecauseof silencingof thetransgene.This phenomenon
is discussedin severalexcellentrecentreviews(45, 103, 107). In practical
terms,it is fortunatethattransgenesilencinghasto datealwaysbeendetectable
soonafter transformation,crossing,or field testingof transformants(see45).
The problem would be much more seriousif unstablelines could not be
reliably detectedandeliminatedduring theroutinescreeningandpropagation
of transgeniclines beforecommercialrelease,becauseof the potentialcom-
mercial damagefrom loss ofanessentialtrait suchas diseaseresistance. There
is still much to be learnedabout the causesof transgeneinactivation. For
example,multicopy transgeneshavebeenidentified asa probablecause(see
45), indicating a disadvantageof direct genetransfertechniqueswhich result
in higher averagecopy numbersthan Agrobacterium. However,our experi-
encefrom severalyearsof laboratoryandfield testingwith hundredsof trans-
genic sugarcanelines is that somepromoter-reportergeneconstructsare si-
lencedat high frequency,whereasothersare almost invariably stably ex-
pressed,with no relationship to copy number(13). It will be important to
discoverwhat sequenceswithin theseconstructstrigger or inhibit silencing,
andwhethermatrix attachmentregions(142), demethylation sequences(94),
or targetedintegrationsystems(2,118)canbedevelopedto protectsusceptible
foreign sequencesfrom silencingin transgenicplants.

Integrating Components of Transformation Strategies

Featuresof representativestrategiesfor productionof transgenicplants are
comparedin Table1. Othercombinationsexist,but thetableillustratesthatthe
choiceof transformationstrategyinfluencesmanysecondaryparameterssuch
as time in tissueculture and numberof plants processedper transformant,
which oftendeterminethe practicalityof the system.

It is commonly generalizedthat Agrobacterium producessimpler integra-
tion patternsthandirect genetransfer,but both approachesresult in a similar
range of integrationevents, including truncations,rearrangements, andvarious
copy numbersandinsertionsites.Furthermore,the frequencydistributionsof
copynumberandrearrangementsvarywith transformation parametersfor both
genetransfermethods(25, 60, 107, 150). More careful work is requiredto
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optimize methods for simple integration patternsbeforeany reliableconclu-
sionsaredrawnaboutthe relativepotentialof the techniquesto deliver such
patternsat a satisfactoryfrequency.

Table 1 Features influencingpracticalapplication of successful plant transformation strategies

SuccessfulTransformation Strategies
Parameters In planta Vegetative

tissue
Meristem Embryo Callus

Gene transfer
method

Agrobacterium Agrobacterium Particle bom-
bardment

Particlebom-
bardment

Particle bom-
bardment

Explant Floweringplant Any tissue
with regener-
ablecells

Embryonic
axesor meri-
stems

Intactor sec-
tioned em-
bryos

Embryogenic
or organo-
genic callus

Target cellsfor
effective gene
transfer

Germlinecells
latein floral
development

Any regener-
ablecells

Germlinecells
in meristems

Epidermal
cells of
scutellum

Surfaceor sub-
surfacecells

Regeneration Flowering
shoot/zygotic
embryo

Organogenesis
or
embryogenesis

Shoot forma-
tion/zygotic
embryo

Embryogenesis Embryogenesis
or
organogenesis

1° regenerant
chimeric

Fewfloral cells
transformed

No Germlinetrans-
formed

No No

Sexual repro-
duction

Essential Unnecessary Probably
essential

Unnecessary Unnecessary

Selection Yes (R1

progeny)
Yes Not beforeR1

progeny
Yes Yes

Screenable
marker

Optional Optional Essential Optional Optional

Hormonal
treatment

Unnecessary Auxin +/or
cytokinin

Usually
cytokinin

Auxin+/−
cytokinin

Auxin+/−
cytokinin

Transformants
per treated
explant

1–10 1–10 0.001 0.01 0.01–1

Transformants
per testedre-
generant

0.001 1 0.0003 1 1

Tissue culture
duration

Unnecessary 10 weeks 4–6weeks 10 weeks 20 weeks

Time from
treatment of
non-chimeric
transformant

7–10 weeks 10 weeks Onegeneration
time

10 weeks 10 weeks

Provenapplica-
bility (e.g.)

