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ABSTRACT

ant transformation i S Now a core research tool in plant biology and a practical

ol for cultivar improvemnent. Thereareverifiedmethodsfor stableintroduction
01 novel genesintothe nuclear genomes of over 120 diverseplant species. This
[eview examines the criteriato verify plant transformation; the biological and
Practical requirements for transformation systems; the integration of tissue
ture, gene transfer, selection, and transgene expression strategiesto achieve
ransformation in recal citrant species; and other constraintsto plant transforma-
n including regulatory environment, publicperceptions, inteliectual propetty,

d economics. Because the costs of screening popul ations showing diverse
genetic changes can far exceed the costs of transformation, it is important to
 tinguish absoluteand useful 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-
wers toa series of bioloeical and technical questions. someof whichare defined.
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INTRODUCTION

Plant transformation is at a threshold. Over 3000 field trials o transfo
plants arein progressor completed in & least 30 countries. These trials invol
over 40 plant species modified for various economic traits (33, and update!
Genetic Technology News). We are emerging from a period of plant transfol
mation research dominated by the need to develop proven genetic transformé
tion methods for the major experimental and economic plant species, into the
eraof application of transformation asa core research tool in plant biology and
a practical tool for cultivar improvement. Some of the most important issues
(problems and strategies) affecting these uses are very different from thosé
foremost in our thinking in recent years while the discipline focused on the
scientific understanding and technical development of reliable systems fof
genetic transformation of a widerange of plant species.

The capacity to introduce and express diverse foreign genesin plants, firsts
described for tobacco in 1984 (37, 74. 120), has been extended to over 120°
speciesin at least 35 families. Successes include most major economic crops;
vegetables, ornamental, medicinal, fruit. tree, and pasture plants. The rapid and
simultaneous developments in transformation technology and information -
technology make tabulations of transformed species quickly out of date (41; &
131), and it is advisable to use computei-based searchesto locate references to =
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n: formation methodsfor species of interest. The processof diversi-
d refinement of transformation techniques for greater convenience,
jiency, broader genotype range, and desired molecular charac-
transformantswili continue to good effect for some time. However,
nsfer and regeneration of transgenic plants are no longer the factors
e development and application of practical transformation systems
Jant species. Attention is increasingly being directed to achieving
red patterns of expression of introduced genes and to solving economic
ts on practical plant molecular improvement.

e excellent recent reviews of the development of plant transforma-
ems using Agrobacterium (72, 146, 165), direct gene transfer into
plagts (49, 113, 114), or particle bombardment (14, 25, 26), and the
itizl for their practical application (30.73). These topics are now compre-
ively addressed in recent texts (12, 54, 61, 90, 110) and methods manuals
1153, 57, 127, 153), to which the reader is referred for background informa-
i this review | aim to identify key problemsremaining in the develop-
it of plant transformation systems, key issuesto beresolvedin the practical
ication of these systems, and strategies by which we may overcomethese

TION AND VERIFICATION OF TRANSFORMATION

s review is concerned with the stable incorporation and expression of genes
f0duced into plants by means other than fusion of gametes or other cells. It
Buses on transformation involving integration of introduced genes in the
t nuclear genome, although some issues are equally applicable to trans-
med plants in which introduced genes are expressed from an organelle
mome (21}, or areplicating viral vector (139).

. Ingo Potrykus in 1991 (126) offered a provocative but clarifying assess-
et of plant transformation technologies based on arigid definition of proof
¥ integrative transformation, requiring a combination of genetic. phenotypic,
40 physical data. Unfortunately the combination specified was not useful in
tice for verification of transformation in some plants. For example, analy-
5 of sexual offspring populations is problematic in trees that are slow to
oduce sexually, and in some vegetatively propagated crops such as sugar-
~4ne with complicated (polyploid, aneuploid) genetics, and many sexually
Sterile cultivars. Similarly, a "tight” correlation between physical and pheno-
Pic datais not a defining characteristic of genetransfer methods that result in
tegration of multiple and often rearranged copies of the transferred DNA,
cCause many transformants have unexpressed copies of introduced se-
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guences. Integrative transformation has neverthel ess been unequivocalis
fied in such cases.
Most critical researchers would therefore accept a more generally i
ble subset of criteria asrigorous proof of integrative transformation:
1. Southern DNA hybridization analysis of multiple independent tran if
mants, using a probe(s) for the introduced gene(s) and resmction enzyj
predicted to generate hybridizing fragments of different length at diffc§
integration sites (for a graphic representation, see 80). It is importan§
confirm that sizes of hybridizing fragmentsincluding flanking DNA & §
integration site are reproducible within a transformed line, and that tf
differ between independently transformed lines. High molecular wag
signals in uncut DNA, PCR-generated bands, or signals from a sng
putative transformed line are not acceptable substitutes, because it 1s m@E
difficult to exclude the possibility of artifactsin such data. 1
2. Phenotypic data showing sustained expression ef the introduced gene
exclusively in the cells of plant lines positive forthe gene(s) by South &
analysis. Unambiguous phenctypic data require: (a) negative results fr i
al untransformed controls (the tested control population size must be &
least equivalent to that yielding 10 independent transformants from a parai
lel treated population), and (b) an assay revealing the product of transgen;
expression within plant cells as distinct from contaminating microbia cell
preferably from a transgene shown not to be expressed in bacteria cell
Intron-GUS (149) or anthocyanin regulatory (16, 18) reporter systems i
suitable for such assays, as arein situ analyses for gene products without
simple visual assays (153). Survival of lines on "escape-free” selection
not sufficient, because of the possibility of cross-protection by secreted
products of contaminating microbial cells, or selection of mutants resistant;
to the selective agent. Enzyme assays on cell extracts are inadequate be-*
cause of the possibility of contaminating transformed microbial cells. =
Of course, more detailed molecular, phenotypic, and genetic charac:
terizationis likely to be undertaken on transformed lines produced for practical
purposes. |n some cases, target gene silencing rather than transgene expression
may provide an unambiguous phenotype (15, 103). Dataon co-transmission of -
introduced gene copies and the resulting phenotypein sexual offspring popula-
tions, where available, provide compelling confirmation of transformation,
given suitable controls (126). Applicability in several independent laboratories &
isan important practical confirmation, becaise some techniques with publish-
ed molecular evidence have never been repeatable. 1
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ES OF PLANT TRANSFORMATION

