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I, mTRODUCTION:

Traditional plantbreeding techniques have had a major impact on the AUStralimicotton industry through
the production of the widely successful CSU^. O varieties Siola'aand SiCala. This science will continue to
provide thorndustry with the most relevantvarieties for Australia's unique environmental conditions, but
now it will beechancedby thenew technology of genetic engineering. Breeders in the pasthavebeen very
restricted in the genetic resources thatthey can callupon for variety improvement and have only been able
to produce new re assortments of genes alreadypresent in existing cotton varieties, or at most their very
close wild relatives. PotentiaUy useful genetic resources present mother plants or even non-plants have
been inaccessible because of the sexual barriers to crossing between unrelated species. This genetic
resourcehas now become accessiblebecauseofrecentadvancesinrecombinaritDNA technology, the
science of studying and manipulating genetic material. It is now possible to produce bansgenic organisms,
organisms containing genetic material from novelsousces. The technology has been used in avariety of
organisms from simplebacteria, yeasts and fungi, up to more complex organisms such as plants andeven
animals. The techniques have recently been extended to cultivated cotton, opening up tremendous
possibilities for the improvement of our existing Australian cotton varieties.

2. PRODUCINGTRANSGENICCOTTONFLANTS
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Once apotentially useful gene has been identified, how do we transfer it into a commercially useful
cotton plant? The firststep is the isolation of the gene from the donor organism and it is this step that is
often the most difficult. Ally organism, say another plant may have many hundreds of thousands of
differentgenes and although we have ways of physically isolating largechunks of DNA (the chemical
constituent of genes) that contain individual genes or pieces of genes, picking the one piece that contains a
specific genecan be problematical. Simple organisms like viruses and banterin have many fewer genes than
plants or animals and are often an idealsource for useful genes for genetic engineering as will be described
below. This paper is not the appropriate place to discuss the many differentmethods of isolating genes but
in the end we end up with a piece of DNA in a test-tube that contains the coded infonnation necessary for
the production of some specific protein product, such as an insecticidalprotein oran enzyme that breaks
down aherbicide etc. .

2.1Genesin Pieces- Customising Genes for New Roles.

Although allgenes use the samebasic vocabulary or genetic code to specify their gene products,
differentorganismsregulate when andwhere a gene functions in SIightty different ways. This regulatory
information is located at the front of the gene and is called apromoter. The middle of the gene contains the
information for the product of the gene and the end of the genecon^illsinfonnation on the boundary of the
gene, so that cells can tellwhere one gene ends and another begins. Becauseplants use differentregulatory
infonnation in their promoters than say animals or bacteria, a whole bacterial gene introduced into aplarit
will notfunction because the plant cannotrecognise the controlsignals presentin the bacterial gene.
Genetic engineering techniques allow us to correctthis by swapping parts of genes in avery precise
manner. We can makeabacterialgene work in plants by chopping off the bacterial regulatory sequences
andreplacing them with appropriate regulatory sequences from aplantgene. This may alsobe important
when we wantto changewherea geneis expressed in aplant. Ifwehave aplaritgene that is normally
expressed in leaves and we would like to change its expression to be in flowers, we can remove the
regulatory sequences specifying leafexpression and replace them with theregulatory sequences from a
differentgenethat is normaUy expressed in flowers. When this new hybrid gene ismtroducedback into a



plantit winnow function in those tissues specified by its new regulatory signals. Genetic engineentig
therefore gives us very precise controlover when and where new genes win function in transgenic plants.

2.2 A Natural Vehicle for Introducing New Genes into Plants.

There are a number of differentteclmiques of getting novelgenes from the test-tube into the
chromosomes of a transgenic plant. The method of choice depends in parr upon the targetspecies, but with
cotton we have relied on a namralgene transfer agent that has evolved its own methodofplantgenetic
engineering. The diseasecalled Crown Gallis aplanttumour diseasecaused by the soil-borne bacterial
pathogen, Agrobac!eri"in minef'"cie"s. In the early 70's it wasrecognised that the bacterium caused the
diseaseby transferring some of its own genetic material into the DNA of the plant cells that it infected.
Theseparasitic genes subverted the nonnalbiochemicalmachinery of the infected cons andcaused them to
make novelcompounds that only the bacterium could utilise. This process of genetic colonisation by the
bacterium wariust what genetic engineers were looking for, provided hat they could stop the bacterium
causing tiledisease symptoms. After further sindy scientists were able to identify which genes caused the
disease andbecausebacteria are much simpler organisms to genetically manipulate, they were able to
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Figure I. Schematic outtine of the tissue cultureregeneration cycle for Sioki'a cotton.

replace the disease-causing genes with the novelgenes they were constructing from parts of potentially
useful genes. The bacterium could then be used to piggy-back genes from the test-tube into plant CGMs.
However not allplantcells exposed to the bacterium eventually receive the novelgenesso how can we
select outthese plant cells from amongst a whole mass of cellsthatdon'Ireceive any new genes? This
problem was solved in the firstrealapplication of plant genetic engineering.