Arabidopsis(7) Many spp.(59) Several spp.in-
cludingleg-
umes (26,
105)

Several cereals
(27,77)

Many spp. (17,
26)
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The apparenttargetingof T-DNA integrationinto transcribedregionsis
usefulfor geneandpromotertagging,andfor transgeneinsertion into regions
favoringsubsequentexpression(86).However,theobservationthatover90%
of T-DNA insertions may disrupt transcriptionalunits (96), with 15–26%of
transformantsshowingvisible mutantphenotypesresultingfrom T-DNA in-
sertions(44), soundsan alarmfor direct productionof improvedcultivars in
highly selectedcrops, where mostphenotypic changesfrom random mutations
arelikely to beadverse.For suchwork, integrationshouldideally bedirected
to transcribedregionswithout disruption of existingplant genes.To achieve
this will requiremore researchto bring genetargetingtechnologyin plants
closerto the level achievedin modelanimals(79, 118).WhetherDNA intro-
ducedinto plant cells by direct genetransferis alsopreferentiallyintegrated
into transcribedregions oractive genes hasnotbeen adequatelytested (85).

OTHERCONSTRAINTSTO RESEARCH AND
DEVELOPMENTIN PLANT TRANSFORMATION

Regulatory Environment and Public Perceptions

In most countries,  plannedfield  releasesand  commercial  developmentof
transgenicplantsare first scrutinizedandapprovedby regulatoryauthorities
establishedby thenationalgovernment,to ensurethatproductsaresafeto the
environmentandconsumers(33, 43, 158). This processcanbe importantto
obtainthemaximum socialbenefitfrom transgenicplantlines.Forexample,in
severalcountries,releaseof transgenicinsect-resistantplantvarietieshasbeen
linked to mandatoryprogramsof insectmonitoring andindustry responsesto
avoid prematureloss of useful insectcontrol genesbecauseof a build-up of
resistantinsectpopulations (88).

Scrutinyby regulatoryauthoritiesis alsoan importantmechanismto reas-
sure the generalpublic of the safety of a new technology that is not well
understoodby mostpeople.However,if theprocessis conductedinefficiently
by the regulatoryauthorities,it canseverelyslow research.For example,it is
essentialto characterizeasubstantial numberof independenttransformedplant
lines in both physiological experimentsandin selectinggeneticallyimproved
cultivars.The availability of sufficient containmentgreenhousespacerapidly
becomeslimiti ng if theprocessof evaluationbeforeapprovalof field releases
is slow.

The conservativeassumption underlyingregulationsin many countriesis
thatall transgenicplantsarepotentially hazardous.Scientifictheoryandprac-
tical experienceshowthat this is not thecase.Thehazardsrelateto thegenes
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transferredor the phenotypeproduced,not to the genetransfermethodused.
There have beenno reportsof any harmful environmental effects or other
hazardousunforeseenbehaviorof transgenicplantsin the thousandsof field
trials conductedinternationally to date(33). As public experienceandunder-
standingof plant transformationincrease,it is to be hopedthat regulatory
processesmay  bestreamlined,  with  thefocus on productsrather than on
processes of plantgeneticmodification (108).

Consumer responseto transgenicplant productshasnow beentestedwith
the commercialreleaseof improvedvarietiesin a rangeof crops(Table 2).

Table 2 Commercialreleases oftransgenic plantvarieties

Trait Crop Name Company ProductStatus

Quality (vine-rip-
enedflavor,
shelfli fe

Tomato Flavr Savr Calgene Released1994

Quality (vine-rip-
enedflavor,
shelfli fe)

Tomato EndlessSummer DNA Plant
Technology

Blockedby
patentclaims

Quality (paste
consistency)