erimental Tool for Plant Physiology

Apacity to introduce and express (or inactivate) specific genes in plants
i &3 powerful new experimental tool, allowing direct testing of some
ieses in plant physiology that have been exceedingly difficult to resolve
ather biochemical approaches (31). Exciting examplesinclude the mo-
Foenetic analysis of cellular signals controlling sexual reproduction and
1" robeinteractions (116, 143); therolesof specific enzymesin metabo-
i determining partitioning of photosynthates, and thus harvestable
:(67); and the roles of specific enzymes and hormonesin plant develop-
il processes, including those affecting quality and storage life of mar-
nt products (109, 147).

ctical Tool for Plant Improvement g

the support for plant transformation research (and more broadly for
t-molecular biology) has been provided because of expectations that this
proach could: (a) generate plants with useful phenotypes unachievable by
ilventional plant breeding, (b) correct faultsin cultivars more efficiently than
‘entiona breeding, or (c) allow the commercial value of improved plant
s to be captured by those investing in the research more fully than is
ssible under intellectual property |aws governing conventionally bred plants.
the first of these expectations has been met, with production of the first
Mmimercial plant lines expressing foreign genel. conferring resistance to vi-
ses, insects, herbicides, or post-harvest deterioration (54, 71, 138, 147), and
ccurmuiation of usefully modified storage products (30, 145), including sev-
il cases where there was no source of the desired trait in the gene pool for
dnventional breeding. The future prospectsin this respect are also exciting,
fith preliminary indications that novel genes can be introduced to generate
ant |ines useful for production of materials ranging from pharmaceuticals
(65) to biodegradableplastics (112).

The extent to which the other practical or commercial expectations of plant
transformation can be met depends on the efficiency and predictability of
_Production of lines with the desired phenotype, and without undesired side
F€ffects of the transformation process. As the sophistication of the physiologi-
Cal hypotheses to be tested by transformation increases; exactly the same
factors become limiting. This occurs because of the practical difficulty of
. Screening |large numbers of plants for the desired expression pattern and the
- Deed to avoid misleading results from unrelated physiological effects of unin-
- tended genetic changes during the transformation process.
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BIOLOGICAL REQUIREMENTS FOR TRANSFORMATT

The essential requirements in a gene transfer system for production of
genic plantsare: (a) availability of atarget tissue including cellscompeten
plant regeneration, () a method to introduce DNA into those regenera
cells, and (c) a procedure to select and regenerate transformed plants a
satisfactory frequency.
One of the simplest available plant transformation systemsinvolvesinfil
tion of Agrobacrerium cells into Arabidopsis plants before flowering
direct selection for rare transformantsin the resulting seedling populations (&
23). Unfortunately, small plant size, rapid generation time, and high seed yid
per plant are prerequisites for this method. These features are not shared by
any economically important plant species. Other approachesto transformatiof
via plant gametes have not been successful in practice (126). Therefore, the
totipotency of some somatic plant cells underlies most plant transformaitias
systems. The efficiency with which such cells can he prepared as targets fé#
transformation istoday the limiting factor in achievement of transfonnation i
recalcitrant plant species. 4
Using either Agrobacrerium or particle bombardment, it is now possible
introduce DNA into virtually any regenerahle plant cell type. Only a sm
proponion of target cells typically receive the DNA during these treatme
and only a small proportion of these cells survive the treatment and sta
integrate introduced DNA (47, 59). It is therefore generally essentia to e
ciently detect or select for transformed cells among a large excess of untra
formed cells (12), and to establish regeneration conditions allowing recov
of intact plants derived from single transformed cells (156). Alternativelys
transformed cells must contribute to the germline so that nonchimeric transfor
mants can he obtained in the progeny from sexual reproduction (28). ‘

PRACTICAL REQUIREMENTS OF TRANSFORMATION
SYSTEMSFOR PLANT IMPROVEMENT

Beyond the biological requirements to achieve transformation and the techni-
cal requirements for verification of reproducible transformation, desired char-
acteristics to consider in evaluating alternative techniques, or devel oping new I
ones for cultivar improvement, include:

j

1. Ready availability of the target tissue. The resourcesrequired to maintain a I

continuous supply of explants such as immature embryos at the correct |
developmental stage for transformation can he substantial.
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Bplicability to a range of cultivars. Genotype-specific techniques are of
value because of the added complexity of extended breeding work to
sve desired genesinto preferred cultivars.

h efficiency, economy, and reproducibility, to readily produce many
independent transformants for testing.

Sdfety to operators, avoiding procedures, or substances requiring cumbez-
sume precautions to avoid a high hazard to operators (e.g. potential car-
“tinogenicity of silicone carbide whiskers).

| Technical simplicity, involving a minimum of demanding or inherently
Variable manipulations, such as protoplast production and regeneration.

. 'Frequent cotransformation with multiple genes, so that ahigh proportion of
plant lines selected for marker gene expression will also incorporate
-Cotransformed useful genes.

Unequivocal selection or efficient screening to recover transgenic plants
- from transformed cells.

Minimum time in tissue culture, to reduce associated costs and avoid
fundesired somaclona variation.