>



Plant CGUs are sensitive to many of the antibiotics that are used to controlbacterial infections in animals
and humans. Ifa genecould be isolated that gave the plantcells tolerance to one of these toxic antibiotics
then ifphysically linked to some desirable gene and inserted into the Agrob@orerii4m, it would provide a
useful selection system to kiU off those cells that don't receive the genes during the "infection" process.
Genes have been known in bacteria for many years that give the bacteriaresistance to antibiotics by
producing enzymes that breakdown or chemically modify the antibiotic so that it is no longer toxic. Using
the techniques of gene splicing described above researchers have been able to modify a bacterial gene that
encodes an enzyme that deloxifiesthe antibiotic tonemycin and have produced a new hybrid gene that
causes the production of this enzyme in plantcells and prevents theirdeath in the presence of potentiaUy
lethal doses of kanamycin. Combining this antibiotic selection system with planttissue culture procedures
ithas been possible to use Agrob@cteri"in to deliver genes into a wide variety of plants from petunias to
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cottons.

2.3 A GeneTransfer System for Cotton.

The Agrob@cteri"in provides a way of getting novelgenes into a single ceU of aplaritsuch as cotton, but
how do we obtain a whole transgenic plant in which an of the cells of the plant contain the same new
genetic infonnation? The key to this is a good tissue culture system that allows the proliferation of a single
cellarid the regeneration of wholeplants. With someplants, such as tobacco, tissue culture is areIatively
easy and gene transfersystems were quickly developed (tobacco is stilloften used as a modelplantsystem
fortesting outideas and hybrid genes to see ifthey would be useful in more economicalIy importantcrop
plants). Cotton has proven to be a much more difficultspecies because it behaves very poorly in tissue
culture, although overseas groups havehad some success with apooragronomic varieties of the Coker
cultivar. At Plantlndusti'y, however, we havebeen able to develop excellent, itslow, tissue culture systems
forthree commercially important Australian cotton cultivars, Siola'a 1-3, S324 and to alesser extent Siola'a
1-4. This tissue culture system is shown in Figure I.

Wholeplants can boregenerated from smallpieces of seedling cotyledons or hypocotyls by first putting
them onto a medium that promotes callus production (disorganised masses of dividing cells). After about
six weeks the canus is transferred to anquid culture withouttheplarit horrnones nomially necessary for the
growth ofthe callus. In order to keep growing the callus must change its growth characteristics to become
more organised so that it can produce its own hornonesandconvertsto whatwecallan embryogenic state.
The cells organise themselves into very tiny embryos, justlike the embryos foundin cotton seeds, each
with a root end and a cotyledon end. These smallembryos can be proliferated on a differentsolid tissue
culture medium and them gemiinated like a seed to produce a smallplantthat can be potted in soiland
eventually transferred to the glasshouse to produce a nonnalflowering planL The whole process takes
about9 months. The gene transfer system is similar, itslightly slower, .except that at the early stage the
cotyledon or hypocotylpieces are dipped in a solution of Agrob"cteri"in engineered to contain the
kanamycin antibiotic resistance gene and whatever desirable gene is being transferred to the cotton. These
pieces then go onto callus induction medium containing a toxic dose of kanamycin to allow only those
cotton cellsreceiving the engineered genes to grow. The rest of the procedure is the same as shown in
Figure I. The plants produced arthe end are normal, setseed andpass the introduced genes on to their
progeny in a normal manner. The only difference from non-transgenic cotton is that alloftheircells
contain two extragenes, the antibiotic resistance gene (that confers no deleterious properties) and the
desired, hopefully beneficial, gene introduced along with it.

3. WHEREDOUSEFULGENESCOMEFROM?

Asindicated earlier, useful genes for cotton improvement mightcome from anywhere depending on the
problem being tackled. In the immediate future the main problems being investigated by us are in the area
of plant protection. Protecting cotton from undesirable pests, diseases and chemicals.



3.11nsect-Proofing Australian Cottons

The Australian cotton industry is currently worth over $900 million in exports to Australia but it is also
an industry under siege from insectpests hatsee the crop as a free meal. In order to survive, the industry
has had 10 become Australia's biggest user of chemical pesticides, applying over $125 million dollars
worth each year. This has created enomious economic, environmental and ecological problems, riotto
mention imageproblemsforthe industry, and yet, AUStrahan andlntemationalmarkets continue to demand
the availability of natural fibres like cotton. Ifcultivars can be made more tolerant to insectpests using
genetic engineentig technologies there win be lessreliance on chemicals and a more favourable
environmental image forthe industry as a whole, not to mention substantial savings in production costs.