Tomato — Zeneca Released1995

Oil characteristics Canola Laurical Calgene Released1994

Virus resistance Tobacco
Tomato
Capsicum

— (China) Released
1993–1994

Virus resistance Squash Freedom II Asgrow Released1995

Insectresistance Cotton
Potato
Maize

Bollgard
NewLeaf
YieldGuard

Monsanto Released
1996–1997

Insectresistance Maize Maximizer CibaSeeds Released1996

Herbicide
resistance

Flax Triffi d University of
Saskatchewan

Released1995

Herbicide
resistance

Cotton BXN Calgene Released1995

Herbicide
resistance

Canola
Corn

Innovator
Liberty Link

AgrEvo Released
1995–1996

Herbicide
resistance

Soybean
Canola
Cotton

Roundup
Ready

Monsanto Released
1995–1996

Herbicide
resistance

Soybean

Corn

Roundup
Ready, STS
Liberty Link

Pioneer Released
1996–1997

Malesterility
hybrid system

Canola — PlantGenetic
Systems

Approved1996
(USA, FDA)
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Thesereleaseshavecoincidedwith increasingdisseminationof informationon
transgenicplantsin formsaccessibleto thegeneralpublic (158).In eachcase,
consumershaverespondedpositively to quality or price advantages,and in
severalcasesdemandhasoutstrippedsupplyin thefirst season.However,it is
clear that continuedwork is importantto provide the broadcommunity with
informationto supportconsideredresponsesto emergingproducts(63).

Intellectual Property

As technicallimitations areovercome,it is possiblethat commerciallimita-
tionswill becomemoreseriousbarriersto exploitation of genetictransforma-
tion. New technologiesdevelopedin this areaareeffectively inventions and
arethereforeeligible for patentprotection(84,123).Forexample,patentshave
alreadybeenissuedonmostestablishedor promisingplantgenetictransforma-
tion strategies(29, 69, 89, 102, 119, 134, 136) andon many isolatedgenes,
promoters,andtechniquesfor plant genemanipulation (see121 andmonthly
patentupdatesin GeneticTechnologyNews). Thepatentliteraturehasbecome
an important sourceof information in plant transformation research,albeit
more difficultand expensiveto search thanthe scientific literature (6,40).

A patent provides the inventor or  assigneewith  a  period  ofexclusive
ownership,or formallya rightto exclude others frommaking,using, or selling
the invention.Thereis no statutoryexclusionfor infringment whenpatented
productsor methodsareusedfor researchpurposes.Thewidespreadmiscon-
ceptionthat disclosurein the patentdocumentallows researchersto practice
the invention in order to improve on it (73) possibly arisesbecausepatent
ownersaregenerallyreticentin instituting infringementproceedingsuntil the
level of damagesthatmayaccruebecomescommerciallysignificant.Thereis
no obligation to licenseandno constrainton royalty levelsprovidedthe patent
holdermakesactiveuseof the intellectualproperty.Somepatentsmakeex-
tremelybroadclaims,andpatentholdersarenot requiredto developall possi-
ble manifestations of an inventionto retainbroadownership(144).Penalties
for infringementof proprietary rights can be severe,so it is important to
determinewhetherthe tools or topicsof proposedresearcharealreadyin the
public domainor subjectto patentprotection(160). This can be difficult to
establishwithout periodicpatentsearching, or evenlegal challenges(75).

Theposition maydiffer betweencountries.For example,particlebombard-
mentfor genetransferinto plant cells hasbeenpatentedin the United States
(134) but not in Australia.Apparatusfor particle bombardmentinvolving a
macroprojectileand stop plate hasbeenpatentedin Australia (135) but not
apparatusinvolving particleaccelerationin a gaspulse.Patentcoveragefor
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many genesand promotersis similarly restricted.For example,the maize
ubiquitin promoteris thesubjectof grantedpatentsor applications in Europe,
Japan,andtheUnitedStates(128)but apparentlynot in manyothercountries,
includingAustralia.

Under thesecircumstances,a transgenicplant variety producedand used
commerciallywithout infringing any patentrights in one country could in-
fringe certainpatentclaimsif used(evenfor researchor othernoncommercial
purposes)in anothercountry.To complicatemattersfurther, patentapplica-
tions arenot availablepublicly in somecountries(notablythe United States)
until the patentis granted,which can be yearsafter the applicationis filed.
There are movesto harmonizeinternational practice,e.g. by providing for
ownershipfor 20 yearsfrom thedateof applicationandpublishing 18 months
after applicationto eliminatethe practiceof “submarine”patentapplications
that only surfaceafter a competitor hasindependentlymadethe sameinven-
tion (42).Theissuesinvolvedarecomplicated,andsomeimportantdifferences
in patentlaw betweencountriesappearunlikely to be resolvedin the near
future (4).