Stable, uniform (nonchimeric) transformants for vegetatively propagated
| species, or fertile germline transfonnants for sexually propagated species.
Capacity to introduce defined DNA sequences without accompanying vec-
tor sequences not required for integration or expression of the introduced
genes.

Capacity to remove reporter genes or other sequences not required follow-
ing selection of transformed lines.

Simple integration patterns and low copy number of introduced genes, to
. minimize the probability of undesired gene disruption at insertion sites, or
| multicopy associated transgene silencing.

. Stable expression of introduced genes in the pattern expected from the
;" chosen gene control sequences, rather than patterns associated with the
. state of the cells at the time of transformation (34}, or the chance site of
*  integration (122).

. Optionally applicable to transformation of organelle genomes.

5. Absence of valid patent claims on products.

When tested against the above criteria, most published techniques for gene
ansfer into plant cells must be dismissed as either disproven, unproven, or
Mpractical for use in routine production of transgenic plants. The techniques
at have been proven to produce transgenic plants from a range of species,
and in many laboratories, are Agrobacterium-mediated transformation, bom-
A'bardment with DNA-coated microprojectiles, and electroporation or PEG
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treatment of protoplasts. Techniques requiring protoplasts are gené:
avoided because of the associated inconvenience and time in culture;
result virtually all plant transformation work aimed at direct produ
improved cultivars currently uses either Agrobacterium or microprojectil
gene transfer. Neither of these approachesis free of patent claims, h
and thereis continuing interest in development of alternative techniques
The stages and time-courses for typica transformation strategies using 4
bacterium or DNA-coated microprojectilesshown in Figure 1.

RECALCITRANT SYSTEMS AND APPARENT

CONSTRAINTS

Ceredls, legumes, and woody plants are commonly categorized as recalcif
to transformation, because these groups have included a dispropart

Agrobacterium Leaf Disk Transformation

Cocultivate |eaf disks with Agrobacterium

@ 1 -2 days

Wash leaf disks

J

Antibiotictreatment to kill Agrobacterium &
>t transformed plant cells

2 - 4 weeks

Surviving leaf disks onto fresh sdlection ¢
neration medium

6- 10 weeks
Root excised plantlets on selection
a 4 - 6 weeks
Potted transgenic plants

Total time in culture  ¢a, 12 - 20 weeks

Figurel Typica transformation regimensusing Agrobacterium or DNA-coated microprojectiles.

Microprojectile Callus Transforma i

Microprojectile bombardment

{

Callusgrowth without selection

Bl

Callusgrowth under escape-freesdlection |

Plant regeneration and rooting on escape-iTes

selection ) 3
@ 8- 12 weeks

Potted transgenic plants

Totaltime inculture  ga. 24 - 36 weeks
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niransformed or difficult to transform species. However, the gen-
| is becoming less useful as one species after another from these
ifis the list of plants with reliable transformation systems. The hy-
t some plants lack the biological capacity to respond to essential
forlntegratlvetransformatlon or have cellular mechanisms preventing
jve transformation, can effectively berejected.

areasonable proposition that transgenic plants can be regenerated only
ells competent for both regeneration and integrative transformation
.Preliminary evidence indicates that T-DNA integration may be the
¢ 'step in maize transformation (111), but there is no evidence that
y dividing, regenerable cells are not competent to integrate introduced
' Where tissue culture systems have been developed to produce prolifer-
B and regenerable cells, into which DNA can be introduced at a high
(asindicated by transient gene expression) without interfering with
Blicrability of the penetrated cells, previously recalcitrant species have be-
transformable. The transformation efficiency has been proportional to
iency of the tissue culture and gene transfer systems (18, 70, 76, 93).

: TEGIES TOACHIEVETRANSFORMATION

nstructive to consider species such as rice, which was once considered
itrant to transformation but can now be transformed via direct gene
ster into protoplasts (140), particle bombardment of immature embryos
t cell cultures (20), or Agrobacterium treatment of embryogenic callus
. In each case, success seems to have followed identification (or produc-
1 through tissue culture) of explants with many regenerable cells, optimiza-
1 of parametersfor gene transfer into those cells, and tailoring selection and
EEcneration proceduresto recover transgenic plants. A generalized approach
llustrated in Figure 2. The nearest transformed relatives of an untrans-
ed species of interest are an obvious reference point in initial work to
=VE op suitabl etissue culture, gene transfer, and sel ection regimens.

5sue Culture Strategies

1 sue cultureis not a theoretical prerequisitefor plant transformation, but it is
loyed in amost all current practical transformation systems to achieve a
‘Workable efficj ency of gene transfer, selection, and regeneration of transfor-
‘mants. Detailed consideration of the options for and optimization of tissue
Culture systems useful for plant transformation is beyond the scope of this
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-

Figure 2 A generalized approach to development of transformation systemsfor recalcitrant p!
species

review, but the broad technology and detailed protocolsare addressed in recent;{fé
techniques manuals (52,154). =
In tissue culture systems for plant transformation, what is most important |
a large number of regenerable cells that are accessible to the gene transfer |
treatment, and that will retain the capacity for regeneration for the duration of |
the necessary target preparation, cell proliferation, and selection treatments &
high multiplication ratio from a micropropagation system does not necessarily
indicate a large number of regenerable cells accessible to gene transfer (97):
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sfer into potentially regenerable cells may not alow recovery of
ic plantsif the capacity for efficient regeneration isshort-lived (132).
lare Seems to be no reason to prefer embryogenic or organogenic plant
gration. In the happy event that several tissue culture systems meeting the
requirement above are available for a species of interest, the choice
e made based on features affecting convenience or efficiency, including
ravailability of explants, and minimal timein tissue culture. Somaclonal
, once considered a potentially useful source of genetic variation for
provement, is now more a bane of gene transfer programs (81). In
cumstances, particularly the direct introduction of genes for desired
ercial traits into elite vegetatively propagated cultivars, the need to avoid
ndom genetic change may become the overriding consideration in the
.of tissue culture and gene transfer systems.