Australian cottons are attacked by a number of insect pests, but the major ones are the caromiUars of the
cotton budwonn (Hencoverp" (previously Henothis) grintger@) and the native budwomi(H. punciiger")
and occasionally spider mites (Terrainych, ,s spp. ). The I^, o Heircoverpa species are onlyjustbeirig kept
under controlby the application of toxic organochlorine and organophosphorusinsecticides such as
endosulfan and profenofos. The more environmentally friendly synthetic pyroilirin insecticides have been
effective initie past, but there ar6growing fears that resistance development by the insects may soon make
pyrethroids ineffective. This, together with the increasing public concern about the use onoxic chemicals,
and their impact on the environment, hasled to a nuny of interest in more environmentally acceptable
insecticides and the development of more insecttolerant cotton varieties.

Traditional plantbreeding has done much to improve the hostplantresistance of Australian cottons to
insectpests, and continues to provide new genotypes which require less chemical intervention han the old
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Figure 2.1nsecticidalcrystalproteins from Bacillus th"ringie"sis (BT).



varieties. New characters such as gladrousness (absence of hairs on the foliage), frogobract(outward
bending, thinbracts around the cotton bon) and nectariless (absence of nectar fomiing nectary glands on
the leaves and flowers) are now being assessed for theircapacity to reduce the attractiveness of the cotton
plantto the Hencove, PC species and to enhance the excellent hostplantresistanceprovided by the okra leaf
phenolype characteristic of CSRO's best varieties. There are, however, limits to the improvements in
natural resistance to insects provided by alterations in plant shape and structure. Genetic engineering
should enhance our capacity toproduce more tolerantplants by accessing a much wider genepoolfor
novelinsectresistance characters' The most widely favoured genes thought to be of greatest value for
cotton are the insecticidalcrystalprotein genes from the bacterium Bacillus Ihz, ringiensis (BT).

3.1. I. The insecticidalproteins of Badll"s Ih"ringie"sis.

Certain members of the gram positive bacteria belonging to the genus Bacillus produce proteins that are
insecticidal. The most wellcharacierised are those of Bacillus Ihi, ringte"sts (BT), where the insecticidal
proteins are foundas crystaUirie bodies (Figure2. ) with spyrulathig bacteria. The msecticidalcrystal
proteins are characterised by theirpoiency and specificity towards specific insectpests, many of which are
agi'onomicaMy important, and theirrelative safety to non-target insect species and vertebrates, particularly
humans. They have enjoyed a long history of use in horticultural industries where the mixture of crystals
and spores are sprayed justlike a chemical pesticide, but they have notbeen used with much success on
broad-acre field crops. A great dealofresearch is now going into improved strains andfonnulation
technology to try to break into this lucrative market.

3.1,2 Mode of Action of InsecticidalCrystalProteins.
The insecticidalcrystals are composed of a largeprotein that is essentially inactive. When a caterpillar

ingests some of the insecticidalcrystals, the alkaline reducing conditions of the insects inidgutcause the
crystals to dissociate andrelease the crystal protein. At this stage the protein toxin is inactive, but specific
proteases within the gastricjuices of the insect chop the protein down to its protease resistantcore that is
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now fully active. This activated insecticidalprotein then binds 10 a specific receptor on the brush-border
membranes of the CGMslining the inidgutandinsertsitselfinto the cells membrane. When abouteightof
these aggregate together, they fomia pore or channelthrough the membrane, and allow the con contents to
leak out(Figure 3. ) causing the death of the ceUs essential for nutrient absorption. The insects rapidly stop
feeding and eventually starve to death or die from secondary bacterial infections within about24 hours'
The processes of crystalsolublisation, proteolytic processing to ariactive insecticidalprotein and the
binding to a specific receptor, allmake the BT proteins highly spermc and very desirable from an
environmental perspective.