Patentsareintendedto encourageandrewardusefulinvention andtechnical
innovation, andthenewtechnology entersthepublic domainaftera periodof
17 to 20years(42,84).In theinterim,commercialrestrictionscanappearquite
ruthlessas patentholdersadoptcommercialization strategiesto capturethe
valueof protectedintellectual property(75). In an eraof tight public sector
researchfunding and high researchand developmentcosts,the benefitsof
corporateinvestment  to  develop  transformationtechnologies  outweigh  the
inconvenienceof patentrestrictions.Debatecontinueson mechanismsto bal-
ance the competinginterests(22).

FUTURENEEDSAND DIRECTIONSIN PLANT
TRANSFORMATION RESEARCH AND DEVELOPMENT

TransformationEfficiency

Themethodsfor genetransferinto plantcells,particularlyAgrobacteriumand
particlebombardment, arenow sufficiently developedto allow transformation
of essentiallyany plant speciesin which regenerablecells canbe identified.
Broadlyapplicableselectionmethodsarewell established.Thekeyto transfor-
mationof recalcitrantspecies appears tobe developmentof methodsto expose
manyregenerablecellsto nondestructivegenetransfer treatments.

Whatcurrentlylimits thepracticaltransformationof manyplantspeciesis
thecombinationof a low frequencyof transformationanda high frequencyof
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undesiredgeneticchangeor unpredictable transgeneexpression.Theseprob-
lemsnecessitateexpensivelarge-scaletransformationandscreeningprograms
to produceuseful transformants. The first constraintmay be addressedby
researchinto tissue culturesystemsto enrichfor regenerablecellsaccessibleto
genetransfer.Contract transformationservices(106) may implementecono-
miesof scaleto afford roboticsystems(1) for routinelargescaletargetprepa-
rationand gene transfer treatments.

A clearerunderstandingof the eventssurroundinggenetransferby Agro-
bacteriumis alsorequired.Is transientexpressiona satisfactorytestfor Agro-
bacterium-mediatedgenetransferinto plant cells, or cananotherconvenient
testbedevelopedto allow rapiddetectionandoptimization of this key event?
DoesAgrobacterium selectbetweencell types,andif so what featuresdeter-
minefavoredcells for genetransfer?Canthesefeaturesbeimpartedto highly
regenerablecell types?Direct genetransferexperimentsindicatethat if naked
DNA is transferredinto manyactively dividing andregenerablecells,a pro-
portionwill be stably transformed.Is thesametruefor cellsreceivingtypically
lower dosesof T-DNA, or arethereadditional physiological requirementsfor
efficient T-DNA integration(111)?Is T-DNA integrationtargetedto poten-
tially expressedregionsof the genome,or to regionsundergoingactivetran-
scription? Can the transcriptional statusof target  cellsbe manipulatedto
achievea high frequencyof integration into regionssuitablefor subsequent
transgeneexpression,but a low frequencyof insertionalinactivation of genes
influencingthephenotypeof regenerated transformants?

Thereareat leastasmanyrelevantquestionssurroundingdirectgene trans-
fer. Is stabletransformation efficiency assensitive as transientexpressionto
decreasedDNA concentration?Does DNA concentrationaffect meancopy
numberor cotransformationfrequencyin resulting stabletransformants?Is
integrationtargetedto potentially transcribedregionsasappearsto bethecase
for T-DNA from Agrobacterium? Canartificial T-DNA complexesbe manu-
factured,andwill theyinfluencetheefficiencyor integrationpatternsavailable
from directgene transfer?

UsefulvsAbsolute Transformation Efficiency

In the longerterm,a moreimportant goal thanincreasedtransformationeffi-
ciencyis the developmentof transformationmethodsandconstructstailored
for predictabletransgeneexpression,without collateralgeneticdamage.We
may concludethatmuchof thecurrenteffort in plant transformationdirected
toward increasedtransformationfrequenciesis naive and misdirected.We
needto distinguish betweenabsoluteand useful transformationfrequencies.
The limiti ng processin the applicationof plant transformationfor more so-
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phisticatedstudiesof plant physiology or for cultivar improvementis gener-
ally not the production of transformantsbut the screening(or subsequent
breeding)requiredto eliminatetransformantswith collateralgeneticdamage
that would interfere with meaningfulphysiological analysisor commercial
use. Dependingon the ratio of effort required for theseprocessesa large
increasein absolutetransformationefficiency may befutile if accompaniedby
evena smalldecreasein theproportionof usefultransformants.Conversely,a
largedrop in absolutetransformationfrequencymay be more than compen-
satedby a smallergain in theproportionof usefultransformants.Theseideas
arefamiliar to mostpracticingplantbreedersbuthaveunderstandably notbeen
foremost in themindsof most transformation scientists whiletheystruggled to
developreliableandefficient systemsfor genetransferinto targetplant spe-
cies.