e desireto minimize somaclonal variation is one motivatiodfor eliminat-
minimizing the tissue culture phase, by gene transfer into intact tissue
its and regeneration without substantial in vitro culture. In several cere-
has been possible to dispense with tissue culture for target prepa

ene transfer into immature zygotic embryos, although embryogenic

ire is still required to recover transgenic plants (27, 157, 159).

he goal of genetic transformation without tissue culture has been ap-
ed in soybean, cotton, bean, and peanut by particle bombardment into
stematic tissue of excised embryonic axes, shoot proliferation to yield
e lines with transformation of germline cells, and screening for &ans-
ed sexual progeny (26). The limiting factors remain the ability 1o me-
ically prepare the explants, transfer genes into regenerable cdlls, and
tor screen for transformants at an efficiency sufficient for practical usein
tivar improvement. For example, the reported germline transformation rate
T bean (0.06% of excised and bombarded apical meristems, 0.03% of as-
ved shoots) would make the process too expensive for many laboratories
2L133). There remains unexplained cultivar specificity for transformation via
& [eristem bombardment within some plant species such as bean (133), imprac-
icality of gene transfer into meristems of others such as rice {27), and uncer-

- While tissue culture remains an essential component of practical transfor-

?mation systems for most plant species, research aimed a minimizing so-

- maclonal variation deserves a high priority. Curiously little of the published
fesearch on somaclonal variation has been directed at this goal (81).
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Gene Transfer Strategies

Suggested approaches to development or optimization of transformation
cols using particle bombardment (12) or Agrobacterium (152) have been §
lished, based on practical experiences in laboratories working on recalcig
crops. For particle bombardment, it is generally most efficient to first exafi
the available tissue culture systems, determine the modes of regeneratio
the location of the cellsinvolved, optimizetissueculture conditionsto incre:
the number or accessibility of such ceilsif necessary, and then develop cal
tions for nonlethal transfer of DNA into large numbers of such cdls |
bombardment (12).

For Agrobacterium, it is considered more efficient to first estabhsh
conditions for gene transfer and then work on conditions for regeneratiai
transformed cells (152). This contrast may be biologically well- founded _fs-‘
cause of the greater complexity and lesser understanding of the blOlOUl
interaction preceding the gene transfer event from Agrohacterium. Un o
nately, there is no guarantee that a transformable plant cell type will -"éf.
regenerable, even in the hands of the most successful tissue culturist.

If preliminary transformation experiments using techniques successful
similar plant systems are not successful, my adviceis to establish by histolog
cal studies the precise cellular origins and timing of events leading to pl‘
regeneration within the explants to be used as targetsfor gene transfer. ThiS®
likely to avoid much wasted time and frustration from optimizing genetrans &
and regeneration within the same region of the explant, but potentially
different cells, so that transformed plants are unlikely to result. Work
sunflower is a fine example of the value of this relatively simple check 8
explain and potentially overcome difficulty in transformation of a recalcitrant}
species (91). E

Assays for transient expression of introduced reporter genes in plant cellf]
can provide unequivocal evidence of genetransfer. A great deal of ti me can &
wasted unless this analysis is focused on regenerable cells, which often cor:
prise asmall and inaccessible fraction of the target tissue (12, 91). Exhaudtive
experiments to maximize transient expression are also futile if they involve.
conditions harmful to regeneration or molecular characteristics of transformed
cells (8, 26). For example, particle bombardment conditions can now be at
ranged to give highly reproducible results in transient assays, by deliveringa
large number of copies of potentially transcribable DNA into the nuclei of
target cells. However, a different form and concentration of DNA is likely to
be optimal for efficient production of low copy number transformants (12}
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ttle information on forms of DNA or sequences that may increasethe
of stable transformation (8, 19, 142).
e« considerable batch-to-batch variation in the frequency of transient
n events following cocultivation with Agrobacterium (78). The cor-
etween transient expression and stable transformation has not been
hly tested. Agrobacterium employs a highly evolved and still incom-
understood gene transfer and integration system that appears optimized
ni nuclear targeting and integration of a protein-complexed single-
[Bd DNA introduced as a small number of copies per cell (165). There-
dable transformation may occur at a high frequency in cells without
Gtable transient expression of the introduced DNA. Positive results from
ient assays for Agrobacrerium-mediated gene transfer into regenerahle
are encouraging (70, 76, 93), but until the parameters affecting such
ression are better understood, it is unwise to abandon hope, t00 quickly
L don negative resultsfrom transient assays.
It may be necessary to introduce a considerable number of genesinto plants
il some purposes. The limits of available gene transfer techniques have not
been defined. At least 12 separate plasmids and up to 600 kb of DNA can
e introduced at once by particle bombardment (62), but the number of ex-
Bssed genes has not been tested. There are some indications that large plas-
flids (>10 kh) may he subject to greater fragmentation during particle bom-
fdment (12). Transposon-derived vectors have been shown to deliver an
i reased proportion of intact, single-copy inserts of up to 10 kb following
iect gene transfer into protoplasts (92). Recent evidence indicates that use of
fibinary bacterial artificial chromosome vector, with helper plasmids enhanc-
B2 production of Viffi and VirE proteins, can allow efficient Agrobacterium-
Mediated transfer of at least 150 kb of foreign DNA into the plant nuclear
=enome. Furthermore, the transferred DNA appeared to be present as an intact
gle copy that was faithfully inherited in the progeny of several of the
aracterized transformants (64).
Vectors overexpressing virG are also i component of the thoroughly veri-
tied systems for Agrobacterium-mediated transformation of rice (70), maize

ey v R B e ST e O P e Pl et

and plant genotype, treatment with sir gene inducers such as acetosyringone,
wounded cell extracts, feeder cells or sugars; pH, temperature, cell concentra-
tion, |ight conditions, and duration of cocultivation; explant type, quality,
Preculture (152), hormone treatment (50), wounding, or infiltration (11); and
use of appropriate antibacterial agents (95), antioxidants (124), ethylene an-
! tagonists (35), and/or methylation inhibitors (117) to reduce damage and/or
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gene silencing in treated plant cells. With so many variables, and littl@
dence of combinations that are broadly applicable *across plant species
evident why transient expression assays are useful, if imperfect, as indig
of suitable conditions for gene transfer (76), before more expensivestu"
optimize stable transformation.