3.1.3 Classification of Crystal Protein Genes.
Many thousands of differentisolates ofB. Ih"ringiensts have been collected and their insecticidal

protein contentand activity spectrums dolennined. A large number ofBT-irisecticidalproteirigenes have
also nowbeen cloned and sequenced. To avoidany confusion researchers haveproposed aunifonn naming
system for the crystal protein genes(Cry genes) based on theirprotein sequence and the types of insects for
which they were toxic (Table I. ):

TABLE I. Classification of insecticidalBT proteins.
Insect Host
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GeneType

CrylA
CrylB
CrylC

CrynA

Cry llB

CrymA

Cry IVA
CrylVB
CrylVC
CrylVD

The proteins encoded by the Cry Igenes are allsimilar in protein sequence and are toxic only to
caterpillars, ie. the larvae of moths andbutternies (I. ,GPidoptera);the Cry U genes encodeproteins toxic to
Lepidoptera andlor Diptera (flies and mosquitoes) while the Cry IV proteins are only active against
Diptera. Cry Ulgenes produce proteins active againstbeetle (Coleoptera)larvae. Within these major
groupings smaller divisions havebeen madeby considering the similarities or differences between the
differentprotein sequences. The Cry Igoup, for example was originally divided into Cry IA, IB and IC
(although it is now up to Cry IG) where the differentsub-groups may only be 50% identical at the protein
sequence level. Finer sub-divisions havealso been madeandCry IAnow consists of Cry IA(a), IA(b) and
IA(c).

Caterpinars
Caterpinars
Caterpillars

Caterpmars/
Fly larvae
Fly larvae

Beetle larvae

Size (kD)

Fly larvae
Fly larvae
Fly larvae
Fly larvae

The most characterised insecticidalproteins are those encoded by the CrylA class, and these are the
ones present in arithe major commercial preparations ofBT that are cumently used 10 controlLepidopterari
larvae such asHe!trove, p" spp. Untilquiterecently the commercial preparation caned DIPEL was the
major BT insecticide and this was produced by B. !hurtngtensis varki, rs!@kittom which the first BTgene
was cloned. Once the gene was cloned researchers quickly came upon the idea to express the bacterial gene
in cropplarits so that the leaves of the crop would produce its own highly toxic, but very specific,
biological insecticide. The firstgenes were equipped with promoters from the Cauliflower mosaic virus
35S gene andexpressed with mixed success in transgenic tobaccoor tomato plants where they gave

3.1.3 InsecticidalCrystalFrotei"s Expressed in Transgenic Plants.
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increased tolerance to insectpests. Pestresistance levels were riot always high because of very low levels
ofBT-protein expressed in the transgenic tissues, levels that would probably not be sufficientforlong-term
protection of a field crop.

In 1990 researchers at Monsanto made a significant advance in the expression ofBT genes in plants.
They noticed thatBTgenes were excessively rich in two of the chemical components of theirDNA, much
more so than plantgenes. Monsantoreconstructed theBTgene using a DNA synthesiser, 10 correctthis
bias but maintaining the encoded protein sequence so halthegeneproductwasthe same as that mule
irisecticidalcrystals. This synthetic gene when expressed from a strong plantpromoter in transgenic
tobacco, tomato orcoker cotton plants gave exceptionally high levels of expression ofBTprotein in allof
its tissues (over 0.2% of totalsolubleprotein), with a corresponding increase in the effectiveness of insect
control. Preliminary field tests mule U. S. on BT Cokercotton plants indicate very effective pertonnance,
even with economicalIy importantpests, like Hencoverp@ 200 (Cotton bonwonn), without the use of
chemical pesticides.
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3.1.4 BT genes in Australian Cotton Cultivars.
CSRO hasrecently signed aresearch agreement with Monsanto to utilise someofttieiradvanced BT-

technology to improve the insecttolerariceofAusiralian cotton varieties. This is being approached in two
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Figure 4. Cottonplants expressing BTproteins (left) showing high toxicity to H. armigera larvae, while
non-expressing plants (right) are completely consumed.

ways, by backcrossing theBT goriesttorn the transgenic American Coker variety produced by Monsanto,
into Australian cultivars by traditional breeding procedures andby directu'anstormation into Australian
Siola'a cultivars using Agrob@cterii, in twinef@cie"s mediated gene transfer techniques. The backcross
program is only part way through (we may need to go to backcross 5 or 6, or more, before the material will
boready for commercial evaluation and release), but it would be of great value to know whether the gene
being introduced win be expressed at high enough levels to controlthe insect pests present in Australian

.