CollateralGeneticDamage

To achievea high proportionof useful transformants,we needto understand
moreclearly the factorscontributingto undesiredgeneticchangeduring the
transformationprocess.To what extent is such changeassociatedwith the
integrationof singleor multiple copiesof foreign DNA, asdistinct from the
processesof tissueculture, selection,andplantregeneration?Is geneticchange
inducedor selectedduring suchprocesses,or is it commonly the effect of
preexistingmutations in somaticcells that are simply detectedwhen entire
plantsareregeneratedfrom single (transformed)cells?If changeis induced,
which arethe mutagenicstagesin the protocols,andcanthey be avoided?If
mutations are preexisting, cantheproceduresbetailoredto selectivelyprevent
regenerationof mutated cells? Compared to adventitiousshootproliferation, is
somaticembryogenesisdisadvantageous because of longerdurationin culture,
or advantageousbecausethecomplexityof theembryogenicprocessactsasa
filter to eliminatemanycells with mutations?Doestheapproachof germline
transformationof unculturedexplantsfollowed by crossingto obtain non-
chimeric transgenicprogeny reduce the frequency of undesiredgenetic
change,or just masksuchchangein thebackgroundof geneticvariationfrom
sexualreproduction?The relative importanceof thesequestionsvaries be-
tween plant species;vegetativelyvs sexually propagatedcrops provide an
extremeexample.Unfortunately,theanswersto manyof thesequestionsmay
also begenotypespecific.

IdealandModel TransformationSystems

As the emphasison useful transformationfrequencyincreases,we may seea
trend toward minimization or elimination of tissueculture stages,targeted
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integrationof singlecopytransgenes,anddirect(leaf-discPCR)screeningfor
transformantswith usefulgenesto eliminatethe needfor reportersequences.
As our understandingof the geneticbasisof agronomictraits increases,it is
likely that this goal will be extendedto the introduction of greaterlengthsof
DNA encodingmultiple genes.We will needto determinethe capacityof
availablemethodsto introducesuch lengthsof DNA intact.

Although someof thesequestions maybeansweredandapproachesdevel-
opedwith modelplants,thefeaturesthatmakethemodelsattractivefor some
geneticstudies(e.g.smallgenome,smallplantsize,rapidgenerationtime for
Arabidopsis) generally cannot beexploited inpracticaltransformation systems
for most economicallyimportant plants.We must be preparedto selectthe
modelsaccordingto thequestions,andtesttheanswersfor applicability to the
practical targets.

Transformation, Breeding, and GeneticDiversity

As with conventionalbreeding,it is highly undesirablefor plant transforma-
tion to lead to excessivegeneticuniformity in currentvarietiesof any crop.
Even a single gene in all varietiescan createproblems.For example,the
UnitedStatesmaizecrop in 1970wasdevastatedbecauseof diseasesuscepti-
bility accompanyinga cytoplasmic malesterility trait usedto simplify hybrid
seedproduction(164).This is anotherreasonto aim for thecapacityto trans-
form diversegenotypeswithin a species,to developdiversegenesfor desired
phenotypes,andto eliminate unnecessarysequencesfrom the transformation
process.

When PracticalMeans Commercial

Planttransformationis alreadysufficiently developedto allow thetesting and
evencommercialization of plantswith novelphenotypesundersimplegenetic
control. For continuingpracticalbenefits,it will be necessaryto extendour
understandingof the biological basisfor efficient plant transformation and
developimprovedtechnologies for predictabletransgeneexpressionwithout
collateralgeneticdamage,at a pacematchingtheexcitingscientificadvances
in genecloning andcharacterization.This will requiresupportfrom industry
for the underlyingresearch.As transformationprojectsare increasinglyunder-
takenwith the possibility of generatingcommercially usefulproducts,trans-
formationscientists in turn mustincreasinglyintegratesocial,legal,andeco-
nomic issuesas well as technicalissuesfrom the earlieststagesof project
design.
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