Selection Strategies

For transformation systems that generate substantial numbers of nonchis
primary transformants, genes confemng resistance to a selective cher
agent (161}, genes conferring a phenotype allowing visual or physica <
ing (16, 18, 129}, or even PCR screening to identify plants containing
ferred genes (27, 83) can all be used to recover transformants. Transfor
systems that generate chimeric primary transformants including transfa
germline cells, as intermediates in the production of homogeneoudly t
formed (R;) progeny plants, generaly require screening rather than 1
selection toreveal primary transformants (28, 83, 105).

Screening approaches are expensive unlessthe transformation efficien
high, and generally impractical if the proportion of transformants among
generated lines is below 1072 to 107>, In our hands, the recovery of tra
formed plants was 10-fold lower from visual screening compared with ant’
otic selection (18). This may occur because antibiotic selection provides
continuous advantage to transformed cells, which may othenvise be ove®
grown by the far greater numbers of proliferating nontransformed cells (458
78). Under these circumstances, antibiotic selection may alow a higher p
portion of transformed cells to multiply and regenerate, in addition to facili
ing the recognition of transformants.

An excellent review has been published on selectable marker genes, ass
able reporter genes, and criteria for their usein plant transformation stud
{16). Broadly applicable, simple, and robust selection regimens now exist fo |
transgenic plants, requiring little experimentation with the timing and concen-§
tration of selective agents to match the target tissue and gene transfer system. &
However, it is still important to consider the physiology of antibiotic action;
and resistance mechanisms when choosing or modifying selection protocols
(36). There are also reports of interactions between selective agent and sub-
sequent regenerability (137), and interactions between antibiotic and gelling:
agents (101). Attention isincreasingly being directed to introduction of multi- %
ple agronomically useful genes into plant lines, without having to pyramid
selectable genesin the process (27, 32, 155, 163). 3
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seene Expression Strategies

attemptsto express foreign genesfailed because of theinability of the
(iianscriptional machinery to recognize some foreign gene control se-
: 5, particularly promoter sequences of many bacterial genes. Thisinitial
i was overcome by exploiting control sequencesisolated from genes of
teriwm and cauliflower mosaic virus, which were known to be ex-
§"din plant cellsas part of the process of molecular subversion of host cell
Hinery by these pathogens. Continuing characterization of many plant
es, and analyses of transient and stable expression of foreign gene con-
litts in plants, have contributed to a growing understanding of features
il for the regulated expression of transgenes in plants. Features typically
| idered in preparation of such constructsinclude: (a)appropriate transcrip-
fiEl promoters and enhancers (9); (b) introns (98, 100); (¢} transcriptional
finators and 3 enhancers (130); (d) polyadenylation signals (3, 162); (e)
slated 5 leader and 3 trailer sequences (38, 56, 148); (f} codon usage
25); (g) optimal sequence context around transcription and translation
ites, including absence of spurious start codons(5, 55, 66, 99); (k) transit
| '.'ences for appropriate subcellular compartmentation and stability of the
ne product (58, 68, 82, 115); (i) absenceof sequencessuch as cryptic introns
29) or polyadenylation signals resulting in inappropriate RNA processing
&7, 125); and () absence of sequences resultingin undesired glycosylation or
d anchor sites (24, 46). Recent progress with chloroplast transformation has
ed the possibility of expression from the plastid or nuclear genome (21,
).
his understanding has greatly improved the ability to tailor transgenesfor
arious strengths and patterns of expression essential for practica plant ge-
etic engineering (10). Levels and patterns of expression generaly vary to
e extent, even between independent single copy transformants. This re-
13 the influence of different sequences flanking the integration sites upon
Xpression of the transgene (122, 151). Although this variation may generate
ansformed lines which by chance have new and useful expression patterns
4), thisis unlikely to occur at afrequency that is useful in practice, unlesswe
an bias integration toward regions of the DNA that are preferentially ex-
ressed under specified conditions. Otherwise, random variation will greatly
- Ncrease the expense of the varietal improvement process, because rigorous
“evauationof many transformed lines will be needed to identify those with the
desired phenotype. One attraction of transformationfor cultivar improvement
is the theoretical potential for very precise genetic change. If random variation
dround a desired phenotype in individual transformants necessitates extensive
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field characterization to select commercial lines, there may be no advan
using transformation over conventional breeding. In these circumstang
value of plant transformation in cultivar improvement would be -estri
traits not achievable by conventional breeding, particularly introduct
new genesto the germplasm available to breeders. :

Of even greater concern is unpredictableloss of the improved phenot
transformed cultivars because of silencing of the transgene. This pheno
is discussed in several excellent recent reviews (45, 103, 107). In pr.
terms, it isfortunate that transgene silencing hasto date always been deted
soon after transformation, crossing, or field testing of transformants (see
The problem would be much more serious if unstable lines could no™
reliably detected and eliminated during the routine screening and propagati
of transgenic lines before commercial release, because of the potentia cof
mercial damage from loss of an essential trait such as disease resistance.«I'he
is still much to be learned about the causes of transgene inactivation. Hi
example, multicopy transgenes have been identified as a probable cause (s
45), indicating a disadvantage of direct gene transfer techniques which resu
in higher average copy numbers than Agrobacteriunt. However, our exp fi
ence from several years of |aboratory and field testing with hundreds of trafis
genic sugarcane lines is that some promoter-reporter gene constructs are 5}
lenced at high frequency, whereas others are almost invariably stably ¢x
pressed, with no relationship to copy number (13). It will he important @
discover what sequences within these constructs trigger or inhibit silen
and whether matrix attachment regions (142), demethylation sequences (94}
or targeted integration systems (2, 118) can be developed to protect suscepti blr
foreign sequences from silencing in transgenic plants.