cotton fields (ie. H. griniger@ and H. punc!iger"). The plants being produced are crosses with a single
transgenicparent Cokerplant, selected by Monsanto as the bestperforming plantftom amongsta number
of independenttransgenic plants. This plantshowed high levels ofBT protein expression and effective
killing ofH. ze". Although we have seen impressive controlofH. griniger" fullaboratory tests(Figure4. )
of some of the backcrossed material, this has been to a single isolate of the insect and we have some
indications that field isolates are more tolerantto BT than our laboratory strain. It is therefore not clear
whether the original planthad levels high enough to controlour pests in the field. We are therefore
proposing to carry a field trial on some of the early backerOSs material(hornozygotes selected from the
BC2plants)in the 1992-93 season and would like to assess therelative field tolerance of six different
Australian cultivars containing the Monsanto BT gene. When we have sufficient material available we
would also like to testsome of the Siokra 1-3 and S324 cultivars transformed directly with a similar BT
gene construct, butthis will fomipart of a later field release as these plants are stillat the first generation
stage.
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3.1.5 Countering Resistance Development to BT.
There is always the fear that resistance win eventually evolve in the Heircove, PC populations and make

the BT transgenic cottons useless in a relatively short time. How we manage these particularplants in the
field may go along way towards delaying resistance development, but the strategies used must sriU be
determined and will form parrofthe discussions at the "Managing Biotechnology " foruniat the Cotton
Conference. A second strategy is to develop multiple insectresistance gene that win be incorporated into
new cultivars either separately orin combination with the Cry IA gene obtained from Monsanto. At CSRO
we are comenily working on alleast four different insecticidalgenes that may be useful in transgenic
cotton.

Two of thenew genes areBT'sbutdifferentftom the Cry IAgene. Bothofthese genes encode
insecticidalproteins that work in similar ways to the Cry IA protein but actthrough differentreceptors in
the insects inidgut. In studies on populations of the Diamondback moth (Flute!!@ spp. )that have evolved
resistance to BTapplied as a microbialspray, researchers have found that resistance was a consequence of
areduction in the number and binding strength of the BTreceptors inche insects mmguL Resis^rice to
Cry IA does riotnecessarily give cross-resistance to Cry IB and Cry IC proteins and we have targeted these
genes forexpression in cotton. Initialstudies with expressing Cry IC genes in transgenic tobacco plants (as
ampid testsystem) have shown some toxicity to H. grintger@, burrs yetwedo not have expression levels
high enough to be as effective as the synthetic Cry IA gene from Monsanto. Research is continuing to
increase the expression levels of both Cry IB and Cry IC genes before they are introduced into Siokra
varieties by direct transfomiation.

A third insecticidalprotein that we have identified is aproteinase inhibitor from a tropical pmnt, the
gianttaro. This plant is highly resistantto insect attack in the tropics and produces high levels of a
particular inhibitor in its edible conns. Purified inhibitor fed to H. griniger@ larvae causes a dramatic
decrease in the growth ofthe larvae, possibly by mactivating the digestive proteases of the insectand
suming it to death. We haverecently cloned the gene forthe gianttaro inhibitor and will attempt to
express it in transgenic tobacco to testits insecticidalproperties. Similar inhibitors from cowpeas, potatoes
and tomatoes have been shown by others to have some insect controlproperties againstcertain insects
when expressed intransgenic plants and we can expect this inhibitor to have some anti-feedant effects
againstH. grintger" ifwe can express it at high levels in transgenic cotton. Because iruffects the insects in
a completely different way than the insecticidal BT proteins, its activity should be unaffected by resistance
development to BT.

Insecttolerantplants may be a source for other insecticidalprotein genes and we are investigating
specific classes of plant defence proteins from other tropical crops, such as sweetpotato, for theirpotential
use in transgenic plants. These genes are stillatthe early stage of characterisatton and we have yetto
clearly demonstrate effectiveness, but in the long-tenn they may be useful additions to our arsenal of
defences to incorporate into commercial cotton varieties.



3.2 Cotton Protected Against Spray Driftof2,4-D.

2,4-dichlorophenoxyacetic acid (2,4-D)is a cheap chemical weedicide that is toxic to broad-leaved
plants but only marginalIy toxic to grasses and cereals. Since many of the weedpests of Australias wheat
farms are broad-leaved this herbicide has found widespread use in wheatand other cereal production
systems. However, at the same time, a direct conflict with cotton production has arisen since cotton is
extremely sensitive to this chemical. 2,4-D is a volatile chemical and can vapourise off sprayed wheat or
sorghum crops andbe camed greatdis^rices in windplumes. It may eventuaUy drop onto cotton fields and
cause extensive damage to the crop even at distances over 60 kin from the initialsite of application. This
significantly limits the use of this effective herbicide to areas wellremoved from the major cotton centres,
or to times when cotton is riotpresent in the field.