Integrating Components of Transformation Strategies

Features of representative strategies for production of transgenic plants aré
compared in Table 1. Other combinatiors exist, but the tableillustratesthat the™
choice of transformation strategy influences many secondary parameterssuch
as time in tissue culture and number of plants processed per transformant} &
which often determine the practicality of the system.

It is commonly generalized that Agrobacterium produces simpler integra- E
tion patterns than direct gene transfer, but both approaches result in a similar
range of integration events, including truncations, rearrangements, and various =
copy numbers and insertion sites. Furthermore, the frequency distributions of
copy number and rearrangements vary with transformation parametersfor both
gene transfer methods (25, 60, 107, 150). More careful work is required to
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tures influencing practical application of successful plant transformation strategies

Successful Transformation Strategies

umes __,

103)

In planta Vegetative Meristem Embryo Callus
_ tissue
Agrobacteriutn - Agrobacterium  Paniclebom-  Particle bom-  Panicle bom
bardment bardment bardment
* Flowering plant Any tissue Embryonic Intact or sec-  Embryogenic
with regener-  axesormeri-  tioned em- Or organo-
ablecells stems bryos genic callus
Germline cells  Any regener-  Germline cells  Eprdermal Surface or sub-
latein filord ablecells inmeristems  cellsof surface cells
development scutellum
Flowering Organogenesis Shoot forma-  Embryogenesis Embryogenesis
shoot/zygotic  or tion/zygotic or
embryo embryogenesis  embryo organogenesis
Few floral cells No Germline teans- No 5 No
transformed formed
Essential Unnecessary ~ Probably Unnecessary Unnecessary
essential
Yes (R Yes Not before Ry Yes Yes
progeny) progeny
Optional Optional Essential Optional QOptional
Unnecessary Auxin +/or Usually Auxin4/— Auxin+f~
cytokinin cytokinin cytokinin cytokinin
1-10 1-10 0.001 0.01 0.01-1
0.001 1 0.0003 1 1
Unnecessary 10 weeks 4-6 weeks 10 weeks 20 weeks
7-10 weeks 10 weeks One generation 10 weeks 10 weeks
time
Pl"‘l)\.'m applica- Arabidopsis (7) Many spp (59) Sev in- leveral cereals Many spp. (J
bility (e ¢h @17,77) 26)

Optimize methods for simple integration patterns beFore any reliable conclu-
sions are drawn about the relative potential of the techniques to deliver such
Patterns at a satisfactory frequency.
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The apparent targeting of T-DNA integration into transcribed egi
useful for gene and promoter tagging, and for transgeneinsertion into
favoring subsequent expression (86). However, the observation that ove
of T-DNA insertions may disrupt transcriptional units (96), with 15-2
transformants showing visible mutant phenotypes resulting from T-
sertions (44), sounds an alarm for direct production of improved cultivag
highly selected crops, where most phenotypic changesfrom random 1
are likely to be adverse. For such work, integration should ideally be diref
to transcribed regions without disruption of existing plant genes. To achi
this will require more research to bring gene targeting technology in pig
closer to the level achieved in model animals (79, 118). Whether DNA int
duced into plant cells by direct gene transfer is also preferentialy inte
into transcribed regions or active genes has not been adequately tested 85

OTHER CONSTRAINTSTO RESEARCH AND
DEVELOPMENTIN PLANT TRANSFORMATION

Regulatory Environment and Public Perceptions

In most countries, planned field releases and commercial devel opmerf™@
transgenic plants are first scrutinized and approved by regulatory authoriti€
established by the national government, to ensure that products are safe to
environment and consumers (33, 43, 158). This process can be important t@
obtain the maximum social benefit from transgenic plant lines. For exampl e/
several countries, release of transgenic insect-resistant plant varieties has beei
linked to mandatory programs of insect monitoring and industry response” i
avoid premature loss of useful insect control genes because of a build-up
resistant insect populations (88). _

Scrutiny by regulatory authoritiesis also an important mechanism to reas
sure the general public of the safety of a new technology that is not wel
understood by most people. However, if the processis conducted inefficiently ™
by the regulatory authorities, it can severely slow research. For example, it i3
essential to characterize a substantial number of independent transformed plant:
linesin both physiological experimentsand in selecting genetically improved:
cultivars. The availability of sufficient containment greenhouse space rapidly
becomes limiting if the processof evaluation before approval of field releases
isslow.

The conservative assumption underlying regulationsin many countries is
that all transgenic plants are potentially hazardous. Scientific theory and prac-
tical experience show that thisis not the case. The hazardsrelate to the genes
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sed or the phenotype produced, not to the gene transfer method used.
have been no reports of any harmful environmental effects or other
ous unforeseen behavior of transgenic plants in the thousands of field
tonducted internationally to date (33). As public experience and under-
e o plant transformation increase, it is to be hoped that regulatory
tsses may he streamlined, with the focus on products rather than on
895cs of plant genetic modification (108).

nsumer response to transgenic plant products has now been tested with
mmercial release of improved varieties in a range of crops (Table 2).

ommercial releases of transgenic plant varieties

Crop Name Company Product Status
(vine-rip- Tomato Flavr Savr Calgene Released 1994
7
ine-rip Tomato Endless Summer DNA Plant Blocked by
Technol ogy patent claims
ity (paste Tomato —_ Zeneca Released 1995
haracteristics Canola Laurical Calgene Released 1994
5 resistance Tobacco — (China) Released
Tomato 19931994
Capsicum
1us resistance Squash Freedom LI Asgrow Released 1995
1§ ct resistance Cotton Bottgard Monsanto Released
; Potato NewLeaf 19961997
Maize YieidGuard
sect resistance Maize Maximizer Ciba Seeds Released 1996
Flax Triffid University of Released 1995
Saskatchewan
Cotton BXN Calgene Released 1995
D Canola Innovator AgrEvo Released
‘Tesistance Comn Liberty Link 1995-1996
. Soybean Roundup Monsanto Released
Tesistance Canola Ready 1995-1996
Cotton
Herbicide Soybean Roundup Pioneer Released
resistance Ready, STS 19961997
Corn Liberty Link
Malesterility Canota — Plant Genetic Approved 1996

_ hybrid system Systems (USA, FDA)
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Thes¢releases have coincided with increasing dissemination of informafig
transgenic plantsin forms accessible to the general public (158). In each
consumers have responded positively to quality or price advantages,
several cases demand has outstripped supply in thefirst season. Howe re;
clear that continued work is important to provide the broad commuri iy
information to support considered responses to emerging products (63),

Intellectual Property

As technical limitations are overcome, it is possible that commercia li
tions will become more serious barriersto exploitation of genetic transf
tion. New technologies developed in this area are effectively invention
are therefore eligiblefor patent protection (84, 123). For example, patentsha
already been issued on most established or promising plant genetic trdnsfi
tion strategies (29, 69, 89, 102, 119, 134, 136) and on many isolated gene
promoters, and techniques for plant gene manipulation (see 121 and montl
patent updatesin Genetic Technology News). The patent literature has bec i
an important source of information in plant transformation research, ab
more difficult and expensive to search than the scientificliterature (6, 40)
A patent provides the inventor or assignee with a period of exclus
ownership, or formally a right to exclude othersfrom making, using, or sell
the invention. There is no statutory exclusion for infringment when paten
products or methods are used for research purposes. The widespread misc
ception that disclosure in the patent document allows researchers to prac
the invention in order to improve on it (73) possibly arises because pat
owners are generally reticent in instituting infringement proceedings until
level of damagesthat may accrue becomes commercially significant. There 15
no obligation to license and no constraint on royalty levels provided the pateat
holder makes active use of the intellectual property. Some patents make ex
tremely broad claims, and patent holders are not reguired to develop all posst-
ble manifestations of an invention to retain broad ownership (144). Penaltiess
for infringement of proprietary rights can be severe, so it is important 0}
determine whether the tools or topics of proposed research are already in the =
public domain or subject to patent protection (160). This can be difficult to 3
establish without periodic patent searching, or even legal challenges (75). _
The position may differ between countries. For example, particle bombard
ment for gene transfer into plant cells has been patented in the United States
(134) but not in Australia. Apparatus for particle bombardment involving a
macroprojectile and stop plate has been patented in Australia (135) but not
apparatus involving particle acceleration in a gas pulse. Patent coverage for
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senes and promoters is similarly restricted. For example, the maize
Bin promoter is the subject of granted patents or applicationsin Europe,
the United States (128) but apparently not in many other countries,

yder these circumstances, a transgenic plant variety produced and used
jercidly without infringing any patent rights in one country could in-
certain patent claimsif used (even for research ot oiher noncommerciat
ses) in another country. To complicate matters further, patent applica-
vare Not available publicly in some countries (notably the United States)
“the patent is granted, which can be years after the application is filed.
are moves to harmonize international practice, e.g. by providing for
ship for 20 yearsfrom the date of application and publishing 18 months
r'application to eliminate the practice of *'submarine'" patent applications
only surface after a competitor has independentyy made the same inven-
n{42). Theissuesinvolved are complicated, and someimportant differences
atent law between countries appear unlikely to be resolved in the near

ents areintended to encourage and reward useful invention and technical
ation, and the new technology enters the public domain after a period of
ito 20 years (42, 84). In theinterim, commercial restrictionscan appear quite
thiess as patent holders adopt commercialization strategies to capture the
flie of protected intellectual property (75). In an era of tight public sector
esearch funding and high research and development costs, the benefits of
orporate investment to develop transformation technologies outweigh the
lconvenience of patent restrictions. Debate continues on mechanismsto bal-
the competing interests (22).

FUTURE NEEDSAND DIRECTIONSIN PLANT
TRANSFORMATION RESEARCH AND DEVELOPMENT

Transformation Efficiency

The methods for gene transfer into plant cells, particularly Agrobacterium and
. Particle bombardment, are now sufficiently developed to allow transformation
of essentially any plant speciesin which regenerahle cells can be identified.
Broadly applicable selection methods are well established. The key to transfor-
mation of recal citrant species appears to he devel opment of methods to expose
Mmany regenerahle cells to nondestructive gene transfer treatments.