In addition, ifcotton could be made tolerantto the normal application rates for this herbicide, then 2,4-
D could play a useful role in cotton production by controlling difficultbroad-leaved weeds, like Nagoora
Bun or Datura, withoutcausingany damage to the cotton crop itself. Weed controlhas always been a
significantcostin cotton production, and iflaborious andexpensive hand chipping of weeds from more
advanced crops could be replaced with one or two sprays of2,4-D, a significantsaving to the farmer could
be made.
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3.2. I A Genetic Engineering Solution to Spray Drift Damage:
Genetic engineering offers the potential for a solution to uns problem of spray drift damage to cotton by

making the cotton plants biochemically tolerantto the commonly used rates of2,4-D. The strategy we have
adopted is to introduce a new gene into cotton that will result in the production of an enzyme that win
chemicaUy degrade ordetoxify 2,4-D before it can damage the plant. 24-D that comes into contactwitti
the leaves orrootsis absorbed and translocated by the plantio the growing shoottips where it kms off the
young growing points, causing distorted leaves and aborted flowers, foUowed by the eventual death of the
plant. Ifttie herbicide can be broken down in the leaves, before it gets to the tips, the plant will be protected
from damage.

2,4-D is nomally broken down rapidly by micro-organisms in the soils of sprayed fields and it was one
such organism, the bacteriumA!cultge"es errroph, ,s, that served as the donorfor the gene we wished to
introduceinto cotton. Ale@!igenes contains a number of genes essential for the complete breakdown of2,4-
D (this bacterium can in factgrow on 2,4-D as its sole source of metabolic energy), but we reasoned that
the firststep in the complex pathway of 24-D degradation maybe sufficient to deloxify 2,4-D in plants.
The firststep is catalysedby the enzyme2,4-D monooxygenase which cleaves an acetate group off2,4-D
toproduce dichlorophenol(DCP)(Figure4). We have shown in seedling bioassaysthatDCP was at least
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100 times less toxic to plants than 2,4-D. Our major goalwas therefore to produce a cotton plant that would
contain sufficient 2,4-D monooxygenase enzymein its leaves to breakdown 2,4-D into DCPbeforethe
herbicide could damage the sensitive shoottips.

3.2.2 Developing and Testing the Genetic Hardware in a ModelPlant Species:
The gene for the 2,4-D monooxygenase enzyme (ofd, A gene)is encoded on ajargeplasmid found in the

A1c@Jigenes bacterium, and wasisolated as a small fragment of DNA. As indicated above, bacterial genes
do not function when introduced directly into plant ceUs, so the gene needed to be modified so that it would
borecognised and expressed by the CGUular machinery of a plant. This involved replacing the bacterial
promoter with apromoterknown to function in plants. We used a region from a plant virus(the
Cauliflower mosaic virus) gene that has been effective in consulutively expressing a variety of genes in
engineered plants, including the BT gene. The hybrid gene that we stitched together from bits and pieces
of other genes then had to be introduced into Agrobacteri"in minefastens and used to infecttobacco as a
modelspecies. Transgenic tobacco plants could be produced in aslittie as six to eight weeks, compared
with the year ormore it takes for cotton. Several transgenic tobacco plants were produced using the
Agrob@oreri"in containing the hybrid ofd, A gene and these were screened using an enzyme assay we
developed to detectthe presence of the 2,4-D monooxygenaseenzyme. The plants expressing the highest
levels of the enzyme were analysed farther after being transferred to the glasshouse and the first generation
of seeds harvested. When geminatedon agar plates containing differentlevels of 2.4-D we could quickly
show hat the transgenic plants had an increased tolerance to 2,4-D and could gemiinate on media
containing thirty to fifty times the levelof2,4-D that would prevent the gennination of nomalwild type
tobacco seeds. Resistant seedlings transferred to soilin abiosafety glasshouse and then sprayed with 2,4-D
at 3 weeks, also proved to be resistantt0 2,4-D arthirty to fifty times the levelthat would damage control
plants. At the highest levelsprayed(1000ppm) a smallamountofdamage was orcuning to the transgenic
plants, mostly arthe shoot tips. Genetic and biochemicalstudies clearly demonstrate a correlation between
the expression of the barter^12,4-D monooxygenase in the plants and theirtolerance to 2.4-D.
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Coker cotton is apoor agronomic variety but has very good tissue culture characteristics making it ideal
for transfonnaiion work and it proved to be slightly easier to transform than Sioki'a cotton. We adopted this
cultivar as a modelsubstitute for commercial varieties, although we were aware that useful genes
introduced into Coker varieties could stillbe moved into more commercial cultivars by traditional genetic
meansifthis proved desirable. Using the published protocols for the transformation of Coker cotton we
were able to produce about adozen independenttransgenic Cokerplants containing the ofdA gene.
Unfortunately, notalloftheseproved to be fertile. The first four fertile plants were analysed further, by
genetic and moleculartechniques, after transfer to the glasshouse and correction of progeny seeds. Two of
the lines contained single insertions of the novelDNA, while the other two contained two insertions of the
gene that segregated independently in the progeny. When sprayed with 2,4-D allfourlines were tolerantto
up to 300ppm 2,4-D, while two lines were immune to damageat600ppm OSpeciaUy when in the pure
hornozygousforrn (Figure 6. ). The twootherlinesshowed more extensive damage at 600 and900ppm 2,4-
D. The extentofdamage in the best plants was similar to controlplarits sprayed at loppm so illooks as if
we have around a 90-fold increase in tolerance to this herbicide. At 900ppm only slight damage occorred to
the shoottips of the bestperfomiing line and it is the hornozygous progeny of this plantthatwewish to
field testin 1992 (ifwe get government approval) to get abetter estimate offield tolerance levels.