l What currently limits the practical transformation of many plant speciesis
F the combination of alow frequency of transformation and a high frequency of
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undesired genetic change or unpredictable transgene expression. Thess
lems necessitate expensive large-scal e transformation and screening progr
to produce useful transformants. The first constraint may be addres
research into tissue culture systemsto enrich for regenerablecells acces
gene transfer. Contract transformation services (106) may implement
mies of scaleto afford robotic systems (1) for routine large scale target pre;
ration and gene transfer treatments. ]
A clearer understanding of the events surroundmg gene transfer by -f;j, ]
bacterium is also required. Is transient expression a satisfactory test for Az
bacterium-mediated gene transfer into plant cells, or cananother conveni g
test be developed to allow rapid detection and optimization of this key even
Does Agrobacterium select between cell types, and if so what features dete
mine favored cells for gene transfer? Can these features be imparted to high§
regenerable cell types? Direct gene transfer experiments indicate that i naké
DNA is transferred into many actively dividing and regenerable cells, a p™
portion will bestably transformed. |s the same true for cells receiving typicall§
lower doses of T-DNA, or are there additional physiological requirements
efficient T-DNA integration (111)? Is T-DNA integration targeted to poten
tially expressed regions of the genome, or to regions undergoing active trani
scription? Can the transcriptional status of target cells be manipulated 18
achieve a high frequency of integration into regions suitable for subsequ
transgene expression, but a low frequency of insertional inactivation of gen
influencing the phenotype of regenerated transformants?
There are at |east as many relevant questions surrounding direct gene tran
fer. |s stable transformation efficiency as sensitive as transient expression
decreased DNA concentration? Does DNA concentration affect mean co
number or cotransformation frequency in resulting stable transformants? s
integration targeted to potentially transcribed regions as appearsto be the cas' :
for T-DNA from Agrobacterium? Can artificial T-DNA complexes be manu-
factured, and will they influence the efficiency or integration patterns availabl i
from direct gene transfer?
Useful vs Absolute Transformation Efficiency
In the longer term, a more important goal than increased transformation effl-
ciency is the development of transformation methods and constructs tailored |
for predictable transgene expression, without collateral genetic damage. We |
may conclude that much of the current effort in plant transformation directed
toward increased transformation frequencies is naive and misdirected. We
need to distinguish between absolute and useful transformation frequencies.
The limiting process in the application of plant transformation for more so-



PLANT TRANSFORMATION 319

d studies of plant physiology or for cultivar improvement is gener-
e production of transformants but the screening (or subsequent
ne required to eliminate transformants with collateral genetic damage
suld interfere with meaningful physiological analysis or commercial
epending on the ratio of effort required for these processes a large
e in absolute transformation efficiency may befutileif accompanied by
i .small decreasein the proportion of useful transformants. Conversely, a
= drop in absolute transformation frequency may be more than compen-
by a smaller gain in the proportion of useful nansformants. These ideas
iar to most practicing plant breeders but have understandably not been
intheminds of most transformation scientists whilethey strugglegd to
p reliable and efficient systems for gene transfer into target plant spe-

fll/lateral Genetic Damage ?

i0l achieve a high proportion of useful transformants, we need to understand

L e clearly the factors contributing to undesired genetic change during the
ormation process. To what extent is such change associated with the
fegration of single or multiple copies of foreign DNA, as distinct from the
processes of tissue culture, selection, and plant regeneration?l s genetic change
uced or selected during such processes, or is it commonly the effect of
existing mutations in somatic cells that are simply detected when entire
ants are regenerated from single (transformed) cells? If changeis induced,
ich are the mutagenic stages in the protocols, and can they be avoided? If
Utations are preexisting, can the procedures be tailored to selectively prevent
‘E2eneration of mutated cells? Compared to adventitiousshoot proliferation, is

omatic embryogenesis disadvantageous because of longer durationin culture,
Or ad antageous because the complexity of the embryogenic process acts as a
ter to eliminate many cells with mutations? Does the approach of germline
ansformation of uncultured explants followed by crossing to obtain non-
himeric transgenic progeny reduce the frequency of undesired genetic
thange, or just mask such change in the background of genetic variation from
exual reproduction? The relative importance of these questions varies be-
tween plant species; vegetatively vs sexually propagated crops provide an
| txtreme example. Unfortunately, the answers to many of these questions may
. dlso e genotype specific.

Ideal and Model Transformation Systems

As the emphasis on useful transformation frequency increases, we may see a
trend toward minimization or elimination of tissue culture stages, targeted
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integration of single copy transgenes, and direct (leaf-disc PCR) screenip
transformants with useful genes to eliminate the need for reporter seque
As our understanding of the genetic basis of agronomic traits increases
likely that this goal will be extended to the introduction of greater lengj
DNA encoding multiple genes. We will need to determine the capaci
available methods to introduce such lengths of DNA intact.

Although some of these questions may he answered and approachesd
oped with model plants, the features that make the models attractivefor
genetic studies {e.g. small genome, small plant size, rapid generation tim #
Arabi dopsi s) generally cannot be exploited in practical transformationsy
for most economically important plants. We must be prepared to sdect
models according to the questions, and test the answersfor applicability to
practical targets.

Transformation, Breeding, and Genetic Diversity

As with conventional breeding, it is highly undesirable for plant transforma
tion to lead to excessive genetic uniformity in current varieties of any crop
Even a single gene in al varieties can create problems. For example, t
United States maize crop in 1970 was devastated because of disease susceptis
bility accompanying a cytoplasmic male sterility trait used to simplify ybrid]
seed production (164). This is another reason to aim for the capacity totras
form diverse genotypes within a species, to develop diverse genes for desired
phenotypes, and to eliminate unnecessary sequences from the transformation
process. ;

When Practical Means Commercial

Plant transformation is already sufficiently developed to allow the testing and

even commercialization of plants with novel phenotypes under simple genetic |
control. For continuing practical benefits, it will he necessary to extend our

understanding of the biological basis for efficient plant transformation and

develop improved technologies for predictable transgene expression without
collateral genetic damage, at a pace matching the exciting scientific advances

in gene cloning and characterization. This will require support from industry

for the underlying research. As transformation projectsare increasingly under-

taken with the possibility of generating commercially useful products, trans-

formation scientistsin turn must increasingly integrate social, legal, a

nomic issues as well as technical issues from the earliest stages of

design.
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my graduate students, who have contributed to many elements of this
through their critical enthusiasm for the science and technology of
msformation. Tanya Newton contributed the concept for Figure 2.

i Visit the Annual Reviews hoine page at hUp://lwww.annure%,.org.
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