Although the 2,4-D resistance engineered into Coker could be crossed into Australian varieties, the
necessity for several generations of back-crossing would make this impractical. We would prefer to
introduce the genes directly in welladapted Australian varieties and have concentrated our efforts over the
last year into producing a largenumberoftransgenic Siokra I-3 containing the of at, A gene. The transformed
Siol^'a material haslagged behind our Coker transgenics because the protocols used forthe American

3.2.3 A First Generation of2,4-D Tolerant Cotton



cultivar work poorly with this Australian variety and we have had to optimise the protocols specifically for
the Siola. a materinI. We have now established efficientprotocols for Siola'a 1-3 (as wellas Siola'a S324),
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Figure 6. Transgenic Cokercotton (left) exhibiting tolerance to 300 ppm 2,4-D. Non-transgenic cotton
(tight)is mmagedand eventually died.
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and, although itstintakes almost a year toproduce a transgenic cotton plant, we now have several plants
reaching maturity in the glasshouse which require evaluation. Over the nextyear we intend to produce
many more transgenic Siokra 1-3 plants expressing 2,4-D tolerance andwillselectthebestmaterialfor
further study and eventual commercial evaluation in the field. The conentlevels of2,4-D resistance may
be adequate for driftprotection, but we cannot be certain untilwe establish theirresistance levels under
fieldconditions using commercial formulations of2,4-D. Ifttie levels are insufficient in the field, it may be
necessary to continue to modify the ofdA geneconsu'ucts to achieve higher levels of expression in cotton,
and hence the results of the field trial win be necessary to guideour future research efforts on this project.

3.3 Future Directions.

These are justtwo examples of the sorts of useful genes that could be introduced into cotton using
geneticengineentig techniques. Other projects that have been begun arcslRO win address the problem of
VentciUium wilt disease in cotton by developing suitable artificial resistance genes and poor gemiination
of cotton in cold soils by manipulating the oilcontent of cotton seeds. Many other avenues win be opened
as our understanding of plantdevelopment and biochemistry increases.
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4. ARETRANSGENICCOTTONPLANTSSAFE?

The techniques for producing transgenic cotton plants are now relatively routine, ifa lime slow, but
how safeare theseplants compared to plantsproducedby traditional plantbreeding. Many people
experience the "Frankenstein Factor" when considering geneticaUy engineered organisms - could we
produce uncontrollable monsters by manipulating the genetic material of the organism? This view
invariably stemsftom a lack of infonnation about the realnatore of^Isgenic plants. Genetic engineering
is apreciseprocess, taking very precisely defined genes orparrs of genes and introducing them into single
locations in aplants chromosomes. The behaviour of these genesis predictable from our knowledgeof
how genes function and the only realproblem is usually how to getthem to function as wellas they would
ifnature hadput them in the plantfirsL erransgenes are usually expressed at much lower levels in the
hallsgenicplarits than they would in their usual genetic environmenL) Traditional plantbreeding, on the
other hand, is amuch more rondom process. Twoplants are crossed and each of their100,000 orso genes
are completely mixed. The breeder then has to selectthe bestpossible combination for yield, quality,
disease orpestresistance. Invariably theresultantplants are less welladapted than the original highly
adapted cultivarbecause of there-assortment of the genetic material, and nthen takes anumber of years to
recover the desired characteristics by successive back-crossesto the original commercial cultivar. Ifyou
are fortunate enough to havea gene transfersystem for an elite cultivar, such as we have for Siol:ra, then
useful genes can be inserted directly withoutdistirbing any of the agonomic properties of the cultivar.
Those singleinseried genes do not change any of the general characteristics of the plants (oortr'ansgenic
cotton are indistinguishable from non-transgenic cotton) since these characteristics are specified by many
hundreds of different genes. When they reach the field the behaviourofttieplarits in response to water,
nutrientbalance etc. win be identical to the plants from which they were originally derived, but they will
have increased pestresistance or toloinice to a herbicide etc. filthis respectwe consider theseplarits to be
as safe as any plant derived by traditional breeding. They will however create some differentproblems that
win have robeaddressedatamanagementlevel. As discussed above the BTcottons may encourage
resistancedevelopmentbyHe!toove, PC species and the industry will have to reach someconsensus on how
bestto use theseplants in the long tern. Herbicide tolerantcottons may also create some problems unless
used wisely. Growers win have to pay particularatteniion to the herbicides they use around transgenic
cotton, particularly ifthey nomally use herbicide mixtures. The sorts of herbicide tolerance genes we
mighthave tricotton are very specific. The 2,4-D resistance gene gives resistance to 2,4-D and 2,4-DB but
notto picloram for example. Neighbouring growers should be aware of whateach other are spraying in
case one is not using a herbicide tolerant crop. This may be partially overcome by incorporating resistance
genes into allthe cumentcommercialvadeties, but non-cotton crops will also have to be taken into
account. Noneoftheseproblems are msurmountableand are easily controlled by effective management
strategies, something that cotton growers have already shown they are good at!
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5. GETTINGTRANSGlENIC COTTONINTOTllEFIELD

A number of different transgenic cotton plants with increased tolerance to pests and chemicals have
been produced and tested in laboratories andconmmiedglasshouses, but how long will it be beforegrowers
see them mule field? Genetic engineering is a very new technology and although we do notforeseeany
deleterious effectsftom theirinu'oduction, government regulatory bodies are being understandably cautious
about theirrelease into the environment. The testing of the plantsin the field is likely to take a few years
SIammg from very smallttials of only a few hundred plants and building up to more traditional sized
cultivar evaluation trials. Applications havebeen lodged for the firsttrialoftr'ansgenic BT-cotton to be
done tits year at the NanabriAgriculturalResearch Station to carry outprelimiriary experiments on some
of the plants in our back-cross program. These initial experiments with only 200 transgenic plants will be
to establish appropriate containment criteria for subsequentlargertrials. A major consideration of the
regulatory agencies is that anti'ansgenic material must be contained within thetestsite during the initial
evaluation stages. 'rins means that we must ensure that the BT-genes intrie transgenicplants do not escape
to other cotton in the region. Cotton is usually an inbreeding plantbuta small percentage of cross-
pornination is generally camed outby bees. To ensure thatbees do not ^Isfor pomen (eg. containing BT
genes) away from the site onto other cotton, the testsite will be surrounded by a smallfield orcotton to act



as baitplants. Pollen collected by bees from any of the bansgenic plants is likely to be deposited on these
neighbooring non-transgenic plants which win be harvested at the end of the trial and theirseeds analysed
for the presence of the introduced genes. In the next year we win test 2000 transgenic plants, and in
subsequentyearslarger numbers provided that they pertorrn wein and show good insect control. Alsome
stage we win request a general releaseofttie transgenic plants and then they will be treated justas any non-
transgenic cultivar. During the scale-up in the fieldreleases we will have to work out the beststtategies for
using the transgenic plants to delay resistance development by Hencoverp" species. In allit will probably
take another four to five years before any seed will be available for commercialsale.

There have been somecriticisms of theregulatory procedures for releasing transgenic plantsinto the
environment and this has fonned the subject of aParliamentary Inquiry that published its report this year.
The Inquiry recommended a streamlining of the release process and the institution of a singleregulatory
antiiotity with strong legal powers of enforcement. The cumentsystem is avoluntary one although no-one
could afford to ignore theregulations because of adversepublic reaction. The release we are proposing to
do this year with BT cotton win have to pass liarough two independent CSRO committees, the
governmental Genetic Manipulation Advisory Committee and two state Donarunents coeparunentof
Agriculture and Environment Protection Authority) before any plants can be put into the field. The
proposal winreceive extensive assessment to ensure that therelease is safe to the researchers, the cotton
industry and the environment and that it win be carded out in amanner appropriate to anyperceivedrisks.
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6. CONCLUSIONS

Genetic engineering technologies have advanced rapidly over the lasttwo years andtt. ansgenic cotton
plants are approaching the point of contained release into the environment. The technology is producing
new varieties with value added characteristics that should enhance the long-tern sustainabilityofcotton
production in Australia. Although the technology is new and should be used with caution, particularly in
the early stages of release and assessment, it holds alotofpromise. The technology is riotsomething to be
frightened of, as it produces in a very precisely controlled manner cottonplants with additional features not
possible by traditional breeding methods. Over the next few years genetic engineering will become a
sumdard plantbreeding tooladding to the already considerable capacity of traditional plantbreediiig
techniques.
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